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Content

* Introduction

 Results of studies on:
« Removal of E1, E2, and EE2 using the
Liquid/Liquid-Ozone system
« Removal of the antimicrobial triclocarban
« Removal of the herbicide clopyralid
 Heterogeneous Nanocatalytic Ozonation
 Hybrid ozone/membrane

e Conclusions
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Micropollutants (MPs) /Trace Organic compounds (TOrCs)

e
Swansea University
Prifysgol Abertawe

e 5

College of Engineering www.swansea.ac.uk/engineering



Micropollutants in the environment
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» Biodegrade (e.g. aspirin)
» Partial biodegradation (e.g. penicillins)

Conventional WWTPs are not designed to

Persist (e.g. clofibrate, triclosan, triclocarban)

eliminate micropollutants.

Y

ﬁ Further treatment

Threats to wildlife and aquatic system
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Levin et al. 1951. "Estrogenic, androgenic and
gonadotrophic activity in wheat germ oil",
Endocrinology 49(3): 289-301

J. Pharm. Pharmacol. 1985, 37: 1-12 © 19851

REVIEW

The fate of pharmaceutical chemicals in the
environment

MERVYN L. RICHARDSON AND JUDITH M. BOWRON

Thames Water Authority, New River Head, Rosebery Avenue, London ECIR 4TP

Increased demands for potable water, especially where supplies are drawn froi
rivers has necessitated a greater degree of water re-use. As water undertakings h
to maintain the wholesome quality of potable water supplies. increasing concer
expressed over the presence of organic micro-contaminants (contaminants
ug litre~! concentrations). This study outlines some of the problems encou
assessing the risk from pharmaceutical chemicals which might enter the water «
domestic and industrial sources. Analytical chemistry was of value for only a few
compounds studied. However, much useful information was derived from tl
metabolic routes of the drugs and is collated in Appendix I. Biodegradation st
other ecotoxicity/environmental toxicology data may be required to a greater ex
future. Particular consideration is given to vulnerable sections of the populatior

Endocrine Disrupting Chemicals/Compounds

o~

Published Items in Each Year

m o

[y
=1
&

W M o® M D oMo oL oD oSO -~ T om0 @ oo o~ oo n N~ oo oo -
PRRR23 223823588880 - - & a3 3 S 2 S 83832z
S Ea sl S a &3 a&88388 88 228833
il C R B R Rl GG R e T2 2 22883888 S 88 88

b=
&

2013

2014

|SETA

2015 [

Fisher et al. 1952. "Estrogenic action of some DDT
analogues", Proc. Soc. Exptl. Biol. Med. 81(2):

439-441

Tabak, H.H., and R.L. Bunch. 1970. steroid
hormones as water pollutants. Developments in
Industrial Microbiology

ESTROGENIC ACTIVITY IN FIVI
MEASUREMENT OF VITEI

JuLe E. HARRIES,§ DAVID A. SHEAHAN,T !
JoHN P. SUMPTER

tMinistry of Agriculture, Fisheries, and F
Remembrance Avenue

{Department of Biology and Biochemis

(Received 14 M.

Abstract—It was recently demonstrated that most, if 1
are estrogenic to fish. As many STWs discharge into 1
effluent enters might also be estrogenic. To assess this |
at various distances downstream of the effluent entry

into five rivers in England were studied. In four cases.
very marked and rapid increases in their plasma vitello
of these four cases. none of the downstream sites were ¢
did respond by synthesizing appreciable amounts of
situation in the fourth river was quite different: not on
in the mg/ml range was attained). but so were all the
where the effluent entered. This particular river recei
concentrations of alkylphenolic chemicals than any of
account for the estrogenic activity of this river. The fis
This discharge comes from a very small STW, which
why the effluent (and hence the river) was not estroge.

Keywords—Estrogen  Sewage  Oncorhynchus
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Environ. Sci. Technol. 1998, 32, 2498—2506

Widespread Sexual Disruption in
Wild Fish

SUSAN JOBLING.*'! MONIQUE
CHARLES R. TYLER,'

GEOFF BRIGHTY.,S AND

JOHN P. SUMPTER'

The Fish Physiology Research Group, Department of Biology
and Biochemistry, Brunel University, Uxbridge, Middlesex
UBS 3PH, UK., Environment Agency. National Fisheries
Laboratory, Bromholme Lane, Brampton, Cambs PEI§ SNE,
U.K, and Environment Agency, National Centre for
Ecotoxicology and Hazardous Substances, Hawberry Park,
Wallingford, Oxon OX10 8BD, U.K

NOLAN,!

A number of chemicals present in the environment have
been shown to mimic or antagonize the actions of steroid
hormones, an issue often described as “endocrine
disruption/modulation”. There is very little evidence,
however, to support the hypothesis that exposure to
endocrine-disrupting chemicals is a global environmental
health problem. In this paper, we demonstrate a high
incidence of intersexuality in wild populations of riverine
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(8—14). Most of the chemicals that
many orders of magnitude less potent
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Effects of MPs and EDCs
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Feminisation of male fish via exposure to hormones (e.g. E1, E2, EE2).
Effect on many other species (e.g. diclofenac on vultures).

EDCs = learning disabilities, severe attention deficit disorder, breast
cancer, prostate cancer, thyroid and other cancers.

Feminising of males or masculinising effects on females.

Damage to a developing fetus.

Link between phthalate concentration and genital abnormalities in
newborn males.

Reproductive organ malformations in birds, mammals and alligators
(Florida, USA).

Bacterial resistance caused by exposure of bacteria to pharmaceuticals
Antimicrobial resistance =» antibiotics fail to treat a number of infections

8
College of Engineering www.swansea.ac.uk/engineering



@¥

Examples of EDCs
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Several thousand natural and synthetic chemicals have been identified as EDCs

including (the list continues to grow):

« Natural and synthetic estrogens, androgens (estrone, ethinyl estradiol,
testosterone)

« Certain pharmaceuticals (B-blockers, carbamazepine etc.)

« Surfactants (e.g. nonylphenol and its ethoxylates)

» Pesticides, herbicides and fungicides (e.g. DDT, Dieldrin)

« Polyaromatic compounds (e.g. PAHs, PCBs, brominated flame retardants)

« Organic oxygen compounds (e.g. phthalates, bisphenol A)

« Many other industrial chemicals

Estrone Testosterone Carbamazepine Bisphenol A Nonylphenol

H

9
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Removal Techniques
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Data for UK rivers and streams has shown that median concentrations of
pharmaceuticals are almost always <100 ng/L

*Only a few are oxidised by chlorine or chlorine dioxide

*Most non-polar organic compounds are removed by activated carbon
*Ozone/GAC effective for almost all pharmaceuticals

*Ozonation and advanced oxidation processes effective

*Photolysis reactions and photocatalytic processes.

K (Ms)

Second-order

£l O, 6.2x103 (pH 4)
rate constants
O, 9.4x10° (pH 7) for the
O, 2.1x107 (pH 8.5) _
O, 5x10° (pH 10.5) ozonation of
°0OH 2.6x1010 estrogens
E2 °OH 1.41x10%° (pH 6.8)
EE2 O, 7x10° (pH 6)

°OH 1.08x10%° (pH 6.8)

, 10
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30, 520, AH? at 1atm = +284.5 kJ.mol”’

Ozone and AOPs
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Theor: 1.65 kWh/kg, Prac. ~10kWh/kg O,

« Ozone is a Powerful Oxidising agent
O, + 2H;0* + 2e- > O, +3H,0 E°=2.07V

Species Oxidation
Potential eV
Hydroxyl radical, *OH 2.80
Ozone, Oq 2.07
Hydrogen peroxide, H,O, 1.77
Perhydroxyl radical, *OOH 1.70
Chlorine dioxide, CIO, 1.50
Hypochlorous acid, HOCI 1.49
Chlorine, Cl, 1.36
Oxygen, O, 0.40

College of Engineering

Direct reactions,
Molecular ozone

/ Reactions

0
o? “o®

Ozone (03)

Indirect reactions,
Radical reactions (*OH)
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Possible points to apply ozonation and AOPs

Wastewater Treatment |

Secondary
Treatment
(Biological)

Sewage
System

Primary
Treatment

Y

Ozonation, AOPs

Tertiary
Treatment

4

Ozonation, AOPs
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Surface Water
Groundwater

Coagulation,
» Preoxidation Flocculation,
T Sedimentation

Water Treatment K

|
H ~ Ozonation, AOPs

——_Q—N

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

7\/ 3
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17B-estradiol (E2)

C,gH,,0, M=272.39 g/mol

* Produced by all mammals
* Binds easily with human receptor

~

17a-ethinylestradiol (EE2)

Swansea University
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CoH5,0, M=296.403 g/mol

» Synthetic

» Main ingredient of contraceptive pills

Estrone (E1)
C18H2202

M=270.366 g/mol

 Secreted by the ovary

* Product resulting from oxidation of E2

College of Engineering
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The Process

OZONE
DISSOLVED IN
SOLVENT

ISOLVENT /| WATER
CONTACT

POLLUTANT
OXIDATION

SOLVENT | WATER
SEPARATION
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Sampling
point

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

b

solngn S Al

==  Marley STW, Yorkshire, UK g e ‘ »'
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EDCs Analysis

Is a challenge!

Sample Collection > SPE - HPLC-MS-MS analysis

Loliege ot tngineering

@
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The analytical method

Solid phase extraction recoveries

EDC El

E2 | EE2

Recovery (%) | 79.1

81.2|77.6

LC/MS/MS

Estrogen | lons (m/z)

Retention time
(min)

E2 27117143

3.17

EE2 295/ 143

3.51

DE1 273/ 147

3.82

E1l 269 /143

-3.85

—

College of Engineering

100ng/mil

100B08_CALB St (Mn, 2x3)

SIR of 4 Channels ES-

3.51 295
0o 31422 1.5085
Area
| EE2
=
o
1.00 2.00 3,00 4.00 5,00 &.00 7.00 8.00 9.00
100B08_CALE Sm (Mn, 2x3) SIR of 4 Channels ES-
100 382 2729
21509 o.41ed
Area
DEA
#
"]
1.00 2.00 2,00 400 .00 GO0 7.00 0.00 5,00
100808_CALE Sm (Mn, 2x3) SIR of 4 Channels ES-
100 317 27
51275 2435
Area
ES
0 .
1.00 2.00 2,00 400 5,00 §.00 7.00 B.00 5.00
100808_CALE Sm (Mn, Zx3) SIR of 4 Channels ES-
100 585 269
58310 2.51e5
Area
E1
[k
”
[} Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 B8.00 9.00

P
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Extraction of EDCs to the solvent

Distribution coefficients
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Rates: LLO vs LGO
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c/co

0.8

—&— E1 - liquid/gas-ozone

—— E1 - liquid/liquid-ozone

c/co

0.5

15

2 2.5 3 35 4 0
time (min)

—&—E2 - liquid/gas-ozone

—A— E2 - liquid/liquid-ozone

‘ T ﬂ T * .

1 2 3 4
time (min)

c/co

—&—EE2 - liquid/gas-ozone

——EE2 - liquid/liquid-ozone

A= o

1 2 3
time (min)

College of Engineering
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Process calculation and estimation of basic operational costs
(Super Pro Designer™)
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P-4 /V-101
WW Efluent
Solvent Storage @
S-106 P-5/PM-101
Solvent Pump
Recy. Solvent
S-107
P-7/G-101
Recycled Oxygen Gas Compression
P-1/MX-101 P-3/MSX-101
Mixing S-103 Mixer-Settler Extraction
S-109 I sy SU—
S-102 e
Pure Oxygen pP-2/C-101 |
Ozone Absorption Column Treat. Efflu{@h
L p—
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Ozone Generator
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PROCESS CALCULATION AND ESTIMATION OF BASIC OPERATIONAL COSTS

-

Swansea University
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Input Output
Parameter Value Parameter Value | Value
Effluent flow rate (L/s) (highest at Marley) 400 Oxygen recycle (%) (var) 0 80
Effluent flow rate (MLD) 34.6 Volume of LLO contactor (mS3) 24.2 24.2
E1 (ng/L) 100 Total cost (E/ML) 0.111 | 0.089
E2 (ng/L) 100
EE2 (ng/L) 100 (NDP (O only) =» cost of ~£4/ML
Ozone gas concentration (g/m3) NTP 100
Solvent ozone transfer efficiency (%) 95 16
Ozone transfer efficiency to water (%) 90
Ozone dose (mg/L) 1 L4 9
Percentage solvent/water (%) 1 = 12
Solvent+ozone/water contact time (min) 1 S
Ozone production specific energy consumption (kWh/kg) 10 % 11
Cost unit power (£/kg) 0.1 8
Cost unit oxygen (£/kg) 0.1 8
Cost unit solvent (£/L) 7 0.6 : : : :
Solvent replacement frequency/year 0.5 0 20 40 60 80 100
Contingency solvent volume ratio 0.2 Recycle (%9

College of Engineering

www.swansea.ac.uk/engineering
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Chemical Engineering Journal 262 (2015) 417-426

Contents lists available at ScienceDirect
Chemical
1 1 1 Engineerin
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journal homepage: www.elsevier.com/locate/cej

Removal of estrone (E1), 17B-estradiol (E2), and 17x-ethinylestradiol @Cmmk Oones Seence & Engincering, 36: 110130 A
(EE2) from wastewater by liquid-liquid extraction e e e sociiton @ ol e s

. b . s b DOI: 10.1080/01919512.2013.836956
S. Ben Fredj?, ]. Nobbs®, C. Tizaoui ™", L. Monser®

*Analyticel and Hectrochemicol Loboratory, National Institute of Applied Sdences and Technology, University of Gorthage, Centre Urbain Nord Cherguie, Tunisi
B Centre for Water Advanced Technologies and Environmental Research College of Engineering Swansea University, SA2 8PP, UK

HIGHLIGHTS GRAPHICAL ABSTRACT A Modified Indigo Method for the Determination of Ozone
« Huge concerns about occurrence of = in Nonaqueous SOlventS
endocrine disrupting chemicals = 3

{EDCs) in water.

» EDCs have tendency to distribute to
organic solvents.

« Decamethylcyclopentasiloxane was
effective to extract E1, E2 and EE2.

« The distribution coefficients were not
affected by pH up to pH 9.5.

« Liguid-liquid extraction was effective
to remove estrogenic potency from
water.

J. Nobbs and C. Tizaoui

Centre for Water Advanced Technologies and Environmental Research (CWATER), College of Engineering, Swansea University,
Swansea, SA2 8PP, United Kingdom

The indigo method for the analysis of aqueous ozone was hurdles which must be overcome if the use of ozone in water
maodified to allow analysis of dissolved ozone in nonaqueous treatment is going to continue to grow (Gottschalk et al. 2010).
!qud Plhu,’f“,}:hf’fi’fwfi s !firf"i u{:ngif:c /_';__?hfff Traditionally, it has been difficult to expose contaminants of

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

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

Your article has been downloaded or viewed 279 times
since publication. Elsevier.

_
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Removal of the antimicrobial triclocarban

College of Engineering www.swansea.ac.uk/engineering



@

Swansea University
Prifysgol Abertawe

Removal of the antimicrobial triclocarban

Cl

Cl

N
H

0 Oz
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College of Engineering

Cl

0013-T22708815.00/0
Printed in USA

Endocrinology 149(31:1173-1179
Copyright © 2008 by The Endoerine Socisty
doi: 10.1210en. 2007-1087

Triclocarban Enhances Testosterone Action: A New Type

of Endocrine Disruptor?

Jiangang Chen, Ki Chang Ahn, Nancy A. Gee, Mohamed I. Ahmed, Antoni J. Duleba, Ling Zhao,
Shirley J. Gee, Bruce D. Hammock, and Bill L. Lasley

Center for Health and the Environment (J.C., NA.G., B.L.L.), Department of Entomology (K.C.A., S.J.G., BD.H.),
California National Primate Research Center (N.A.G., B.L.L.), Division of Reproductive Endocrinology and Infertility,
University of California, Davis, Medical Centfer (A..J.D.), Department of Nutrition (L.Z.), Cancer Research Center
(B.D.H.), University of California, Davis, California 95616; and Department of Obstetrics and Gynecology (M.IA., A.J.D.),
Yale University School of Medicine, New Haven, Connecticut 06510
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27 April 2006
Persistence Of Triclocarban Surprises

Johns Hopkins researchers
have been measuring levels of
the antibacterial hand soap
ingredient, triclocarban, as it
passed through water
treatment facilities and found
that 75 percent of the
ingredient washed down
household drains persists
during wastewater treatment.
Worse still, the chemical
accumulates in municipal
sludge, which is later used as
a fertilizer and soil conditioner
for crops.

"The observed persistence of
triclocarban is remarkable,"
said researcher Jochen
Heidler. "In the [treatment]
plant, the chemical contained
in sludge underwent biological

www.swansea.ac.uk/engineering
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Removal of the antimicrobial triclocarban with ozone

Off-gas

Three-ways
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Flow Meter
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d Processing 50 (2011) 637-643

0 20

Chemical Engineering an
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Contents lists available at ScienceDirect

Chemical Engineering and Processing:
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journal homepage: www.elsevier.com/locate/cep
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O, +bTCC — products b=1

No, =J!v:Lali"EuJHa for 5H; <E;

N CgD
DngECB E‘:-l"'ﬁ
. 0,03

H; = R

(g " — g~ =baCp, —

log1o(ka(M-1.s1))

Degradation of the antimicrobial triclocarban (TCC) with ozone

Tizaoui et al. 2011. "Degradation of the

~antimicrobial triclocarban (TCC) with ozone",

Chem. Eng. Proc 50(7): 637-643

1ln /
—

—— I~
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Removal of the herbicide clopyralid
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Removal of clopyralid with O; and UV/TIO, s

TnoTTS -
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o _ Removal of clopyralid with ozone (gas
Removal of clopyralid with UV/TiO, (C,=0.078 mM, flow rate=200 mL/min, ozone gas
Power=160 W, pH=5). Inset: changes of the pseudo- concentration=60 g/m? NTP, pH=5.6,
zero-order rate constant vs. catalyst concentration different initial clopyralid concentrations).
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Heterogeneous Nanocatalytic Ozonation

2-25 nm

OH
.

S 30

College of Engineering www.swansea.ac.uk/engineering



@¥

Swansea University
Prifysgol Abertawe

CO; +H:0
I R
G‘EE-J t R J Surface Reactions
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105
H 0; Bulk Reactions

@-’;"GH +R—HBA o 1nactive specics

|

COs+ H-0O

Z.-Q. Liu, J. Ma, Y.-H. Cui, B.-P. Zhang, Mechanism of catalytic ozonation of oxalic acid in the
presence of MWCNT. Applied Catalysis B: Environmental 92 (2009) 301-306.
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Kinetics Model éﬁj
Homogeneous reactions: e
_ d R
R +0, —2" 5 products (Elt I_ Kosnomo[ O3 1IR] . cvtston s e
SRR @
. Koy —homo d [R]
R + OH 7~ prOdUCtS dt OH homo[ OH ][R] Heterogeneous catalytic ozonation of diethyl phthalate

Heterogeneous reactions =
= Koa_net d{S-R
S R+O3—) prOdUCtS = { } k03 het{s R}{O3}

xxxxxx

d{S-R .
S —R+" OH —*ew 5 products _GB-Ry_ Kon-neetS —RHTOH}

dt
d [R] = I(03—homo [03] = I<OH—homo[. OH ] -
overall _ + R
dt Ko dS — act)(l— : KoesTH '} j [R]
KpesTH "} (Kos_net @03 + Kon_net@on O]
d[DEP
[ dt]overall — overaII[DEP]

Mansouri, L., H. Mohammed, C. Tizaoui, and L. Bousselmi. 2013. "Heterogeneous catalytic

ozonation of diethyl phthalate", Desalination and Water Treatment 51 pp:6698-6710
32
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Comparison between CNT and activated carbon
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Figure 10 Comparison between CNT and AC as calalvsts in heterogeneous catalic ozonglion {ozone
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Hybrid ozone/membrane
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Hybrid Ozone/Membrane Performance
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Ozone in food security Prfysgol Abertawe
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* PPCPs, EDCs 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 PPCPs, EDCs
* LLE/O, system was effective to extract/destroy EDCs
*The LLO system outperformed the conventional ozone gas system
*UV/TIO, is effective but there are issues with high UV cost and catalyst
recovery/reuse
* Research in this area is needed:
« Develop cost-effective treatment technologies
« Potency of by-products
« Understand the distribution, fate, effects of EDCs throughout the water cycle
« Understand the health/env. effects of EDCs during water reuse (e.g. irrigation)

38
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Energy/Water/Food nexus (quantity but
also quality is important)

//N/%

College of Engineering www.swansea.ac.uk/engineering




@H

Acknowledgement

Swansea University
Prifysgol Abertawe

James Nobbs, Helen Anipa Essandoh, Khaled Mezughi,
Sonia Ben Fredj, Aminu Tukur, Mawaheb Derdar, Naser
Grima, David Ward...

& UNIVERSITY of
EPSRC % BRADFORD
: 0 ROYAL
ACADEMY OF
ENGINEERING
e

YorkshireWater

(o]

Institut National de Recherche Scientifique et Technique, Tunisia

/K —

College of Engineering www.swansea.ac.uk/engineering



http://www.yorkshirewater.com/
http://www.yorkshirewater.com/

College of Engineering www.swansea.ac.uk/engineering




@H

Swansea University
Prifysgol Abertawe

OZONE PLANTS

0z

PR\

ECCUP (2) WTW: OZONE GENERATION
ZONEGEN

S21T16 OTONE

[ o | ¢ g
— V16132 PRE - —
i g Change Duty *

0ZONE =
. 5 g OZONE
| GENERATOR EXTRACTOR FANS '’
> * K115A

SYSTEM

=]

117 V16144

]

COOLING

WATER

SYSTEM
OZONE/
OXYGEN/
FIRE ALARM
INHIBIT

I

VIB100

V1B110
Press Temp. (552*“0 E J

PRE
FCW Remote Setpoint QZONE
Z5me Conc.)
VENT TO TANKS

ATMOSPHERE]

4 VIB184
E21118(0zone Cone.) —Dd-@a@»@
POST

Qi Flow OZONE
h CONTACT
TANKS

-
<

527109

Dew 521111 VAL
Paoint
WENT TO

A&l Al

GLOBAL PLC COMMS

SUPERNATANT BALANCE TANK T105



@

Swansea University
Prifysgol Abertawe

=

College of Engineering www.swansea.ac.uk/engineering



