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Characteristics of Light

✓ Planck law of radiation

u= hv = hc/λ = hcv

U = NAhv = hcNA/λ = hcNAv

Where  u = energy (J) of one photon

v = frequency (s-1)

λ = wavelenght (m)

= wavenumber (m-1)

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

v



Characteristics of Light

✓ Electromagnetic spectrum 
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Photo-Excitation and Subsequent Processes

A + hv → A* 
(photo-excitation)

A* → A + heat 
(thermal decay)

A* → A + hv
(fluorescence)

A* → A + hv
(phosphorescence) 

A* → B 
(photochemical reaction)  

Fluorescence and Phosphorescence 
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UV Energy and Bond Dissociation Energy

Range Wavelength Range (nm) Energy Range (kJ/Einstein)

Near Infrared 700 ~1000 120 ~ 171

Visible 400 ~ 700 171 ~ 299

UVA 315 ~ 400 299 ~ 380

UVB 280 ~ 315 380 ~ 427

UVC 200 ~ 280 427 ~ 598

VUV 100 ~ 200 598 ~ 1196

Radiation energy



Quantum Yield

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

e.g., 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



Kinetics of Photochemical Reactions

✓ Beer-Lambert absorption law

I / I0 = 10-bC

✓ Kinetic raw of photochemical reactions

A + hv → B 

d[A]/dt = I0(1-10-b[A])  

: molar aborption coefficient (M-1 cm-1)

b: optical pathlength (cm)

C: molar concentration of photon absorber (M)

I0 : incident photon flow (Einstein l-1 s-1)

 :  quantum yield

Absorbed photon flow by compound, A



At a low concentration (bc<<0.1)

d[A]/dt = -I0(1-10-b[A])    -2.303 I0b[A]

At a high concentration (bc>>1)

d[A]/dt = -I0(1-10-b[A])    -I0

First order kinetics

Zero order kinetics

[A]

Irradiation time

[A]

Irradiation time

Kinetics of Photochemical Reactions



Photolysis of Pollutants

✓ Direct photolysis

✓ Indirect photolysis

✓ 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 compound

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



Mercury vapor lamps

• Low pressure Hg lamps: monochromatic emission at 254 
and 185 nm(표준형, 고출력 저압수은 램프)

• Medium and High pressure Hg lamps: polychromatic 
emission from 200~800 nm(수은 중압, 고압 램프)

UV Lamps

Wavelength
(nm)

Color

184.5 VUV

253.7 UVC

365.4 UVA

404.7 Violet

435.8 Blue

546.1 Green

578.2 Yellow-orange



A: Continuous UV lamp

B: Pulsed UV lamp

The major difference in emission spectra occurs between 200 and 450 nm.

UV Lamps

Mercury vapor lamps (medium or high pressure)



Black light blue (BLB) lamps

Xenon arc lamps
(solar simulator)

UV Lamps
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Photochemical
Reactions

UV Disinfection

Drinking Water Treatment
(UV/H2O2 system)

Ultrapure Water 
Production

(VUV)

Wastewater Treatment
(Photo-Fenton, UV/TiO2???)

Water Treatment Using Photochemical Reactions
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The UV/H2O2 System

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 

Subsequent reactions

Solvent Cage



The Photo-Fenton System

<0.01 M-1s-1(slow)

63 M-1s-1 (fast)

Photochemical reduction of Fe(III) to Fe(II) 



Photochemical Reactions of Ferric Complexes

Fe3+ + H2O + hv → Fe2+ + •OH + H+          (1)

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

Fe2(OH)2
4+ + hv → Fe(III) + Fe2+ + •OH (3)

The photochemical reaction (2) is dominant due to its high quantum yields (0.1 ~ 

0.2) and the high fraction of Fe(OH)2+ in weakly acidic conditions 

General form: Fe3+(X) + hv → Fe2+ + X•

e.g.,  Fe(SO4)
+ + hv → Fe2+ + SO4

-•

Fe(Cl)2+ + hv → Fe2+ + Cl•

Fe(Ox)3
3- + hv → Fe2+ + 2C2O4

2- + C2O4
-•

✓ Ferric-hydroxo complexes 

✓ Other ferric complexes



Light Absorption and Quantum Yields for Photolysis 
of Ferric-Hydroxo Complexes

 Molar absorption coefficients (a) and quantum yields for the photochemical 

reactions (b) of Fe(III)-hydroxo complexes as a function of wavelength 



Fe3+(X) + hv → Fe2+ + X•         Fe2+

Quantum yields for Photolysis of Several Ferric 
Complexes



Photo-Ferrioxalate System

✓ Classical Fenton and photo-Fenton system

Classical Fenton

Fe2+ + H2O2 → Fe3+ + •OH + OH−

Input of high concentration Fe(II)

Production of large iron sludge

Photofenton

Fe(OH)2+ + h→ Fe2+ + •OH

Input of low concentration of Fe(II) 

or Fe(III) (photochemical recycling)

Reduced iron sludge 

production

✓ What is the photo-ferrioxalate system?

A new photo-fenton system using ferric oxalate complexes, which have better 

photochemical activity and solubility at neutral pH.



 Speciation of Fe(III)-oxalato complexes as functions of oxalate concentration (a) 

and pH (b) ([Fe(III)]tot = 0.1 mM, pH 3 for (a), [oxalate]0 = 3 mM for (b)). 

Formation of Ferrioxalates 
(Fe(III)-Oxalato Complexes)



Characteristics of Photo-Ferrioxalate System

High molar absorptivity

High quantum yields for Fe(II) generation

Production of highly reductive radical intermediate (CO2
-•) and H2O2

Available at neutral pH

Minimized effects of anions



High Molar Absorptivity

✓ Light absorption spectrum of ferrioxalate
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- High molar absorptivity and wide light absorption band



High Quantum Yields for Fe(II) Generation

✓ Quantum yields for Fe(II) generation
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1) Hatchard and Packer, 1956
2) Lee et al., 2004

Ferric-hydroxo complexes

FeIII(OH)2+ + h → Fe2+

Ferrioxalate

FeIII(C2O4)3
3− + h → Fe2+ + CO2

–•

CO2
–• + Fe(C2O4)3

3−
→ Fe2+



✓ Production of highly reductive radical intermediate (CO2
-•)

Fe(C2O4)3
3− + hv  → Fe2+ + 2C2O4

2− + C2O4
–•

C2O4
–• → CO2

–• + CO2

CO2
–• + Fe(C2O4)3

3− → Fe2+ + CO2 + 3C2O4
2−

CO2
–• + O2 (+ H+)  → O2

–•(HO2•) + CO2 →→ H2O2

Photolysis of ferrioxalate

Fe(II) generation

H2O2 generation

E0 (V vs. NHE)

CO2/CO2
−• - 1.9

e− (CB) on TiO2

N2H5
+/NH3OH+

Fe2+/Fe0

Redox couples

- 1.5 

- 1.41

- 0.44

Production of CO2•
- and H2O2



Production of CO2•
- and H2O2



Minimized Effects of Anions

 Speciation of Fe(III) in the 

presence of phosphate and 

oxalate; the speciation 

change from Fe(III)-

phosphate to Fe(III)-oxalato

complexes as a function of 

oxalate concentration 

([Fe(III)]tot. = 0.1 mM, 

[Phosphate]0 = 1 mM, pH = 

3.0) 



Available at Neutral pH


High solubility at neutral pH

Jeong and Yoon, 2005 (Water Res.)



Vacuum UV (VUV) Technology

(Ultrapure water production process, Aquafine Co.)

Disinfection

& TOC reduction



• UV Emission spectra of low pressure Hg lamps with different quartz tube

The total UV energy output of the ozone lamp consists of approximately 85% 254 NM UV energy, 7% 185 
nm energy, and 8% other wavelengths

VUV Lamps



VUV Lamps



Excimer Wavelength 
Relative Power 

mW 

Ar2* 126 nm 
 

Kr2* 146 nm 
 

Xe2* 172 & 175 nm 
 

ArF 193 nm 60 

KrF 248 nm 100 

XeBr 282 nm 
 

XeCl 308 nm 50 

XeF 351 nm 45 

KrCl 222 nm 25 

 

Excimer lamps

• Excimer "excited dimer". Basically, this is a pair of 

atoms with an excited gas atom which in its ground 

state is usually unconnected (Xe + Xe* = Xe2* 

(excimer)).

• Excimers can be formed by noble gases and noble 

gas/halogen mixtures. 

• UV radiation in a very narrow, monochromatic 

spectral range

• Depending on the gas selected, different narrow-

band UV spectrums are emitted, mainly in a single 

spectral line

VUV Lamps



Bond Dissociation Energy

184.9 nm = 647 kJ/Einstein

253.7 nm = 471 kJ/Einstein



Direct Photolysis by VUV

1. Water (물 분해)

2. Organic compounds (유기물 분해)

3. Dissolved oxygen (용존산소 분해) 

H2O + h (<200 nm)  → H• + •OH

O2 + h (<200 nm)  → O• + •O

O2 + O•  → O3

R-H + h (<200 nm)  → H• + •R

H2O = ca. 50 cm-1  >> O2 = 0.9 cm-1 (at 1기압)

<
<



Water Splitting by VUV

• Primary photochemical processes

• Secondary reactions

(1)

(2)

(1): 185nm = 0.33, 172nm = 0.42, 
148nm = 0.7, 124nm = 1 

(2): 175~200nm = 0.01 ~0.05

•OH, •H, e-, HO2•, H2O2, H2



VUV Intensity Attenuation

• Beer-Lambert absorption law

I / I0 = 10-bC
: molar aborption coefficient (M-1 cm-1)

b: optical pathlength (cm)

C: molar concentration of photon absorber (M)

• UV attenuation
Linear absorption coeff. (C) of water = 50?? cm-1 (at 185 nm) and 550 cm-1 (at 172 nm)  

0

0.2

0.4

0.6

0.8

1

1.2
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I/
I 0

Optical pathlength (um)

185 nm

172 nm



Affecting Factors

Temperature (온도)

pH (no significant)

Dissolved oxygen (용존산소)

UV shielding substances (용존 혹은 입자성 물질)

(no significant)

Operational conditions of the reactor:

Light intensity, flow rate, volume, etc.



• Concentration of dissolved oxygen

(Heit and Braun, 1996)

• Effect on TOC removal

(target compound: methylene blue)

(Tasaki et al., 2009)

• Mineralization process

•OH + Organic Compounds CO2

O2
O2

Effect of Dissolved Oxygen



Gallic acid degradation by VUV (Quici et al., 2008)

• Removal of the target compound 

H2O + h (<200 nm)  → H• + •OH

• Dissolved oxygen (DO) also affects the

degradation of the target compound.

• DO reacts with •H so that the backward 

reaction of R• is prevented.

RH + •OH → R• + H2O

Without oxygen,

R• + •H → RH

With oxygen,

O2 + •H → HO2•
O2 + R•  → ROO•

Effect of Dissolved Oxygen



Semiconductor Photocatalysis

Bandgap

Energy

(E = hυ)

CB

VB

Photocatalyst

Water (H2O)

•

Hydroxyl 

radical (•OH)

Organic pollutants

+

H2O CO2

: Water treatment
h+

Water contact

e-

Water contact

Water (H2O)

Hydroxyl 

anion (OH-)

+

Hydrogen 

gas (H2)

: Energy production



TiO2 Photocatalysis, Why TiO2?

1.  Band edge levels: 

Strong oxidation 

power of h+ & e-

capture by oxygen

2.  Excellent (photo)chemical 

stability

anodic photocorrosion:

MX  +  nh+ → Mn+ + X

cathodic photocorrosion:

MX  +  ne- → M  +  Xn-

3. Availability: One of top 50 mass-produced chemicals



Air purification (Trojan Technologies)

Water purification (Purifics

environmental technologies Inc )
Water purification (Photox Bradford )

Deordoriser (NHKspring co)

Example of commercial products

Source: Prof. W. Choi from POSTECH

Applications of Semiconductor Photocatalysis



O2
-

O2

>OHs (H2O)

•OH

h

ecb
-

hvb
+

Pt

electron

trap

A

A•-

Pt deposits

- Reduce e-/h+ pair recombination

- Enhance electron transfer rate

Platinized TiO2

Source: Prof. W. Choi from POSTECH



Platinized TiO2

Source: Prof. W. Choi from POSTECH
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✓ Ammonia oxidation by platinized TiO2

Pristine TiO2 Platinized TiO2

Platinized TiO2 does not only accelerate the rate 

of ammonia oxidation, but also alters the 

oxidation mechanism (N2 production).



Conventional 

cathodic protection 

using a sacrificial anode

new cathodic protection

using a semiconductor 

photoanode

e-

Mg2+/Mg

Mg2+

Mg

Sacrificial

anode
Metal

Fe2+/Fe

e-

Fe2+/Fe

Semiconductor

photoanode
Metal

e-

h+

D

D+

Light

(Park et al., 2001 Chem. Commun., Park et al., 2002, J. Phys. Chem. B) 

Photo-Cathodic Protection of Metals



Photo-Cathodic Protection of Metals
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Separation of TiO2 Particulates

Source: Prof. W. Choi from POSTECH



Photocatalytic Membrane System

Source: Prof. W. Choi from POSTECH



Migration of •OH from Illuminated TiO2 Surface

(Lee and Choi, 2002, 

J. Phys. Chem. B)

Irradiation time (hrs)
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Migration of •OH from Illuminated TiO2 Surface

TiO2

particle

polymer 

chain



Source: Dr. S.W. Hong from KIST

Source: Prof. W. Choi from POSTECH

▲ TiO2 photocatalysis/membrane hybrid system

▲ TiO2 coating by electrospraying

▲ Metal (or nonmetal) doping ▲ Coupling 

▲ Photosensitization 

Issues about TiO2 Photocatalysis



Photochemical Reactors

▲ Longitudinal flow system ▲ Cross flow system

Source: Ozonia Co. (Aquaray® H2O) 

Main components:

- UV lamp 

- Quartz sleeve 

- Wiper for mechanical cleaning of quartz   

sleeves to protect against fouling 

- UV sensor to control UV output 

- Power supply

http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://workingwithwater.filtsep.com/view/897/ultraviolet-reactor-for-water-treatment/&ei=ybdnVdyDJtHk8AWgwoOQAw&bvm=bv.93990622,d.dGc&psig=AFQjCNFkhc_e1Qu4niwQOq9HTcJH7Tt6xw&ust=1432946729326490


(Siemens Co.)

(Aquafine Co.)

Modeling of UV reactor 
by Computational Fluid Dynamics (CFD)

(Elyasi et al., 2006)

Photochemical Reactors



 Compound parabolic collectors (CPCs) for sunlight harvesting, a photograph (a) 

and a cross-sectional diagram (b). 

Photochemical Reactors



Photochemical Reactors



Figures-of-Merit for Photochemical AOPs

• Electrical energy is usually the principal factor in the operating cost of 

AOT systems.

• For low pollutant concentrations, we use Electrical Energy per Order 

(EE/O) as the electrical energy (kWh) necessary to reduce the 

concentration of a pollutant by one order of magnitude in 1000 L of water.

• For high pollutant concentrations, we use Electrical Energy per Mass 

(EE/M) as the electrical energy (kWh) necessary to remove 1 kg of 

pollutant. EE/M can also be based on TOC (1 kg of C).



EE/O or EE/M for Several Photo-Fenton Systems

No. Light source Conditions Target
Energy efficiency

(EE/O or EE/M)

1
Medium pressure Hg lamp 

( = 200−600 nm)

[Fe(II)] = 10−40 mg/L, [H2O2] = 50−500 mg/L,

[Target] = 7−100 mg/L, pH = 3.0

BTX, 1,4-Dioxane, 

MTBE, TCE, PCE

EE/O = 1.2−2.9 

kWh/order/m3

[Fe(III)] = 10−40 mg/L,

[Oxalic acid]/[Fe(III)] = 3 (molar basis),

[H2O2] = 50−500 mg/L, [Target] = 7−100 mg/L,

pH = 2.8−3.2

EE/O = 0.6−1.8 

kWh/order/m3

2

Low pressure Hg lamp 

(max = 253.7 nm)

[Fe(II)] = 0.5 mM, [H2O2] = 10 mM,

[Target] = 30.6 mg/L as TOC, pH = 2.8

Synthetic dye 

wastewater

EE/M = 504.03 

kWh/kg TOC

3
[Fe(II)] = 0.5 mM, [H2O2] = 5 mM,

[Target] = 25 mg/L, pH = 2.8

EE/O = 0.56 

kW/order/m3

EE/M = 750 kWh/kg 

DOC,

4
[Fe(II)] = 30 mg/L, [H2O2] = 3 g/L,

[Target] = 2,000 mg/L as COD, pH = 3.0

Olive oil mill 

wastewater

EE/O = 92.23 

kWh/order/m3

5
[Fe(II)] = 24.1-25.1 mg/L, [H2O2] = 133.2-138.8 mg/L,

[Target] = 20,000 mg/L
EDTA

EE/O = 10–140 

kWh/order/m3

6
[Fe(II)] = 0.2 mM, [H2O2] = 10 mM,

[Target] = 64 mg/L, pH = 3.0

Nonylphenol 

ethoxylate

(NP-10)

EE/O = 1.9 

kWh/order/m3

EE/M = 200 kWh/kg 

TOC,

7
Commercial UV-A lamp 

(max = 360 nm)

[Fe(II)] = 4.6 mg/L, [H2O2] = 19 mg/L,

[Target] = 10 mg/L, pH = 3.0
Caffeic acid

EE/O = 31.5 

kWh/order/m3 

(90% removal)



<Example 1>

We assume that for a hypothetical contaminant with a molecular weight 

of 100 g/mol

1) 25% of the electrical energy input into a medium pressure UV lamp 

system produces useful UV photons with an average wavelength of 

254 nm.

2) OH =  = 1.0.

3) One •OH is required to transform and remove one molecule of 

contaminant. 

Calculate EE/M (kWh/kg) value !

Examples of EE/O or EE/M Calculation



<Solution 1>

One Einstein (one mole) of 254 nm photons contains 0.13 kWh of energy 

according to

E = NAh = NAhc/ = (6.021023)(6.6 10-34)(3 108)/(254 10-9)

= 469 kJ = 0.13 kWh

Considering the energy efficiency, 25%

0.52 kWh of electrical energy produces one Einstein of 254 nm photons.

Since OH =  = 1.0,  

0.52 kWh of electrical energy degrade one mole of the contaminant. 

Since the molecular weight of the contaminant is 100 g/mol,

5.2 kWh of electrical energy is required to degrade 1 kg of the contaminant

 EE/M = 5.2 kWh/kg

Examples of EE/O or EE/M Calculation



<Example 2>

2000 L of a wastewater containing 500 mg/L of total organic carbon 

(TOC) as phenol is treated for 10 hr with an AOP rated at 30 kW to 

yield an effulent that is 100 mg/L TOC. 

Calculate the EE/M value !

<Solution 2>

The mass of TOC removed is 2000 (L) x 0.00040 (kg/L) = 0.8 kg TOC

Thus the EE/M value is (30 x 10)/0.8 = 375 kWh/kg  

Examples of EE/O or EE/M Calculation



<Example 3>

A groundwater containing 20 mg/L of trichloroethylene (TCE) flowing 

at 8.5 m3/h is treated with an AOP rated at 25 kW. It was found that the 

effluent concentration of TCE had dropped to 5 ug/L. 

Calculate the EE/O value !

<Solution 3>

The orders of removal is log(20/0.005) = 3.602

Thus EE/O value is 25/(8.5 x 3.602) = 0.82 kWh/order/m3

Examples of EE/O or EE/M Calculation


