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Why chemical kinetics ?
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▪ Evaluate the effectiveness and 
efficiency of AOPs.

▪ Compare AOPs objectively.

▪ Have clues about the underlying 
mechanisms.

▪ Study the effects of various process 
parameters.

▪ Optimization studies.

▪ Prediction of the course of the process. Source: Fotiou et al. Water Research 2016 
https://doi.org/10.1016/j.watres.2015.12.006

https://doi.org/10.1016/j.watres.2015.12.006
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Kamath et al. ES&T 2018, https://doi.org/10.1021/acs.est.8b00582

From observed degradation to mechanisms…

▪ Complex reactions in AOPs even with one starting compound and 
a single reactive species.

▪ Transformation products not  completely detected - identified -
quantified.

▪ Mass balances generally not achieved.

▪ Elusive mechanisms.

https://doi.org/10.1021/acs.est.8b00582
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Monitoring of degradation processes

▪ Example: monitoring of degradation of a 
compound over time by various AOPs.

▪ Analysis e.g., by GC-MS, LC-MS, 
photometry.

▪ Plots of concentration over time.
▪ Initial observations?

Plots (connecting line with smoothing) from simulated data

Nothing happens ?

Linear ?

When will it reach zero?

Fotiou et al., Ind. Eng. Chem. Res. 2013, 
https://doi.org/10.1021/ie400382r

https://doi.org/10.1021/ie400382r
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ⅆ 𝑀𝐼𝐵

ⅆ𝑡
= −𝑘

𝑀𝐼𝐵 = [𝑀𝐼𝐵]0−𝑘𝑡

𝑀𝐼𝐵 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑀𝐼𝐵 (𝑒. 𝑔. , 𝑖𝑛 𝑀)

ⅆ[𝑀𝐼𝐵]

ⅆ𝑡
= 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑀𝐼𝐵 (𝑒. 𝑔. , 𝑀𝑠−1)

𝑘 = 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑀𝑠−1)

▪ Rate of degradation does not depend on MIB 
concentration.

▪ “Saturation” kinetics 

Example of “zero order” kinetics

Linear regression model

𝑡 ൗ1 2
=

[𝑀𝐼𝐵]0
2𝑘
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Example of “first order” kinetics

𝑀𝐼𝐵 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑀𝐼𝐵 (𝑒. 𝑔. , 𝑖𝑛 𝑀)

ⅆ[𝑀𝐼𝐵]

ⅆ𝑡
= 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑀𝐼𝐵 (𝑒. 𝑔. , 𝑀𝑠−1)

𝑘 = 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑠−1)

ⅆ 𝑀𝐼𝐵

ⅆ𝑡
= −𝑘[𝑀𝐼𝐵]

ln 𝑀𝐼𝐵 = ln 𝑀𝐼𝐵 0 − 𝑘𝑡

▪ Rate of degradation depends on MIB 
concentration.

▪ Common in AOPs 

Log scale

𝑡 ൗ1 2
=

ln(2)

𝑘

[𝑀𝐼𝐵 = [𝑀𝐼𝐵]0𝑒
−𝑘𝑡
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Example of “second order” kinetics

𝑀𝐼𝐵 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑀𝐼𝐵 (𝑒. 𝑔. , 𝑖𝑛 𝑀)

ⅆ[𝑀𝐼𝐵]

ⅆ𝑡
= 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑀𝐼𝐵 (𝑒. 𝑔. , 𝑀𝑠−1)

𝑘 = 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑀−1𝑠−1)

ⅆ 𝑀𝐼𝐵

ⅆ𝑡
= −𝑘[𝑀𝐼𝐵]2

1

[𝑀𝐼𝐵]
=

1

𝑀𝐼𝐵 0
+ 𝑘𝑡

𝑡 ൗ1 2
=

1

𝑘[𝑀𝐼𝐵]0

▪ Elementary bimolecular reactions
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How to evaluate kinetic models?

Anscombe’s quartet: Correlation 
(x,y)=0.816,
Linear regression line y = 3.00 + 0.500 x,
R2=0.67, for all datasets.

Anscombe (1973) DOI: 10.1080/00031305.1973.10478966

▪ R-sq vs adjusted R-sq (for more independent variables)

▪ Mean Square Error:

▪ Mean Absolute Error

▪ Distribution of residuals (𝑦𝑖 − ො𝑦𝑖)

▪ Outliers?

https://doi.org/10.1080/00031305.1973.10478966
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R-sq=98.2%, 

R-sq(adj) = 98.0%

Residuals: no trends

Visual and statistical evaluation

R-sq=90.4%, 

R-sq(adj) = 89.3%

Residuals: trends

Caution with “outliers”
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Steady state approximation

OH●

MIB + OH●Products

MIB + OH• Products

This elementary reaction kinetics is expressed as:

𝑑 𝑀𝐼𝐵

𝑑𝑡
= 𝑘 𝑀𝐼𝐵 [𝑂𝐻 •] 

Under steady state conditions, [OH•]=constant

𝑑[𝑀𝐼𝐵]

𝑑𝑡
= 𝑘′[𝑀𝐼𝐵] (1st order)

𝑘′ = 𝑘 𝑂𝐻 • (apparent or observed rate constant)

Also called “pseudo-first order” kinetics.

Steady state [OH•] 
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Determination of rate constants of radical reactions
(reference methods - down to femtosecond timescale)

Kobayashi, Chem. Rev. 2019, 119, 6, 4413–4462 Hoffmann et al. 2014

Pulse radiolysis Flash photolysis
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Databases with bimolecular rate constants of radical reactions

https://kinetics.nist.gov/kinetics/

https://kinetics.nist.gov/kinetics/
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Competition kinetics
Can we determine 2nd-order rate constants of elementary bimolecular radical reactions from steady state experiments?

MIB + OH• Products     k1= ?

pCBA + OH• Products     k2= 5 x 109 M-1 s-1

Example: Competition of OH• for MIB and pCBA :

4-chlorobenzoic acid
(competitor)

MIB

𝑑[𝑝𝐶𝐵𝐴]

𝑑𝑡
= 𝑘2 [𝑂𝐻]

• 𝑝𝐶𝐵𝐴 = 𝑘2𝑜𝑏𝑠[𝑝𝐶𝐵𝐴]

𝑑[𝑀𝐼𝐵]

𝑑𝑡
= 𝑘1 𝑂𝐻 • 𝑀𝐼𝐵 = 𝑘1𝑜𝑏𝑠[𝑀𝐼𝐵] ▪ k1obs & k2obs are determined from a steady state experiment.

▪ Steady state [OH•] is determined from k2obs (k2 is known).

▪ k1 = k1obs/[OH•]

(Buxton et al., 1988)

Huber et al. Environ. Sci. Technol. 2003, 37, 1016-1024 https://doi.org/10.1021/es025896h
He et al. Water Research 74, 2015, 227-238 https://doi.org/10.1016/j.watres.2015.02.011

https://doi.org/10.1021/es025896h
https://doi.org/10.1016/j.watres.2015.02.011
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Heterogeneous systems (e.g., TiO2 photocatalysis) 

Herrmann 2010, Photochem. Photobiol. A. 
https://doi.org/10.1016/j.jphotochem.2010.05.015

• Most common degradation kinetic model: 
(pseudo) first order.

• Adsorption on the surface of the catalyst.
• Langmuir-Hinshelwood model:

𝑑[𝑀𝐼𝐵]

𝑑𝑡
= −𝑘𝜃 =

𝑘𝐾[𝑀𝐼𝐵]

1 + 𝐾[𝑀𝐼𝐵]

𝜃 = fraction of surface coverage by MIB
Κ = Langmuir adsorption constant

When [MIB] is low (<<1), it simplifies to:

ln 𝑀𝐼𝐵 = 𝑙𝑛[𝑀𝐼𝐵]0−𝑘𝐾𝑡 (first order)

Kobs= kK

Zhang & Sillanpää, Chapter 5 in “Advanced Water Treatment – AOPs, Elsevier, 2020.

https://doi.org/10.1016/j.jphotochem.2010.05.015


15

Which process is more efficient?
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Electrical Energy per Order, EEO

EEO is the electrical energy necessary to reduce the concentration of a contaminant by one 
order of magnitude (90 % reduction) in a unit volume of water. 
How it works:

MIB + OH• Products

𝑑[𝑀𝐼𝐵]

𝑑𝑡
= 𝑘 𝑂𝐻• 𝑀𝐼𝐵 = 𝑘𝑜𝑏𝑠 𝑀𝐼𝐵 (steady state approx. for OH•)

▪ From measurements of [MIB] vs time, kobs is determined (pseudo-first order kinetics).
▪ From the integrated equation of 1st order 𝑀𝐼𝐵 = [𝑀𝐼𝐵]0 𝑒

−𝑘𝑜𝑏𝑠𝑡 the time needed for 1 
order of magnitude reduction of [MIB] is calculated.

▪ Time is directly converted to Energy (known power consumption of the photoreactor).
▪ EEO is a better metric of process efficiency but has limitations (dependency on 

concentration of reagents, photoreactor configuration, compound under study etc).

Bolton et al. Pure Appl. Chem., Vol. 73, No. 4, pp. 627–637, 2001 https://doi.org/10.1351/pac200173040627
Bolton et al. Photochem. & Photobiol., 2015, 91: 1252–1262 https://doi.org/10.1111/php.12512
Keen et al. Pure Appl. Chem. 2018; 90(9): 1487–1499 https://doi.org/10.1515/pac-2017-0603

https://doi.org/10.1351/pac200173040627
https://doi.org/10.1111/php.12512
https://doi.org/10.1515/pac-2017-0603
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Take-home messages

Training School “AOPs for water T&O” 
5-9 Sep 2022, Athens, Greece

• Reactions in AOPs are complex, as reactive radicals react in various ways and sites, 
leading to many transient or stable transformation products.

• Degradation of compounds often follow a 1st-order kinetic law, but zero-order or 2nd-
order can be observed, depending on the conditions.

• Steady state conditions are often established in continuous UV or gamma-irradiation
AOPs.

• In heterogeneous systems, adsorption plays a key role.

• The “reference” techniques to determine elementary bimolecular rate constants are 
pulse radiolysis and flash photolysis.

• Competition kinetics can help in determining bimolecular rate constants.

• Efficiency of AOPs is better evaluated by EEO, but still depends on reactor configuration 
and other parameters.


