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PharmaceuticalsSteroid hormones

Personal Care 
Products

Industrial chemicals

PesticidesSurfactants

Micropollutants

Micropollutants (MPs)/Trace Organic compounds (TOrCs)/Emerging Contaminants 
(ECs)/Endocrine Disrupting Chemicals (EDCs)
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Effects: Disruption of the endocrine system, feminisation of male fish via exposure to hormones (e.g. E1, E2, 
EE2); learning disabilities, cancers, genital abnormalities in newborn males; Bacterial resistance caused by 
exposure of bacteria to antibiotics. Antimicrobial resistance  antibiotics fail to treat a number of
infections. 

Estrone (E1)
Testosterone 

Ethinylestradiol (EE2)

Carbamazepine



…
• Biodegrade (e.g. aspirin)
• Partial biodegradation (e.g. penicillins)
• Persist (e.g. clofibrate, triclosan, triclocarban)  

Conventional WWTPs are not designed to 
eliminate micropollutants.
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water industry
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>1μg/L

Micropollutants in the environment 
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Further treatment?

• Biodegrade (e.g. aspirin)
• Partial biodegradation (e.g. penicillins)
• Persist (e.g. clofibrate, triclosan, triclocarban)  

…

Conventional WWTPs are not designed to 
eliminate micropollutants.
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Micropollutants in our food

Human 
exposure to 
MPs via fruit 

and 
vegetable ~ 

9.8 μg/P.week

 accumulation in food products threatening human health through the food chain
MPs can also induce changes in plant hormone level, thus  impacting plant health



 Wastewater treatment plants are the main hotspots for the release of 
micropollutants and dissemination of determinants of antibiotic resistance in 
the environment. 

Micropollutants in the environment 

Wang et al., 2020, Science of the Total Environment
https://doi.org/10.1016/j.scitotenv.2020.140997
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Levin et al. 1951. "Estrogenic, androgenic and 
gonadotrophic activity in wheat germ oil", Endocrinology 
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Fisher et al. 1952. "Estrogenic action of some DDT analogues", 
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• New regulations will aim at controlling the discharge of ECs into the environment 
(e.g. EU Watch list of Priority Substances Directive 2013/39/EU)

• Switzerland is the first country that enforced control of ECs at the point source 
scale 

• Ozone and activated carbon are the processes of choice in Switzerland1

• Ozone was also found the cheapest option in a study of the National 
Demonstration Programme (UK)2

Water Policy

1Audenaert, W. T. M., Chys, M., Auvinen, H., Dumoulin, A., Rousseau, D. and Hulle, S. W. H. V. (2014) (Future) Regulation 
of Trace Organic Compounds in WWTP Effluents as a Driver of Advanced Wastewater Treatment. Ozone News: The 
Newsletter of the International Ozone Association, 42, 17-23.

2Churchley, J., Drage, B., Cope, E., Narroway, Y., Ried, A., Swierk, T., Alexander, K. and Kanda, R. (2011) Performance of 
ozone for EDC removal from sewage effluent. 20th IOA World Congress - 6th IUVA World Congress. Ozone and UV 
Leading-edge science and Technologies. Paris, France: International Ozone Association.
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Advanced Oxidation for MPs Removal

Micropollutants Removal 



Advanced oxidation processes are processes which involve the 
generation of highly reactive radical intermediates, especially 
hydroxyl radicals OH, in sufficient quantity to effect water 
purification. 

Glaze et al. (1987). “The Chemistry of Water Treatment Processes Involving Ozone, Hydrogen 
Peroxide and Ultraviolet Radiation.” Ozone Science & Engineering 9: 335-352.

 OH is the neutral form of the hydroxide ion (HO−)
 OH can oxidise almost all organic matter 
 They are short-lived (~few ns)
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Definition of AOPs



Examples of AOPs
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etc…

O3/UV/H2O2

H2O2/TiO2/UV

H2O2/Fe+3/UVUV/TiO2

plasma 
Non-thermal 

plasma 

O3/OH-
O3/UV

O3/H2O2

UV/H2O2

•OH



Research Results on MPs removal

Research Results on MPs removal
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Removal of E1, E2, and EE2 using the 
Liquid/Liquid-Ozone system 

17β-estradiol (E2)
C18H24O2 M=272.39 g/mol

• Produced by all mammals 
• Binds easily with human receptor 

17-ethinylestradiol (EE2)
C20H24O2 M=296.403 g/mol

• Synthetic  
• Main ingredient of contraceptive pills

Estrone (E1)
C18H22O2 M=270.366 g/mol

• Secreted by the ovary
• Product resulting from oxidation of E2
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The Process
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Removal of E1, E2, and EE2 using 
the Liquid/Liquid-Ozone system 



River Aire

Marley STW, Yorkshire, UK 16

Sampling 
point

Sample 
preservation 
(15 mL of a 
solution 
containing 
hydrochloric 
acid (30%) and 
copper nitrate 
(0.25 g/L) 
added to 5L 
sample).

Removal of E1, E2, and EE2 using 
the Liquid/Liquid-Ozone system 



Extraction of EDCs to the solvent  

E2 removalDistribution coefficients 
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Removal of E1, E2, and EE2 using 
the Liquid/Liquid-Ozone system 



Rates: LLO vs LGO
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Removal of E1, E2, and EE2 using 
the Liquid/Liquid-Ozone system 



P-2 / C-101

Ozone Absorption Column

P-3 / MSX-101

Mixer-Settler Extraction

P-4 / V-101

Solvent Storage

S-103

P-5 / PM-101

Solvent Pump

Recy. Solvent
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Mixing
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Gas Compression
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Process calculation and estimation of basic operational costs (Super Pro Designer™) 

Removal of E1, E2, and EE2 using 
the Liquid/Liquid-Ozone system 



ValueParameter

400Effluent flow rate (L/s) (highest at Marley)

34.6Effluent flow rate (MLD)

100E1 (ng/L)

100E2 (ng/L)

100EE2 (ng/L)

100Ozone gas concentration (g/m3) NTP

95Solvent ozone transfer efficiency (%)

90Ozone transfer efficiency to water (%)

1Ozone dose (mg/L)

1Percentage solvent/water (%)

1Solvent+ozone/water contact time (min)

10Ozone production specific energy consumption (kWh/kg)

0.1Cost unit power (£/kg)

0.1Cost unit oxygen (£/kg)

7Cost unit solvent (£/L)

0.5Solvent replacement frequency/year

0.2Contingency solvent volume ratio

ValueValueParameter

800Oxygen recycle (%) (var)

24.224.2 Volume of LLO contactor (m3)

0.0890.111Total cost (£/ML)

Input Output 
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(NDP (O3 only)  cost of ~£4/ML

PROCESS CALCULATION AND ESTIMATION OF BASIC OPERATIONAL COSTS

Removal of E1, E2, and EE2 using 
the Liquid/Liquid-Ozone system 



Ben Fredj, S., J. Nobbs, C. Tizaoui, and L. Monser. 
2015. "Removal of estrone (E1), 17β-estradiol (E2), 
and 17α-ethinylestradiol (EE2) from wastewater by 
liquid–liquid extraction", Chemical Engineering 
Journal 262 pp:417-426. 

Nobbs, J., and C. Tizaoui. 2014. "A Modified 
Indigo Method for the Determination of 
Ozone in Nonaqueous Solvents", Ozone: 
Science & Engineering 36(1): 110-120
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Removal of E1, E2, and EE2 using 
the Liquid/Liquid-Ozone system 
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Removal of the antimicrobial 
triclocarban with ozone 

• Triclocarban is an antimicrobial chemical
• Used in soaps, lotions
• but, it was found:

• Endocrine disruptor 
• Antibacterial resistance  



productsbTCCO 3 b=1

23Tizaoui et al. 2011. "Degradation of the antimicrobial 
triclocarban (TCC) with ozone", Chem. Eng. Proc
50(7): 637-643

Removal of the antimicrobial 
triclocarban with ozone 



24Removal of clopyralid with UV/TiO2 (C0=0.078 mM, Power=160 W, pH=5). Inset: 
changes of the pseudo-zero-order rate constant vs. catalyst concentration

Photocatalysis and AOPs for the 
removal of the herbicide clopyralid

Tizaoui et al. 2011 “Heterogeneous 
photocatalytic removal of the herbicide 
clopyralid and its comparison with 
UV/H2O2 and ozone oxidation 
techniques”,Desal, 273(1):197-204
https://doi.org/10.1016/j.desal.2010.11.036
.

• Clopyralid is a herbicide
• Highly mobile in the 

environment
• Stable against hydrolysis and 

photolysis 
• Causes contamination of 

groundwater and surface 
water 
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Non-thermal plasma for estrogens
removal 



HV
high-

energy e-

(1-10eV) 
+

Collision 
with 

molecules

O3, H2O2, 
OH, O, H, 
HO2, NO, 
US, shock 
wave, UV 
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Non-thermal Plasma 



Plasma System

27
-20

-10

0

10

20

30

40

50

60

-10000

-5000

0

5000

10000

15000

20000

25000

30000

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Cu
rr

en
t(

A)

Vo
lta

ge
(V

)

time(us)

tek0109ALL


T

avge dtvifP
0

..

HV pulser (500 Hz var.; 30 kV var., 50ns rise time, 100 
ns pulse width)

Non-thermal plasma 



Gowerton WWT works

Sampling point 

Non-thermal plasma for estrogens
removal 



MPs degradation products – workflow 

Experiment
(sample vs t)

LC/MS/MS

Data…
A lot of data 

In-house 
algorithm to 
process the 

data 
automatically

Only significant 
m/z and RTs are 

extracted 
(automatically) 

Change of 
significant m/z vs 
time 

Real/justified  
mechanism 

Molecular 
modelling 

+
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Non-thermal plasma for estrogens
removal 



Non-thermal plasma for estrogens
removal 

Results



Reactive species 
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All in one 
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Non-thermal plasma for estrogens
removal 



•AOPs are effective processes in water and wastewater treatment
•MPs (PPCPs, EDCs etc.) have serious effects on human health 
and the environment but still largely unnoticed
• Regulation is still lacking in this area though in recent years some 
regs started to emerge (e.g.  Switzerland and EU “watch list”)
• Ozone-based AOPs have been found very effective to remove MPs
•LLO was effective to extract/destroy EDCs, and was cheaper than 
O3 gas 
•UV/TiO2 is effective but there are issues with high UV cost and 
catalyst recovery/reuse
•Non thermal plasma is an emerging AOP with great potential in 
wastewater treatment 

Conclusions 

34



Acknowledgement



Recommendations 

Therefore, further analysis would be to find the impact of temperature on MO 
removal using the thermostatic bath. 

Additional analysis over large scale would visualise a better understanding of 
catalytic ozonation applied in industrial sectors. 

Additional analysis using gas chromatography (GC), mass spectroscopy (MS) or 
nuclear magnetic resonance (NMR) would be made to identify the molecular 
structure of the oxidation products. 
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