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1.

Raw data of micropollutants from Laboratory and Pilot experiments

Table S1: Raw data of micropollutants from experiment (1): Laboratory experiments
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[ng/l

Raw water 600 1400 | 3800 38 350 79 1200 970 1600 260 180 3300 420 12 13 100 130 840 380 340 350

o A_03_03 170 480 2600 21 <LOQ | <LOQ 31 910 | <LOQ | 250 | <LOQ | 1500 110 11 <LOQ 70 <LOQ | 260 | <LOQ | 260 11
% A_06_03 <LOQ | <LOQ | 670 | <LOQ | <LOQ | <LOQ | <LOQ | 480 | <LOQ | 210 | <LOQ | 960 | <LOQ | <LOQ | <LOQ 42 <LOQ 71 <LOQ 130 | <LOQ
w A _09 03 <LOQ | <LOQ 110 | <LOQ | <LOQ | <LOQ | <LOQ | 200 | <LOQ 91 <LOQ | 470 | <LOQ | <LOQ | <LOQ 30 <LOQ | <LOQ [ <LOQ 51 <LOQ
A_12 O3 <LOQ | <LOQ 40 <LOQ | <LOQ | <LOQ | <LOQ [ <LOQ | <LOQ 52 <LOQ | <LOQ [ <LOQ | <LOQ | <LOQ 30 <LOQ | <LOQ [ <LOQ 24 <LOQ
- B_03_ 03 56 340 | 2400 | 20 |<L0Q |<L0Q |<L00 | 860 |<LOQ | 250 | <LOQ | 1100 | 56 11 |<L0Q| 66 |<LOQ| 250 |<LOQ | 250 |<LOQ
g'-g B_06_03 <LOQ | <LOQ | 450 | <LOQ | <LOQ | <LOQ | <LOQ | 430 |<LOQ | 190 | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | 37 |<LOQ | 61 |<LOQ | 120 | <LOQ
E % B_09_03 <LOQ | <LOQ 75 <LOQ | <LOQ | <LOQ | <LOQ | 130 | <LOQ | 130 | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ 30 <LOQ | <LOQ | <LOQ 53 <LOQ
> B_12_ 03 <LOQ | <LOQ | 20 |<LOQ |<LOQ |<L0Q| 23 |<LOQ|<LOQ| 130 |<LOQ |<LOQ | <LOQ | <LOQ |<LOQ | 30 |<LOQ |<LOQ |<LOQ | 22 |<LOQ

Raw water 1100 | 1500 | 9200 200 450 460 1400 | 2200 | 1500 850 280 4000 350 29 28 69 110 730 250 1100 470

E C_03_03 880 870 6900 120 280 270 740 1900 | 1300 540 72 3100 270 24 19 67 56 460 140 970 350

% C_06_03 850 1100 | 6700 140 180 190 540 1700 | 1300 730 67 2900 250 23 <LOQ 66 19 360 98 970 290

g C_09_03 670 950 6800 130 120 110 300 1700 | 1000 680 25 2700 230 22 <LOQ 63 <LOOQ | 290 43 880 250

C_12_03 610 890 6600 140 80 79 250 1700 940 720 22 2600 210 20 <LOQ 64 <LOQ | 240 35 910 220

Raw water 210 290 2900 17 1200 330 1100 980 1800 50 94 2000 530 35 38 120 61 190 49 60 350

_ D_03_03 160 210 2500 15 180 58 120 830 1100 46 <LOQ | 1400 390 29 <LOQ 87 <LOQ 71 <LOQ 37 210

% D_06_03 81 150 2000 13 <LOQ | <LOQ | <LOQ | 710 290 41 <LOQ | 940 210 23 <LOQ 66 <LOQ 38 <LOQ 29 61
> D_09 03 26 58 1900 | <LOQ | <LOQ | <LOQ | <LOQ | 540 | <LOQ 40 <LOQ | 550 63 18 <LOQ 60 <LOQ 22 <LOQ 23 <LOQ
D_12 03 33 66 2200 | <LOQ | <LOQ | <LOQ | <LOQ | 620 | <LOQ 44 <LOQ | 550 85 <LOQ | <LOQ 62 <LOQ 24 <LOQ 25 <LOQ

LOQ 10 | 20 ] 50 | 20 [ 20 [ 20 ] 10 [ 50 [ 50 [ 10 1050 ] 10] 20]20]20]20]2]1]10]10]
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Table S2: Raw data of micropollutants from Pilot experiments
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| E| E
S| 8| 2 [ng/1]
o| | <
E
Exp | SP1 |0.27[14.0| 3.6 | | 750 | 2400 | 4300 | 350 | 260 | 1500 | 75 | 3100 | 500 | 310 | 3000 | 510 | 260 | 160 | 150 | 120 | 190 | 4100 | 280 | 140 | 650 | 470
1 | gpp |019|122| 25 | | 680 | 2100 | 4000 | 280 600 | 72 | 2500 | 470 2800 | 440 | 230 | 140 | 140 | 62 | 180 [3800 | 350 | 90 | 510 | 370
Exp | SP1 |0.89|14.8| 4.1 | | 760 | 2600 | 14000 | 380 | 360 | 1600 | 98 | 1500 | 670 | 330 | 3100 | 560 | 89 | 140 | 170 | 130 | 190 |4100 | 120 | 120 | 820 | 410
2 | gpp |0.54(12.6| 2.8 | | 740 | 2600 | 11000 | 260 620 | 99 |1300 | 570 2800 | 440 | 81 | 130 | 160 | 78 | 190 |4100 | 190 | 63 | 640 | 290
Exp | SP1 |0.12[13.8| 35 | | 690 | 2200 | 3800 | 330 | 370 | 1400 | 79 | 1600 | 490 | 340 | 3000 | 510 | 210 | 140 | 150 | 120 | 180 | 4300 | 450 | 160 | 850 | 480
3 | gpp [001| 94| 12 || 170 | 590 | 2300 59 | 960 | 380 1100 | 100 | 100 | 72 | 84 82 |3700| 71 420 | 15
Exp | SP1 |0.68|14.1| 3.7 | | 1000 | 2700 | 3000 | 370 | 350 | 1500 | 110 | 1700 | 560 | 320 | 3500 | 540 | 100 | 130 | 150 | 140 | 180 | 4300 | 170 | 160 | 1000 | 380
4 | gpp (00185 | 1.1 | | 140 | 480 | 1800 82 | 860 | 420 910 | 69 | 57 | 64 | 77 79 | 3600 | 63 460 | 11
Exp | SP1 |0.57 135 3.4 | | 720 | 2300 | 3900 | 370 | 400 | 1400 | 120 | 2000 | 780 | 320 | 3100 | 490 | 230 | 140 | 140 | 130 | 240 | 3700 | 220 | 150 | 590 | 400
5 | gpp [001] 86| 11 61 | 270 | 2000 96 | 1100 | 600 600 | 37 | 94 | 67 | 69 80 |3200| 75 260
Exp | SP1 |0.64|14.0| 3.6 | | 850 | 240 | 4200 | 350 | 320 | 1400 | 110 | 3100 | 570 | 290 | 3100 | 520 | 750 | 150 | 150 | 130 | 220 | 3900 | 270 | 150 | 810 | 430
6 sp2 |0.02| 75| 1.0 37 | 410 | 220 50 2000 74
Relative recovery [ | -SPL| | 80 | 106 | - - | e8| - |11 - - |16 | - |109| 77 | - 111|124 | - - | 120 | 106 | 104 | 108
SP2 105 98 - - - - 102 - - - 124 96 106 - 108 | 118 94 - 118 102 97 112
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2.

Elimination of micropollutants from Laboratory and Pilot experiments

Table S3: Elimination of micropollutants from Laboratory experiments
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[mg DOCI/I] | [g O3/g DOC] [%]

A_00_0O3 7.3 0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
> | A_03_03 7.3 0.29 29 51 71 66 33 44 97 87 97 97 3 94 55 75 14 23 33 92 69 97 22 97
% A_06_03 7.3 0.54 33 41 98 99 83 74 97 87 99 50 97 19 94 71 98 19 23 59 92 91 97 61 97
w A_09 03 7.3 0.80 53 67 98 99 97 74 97 87 99 79 97 65 94 86 98 19 23 71 92 98 97 85 97

A 12 O3 7.3 1.04 47 59 98 99 99 74 97 87 99 95 97 80 94 98 98 19 23 71 92 98 97 93 97

B_00_0O3 7.3 0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
U—)E B_03_03 7.3 0.29 34 62 91 76 38 48 97 87 99 12 97 94 67 87 12 23 36 92 70 97 26 97
%% B_06_03 7.3 0.54 49 79 98 99 88 74 97 87 99 55 97 26 94 98 98 19 23 64 92 93 97 65 97
w S B_09_0O3 7.3 0.80 60 87 98 99 98 74 97 87 99 86 97 50 94 98 98 19 23 71 92 98 97 85 97

B_12 O3 7.3 1.04 67 91 98 99 99 74 97 87 98 95 97 49 94 98 98 19 23 71 92 98 97 94 97

C_00_03 9.2 0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
% C_03 03 9.2 0.16 12 26 21 40 25 41 38 42 47 16 15 37 74 23 23 17 33 3 49 38 44 11 27
% C_06_03 9.2 0.31 21 42 24 23 28 27 60 59 61 24 17 14 76 29 29 20 65 4 83 51 61 11 39
g C_09_03 9.2 0.45 28 52 39 35 27 33 74 75 79 23 35 21 91 33 34 24 65 8 91 61 83 20 47

C_12_03 9.2 0.59 35 63 46 39 28 30 82 83 82 22 39 16 92 34 41 29 65 6 91 67 86 16 53

D_00_03 4.3 0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
= D_03_03 4.3 0.35 29 55 25 28 14 12 85 83 89 15 40 8 89 30 27 18 73 25 84 62 80 38 41
% D_06_03 4.3 0.68 46 74 61 49 30 26 99 97 99 27 84 18 89 53 60 36 73 43 84 80 80 51 82
> D_09 03 4.3 0.98 54 81 88 80 34 41 99 97 99 44 97 20 89 72 88 50 73 49 84 88 80 62 97

D_12 03 4.3 1.29 57 83 84 77 24 41 99 97 99 37 97 12 89 72 84 72 73 47 84 87 80 58 97
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Table S4: Elimination of micropollutants from Pilot experiments
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[mg DOC/] | [g 03/g DOC] | [g 03/g DOC] | | [9] | [%] [%]
| Exp1 6.9 0.13 0.09 13 | 30 9 [14] 5 |21][92]60] 4]20] 7 [o5]| 8 [13]11]12] 8 |48] 7] 7 [-25]34]021]22
| exp2 | 77 | o028 | o007 |[15|31] |3 |2[18|30]04]e0|-1][14]15]05] 0 |22][8 |7 |64 -1]1]|50]47]23]28]
| exp3 | 70 | o031 | o026 | [32]|65]| |76|74[38|97|05]99|25[42]|22]06]64|80[53]|50]42]92]53[12]84]04]51]07]
| Exp4a | 68 | 092 | o058 | [39]69]| [86|82]42][07[94] 9025502605 74][87]45]53]|50]|93]55]16]63]04]56]07]
| Exp5 | 69 | o083 | o055 | [36]|67] [91]88[48]|97|95] 09| 22][47]|23]05]80|02][59]51]51]93]66][14]65]03]57]08]
| exp6 | 85 | 111 | 08 | [47|72] 99| 09|99 |97 |94] 99 |66|87|61]05]090|00[93|93]00]092]|89][40]093]03]01]os]

Formel 1: Ozone dosage without Nitritecompensation

ODohneNitrit -

_ (Coa,ZU _CO3,Ab)*QLuﬁ [

CDOC *QW

g0,/g DOC]

Formel 2: Ozone dosage without Nitritecompensation

oD mitNitrit —

(C03,2u - CO3,Ab)*QLuft o (CNOZ—N,ZU - CNOZ—N,Ab)*QW > f

ODohne nitrit:

ODnmit nitrit:
Cosz,zu:
Cos,ab:

Qrure:

CDoc * Qw
Ozondosis ohne Nitritkompensation [g O3/g DOC] Cpoc:
Ozondosis mit Nitritkompensation [g Os/g DOC] Qw:
Ozonkonzentration in der Zuluft [g O3/Nm?3] Cnoz-n,zu:
Ozonkonzentration in der Abluft [g O3/Nm?3] Cno2-N,AB:

Luftstrom [l/min]

f:

[90,/9 DOC]

DOC-Konzentration im Abwasser [mg DOC/!]
Durchfluss durch die Kolonne [lI/min]

Nitrit Konzentration im Zulauf [mg NO>-N/I]
Nitrit Konzentration im Ablauf [mg NO>-N/I]

Ozonverbrauch zur Oxidation von Nitrit: 3.43 g O3/g NO2-N
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coC
3. Correlation between the eliminationrate of single micropollutants and AAbs at 254 nm
100 100 - N
Atenolol Atenolol acid
90
80
— 70 —_
® ®
g 60 o
- -
[ i
e 5 :
= 40 —
£ £
w 30 w
—+—Eawag —+—Eawag
20 -=Werdhalzli -=-Werdholzli
—4—Uster —+—Uster
10
—a-Eawag Pilot -8-Eawag Pilot
0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
AAbs at254 nm [ %] AAbs at254 nm [ % ]
100 100 —a— —
Benzotriazole Carbamazepine v M
90 90
80 80
.70 .70
ES ES
o 60 o 60
B s
§ § 50
- -
2 40 2 40
E £
“ 30 “ 30
—+—Eawag —+Eawag
20 -=-Werdholzli 20 -=-Werdhélzli
—+—Uster —+—Uster
10 10
-a-Eawag Pilot -o-Eawag Pilot
0 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
AAbs at254 nm [ %] AAbsat254 nm [ %]



Supplementary Information

100

Eliminationrate [ % ]
= %] w F=3 wv [=2] ~J [} =1
o [=] (=] (=] o o (=] o [=]

o

100

Eliminationrate[ % ]

Clarithomycin

—+—Eawag

-=-Werdhélzli

—+—Uster

-8-Eawag Pilot

10 20 30 40 50 60
AAbs at254nm [ %]

70

Gabapentin

—+—Eawag

-m-Werdhélzli
——Uster

-8-Eawag Pilot

10 20 30 40 50 60
AAbs at254nm [ %]

70

Eliminationrate[ % ]

Eliminationrate [ % ]
wv
o

100

(el o} &}

Diclofenac

w
o

=]
o

-~
o

[=2]
o

£
o

w
o

L)
o

=
[=]

o

0 10 20 30 40 50
AAbs at254nm [ %]

100

—+—Eawag

-=-Werdhélzli
—+—Uster

-8-Eawag Pilot

60 70

Levetiracetam
90

0 10 20 30 40 50
AAbs at254nm [ %]

\| —a-Uster

—+—Eawag

-m-Werdhélzli

-8-Eawag Pilot

60 70



Supplementary Information

100
1 A
Mefenamic acid
80 -
70
x
o 60
a2
L
.5 50
=1
2
£ 40
E
“ 30
—+—Eawag
20 -m-Werdhalzli
——Uster
10
-e-Eawag Pilot
0
0 10 20 30 40 50 60 70
AAbs at254nm [ %]
100
Metoprolol
90 A,
/ "‘
80
. 70
x
o 60
2
=
S 50
B
5 40
E
* 30
—+—Eawag
20 -=-Werdhélzli
—+—Uster
10
-e-Eawag Pilot
0
0 10 20 30 40 50 60 70
AAbs at254 nm [ %]

100

Eliminationrate [ % ]
[ %) w p=3 9.} (=2 ~J [+:] w
(=] [=] [=] (=] (=] [=] (=] o (=]

o

100

80

80

70

60

50

40

Eliminationrate [ % ]

30

20

10

(el o} &}

Methylbenzotriazole

——Eawag
-=-Werdholzli
—a—Uster

-8-Eawag PFilot

10 20 30 40 50 60 70
AAbs at254nm [ %]
Primidone

——Eawag
-=-Werdholzli
——Uster
-e-Eawag Pilot

10 20 30 40 50 60 70

AAbsat254nm[ %]



Supplementary Information

Eliminationrate [ % ]

Eliminationrate [ % ]

100

100

90

30

70

60

50

40

30

20

10

Propranolol

10

—+—Eawag
-m-Werdhalzli

—+—Uster

—-e-Eawag Pilot

70

20 30 40 50 60
AAbs at254 nm [ %]
. T + -
Trimethoprim
.......
—+—Eawag
-m-Werdhélzli
—4—Uster
—-e-Eawag Pilot
10 20 30 40 50 60 70
OAbs at254 nm [ %]

100

Eliminationrate [ % ]

100

90

80

70

60

50

40

Eliminationrate [ % ]

30

20

10

(el o} &}

Sulfamethoxazole

10 20

30 40
AAbsat254 nm [ %]

50

—+—Eawag
-=-Werdholzli

—+—Uster

—8-Eawag Pilot

60

70

Valsartan

10 20

30 40
AAbs at254 nm [ %]

50

—e—Eawag
-m-Werdhélzli
—+—Uster

-8-Eawag Pilot

60

70



Supplementary Information o] o) o}

100

Venlafaxin

920

80

70

60

Eliminationrate [ % ]
u
o

—+—Eawag
20 -=-Werdhélzli
——Uster
10
-o-Eawag Pilot
0
0 10 20 30 40 50 60 70
AAbs at254nm [ %]

10



Supplementary Information

4. Correlation between the eliminationrate of single micropollutants
and AAbs at 366 nm

Table S5: Relative decrease of absorbance at 366 nm for 50 and 80 % elimination of the selected
micropollutants in different wastewaters (A: Eawag, B: Werdholzli, C: Uster). (x) no
measurement for this substance available; (-) the aspired degree of elimination was not reached
with the applied ozone dosages and therefore no value for AAbs is available.

AADbs at 366 nm AADbs at 366 nm
for 50% MP for 80% MP
elimination elimination

Lab-exp Pilot Lab-exp Pilot

exp. exp.

A B C A A B C A

AAbs [ % AAbs [ %

Atenolol 44 - 70 52 69 - 79 67
Atenolol acid 48 - 75 51 71 - 81 67
Benzotriazole 71 - - 70 78 - - 71
Bezafibrat 67 - - X 79 - - X
Carbamazepine 31 | 35 | 32 43 50 | 59 | 52 57
Clarithomycin 34 | 33 | 33 16 56 | 59 | 53 27
Diclofenac 31 | 29 | 30 25 50 | 55 | 49 48

Fluconazol X X X 70 X X X -
Gabapentin 79 - - 69 88 - - 71
Hydrochlorothiazide 31 - 62 X 50 - 73 X

Levetiracetam 85 - - 71 91 - - -
Mefenamic acid 32 | 17 | 30 16 52 | 46 | 48 26
Methylbenzotriazole | 56 - 72 57 85 - 72 70
Metoprolol 41 - 70 50 66 - 79 65
Metronidazole X X X 69 X X X 70
Oxazepam X X X 65 X X X 71
Primidon 74 - 80 69 = = = 70
Propranolol 33 | 27 | 32 31 53 | 41 | 52 55
Ritalinic acid X X X 62 X X X 71

Sucralose X X X 72 X X X -
Sulfamethoxazole 45 | 41 | 44 53 71 - 75 71
Trimethoprim 31 | 31 | 33 40 50 | 50 | 56 57
Valsartan 76 - 73 64 86 - - 71
Venlafaxin 31 | 57 | 62 43 50 - 73 57

11
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5.

Feedforward and feedback control strategies to dose ozone in

wastewater treatment

Table S6: Various feedforward and feedback control strategies and their advantages and
disadvantages

Description

Advantages

Disadvantages

The ozone is dosed
proportionally to the
influent flow rate

+ Relatively simple

Only for plants with
stable biological process
- low variations of DOC
in the effluent

similar to the DOC
Load.

*3 - Not possible to predict
o the ratio between ozone
s and DOC load and thus
9 neither for elimination
3 efficiency
- Adaption of control
algorithm for storm
events required to
prevent over dosage
This is a combination + Simple implementation - DOC Measurement with a
of control by + Possible prediction of thermic Me_thod requires
* discharge and DOC elimination efficiency a lot of maintenance and
o the so measured DOC
g concentration. Ozone + Optimized dosage of ozone concentrations show
= | is dosed proportionally regarding under- and over measurement
8 to the DOC-Load dosage due to variations uncertainties.
[a) in DOC concentration
- DOC includes organic
compounds not reacting
with ozone
The measurement of + Simpler and less - Uncertainties regarding
maintenace is required variable background
s the absorbance at 254 than with the thermic absorbance in the
& | hm can be used as DOC-Analyzer effluent wastewater
;t’ control parameter which is not correlated

to micropollutants

12
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Soluble ozone + Ozone dosage is well - The election of the
concentration is adjugted to wastewater mea;urement position is
c ) matrix compounds (DOC, crucial, as the
6 | measured in the back Nitrite, etc.) measurement device
E part of the ozone require a minimum
"E reactor as a ozone concentration
§ paramater for
8 feedback control. The
o | remaining ozone
§ delivers the
O | information whether
more or less ozone is
required
During ozonation a + Simple measurement
9 | decrease of + Ozone dosage is well
S | absorbance is adjusted to wastewater
5 observed (AAbs). m_at_rix compounds (DOC,
9 Nitrite, etc.)
n" AADs can be used as a + Good monitoring of the
é feedback control L process efficiency possible
parameter to optimize
the ozone dosage

*Nitrite compensated ozone dosage: The described Control concepts can be optimized by
using nitrite measurement.

+ Knowing the nitrite concentration in the influent, ozone can be dosed more
specifically to achieve a good elimination efficiency

- The additional nitrite measurement device leads to increased maintenance
requirement

13




