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Atmospheric Photochemistry

Primary steps of a photochemistry reaction

Solar radiation provides energy for atmospheric photochemistry reactions.  According to Planck's law, the photons emitted from the sun have energy of h(, where h is the Planck's constant and ( is the frequency associated with a particular photon.  The energy provided by the photons is absorbed by a species leading to an excited state of A*.

A + h( ( A*




(1)

The excited molecule A* may subsequently transform or react by 

a)
Dissociation to A* ( B1 + B2
(2)
Dissociation is the process responsible for the predominance of atomic oxygen in the upper atmosphere

b) Direct reaction with another species

A* + B ( C1 + C2


(3)

c) Fluorescence (Loss of energy by the emission of electromagnetic radiation)

A*  ( A + h(



(4)

d) Collisional deactivation (Loss of energy to another molecule atom (M) by physical quenching, followed by dissipation of the energy as heat)

A*  + M ( A + M


(5) 

e) Intramolecular transfer (in which energy is transferred within a molecule)

A*  ( A+ 



(6)

f) Photoionization through loss of an electron

A*  ( A+ + e



(7)

g) Intermolecular energy transfer

A*  + B  ( A + B*


(8)

h) Spontaneous isomerization as in the conversion of o-nitrobenzaldehyde to o-nitrosobenzoic acid, a reaction used in chemical actinometers to measure exposure to electromagnetic radiation.

Ozone Formation

In the upper atmosphere, oxygen is attacked by high-energy photons and release monatomic oxygen in the ground state.

O2 + hv (  2 O



(9)

In the atmosphere (stratosphere and troposphere),

O + O2 + M ( O3 + M


(10)

Ozone is formed when the monatomic oxygen combines with oxygen releases energy to the energy absorbing third party (molecule).  In the meantime, ozone can undergo photolysis to produce ground state oxygen and excited single oxygen atoms.

 O3 + hv  
(  O + O2 

( O2 + O(1D)

(11)

where O(1D) represents an excited oxygen atom.   

Ozone Destruction in the Stratosphere

In the upper atmosphere, ozone is destroyed by free radicals such as H, OH, NO, Cl, or Br.  These are called free radical catalyst and can be represented in general as X.

X + O3  (  XO + O2





XO + O (  X + O2 




X serves as the catalyst in the above process and is not consumed in the process.  It converts the oxygen atoms to oxygen and depletes the source of ozone.

Oxides of nitrogen and ozone

NOx: Nitrogen oxides, NOx = NO + NO2
NOy: NOx + all compounds that are products of the atmospheric oxidation of NOx, including

Nitric acid: HNO3
Nitrous acid: HONO

Nitrate radical: NO3

Dinitrogen pentoxide: N2O5

Peroxynitric acid: HNO4

Peroxyacetyl nitrate: RC(O)OONO2

Alkyl nitrates: RONO2

Peroxyalkyl nitrates ROONO2
NOz: NOy - NOx

i) Nitrogen dioxide absorbs energy at radiation below 400 nm and form ozone

NO2 + hv (  NO + O


(12)

O + O2 + M   ( O3 + M

(13)

Where M is a third party molecule to absorb the excess vibrational energy.  One notices that Equation 13 is the only significant source of ozone in the atmosphere.  Once ozone is formed, it reacts with NO to regenerate NO2
O3 + NO  (  NO2 + O2 

(14)

ii) Nitric oxide tends to oxidize to NO2 via

2 NO + O2 (  2 NO2 
 

(15)

iii) There are numerous other ractions involving species containing nitrogen and oxygen, 

O + NO2 (  NO + O2 
 
(16)

O + NO2 + M  ( NO3 + M

(17)

NO + NO3  (  2 NO2 

(18)

O + NO + M   ( NO2 + M

(19)

NO2  + NO3 + M (  N2O5  + M
(20)

N2O5 + M  ( NO2  + NO3 + M 
(21)

Basic Photochemical Cycle of NO2, NO, and O3 in the Troposphere

Recalling Equations 12, 13, and 14

NO2 + hv (  NO + O


(12)

O + O2 + M   ( O3 + M

(13)

O3 + NO  (  NO2 + O2 

(14)
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In the troposphere, NO2 absorbs energy from sunlight and release oxygen atom by photolysis.  The oxygen atom immediately react with oxygen to form ozone.  Ozone stabilizes while the excess vibrational energy is absorbed by a third party molecules, represented by M.  Ozone in the mean time continues to react with NO to form NO2 and O2.

Let’s examine the rate of formation of ozone in the three governing relationships above.  Recalling the definition of the first-order rate constant for photolysis (or the specific absorption rate), jA.  jA has the unit of 1/sec and indicates the rate of formation of A by photolysis.  We shall also recall the first-order rate constant for chemical reaction, kA.  kA has the unit of 1/sec and indicates the rate of formation of A by chemical reaction.

The rate of change of the concentration of NO2 after the irradiation begins is given by Equations 12 and 14.
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(22)

Equation 22 states that the rate of NO2 production decreases by photolysis of NO2 and increases by chemical reaction between O3 and NO. 

Similarly,
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(23)

We know that oxygen atoms are extremely reactive such that it immediately reactive with oxygen, Equation 13, to form ozone after it is generated from photolysis of nitrogen dioxide, Equation 12.  Assuming that the rates of formation and disappearance of oxygen atom are equal (Pseudo-Steady-State Approximation), we can say that 
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(24)

or
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where ss indicates steady-state concentration

For the production of ozone, 
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(25)

Combine with Equation 24, Equation 25 becomes
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(26)

If a steady state is reached, Equation 26 becomes 
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(27)

That is, the steady-state ozone concentration is proportional to the ratio of 
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We can actually estimate the ozone concentration based on some initial information of [NO] and [NO2].   Let’s the initial concentrations be represented as[NO]o and [NO2] o.  We can express [NO] and [NO2] as


[image: image13.wmf][

]

[

]

[

]

[

]

NO

NO

NO

NO

o

o

2

2

+

=

+




(28)

By the stoichiometric reaction of ozone with NO, the number of moles of ozone used (
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(29)

Substitute Equations 28 and 29 into Equation 27, 
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(30)

For a steady-state ozone concentration, [O3], we can solve the above equation by
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(31)

The solution to Equation 31 is
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(32)

A typical value of j12/k14 is 10 ppb.  The steady-state ozone concentration can be estimated if the initial concentrations of NO, NO2 and O3 are known.  For instance, the ozone and No concentration in the early morning hour after a windy clean night are likely to be at 0 ppbv.  If the early morning traffic generates a NO2 concentration of 100 ppbv,  we can estimate the steady-state ozone concentration to be 27 ppbv by the above equation.  

Carbon Monoxide and NOx

Carbon monoxide will react with hydroxyl radical

CO + OH·  ( CO2  + H·
 

(33)

The hydrogen atom will combine quickly with O2 to form hydroperoxyl radical HO2·
H· + O2  + M  (  HO2· + M
 

(34)

Altogether, Equations 33 and 34, we can write

CO + OH·  + (O2) (   CO2  + HO2·
 
(35)

HO2· will react with NO to form NO2 and hydroxyl radicals

HO2· + NO  (  NO2  + OH·
 

(36)

Recalling

NO2 + hv (  NO + O




O + O2 + M   ( O3 + M



From Equations 12, 13, 35 & 36, CO appears to be a precursor of ozone

CO + 2 O2 + hv  ( CO + O3 

(37)

Formation of OH·


The hydroxyl radicals are formed when the excited oxygen reacts with water vapor in he atmosphere

O(1D) + H2O (  2 OH· 


(38)

And O(1D) can be generated from ozone photolysis

O3 + hv  
(   O + O2 

  ( O2 + O(1D)

(11)

Formaldehyde and NOx

Formaldehyde undergoes two major reactions in the atmosphere and reacts with OH· to form formyl radical HCO·, HCO· reacts with O2 to yield hydroperoxyl radical HO2· and CO.

Photolysis:
HCHO + hv  (  H· + HCO ( H2 + CO

Reaction with OH:
HCHO + OH·(  HCO + H2O

In the photolysis process, HCO also react rapidly with O2,  HCHO + O2 (  HO2· + CO

Thus, the formaldehyde reactions can be written as  


HCHO + hv  (  2 HO2· + CO

(45 % under overhead sun condition)

( H2 + CO
(55 % under overhead sun condition) 
(39)

HCHO + OH·(  HO2· + CO + H2O


(40)

Consequently, HO2· will react with NO to form NO2.  CO will react with O2 to form CO2 and O3.

Hydrocarbons

Hydrocarbons are associated with the formation of ozone by forming hydroxyl radical.  The processes are similar to that described for formaldehyde.

RH + OH· (   R· + H2O



(41)

R· + O2 (   RO2· 




(42)

RO2· + NO (  NO2 + RO· 



(43)

This process increases NO2 beyond that due to the nitrogen dioxide photolysis cycle.

Alkanes
Alkanes react with OH radicals during daytime and with NO3 radicals at night, with the latter process being of minor ( <10 %) importance to total alkane consumption.  Let's use methane as an example:

CH4 + OH·  (  CH3· + H2O



(44)

CH3· + O2 + M (  CH3O2· +M


(45)

i.e.
CH4 + OH· (  CH3O2· + H2O

(46)

In the troposphere, the methyl peroxy radical can react with NO, NO2 and HO2 radicals.

Reaction with NO yields

CH3O2· + NO (  CH3O· + NO2


(47)

And reaction of HO2· with NO regenerates the OH radical, 

HO2· + NO (   NO2 + OH·


(48)

Reaction with NO2 yields

CH3O2· + NO2 + M(  CH3OONO2 + M

(49)

Methyl peroxynitrate, CH3OONO2, can thermally dissociates back to the reactants with a lifetime with respect to thermal decompositiuon of ~1 sec at room temperature and pressure conditions in the upper troposphere.  It actually acts as a temporary reservoir of NO2 and CH3O2· in the upper troposphere.

Reaction with HO2 yields

CH3O2· + HO2 · (  CH3OOH + O2


(50)

Which can photolyze or react with the OH radical

CH3OOH + hv  ( CH3O· + OH·


(51)

And 2/3 of CH3OOH react with OH· to form HO2 and CH3O2· while the other 1/3 will form HO2 and CH3OOH

CH3OOH  + OH·  ( H2O + CH3O2

<2/3>
(52)

CH3OOH  + OH· (  H2O + CH2OOH
<1/3>
(53)

· H2O + HCHO + OH· 
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Supplementary Atmospheric Photochemistry

Rate Constant for Photolysis

Solar radiation provides energy for atmospheric photochemistry reactions.  According to Planck's law, the photons emitted from the sun have energy of h(, where h is the Planck's constant and ( is the frequency associated with a particular photon.  The energy provided by the photons is absorbed by a species leading to an excited state of A*.

A + h( ( A*






The rate of formation of A* is equal to the rate of photon absorption and can be expressed as 
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where jA is the first-order rate constant for photolysis or the so-called specific absorption rate, 1/s.

Rate Constant for Chemical Reaction

The rate constant for a chemical reaction is defined as following:

A + B  (  C + D
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k = A e-E/RT , 1/s
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