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aquatic research

Occurrence and fate of emerging contaminants

in the aqueous environment

A. Wick, J. Kormos, O. Marincas, M. Schulz, M. Schluesener, G. Fink, A. Joss, Z. Moldovan,
H. Siegrist and T. A. Ternes
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Chemicals used in the EU

100000 "old chemicals" until 1981

> 4000 "new chemicals" since 1981

Bundesanstalt fiir
Gewiisserkunde

30000 chemicals > 1 t yr-

2900 chemicals > 100 t yr-

2600 chemicals > 1000 t yr’

Neptune workshop, WFD and emerging pollutants, Koblenz 21./22.4.2009

Thomas A. Ternes, BFG



Organic pollutants already regulated (WFD, ...) A

based on ecotoxicological criteria

_____________________________________________________________________

HYDROPHILIC : B \WFD

polar pesticides

phenylurea herbicides, B others
triazine (e.g. atrazine)

R

2 ' Primarily dissolved
= o alkyl phenols JECEECEERE
° . Primarily sorbed |
o ! . . '
: chlorinated benzenes tin organics
i HCH DDT |
! chlorinated alkanes !
PCB dioxins, furans
LIPOPHILIC; = =SS 4@

VOLATILE=—— Volatility ——— NON-VOLATILE

Source: Ternes and Joss (2006) IWA Publishing
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Emerging pollutants measured by Neptune big

Hydrophilic
PFOA/PFOS LREELE
iodinated
analgesics, opiates contrast media
antiepileptics antibiotics, betablockers

phosphoric ester benzotriazole
flame retardents

NDMA estrogens Primarily
UV filter dissolved

alkyl phenols Primarily
sorbed

flame retardents
(e.g. HBCD)

< VOLATILITY .

Lipophilic High volatile Low volatile
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Elimination of emerging pollutants in municipal WWTP

Concentration in ng/L Concentration in ng/L (98%)
5000 - W (89%) 500 - (62%)
4500 | (90%) o
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0 WWTP influent W WWTP influent (75%)
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(25%)
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0
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Sorption - ,rapid“ batch experiments

spiking with

[ secondary sludge + NaN, (0.2%) }
(15 pg L)

J

sampling after 2.5, 5und 14 h

(triplicates)

U

[ centrifugation ]

& Y

[ water phase ] [ sludge ]

J

[ freeze-drying ]

&

[ Analysis by LC tandem MS ]
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Sorption - rapid batch experiments

sludge/water-partition coefficients (K,) for secondary sludge

psycho-active drugs:
Ky <100 L kggs™ (except doxepin: K= 140 L kggs™)

betablockers:
K4 <100 L g5 (except propranolol: K, = 340 L kgss™) Scheurer et al., in preparation

predicting the ratio eliminated by sorption

X: concentration (sorbed) [ng L1
é _ KdSP Ternes et al., Wat. Res.38, . ( )| gl ]
C 1+K4SP 4075-4084 (2004) C: concentration (total) [ng L]

SP: sludge production [gqg L]

sludge production: (~0.09 g¢5 L)

—» < 3% are eliminated by sorption

Sorption can be neglected for these target compounds
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Sorption of biocides onto secondary sludge
isotherm batch experiments

experiment I: sorption equilibrium experiment |I:
Freundlich isotherms
w/o 0.2% 1% w/o sludge _ _ _
NaN NaN, NaN; (control) spiked with 6 different
3 \ l l / concentrations (0.1 — 30 pg L)
: : incubation times: incubation time:
iglkedL\{vllth 0, 0.75, 1.5, 3.2, 1.5h
HY 6,24 h
shaker shaker
addition of NaN, significantly Cs =K Cy"

influences the sorption affinities log Cs = log K; + n log C,,

Neptune workshop, WFD and emerging pollutants, Koblenz 21./22.4.2009 T_
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Freundlich sorption isotherms of triazines/conazoles ™

Approx. 40 compounds were investigated (e.g. triazines, phenyl urea herbicides,
conazoles, antiseptics)

Iog SCS Terbuthylazine (triazine) log C, Imazalil (conazole)
' 4.5
3.0 % 4.0 -

2.0 / gg _ ,L%

15 R e .
fop

1.0 > '\r" 1.5

05| r 03 Y

0.0 ‘ ‘ ‘ ‘ ‘ ‘ 0.0 ‘ ‘ ‘ ‘ ‘
45 10 -05 00 05 10 15 2.0 20 15 10 -05 00 05 1.0
log (C,,[ug L)) log (C,,[ug L))
R2=0.996 R2=0.989
n=0.98 +/- 0.10 n=0.89 +/- 0.17
Ke=42 +/- 10 L kg Ke=2282 +/- 741 L kgt
(Ky = 47 +/- 14 L kg'h) (K4 = 3003 +/- 243 L kg'l)
04 % <—m eliminated by sorption —) 23 %
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1 H . . . bf Coninonie’
Freundlich sorption isotherms of antiseptics g

log C, Triclocarban (antiseptic) log C, Triclosan (antiseptic)
4.0 4.0
3.5 / 3.5 . /
/ /
2.5 / : a/é}\fjl\, 2.5 : HJ\H : i‘”
2.0 ‘ ‘ ‘ ‘ ‘ ‘ 2.0 ‘ ‘ ‘ ‘ ‘ ‘
30 25 20 15 1.0 -05 00 0.5 10 -08 06 -04 -02 00 02 04
log (C,,[ug L] log (C,,[ug L)
R2=0.996 R2=0.961
n=0.83 +/-0.10 n=0.55+/-0.16
Ke= 19011 +/- 6535 L kg Ke= 6432 +/- 1396 L kg™
(K, = 39761 +/- 4096 L kg-1) (K, = 15944 +/- 621 L kgl
60 % < eliminated by sorption —=p 78 %
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Batch experiments — primary transformation

pH control —

sludge diluted with effluent (1:10)
control: effluent w/o sludge air | [|CO,
spiking
N | (B ug LY

[ oxic conditions + stable pH (7.2 + 0.2)

\ 4

& | @ [mmmmm
@ [T

A
o
3
o
®
2L

by bubbling air and CO,

(triplicates)

4

samples acidified to pH 3 for inhibition of the
microbial activity

[ 48 h incubation, continuous sampling J
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Batch experiments
primary transformation of Codeine/Atenolol

cl/cC,
1.5
_ & with sludge
codeine A control wio sludge
tenolol ® with sludge
atenolol 5 control wio sludge
1o ===zzzsfpszszssmemesm-meamsss=sZEIZiZIIIIIIIIIlIllle

Atenolol
0.5

elimination can be described
by pseudo first-order kinetic

Codeine J
0 ‘ ‘ ‘ ‘

12 24 36 48
time [h]
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Model for primary degradation g/

Model assumptions

> biol. treatment tank can be modeled as a cascade of n completely stirred reactors (CSTR) (n=1-3)
» sorption negligible

elimination [%] =1- L

n
1+R) [1 + (kbid Teorr *SS %ﬂ -R

biol. transformation constants (k)
hydraulic retention time (HRT)

temperature correction (T_,,,)

suspended solids (SS)
Source: Joss et al.,
sludge recycle (R) Wat. Res.40, 1686-1696 (2006)

number of compartments (n)
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Removal of Atenolol and psycho-active drugs bfg
in WWTP Frankfurt A

[clc,] ﬁ

100 - E—

80 - —

60 - — —

40 - — —F —F
20 - — y

0 B - ]

I Codeine [ Dihydrocodeine [] Morphine [] Primidone [] Atenolol

®

Grit Primary rifiati sec. sec.
Screen . removal clarifier Nitrification | e 1 Denitr Nitrification  clarifier2  penitr
"\ '
gooo 3000 gooo r
oo ® ®) 00 00 ®®)
A 00 oo
1. Biological step 2. Biological step @
(SA: 0.5d; HRT: 0.5h) (SA:15-20d; HRT: 4-5h) )
Prima Return sludge I Return sludge ‘ Receiving
Yy Secondary  Wwater
sludge
sludge
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] ] ] ] bfo s
Modelling of the removal in the second biological step

elimination [%)]

100 T T T T
> nitrifying zone - = measured
80 | I Im_portant for % I predicted: k,, ,(deni) = 0 B
primary
transformation I predicted: k,(deni) = k,,,(nitri)
60 - ‘} i
40 - -
20 - _i L F % l |
0 @* sl L NB
Q\Q Q)/\/ ’ éo(\ Q,Q\Q é\(\@ é,\(\@ \{\\Q 60(\ ’OSQ O\O\ Q>o\ 0\0\ 0\0\ O\O\ 0\0\
& O T LESS S SL LS
& \212‘ & Ooo ® L XK ¥ © S Q& ,goQ Q}\Q
& O N \\& N & Q@ & O
N & NG /
Y Y
psycho-active drugs betablockers
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Transformation products of codeine

After 10 days incubation of codeine in contact with
secondary sludge

Max. 9.3e7 cps|

fntensity [cps] m/z = 298

4.2e74 15.30

4.0e7 - m/z=300 m/z=316
3.8e74
3.6e74
34671 1 1186 m/z = 300
327 (Codeine)
3.0e74
2887 1267
2667 m/z = 314
2.4e74
2.2e7+ \

2.0e7 -
1.8e74
1.6e74
1.4e74
1.2e7 \

A
1.0e74
s WN Several transformation products have
60e6 been found
4.096!
2061 Identlflcatlon IS under investigation
00 95 I 105 110 115 I 125 130 135 145 150 155 I 165 170 175
10 12 T, rin 14 16 18
time [min]
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lodinated X ray contrast media bigss=:

/¢7é§ o “3‘3%

fejptra aliels log Kow: -2.42
log Koy: -2.33
Ky: 5.2-30 L/kg
(activated/digested sludge)

f

0 | | OH
HO\)k NH\)\/OH
N *
l o)
lomeprol

(source: Steger-Hartmann et al., 1999; Carballa et al., 2008; Ternes et al., 2005)
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Transformation products (TPs) of lopromide in WWTP Frankfurt
Sludge age: 20-22 d, hydraul. retention time (biol): 4-5 h, 1.3 Mill inh. equivalent

¢ [ug/L] opr. c [pg/L] c [pg/L] c [pg/L]
40 1 40 ' |opr. 40 ) 4-0 h
3.0 ; @ 3.0 - @ 3.0 - @ TPs 3.0 @ IPs
2.0 ; 2.0 1 2.0 - lopr 2.0 I
1.0 | IPs 1.0 TPs 1.0 | ; 1.0{ °P’
0.0 0.0 0.0 0.0

.. Primary e g
Screen Crit clarifier Nitrification S€¢- clarifier 1 Denitr  Nitrification sec. clarifier 2Denitr

l
- " 00 0 00 O __.\Vgl‘
00 O00O
\'/ Ol 00 oo O
0 0 0 0
1. Biological step 2. Biological step R @
(SA: 0.5d; HRT: 0,5h) (SA:15-20d; HRT: 4-5h) '
Prima Receiving
sludgrg Return sludge ! v water
Secondary Secondary
sludge sludge

Source: Schulz et al., ES&T, 2008
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Potential aerobic degradation pathways of lopromide

reaction l/ll: oxidation prim./sec. hydroxyl moieties reaction IV: oxidative decarboxylation
reaction lll: cleavage of amide-methylen bond reaction V: deacetylation

| OH | OH

0 N\)YOH [N NQYOH "+1v | |
| | O | | (@] ) (@] \H
c’\)CiNH NK')\/OH o\)LNH v O A ! 2
TP 805 A (1) TP 731 A (7)\ - / TP 701 A (11) v
I O N OH
| /‘ \ / oAy VT
| OH |0 Il /O\/MNH () . \\/CiH OLNH
N O N OH ON X
PR . T T TPT20 A (4) e o
- JLNH \/V O\/MNH NWOH O\/MNH \NH/W(OH "n+1v |V o\)LNH NH\/go /O\)LNH I o ’
Iopromlde TP 819 (3) LR TP 817 A (5) o AWOH IV TP 759 (9) TP 643 (12)

l\ lIV +V vl
o lllJO\H/OH / \ /O\)LNH NHV&O vV+V \

| | TP 787A(6) \‘ O NH

(0]
o My NHNOH O%NH NH/YOH "n+1v R /OJOLN:’ ! NH\/O!—io
TP 805B (2)°

| (o]
P 731 B (8) TP 701 B (10)

Source: Schulz et al., ES&T, 2008
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Occurrence of iopromide TPs i

concentration in pg/L

5.0 Groundwater of the irrigation field _]
4.0 il
Bwelll owell2 | gy
3.0
2.0
1.0 i
== [T

Olopro-TP TP TP TP TP TP TP TP TP TP TP TP
mide 805A 805B 819 817A 787A 731A 731B 729A 759 701A701B 643

concentration in ng/L

123 |mTP 759 Tap water of different cities
1OTP 701A
140 O TP 701B (282) —
120 TP 643 (226)
100 - (-.): sum in ng/L

80  (135) (117)
60

40 -

»
0 I . m . Source: Schulz et al.,

city 1 city 2 city 3 city 4 EST, 2008
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Conclusions

Occurrence of emerging compounds
:> Pharmaceuticals, biocides and other polar emerging contaminants

are ubiquitously present in WWTP effluents and surface waters as well as
certain substances in groundwater and drinking water

Modelling of sorption and primary degradation in WWTPs
Removal by sorption and primary biodegradation of emerging contaminants
can be predicted by batch experiments

gt

Relevance of transformation products (TPs)

* Frequently primary degradation is the main removal process in WWTPs,
but it is not leading to mineralization

 TPs formed in WWTPs can be polar and persistent

* Currently the formation of TPs cannot be sufficiently predicted by models

» A toxicological risk assessment of TP is currently impossible

I The known TPs and target compounds are only the top of an iceberg !

Neptune workshop, WFD and emerging pollutants, Koblenz 21./22.4.2009 Thomas A. Ternes, B.
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Degradation of iopamidol/iomeprol in soil/water-systems

» Batch-experiments

SOl ————

- SPE
» separation

» SPE

» detection:
> LC-tandem MS or LC/UV

Bundesanstalt fiir
Gewiisserkunde

vacuum: — 200 mbar

==

SPE
with ENV+

v

11111

—e— lopromide
TP 805 A

—=—TP 805 B

——TP 819
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WWTP effluent sample bfg .
Diatrizoate

8.0e4 | /
7.5e4 |
7.0e4 |
6.5e4 | |opamidol lomeprol
6.0e4 | \
5.5e4 | /
5.0e4 |

4.5e4 |
4.0e4 |

3.5e4 |
3.0e4 |

sdo ‘Ajisuaju|

lopamidol TP791

2.504 | Internal Standard

2.0e4 | Internal Standard

lomeprol TREEMIdol TPE8

1.5e4 |

1.0e4 |

5000.0 |
0.0
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Removal in a municipal Wastewater treatment plant

conc. in pg/L ( ): removal in % (83)

: (96) o F
3,5 O influent U effluent — 18|J-g/|— —
3 ]
84 (48)
2,5 (0) (33) (84)
2 I
1,5 — —
L@y B
0,5 .
0 1
Sulfameth- Carbgma- Diclofenac Sotalol lopromide
oxazole  zepine |pyprofen Atenolol Diatrizoate

v

Ternes et al., Chemosphere, 2007, in press
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Formation of 12 iopromide TPs
in water/soil-systems

detection via HPLC/UV

lopromide | O
O N\)\/OH
*

|
O OH
~ NH *
O

<<
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MS fragmentation of TP 3

%

cham C

CH,

JVOH chain A

O N

N
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OH

& chain B

Product Ion Scan (MS?)
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Comparison of primary degradation |
MBR, biofilter, conventional plant

Primary degradation biofilter [%] Primary degradation MBR [%]

100 » 100 - .z
E2 -
90 - 90 %‘?Y —e— SMX oo
£1 LA oTR]
80 | =t ] . ]
70 | - I
60 | 1
50 - SPY(1) i ,
40 - - Sludge age
PY (2
30 | SPYE) , con.pl MBR
o e 11d 15d
20 | e 1 ®11d  30d
10 - . 11d

O ! | | | | | | | O ‘—.7 5 | | ! ! ! ! !
O 10 20 30 40 50 60 70 80 90100 O 10 20 30 40 50 60 70 80 90 100
Primary degradation: conventional plant [%)] Primary degradation: conventional plant [%)]

Source: Joss und Siegrist, 2005, Eawag News
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lodinated contrast media:
found in surface water and groundwater

conc. 490 I B diatrizoate
- |
In pg/L | (>100 pg/L) I O jopamidol
l ' W j ide
21 ua/L iopromi
: 10 IL( ha/L) : B joxitalamic acid
10 =( Mg/L) | B jothalamic acid
I : (): total
|
! 1 (2.8 pgiL)
| |
| | (1.0 pg/L)
1 I |
| |
(0.6 pg/L); .
| |
| |
|
0.1 : ! .
| |
| |
| |
| |
0-01- L ~ t t | '
Rhine Mihlbach Mittelgraben Winkelbach Groundwater Groundwater

Ternes & Hirsch, Environ. Sci. Techn. (2000) 34, 2741-2748
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