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Disinfection

Escherichia coli: gastroenteritis Salmonelle: salmonellosis, typhoid fever.

Hapatitis a virus: infectious hepatitis Tenia saginata egg: taeniasis.



organismo
Concentration in 

wastewater, 

MPN/100ml

Number of 

microorganisms 

causing the infection

Disinfection: Why?

MNP: most probable number



chlorine gas and hypochlorites (Cl2, NaOCl) 

Chlorine dioxide (ClO2);

Peracetic acid;

Ozone (O3);

Chimical Physical

UV radiation (UV254);

Solar UV radiation(UV300-400); 

Chemical/Physical

UV254 + H2O2;

UV254 + O3;

…

Disinfection: how?



Cl2 NaOCl Ca(OCl)2 ClO2 O3 UV254

Disinfection: comparison



Disinfection: Cl2

1) Chlorine gas kills pathogens such as bacteria and viruses by breaking the chemical bonds of 

their molecules. 

2) When enzymes come into contact with chlorine gas, one or more atoms of their hydrogen 

molecules are replaced by chlorine. This involves deformation or deterioration of the enzymes. 

When enzymes don't work properly, microorganisms starve.

Cl2

Cl2
It does not 

eat and 

starves

1) 2)



Disinfezione: Cl2

Cl2 is a gas: to dissolve the chlorine in solution we must make it bubble (like O2 during the 

activated sludge treatment)

Once it is dissolved in water, hypochlorous acid is produced

: 

Cl2g ↔ Cl2l

Cl2l + 2H2O → HOCl + H3O
+ + Cl-

Depending on the pH, hypochlorous acid can 

dissociate, forming the hypochlorite ion: 

HOCl + H2O ↔ OCl- + H3O
+

Keq=2.9 10-8 M (25 °C)

HOCl OCl-



Disinfection: hypochlorites

Ca(OCl)2
NaOCl

Sodium hypochlorite Calcium hypochlorite

Problems related to the transport, storage and dosage of chlorine gas can be overcome by using sodium or 

calcium hypochlorites

-It is purchased in aqueous solutions with a 

concentration of available chlorine varying between 12 

and 15%

-A 16.7% solution stored at 26.7 °C will lose 10% of 

the available chlorine in 10 days (20% in 25 days)

-It is purchased in an aqueous solution with available 

chlorine concentration of up to 70%

- It is also purchased in powder, granules or tablets

-Due to its tendency to crystallize, calcium hypochlorite 

can lead to occlusion ... it is not good in a purifier or in 

a WWTP!

NaOCl is generally preferred!



NaOCl + H2O → HOCl + NaOH

1.5% NaOCl5% NaOCl

Ca(OCl)2 + 2H2O → 2HOCl + Ca(OH)2

They act in this way:

Disinfection: hypochlorites

Blanqueador



Disinfection: Chlorination tanks

Sulphite (Na2SO3) is typically used to remove excess residual chlorine

Addition of chlorine-based
disinfectant

residual
chlorine sensor

Addition of
Na2SO3

chlorination-dechlorination
control device

Final residual
chlorine sensor



Chlorination disadvantage

The use of chlorine gas or hypochlorites leads to the formation of "organo-chlorinated" compounds

Trialomethanes: chloroform, dichloromethane …

Alloacetic acids: mono-/di-/tri-chloroacetic acid

Chlorophenols: 2-chlorophenol, 2,4- dichlorophenol…

3-chloro-4(dichlorometyl)-5-hydroxy-2(5H)-furanone

…..Or Mutagen X (MX)
they are all dangerous 

to human health



Disinfection: peracetic acid

CH3COOH + H2O2 ↔ CH3CO3H + H2O
Acetic acid

hydrogen
peroxide

Peracetic acid

It is widely used in hospitals as a bactericide and fungicide, but has recently been suggested as a disinfectant 

in water purification because it does not lead to the formation of any toxic by-products.



Disinfection: Ozone (O3)

2O3

-

+

3O2 +

It is a very reactive compound, therefore it cannot be stored

It must be produced in situ



As always, we try to copy what happens in nature ...

Disinfection: Ozone (O3)



Disinfection: Ozone (O3)



Ozone is a very powerful oxidant. For example, it is able to react with the molecules that make up the cell walls of 
microorganisms (algae, bacteria, viruses, fungi, spores... It has no mercy!

Disinfection: Ozone (O3)



What if we used dry air instead of pure oxygen?

1) If we use pure oxygen, we find an ozone concentration equal to 3-10%, while with air (79% is N2) the gaseous 
mixture would only have 1-3% ozone

2) Part of the nitrogen present in the air could be oxidized to form nitrogen monoxide: N2 + O2 → 2NO
Nitrogen monoxide can react (by consuming it) with ozone and form nitrogen dioxide: NO + O3 → NO2 + O2

In addition to wasting ozone, we also produce the infamous NOx

NO2 + O2 + H2O → 4HNO3 Now we know why dry air should be used! ;)

Disinfection: Ozone (O3)



Disinfection: UVC radiation (UV254 nm)



UVC radiation can be produced with low pressure Hg vapor lamps equipped with a quartz sleeve.

Since quartz is expensive, why don't we use glass sleeves?

SiO2 based materilas Plastic materials

PCTFE: Teflon

Disinfection: UVC radiation (UV254 nm)





Ci=20-80 L/(min·lamp) 



During disinfection with UVC raradiation we not only break down the microbial load: we can also 

oxidize (and remove) some compounds. This phenomenon proceeds in two steps: 1) the compound 

absorbs UVC radiation and excites; 2) the excited molecule photolizes. This process is called direct 

photolysis.

S + hv →S*

S* → by-products

WARNING: by-products are not 

necessarily less harmful than S ...

Disinfection: UVC radiation (UV254 nm)



Absorbance: Lambert & Beer law

How do we explain this phenomenon?



1760 - According to Lambert, the absorption of a light radiation I0 by a solution depends on its 

"average optical path", i.e. on its thickness l.

l l’>>l

I0 Iout
Iout=0

I0

1852 - According to Beer, the absorption of a light radiation I0 by a solution depends on the 

concentration of compounds C able to absorb it.

Iout

l

I0

l

I0
Iout=0

[C] [C]’>>[C]

Absorbance: Lambert & Beer law



A = log(I0) – log(I)

Absorbance (dimensionless)

𝐀 = 𝐥𝐨𝐠
𝐈𝟎
𝐈

If in the solution there is a compound S, at concentration [S], and which absorbs radiation 

characterized by a wavelength λ, the absorbance will be:

l: medium optical path

Lambert & Beer law: 𝐀 = 𝛆𝐒
λ ∙ 𝒍 ∙ [𝐒]

𝐈𝟎

𝐈
= 𝑒𝟐,𝟑∙𝛆𝐒

λ∙𝒍∙[𝐒]

Absorbance: Lambert & Beer law



Lambert & Beer law: 𝐀 = 𝛆𝐒
λ ∙ 𝒍 ∙ [𝐒]

𝐀 = 𝐥𝐨𝐠
𝐈𝟎
𝐈

𝐈 =𝐈𝟎 ‧e−2,3∙𝛆𝐒
λ∙𝐥∙[𝐒]

Ia = I0 - I = radiation absorbed by the solution

𝐼𝑎 = 𝐼0 ∙ 1 − e
−2,3∙𝛆𝐒

λ∙𝐥∙[𝐒]

𝐈𝟎

𝐈
= 10𝛆𝐒

λ∙𝒍∙[𝐒]

𝐈𝟎

𝐈
= 𝑒2,3∙𝛆𝐒

λ∙𝒍∙[𝐒]



𝛆𝐒
λ: molar extinction coefficient

𝐿

𝑚𝑜𝑙𝑖 ∙ 𝑐𝑚

it is a constant that depends on the substance and the wavelength. It represents the ability 

of a compound to absorb radiation having a given wavelength λ.

It is measured with a 

spectrophotometer



Absorption spectra of Methotrexate (MTX)

For the same average optical path (l = 1 cm), 

we vary the concentration of MTX:

[MTX] = 2,8‧10-6 M

[MTX] = 1,1‧10-6 M

[MTX] = 0,3‧10-6 M

Wavelength, λ (nm)
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λ = 254 nm
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λ=254nm

Wavelength, λ (nm)



𝐄𝐯𝐚𝐥𝐮𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝛆𝑴𝑻𝑿
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𝐀 = 𝛆[𝐌𝐓𝐗]
254 ∙ 𝒍 ∙ [𝐌𝐓𝐗]

1.0 cm

𝟏𝟓, 𝟐𝟒𝟗
𝟏

𝒎𝑴 ∙ 𝒄𝒎



What happens if a compound S absorbs radiation?

S + hv →S*

S* → S + heat

S*+P →S+P*

S* → by-products

«direct photolysis»

The first thing he does is 'get excited'



Direct photolysis

To photolize a substance under the effect of radiation with a wavelength λ, it is necessary it absorbs the 

radiation. Therefore, the following condition must occur:

𝛆𝐒
λ ≠ 0

If this condition has occurred, then it is possible that S photolises, at a rate equal to:

𝑑 𝑆

𝑑𝑡
= −

𝐼𝑎
λ

𝑉
∙ Φ𝑆

λ

𝐼𝑎
λ: represents the absorbed radiation and is expressed in (Ein are Einstein)

𝑉: represents the solution volume(L)

Φ𝑆
λ: represents the ‘quantum yield’ and it is expressed in molS/Ein

To understand this, it is better to define this new unit of measurement: the Einstein



An Einstein represents the energy associated with a mole 

of photons

According to Einstein's equation, a photon carries an energy equal to: h‧v‧c

h: Plank constant. 6,6‧10-34 J∙s

v: frequency (1/m). (is the inverse of λ: v=1/ λ)  

c: light speed. 3‧105 Km/s

By representing Avogadro's number (6.02‧1023) with NA, we can express an Ein as:

𝟏𝐄𝐢𝐧 =
𝐍𝐀 ∙ 𝐡 ∙ 𝐜

𝛌
(𝐉)

Note: radiation with a lower wavelength is characterized by greater energy!



Returning to direct photolysis…

𝑑 𝑆

𝑑𝑡
= −

𝐼𝑎
λ

𝑉
∙ Φ𝑆

λ

𝑰𝒂 = 𝑰𝟎 ∙ 𝟏 − 𝒆
−𝟐,𝟑∙𝛆𝐒

λ∙𝐥∙[𝐒]

𝒅 𝑺

𝒅𝒕
= −

𝜱𝑺
𝝀

𝑽
∙ 𝑰𝟎 ∙ 𝟏 − 𝒆

−𝟐,𝟑∙𝛆𝐒
λ∙𝐥∙[𝐒]

𝛆𝐒
λ ≠ 0

To observe the photolysis of S under a radiation λ, these two conditions must occur:

𝜱𝑺
𝝀 ≠ 𝟎



Meaning of the quantum yield 𝜱𝑺
𝝀

𝜱𝑺
𝝀 has units of measurement equal to mol/Ein.

It makes us understand how many moles of S photolize for each Eistein of radiation at 

the wavelength λ absorbed by S

Example 1: in solution there are other compounds;

Example 2: effect of by-products;



Example: Direct photolysis of Naproxen

Naproxen (NP)

NP1

NP + hv → NP1

εNP
254 = 4,18 ∙ 103 M−1cm−1

𝛷NP
254 = 1,29 ∙ 10−2 moli ∙ E−1



BISOGNA TROVARE UNA SOLUZIONE!

Esempio: Fotolisi diretta del Naproxene



Simplified photolysis rate

𝒅 𝑺

𝒅𝒕
= −

𝜱𝑺
𝝀

𝑽
∙ 𝑰𝟎 ∙ 𝟏 − 𝒆

−𝟐,𝟑∙𝛆𝐒
λ∙𝐥∙[𝐒]

If 𝟐, 𝟑 ∙ 𝛆𝐒
λ ∙ 𝐥 ∙ [𝐒] is close to zero (this case occurs when the solutions are very diluted), 

the photolysis rate of S can be expressed as:

𝒅 𝑺

𝒅𝒕
= −

𝜱𝑺
𝝀

𝑽
∙ 𝑰𝟎 ∙ 𝟐, 𝟑 ∙ 𝛆𝐒

λ ∙ 𝐥 ∙ [𝐒]

It is a constant

𝒅 𝑺

𝒅𝒕
= −𝐤𝐒

λ ∙ [𝐒]

It is a pseudo-first order kinetic: the photolysis rate of S is a function of only k and [S]



Kinetics of reactions

A → P

Let us consider a generic reaction

The speed with which A is consumed is given by:

𝐝 𝐀

𝐝𝐭
= −𝐤 ∙ [𝐀]𝐧

n: order of the reaction (in the case of a direct photolysis reaction in dilute solutions we 
have seen that the reaction is pseudo-first order)

k: kinetic constant ... depends temperature.



kinetic constant expression according to Arrhenius

𝑘 = 𝑘0 ∙ 𝑒
(−

𝐸𝑎
𝑅∙𝑇

)

k0: pre-exponential constant. It is a parameter depending 

on the reaction type: it represents the the maximum value 

of the kinetic constant

Ea: Activation energy. It is a parameter depending on the 

reaction type.

R: universal gas constant.

T: temperature



𝐝 𝐀

𝐝𝐭
= −𝒌𝟎 ∙ 𝒆

(−
𝑬𝒂
𝑹∙𝑻) ∙ [𝐀]𝐧

Reaction kinetics

The reaction rate depends on 3 kinetic parameters: k0, T and n

Let's make a hypothesis that simplifies the problem: T=cost.

Consequently, 
𝑬𝒂

𝑹∙𝑻
= cost

𝐝 𝐀

𝐝𝐭
= −𝐤 ∙ [𝐀]𝐧

The reaction rate depends on 2 kinetic parameters: k and n.

𝐤 = −𝐤𝟎 ∙ 𝐞
(−

𝐄𝐚

𝐑∙𝐓
)



Zero order kinetics

𝐝 𝐀

𝐝𝐭
= −𝐤 ∙ 𝐀 𝟎 = −𝐤

d 𝐀 = −𝐤𝐝𝐭

A → P

after integrating the equation, 

we obtain:

𝐀 = −𝐤𝐭 + 𝐜𝐨𝐬𝐭

At t=0, [A]=[A]0

𝐀 = −𝐤𝐭 + [A]0

𝐀

t

-k
[A]0

In this case k has a unit of measurement equal to M / t (if the concentration of A is expressed in M)

[A]0/2

t1/2

????

How does P vary over time?

𝐝 𝐏

𝐝𝐭
= −

𝐝 𝐀

𝐝𝐭
= +𝐤



𝐝 𝐀

𝐝𝐭
= −𝐤 ∙ 𝐀 𝟏

A → P

ln 𝐀 = −𝐤𝐭 + 𝐜𝐨𝐬𝐭

At t=0, [A]=[A]0

𝐝 𝐀

[𝐀]
= −𝐤𝐝𝐭

ln 𝐀 = −𝐤𝐭 + ln 𝐀 𝟎

𝐥𝐧
𝐀

𝐀 𝟎
= −𝐤𝐭 that is 𝑨 = 𝑨 𝟎 ∙ 𝒆

−𝒌𝒕

𝐀

t

[A]0

[A]0/2

t1/2

What is the half-life?

What unit of measure does k have?

How does P vary over time?

First order kinetics



Second order kinetics

𝐝 𝐀

𝐝𝐭
= −𝐤 ∙ 𝐀 𝟐

A → P

At t=0, [A]=[A]0

𝐝 𝐀

𝐀 𝟐
= −𝐤𝐝𝐭

1/ 𝐀

t

1/[A]0

t1/2

−
𝟏

𝐀
= −𝐤𝐭 + 𝐜𝐨𝐬𝐭

−
𝟏

𝐀
= −𝐤𝐭 −

𝟏

𝐀 𝟎

𝟏

𝐀
= 𝐤𝐭 +

𝟏

𝐀 𝟎

k

2/[A]0

What is the half-life?

What unit of measure does k have?

How does P vary over time?



𝐝 𝐀

𝐝𝐭
= −𝐤 ∙ 𝐀 𝐧

A → P

𝐝 𝐀

𝐀 𝐧
= −𝐤𝐝𝐭

𝐀 𝟏−𝐧

𝟏 − 𝐧
= −𝐤𝐭 + 𝐜𝐨𝐬𝐭

How do you understand the order of a reaction?? We do many experimental tests and we see which pair of k and n 

give the theoretical trends that best intercept the experimental points.

n-order kinetics



𝐀 + 𝐁
𝐤

C

𝐝 𝐀

𝐝𝐭
= −𝐤 ∙ 𝐀 𝛂 ∙ 𝐁 𝛃

𝐝 𝐁

𝐝𝐭
= −𝐤 ∙ 𝐀 𝛂 ∙ 𝐁 𝛃

𝐝 𝐂

𝐝𝐭
= +𝐤 ∙ 𝐀 𝛂 ∙ 𝐁 𝛃

The exponents (α and β), which can be fractional, are called partial orders of reaction and their sum is the 

overall order of reaction.

In a dilute solution, an elementary reaction (one having a single step with a single transition state) is empirically found to 

obey the law of mass action. This predicts that the rate depends only on the concentrations of the reactants, raised to the 

powers of their stoichiometric coefficients

𝐝 𝐂

𝐝𝐭
= +𝐤 ∙ 𝐀 ∙ 𝐁

n-order kinetics

α =1
β =1
α + β = 2

𝐀 + 𝐁
𝐤

C

We have a second order kinetics


