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WATER: STATE OF THE ART
Water distribution on Earth:
97,5% salt water
2,5% freshwater
Consumption (l/jour/habitant) :
150 in the world
200 in Europe
600 in the United States and Russia
Drinking water available: only 1% of the 2,5% or 0,0001% of Earth's water!
(water rivers and underground sources available)
800 million people without access to safe drinking water
2.5 billion without basic sanitation
Dirty water => 3.6 million people each year (7 deaths every minute ...)
=> First cause of mortality

Definition and the origins of pollution
Water pollution: alteration that makes it unsafe and / or disrupts aquatic life.
The origins of pollution are mainly due to human activities: domestic, urban, industrial
and agriculture.
The main manifestation of water pollution are chemical and biological nature.
• Chemical water pollution : chronic, accidental and widespread.

Example : Overuse of plant protection products (pesticide) in the agriculture
Chlorinated
Hydrocarbons
(2 to 5 years)

Urea
(2 to 18 months)

Carbamate;
Esters of
Phosphoric acid
(2 to 12 weeks)

Heavy metals (lead, mercury, etc): no degradable by biological and/or chemical pathway
• Biological pollution : pathogenic micro-organism such as bacteria, virus and
protozoa
Source : by incorrectly sewage treatment or by outflow from breeding farm
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Case of recalcitrant pollution
Problem : There are recalcitrant pollutants that they cannot be eliminated by WWTP
They are called “Emerging pollutants or Emerging Contaminants”
Toxic pollutant => Biological processes

Toxic pollutants and / or non-biodegradable: high chemical stability
=> Hardly mineralizable

These pollutants have a negative impact on the natural environment.

• Pesticides: insecticides, herbicides, fungicides, etc. ...
• Aromatic compounds
• Polychlorinated Biphenyls (PCB)
• Pharmaceutical and Personal Care Products (PPCPs)
• Endocrine disruptors
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Introduction
• Recalcitrant pollutants => alternative techniques and / or complementary techniques
conventional purification
• The first research was in the 1970s
• Development and increasing of these processes

(Source:http://www.scopus.com,2009,search terms “photocatalysis” and “solar” within these results)

AOPs = Processes based on the generation of radical species at ambient
temperature an pressure
Radical = chemical specie with an odd number of electron

Application of Advance Oxidation Processes
1. Removal of pollutants from surface water and groundwater
2. Treatment of volatile organic chemicals (VOCs)
3. Discoloration of water
4. Degradation and mineralization of pesticides
5. Water disinfection
6. Treatment of swimming pool water
7. Treatment of industrial wastewater

Hydrogen peroxide / Ultraviolet (H2O2/UV)
H2O2 + hν → 2 °OH
Process highly dependent on pH, environmental characteristics (transmittance UV)

Ozone / Ultraviolet (O3/UV)
The ozone solution absorbs UV radiation with an absorption maximum at 253.7 nm.
This reaction enables the production of free radicals that will remove pollutants
organic and bacterial.

Peroxone : O3 / H2O2
It's more effective than ozonation because it can produce more hydroxyl radical (°OH)

Fenton : H2O2/Fe2+
Process widely studied in laboratory scale. Use since the late 19th century
Using two reactive hydrogen peroxide (hydrogen peroxide) and ferrous ions Fe2 +

Fe2+ + H2O2 → Fe3+ + OH- + °OH

Advantages:
Non-toxic reagents and inexpensive
Process efficiency in multiple
applications

Disadvantages:
Sludge formation
Strict control of the pH during the
operation (between 2 and 4)

Photo-Fenton (Fe2+/H2O2/UV)
Hybrid system that uses a radiation source, generally a UV light, to increase the rate
of free radical promoting the reduction of Fe3+ to Fe2+. Irradiation makes it easier to
regenerate Fe2+ without consuming hydrogen peroxide (advantage over conventional
Fenton process).
Clearly, Photo-Fenton process can increase the production of free radicals.

Fe3+ + H2O2 + hν → Fe2+ + H+ + °OH

Advantages:
To operate in the solar spectrum up to 600 nm
Penetration of the radiation in the solution to
be treated
A good contact between catalyst and pollutant

Disadvantages:
Need to work at low ph ( about 4)
Processing to recovery of iron
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Photocatalysis: accelerating the velocity of a light-induced reaction in the
presence of a catalyst. A method based on the activation of a semiconductor
(usually titanium dioxide) with enough energy radiation.
The earliest work of titanium photocatalysis was reported in 1921 by Renz: where it was
found that titania turned from white to a dark colour under sunlight illumination in the
presence of organic compounds such as glycerol.
Early 1970s was demonstrated that titanium dioxide can to purify water when subjected
to UV irradiation.
Technical extensively studied> 1000 publications per year!
Technique applicable both for the treatment of air than water.

Main characteristics:
- Room temperature and atmospheric pressure
- Degradation of substances into CO2 and inorganic compounds may be total
- Oxygen from the atmosphere is sufficient
- Catalyst non toxic, inexpensive
- Catalyst variable (deposition on different types of matrix)
- Catalyst can be excited by the solar resource

Photocatalytic process:
1. Transfer of the reactants in the fluid phase to the surface
2. Adsorption of the reactants
3. Reaction in the adsorbed phase
4. Desorption of the reaction products
5. Transfer of products from the interface region

Photo-excitation

UV

OH°
OH°

TiO2

Mass
Transfer

Action
radicalize

Traditional catalysis: thermal activation => photon activation.
Step most complex:
1. UV absorption of photons by the catalyst
2. Creation of electron-hole pairs
3. Multiple reactions leading to the initial transformation of pollutants
=> This process involves the physical semiconductors

Semiconductor: material which has electrical conductivity between conductor and
an insulator. Conductivity of a semiconductor increases with increasing temperature.

What are the factors influencing the heterogeneous photocatalysis?
- Catalyst support
- Wavelength
- Initial concentration of pollutants
-Dissolved Oxygen
- Temperature
- Photon Flux
-pH of the solution

Initial concentration of pollutants :
Low concentrations: speed pseudo first order
⇒ Speed is proportional to the concentration of the pollutant.
Highest concentrations are speed reached a plateau (zero order).
⇒ Catalyst saturated
In photocatalysis, the kinetics generally follow the Langmuir-Hinshelwood model
that characterizes the reaction rate r :

r=k

K .C
1 + K .C

k : rate constant
K : adsorption equilibrium constant
C : concentration of pollutant
Dilute solutions => KC << 1 then r = KKC (first order)
High concentrations => KC >> 1 then r = k (order 0)

Photon Flux incident :
Degradation rate of the compound is proportional to the incident flux.
This is explained by an increase in the number of recombination,
this phenomenon is becoming dominant over the transfer.
High-intensity, the speed becomes independent of photon flux and depends only on
the mass transfer.

Photon flux : artificial origin (UV lamps ) or natural (solar resource)

Dissolved Oxygen (DO)
DO : useful for trapping of electrons formed in the conduction band
⇒ Degradation rate is more significant than the amount of dissolved oxygen is sizeable.
Adsorption of the oxygen does not compete with the absorption of the organic pollutants
Usually agitation of the vessel containing the pollutants is sufficient to transfer
oxygen in the air to the liquid phase.
Temperature
20°C < T > 80°C => photocatalytic activity unaffected
Increase T°=> accelerated chemical reaction but decrease the adsorption phenomenon
=> no impact on the process.
80°C < T > 0°C (or less) => decreased activity.
Significant Temperature => Decrease the amount of oxygen dissolved in water
=> Recombination of charges in the semiconductor.
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Semiconductors
Attributes of an ideal photocatalyst:
•Stability and Efficient photocatalytic activity
•Good overlapping of absorption cross-section with solar spectrum
•High conversion efficiency and quantum yield
•Compatibility with a variety of substrates and reaction environments
•Low cost

Semiconductors
The efficiency of a photocatalytic process is mainly based on the selection and
structural of catalyst. It determines the performance of the reactor.
Characteristics:
- Photoactive

- Use of a radiation whose wavelength belongs to the field of UV
- Chemically inert
- Non toxix

Tested many semiconductor: ZnO, SnO2, CdS, ZnS, ZrO2, TiO2, …
Best performance obtained with titanium dioxide (TiO2)
Titanium: 4th metal most present on earth. Produced commercially since the early
20th century.
Different allotropic forms (crystalline): anatase, rutile and brookite
Anatase : Band gap of 3,23 eV =>

hc 6.63 ×10 −34 × 3 ×108
λ=
=
≈ 384nm
Eex
3.23 ×1.6 ×10 −19

Catalyst of TiO2 powder
TiO2 : nanometres white powder used to suspended in the solution to be treated
Need to find the optimum concentration of TiO2
Degussa P-25 : reference in the scientific community.
Made up of 2 crystalline forms: anatase (70%) and rutile (30%)

Aeroperl P-25/20 : Micro granulate with an average particle size of 20 µm
⇒Easy separation from liquids and gases

Millennium PC-500 : single crystalline form (anatase> 99%), particle size: 5 to 10 nm.

High efficiency

Catalyst separation

Optimal concentration of TiO2
Optical characteristic
Transmittance (T) ≠ concentrations of TiO2: T=Is/Ii
Transmitter : Ii
Integrating sphere

Tan
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T
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=> Optimal concentration of TiO2 (gr/L)

Absorptive capacity depends on two parameters:
- Optical path : l
- Concentration of TiO2 : C
The absorbance A is defined by the Beer-Lambert law:

A = − log T = − log

Is
= ε .l.C
Ii

ε : molar concentration

Transmittance (Is/Ii)
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Photocatalyst Support
From the practical point of view, the ideal support for
photocatalysis must satisfy several criteria as follows:
(1) STRONG BONDS BETWEEN CATALYST AND SUPPORT;
(2) NO-REDUCTION OF THE CATALYST REACTIVITY BY THE BINDING
PROCESS;
(3) HIGH SPECIFIC SURFACE AREA;
(4) STRONG ADSORPTION AFFINITY TOWARDS THE POLLUTANTS.

Photocatalyst Support
The extensively used supports include, optical fibre, fibreglass,
quartz, borosilicate glass, activated carbon, silica gel and polymeric
materials.
Many other uncommon materials have also been explored. These
include pumice stone, cellulose, stainless steel, alumina clays, quartz
sand, zeolites, graphene, and others.
The overall performance of the TiO2 coating can be affected by various
factors depending on the coating methods.

Photocatalyst Support
Several supports and immobilisation techniques are commonly
used for the removal of contaminants in wastewater.

Generally, the immobilisation of a photocatalyst onto supporting
material has largely been performed via one of two major
ways:

1)

Physical (the thermal treatment method)

2)

Chemical (the sol–gel method, chemical vapour
deposition, electrodeposition, etc.)

Photocatalyst Support

There are advantages and disadvantages for every immobilisation
technique. The preparation procedure and type of substrates
used greatly influence the photocatalytic activity of TiO2.

An appropriate deposition method should be wisely selected
based on the type of support used, the type of pollutants that are
to be degraded and consideration of the photoreactor design.

Supported TiO2
Supported catalyst : development by Ahlstrom firm -> Ahlstrom Grad 1048
Objective : to overcome the separation step downstream process

TiO2 : Millennium PC-500
Composition : fibres cellulose (38 g/m²), TiO2 (20 g/m²), SiO2 (13,3 g/m²), zeolites (3,4 g/m²)

Recovery rate of TiO2 = 20% (Correia, 2011)

Catalyst supported

Catalyst in suspension

No filtration after treatment

High efficiency

Support 2D => Low exchange surface

Filtration

Objective : develop more efficient alternative catalyst materials
⇒New supported
⇒Spectral broadening by doping

Unconventional materials
 To choice a suitable support for photocatalysis processes
 Impart photosensitive propriety of the support
 Adapt and optimize deposition method by sol-gel
 Optimize the deposition and film properties

 To choose an optimal form of the support
 Determine the optical configuration: total absorption of photons
 Choice of the optimal configuration

 Measure the kinetics of degradation of a pollutant
 Detail experimentally the kinetic aspect
 Appreciate and compare the performance of catalyst supports

Photocatalyst Support

Foams : metallic reticulated
Structural properties: offer various levels of porosity
related to various density and sizes of mesh or cavities at
the scales of the millimetres that make it up.
Problem is the cost

Swarf: recycled aluminium swarf machining waste
developed in PROMES
Determining the optimum amount to be put into reactor to
absorb the maximum amount of luminous flux

Photocatalyst Support
Coating by sol – gel methods
The sol-gel has a special interest in the synthesis of catalysts of good quality. It
consists of synthesizing an inorganic network amorphous by a chemical reaction in
solution at low temperature.
Application of sol-gel silica: provides the mechanical link between the TiO2 and
support
Mixing the sol-gel silica and Degussa P25
Optimization of the concentration of Degussa P25 in the sol-gel silica

 Develop photosensitive supports

Experimental

Pyrimethanil

(fungicide)

CPC
L
A
M
P
E

Storage tank :
- Pyrimethanil
- Volume : 1 litre
- Concentration : 15 mg/l

U
V

Pompe

 Determine the degradation rates for all catalysts and compare the
performance

Comparison of Catalysts
Concentration (C/C0)

1

Photolysis▲

0,8

Grade 1048 Ahlstrom ■

0,6

Foams ●

0,4

P-25

0,2

♦

Chip ♦

0
0

300

Temps (min)

ln(c / c 0) = −kt

=> Pseudo-first order kinetics
Material

K(min-1)

∆

Photolysis

0,0001

0,006

Ahlstrom

0,0009

0,06

Swarf

0,0027

0,17

Foams

0,0109

0,70

P-25

0,0155

1

Swarf: promising support

Unconventional materials

Pilkington Activ™ Self
Cleaning Glass Blue

is an attractive blue glass that combines
dual-action, self-cleaning properties with
solar control performance for a cooler
internal environment.
Mepanypirim

Diazepam

Unconventional materials (2)
Black Hydrogenated Titanium Dioxide Nanocrystals
Decomposition of phenol

Comparison of solar-driven photocatalytic activity of the black TiO2 nanocrystals
against that of the white TiO2 nanocrystals for phenol decomposition

Supported TiO2
Strong photo-catalytic fiber

Heat - treatment

silica-based fiber covered with gradient titania

Any bacteria (common bacterium, legionera pneumophila, colon
bacillus, heterotrophic bacteria, and so forth) and organic chemicals
(dioxin, PCB, and so forth) were effectively decomposed into CO2 and
H2O

Unconventional materials (2)

Improve the intrinsic properties of the catalyst => Doping
Objective of the work of moving the spectrum of light absorption by the TiO2 to the
visible and optimize its photocatalytic properties.

Methods:
- Noble metal loading
- Ion Doping
- Photosensitization whit dyes

Metal ion doping
Anion doping

Unconventional materials (2)
Noble metal loading
Noble metals, including Pt, Au, Pd, Rh, Ni, Cu and Ag, have been reported to
be very effective for enhancement of TiO2 photocatalysis but this method is
limited to laboratory work because these metals are expensive

Metal doping ion
Aims: to facilitate electron-hole separation and promote interfacial electron
transfer, reduce energy Eg and modify the surface properties of the
photocatalyst.
For titanium dioxide doped with transition metals, a large displacement of
the range to the visible energy Eg was observed in the order V> Cr> Mn> Fe>
Ni.

Unconventional materials (2)
Anion doping
Materials obtained either with high temperature techniques (eg sputtering) or
methods based on liquid formation and reaction solutions nanocolloidal TiO2 in the
presence of reagents.
Doped carbon materials have proven effective in the visible and the product is
marketed (KRONOS vlp 7001 ®). Products doped with nitrogen or sulfur also appear
very promising. The origin of their effectiveness is the subject of numerous studies,
and the study of their stability.

Photosensitization whit dyes
Photosensitization whit dyes to jump low energy (absorption beyond 400 nm) is
generally made by the sol-gel methods.
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