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Required Reading: FP Chapter 4 (only 
sections that I cover)

Suggested Reading: Jacob Chapter 13

Atmospheric Chemistry
CHEM-5151 / ATOC-5151

Spring 2005
Prof. Jose-Luis Jimenez

Lecture 20: Acid Deposition

Outline of Lecture
A. Introduction
B. Solubility of gases in rain / fog / clouds
C. Oxidation of SO2
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Acid Rain vs. Acid Deposition
• Acid Rain

– Refers to hydrometeors, sizes ~ several mm
– Also cloud or fog droplets ~ several µm

• Very dilute solutions of acids in H2O
– Also known as “wet deposition”

• Acid Deposition
– Includes wet deposition
– Also “dry deposition”

• Direct deposition of aerosols
– Dry particles, or very concentrated solutions

• Also deposition of the gas-phase acids, e.g. HNO3

– Naming is independent of whether surface is dry or 
wet

Acid Deposition

• pH of rain decreases, mostly due to H2SO4

• Dire effects if soil cannot neutralize acids

From Jacob
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Conversion of SO2 to Sulfate
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Evolution of SO2 to Sulfate Ratio
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Major Acids
• Sulfuric acid, 

H2SO4
• Nitric acid, 

HNO3
• Nitrous acid, 

HONO = HNO2
– Less well 

known, hard to 
measure

– Indoor air
• Organic acids

From Ed’s lecture 14
on nitrogen chem.

Henry’s Law

• Pure H2O concentration 
in M (moles l-1)?

• O3 aqueous 
concentration at 50 ppb 
in gas?

• H2O2 a.c. at 1 ppb?
• CO2?
• Fractions for 1 g m-3

liquid H2O?
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CO2 Uptake and Buffering
• CO2(g) + H2O(l) ↔ CO2

.H2O(aq)
– H1 = 3.4 x 10-2 M atm-1

• CO2
.H2O(aq) ↔ HCO3

- + H+

– K2 = 4.3 x 10-7 M
• HCO3

- ↔ CO3
2- + H+

– K2 = 4.7 x 10-11 M
• Can show that pH ~ 5.6 in equilibrium with CO2

– What is pH?
• pH of rain: common ~4.5
• In some cases pH~1.7-2.5

Reminder: definition of pH
• pH = -log [H+]      (Brønsted-Lowry) 
• H2O ↔ H+ + OH-

• In pure neutral water: [H+] = [OH-] = 10-7 per 
liter.
– Note: H+ really present as H3O+

• pH < 7, the solution is acidic 
• pH = 7, the solution is neutral 
• pH > 7, the solution is basic (alkaline) 
• Example: H+ concentration of a solution with a 

pH of 1.0 is 100 times greater than a solution 
with a pH of 3.0. 



6

Oxidation of SO2

• Gas-phase w/ OH
• Liquid phase

– Many mechanisms, most of this chapter
– Most important are H2O2 and O3

• Typically >50% of SO2 oxidation globally is 
thought to occur in clouds

Gas Phase SO2 Oxidation
• Most important is OH reaction:

OH + SO2 + M → HOSO2

• Termolecular, in the falloff region at 1 atm
• Effective rate at room T & 1 atm:

– k4 ~ 9 x 10-13 cm3 molec-1 s-1

– Lifetime of SO2?
• Then: 

– HOSO2 + O2 + M → HO2 + SO3

– k4 ~ 4.3 x 10-13 cm3 molec-1 s-1

– Lifetime of HOSO2?
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Gas Phase SO2 Oxidation II
• Note that HO2 is produced, then:

– HO2 + NO → OH + NO2

– So no HOx is destroyed, and O3 is produced
– HO2 + HO2 → H2O2 + O2

• Very important for aqueous-phase oxidation

• Fate of SO3
– SO3 + H2O → → H2SO4

• Note that oxidants for SO2 (OH, H2O2, O3) are formed 
in NOx+VOC+UV system
– Need to model the whole chemistry, e.g. “RADM”, Regional 

Acid Deposition Model

SO3 + H2O
• Observed to be 2nd

order on H2O
• SO2

.H2O does not 
react directly

• Rather SO2
.H2O + 

H2O
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Aqueous Oxidation of SO2

• Aqueous phases in 
atmosphere:
– Wet aerosols: ~0.3 µm, 

50% H2O, 1 x 10-5 g m-3, 
1 week

– Fogs: 0.5-10 µm, 0.1 g m-

3, hrs
– Clouds: 5-50 µm, 1 g m-3, 

hrs
– Raindrops 

(“hydrometeors”): 200-
3000 µm, minutes

• Rate increases with 
amount of H2O(l)

• Why?

Aqueous Phase Equilibria of SO2

• SO2(g) + H2O(l) ↔ SO2
.H2O(aq)

– H1 = 1.242 M atm-1

• SO2
.H2O(aq) ↔ HSO3

- + H+

– K2 = 1.32 x 10-2 M

• HSO3
- ↔ SO3

2- + H+

– K2 = 6.42 x 10-8 M

• Sum is referred to as S(IV)
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Dependence on pH
a: “self-quenching”

Steps to Aqueous Phase Oxidation
• Transport to the surface: 

10-10 to 10-4 s
• Transfer across surface: 

10-4 to 10-1 s (no bounce)
– Many molecules bounce 

~90% of the time or more
– Mass accommodation 

coefficients, Table 8.5

• Establishing dissolved 
S(IV) equilibria: 10-3 s

• Transport in aqueous 
phase: 10-6 to 1 s
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Potential Oxidants of SO2 in Aqueous Phase

• Free radicals: OH and HO2

• O2

• O3

• H2O2

• NOy: NO, NO2, HONO, HNO3

• Some reactions are metal catalyzed
• Which ones are important? Look at:

– Rate
– Concentration of reactant
– pH and T dependencies

Reaction with O2

• Lots of controversy
– Effect of impurities in 

experiments
– Mechanism and kinetics 

are very complex

• S(IV) oxidation by O2 in 
pure water is too slow

• Metals can catalyze 
reaction: Fe and Mn
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Catalyzed Reaction with O2
• Fe-catalyzed

– Ionic mechanism at low pH (0-3.6)
• -d[S(IV)]/dt = k[Fe(III)][S(IV)]/[H+]

– Free-radical mechanism at higher pH (4-7)
– Very sensitive to organics, ionic strength…
– Self-quenching. Why?

SO2 Oxidation by O3

• SO2
.H2O, HSO3

-, and 
SO3

2- react independently
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SO2 Oxidation by O3, Part II
• Again, self-quenching, but important at higher pH

Oxidation by H2O2

• H2O2 in aqueous phase:
– Very large H = 1 x 105 M 

atm-1

– Significant concentrations, 
~ 1 ppb

– 106 times larger than O3 in 
solution!

• Most important oxidation 
pathway of SO2 in 
troposphere

• HOCH2OOH may be 
important in some 
cases
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Relative 
Importance 
of Pathways
• H2O2

important at 
all pH

• O3 and Fe 
catalysis play 
a role at 
higher pH

Aqueous vs. Gas-Phase


