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• UC: Unknown chromophore

ex) colored DOM (CDOM)

• Singlet oxygen (1O2): excited 

state

• Triplet oxygen (3O2): ground 

state

• Photochemically-produced 

reactive intermediates 

(PPRIs)

#1
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Products Potential production processes

Singlet oxygen 1O2 Sensitized by excited DOM

Superoxide anion O2
-• Photolysis of Fe(III) complexes; deprotonation of HO2

•

Hydroperoxyl radical HO2
• Uptake from atmosphere, protonation of O2

-•

Hydrogen peroxide H2O2
Photolysis of Fe(III) complexes; disproportionation of 

superoxide anion

Ozone O3 Uptake from atmosphere

Hydroxyl radical •OH
Photolysis of Fe(III) complexes;, H2O2, NO3

-, NO2
-; 

decomposition of O3

Organic peroxy radicals ROO• Photolysis of DOM

Aquated electron e-
eq Photolysis of DOM
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• Especially important for 

advanced oxidation processes

• Major reaction pathways:

– Electrophilic addition to a double 

bond or aromatic ring

– Abstraction of a hydrogen atom 

from a carbon atom

* Diffusion controlled reaction: reaction 

occurs readily when collision occurs 
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Q: Estimate the 24 h averaged direct photolysis half-life of 4-

nitrophenol (4NP) near the surface of a lake (pH=7.5). Following 24-h 

averaged near-surface total specific light absorption rates have been 

determined for non-dissociated (HA) and dissociated (A-) species (pKa = 

7.11):

��� �� = 4.5 × 10
 �������� · ���� �� �� · ���

��� �� = 3.2 × 10� �������� · ���� �� �� · ���

The quantum yields for the two species are as follows (assume the 

quantum yields are identical for all wavelengths):

�� �� = 1.1 × 10�� ���� �� · ����������

�� �� = 8.1 × 10�" ���� �� · ����������
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Here 4NP exists in the water in either non-dissociated (HA) or dissociated (A-) 

form, and the half-life is to be estimated for the sum of [HA] and [A-]:

�� #$#�% = �� + ��

Denote �'�(��#$#�%) as the 1st order photolysis rate for the sum of HA and A-:

− � �� #$#�%
�� = �'�(��#$#�%) × �� #$#�%

Then:

− � �� #$#�%
�� = − � ��

�� + � ��

�� = − �'� �� × �� + �'� �� × ��

(1)

(2)

(3)

Solution)
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From (1)-(3):

�'� ��#$#�% = +�� × �'� �� + 1 − +�� �'� ��

where +�� = ��
�� #$#�%

�� = �, + ��
Now, recall from acid-base equilibrium:

-� = �, ��

�� = 10�..��

+�� = ��
�� #$#�%

= ��
�� + �� = ��

�� + -� �� / �, = 1
1 + -�/ �,

Therefore,

= 1
1 + 10�..��/10�..0 = 0.289
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Get photolysis rate constants for each species:

�'� �� = Φ� �� × ��� �� = 4.5 × 10
 × 1.1 × 10�� = 0.495 ���

�'� �� = Φ� �� × ��� �� = 3.2 × 10� × 8.1 × 10�" = 0.259 ���

Now we are ready to get the photolysis rate constant for HAtotal:

�'� ��#$#�% = +�� × �'� �� + 1 − +�� �'� ��

= 0.289 × 0.495 ��� + 1 − 0.289 × 0.259 ��� = 0.327 ���

Half-life is defined for a 1st-order reaction as:

��/4 = ��2
� = ��2

0.327 ��� = 5. 6 789:

We see half-life for 4NP should depend on pH.
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Q: Following data are obtained for a clear midsummer day (averaged 

over 24 hours) and nitrobenzene. Using a reaction quantum yield of 

2.9×10-3 for all wavelengths, determine the photolysis half-life of 

nitrobenzene in a well-mixed water body with negligible light 

absorption if clear days continue in the middle of summer. 

Wavelength 

range (cm)

Center of 

wavelength (cm)

Z(24 h, λ)

(millieinstein/cm2-d)

Molar absorption 

coeff. (M-1cm-1)

315-325 320 0.0073 800

325-335 330 0.0137 580

335-345 340 0.0187 560

345-355 350 0.0216 280



12

For negligible light absorption with a wavelength-invariant �� , the near 

surface photolysis rate is given by: 

�'� = ����� = 2.303 ; <(=) · >�(=)
?

�� 

Center of 

wavelength (cm)

Z(24 h, λ)

(millieinstein/cm2-d)

Molar absorption 

coeff. (εi(λ); M-1cm-1)
Z(24 h, λ) × εi(λ)

320 0.0073 800 5.84

330 0.0137 580 10.47

340 0.0187 560 6.05

350 0.0216 280 30.31

Sum 30.31

Unit for Z(24 h, λ) × εi(λ): 

millieinstein/cm2-d × L/mol-cm × 10-3 einsten/millieinstein × 103 cm3/L

= einstein/mol-d

Solution)
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�'� = 2.303 ; <(=) · >�(=)
?

�� 

= 2.303 × 30.31 ��������/��� − � × 2.9 × 10�
  ���/��������

��/4 = ln 2
�'� = ln 2

0.202 ��� = B. CB 7

= 0.202 ���
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Q: Phenol was accidently released to a well-mixed pond with a pH 

of 7.0. How long will it take for the total phenol concentration 

([phenolT] = [C6H5OH] + [C6H5O-]) to be reduced into half by indirect 

photolysis with singlet oxygen (1O2) as a PPRI? Assume a steady-

state singlet oxygen concentration of 10-13 M in the pond. The 

second order rate constants for phenol (C6H5OH) and phenolate 

(C6H5O-) with singlet oxygen are 107 M-1s-1 and 108 M-1s-1, 

respectively. Use the acid dissociation constant (Ka) of 10-10 for 

phenol. 

* hint:
� Dℎ����F

�� = −��,'HIJ$%K Dℎ����F

= −��,LMNOPN Q"�0R� − ��,LMNOPS Q"�0R�

where ��,� = �4,� R� 4 TT ��,� = pseudo first order rate constant for i
�4,� = second order rate constant for i
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Solution)

� Q"�0R�
�� = −�4,LMNOPN R� 4 TT Q"�0R� = −��,LMNOPN Q"�0R�

� Q"�0R�

�� = −�4,LMNOPS R� 4 TT Q"�0R� = −��,LMNOPS Q"�0R�

log Q"�0R�

Q"�0R� = D� − D-� = 3

��,LMNOPS Q"�0R�

��,LMNOPN Q"�0R� = 0.01
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��,'HIJ$%K Dℎ����F ≈ ��,LMNOPN Q"�0R�

Thus,

For half life estimation purpose it is safe to assume

and

Dℎ����F ≈ Q"�0R�

��,'HIJ$%K ≈ ��,LMNOPN = �4,LMNOPN R� 4 TT

= 10. X����� · 10��
 X = 10�" ���

��/4,'HIJ$%K = ��2
10�" ��� · 1

86400 �/� = Z. [ 7
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Generally the light absorption by compound i

is much smaller than other constituents in 

water

� � � �����
	�
��
	
�� � � � 
 ��
���� · �

�����
	�
��
	
�� � � � · �

	�
�� & 	
�� = light intensity at the water 

surface & at the underwater position of interest, 

respectively (einstein/cm2-s)

#1
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� � · � �  �� � · ����
�� � = diffuse attenuation coefficient (cm-1)

���� � �/� = depth of mixed water body (cm)

� = volume of the water body (cm3)

� = surface area of the water body (cm2)

� �  ���� because:

i) The sunlight is not always 

perpendicular to water surface

ii) Light is scattered by suspended 

particles

iii) Light is absorbed and then reemitted 

by particles and dissolved matter

And � is a function of �
#1
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	 ����, � � 	�
�� · 10�� ! ·"#$%

Define &
�� as: &
�� � �
��
���� & � = distribution function

For non-turbid water, 1.05–1.3 

For very turbid water, up to 2.0 �� � � &
��� �

so

� � -- can be determined by a spectrophotometer;

&
�� -- can be determined by database or computer programs at the region 

of interest
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Out interest: how much light will be absorbed between the depth of 0 to zmix

by a pollutant (per volume basis)

1) Rate of light absorption by all species in water (per surface area; in einstein/cm2-s)

� 	� � − 	 ����, � � 	� � 1 − 10�� ! ·"#$%

2) Rate of light absorption by all species in water (per volume; in einstein/cm3-s)

� 	� �
����

1 − 10�� ! ·"#$%

3) Fraction of light absorbed by a pollutant i:

(� �
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4) Rate of light absorption by compound i per volume:

� )*)+,- �.�ℎ+ 01)�23+.�4, 5��. 10).) × (�

� 	� �
����

1 − 10�� ! ·"#$% 8� �
� � ��

Rate of light absorption by compound i, 9:
;�:

<= � � 	� � · 8� � · 1 − 10�� ! ·"#$%

���� · � � ��

� >= � · �� <= � in einstein/L-s

	� � in millieinstein/cm2-s

8� � = molar absorption coeff. for compound i (L/mole-cm)

�� = concentration of compound i (mole/L)

>= � = specific light absorption rate (einsten/mole-s)
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Photolysis 

rate

− ?��
?+ !

>@ � = the direct photolysis 1st-order rate constant at 

wavelength λ (s-1) = A�B
��>= �

A�B
��

− CDE
CF ;

� GH ; DE

The direct photolysis rate 

is in 1st order only if 

��
���� ≪ � �

= Light 

absorption rate

Transformation rate 

when light is absorbed( ) ( ) x( )

<= �

− ?��
?+ !

� A�B
��<= � � A�B
��>= � ��
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• The overall rate of direct photolysis

� − ?��
?+ � J >@ �

!
�� � >@��

>@ = the overall direct photolysis 1st-order rate 

constant (s-1)

If A�B is not a function of λ, then:

− ?��
?+ � A�B J >= �

!
�� � A�B>=��

>= = the overall specific light absorption rate 

(einsten/mole-s)
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• Two limiting cases:

1) Negligible light absorption 

(clear lake surface, zmix small)

2) Nearly all light absorbed   

(turbid water, zmix large)
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We approximate our solution in the case of KL ; MNEO ≤ Q. QR

1 − 10�� ! ·"#$% � 2.303�� � · ����

� 2.303 J U � · 8� � · A�B
��
!

��

− ?��
?+ � J >@ �

!
�� � J A�B
��>= �

!
��

� J A�B
�� · 	� � · 8� � · 1 − 10�� ! ·"#$%

���� · � �!
��

(when �� � ���� ≤ 0.02)

� 2.303 J A�B
�� · 	� � · 8� � · ��� �
� �!

��
Define 

U � � 	� � · ��� �
� � � 	� � · &� �

(U � has a unit of millieinstein/cm2/s)
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So, in the case of �� � ���� ≤ 0.02, the direct photolysis rate is given as:

− CDE
CF � R. VQV J W ; · XE ; · YEZ ;

;
DE � GHQDE

>@�
= near surface photolysis rate constant (s-1)

If A�B is not a function of λ, then:

− ?��
?+ � 2.303 J U � · 8� �

!
A�B�� � >=�A�B��

>=�
= near surface specific light absorption rate 

(einsten/mole-s)
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Calculate G:Q of para-nitro-acetophenone

(PNAP) at 40⁰N altitude at noon on a clear 

midsummer day.

	 4��4, � is obtained from 

database or computer program

U 4��4, � � 	 4��4, � · &� � ,

&� � is obtained from database or 

computer program
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8� � is obtained from experiments

>=� � [ >=�?� � 2.3 [ U
��8�
�� ?�

Obtain >=�
by 

� 2.3 J U
��8�
��
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>@\
= photolysis rate constant of optically thick zone (s-1)

We approximate our solution in the case of KL ; MNEO ≥ R

− ?��
?+ � J A�B
��	� � · 8� � · 1 − 10�� ! ·"#$%

���� · � �!
��

− CDE
CF � J ^Q ; · XE ; · YEZ ;

K ; MNEO
DE � GHFDE

1 − 10�� ! ·"#$% � 1
(when �� � ���� ≥ 2)
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