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Abstract. A new modelling study of the role of transition al, 1994; Sulzberger et al., 1994; Sulzberger and Laubscher,
metal ions on cloud chemistry has been performed. Develop1995). When aerosol particles act as CCN (Cloud Conden-
ments of the Model of Multiphase Cloud Chemistry (M2C2; sation Nuclei), soluble metals dissolve into cloud droplets.
Leriche et al., 2001) are described, including the transition Various field campaigns report concentrations of dissolved
metal ions reactivity emission/deposition processes and varitrace metals into rainwater (Jickells et al., 1984; Ross, 1987;
able photolysis in the aqueous phase. The model is then ap-im et al., 1993) and in cloud water samples (Anastasio et al.,
plied to three summertime scenarios under urban, remote antio94; Sedlak et al., 1997). Laboratory measurements also
marine conditions, described by Ervens et al. (2003). demonstrate the transfer of trace metals from the solid to the
Chemical regimes in clouds are analyzed to understand théquid phase (Spokes et al. 1994, Desboeufs et al., 1999).
role of transition metal ions on cloud chemistry and espe-Iron (Fe), manganese (Mn) and copper (Cu) are the most
cially, on H,O, chemistry, which consequently influences abundant transition metals in the atmospheric liquid water
the sulphur and the VOCs chemistry in droplets. The ra-as well as in aerosols. The major effects of transition met-
tio of Fe(Il)/Fe(lll) exhibits a diurnal variation with values als are principally linked to the homogeneous aqueous phase
in agreement with the available measurements of Fe speciechemistry.
ation. In the urban case, sensitivity tests with and without Graedel et al. (1986) first attempted to explain the complex
TMI chemistry, show an enhancement of OH concentrationredox chemistry of transition metals in atmospheric water
in the aqueous phase when TMI chemistry is considered. through the development of a detailed kinetic model. Their
results indicated that transition metals (Cu(l) and Cu(ll),
Fe(ll) and Fe(lll) and Mn(ll) and Mn(ll1)) could play an im-
portant role in the radical chemistry of the atmospheric water
phases. They predicted that photolysis of Fe(lll)-complexes
should be important in-cloud sources of OH radicals, and

Cloud, fog and rain chemistry have an important effect on . . :
both regional and global scales (Lelieveld and Crutzen 1991that transitions metals should be the most important sinks for
’ HO,/O; radicals in clouds. Following this theoretical study,

Jacob, 2000). Actually, there are still some remaining ques- t th L | red hemi X

tions about processes in the atmospheric liquid phase relatedo™M® aspects of the transﬁlOp metg redox chemistry in at-

in particular, to the role of transition metal ions, to the pres_mos_phenc waters have been investigated through laboratory

ence of VOCs (Volatile Organic Compounds), and to partic-StUd'eS' _ _ _

ulate matter that can act as cloud nuclei (Facchini, 2002). Observed Fe(ll) in atmospheric aqueous phases is pro-
TMI are incorporated into tropospheric liquid phase via duced t.hrg)ugh photolysis Of Fe(lll) hydroxo species (Faust

aerosols, which often contain metal oxide, oxo-hydroxide2nd Hoigre, 1990), photolysis of Fe(lll)-oxalato-complexes

and silicate particles. This metal oxide can turn into solu—(Zuo and Hoige, 1992; Faust and Zepp, 1993), and also by

ble metals by undergoing thermal and photochemical pro_reactions of HQ/O, radical or Cu(l) with Fe(lll)-hydroxo-

cesses at the surface of the particles (Zuo and Hgi892; pomplexes (Sedlak and Hoign 1.993)' Transition metal
Erel et al, 1993; Siefert et al., 1994; Faust, 1994; Haigh ions, Fe(ll) and Fe(lll) and especially copper (I and I1), were
' ' ' ' ' ' shown to be very reactive with HD;, radical and catalyse
Correspondence td:. Deguillaume very efficiently the self-reaction of H{O, yielding O, and
(deguilla@opgc.univ-bpclermont.fr) H>0, (Sedlak and Hoiga, 1993). Cloud chemistry model

1 Introduction
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96 L. Deguillaume et al.: The role of transition metal ions onH&dicals in clouds

calculations suggest that depletion of HBy reactions be- prevail on aqueous sulphate formation during the night in
tween copper and HEO, radical slow down @production  fog droplets where the #D, and G concentrations are low
significantly in polluted clouds (Matthijsen et al., 1997; Wal- (Pandis and Seinfeld, 1992). The catalysed S(IV) autoxida-
cek et al., 1997). tion may significantly contribute to the total oxidation of 5O

In the atmospheric liquid phase, the speciation of dis-in continental cloud and fog water droplets in regions with
solved Fe, Cu and Mn is still subject of major uncertainties. high humidity and under low photochemical activity (War-
Especially, in the case of Mn, no measurement is availableneck, 1991).
WhJirIe. most of the Fe(ll) is thought to bg present as the_ free |, this paper, we present new developments of the fully
Fe2_ lon a_t pH<3, mo§t _Of the Fe(lll) is complexed with explicit multiphase chemistry model M2C2 (Model of Mul-
OH", SO} , and organic ions such as oxalate (Faust, 1994)'(iphase Cloud Chemistry) from Leriche et al. (2000; 2001)

Copper appears to be present as organic complexes (Spokgy ging the incorporation of the transition metal ions chem-
et al, 1996; Nimmo and Fones, 1997) which are less reacigy and variable actinic flux in the aqueous phase. The

tive towards HQ/O, radicals than towards free ions (von el is then applied to chemical conditions similar to Er-

Piekowski et al., 1993). Key uncertainties for Cu and Fe areonq ot 51, (2003) who simulated three different chemical sce-
the complexation state of the metals and the kinetic reaction, o o< (urban, rural and marine).

constants involving the metal complexes. . ] )
Transition metal ions are also potential catalysts in the au- After describing the multiphase box model and its new de-

toxidation of S(IV) (Calvert, et al., 1985; Brandt and van Velopments, we analyze similarities and discrepancies in the
Eldik, 1995). While recent laboratory studies have great|ybehaviour of the chemical species against results from Er-
improved our understanding of the metal ion catalysis, onlyVens et al. (2003) and against the available measurements of
the role of iron is now reasonably well understood. Catalyticthe Fe speciation. The radicals, transition metal ions, VOCs
activity of metals ions strongly depends on the reaction sys&nd sulphur chemistry are studied in details in order to eval-
tem, particularly on the oxidation state of the metal ions, onUate the impact of TMI on multiphase chemistry.

the pH and on the concentration level of:

e oxidants (e.g. HQ'O;, H202, O3, OH, Oy),

2 Description of the multiphase box model
e reductants (e.g. H&0O; , Cu(l), S(IV)),

2.1 Description of the M2C2 model (Leriche et al., 2000;

e complexing agents (e.g. organic ligands like oxalate, 2001)
formate, etc.).

Catalysis of S(IV) autoxidation by iron and manganese has! "€ M2C2 model is the result of the coupling (Leriche et
been investigated in many laboratory studies (Conklin andfal" 2001) between a multiphase chemistry model described

Hoffmann (1988), Kraft and van Eldik (1989), Martin et in Leriche et al. (2000) and a quasi-spectral microphysics
al. (1991), Grg et al. (1991), Berglund et al. (1993) model based upon the parameterisation of Berry and Rein-

Kotronarou and Sigg (1993), Brandt et al. (1994), Berglundhard_t (1974a; b; c; d? and Hure_zt etal. (1_994)' Eor the purpose
and Elding (1995), Warneck and Ziajka (1995)). In Grgt of this study, M2C2 is used with prescribed microphysics in

al. (1998; 1999), laboratory investigations showed that ox-Order to compare results with Ervens et al. (2003) simula-
alate has a strong inhibiting effect on the conversion of S(1v)10Ns-
to S(VI) in the presence of Fe(ll) or Fe(lll) due to the for-  The chemistry included in the chemical module is explicit.
mation of Fe(lll)-oxalato-complexes. Moreover, when Fe(ll) The gas-phase mechanism includes the oxidation of methane,
is initially predominant, an induction period appears wherethe chemistry of NQ and ammonia,; it is derived and has
Fe(ll) is oxidised into Fe(lll) to become catalytically active. been updated after Madronich and Calvert (1990). The ex-
In Ziajka et al. (1994) and Novi et al. (1996), it has been change of chemical species between the gas phase and the
shown that a steady state is established between Fe(ll) anaqueous phase is parameterised with the mass transfer ki-
Fe(lll) during the conversion of S(IV) to S(VI). netic formulation developed by Schwartz (1986). The aque-
The coexistence of two or more catalytically active tran- ous phase chemistry includes the detailed chemistry of, HO
sition metals in atmospheric liquid water exhibits a signifi- chlorine, carbonates, NCand sulphur and the oxidation of
cant synergistic effect on the S(IV) autoxidation (van Eldik organic volatile compounds (VOCs) with one carbon atom.
etal., 1992). For example, S(IV) autoxidation catalysed with This aqueous phase chemical mechanism has been recently
a mixture of Fe and Mn ions is significantly more effective updated (Leriche et al., 2003). The droplet pH is calculated
than the catalytic effect of the individual metal ions (Grgi at each time step by solving a simplified ionic balance equa-
2001). Model studies show that catalysed metal reactiongion.

Atmos. Chem. Phys., 4, 95-110, 2004 www.atmos-chem-phys.org/acp/4/95/
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2.2 New developments in M2C2 of this reaction is contradictory. Sheng (1993) made this hy-
pothesis that the reaction between#rmnd ozone produced
2.2.1 Transition metal ions chemistry Mn(Ill) and free OH radical based upon a theoretical study.

Jacobsen et al. (1998a) described a mechanism based upon
The transition metal ions considered are iron, manganese angporatory investigations: Mn(ll) reacts with ozone form-
copper because these species are known to play a major rojgg the manganyl ion Mn& (Mn(1V)) without formation
on HO, and sulphur chemistry. This mechanism includes 47of free OH radical (R62). Then, M rapidly reacts with
reactions with iron, 13 reactions with copper, 25 reactionspin2+ to form Mn(lll) (R63). This mechanism is similar to

with manganese, 6 coupled TMI reactions and 5 aqueoughe one describing the reactivity of the ferryl ion.
phase equilibria describing the chemistry of TMI with HO

sulphur, NQ and VOCs and is presented in Tables 1-5. 2.2.2 \Variable photolysis in the aqueous phase
This chemical scheme is updated after the CAPRAM
chemical mechanism (Herrmann et al., 2000) and include€hotolysis frequencies are calculated using the Tropospheric
the additional processes such as emission/deposition impleJltraviolet-Visible Model (TUV version 4.1) developed by
mented in CAPRAM2.4 (Ervens et al., 2003). Madronich and Flocke (1999), which has been extended
In this section, we like to discuss in details recent aspectd0 include calculations of photolysis frequencies in cloud
of cloud TMI chemistry: the formation of ferryl and man- droplets. The conditions used to calculate actinic flux are:
ganyl ions, the equilibrium between iron and methyl peroxyl 51° N, 0° longitude, 1000 hPa, 288.15K and an albedo of
radical (CHO,) and the equilibrium between iron and sul- 0.1, on 24 June 1997. The actinic flux is obtained every
phate. 15 min after running the TUV model. To calculate the pho-
In the iron mechanism, the ferryl ion FéOand its re-  tolysis coefficients inside the droplets, we multiply values
activity are taken into account. Until recently, the oxidation Of clear sky actinic flux by 1.6 (Ruggaber et al., 1997) and
of ferrous ion (Fe(ll)) by ozone was considered as produc-We use available laboratory data (cross sections and quantum
ing OH radicals and Fe(lll). However, Logager et al. (1992) Yields). Photodissociation coefficients at noon are shown in
provided final evidence that this reaction between Fe(ll) andTable 6.
ozone produces Fe(|V) (the ferry| ion) and oxygen (R]_G) A main difference between M2C2 and CAPRAM2.4 is the
Rate constants and activation energies for reactions of th@ccounting of ozone (§) and hydroxymethyl hydroperoxide
ferryl ion with selected inorganic and organic compounds(OHCHOOH) photolysis in droplets.
present in atmospheric water have been measured by Jacob- o -
sen et al. (1997a; 1998b) (reactions R2, R12, R15, R27, R1§2-2-3 Emission and deposition

R24, R27, R28, R36, R37, R38, R39). In all Fe(IV) reac- Emission and deposition have to be considered since other-

tions, Fe(lll) is formed. Fe(lll) reacts with HQ sulphite . ) . o .
and VOC(s (2ormaldehyde an(d ?ormic acid). The reaF():tion pe Wise species such as $@re oxidised within a short time of
) simulation. This is particularly critical in the urban scenario,

tween the ferryl ion and P& ion branches into two reactions where trace aases were oxidized without anv renewal
forming F€t or dimer Fe(OH)Fe*™ (R18 and R19). The 9 o 1t any o
Values used for emission and deposition can be found in

: X il . ]
Loégﬁlzn(gag;mi;tzmgg e:hislssfpaevgzrsesrs(tjS(I:gehsezriltgebmlze CAPRAM2.4 home page (http://www.tropos.de/CHEMIE/
y ' multimod/CAPRAM/capram.html). Emissions were taken

(R20 and R21) but with a very slow rate (Jacobsen et al. A L
1997a). For a pH around 3, the ferryl ion plays a role mainlylfrorn the EDGAR Il database .Of Ol|y|er et' al.. (1996 for
anthropogenic emissions and biogenic emissions from the

asa temporary OH radical 'smk whereas for more acidic S(.)Iu global database of Guenther et al. (1995). Dry deposition ve-
tion, the ferryl ion is more likely to react as a distinct species > ~.". . )

locities for the most important gas phase species were taken
(Jacobsen et al, 1998b).

The reaction between Fe(ll) and peroxyl radicals aIIowsfrom Ganzeveld etal. (1998).
the formation of a transient intermediate gbpFe’t (R41),
which later decomposes into ¥eand CHOOH (R42 and 3 Results and validation of M2C2
R43) (Khaikin et al., 1996).

In M2C2 model, the equilibrium between sulphate plus In order to evaluate the role of the transition metal ions
Fe*t and the iron-sulphato-complex [Fe(§P" (R44 and  on cloud chemistry, three simulations have been performed
R45) is considered, while the reaction betweed™Fand  with different initial chemical conditions and are com-
SQ, is not taken into account because there is no evidenc@ared with results from CAPRAM2.4 model (Ervens et al.,
that this reaction takes place in the cloud phase (Mc Elroy2003). These three chemical scenarios correspond to ma-
and Waygood, 1990). rine, averaged continental (remote) and polluted continen-

Manganese complexes, as well as the manganyl ion, havial (urban) conditions and are described in details by Er-
been added in M2C2. Looking at Mn(ll) oxidation by ozone, vens et al. (2003). Same conditions are also used for pre-
available information about the kinetic and the mechanismscribed microphysics: the liquid water content (0.3%m

www.atmos-chem-phys.org/acp/4/95/ Atmos. Chem. Phys., 4, 95-110, 2004
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Table 1. Iron chemistry.

L. Deguillaume et al.: The role of transition metal ions onH&dicals in clouds

Reactants Products N kogg Ea/R References

(M —n+13—1) (K)
HyOp+Fe?t Fe++OH+OH" RL 70 5050  Christensen et al. (1993)
HoOp+FeCHt F&++HOy+OH~ R2 9516 2800  Jacobsen etal. (1997a)
H,0,+Fe(OH) T Fe(OH)2T +OH+OH~ R3 1916 6200  Moffett et Zika (1987)
H,0p+Fet FEt+HO +HT R4 20103 Walling et Goosen (1973)
H202+Fe(OH)2Jr Fe2++H02+H20 R5  2.016-3=k estimated
H,Op+Fe(OH)2+ FE2T+HO,+OH™+H,0 R6  2.0103=k, estimated
0, +Fet+2H~ H,0p+Fe3t R7 1010 Rush and Bielski (1985)
0, +Fe*t FEt+0, R8 1518 Rush and Bielski (1985)
0, +FeOH)?* Fet+0y+OH~ RO 1518 Rush and Bielski (1985)
0, +Fe(OH)%* FEt+0,+20H" R1I0 1518 Rush and Bielski (1985)
HO,+FEt+H T Fe¥t+H,0, R11 1.218 5050  Jayson etal. (1973b)
HO,+FeCFT Fet+0,+0H~ R12 2016 Jacobsen et al. (1998b)
HO,+Fe(OH)2t Fet+0y+H,0 R13 1.318 Ziajka et al. (1994)
OH+F&+ Fe(OH)2+ R14 4618 1100  Christensen and Sehested (1981)
OH+FeCGt+HT Fe3t+H,0, R15 1.010 Logager et al. (1992)
Og+Fe?t FeG?t+0, R16 8218 Logager et al. (1992)
FeG*t+H,0 Fet+OH+OH" R17 13107 4100  Jacobsen etal. (1998b)
FeQ*t+Fe&t+H,0 2FS++20H R18 7.216 842 Jacobsen et al. (1997a)
FeCFT+Fe&T+H,0 Fe(OH),Fett R19 1816 5052  Jacobsen etal. (1997a)
Fe(OH),Fett 2FEt+20H" R20 0.49 8780  Jacobsen etal. (1997a)
Fe(OH)oFett+2Ht 2Fet+2H,0 R21 1.95 5653  Jacobsen etal. (1997a)
Cly +Fe?t Fet+2c R22 1.010 3060  Thornton and Laurence (1973)
Cl, +Fe* FeCPT+CI™ R23 4.016 3700  Thornton and Laurence (1973)
Cl-+FeCt+Ht Fet+CIOH™ R24 100 Jacobsen et al. (1998b)
NOg+Fe?™ FET+NO; R25 8.016 Pikaev et al. (1974)
NO,+Fe?T FET+NO, R26 3.116 Epstein et al. (1982)
HNO,+FeC?t Fe3T+NOy+OH™ R27 1.116 4150  Jacobsen et al. (1998b)
NO, +FeGH+H* Fe3T+NOy+OH~ R28 1018 Jacobsen et al. (1998b)
HSO; +Fe(OH)?* Fet+80; +H,0 R29 30 Ziajka et al. (1994)
SO +Fet +Hy0 FeOH)2F +HSQy R30 2.6510 Williams (1996)
HSQ; +Fet Fe(OH)ZT+S0; R31 3.016 Gilbert et al. (1990)
SO, +FET+H,0 Fe(OH)2++so?;+H+ R32 4.118 —2165 Buxton et al. (1997)
0, +Fe(sOp* FET+SO+0, R33 1518 Rush and Bielski (1985)
HO»+Fe(SOn) T Fe2++so?;+oz+H+ R34 1018 Rush and Bielski (1985)
S05 +F&t+H0 Fe(OH)2t+2SG) +HT R35 17 Buxton et al. (1997)
HSQ; +FeCPt FE+S0; +OH™ R36 25105 Jacobsen et al. (1998b)
HCOOH+FeGT+0,+HT  FeSt+C0O+HO,+H,0 R37 160 2680  Jacobsen et al. (1998hb)
HCOO +FeGFT+0,+HT  Fe&t+CO+HO,+OH™ R38 3.018 Jacobsen et al. (1998b)
CHy(OH),+FeCG*t+0, Fe++HCOOH+HQ+OH™ R39 400 5352  Jacobsen et al. (1998b)
CO;y +Fet Fet+COZ~ R40 2.010 estimated from Herrmann et al. (2000)
CHgOp+Fet CH302F§+ R41 8618 Khaikin et al. (1996)
CHzOFet+Hy0 Fet +CHsOOH+OH" R42 100 Khaikin et al. (1996)
CH3OoFe?t+Ht Fe¥t+CH300H R43 3.018 Khaikin et al. (1996)
Fet+sQf~ Fe(SOyt R44 3218 Jayson et al. (1973a)
Fe(SOy)*+ Fet+S0f~ R45 27 Jayson etal. (1973a)
Fet+CIm FeCPt R46 48 Xu et al. (1985)
FeCPt Fet+Cl™ R47 92101 estimated

Atmos. Chem. Phys., 4, 95-110, 2004 www.atmos-chem-phys.org/acp/4/95/



Table 2. Copper-chemistry.
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Reactants Products °N  koog Ea/R References
(M7n+1571) (K)

OH+Cu* CUWT+OH~ R48 3.018 Goldstein et al. (1992)

Oz+Cut+H™T CUt+OH+0, R49 3.010 Hoigné and Bihler (1996)

O +Cut Cut+0, R50 4.6108 Bjergbakke et al. (1976)

HoOp+Cut CWT+OH+OH- R51 7.018 Berdnikov et al. (1973)

HO,+Cut+Ht  Cuét+H,0, R52 3.518 Berdnikov et al. (1973)

O, +Cut+2H™* CUWt+H,0, R53 9.418 Von Piechowski et al. (1993)

HO,+CU2t Cut+0y+H* R54 1.018 Rabani et al. (1973)

0, +Cu?t Cut+0, R55 8.018 Rabani et al. (1973)

Cly +Cu* CUW?t+2CI- R56 1.0 16=ky» estimated

SO, +Cut CUtT+SO~ R57 1.816=ks5 4100 estimated

Cog+Cut Cu2++CO%_ R58 2.010 estimated from Herrmann et al. (2000)

CW+OH CuOH)2t R59 3518 Baxendale et al. (1971)

Cu(OH)Z+ CUT+OH R60 3.018 Meyerstein (1971)

Table 3. Manganese-chemistry.
Reactants Products °N  Kogg Ea/R  References
(M7n+1371) (K)
OH+Mn2t Mn(OH)Z+ R61 2.010 Jacobsen et al. (1997b)
O3+Mn2t MnOZ++0, R62 1.6518 4750 Jacobsen et al. (1998a)
MnO2t+Mn2t+2H+  2Mn3t++H,0 R63 1.018 Jacobsen et al. (1998a)
MNnO?T+MnO?t+2H*  2Mn?t+H,0,+0, R64 6.018 Jacobsen et al. (1997b)
MnO3 +HO+H + MnZt+H,0,+0, R65 1.014 Jacobsen et al. (1997b)
HyOp+Mn3+ MnZt+HOp+H T R66 7.31¢ Davies et al. (1968)
H,00+Mn(OH)2+ MnO?t+Ht+H,0  R67 2.818 Jacobsen et al. (1997b)
H,Op+MnAt Mn2t+2Ht+0, R68 1.2518 estimated from Jacobsen et al. (1998a)
NOz+Mn2+ Mn3++NOj R69 1.118 Neta and Huie (1986)
Cl, +Mn?+ Mn3++2CI- R70 8.518 4090 Laurence and Thornton (1973)
Cl; +Mn2+ MnCI R71 2016 4090  Laurence and Thornton (1973)
MnCI} Mn2++Cly R72 3.018 Laurence and Thornton (1973)
MnCIgr Mn3++2CIm R73 2118 2100 Laurence and Thornton (1973)
HSCOE +Mn?+ Mn3t+SO;+OH-  R74 3.0 16=kg; estimated
SO, +Mn?* Mn3t+S0;~ R75 1810 4100 Buxton etal. (1997)
SOy +Mn?t+H,0 Mn3t+HSQ; +OH~  R76 1.0 18° Berglund et al. (1994)
MnHSQf +Mn3+ 2Mn2t+S0; +HF R77 1318 Berglund et al. (1994)
CO; +Mn2+ Mn3++CO%™ R78 1510 Cope et al. (1978)
Mn“t+0, MnOZ+ R79 9.510 Jacobsen et al. (1997b)
MnO2+ Mn2*++0; R80 7518 Jacobsen et al. (1997b)
Mn2t+HO, MnOJ +HF R81 1.4518 Jacobsen et al. (1997b)
MnOZt+H+ MnZt+HO, R82 1.4108 Jacobsen et al. (1997b)
Mn3++Mn3+ Mn2t+Mnt R83 1.018 estimated from Jacobsen et al. (1998a)
and Rosseinsky (1963)
Mn2++Mn+ Mn3++Mn3+ R84 1.014 estimated from Jacobsen et al. (1998a)
and Rosseinsky (1963)

Mn2t+HSCOy MnHSQf R85 3.110 Berglund et al. (1993)
MnHSQf Mn2t+HSCOy R86 1.0318 Berglund et al. (1993)

www.atmos-chem-phys.org/acp/4/95/
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Table 4. Coupled TMI chemistry.

Reactants Products °N  kogg Es/R References
(M—”+1s_1) (K)

Fe3t+cut Fet+Cuet R87 1318 Buxton et al. (1995)

Fe(OH)2t+Cut FEt+CwWt+OH-  R88 1.3 10=kgy estimated

Fe(OH); +Cu™ FEt+CwPt+20H" R89 1.3 10=kgy estimated

Mn3++Fet MnZt+Fe3t RO 1.314 Davies (1969)

Mn(OH)2t +Fe?t MnZt++Fe(OH)2+ Ro1 2114 Davies (1969)

Mn2t+Fet+2HT  Mn3t+Fe3T+H,0  R92  1.014 2700 Jacobsen et al. (1998b)

Table 5. Aqueous phase equilibria.

Reactions R K(M) AH/R (K) References
Fet+H,0=FgOH) T +HT El1 3.221010 Mesmer (1971)
Fe3t+H,0=FgOH)2T+H+ E2 6.0103 Brandt and van Eldik (1995)
Fe(OH)?* +H,0=FgOH)J +H* E3 7.6210° Hemmes et al. (1971)
Mn3++H,0=Mn(OH)Z+ +H+ E4 9.30101 Wells and Davies (1967)
Mn(OH)?++H,0=Mn(OH)F +Ht E5  1.0010° Baral et al. (1986)
1x10° 5 100 transition metals are initialized as¥¢ Mn3+ and Cu . Ini-
1. S S P tial concentrations of transition metal ions are the highest in
: e the urban case and iron is the dominant species. The initial
i o concentrations of manganese and copper are the same and the
1x10°

ratio between iron and manganese (or copper) is equal to 20
in the two continental cases and to 50 in the marine scenario.
All these conditions are similar to the scenarios described by
Ervens et al. (2003).

Figure 1 represents the time evolution of the Fe(ll) and
Fe(lll) concentrations and of the Fe(ll)/Fe(lll) ratio in the ur-
ban conditions for which iron concentrations are particularly
1x10° : : : : : : : 0 important. During the day, Fe(lll) is converted into Fe(ll)

0 L B oy (ha)o 36 4 an.d _astrong dependency of Fe(ll)/.Fe(II_I) rat|o_on the photol-
ysis is observed. The same behaviour is obtained for the two

Fig. 1. Time evolution of Fe(lll) and Fe(ll) concentrations and of other SC('enarlos. ) ) ) )

the percentage of Fe(ll) out of dissolved Fe for the urban scenario. 10 g0 into more details, Fig. 2 shows the relative contribu-

Shaded areas correspond to night-time periods. tion of iron redox reactions at noon (a) and at midnight (b) in
the urban case.

Apart from the dominant contribution of photolysis pro-
the temperature (288.15K), the pressure (1000 hPa) and theesses in the total production of Fe(ll) (P1, P2, P3 and P4),
droplet radius (1@m) are set constant during the simula- the main differences between day and night are due to the re-
tion, which lasts 72 h. Results are discussed only for the twadox reactions between Cu(l) and Fe(lll) (R87, R88, R89) and
last days. The pH conditions are calculated at each time stefo the reactions between Fe(lll) and KO, radicals (R8,
by solving the electro-neutrality equation, which contains theR9, R10 and R13). Concerning the production of Fe(lll),
main ionic species such as carbonates, ammoniac, sulphatesactions between Fe(ll) and radicals play a major role dur-
nitrate, TMI and chlorine. The simulated values of the pH areing the day. During the night, reactions with radicals play
around 2.6, 3.4, 3.5 for the urban, the remote and the marin@o significant role in Fe(lll) production and the most im-

60
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40

log (concentration M)

1x107

30

Fe(Il)
————— Fe(I1I)
% of Fe(Il)

20

(%) 94 PAAJOSSIp JO 1n0 ([)2] Jo oFejuadrad

S
3

scenarios respectively. portant sources for Fe(lll) are the reactions of Fe(ll) with
Mn(lll). The reaction of Fe(ll) with @ producing the ferryl
3.1 Transition metal ions chemistry ion Fe(lV) (Logager et al., 1992) is one order of magnitude

lower than the direct conversion pathways of Fe(ll) to Fe(lIl)
Table 7 presents the initialization of transition metal ions during the day as well as during the night. Due to high NO
used for the three scenarios (urban, remote, marine). Themission in the urban case, ozone is destroyed during the
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Table 6. Photolysis rates (aqueous phase) at noon.

Reactants Products °N J[sY References

O3+H2 0 H205+05 P1 2.9810% Graedel and Weschler (1981)

H,0o 20H P2  4.8110% Graedel and Weschler (1981);
Zellner et al. (1990)

HNO», NO+OH P3 1.7210% Graedel and Weschler (1981)

NO, +H,0 NO+OH+OH~ P4 4.1910° Graedel and Weschler (1981);
Zellner et al. (1990)

NOz +H20 NO>+OH+OH™ P5 2.99107 Graedel and Weschler (1981);
Zellner et al. (1990)

NO3 NO+O, P6  4.45102 Graedel and Weschler (1981)

OHCH,OOH+0; HCOOH+OH+HGQ P7  85310° Leriche etal. (2000)

CH300H+0, CH,O+OH+HO, P8 8.5310% Leriche etal. (2000)

FeSt+H,0 Fe2t+OH+HT P9  6.4110% Benkelberg and Warneck (1995)

Fe(OH)2+ Fe?t+OH P10 5.6310% Benkelberg and Warneck (1995)

Fe(OH); Fet+OH+OH™ P11 7.52103 Weschler et al. (1986);
Benkelberg et al. (1991)

Fe(SOy)t Fet+sS0, P12 4.5110° Benkelbergand Warneck (1995)

Table 7. Initialization of transition metal ions for the three scenarios (urban, remote, marine).

Transition metal Initial species Urban (M) Remote (M) Marine (M)

Iron Fet 5.010° 5.010°7 50108
Manganese MBI 251077 25108 1.010°°
Copper ca 251077 25108 1.010°°

whole simulation and reduce the effect of this reaction in thethree scenarios (respectively 9%, 41% and 16% in the urban,
conversion of Fe(ll) to Fe(lll). The diurnal behaviour of the remote and marine cases). These results are explained by the
Fe(I)/Fe(lll) ratio differs from Ervens et al. (2003), and will initial concentrations of TMI and by thed@®, regime which

be discussed in the Sect. 4. are different in the three scenarios. In the urban case, Fe(lll)
initial concentration is ten times larger than in the remote sce-

3.2 Aqueous phase radicals and radical anions nario and one hundred times larger than in the maritime case.
Due to the high S@emission in the urban casep®; is ef-

3.2.1 OH radical ficiently consumed and has a relatively low concentration (3

) . o 10-®M at noon the second day) compared to the two other
OH is one of the mostimportant radical in both gas and aquegases (1.1 16*M and 2.4 164 M for the remote and ma-
ous phases. The aqueous phase concentrations of OH radiGghe cases respectively). With these urban conditions of high
versus time are shown in Fig. 3 for the three different scenarT| and low H,0», the Fenton-type reactions show a rather
ios. The maximum concentrations in the urbalr;, remote andoy contribution in the most polluted case. For the same rea-
marine cases are respectively 1.2719 1.5 10" and 4.8 gsons; there is a high relative contribution of the photolysis of

13 . .
10 1°M. . o Fe(lll)-complexes in the urban case and a dominant effect of
Figure 4 represents the relative contribution of the corre-the H,0, photolysis in the two other cases.

sponding sources and sinks for OH radical in the aqueous

phase for the three cases at noon, the second day. In the re- Concerning the OH destruction, the oxidation of organic
mote and marine cases, the transfer from the gas phase reppecies is an important sink, especially in the continental
resents an important source for OH radicals (37 and 50%cases where initial concentrations and emissions of organic
respectively). In the urban case, it only represents 13% ofpecies in the gas phase are larger than in the marine case.
the total OH production. Indeed, the photolysis of Fe(lll)- Another important destruction of OH radical occurs via the
complexes (P1, P2, P3 and P4) contributes around 74% to thequilibrium between OH plus Cland CIOH which is
production of the OH radical in this scenario. The Fenton-shifted towards production of CIOH This contribution is

type reactions of metals ions (Feand Cu') (R1 and R51)  more important in the marine case than in the two continen-
also lead to the production of OH in significant amount in the tal cases because, in the marine case, initial concentration of

www.atmos-chem-phys.org/acp/4/95/ Atmos. Chem. Phys., 4, 95-110, 2004



102 L. Deguillaume et al.: The role of transition metal ions on,H@&dicals in clouds

Cu' 48% (a) DAY
2.3 108 Ms-!
hy 37%
HO,/0,  15%
! HO,/0,  70%
OH 11%
Fe(II) 1.8 103 Ms! H,0, 5% R Fe(III)
4310 M cl, 5% 6.6 107 M
Mn(III) 4% 3 A
HSO;  3,5%
SO, 1,5%
o Fe(OH),Fe**
3 2.2 10710 Ms'! 1.210°M
. Fe(IV)
25 10_9 Ms! " 5.110°M FC(II) 64% .
’ HCOOH/HCOO™  22%
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2.6 108 M 10 Mg-1 5 0 | 49710°M
13 1000Ms? | - 1o
S s
Fe(OH),Fe**
O3 2.9 10-14 Ms! 1.6 103 M
R Fe(I1V)
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Fig. 2. Iron redox reactions during the d&g) and at nigh{b) for the urban scenario.
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chlorine in the gas phase and in the agueous phase are larger 5o
than in the continental cases. Due to highd concentra- o~ —— N
tion in the remote and marine cases, reaction betwegdpH N remote |/ \
and OH radical plays a significant role in the OH destruction 10" ! \ i
(36 and 39% respectively). Finally, reaction between OH and
Fe(ll) (R14) also contributes to the destruction of OH in the ]
continental cases where initial TMI concentrations are larger.
Concentrations for OH radicals computed in M2C2 seem
quite reasonable since they are in the range of previous mod-= ]
elling studies (Jacob et al., 1989; Herrmann et al., 2000; War-
neck, 2000). Going into details of the scenarios simulated by~ 4x10" -
M2C2, one can observe that OH is comparable to Ervens et
al. (2003) in the marine case. However, for the continental
cases, there is one order of magnitude difference in the OH ¢ : : : : : : :
concentration in our runs compared to CAPRAM2.4 runs. 0 6 12 18 24 30 36 4 48
This difference is essentially due to the fact that VOCs oxida- Time of day ()
tion in gas phase results in the production ofChliwhich is
oxidized by OHag. Since in CAPRAM2.4, more emissions
of VOCs including C2 compounds are considered compare
to our simulation, the urban scenario, rich in VOCs, exhibits

13

8x10™" —|

H]aq (M)

Fig. 3. Simulated time evolution of Oy for urban, remote and
dﬂnarine conditions. Shaded areas correspond to night-time periods.

the lowest Oltq concentration levels. most important and, therefore the most significant for aque-
322 Radical ani ous phase oxidation of soluble VOCs. The contribution of the
o adical anions ferryl ion (FeGt) in the oxidation of formaldehyde (R39)

and formic acid (R37 and R38) is indicated and shows that
?he direct role of TMI on VOCs chemistry is negligible.

The effect of transition metal ions on aqueous phase sol-
uble VOCs chemistry is indirect. TMI chemistry increases
OHaq concentrations leading to a more important oxidation
of VOCs yielding to more H@,q production.

The same analysis than for OH has been performed for th
dichloride radical anion Gl (not shown). The sources for the
Cl; correspond to those of Cl atom becausg @l formed
through a fast equilibrium between CThplus Cl atom and
Cl; radical (Buxton et al., 1998). At noon, two sources of
Cl atom dominate. First, the most important source of Cl
atom occurs via the equilibrium between ClOlnd Clplus 3.4 Sulphur chemistry

OH~ (85% of Cl atom production in the urban case). Since

CIOH™ is formed after the equilibrium betweenQblus OH  Figure 6 displays the main pathways of S(IV) oxidation lead-
and CIOH, the evolution of CJ follows the one of Ok, ing to sulphate formation for the urban scenario at noon. This
(Fig. 3). The second source for chlorine atoms is the reactiorscenario was chosen because the chemistry of TMI is very
of chloride with SQ (15%), due to the high SOemission  efficient due to high initial concentrations for TMI and for
in the urban case. The main sinks of this radical anion aresulphur dioxide and also to high emissions of;.SO

the reactions between Llith HO,/O;, radical (48%), with In the sulphate formation, two pathways can be distin-
Fe(ll) (40%) and with HSQ/SC~ (10%). Reaction of G|~ guished:

with H2O, is negligible (2%) since b, concentration is
very low in the urban case.

The other two radical anions, the sulphate radical anion,
SO, and the carbonate radical anion C@re presentin very e Anindirect pathway through TMI catalysis which is ini-
low concentrations. Their time evolution is similar to the one tiated by the oxidation of S(1V) by OH, Gland FeGt.
of the dichloride radical anion but with higher concentrations _
in the urban case at noon of 1.1#6M for SO, and of 5.5  The HSQ/SG;~ concentration decreases from 8.5 1
10-14M for CO; . These two radicals are mainly influenced t0 1.0 107'M over a time period of 72h. In the urban case,
by the concentration of Ofg; during the day and by the due to the high NQ level, the direct conversion pathway of

e Adirect production of sulphate through the oxidation of
S(IV) by H202 ,03, HNOq,

concentration of N@during the night. S(IV) to S(VI) by pernitric acid plays a significant role (10%)
whereas due to the low ozone concentration and to the acidic
3.3 VOCs chemistry pH value, ozone does not contribute significantly in the S(IV)

to S(VI) conversion.
Figure 5 presents the main agqueous phase pathways of sol- In M2C2 model, the indirect pathway is found to be less
uble volatile organic compounds at noon in the urban caseefficient by a factor 100 compared to the direct oxidation flux
In this scenario, the effect of TMI on HQOradicals is the  of S(IV) into S(VI) by H,O2 and HNGQ,.. Although HO;

www.atmos-chem-phys.org/acp/4/95/ Atmos. Chem. Phys., 4, 95-110, 2004



104 L. Deguillaume et al.: The role of transition metal ions on,H@&dicals in clouds
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Fig. 4. Sinks and sources for Qi for urban, remote and marine conditions at noon 2 day. Values of production and loss fluxes are identical
and are in [M51]: urban 1.1 108, remote 9.5 109, marine 5.5 10°.
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Fig. 5. Concentration/flux diagram for oxidation of VOCs at noon in urban case. Concentration values are reported in the boxes and fluxes
are indicated with the arrows.

concentration is low, oxidation of S(IV) by 4D, remains  (maximum at noon 1.3 @ M) by reaction of Cé+ with

dominant throughout the simulation. Indeed, the reaction ofHO,/O; radical (R54, R55).

Cu™ with oxygen (R50) leads to high H@D, concentration

in the aqueous phase, which results in a continuous@-H The direct conversion pathway of S(1V) to S(VI) is about

formation through reactions of H@, with Fe(ll) and Cd-  the same order of magnitude than the transfer of 86m

(R7, R11 and R52, R53). Indeed, iron is mainly present aghe gas phase. This continuous transfer o $0m the gas

Fe(ll) during the day and concentration of Cis maintained ~ phase, due to high S@mission considered in the urban sce-
nario, explains the low hydrogen peroxide concentration.
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2.8 108 M s OH (35%)
l Cl, (51%)
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Fig. 6. Concentration/flux diagram for oxidation pathways of S(1V) into S(VI) at noon in urban case. Concentration values are reported in
the boxes and fluxes are indicated with the arrows.
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Fig. 7. Time evolution of OHyq and HQ/O, concentration for urban conditions over one day simulation with and without TMI.

In CAPRAM2.4, SGQ concentration increases throughout 4 Discussion
the simulation in the urban case. This difference with our
SO, evolution is due to the fact that iron is mainly present as!n this section, the original features of the TMI mechanism
Fe(lll) during the day in Ervens et al. (2003) runs leading to introduced in M2C2 are reviewed in order to highlight new

a lower hydrogen peroxide production than in M2C2. findings and to discuss them not only in the context of Ervens
et al. (2003) scenarios but also against other available model

results and field measurements.
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Table 8. Percentage of Fe(ll) out of dissolved Fe during the day and during the night for the three scenarios and from available measurements.

L. Deguillaume et al.: The role of transition metal ions on,H@&dicals in clouds

DAY
M2C2 CAPRAM2.3 CAPRAM2.4 measured
Urban 9g«
85 99.7 4 40-86
62/
Remote 80 98 N.A. 6
Marine 80 85 N.A. 70-8%
NIGHT
M2C2 CAPRAM2.3 CAPRAM2.4 measured
Urban 20-68¢
1 99.7 2 G-a0!
45-60
50f
Remote 20 98 N.A. 26-55
Marine 20 85 N.A. N.A.

Ipercentage of Fe(ll) out of total amount of Fe,

2Fe(II) is below detection limits, marine air mass with anthropogenic influence.
“4Behra and Sigg, 1990;

bpehkonen et al., 1992:

‘Erel et al., 1993;

dsedlak et al., 1997.

¢Schwanz et al., 1998;

fDeutsch et al., 2001.

The analysis of TMI chemistry in M2C2 shows a diurnal the concentration levels of the OH radical, especially due to
variation of the Fe(ll)/Fe(lll) ratio due to the Fe(lll) pho- the photolysis of Fe(lll)-complexes and to the Fenton-type
tolysis as described in Sect. 3.1. Some measurements @kactions of metal ions (F& and Cu') in the continental
the iron speciation in atmospheric liquid phase are availablescenarios. To specify this effect of TMI chemistry on HO
and exhibit a very high variability in the Fe(ll)/Fe(lll) ra- multiphase chemistry, we have performed a sensitivity test
tio. This information about speciation is important becausewhich consists in considering or not the transition metal ions
it is directly linked to the efficiency of atmospheric redox cy- chemistry (Fig. 7). Neglecting TMI leads to a maximum
cles in atmospheric liquid phase. The results obtained withconcentration of Ol of 2.7 1013M at noon in the ur-
M2C2 model for the percentage of Fe(ll) towards dissolvedban case, lower by a factor of 4.4 compared to the simulation
Fe for the three cases are given in Table 8 as well as valwith TMI chemistry. This result is in agreement with Matthi-
ues from field measurements in clouds found in the litera-jsen et al. (1997) who found an increase of about 2.55 of
ture. Measurements indicate higher values during the dayDH g in the presence of TMI. H@radical exhibits a differ-
than during the night. This particular feature is quite well ent behaviour than Ol if TMI chemistry is neglected. For
reproduced by M2C2 model, contrary to the two versions ofthe urban case, the HQq concentration at noon increases
CAPRAM. While CAPRAM2.3 exhibits no diurnal variation from 4.0 10-°M considering TMI to 1.1 107 M neglecting
with iron mainly present as Fe(ll), CAPRAM2.4 strongly un- TMI because its main sinks, reactions with Cu(l and Il), and
derestimates day time values and simulates iron mainly asvith Fe(ll and IIl) are missing (R52, R53, R54, R55 and R7,
Fe(lll). Ervens et al. (2003) explains this result by the for- R8, R9, R10, R11, R13). Finally, this sensitivity test permits
mation of Fe(lll)-oxalato-complexes, which it is not consid- to quantify the role of TMI chemistry on HOradicals con-
ered in M2C2. In conclusion, results from M2C2 on the centrations in aqueous phase and shows that, among TMI,
Fe(Il)/Fe(ll1) ratio agree quite favourably with the available dissolved iron has a leader role on HGhemistry and that
measurements and is able to reproduce the natural diurnaopper plays a significant role in the chemistry qf®.
variability of this ratio among various scenarios.

The analysis of the major sinks and sources for OH in the
aqueous phase shows the importance of the TMI chemistry in
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5 Conclusions S(IV) into S(VI) by reaction with HO,, which contributes to
the acidification of droplets. This chemical pathway associ-

This study presents new developments of the multiphaseted with other S@sources (advective and vertical transport,

model of cloud chemistry M2C2 including the incorporation . .., considered in chemistry/transport models) will lead to a

of transitions metal ions and the capability to use variableconstant acidification of droplets resulting in large changes

photolysis frequencies in aqueous phase. This new versioth aerosol population (aerosol size distribution, aerosol sur-

of the model has been applied to three different chemicakace properties, hygroscopicity). This process will enhance

scenarios in order to evaluate the impact of transition metathe efficiency of aerosols to form CCN.

ions on multiphase chemistry. These three scenarios repre- Since the chemistry of clouds is controlled by all these se-

sent urban, remote and marine conditions following Ervensries of processes, only modelling of specified scenarios will

et al. (2003). help to learn how different conditions affect the overall im-
The chemistry of transition metal ions, of radicals, of sul- pact of clouds on climate such as the indirect effect. For this,

phur and of VOCs is analyzed in details with special focusM2C2 provides a powerful tool to focus on individual pro-

on new developments which leads to differences with Er-cesses.

vens et al. (2003) model. The main difference concerns the

Fe(Il)/Fe(Ill) ratio, which is compared directly with avail- AcknowledgementsThis work was supported by the “Programme

able measurements and shows that the M2C2 model is abiiational de Chimie Atmosg#ique” (PNCA) of the INSU (Insti-

to represent the natural diurnal variability of this ratio. The tut des Sciences de I'Univers). Computer resources were provided

. . : y I.D.R.1.S (Institut du éveloppement et des Ressources en Infor-
analysis of the most important sources and sinks of the Ol-ir)natiques Scientifique), projecf®0187. The first author is very

radical in the aqueous p_hase shows that It.s concentrauo_n argerateful to Professor Hartmut Herrmann for his help on chemical
partly controlled by the iron. Indeed, its highest production g anarios.

pathway is the photolysis of Fe(lll)-hydroxo-complexes. For

sulphur chemistry, results show a negligible contribution of

the iron and manganese catalysis of the S(IV) oxidation toReferences

the production of sulphate. Conversion of S(IV) into S(VI)

is mainly due to hydrogen peroxide (90%) and pernitric acidAlbrecht, B. A.. Aerosols, cloud microphysics and fractional
(10%). The role of TMI in this conversion is indirect: iron ~_cloudiness, Science, 245, 1227-1230, 1989.

and copper control the chemistry of,8, as shown by the Anastasio, C., Faust, B. C., and Allen, J. M.: Aqueous phase pho-

nsitivity test comparing urban simulation with and without tochemical formation of hydrogen peroxide in authentic cloud
Sensitivity test comparing urban simulatio a OUl  \aters, J. Geophys. Res., 99, 8231-8248, 1994
TMI chemistry.

) o Baral, S., Lume-Pereira, C., Janata, E., and Henglein, A.: Chem-
More measurements on iron speciation are needed as a jstry of colloidal managanese oxides, 3. Formation of the reac-

function of light conditions (night and day), together with  tion of hydroxyl radicals with M&* ions, J. Phys. Chem., 90,
H2>07 and oxalate concentrations in order to evaluate the sen- 6025-6028, 1986.

sitive parameter of the iron speciation. Future laboratory ex-Baxendale, J. H., Ward, M. D., and Wardman, P.: Heats of forma-
periments should include irradiation tests on real cloud water tion of HO; and OH in aqueous solution, Trans. Faraday Soc.,
samples to complement the field experiments with controlled 67, 2532-2537, 1971.

temperature, concentration levels and light conditions. Also,Behra, P.and Sigg, L.: Evidence for redox cycling of iron in atmo-
the Fenton reaction, which is still subject to many contro- _ SPheric water droplets, Nature, 344, 419-421, 1990.

versies (Gozzo, 2001; Dunford, 2002; Kremer, 2003), needsBen.kelberg’ H. J., Setier, A, and.wameCk’ P. Product guantum
yields for the photodecomposition of,8, and Fe(lll) com-

some ,more mves_tlgatlons‘ ) ) plexes in agueous solution, Air Pollution research Report 33: At-
An important issue, in atmospheric chemistry, concerns magpheric Oxidation Processes, edited by Becker, K.-H., CEC,
the clouds/aerosols interaction via the quantification of the prussels, pp. 130, 1991.

indirect effect of aerosols on the radiative budget of the Earth Benkelberg, H. J. and Warneck, P.: Photodecomposition of iron (I1)
which is still subject to many uncertainties. On a global point  hydroxo and sulfato complexes in aqueous solution: wavelenght
of view, chemical reactions in clouds modify the composi- dependence of OH and GQyuantum yields, J. Phys. Chem., 99,
tion of cloud droplets and, hence, of the aerosol population 5214-5221, 1995.

released into the atmosphere after cloud evaporation. Th&erdnikov, V. M.: Catalytic activity of the hydrated copper ion
consequence is an enhancement of the efficiency of aerosols N the decomposition of hydrogen peroxide, Russian Journal of
to form CCN leading to smaller and more numerous droplets, Fnysical Chemistry, 47, 1060-1162, 1973.

.. s .~ Berglund, J., Fronaeus, S., and Elding, L. I.: Kinetics and mecha-
this is the first indirect effect (Twomey, 1977). Then, the effi- nism for manganese-catalysed oxidation of sulfur (IV) by oxygen

ciency of precipitation formation is modified inhibiting rain aqueous solution, Inorg. Chem., 32, 45274538, 1993.

and enhancing cloud lifetime. This is the second indirectgergiund, J., Buxton, G. V., Elding, L. I, Mc Govan, S., and
effect (Albrecht, 1989). In this study, the calculated pH is  salmon, G. A.: The reaction of peroxomonosulfate radical with
acidic and the introduction of TMI chemistry enhancex manganese (Il) in acidic aqueous solution, A pulse radiolysis
production in droplets leading to an efficient conversion of study, J. Chem. Soc. Faraday Trans., 90, 3309-3313, 1994.

www.atmos-chem-phys.org/acp/4/95/ Atmos. Chem. Phys., 4, 95-110, 2004



108 L. Deguillaume et al.: The role of transition metal ions on,H@&dicals in clouds

Berglund, J. and Elding, L.: Manganese catalysed autoxidation ofDavies, G., Kirschenbaum, L. J., and Kustin, K.: The kinetics and
dissolved sulfur dioxide in the atmospheric aqueous-phase, At- stoechiometry of the reaction between manganese (lll) and hy-
mos. Environ., 29, 1379-1391, 1995. drogen peroxide in acid perchlorate solution, Inorg. Chem., 7,

Berry, E. X. and Reinhardt, R. L.: An analysis of cloud drops  146-154, 1968.
growth by collection: Part I. Double distributions, J. Atmos. Sci., Desboeufs, K. V., Losno, R., Vimeux, F., and Cholbi, S.: The pH-
31, 1814-1824, 1974a. dependent dissolution of wind-transported saharan dust, J. Geo-

Berry, E. X. and Reinhardt, R. L.: An analysis of cloud drop growth  phys. Res., 104, D17, 21 287-21 299, 1999.
by collection: Part Il. Single initial distributions, J. Atmos. Sci., Deutsch, F., Hoffmann, P., and Ortner, H. M: Field Experimental
31, 1825-1831, 1974b. Investigations on the Fe(ll)- and Fe(lll)-Content in Cloudwater

Berry, E. X. and Reinhardt, R. L.: An analysis of cloud drop growth ~ Samples, J. Atmos. Chem., 40-1 , 87-105, 2001.
by collection: Part Ill. Accretion and self-collection, J. Atmos. Diebler, H. and Sutin, N.: The kinetics of some oxidation-reduction
Sci., 31, 2118-2126, 1974c. reactions involving Manganese (lll), J. Phys. Chem., 68, 174—

Berry, E. X. and Reinhardt, R. L. An analysis of cloud drop growth 180, 1964.
by collection: Part IV. A new parameterization, J. Atmos. Sci., van Eldik, R., Coichev, N., Bal Reddy, K., and Gerhard, A.: Metal

31, 2127-2135, 1974d. ion catalysed autoxidation of sulfur(IV)-oxides: Redox cycling
Bjergbakke, E., Sehested, K., and Rasmussen, O. L.: The reaction of metal ions induced by sulphite, Ber. Bunsenges. Phys. Chem.,

mechanism and rate constants in the radiolysis SfrFeu?t 96, 478-491, 1992.

solutions, Radiat. Res., 66, 433-442, 1976. Epstein, I. R, Kustin, K., and Simoyi, R. H.: Nitrous acid decom-

Brandt, Ch., Fabian, I., and van Eldik, R.: Kinetics and mechanism position catalysed by an iron (lI) complex: Tris (3, 4, 7, 8-
of the iron(lll) catalysed autoxidation of sulfur (V) oxides in tetramethyl-1, 10-phenanthroline) iron (Il), J. Am. Chem. Soc.,
aqueous solution. Evidence for the redox cycling of iron in the 104, 712-717, 1982.
presence of oxygen and modeling of the overall reaction mechagrel, VY., Pekhonen, S. O., and Hoffmann, M.: Redox Chemistry
nism, Inorg. Chem., 33, 687-701, 1994. of Iron in fog and stratus clouds, J. Geophys. Res., 98, 18423—

Brandt, C. and van Eldik, R.: Transition metal-catalysed oxidation 18434, 1993.
of sulfur (V) oxides. Atmospheric relevant processes and mech-Ervens, B., George, C., Williams, J. E., Buxton, G. V., Salmon,
anisms, Chem. Rev., 95, 119-190, 1995. G. A., Bydder, M., Wilkinson, F., Dentener, F., Mirabel, P.,

Buxton, G. V., Mulazzani, Q. G., and Ross, A. B.: Critical review Wolke, R., and Herrmann, H.: CAPRAM2.4 (MODAC mech-
of rate constants for reactions of transients from metal ions and anism): an extended and condensed tropospheric aqueous phase
metal complexes in aqueous solution, J. Phys. Chem. Ref. Data, mechanism and its application, J. Geophys. Res., 108-D14, 4426,
24,1055, 1995. doi:10.1029/2002JD002202, 2003.

Buxton, G. V., Malone, T. N., and Salmon, G. A.: Reaction of,SO  Facchini, M. C.: Cloud, atmospheric chemistry and climate, IGAC-
with Fé#+, Mn?t and C#t in aqueous solution, J. Chem. Soc. tivities Newsletter, 26, 2002.

Faraday Trans., 93, 2893-2897, 1997. Faust, B. C. and Hoign J. H.: Photolysis of Fe(lll)-hydroxy com-

Buxton, G. V., Bydder, M., and Salmo, G. A.. Reactivity of plexes as sources of OH radicals in clouds, fog and rain, Atmos.
chlorine atoms in aqueous solution, Part 1 The equilibrium Environ., 24A, 79-89, 1990.

Cl+Cl=<Cly, J. Chem. Soc. Faraday Trans., 94(5), 653-657,Faust, B. C. and Zepp, R. G.: Photochemistry of aqueous iron(lll)-

1998. polycarboxylate complexes: Roles in the chemistry of atmo-

Cabelli, D. E., Bielski, B. H. J., and Holcman, J.: Interaction Spheric and surface waters, Environ. Sci. Technol., 27, 2517-
between copper(ll)-arginine complexes and #Q, radicals, 2522, 1993. . . .
a pulse radiolysis study, J. Am. Chem. Soc., 109, 3665-3669faust, B. C.: Photochemistry, fogs, and aerosols, Environ. Sci.
1987. Technol., 28, 5, 217, 1994.

Calvert, J. G., Lazrus, A., Kok, G. L., Heikes, B. G., Walega, J. Ganzeveld, L. N., Roelofs, G.-J., and Lelieveld, J.: A dry deposition
G., Lind, J., and Cantrell, C. A.: Chemical mechanisms of acid Parametrization for sulphur oxides in a chemistry and general
generation in the troposphere, review article, Nature, 317, 27-35, circulation model, J. Geophys. Res., 103, 5679-5694, 1998.
1985. Gilbert, B. C. and Stell, J. K.: Mechanism of peroxide decompo-

Christensen, H. and Sehested, K.: Pulse radiolysis at high tempera- Sition. An ESR study of the reactions of the peroxomonosulfate
tures and pressures, Radiat. Phys. Chem., 18, 723-731, 1981.  anion (HOOSQ) with Ti//!, Fé/!, anda-oxygen-substituted

Christensen, H., Sehested, K., and Logager, T.. The reaction of radicals, J. Chem. Soc. Perkin Trans., 2, 1281, 1990.
hydrogen peroxide with Fe(ll) ions at elevated temperatures, RaGoldstein, S., Czapski, G., Cohen, H., and Meyerstein, D.: Deam-
diat. Phys. Chem., 41-3, 575-578, 1993. ination of beta-alanine induced by hydroxyl radicals and mono-

Conklin, M. H. and Hoffmann, M. R.: Metal ion-sulfur (IV) chem-  Vvalent copper ions. A pulse radiolytic study, Inorganica Chimica
istry: 1. Structure and thermodynamics of transient copper (II)- Acta, 192, 87, 1992.
sulfur (IV) complexes; 2. Kinetic studies of the redox chemistry Graedel, T. E. and Weschler, C. J.: Chemistry within agueous atmo-

of copper (II)-sulfur (IV) complexes; 3. Thermodynamics and ki- ~ spheric aerosols and raindrops, Rev. Geophys. Space Phys., 19,
netics of transient iron (I11)-sulfur (IV) complexes, Environ. Sci. ~ 505-539, 1981.
Technol., 22, 883-907, 1988. Graedel, T. E., Mandich, M. L., and Weschler, C. J.: Kinetic model

Cope, V. W., Hoffman, M. Z., and Chen, S.: Reactivity of the car-  Studies of atmospheric droplet chemistry 2. Homogeneous tran-
bonate radical toward metal complexes in aqueous solutions, J. Sition metal chemistry in raindrops, J. Geophys. Res, 91, 5205-
Phys. Chem., 82, 2665-2669, 1978. 5221, 1986.

Atmos. Chem. Phys., 4, 95-110, 2004 www.atmos-chem-phys.org/acp/4/95/



L. Deguillaume et al.: The role of transition metal ions on H@dicals in clouds 109

Grgic, 1., Hudnik, V., Bizjak, M., and Levec, J.: Aqueous S(IV) ox- Bermuda rainwater, J. Geophys. Res., 89, D1, 1423-1428, 1984.
idation I. Catalytic effects of some metal ions, Atmos. Environ., Khaikin, G. |., Alfassi, Z. B., Huie, R. E., and Neta, P.: Oxida-

25A, 1591-1597, 1991. tion of ferrous and ferrocyanide ions by peroxyl radicals, J. Phys.
Grgic, 1, Dovzan, A., Betit, G., Hudnik, V., The effect of atmo- Chem., 100, 7072-7077, 1996.

spheric organic compounds on the Fe-catalyzed S(IV) autoxidaKozlov, Y. and Berdnikov, N.: Photodecomposition of hydrogen

tion in aqueous solution, J. Atmos. Chem., 29, 315-337, 1998. peroxide in the presence of copper ions. IV. Determination of

Grgic, I, Pozni, M., Bizjak, M., S(IV) autoxidation in atmospheric rates constants of elementary reactions, Russian Journal of Phys-
liquid water: The role of Fe(ll) and the effect of oxalate, J. At-  ical Chemistry, 47, 338-340, 1973.

mos; Chem., 33, 89-102, 1999. Kotronarou, A. and Sigg, L.: Sfoxidation in atmospheric water:
Grgic, |. and Begtit, G.: A simple kinetic model for autoxidation of role of Fe(ll) and effects of ligands, Environ. Sci. Technol., 27,

S(IV) oxides catalyzed by iron and/or manganese ions, J. Atmos. 13, 2725-2735, 1993.

Chem., 39, 155-170, 2001. Kraft, J. and van Eldik, R.: Kinetics and mechanism of the iron (l11)-

Guenther, A., McKay, W. A., Pierce, T., et al.: A global model of catalysed autoxidation of sulfur (IV) oxides in aqueous solution
natural volatile organic compound emissions; J. Geophys. Res., 1. Formation of transient iron (l11)-sulfur (IV) complexes, Inorg.
100, 8873-8892, 1995. Chem., 28, 28, 1989.

Hemmes, P, Rich, L. D., Cole, D. L., and Eyring, E. M.: Kinetics Laurence, G. S. and Thornton, A. T.: Kinetics of oxidation of
of hydrolysis of ferric ion in dilute aqueous solution, J. Phys. transition-metal ions by halogen radical anions. Part lll: the ox-
Chem., 75, 929-932, 1971. idation of manganese (Il) by bibromide and dichloride ions gen-

Herrmann, H., Ervens, B., Jacobi, H.-W., Wolke, R., Nowacki, erated by flash photolysis, J. Chem. Soc. Dalton Trans., 1637—
P., and Zellner, R.: CAPRAM2.3: A chemical aqueous radi- 1644, 1973.
cal mechanism for tropospheric chemistry, J. Atmos. Chem., 36 Lelieved, J. and Crutzen, P. J.: The role of clouds in tropospheric
231-284, 2000. photochemistry, J. Atmos. Chem., 12, 229-227, 1991.

Hoigré, J., Zuo, Y., and Nowell, L.: Photochemical reactions in Leriche, M., Voisin, D., Chaumerliac, N., Monod, A., and Aumont,
atmospheric waters: role of dissolved iron species, In: Aquatic B.: A model for tropospheric multiphase chemistry: Application
and Surface Photochemistry, edited by Helz, G. R., Zepp, R. G., to one cloudy event during the CIME experiment, Atmos. Envi-
Crosby, D. G., and references cited therein, Boca Raton, Lewis ron., 34, 5015-5036, 2000.

Publishers, 75-84, 1994. Leriche, M., Chaumerliac, N., and Monod, A.: Coupling quasi-
Hoigré, J. and Bhler, R. E.: Heterogeneous and liquid phase pro-  spectral microphysics with multiphase chemistry: A case study
cesses, edite by Warneck, P., Springer-Verlag, Berlin, 110-116, of a polluted air mass at the top of the Puy déni® mountain

1996. (France), Atmos. Environ., 35, 5411-5423, 2001.

Huret, N., Chaumerliac, N., Isaka, H., and Nickerson, E. C.: In- Leriche, M., Deguillaume, L., and Chaumerliac, N.: Modeling
fluence of different microphysical schemes on the prediction of study of strong acids formation and partitioning in a polluted
dissolution of nonreactive gases by cloud droplets and raindrops, cloud during wintertime, J. Geophys. Res., 108-D14, 4433, doi:
J. Appl. Meteor., 33, 1096-1109, 1994. 10.1029/2002JD002950, 2003.

Jacob, D. J., Gottlieb, E. W., and Prather, M. J.: Chemistry ofLim, B., Jickells, T. D., Colin, J. L., and Losno, R.: Solubilities of
polluted cloudy boundary layer, J. Geophys. Res., 94, 12975— Al, Pb, Cu, and Zn in rain sampled in the marine environment

13002, 1989. over the North Atlantic Ocean and Mediterranean Sea, Global
Jacob, D. J.: Heterogeneous chemistry and tropospheric ozone, At- Biogeochemical Cycles, 8, 349-362, 1993.
mos. Environ., 34, 2131-2159, 2000. Logager, T., Holcman, J., Sehested, K., and Petersen, T.: Oxidation

Jacobsen, F., Holcman, J., and Sehested, K.: Activation parameters of ferrous ions by ozone, Inorg. Chem., 31, 3523-3529, 1992.
of ferryl ion reactions in aqueous acid solutions, Int. J. Chem. McElroy, W. J. and Waygood, S. J.: Kinetics of the reactions of the
Kinet., 29, 17-24, 1997a. SO, radical with Sq, Sgog_, H,0O and Fét, J. Chem. Soc.

Jacobsen, F., Holcman, J., and Sehested, K.: Manganese (ll) super- Faraday Trans., 86, 14, 2557—2564, 1990.
oxide complex in aqueous solutions, J. Phys. Chem., 101, 1324+Madronich, S. and Calvert, J. G.: The NCAR Master Mechanism of
1328, 1997b. the gas phase chemistry, NCAR technical Note, TN-333+SRT,

Jacobsen, F., Holcman, J., and Sehested, K.: Oxidation of man- Boulder Colorado, 1990.
ganese (Il) by ozone and reduction of manganese (lll) by hydro-Madronich, S. and Flocke, S.: The role of solar radiation in atmo-
gen peroxide in acidic solution, Int. J. Chem Kinet., 30, 207-214,  spheric chemistry. in Handbook of Environmental Chemistry (P.
1998a. Boule, ed.), Springer-Verlag, Heidelberg, 1-26, 1999.

Jacobsen, F., Holcman, J., and Sehested, K.: Reaction of the ferrWartin, L. R., Hill, M. W., Tai, A. F., and Good, T. W.: The iron-
ion with some compounds found in cloud water, Int. J. Chem.  catalysed oxidation of sulfur (IV) in aqueous solution: differing
Kinet, 30, 215221, 1998b. effects of organics at high and low pH, J. Geophys. Res., 96,

Jayson, G. G., Parson, B. J., and Swallow, A. J.: Appearance of 3085, 1991.
sulphatoferric complexes in the oxidation of ferrous sulphate so-Matthijsen, J., Builtjes, P. T. H., Meijer, E. W., and Boersen, G.:
lutions, J. Chem. Soc. Faraday Trans., 69, 1079, 1973a. Modelling cloud effects on ozone on a regional scale: a case

Jayson, G. G., Parson, B. J., and Swallow, A. J.: Oxidation of fer-  study, Atmos. Environ., 31-19, 3227-3238, 1997.
rous ions by per hydroxyl radicals, J. Chem. Soc. Faraday Trans.Mesmer, R. E.: Inorg. Chem., 10, 857, 1971.

69, 236-242, 1973b. Meyerstein, D.: Trivalent copper: I: a pulse radiolytic study of

Jickells, T. D., Knap, A. H., and Church, T. M.: Trace metals in  the properties of the aquocomplex, Inorg. Chem., 10, 638—641,

www.atmos-chem-phys.org/acp/4/95/ Atmos. Chem. Phys., 4, 95-110, 2004



110 L. Deguillaume et al.: The role of transition metal ions on,H@&dicals in clouds

1971. Spokes, L. J., Jickells, T. D., and Lim, B.: Solubilisation of aerosol

Moffett, J. W. and Zika, R. G.: Reaction kinetics of hydrogen per-  trace metals by cloud processing : a Laboratory Study, Geochim-
oxide with copper and iron in seawater, Environ. Sci. Technol.,, ica and Cosmochimica Acta, 58, 15, 3281-3287, 1994.

21, 804-810, 1987. Spokes, L. J., Lucia, M., Campos, A. M., and Jickells, T. D.: The

Neta, P. and Huie, R. E.: Rate constants for reactions of NOi- role of organic matter in controlling copper speciation in precip-
cals in aqueous solution, J. Phys Chem., 90, 4644-4648, 1986. itation, Atmos. Environ., 30, 3959-3966, 1996.

Nimmo, M. and Fones, G. R.: The potential pool of Co, Ni, Cu, Sulzberger, B., Laubscher, H., and Karametaxas, G.: In: Aquatic
Pb and Cd organic complexing ligands in coastal and urban rain and Surface Photochemistry., edited by Helz, G. R., Zepp, R. G.,
waters, Atmos. Environ., 31, 5, 693—-702, 1997. Crosby, D. G., and references cited therein, Lewis Publishers,

Novic, M., Grgk, I., Poje, M., and Hudnik, V.: Iron catalyzed oxi- Boca Raton, 53-73, 1994.
dation of S(IV) species by oxigen in aqueous solution: Influence Sulzberger, B. and Laubscher, H.: Reactivity of various types of
of pH on the redox cycling, Atmos. Environ., 30-24, 4191-4196, iron (lll)(hydr)oxides towards light-induced dissociation, Marine
1996. Chemistry, 50, 103-115, 1995.

Olivier, J. G. J., Bouwman, A. F., Van der Hoek, K. W., and Thornton, A. T. and Laurence, G. S.: Kinetics of oxidation of
Berdowski, J. J. M.: Global air emission inventories for anthro-  transition-metal ions by halogen radical anions. Part I. The ox-
pogenic sources of NQ NHg and NbO in 1990, Environmental idation of iron(ll) by dibromide and dichloride ions generated by
Pollution, 102-S1, 135-148, 1998. flash photolysis, J. Chem. Soc. Dalton Trans, 804—813, 1973.

Pandis, S. N. and Seinfeld, J. H.: Heterogeneous sulphate produdwomey, S.: The influence of pollution on the shortwave albedo of
tion in an urban fog, Atmos. Environ., 26A, 2509-2522, 1992. clouds, J. Atmos. Sci., 34, 1149-1152, 1977.

Pehkonen, S. O., Erel, Y., and Hoffmann, M. R.: Simultaneousvon Piechowski, M., Nauser, T., HoignT., and Buhler, R. E.: p
spectrophotometric measurement of Fe(ll) and Fe(lll) in atmo-  decay catalysed by Gtrand Cu" ions in aqueous solutions : a
spheric water, Environ. Sci. Technol., 26-9, 1731-1776, 1992.  pylse radiolysis study for atmospheric chemistry, Ber. Bunsen-

Pikaev, A. K., Sibirskaya, G. K., Shirshov, E. M., Glazunov, P. Y., ges. Phys. Chem., 97, 762—771, 1993.
and Spitsyn, V. .. Pulsed radiolysis of concentrated aqueouswalcek, C. J., Yuan, H., and Stockwell, W. R.: The influence of
solutions of aqueous acid, Dokl. Phys. Chem. Proc. Acad. Sci. aqueous-phase chemical reactions on ozone formation in pol-

U.S.S.R., 215, 328-331, 1974. luted and non-polluted clouds, Atmos. Environ., 31, 1221-1237,
Ross, H. B.: Trace metals in precipitation in Sweden, Water Airand  1997.
Soil Pollution, 36, 349-353, 1987. Walling, C. and Goosen, A.: Mechanism of the ferric ion catal-

Rosseinsky, D. R.: The reaction between Mercury(l) and Mana-  ysed decomposition of hydrogen peroxide. Effect of organic sub-

ganese(ll) in agueous perchlorate solution, J. Chem. Soc., 1181- strates, J. Am. Chem. Soc., 95, 2987-2991, 1973.

1186, 1963. Warneck, P.. Chemical reactions in clouds, Fresenius J. Anal.
Ruggaber, A., Dlugi, R., Bott, A., Forkel, R., Hermann, H., and  Chem., 340, 585-590, 1991.

Jacobi, H.-W.: Modelling of radiation quantities and photolysis warneck, P. and Ziajka, J.: Reaction mechanism of the Iron(lll)-

frequencies in the aqueous-phase in the troposphere, Atmos. En- catalysed autoxidation of bisulfite in aqueous solution: Steady

viron., 31, 3137-3150, 1997. state description for benzene as radical scavenger, Ber. Bunsen-
Rush, J. D. and Bielski, B. H. J.: Pulse radiolytic studies of the ges. Phys. Chem., 99, 59-65, 1995.

reactions of HQ/O, with Fe(ll)/Fe(lll) ions. The reactivity of  \warneck, P.: Chemistry of the natural atmosphere, International

HO2/O, with ferric ions and its implication on the occurrence of ~ Geophysics Series, Vol. 71, Academic Press, 927 pp., 2000.

the Haber-Weiss reaction, J. Phys. Chem, 89, 5062-5066, 1985Wells, G. F. and Davies, G. A.: Spectrophotometric investigation of
Schwanz, M., Warneck, P., Preiss, M., and Hoffmann, P.: Chemical the aguomanganese (lll) ion in perchlorate media, J. Chem. Soc.

speciation of iron in fog water, Contr. Atmos. Phys., 71-1, 131- (A), 1858-1961, 1967.

143, 1998. Weschler, C. J., Mandich, M. L., and Graedel, T. E.: Speciation,
Schwartz, S. E.: Mass-transport considerations pertinent to agueous photosensitivity, and reactions of transition metal ions in atmo-

phase reactions of gases in liquid water clouds, in: Chemistry of spheric droplets, J. Geophys. Res., 91, 5189-5204, 1986.

Multiphase Atmospheric Systems, Jaeschke, W. Eds., NATO ASIWilliams, J.: PhD-Thesis, Univeristy of Leeds, 1996.

Series, G6, Spinger-Verlag, 415-471, 1986. Xu, F. C., Krouse, H. R., and Swaddle, T. W.: Inorg. Chem., 24,
Sedlak, D. L. and Hoiga, J.: The role of copper and oxalate inthe 267, 1985.

redox cycling of iron in atmospheric waters, Atmos. Environ., Zellner, R., Exner, M., and Herrmann, H.: Absolute OH quan-

27A, 2173-2185, 1993. tum yields in the laser photolysis of nitrate, nitrite and dissolved
Sedlak, D. L., Hoig#, J., David, M. M., Colvile, R. N., Seyffer, H20, at 308 and 351 nm in the temperature range 278-353K, J.

E., Acker, K., Wiepercht, W., Lind, J. A., and Fuzzi, S.: The Atmos. Chem., 10, 411-425, 1990.

cloudwater chemistry of iron and copper at Great Dun Fell, UK, Ziajka, J., Beer, F., and Warneck, P.: Short communication: Iron-

Atmos. Environ., 31, 2515-2526, 1997. catalysed oxidation of bisulphite agueous solution: evidence for
Sheng, H. L.: J. Chem. Tech. Biotechnol., 56, 163-167, 1993. a free radical chain mechanism, Atmos. Environ., 28, 2549—
Siefert, R. L., Pehkonen, S. O., Erel, Y., and Hoffmann, M. R.: Iron 2552, 1994.

photochemistry of aqueous suspensions of ambient aerosol witlZuo, Y. and Hoige, J.: Formation of hydrogen peroxide and de-

added organic acids, Geochimica et Cosmochimica Acta, 58, 15, pletion of oxalic acid in atmospheric water by photolysis of

3271-3279, 1994. iron(lll)-oxalato compounds, Environ. Sci. Technol., 26, 1014—

1022, 1992.

Atmos. Chem. Phys., 4, 95-110, 2004 www.atmos-chem-phys.org/acp/4/95/



