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Advanced Oxidation Processes - Classification
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Oxid =

ation potential of ROS

Oxidant Oxidation Potential (V)

Fluorine [F2] 3.0
Hydroxyl radical [HO']
Sulfate radical [SOs "]

Ozone [O3]
Persulfate [S20s?"]
Peroxymonosulfate [HSOs]

dydrogen peroxide [H20) :
Permanganate [MnOx] 1.7
Chlorine dioxide [ClO2] 1.5
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Phot'o/catalysis - The roadmap

activation
O, /Modification
Immobilisation of Tio,New photocatalysts

1969 on supports
1956 Cyanide decomposition
by TiO,

o
i Photolysis of
Autooxidation el
: by TiO,
Photobleaching of Y TIO;

dyes by TiO,

Japanese Journal of Applied Physics, 44, (12), 8269 - 8285




Basic principles — semiconductor photocatalys,lg
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on and band positions of some‘
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Can be UV, UV-Visible, Visible, IR or natural

Hg/Ar Lamps

Deuterium Lamps * Xe/Hg Lamps

W-filament

Solar Simulators
LEDs

Natural solar light

 Xe Lamps

 Florescence

UV-lamps (High energy)
Expensive

UV handling — health hazard

Visible lamps (Low energy)

Cheaper/renewable



World energy consumption

Only available
during daytime

23.3TW 17.9TW
Year2040 Year2018
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Suitable

Charge

Suitable

Stability

band potential alignment

separation & transport

optical properties

against light
illumination

Motivation for
modification or
tuning of
semiconductor
photocatalysts



Metal Deposition Heterogeneous
Composites
Pt Pd, Au, Aqg... CdS, WO,, Sn0,,
5i0., AlLO,...
Hybrids with Modification of Dye Anchoring
EHNT':':TE"E’ als | gemiconductor Ru-complex,
ullerenes, Porphyrin
Graphenes, Poms, | Photocatalysts ﬂrngii d:;
Zeolites
Fluoride, Phosphate, Metal-ion
Organic molecules, Nonmetal-ion
Surfactants, Polymers co-doping
surface Adsorbates Doping

Journal of Photochemistry and Photobiology C: Photochemistry Reviews 15 (2013) 1- 20
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Metal deposition, doping and co-doping 4

Slowing down e-/h+ recombination rate through addition of non metal and
metal dopants (Fe, Cu, Pd, Os, Ir etc)

N,Pd TiO, (0.2% Pd)
N,Pd TiO, (0.4% Pd)

N.Pd TiO, (0.6% Pd)
N,Pd TiO, (0.8% Pd)
N.Pd TiO, (1.0% Pd)

| N,Pd TiO, (0.0% Pd)
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. Phys. Chem. C 2011, 115, 45, 22110-22120
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co-doped TiO.for dye degradation\d

—
] pgll=r" W i

Power supply Lamp Housing Sample on a magnetic sirrer

Solar simulator Photoreactor UV-Vis analysis

!

TOC measurements
HPLC/LC-MS studies

Recyclability tests

sample indirect band gap (eV)
commercial TiO, (Degussa P25) 2.95
N/Pd-codoped TiO, (0.0% Pd) 2.16
—=—Comm. TiO, N /Pd-codoped TiO, (0.4% Pd) 1.87
—e— N, Pd TiO, (0.0% Pd) .
—— N, PATIO, (04% Pd) N /Pd-codoped TiO, (0.6% Pd) 1.85
——N, Pd TiO, (0.6% Pd) N/Pd-codoped TiO, (0.8% Pd) 1.99
—e—N, Pd TiO, (0.8% Pd) -
—e—N, P TIO, (1.0% Pd) N/Pd-codoped TiO, (1.0% Pd) 2.06
sample % degradation after 180 minutes
commercial TiO, (Degussa P25) 18.2
N/Pd-codoped TiO, (0.0% Pd) 44.0
N/Pd-codoped TiO, (0.4% Pd) 95.7
0 20 4 e 8 10 0 10 160 180 N/Pd-codoped TiO, (0.6% Pd) 100.0
Irradiation Time (Mins) N/Pd-codoped TiO, (0.8% Pd) 92.5
N/Pd-codoped TiO, (1.0% Pd) 65.8

J. Phys. Chem. C 2011, 115, 45, 22110-22120



Comparative study of N,M co-doped TiO,

Sample Particle size (nm)  Anatase phase (%) N Pnglgg
Commercial TiO, (P25) 26.7 79.2
N, Pd codoped TiO, 15.8 97.3 4
N, Fe codoped TiO, 26.2 85.8 :
N, Os codoped TiO, 14.0 879
N, Cu codoped TiO, 249 721
N,OS FiO;
Sample Optical band gap (eV) 2.
Comm. TiO, (P25) 3.1 .
N TiO, 27
N, Pd TiO, 21
N, Fe TiO, 2.6
N, Os TiO, 2.0 N
N, Cu TiO, 2.8
0.8 4
175 y
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Composites with carbon materials

Nanodiamond Fullerene Fullerene
C60 C540

Can be made from cheap waste
materials

Consist of sp3 and sp? hybridised
carbon network

Remarkable mechanical,
electrical, biological, optical and
thermal properties

Used as adsorbents, templates,
actuators, composite
reinforcements, catalyst
supports, filters or chemical
sensors

2024/04/25

Carbon
Onion

R, —

SWNT

MWNT Graphene
/ Activated carbon

Visible -
Ii3d.7 light _ a3

H,0 OH® — EY— Degradation products
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N,Pd co-doped TiO, (0.5% Pd)

0.5% MWCNT/N,Pd co-doped TiO,

209 —N, Pd TiO, (0.5% Pd)
—— 0.5% MWCNTSIN, Pd TiO,
—— 1.0% MWCNTSIN, Pd TiO,
—— 5.0% MWCNTS/N, Pd TiO,
154 ——10.0% MWCNTS/N, Pd TiO,
N
L
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0.6 -
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024
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—&—N, Pd TiO, (0.5% Pd) ‘\
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—¥—1.0% MWCNTN, Pd TiO,

—8—2.0% MWCNTN, Pd TiO,
«—5.0% MWCNTaN, Pd TiO,

= 10.0% MWCNTaN, Pd TiO,

T T
0 15 30 45 60 75 90 105 120
Irradiation Time (Minutes)

(a) Simulated solar light irradiation

T T T T T T ! RRE T T T
0 15 30 45 60 75 90 105 120 135 150 165
Irradiation Time (Minutes)

(b) Visible light irradiation(A > 450 nm)

Degradation after 120

Sample min (%)
N, Pd co-doped TiO, (0.5% Pd) 99.30
0.5% MWCNT/N, Pd co-doped TiO, 99.55
1.0% MWCNT/N, Pd co-doped TiO, 95.21
2.0% MWCNT/N, Pd co-doped TiO, 83.18
5.0 % MWCNT/N, Pd co-doped TiO, 68.36
10.0 % MWCNT/N, Pd co-doped TiO, 43.84
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Photoanode

=
<
T
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apos23|2 J3juUNo0)

Products
Qco2 +H,0)
Pollutants

n-type semiconductor

Catalysts 2020, 10(4), 439

Photocathode

p-type semiconductor

-
/hv
.

Wastewater

hv RED)
v
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. . . \—— =
Z-scheme photocatalysts _mimicking photosynthesis

Photosynthesis Z-scheme

oxygen

carbon _/(

dioxide
carbohydrates

H,O — Oxidation

CO, - Reduction

20



9

Heterojunction (photo)electrocatalysts

Z-scheme with Z-scheme via solid- Step-scheme
Z-scheme model solid mediator state charge transfer Yu et al.
Bard et al. Tada et al. Sasaki et al.

Z-scheme with Direct Z-scheme Z-scheme

redox couple Wang et al. photocatalyst sheets
Abe et al. Wang et al.
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Band position determination and alignment

A A A
20 I . €0,/COy ( «— Reduction
= Cu,O - e
-CyN, —
-1.0 |- Tio, Cds =y — €0,/CO '
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200 e ev -—
2 VB = " Oxidation
- oo VB — —_
30y vB VB VB -
- —— [pH 7.0
VB
Semiconductors
ECB =X-E¢- 0_5Eg X  ——> Electronegativity

Ecg —> Conduction band potential
Eys —> Valence band potential
EVB = ECB + Eg E¢® ——> Free electron energy

E, —> Band gap energy




Charge Transfer I\/Iechanisms\d

Oxidat

PS-I PS-I
PS-II PS-II

Traditional Z-scheme All-solid-state Z-scheme Direct Z-scheme

Arrow-down direct Z-scheme Arrow-up direct Z-scheme Cascade direct Z-scheme

» Charge separation for efficient oxidation/ reduction process

» Use of low energy photons to activate the photoCatalysts
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Diclofenac degradation

cw2

@ Oxygen vacancy

@ Oxygen atom

@ co0, &
COONa

h-l-

h* + OH- > OH’

Photocatalysis

.
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: 2 Journal of Environmental Chemical Engineering
£ 80 8, tssue 2, April 2020, 103560 V- |

Cobalt (II/III) oxide and tungsten (VI) oxide p-n
heterojunction photocatalyst for
photodegradation of diclofenac sodium under
visible light

20-!-02+e-)0H
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2 UV-vis spectra —0
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p-n heterojunction
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p-n heterojunction mechanisms o

Photodegradation of bisphenol A and Acid Black 25

Photocatalysis han f colour
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p-n heterojunction in PEC

Photoelectrodegradation of sulfamethoxazole
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Direct Z-scheme photocatalysis

Degradation of ibuprofen in the presence of trimethoprim

A 2:150 %
Calcmatlon MetOH Hexane
500 °C 60 °C
Co(ACO), Co,0, Self-assembled Co,;0,
Bi(NO,),.5H,0
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.
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= 60-
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Applled Surface Science
Jun 0, 145940

Fabrication of direct Z-scheme Co30,4/BiOI for
ibuprofen and trimethoprim degradation under
visible light irradiation
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Direct Z-scheme photocatalysis
Degradation of ibuprofen
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Direct Z-scheme photocatalysis

Degradatlon of naproxen
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Separation and Purification Technology
Volume 282, Part B, 1 February 2022, 120089

ELSEVIER

Multi-elemental doped g-C3N,4 with enhanced
visible light photocatalytic Activity: Insight into
naproxen Degradation, Kinetics, effect of
Electrolytes, and mechanism
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All solid Z-scheme mechanism for dye remova

Degradation of acid blue 25

Photoca;zglysis
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Dual Z-scheme mechanism

Degradation of carbamazepine
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Z-scheme anode - degradation of hydrochlorothiazi
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DFT in PEC: Z-scheme mechanism
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Magnetic nanoparticle
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» Photocatalytic activity
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Catalytic hydrogenation of alkenesS
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Visible light active photocatalytic membrane
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Catalytic antimicrobial membraM
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The Future: Raceway Pond Reactors for AOPsS
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