
3.3 Acids: formation reactions and cloud chemistry
3.3.1 Sulfuric acid formation in the gas-phase

Formation of sulfuric acid in the (A) gas-phase:
(1) SO2 + OH. → HSO3

.

(2) HSO3
. + O2 → SO3 + HO2

.

(3) SO3 + 2 H2O → H2SO4*H2O
net:
(1-3) SO2 + OH. + O2 + 2 H2O → H2SO4*H2O + HO2

.

Then very fast phase change by nucleation (→ 3.1 Aer), 
condensation Only 15% of S(VI) is formed in 

the gas-phase globally, 
85% is formed (B) in cloud
droplets and humid aerosol 
particles



3.3.2 Cloudwater - introduction, significance

- humidity/supersaturation S (:=rh-1) is altitude (above cloud base)-
dependent

- 15% of the volume of the troposphere filled with clouds
- liquid water content L = 0.1-2x10-6 Vwater/Vair = 0.1-2 g/m³
= (0.1-2)x10-3 L/m³ < 10% of total water content (10-40 g/m³!)
- only ≈ 10% of clouds will rain out, while 90% will recycle aerosol 
particles
- lifetime of clouds hours-days, of cloud droplets (D=5-50 µm) 
minutes
- aqueous composition: dissolved (ci ≈ 10-6 - 10-3 M) + eventually non-
dissolved constituents, droplet-size dependent, ci(D)



Terminology:

• Hydrometeors = cloud droplets + ice particles + rain 
droplets + snow flakes + graupel + ...
• Wash-out = below-cloud scavenging + in-cloud scavenging 
of both gases and particles
• in-cloud scavenging of gases = dissolution
• Wet deposition = rain + snow fall + rime
• occult deposition = droplet deposition from clouds, fogs

some units:

• 1 M = 1mol/L
• pH 7 ↔ cH3O+ = 10-7 M
• 1 atm = 105 Pa = 105 Nm-2 = 1 bar



pH scale
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Courtesy: Jacobson



3.3.3 Sulfuric acid formation in the aqueous phase
3.3.3.1 Dissolution of gases - thermodynamic equilibrium
...with diluted solutions (ideal behaviour).
The scavenging efficiency of gaseous molecules is dependent on water solubility:
εi(g) Lsg = n(sol) / (n(sol) + n(g)) = n(sol) / [n(sol) + piVair/(RgT)] = 

= n(sol) / [n(sol) + Hin(sol)Vair/(RgTnH2O)] = 
= [1 + HiMw/(Rg T L)]-1

with: Henry coefficient Hi [atm] = pi/xi = pi/(ci/103/Mw),
liquid water content L [g/m³]
solubility s(T) = s(T0) * exp[-∆Hsol/R * (1/T-1/T0)]
gas constant Rg, Mw[g/mol], 103[cm3/L], (Warneck, 1986)

Another, very common Henry coefficient:
KH [M bar-1] = 102 s/Mwp = (103/Mw)*ρH2O/H

s [mg/L], Rg= 8.206*10-5 m3 atm/mol/K
... confusing: there are more common so-called ‚Henry coefficients‘:
Air-water partitioning coefficient:

Kaw [ ] = Mwp/(105 RgTs) = 1/ (103 RgTKH)



Henry coefficients
Solubility increases with decreasing temperatures, 
e.g. 78, 63 and 53% of O2 at 0°C is soluble at 10, 20 and 30°C, respectively.

(Warneck, 1999)

Compilation of KH :
• Warneck, Phys. Chem. Chem. Phys. 1 (1999) 5471-5483
• download from Rolf Sander’s webpage, MPI-C

http://www.mpch-mainz.mpg.de/~sander/res/henry.html



Dissolved 
carbon dioxide

Hydrogen 
ion

CO2(aq) + H2O(aq) H2CO3(aq) H+  +  HCO3
-

Liquid 
water

Dissolved 
carbonic acid

Bicarbonate 
ion

Hydrogen 
ion

2H+  +  CO3
2-

Carbonate 
ion

Solubility of CO2 (g) → CO2 aqu + 20 kJ/mol 
(1) KH = cCO2 aqu / pCO2 = 3.4x10-7 mol/L/Pa (298 K)

CO2 aqu + H2O → HCO3
- + H3O+

(2) KS1 = (cHCO3- cH3O+) / cCO2 aqu = 10-6.35

HCO3
- + H2O → CO3

2- + H3O+

(3) KS2 = (cCO3-- cH3O+) / cHCO3- = 10-10.33

Dissolved fraction is pH dependent, expressed as the effective Henry coeff. H*:
KH CO2

* = (cCO2 aqu + cHCO3- + cCO3--) / p   (mol/l/Pa)
KH

* = KH (1 + KS1 / cH3O+ + KS1KS2 / cH3O+
2)

pH of water in the atmosphere in equilibrium with CO2 (pCO2 = 36 Pa):
(1) in (2): cHCO3- cH3O+ = KS1 HCO2 pCO2

cHCO3- = cH3O+
cH3O+ = (KS1 HCO2 pCO2)0.5

pH = - 0.5 (-pKS1 - log KH CO2 - log pCO2)
pH = 0.5 (6.35 - log 3.4x10-7 - log 36) = 5.63



S(IV) phase equilibrium and reactions
determined by Henry coeff. KH, pH, T

S(IV): = SO2 aqu.+ HSO3
- + SO3

2-

Phase equilibrium (Henry coeff., physical solubility of SO2): 
SO2 = SO2 aqu. KH (298K) := cSO2/pSO2 = 1.2x10-5 M/Pa

Dissociation equilibria:
SO2 aqu. + 2 H2O = HSO3

- + H3O+ KS1 (298K)=1.7x10-2 M

HSO3
-

. + H2O = SO3
2- + H3O+ KS2 (298K)=6.5x10-8 M

Substances which interact with water to form ions via acid-base dissociation
equilibria KH must be replaced by a modified coefficient KH*:
(‚modified Henry coeff.‘): 
KH (298K)*:= cS(IV)/pSO2 = KH (1 + KS1/cH3O+ + KS1KS2/cH3O+²) = f(pH)



... and S(VI) phase equilibrium and dissociation

S(IV): = SO2 aqu.+ HSO3
- + SO3

2-

Phase equilibrium (Henry coeff., physical solubility of SO2): 
SO2 = SO2 aqu. = HSO3

- + H3O+ = SO3
2- + H3O+ 

Sulfur dissolved bisulfite sulfite
dioxide sulfur
gas dioxide

S(VI) = SO4
2-

aqu + HSO4
-
aqu + H2SO4*(H2O)n

Hydrogen 
ion

H2SO4(aq) H+   +  HSO4
-

Dissolved 
sulfuric acid

Bisulfate 
ion

Hydrogen 
ion

2H+  +  SO4
2-

Sulfate 
ion

H2SO4(g)
Sulfuric  
acid gas



3.3.3.2 Bulk aqueous phase chemistry

Acid-base dissociation equilibrium

(Warneck, 1999)

Dissociated / undissociated species exist in ratios determined by 
acidity (pH) and the dissociation constant, KS. E.g. SO2 aqu.for pH < 
-log KS1= 1.7, SO3

2- for pH > -log KS2 = 7.1 and HSO3
- in between.



S(IV) oxidation reactions

(1) SO3
2-

aqu + HO2
.

aqu→ SO4
2-

aqu + OH.
aqu

HO2 or HSO3
-

(2) + OH.
aqu → SO3

- .
aqu + OH -aqu→ SO5

- .
aqu→ → SO4

2-
aqu

(3a) HSO3
-

aqu + O3 aqu→ HSO4
-
aqu + H2O k3a=3.2x105 M-1s-1

(3b) SO3
2-

aqu + O3 aqu→ SO4
2-

aqu + H2O k3b=1.5x109 M-1s-1

(4) HSO3
-

aqu + H2O2 aqu→ HSO4
-
aqu + H2O k4=4.0x107 cH+ M-1s-1

<Mn+>

(5) 2 HSO3
-

aqu + O2 aqu → 2 HSO4
-
aqu “autoxidation“ reactions

(Graedel & Weschler, 1981; Warneck, 1999)



Acidity formation in the troposphere: sulfuric acid

pH dependent oxidations,
because in individual steps of the
reactions of  SO2 aqu, HSO3

-
aqu

and  SO3
2-

aqu (which are 
present in pH-dependent fractions 
according to KS1, KS2) is H +aqu
consumed or formed.

for L = VH2O(l)/V = 3x10-6 (Seinfeld, Calvert)



Sulfuric acid: precursors other than anthropogenic SO2

Aerosol constituents
McDonald Beach 
[nmol/m³] 
seasalt-S(VI)/Cl- = 0.051

Terminology:
• NSSS = non-sea salt sulfate
• DMS = dimethylsulfide , CH3SCH3
• MSA = methanesulfonate, CH3SO3

-



3.3.4 Dimethylsulfide
3.3.4.1 Formation of carbonyl sulfide

(Gas-phase chemistry)

(1) CH3SCH3 + OH → CH3SCH2
. + H2O

CH3SCH2
. + O2 + M → CH3SCH2OO. + M

(2) CH3SCH2OO. + NO → CH3SCH2O. + NO2
(3a) CH3SCH2O. → HCHO + CH3S. major

(3b) + O2 → CH3SCHO + HO2
. minor

(4b) CH3SCHO + OH. → CH3 
. + COS + H2O



In DMS oxidation the COS yield is much smaller than 1 
COS/CH3SCH3 because of reaction decomposition of the alkoxy
radical, CH3SCH2O, and as much of the intermediate products are 
washed out (τ < week)

(1a) CS2 + OH + O2 → COS + SO2 + H.

(1b) + hν → CS2*  
(2b) CS2* + O2 → COS + O.

(Crutzen, 1983)

Other carbonyl sulfide, COS, sources

Significance of COS

As τCOS ≈ years it is transported globally and reaches the 
stratosphere. Its photolysis there produces SO2 and H2SO4 and 
explains the stratopsheric sulfate layer during periods of low 
volcanic activity



in the marine 
boundary layer:
CH3SCH3→→ CH3S.

CH3S. →→
S(IV) →→ S(VI)

3.3.4.2 Formation of SO2



Hypothetical neg. feedback 
mechanism in the marine 
boundary layer (so-called
CLAW hypothesis):
CH3SCH3→ clouds →
radiation → phytoplankton
→

(Charlson et al., 1987)



1.5.2 Heterogeneous reactions in the gas/water droplet system
1.5.2.1  In phase equilibrium

Acidity formation in the troposphere: sulfuric acid
Example: cSO2 = 2 nmol m-3, cH2O2 = 40 nmol m-3, T = 298 K 

(near Bermuda 1988)

1. Gas-phase: dcS(VI)/dt = 5.6x10-6 nmol m-3 s-1

2. Aqueous phase: 
dcSO4--/dt = k4 pH2O2 KH H2O2 pSO2 K*H SO2 (M s-1)

K*H SO2 = KH SO2 x (1 + KS1 / cH+ + KS1KS2 / c2
H+)

dcS(VI)/dt = dcS(VI)/dt (M s-1) x L (L m-3) x 109 (nmol mol-1) =
= 32x10-6 nmol m-3 s-1



1.5.2.2 Deviation from phase equilibrium due to kinetic limitations -
mass transport considerations

(Warneck, 1999)

Transfer from gas to aqueous phase treated like a chemical 
reaction (‚pseudo-reaction‘):
dci aqu/dt = kmt (ci (g) - ci aqu/RTKH*)



Condensed phase: Liquid

Transport in the gas phase
Initial interaction

Γg ; τdg = r²/(3Dg)
Sat. after KHRT τdg

Reversible sorption Accommodation 
coefficient α

Reaction on surface Reactive uptake coeff. γr

Crossing of interface 
(‘uptake’, interfacial m.trp)

τi = 4r/(3<v>α)
Sat. after τH = KHRT τi

Solvation
Rapid chemical 
equilibrium

γsol ≈ 0

Diffusion into bulk
Reaction in bulk

Kaq;  τda = r²/(π²Da)

Reaction in bulk liquid τr = cA / (a ∆cA/∆t) 
for: aA →

(Schwartz, 1986)



Kinetic description of mass transfer: water uptake

τmt < 0.1 τoverall

kmt = f(D, α):
Kmt SO2 = 7.5x105 s-1(α = 0.1) τH = 0.043 s
Kmt O3 = 5.3x102 s-1(α = 0.004) τH = 2.1x10-6 s
Kmt HCOOH = 4.6x105 s-1(α = 0.013) τH = 4.5 s

(Schwartz, 1986; Warneck, 1986)



Kinetic description of mass transfer: water uptake

Transfer from gas to aqueous phase treated like a chemical 
reaction (‚pseudo-reaction‘):

dci aqu/dt = kmt (ci (g) - ci aqu/RTKH*)

with mass transfer rate coefficient kmt = (Σi τ i)-1

• Slightly soluble gases (i.e. RTKH < 750): Henry‘s law equilibrium 
rapidly established at the drop surface, transport rate limiting is 
diffusion within the drop: kmt ≈ τda = r²/(π²Da)
• Soluble gases (i.e. RTKH > 750): Henry‘s law equilibrium 
establishment limited by diffusion in the gas-phase and by transport 
through the interface: kmt ≈ τda = [r²/(3Dg) + 4r/(3α<v>)] -1

(Schwartz, 1986)



In more detail including dependency
on  mass transport kinetics 
(accommodation coefficient α; Calvert et 
al., 1985):
L = 1 g/m³

Oxidants 

a = 50 ppbv O3 at –5°C 
b = 50 ppbv O3 at +15°C
c = 10-5 M Fe(III), 10-6 M Mn(II)
d = 10-7 M Fe(III), 10-8 M Mn(II)
e = OHaqu α = 0.1,0.01, or 0.001
f = 1ppbv H2O2 at –5°C 
g = 1ppbv H2O2 at +15°C
h = 1ppbv CH3OOH at –5°C 
i = 1ppbv CH3OOH at +15°C
j = 1ppbv CH3C(O)OOH at –5°C 
k = 1ppbv CH3C(O)OOH at +15°C



3.3.5 Deviation from air/water equilibrium due to organic films

Apart from kinetic control: Another reason for apparent deviation 
from gas-aqueous phase equilibrium is lipophilicity in combination 
with (organic) surface films

Example:
Fogwater in agricul-
tural area, California, 
1986

c(g)/caqu
predicted (Kaw) vs. observed (D)

(Glotfelty et al., 1990)



3.3.6 Tropospheric ozone and clouds

Ozone reactions

(1a) O3 aqu + OH-
aqu → O2

-
aqu + HO2

.
aqu

(1b) + HO2
.
aqu→ 2 O2 aqu + OH.

aqu
(1c) + OH. 

aqu→ O2 aqu + HO2
.
aqu

(2a) HO2
.

aqu + OH.
aqu→O2 aqu + H2O

(2b) + HO2
.
aqu→O2 aqu + H2O2

(3b) H2O2 + hν → 2 OH.
aqu



Differences in solubility and 
chemical reactivity in the 
aqueous phase result in 
changed (overall) chemistry 
of the atmosphe

pH dependent O3 sink, e.g. A6
(Lelieveld & Crutzen, 1990)



3.3.7 Nitrogen compounds in the aqueous phase

Acidity formation in the troposphere: N
during the day: NO2 + OH → HNO3
during night: NO2 + NO3 = N2O5

phase equilibria of N(-III), N(IV), N(V) species:
NH3 = NH3 aqu.
HNO3 = HNO3 aqu
N2O5 = N2O5 aqu

dissociation, hydration N(-III), N(V):
NH3 aqu + H2O → NH4

+
aqu + OH-

aqu
HNO3 aqu + H2O → H3O+

aqu + NO3
-
aqu

2 NO2 + 3 H2O → NO2
-
aqu + NO3

-
aqu + 2 H3O+

aqu; slow (Lee & Schwartz, 1981)
N2O5 aqu + 3 H2O → 2 H3O+

aqu + 2 NO3
-
aqu



more phase equilibria of N(-III), N(IV), N(V) species:
HNO2 = HNO2 aqu
HNO4 = HNO4 aqu

dissociation, hydration N(-III), N(V):
HNO2 aqu + H2O = H3O+

aqu + NO2
-
aqu KS = 0.6x10-5 M

HNO4 aqu + H2O = H3O+
aqu + NO4

-
aqu KS = 1.0x10-5 M

HNO4 aqu = HO2 
.
aqu + NO2 aqu KS = 4.6x10-10 M

NO4
-
aqu → O2 aqu + NO2

-
aqu k = 1.4x10-2 s-1

(Lammel et al., 1990)



Crete, 2001-03 (Vrekoussis et al., 2006)

HNO3 production: sources

(1a) NO2 + .OH → HNO3 (day)

(1b) NO2 + NO3
. = N2O5 (night)

(2b) dissolution + hydration:
N2O5 +2 H2O → 2 H3O+

aqu. +2 NO3
-
aqu.



N(III) and N(V) chemical sinks in the aqueous phase

(1) HNO2 aqu + hν (< 390 nm) → NO + OH.
aqu

(2) + OH.
aqu →NO2 aqu + H2O 

(3) + R2NH aqu →R2NNO aqu + H2O 
(4) NO2

-
aqu + OH.

aqu→ NO2 aqu + OH - aqu
(5) + O2 aqu→ NO3

-
aqu + O3 aqu

(6) NO3
-

aqu + hν (< 350 nm) → NO2
-

aqu + OH.
aqu

(7) → NO2 aqu + O-
aqu

(Graedel & Weschler, 1981)

→ Slower, than deposition



3.3.8 Organic chemistry in the aqueous phase

Oxidation of organics
Aliphatic hydrocarbons:
(1) RCH3 aqu + OH. 

aqu→ RCH2
.
aqu + H2O

(1) RCH2OH aqu + OH.
aqu→ RCH.OHaqu + H2O

(2) RCH.OHaqu + O2 aqu→ RCHOaqu + HO2
.

aqu
(3) RCHOaqu + H2O = RCH(OH)2 aqu

OH

CH3

C

Aromatic hydrocarbons:
(1)φCH3 + OH.

aqu→ φCH3(OH).

(2)φCH3(OH). + O2 aqu→ φCH3(OH) + HO2
.

aqu
2 HO2

.
aqu → O2 aqu + H2O2

(6) H2O2 + hν → 2 OH.
aqu

→ Similar to gas-phase chemistry in many regards, - but without NO



Acidity formation in the troposphere: carboxylic acids,
example HCOOH

NO3
. = NO3

.
aqu

HCHO*H2O(aqu) = HOCH2OH(aqu.)
NO3

.
aqu + HOCH2OH(aqu) → H4

+
aqu + NO3

-
aqu + HOCH2O.

aqu
HOCH2O.

aqu → HO2
.
(aqu) + HCOOHaqu

2 HO2
.
aqu→ H2O2 aqu + O2 aqu



r = k [mol m-3 s -1] (Warneck, 2003)

Acidity formation in
the troposphere: 
Example oxalic acid



[L/M/s]

(Graedel & Weschler, 1981)

Reactivity of organics in the aqueous phase: 
Overview OH reactions

Compilation of kaqu can be found in
• Warneck, Phys Chem Chem Phys 1 (1999) 5471-5483: N, S chemistry
• Herrmann, Chem Rev 103 (2003) 4691-4716: N, S, HCx chemistry



3.3.9 Impacts of atmospheric acidity in ecosystems

2000

2030 under MFR

[mg N/m²/a]
(Dentener et al., 2006)

acid deposition, 
example NOy trends



Impacts of atmospheric acidity: acidification of soils

Deposition of nitrogen and sulphur compounds and their corresponding 
production of acidity in a nitrogen unsaturated plant-soil-system

Deposited 
individual 

ion

H+-
Production
[mol/mol]

Deposited 
species

H+-Produc-
tion

[mol/mol]
H+ +1 [NH4]2SO4/

NH4NO3

+2 / 0

NH4
+ +1 H2SO4/HNO3 +2 / 0

NO3
- -1 H2SO4/

NH4NO3

+2 / 0

SO4
2- 0 NH4HSO4/

HNO3

+2 / 0

(Busch et al., 2001)



Deposition of acid: Effects in soils



Critical loads concept to protect ecosystems

Wie müssen die Emissionen zurückgefahren werden, damit die Rezeptoren 
der Immissionen (Böden, Oberflächengewässer, Grundwasserleiter) nicht 
geschädigt werden ?
Wieviel Schädigung ist hinnehmbar ?

• Mapping of critical loads „...below which harmful effects in ecosystem structure and
function do not occur according to present knowledge“
• which loads of pollutants and combinations thereof will not cause adverse 
effects, do not exceed ecosystem resilience (PNEC) ? 
• + Protection of vulnerable areas is possible (protection of 95% of the area is 
common)
• + Accounts for dynamics ( → Sustainability), mostly however based on steady 
state-assumption and therefore neglecting the very slow dynamics of the soils
• - Scale problems when matching exposure (deposition model output) and 
vulnerabilities (mapped ecosystems)
• - normative steps are not transparent

•Integrated Assessment Modelling (IAM) under the auspices of the Convention 
on Long-range Transboundary Air Pollution (CLRTAP): Study various scenarios 
comprising emissions and related abatement costs + depositions and related 
exceedances of thresholds (Alcamo et al., 1987, besides others)
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