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Advanced Redox Technology (ART) Lab

Transformation Reactions-2
- Redox Reactions

- Photolysis
(from Environmental Organic Chemistry by Schwarzenbach et al.) 



 Definition of reduction & oxidation reactions (i.e., redox reactions)

- Oxidation: loss of e− or H, gain of O, increase of oxidation number

- Reduction: gain of e− or H, loss of O, decrease of oxidation number

e.g.,  C + H2 → CH4

C + O2 → CO2

Fe0 → Fe2+ + 2e−
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1.



 “Reduction (redox) potential” is not for a compound, but for a reaction 
(or a redox couple)! 

The reduction potential of A3+ is ??? VSHE X

e.g., 

Because A3+ may go through different redox reactions with 
different reduction potentials.

A3+ + e− → A2+

A3+ + 3e− → A0

The reduction potential of A3+ + e− → A2+ is ??? VSHE O

The reduction potential of A3+/A2+ is ??? VSHE O

Eo[A3+/A2+] = ??? VSHE O



 We can tell if a certain redox reaction is thermodynamically favored or not 
by reduction (redox) potentials of its half reactions! 

Ni0 + Fe2+ → Ni2+ + Fe0 (favored or unfavored) ?

e.g., 

Fe2+ + 2e− → Fe0 Eo = −0.44 VSHE

Ni2+ + 2e− → Ni0 Eo = −0.20 VSHE

Fe2+ + H2 → Fe0 + 2H+ (favored or unfavored) ?

Fe2+ + 2e− → Fe0 Eo = −0.44 VSHE

H+ + 2e− → H2 Eo = 0 VSHE



n: the number of electrons transferred
F: Faraday constant 

(= electric charge of 1 mole of electrons = 96485 C/mol)
E: potential difference 







EH
o(W): EH

o value for natural water conditions (pH 7), [H+] = 10−7

??? + ne- +mH+ →  ???















2.

(reduction potentials for sequential reactions)

BQ + 2H+ + 2e− HQ EH(W) = ???







3.

Electron acceptors

 Electron donors
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1.

Compound + Oxidant (or Reductant)  → Products

C O R

d[C]/dt = f( ? )

- Concentrations of C, O, P
- Temperature, pH
- Water constituents: NOM, inorganic ions, oxygen, & others

d[C]/dt = −k[C][O]



2.

 NACs are present as pesticides, dyes & explosives (e.g., TNT)

 Reduction mechanism

 DOM enhances the reduction rate.



ArNO2 + HS− + H+ → ArNO + S(s) + H2O

ArNO2 + 2H+ + 2e− → ArNO + H2O     Eo = +0.75 VSHE

S(s) + H+ + 2e− → HS− Eo = -0.25 VSHE

Half reactions:

Two-electron transfer reaction

ArNO2 + HS− → ArNO2
•− + HS• (1)

What if the actual reaction proceeds by two single electron transfer mechanism

ArNO2
•− + HS• + H+ → ArNO + S(s) + H2O        (2)

Favored or Unfavored



ArNO2 + HS− → ArNO2
•− + HS• (1)

Half reactions:

ArNO2 + e− → ArNO2
•− Eo = −0.5 VSHE

HS• + e− → HS− Eo = +1.1 VSHE

ArNO2
•− + HS• + H+ → ArNO + S(s) + H2O        (2)

Half reactions:

ArNO2
•− + 2H+ + e− → ArNO + H2O       Eo = +2 VSHE

S(s) + H+ + e− → HS• Eo = −1.6 VSHE

Favored or Unfavored

Favored or Unfavored



In the presence of DOM,

DOM + HS− → DOMred + HS• (1)

ArNO2 + DOMred → ArNO2
•− + DOM (2)

ArNO2
•− + HS• + H+ → ArNO + S(s) + H2O     (3)

DOM + HS− → DOMred + HS• (1)

Half reactions:

HS• + e− → HS− Eo = +1.1 VSHE

DOM + e− → DOMred Eo = −0.4~+0.5 VSHE

Favored or Unfavored



ArNO2 + DOMred → ArNO2
•− + DOM (2)

ArNO2 + e− → ArNO2
•− Eo = −0.5 VSHE

Half reactions:

DOM + e− → DOMred Eo = −0.4~+0.5 VSHE

Favored or Unfavored



3.





4.





 Direct photolysis vs. Indirect photolysis 

 Primary photo-processes

A + h → A*    (photo-excitation)

A* → A + heat    (thermal decay)

A* → A + h (fluorescence)

A* → A + h (phosphorescence)

A* → B            ((direct) photolysis)



ABC (S0)
h

ABC (S1) or ABC (T1)

Fluorescence (f)

Phosphorescence (p)

Thermal decay (t)

Product

Photochemical reaction (pr)

◆ Primary Photo-Processes



Singlet (S0)

Singlet (S1)

Absorption

Radiation
(Fluorescence)

Thermal decay

Singlet (S0)

Absorption

Radiation
(Phosphorescence)

Singlet (S1)

Triplet (T1)

Intersystem
crossing

◆ Fluorescence and Phosphorescence

Fluorescence                            Phosphorescence



ABC (S1)
or

ABC (T1)

⇒ AB⋅ + C⋅ Dissociation into radicals

⇒ E + F
Intramolecular decompositio
n into molecules

⇒ ACB Intramolecular rearrangement

⇒ ABC'(S1) or ABC'(T1) ⇒ ABC'(S0) Photoisomerization

+ RH ⇒ ABCH⋅ + R⋅ Hydrogen-atom abstract

+ ABC ⇒ (ABC)2 Photodimerization

+ D ⇒ ABC + product Photosensitized reaction

⇒ ABC+ + e- Photoionization

+ D ⇒ ABC+(or-) + D-(or+) "External" electron transfer

⇒ AB+ + C- "Internal" electron transfer

◆ Photochemical Reactions



Lee et al., 2005 (Environ. Sci. Technol.)



1.

 Electromagnetic Spectrum



 Planck Law of Radiation

u= hv = hc/λ

U = NAhv = hcNA/λ

Where  u = energy (J) of one photon
v = frequency (s-1)
λ = wavelengh (m)
c = speed of light (2.9979x08 ms-1)
h = Planck constant (6.6261x10-34 Js)
NA = Avogadro number (6.02214 x1023 mol-1)
U = energy per Einstein



 Photon energy



 Beer-Lambert absorption law

A = logIo/I = bC

I / I0 = 10-bC

: molar aborption coefficient (M-1 cm-1)
b: optical pathlength (cm)
C: molar concentration of photon absorber (M)

Functions of wavelength

A = A()
I = I() 
 = () 



2.

- n → *,  → * transition 

- More conjugated double bonds & aromatic 
rings shift the absorption peaks to longer 
wavelength ranges
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3.

A + hv → B

A =
Molecules (mole) of A decomposed per unit volume per unit time

Quanta of light (Einstein) absorbed by A per unit volume per unit time

 Primary quantum yield: quantum yield for the primary photochemical reaction
 Overall quantum yield: quantum yield considering the primary photochemical reaction 

and subsequent thermal reactions

Ex) A + hv → B + C    (primary quantum yield = 0.5)
A + C → B

Overall quantum yield for the photochemical production of B = 0.5 X 2 =1.0

B =
Molecules (mole) of B formed per unit volume per unit time

Quanta of light (Einstein) absorbed by A per unit volume per unit time

- A is not always same as B

 Definition





At a low concentration (bc<<0.1)

d[A]/dt = −I0(1-10-b[A])    −2.303 I0b[A]

First order kinetics

Irradiation time

[A]

At a high concentration (bc>>1)

d[A]/dt = −I0(1-10-b[A])    −I0

Zero order kinetics

[A]

Irradiation time

A + hv → B

d[A]/dt = −IA  A = −I0(1-10-b[A])  A

1.





2.

A + hv → B

 Determination of 

[A]

Irradiation time

[B]

−d[A]/dt = d[B]/dt
= I0   (slope)

At a high concentration of A

-We need a “Collimated beam 
reactor” and a radiometer to 
determine I0

 = Slope/I0



 Chemical actinometry: a method to determine the incident light intensity 
(I0, Enistein/L/s) using a chemical called a “chemical actinometer” of 
which  is already known

A + hv → B

[A]

Irradiation time

[B]

−d[A]/dt = d[B]/dt
= I0   (slope)

At a high concentration of A

I0 = Slope/

Any shapes of reactors or systems
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1.

2.

 Negative effect: light-shielding effects (light absorption and scattering by 
particles)

 Positive effect: surface-catalyzed reaction (photo-catalytic reactions)

 Heterogeneous solution: 

-Different from the photolysis of homogeneous solution (Adsorption + 
Photolysis)

-Different kinetic models are required (it’s difficult to develop good ones 
because of the complexity of heterogeneous systems) 



오염물질의 광분해(Photolysis)

➢ 직접 광분해(Direct photolysis)

➢ 간접 광분해(Indirect photolysis)

➢ 광촉매반응(photo-catalysis) 

T + hv → P

A + hv → R
R + T  → P

e.g. NDMA photolysis

e.g. UV/H2O2 system

H2O2 + hv → 2•OH
Compounds + •OH  → Products

T: Target compound
P: Product

A: Light absorbing compound
R: Reactive species

C + hv → R
R + T  → C + P

C: Photo-catalyst

e.g. TiO2 photo-catalysis

TiO2 + hv → TiO2(h
+ & e-)

Compounds + TiO2(h
+ & e-) → Products + TiO2



 Indirect photolysis

Oxidants: •OH, O3, 
1O2, HO2

•(O2
•−) (ROS: Reactive Oxygen Species) 

Organo radical(R•), Organoperoxyl radical(ROO•)…

CO3
•−, NO2

•, SO4
•−… (Inorganic radicals)

A + hv → Reactive species (usually oxidants)

Reactive species + Compound  → Products







1. Overview

A + hv → Oxidants

A: Light-absorbing species

e.g., NOM, NO3
−, NO2

−, Fe(III), H2O2, O3 …



 NOM



 Nitrate, Nitrite

- Primary photochemical reaction

- Secondary reactions (radical conversion)



 Fe(III)

Fe3+ + H2O + hv → Fe2+ + •OH + H+          

Fe(OH)2+ + hv → Fe2+ + •OH                

Fe2(OH)2
4+ + hv → Fe(III) + Fe2+ + •OH

- Fe(III)-hydroxo complexes

Fe3+(X) + hv → Fe2+ + X•

Ex)  Fe(SO4)
+ + hv → Fe2+ + SO4

-•

Fe(Cl)2+ + hv → Fe2+ + Cl•

Fe(Ox)3
3- + hv → Fe2+ + 2C2O4

2- + C2O4
-•

- Other ferric complexes

- Ligand-to-Metal Charge Transfer (LMCT)



H2O2 + hv → 2•OH 

Primary quantum yield: 0.5

•OH + H2O2 → HO2• +H2O

2HO2• → H2O2 + O2

2•OH → H2O2

H2O2 + hv  [HO• + •OH]   →   2•OH 

Secondary reactions:

Solvent cage

 H2O2

*UV/H2O2 process 
for drinking water treatment
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2. Kinetics

A + hv → Oxidant (Ox)

 Photochemical degradation of pollutants by indirect photolysis in natural water

Oxidant (Ox) + Compound (C) → Product1

Oxidant (Ox) + Scavenger (S) → Product2

d[A]/dt = ???

k1

k2



3. Reactions with •OH

 Reactivity of •OH

- Very reactive oxidant, Eo(•OH/H2O) = 2.8 VNHE

- Very fast reactions with almost all of organic compounds

k = 108~1010 M−1 s−1

- Very low steady-state concentration in natural water

[•OH]ss = 10−16 ~ 10−12 M

 Reaction mechanism of •OH

- H-Abstraction

- e−-Abstraction

- Addition





4. Reactions with 1O2

 Reactivity of 1O2

- Still strong, but relatively weaker oxidant compared to •OH

- Relatively slower reactions compared to •OH

k = 1~108 M−1 s−1

- Slightly higher steady-state concentration in natural water

[1O2]ss = 10−14 ~ 10−12 M

 Reaction mechanism of 1O2

- Addition



1O2
3O2
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5. Reactions with 3DOM*, R•, RO•, ROO•

DOM + hv → 3DOM*

 NOM

3DOM* + Compound → Products

- H-Abstraction

- e−-Abstraction

- Energy transfer (e.g., isomerization) 

oxidation

 R•, RO•, ROO•

RH + •OH → R•

R• + O2 → ROO•

2ROO•→ 2RO• + O2

ROO• or RO• + Compound → Products


