
2.2 Nitrogen oxides chemistry

Common acronyms for nitrogen compounds:

N(-III) = NH4
+ + NH3 ‚total reduced nitrogen‘

N(V) = NO3
- + HNO3

IN = ‚inorganic nitrogen‘
ON (or AON) = (atmospheric) organic nitrogen‘
NOx = NO + NO2 ‚nitrogen oxides‘
NOy = NOx + N(V) + NO3 + N2O5 + HNO2 + HNO4 + PAN 

= total oxidized nitrogen
NOz = NOy - NOx
PAN = CH3C(O)OONO2, peroxyacetyl nitrate
PPN = CH3CH2C(O)OONO2, peroxypropionyl nitrate

Not included: N2O nitrous oxide



2.2.1 Nitric oxide chemistry

Aliphatic nitrites

(4a) RCH2O. + O2 → RCHO + HO2
.

(4b) + NO = RCH2ONO.

aliphatic nitrite (rarely stable)

Aliphatic nitrates

(3a) RCH2OO. + NO → RCH2O. + NO2
(3b) → RCH2ONO2

aliphatic nitrate (secondary channel)



(1a) CH3CH2CH2CH3 + OH → CH3CH.CH2CH3 + H2O yd=85%
CH3CH.CH2CH3 + O2 + M → CH3CH(OO.)CH2CH3 + M

(2a) CH3CH(OO.)CH2CH3 + NO → CH3CH(O.)CH2CH3 + NO2
(2b) → CH3CH(ONO2)CH2CH3

NO chemistry: nitrates formed from alkanes, example butane

(3aa) CH3CH(O.)CH2CH3 + O2 → CH3C(O)CH2CH3 + HO2yd=60%
(3ab) → CH3CO + .CH2CH3 yd=40%

.CH2CH3 + O2 → CH3CH2OO.

(4aba) CH3CH2OO. + NO → CH3CH2O. + NO2
(4abb) → CH3CH2ONO2
(5aba) CH3CH2O. + O2 → CH3CHO + HO2

k2b/(k2a + k2b): 1-butyl 0.04
2-butyl 0.08
1-pentyl 0.06
2-pentyl 0.13
3-pentyl 0.12
tert-butyl 0.18
2-hexyl 0.22
2-heptyl 0.32
2-octyl 0.35

Black forest 1990-91: 
0.03-0.6 ppbv CH3(CH2)0-7ONO2
RONO2 contribution to total oxidants:
CH3(CH2)0-7ONO2 ≈ 0.004 * Ox

(Flocke et al., 1998)



2.2.2 Nitrogen dioxide chemistry
2.2.2.1 Reaction with OH and HO2

OH: Nitric acid

(1) OH + NO2 → HNO3 → 3.3 Acids



HO2: Pernitric acid HOONO2 – relevant in the upper troposphere

(1) NO2 + HO2
. + M = HNO4 + M

(2) 2 HO2
. = H2O2 + O+ O22

K1 0 = 1.8x10-31 | xN2| (T/300)-3.2 cm³ molec -1 s-1

K1 ∞ = 4.7x10-12 (T/300)-1.4 cm³ molec -1 s-1 ; Fc = 0.6
K-1 0 = 4.1x10-5 | xN2| e-10650/T s-1

K-1 ∞ = 4.8x1015 | xN2| e-11170/T s-1 ; Fc = 0.6
(kinetic data taken from Atkinson et al., 2004)

Examples T p h τ µ(NO2) µ(HO2) µ(HNO4)
(K) (hPa) (km) (HNO4) (nmol/mol)(pmol/mol)(pmol/mol)
230 300 9 6 d 0.01 1 54

0.05 1 270
270 700 3 9 min 0.02 0.4 0.08

0.2 0.4 0.8
273 1000 0 5 min 1 3 25

30 3 750
293 1000 0 25 s 1 3 1.7

30 10 165
→ high solubility (acid): changes NOx phase distribution and residence time
→ NOx reservoir compound



2.2.2.2 Reactions with hydrocarbons
Direct reaction of NO2

(1) RH + NO2 →→ RNO2 only if R = Ar → 3.4 Aerosol

Acyl compounds: ketones, example peroxyacetyl nitrate

(1) CH3C(O)CH3 + OH. → CH3C(O)CH2
. + H2O

CH3C(O)CH2
. + O2 + M → CH3C(O)CH2OO. + M

(2) CH3CH(O)CH2OO. + NO → CH3C(O)CH2O. + NO2
(3) CH3C(O)CH2O.→ HCHO + CH3C.(O)
(4) CH3C.(O) + O2 → CH3C(O)OO.

(5) CH3C(O)OO. + NO2 → CH3C(O)OONO2

...aldehydes, example peroxyacetyl nitrate

(1) CH3CHO + OH. → CH3C.(O) + H2O
CH3C.(O) + O2 → CH3C(O)OO.

(2) CH3C(O)OO. + NO2 → CH3C(O)OONO2



Peroxyacetyl nitrate (PAN): thermically labile

+∆T
CH3C(O)OONO2 = CH3C(O)OO . + NO2

-∆T 
k=1.95x1016 e-13543/T s-1;  

τ = 2a @ 243K
τ = 2d @ 273K
τ = 45 min @ 298 K

→ NOx reservoir compound ↔ changes NOx effective residence time
→ delayed ozone formation 

PAN sink reactions: 
(-6) thermal decomposition → CH3C(O)OO. + NO2
(7a) CH3C(O)OO. + NO → CH3

. +CO2 + NO2
(7b) + HO2 → CH3C(O)OOH +O2
(8b) CH3C(O)OOH  + hν → CH3

. +CO2 + OH



Peroxyacetyl nitrate - occurrence
Distributions - temporal

1) in the cold
2) in photochemical smog and in plumes of urban areas

Rural Scotland (McFadyen & Cape, 2005)

3) ... even in plumes of whole regions:



2.2.3 Nitrate radical
NO2 oxidation by ozone: NO3 formation

The adduct N2O5 – a thermically labile NO3 reservoir

(1) NO2 + O3 → NO3
. + O2

-∆T
(2, -2) NO3

. + NO2 + M = N2O5 + M
+∆T 

K2 0 = 3.6x10-30 | xN2| (T/300)-4.1 cm³ molec -1 s-1

K2 ∞ = 1.9x10-12 (T/300)-0.2 cm³ molec -1 s-1 ; Fc = 0.35 
K-2 0 = 1.3x10-3 | xN2| (T/300)-3.5 e-11000/T s-1

K-2 ∞ = 6.2x1014 (T/300)-0.2 e-11000/T s-1 ; Fc = 0.35
(kinetic data taken from Atkinson et al., 2004)

Equilibrium: cN2O5 / (cNO2 cNO3) = K = k2 / k-2

→ N2O5 not measurable, but can be infered from cNO2 and cNO3

(Platt et al., 1980)



Nitrate radical 

Source: Thermically labile equilibrium with N2O5
Sinks: Aerosol particles, droplets

Reactions with hydrocarbons

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



Nitrate radical - sinks
Day-time: Rapid photolysis of NO3

in clouds, on wet particles:
(2b) NO3

. = NO3
.
(aqu)

NO3
.
(aqu) + 2 H2O(l) → NO3

-
(aqu) + OH.

(aqu) + H3O+
(aqu)

(3) N2O5 + 2 H2O(l) → 2 NO3
-
(aqu) + 2 H3O+

(aqu)

Examples r.h. µNO2 µNO3 τNO3
het τN2O5

het Yield Production
OH dcOH (aqu)/dt

(%) (nmol (nmol (s) (s) (%) (molec cm-3 s-1)
/mol) /mol)

Marit. aerosol 60 1 0.042 1960 1890 8.0 9.1x104

90 1 0.020 840 320 1.9 4.3x104

60 10 0.42 1960 1890 8.0 9.1x105

90 10 0.20 840 320 1.9 4.3x105

Continental aerosol 60 10 0.90 5800 4200 3.3 3.2x105

90 10 0.70 4500 3800 1.4 1.2x105

Coastal fog > 96 1 1.8x10-5 24 6.3 0.8 1.9x104

Radiation fog > 96 10 1.1x10 -5 14 3.7 0.13 2.0x104



Radical distributions - temporal NO3 chemistry is night chemistry only:
Degradation of hydrocarbons during the night

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

NO3

Zonal distributions

Radical distributions - spatial

latitude
(Wahner & Moortgat, 2007)

Jan Jul



NO3 chemistry: alkanes, example butane
Degradation of hydrocarbons during the night

(1a) CH3CH2CH2CH3 + NO3
. → CH3CH.CH2CH3 + HNO3

further similar to chemistry after OH attack:
(2a) CH3CH.CH2CH3 + O2 + M → CH3CH(OO.)CH2CH3 + M
(3a) CH3CH(OO.)CH2CH3 + NO → CH3CH(O.)CH2CH3 + NO2
(4aa) CH3CH(O.)CH2CH3 + O2 → CH3C(O)CH2CH3 + HO2
(4ab) decomposition : → CH3CO + .CH2CH3

(Becker, 1991)



NO3 chemistry: alkenes, example propene

Preferential is the addition to the higher substituted radical (like OH reaction):
(1) CH3CH=CH2 + NO3

. → CH3CH(ONO2)C.H2  
k=9.5x10-15cm³/molec/s

(2a) CH3CH(ONO2)C.H2 → + NO2

O
epoxide

(2b) CH3CH(ONO2)C.H2 + O2 → CH3CH(ONO2)C(OO.)H2



NO3 reactivity towards hydrocarbons: overview
HCx kNO3

10-15cm3 molec-1s-1

Alkanes:
CH4 < 0.001
CH3CH3 0.0014
CH3CH2CH3 0.017
CH3CH2CH2CH3 0.046
CH3CH(CH3)2 0.11
CH3(CH2)3CH3 0.087

Alkenes:
CH2=CH2 0.21
CH2=CHCH3 9.5
CH2=CHCH2CH3 14
cis-CH3CH=CHCH3 350
trans-CH3CH=CHCH3 390
CH2=C(CH3)2 330
α-pinene 590
β-pinene 210



2.2.4 Nitrous acid
Observations field: night-time accumulation (Perner & Platt, 1979, besides others)

cHNO2 max cHNO2 max/ cNO2
(µg / m3) (% mol / mol)

Urban areas 5.2 (1.5 - 21) 4.34 (1.8 - 13)
Rural areas 1.7 (0.4 - 2.5) 3.26 (1.7 - 13)
Remote 0.092 (< 0.2 - 0.8) > 20 (7)

Day-time sink: HNO2 + hν(λ=300-405 nm ) → OH. + NO

(Lammel & Cape, 1996)
Observations laboratory: radical source in laboratory vessels (‚smog chambers‘) 

(Pitts et al., 1984, besides others)

Source for HNO2 in field and laboratory = ?



HNO2: Significance

Tropospheric chemistry: Efficient radical source, in particular in 
winter and in high latitudes (before sunrise in the UV)

dcOH/dt [*106/cm³/s] =
• from HNO2 peak 34±6 (09:00h)
from ozone 23±4 (12:00h)
in urban California (Winer & Biermann, 1994)

• Integral (06:00-18:00 h) from HNO2 58±9, 
HCHO 33±8, O3 38±6
in urban Italy (Acker et al., 2006)

Toxicology:
• Precursor of carcinogenic substances, i.e. nitrosamines, RNHNO



Sources of nitrous acid

1. Direct emission from road traffic: ≈ 0.008 x NO
by far not enough

2. Gas-phase:
NO + OH. → HNO2 by far too slow

3. Heterogeneous reaction (on surfaces: wall, particles)
(1) NO2 + H2Oads. → [H2NO3 ads]
(2) [H2NO3 ads] + NO2.→ HNO2 + HNO3 ads. 

Kinetics:

dcHNO2/dt = khet cNO2 cH2O
a ; a = 0 or 1

khet = γi (S/V) <vi>/4 ≈ 1x10-20 (S/V) cm4 molec-1 s-1

(humid wall; Svensson et al., 1987)
γNO2 ≈ 0.01 (Kleffmann et al., 1998)



Dark surface source reaction – water film

Suggested mechanism (in agreement with isotope and kinetic studies):

Open questions:
• What means ‚surface‘
• Are water film molecules bulk liquid ?

Indeed: Kinetics is function of film thickness

(Lammel, 1996; Saliba et al., 2001)



Dark surface source reaction – water film
Laboratory surfaces Ambient surfaces

Suggested mechanism (in agreement with isotope and kinetic studies):
a)
SS-OH2 + NO2 = SS-OH2 * NO2
SS-OH2 * NO2 + NO2 → SS-HONO2 + HNO2

SS-OH2 + H2O = SS-OH2 * H2O
SS-OH2 * H2O + NO2 → SS-OH2 * H2ONO2
SS-OH2 * H2ONO2 + NO2
→ SS-OH2 * HONO2 + HNO2
b)
→ SS-ONONO2 + H2O → SS-ON(OH)O2 + HNO2

(Lammel, 1996; Saliba et al., 2001; Kleffmann et al., 2003)



Field: strong day-time source

steady state approximation:
dcHNO2/dt = 0 = - jHNO2 cHNO2 - kHNO2+OH cOH cHNO2 + kNO+OH cNO cOH
cHNO2 = kNO+OH cNO cOH / (jHNO2 + kHNO2+OH cOH ) ≤ 40 pptv

• photolysis of HNO3 ads, or (NO2*H2O) ads jNO3- too slow

→ unexplained high day-time levels

(Staffelbach et al., 1999; Akimoto et al., 1987; Zhou et al., 2003)



Day-time heterogeneous formation of nitrous acid 

Photoinduced reaction: (?), ~ jNO2

Photo-induced reduction:
(1) NO2 + RCOOH(aqu.) → RCOO. + HNO2

humic acid
(2) RCOOH(aqu.) + hν → RCOO*(aqu.)

photo-activated humic acid
(3) RCOO*(aqu.) + H+ + e- → RCOOH(aqu.)

electron donor

(Kleffmann & Wiesen, 2005)
cannot explain lack of vertical gradient in at least 1 field measurement

Photo-induced decomposition of nitro compound, i.e. nitrophenols:
(1) C6H4(OH)NO2 + hν → C6H4(OH)NO2*
(2a) C6H4(OH)NO2* → C6H4(O.) + HNO2
(2b) + O2→ C6H4(O3) + HNO2



Day-time heterogeneous formation of nitrous acid (2) 

Photolysis of nitrophenols, φ(OH)NO2

Significance in the atmosphere unknown
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Example toluene: + O2 + NO + O2

(a) φCH3 + OH = →φCH3(OH)(OO.) →→→
+ O2 -HO2

(b) →φ(OH)CH3

? + NO2 -HNO2

(c) →φ(OH)CH3

cO2/cNO2 = 10-8-10-6 > kNO2/kO2
→ (c) does not occur

OH

CH3

C

Degradation of monoaromatics: NO2 → HNO2 ?

(Koch et al., 2007)



2.2.5 Overview homogeneous 
heterogeneous
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