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Table SI1. The classification, source and legislation of wastewater effluent relevant CEC. 
Category Name of CEC Abbreviations CAS Source Regulated 

concentration, 
µg/L 

Legislation 

PhACs Sulfamethoxazole SMZ or SMX 723-46-6 Antibiotics Class I (GWRC 2008)  
35 (NRMMC 2008) 

Erythromycin ERY 114-07-8 Antibiotics  (EU Decision 2015/495a) 

Class I (GWRC 2008) 

17.5 (NRMMC 2008) 

Clarithromycin CLR 81103-11-9 Antibiotics  (EU Decision 2015/495b) 
Class II (GWRC 2008) 
250 (NRMMC 2008) 

Azithromycin AZM 83905-01-5 Antibiotics  (EU Decision 2015/495b) 
3.9 (NRMMC 2008) 

Ciprofloxacin CIPX 85721-33-1 Antibiotics Class I (GWRC 2008) 
250 (NRMMC 2008) 

Diclofenac DfNA 15307-86-5 Analgesics  (EU Decision 2015/495b) 
Class I (GWRC 2008) 
1.8 (NRMMC 2008) 

Carbamazepine CZP, CAR, 
CARB 

298-46-4 Psychiatric drugs Class I (GWRC 2008) 
100 (NRMMC 2008) 
10 (NWRI, 2013) 

Metformin MF 657-24-9 Diabetes type 2 
agent 

Class III (GWRC 2008) 
250 (NRMMC 2008) 

Metoprolol METO, MP 37350-58-6 β receptor blocker 
type 

Class II (GWRC 2008) 
25 (NRMMC 2008) 

Bezafibrate BFB, BZ, BZF 41859-67-0 Lipid lowering agent Class I (GWRC 2008) 
300 (NRMMC 2008) 

Primidone INN, BAN, USP 125-33-7 Anticonvulsant 10 (NWRI, 2013) 

Iopromide IPM 7334-07-3 Contrast agent Class II (GWRC 2008) 
750 (NRMMC 2008) 

Steroidal 
estrogens 

17-Alpha-ethinylestradiol EE2 57-63-6 Medical use  (EU Decision 2015/495a) 

0.175 (NRMMC 2008) 

17-Beta-estradiol E2 50-28-2, 53-16-
7 

Medical use  (EU Decision 2015/495a) 
0.050 (NRMMC 2008) 
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Pesticides  Mecoprop MCPP 93-65-2 Agricultural use 10 None 

 Bisphenol A BPA 80-05-7 Plastic compound 200 (NRMMC 2008) 

Industrial 
chemicals 

Benzotriazole BT 95-14-7 Corrosion inhibitor - None 

Methylbenzotriazole TTA 29385-43-1 Corrosion inhibitor - None 

Acesulfame ACE 33665-90-6 Food additive 
(sweetener) 

- None 

Perfluorooctanoic acid PFOA 335-67-1 Teflon dishes - None 

Perfluorooctanesulfonic acid PFOS 1763-23-1 Teflon dishes - None 

2,6-Di-tert-butyl-4-
methylphenol 

BHT 128-37-0 Antioxidant food 
additive 

 (EU Decision 2015/495a) 
2 (NRMMC 2008) 

2-Ethylhexyl 4-
methoxycinnamate 

EHMC 5466-77-3 Cosmetics sun 
blocker 

 (EU Decision 2015/495a) 

Complexing 
agents 

Ethylene-diamine-tetracetic 
acid  

EDTA 60-00-4 Industrial and 
medical use 

- None 

Nitrilotriacetic acid NTA 139-13-9 Used for water 
softening  

- None 
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Table SI2. Second-order reaction rate constants of the reviewed CEC with ozone at pH7 and •OH radicals 

CEC sorted in 
groups according to 

ozone reactivity 
kO3, pH7  
M-1 s-1 Reference k•OH  

M-1 s-1 Reference 

Group A >103    
Azithromycin 1.1 x 105 Dodd et al. (2006) 2.9 x 109 Dodd et al. (2006) 
Bisphenol A 1.6 × 106 Deborde et al. (2005) 1 x 109 Rosenfeldt and Linden (2004) 

Carbamazepine 3.0 x 105 Huber et al. (2003) 8.5 x 109 Wenk et al. (2011) 
Ciprofloxacin 1.9 x 104 Dodd et al. (2006) 4.1 x 109 Dodd et al. (2006) 

Clarithromycin 4.0 x 104 Lange et al. (2006) ~5 x 109 Lee et al. (2014) 

Diclofenac 1 x 106 Huber et al. (2003) 7.5 x 109 Huber et al. (2003) 

Erythromycin 7.9 x 104 Lee et al. (2014) ~5 x 109 Lee et al. (2014) 

Metoprolol 2.0 x 103 Benner et al. (2008) 7.3 x 109 Benner et al. (2008) 

Sulfamethoxazole 5.5 x 105 Dodd et al. (2006) 5.5 x 109 Huber et al. (2003) 
17α-Ethinylestradiol, 

EE2 1.6 x 106 (5) Deborde et al. (2005) 9.8 x 109 Huber et al. (2003) 

17β-Estradiol, E2 1.7 x 106 (5) Deborde et al. (2005)   
Group B 102-103    

Benzotriazole ~190 Bourgin et al. (2018) (8.6-10) x 109 Leitner and Roshani (2010) 

Bezafibrate 590 Huber et al. (2003) 7.4 x 109 Huber et al. (2003) 

Mecoprop 111 Beltran et al. (1994) 1.9 x 109 Beltran et al. (1994) 

Methylbenzotriazole 460 Bourgin et al. (2018)   
Group C <102    

Acesulfame 88 Kaiser et al. (2013) 4.6 x 109 Kaiser et al. (2013) 

Iopromide < 0.8 Huber et al. (2003) 3.3 x 109 Huber et al. (2003) 

Metformin 1.2 Jin et al. (2012) ~ 107 Scheurer et al. (2012) 

PFOA   ≤105 Vecitis et al. (2009) 

PFOS   <106 Vecitis et al. (2008) 

Primidone 1 Real et al. (2009) 6.7 x 109 Real et al. (2009) 
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Table SI3. Abatement of a selection of CECs from wastewater effluents by ozonation (when the concentration after ozonation is below LOQ the abatement is labelled 
with >) 

CEC Scale  WWTP DOC 
(mg/L) 

NO2-N 
(mg/L) 

Initial pH Dspec (g O3/g DOC) Abatement by 
ozonation (%) 

Reference 

Group A: good elimination: kO3 > 103 

Azithromycin pilot scale 2 German WWTPs    0.75 94 Götz et al. (2015) 

    hospital WW 6.25  8.6 0.64±0.01 >91 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 >91   

      5.8  8.55 1.08±0.05 >91   

  full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 >89 Bourgin et al. (2018) 

            0.36 >90   

            0.36 90   

            0.44 >92   

            0.45 >85   

            0.45 >91   

            0.45 >64   

            0.46 90   

            0.47 >95   

            0.47 >95   

            0.47 >96   

            0.48 >37   

            0.49 >55   

            0.50 >86   

            0.52 >74   

            0.52 >80   

            0.54 >68   

            0.54 >57   
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            0.57 >43   

            0.59 >50   

            0.62 >93   

            0.64 >86   

            0.65 >90   

            0.66 >87   

            0.68 >94   

            0.70 >89   

            0.82 >94   

            0.84 >64   

            0.91 >95   

            0.92 >95   

            1.07 94   

Bisphenol A lab scale AWWTP 7 0.05 7.1 0.25 81 Lee et al. (2013) 
           0.5 98   
           1 98   
           1.5 98   
   CCWRD 7.1 0.06 6.9 0.28 70   
           0.53 97   
           1.03 97   
           1.53 97   
   GCGA 6.3 0.3 7.3 0.25 66   
           0.5 97   
           1 97   
           1.5 97   
   KOWWTP 4.7 0.07 7 0.25 99   
           0.5 99   
           1 99   
           1.5 99   
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   LaWWTP 6 0.16 7.2 0.25 96   
           0.5 97   
           1 97   
           1.5 97   
   LoWWTP 26.4 0.45 7.3 0.1 74   
           0.2 98   
           0.3 98   
           0.4 98   
           0.5 98   
           0.6 98   
   MWRDGC 5.7 <0.05 7.6 0.25 97   
           0.5 97   
           1 97   
           1.5 97   
   PCU 7 <0.05 7.3 0.25 97   
           0.5 97   
           1 97   
           1.5 97   
   RWWTP 4.7 0.01 7.2 0.25 99   
           0.5 99   
           1 99   
           1.5 99   
   WBMWD 15 0.17 7.3 0.29 98   
           0.54 98   
           1.04 98   
           1.54 98   
  full scale Tokyo 3.5 0.039 6.77 0.86 81 Nakada et al. (2007) 

      3.2 0.004 7 0.94 87   

  pilot scale municipal WW 7.6  0.22 6.8  0.56*/0.65 >98 Schaar et al. (2010) 
      5.8  0.07 6.8  0.81 >86   
      7.0  0.01 6.7  1.08 >58   
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Carbamazepine lab scale A 14.4   0.28 80 Altmann et al. (2014) 
    B 14.2   0.28 80   
    C 11.1   0.28 80   
    D 9.6   0.24 80   
  full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 96 Bourgin et al. (2018) 

           0.36 95   

           0.36 94   

           0.44 >99   

           0.45 95   

           0.45 >98   

           0.45 >98   

           0.46 93   

           0.47 >96   

           0.47 >96   

           0.47 >96   

           0.48 >97   

           0.49 >98   

           0.50 97   

           0.52 >98   

           0.52 94   

           0.54 99   

           0.54 >98   

           0.55 >98   

           0.57 97   

           0.59 >98   

           0.62 >96   

           0.64 >98   

           0.65 >98   
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           0.66 >98   

           0.68 >96   

           0.70 >98   

           0.82 >95   

           0.84 >98   

           0.91 >98   

           0.92 >98   

           1.07 >98   

  pilot scale 2 German WWTPs    0.75 96 Götz et al. (2015) 

  full scale Regensdorf 4.2 - 6.0  7 0.36 ± 0.00 98 ± 1 Hollender et al. (2009) 
            0.51 ± 0.06 99 ± 1   
            0.64 ± 0.03 99 ± 1   
            0.79 ± 0.03 99 ± 1   
            1.16 100  
  pilot scale hospital WW 6.25  8.6 0.64±0.01 >99 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 >99   

      5.8  8.55 1.08±0.05 >99   

  pilot scale municipal WW 7.4±1.2 0.17±0.13 6.7-7.9 (7.0) 0.41±0.02 100 Kreuzinger et al. (2015) 

            0.51±0.04 100   

            0.62±0.03 100   

            0.69±0.03 100   

            0.81±0.03 100   

            0.88±0.02 100   

  lab scale AWWTP 7 0.05 7.1 0.25 73 Lee et al. (2013) 
            0.5 100   
            1 100   
            1.5 100   
    CCWRD 7.1 0.06 6.9 0.28 69   
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            0.53 99   
            1.03 99   
            1.53 99   
    GCGA 6.3 0.3 7.3 0.25 52   
            0.5 99   
            1 99   
            1.5 99   
    KOWWTP 4.7 0.07 7 0.25 97   
            0.5 100   
            1 100   
            1.5 100   
    LaWWTP 6 0.16 7.2 0.25 88   
            0.5 99   
            1 99   
            1.5 99   
    LoWWTP 26.4 0.45 7.3 0.1 55   
            0.2 95   
            0.3 99   
            0.4 99   
            0.5 99   
            0.6 98   
    MWRDGC 5.7 <0.05 7.6 0.25 99   
            0.5 99   
            1 99   
            1.5 99   
    PCU 7 <0.05 7.3 0.25 99   
            0.5 99   
            1 99   
            1.5 99   
    RWWTP 4.7 0.01 7.2 0.25 99   
            0.5 100   
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            1 100   
            1.5 100   
    WBMWD 15 0.17 7.3 0.29 99   
            0.54 99   
            1.04 99   
            1.54 99   
  lab scale Bottrop 9.5  7.5 1.2 >95 Nöthe (2009) 
    Bottrop 9.5  7.5 1.6 >95   
    Düsseldorf-Süd 17  7.5 0.8 >95   
    Köln Stammheim 9.5  7.5 1.2 >96   
  full scale Water Reclamation 

Plant 
      0.5 (approx.) >98 Reungoat et al. (2010) 

  pilot scale municipal WW 7.6 0.22 6.8 0.56*/0.65 >99 Schaar et al. (2010) 
      5.8 0.07 6.8 0.81 >99   
      7.0 0.01 6.7 1.08 >99   
Ciprofloxacin pilot scale 2 German WWTPs       0.75 88 Götz et al. (2015) 

  pilot scale hospital WW 6.25  8.6 0.64±0.01 100 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 100   

      5.8  8.55 1.08±0.05 100   

Clarithromycin full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 94 Bourgin et al. (2018) 

           0.36 94   

           0.36 91   

           0.44 97   

           0.45 94   

           0.45 96   

           0.45 93   

           0.46 90   

           0.47 >90   

           0.47 >90   

           0.47 >96   
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           0.48 >97   

           0.49 >95   

           0.50 96   

           0.52 >97   

           0.52 94   

           0.54 >96   

           0.54 >96   

           0.55 >97   

           0.57 >97   

           0.59 >95   

           0.62 >92   

           0.64 >94   

           0.65 >98   

           0.66 >94   

           0.68 >93   

           0.70 >94   

           0.82 >93   

           0.84 >96   

           0.91 >98   

           0.92 >98   

           1.07 >96   

  pilot scale 2 German WWTPs    0.75 92 Götz et al. (2015) 

  full scale Regensdorf 4.2 - 6.0  7 0.36 ± 0.00 92 ± 8 Hollender et al. (2009) 
            0.51 ± 0.06 94 ± 5   
            0.64 ± 0.03 99 ± 1   
            0.79 ± 0.03 98 ± 1   
            1.16 99   
  pilot scale hospital WW 6.25  8.6 0.64±0.01 100 Kovalova et al. (2013) 



13 
 

      6  8.55 0.89±0.03 100   

      5.8  8.55 1.08±0.05 100   

Diclofenac lab scale A 14.4     0.25 80 Altmann et al. (2014) 
    B 14.2     0.24 80   
    C 11.1     0.2 80   
    D 9.6     0.19 80   
  full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 97 Bourgin et al. (2018) 

           0.36 96   

           0.36 95   

           0.44 99   

           0.45 96   

           0.45 99   

           0.45 95   

           0.46 94   

           0.47 >99   

           0.47 >99   

           0.47 99   

           0.48 99   

           0.49 99   

           0.50 97   

           0.52 100   

           0.52 95   

           0.54 99   

           0.54 100   

           0.55 99   

           0.57 98   

           0.59 100   

           0.62 >99   
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           0.64 99   

           0.65 100   

           0.66 99   

           0.68 >99   

           0.70 100   

           0.82 >99   

           0.84 100   

           0.91 >99   

           0.92 >99   

           1.07 100   

  pilot scale 2 German WWTPs    0.75 97 Götz et al. (2015) 

  full scale Regensdorf 4.2 - 6.0  7 0.36 ± 0.00 98 ± 1 Hollender et al. (2009) 
            0.51 ± 0.06 99 ± 1   
            0.64 ± 0.03 99 ± 1   
            0.79 ± 0.03 99 ± 1   
            1.16 99   
  pilot scale hospital WW 6.25  8.6 0.64±0.01 100 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 100   

      5.8  8.55 1.08±0.05 100   

  pilot scale municipal WW 7.4±1.2 0.17±0.13 6.7-7.9 (7.0) 0.41±0.02 100 Kreuzinger et al. (2015) 

            0.51±0.04 100   

            0.62±0.03 100   

            0.69±0.03 100   

            0.81±0.03 100   

            0.88±0.02 100   

  lab scale AWWTP 7.1 0.05 7.1 0.25 78 Lee et al. (2013) 
       0.5 98   
           1 98   
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           1.5 98   
    CCWRD 6.9 0.06 6.9 0.28 72   
            0.53 97   
            1.03 97   
            1.53 97   
    GCGA 7.3 0.3 7.3 0.25 61   
            0.5 98   
            1 98   
            1.5 98   
    KOWWTP 7 0.07 7 0.25 99   
            0.5 99   
            1 99   
            1.5 99   
    LaWWTP 7.2 0.16 7.2 0.25 91   
            0.5 99   
            1 99   
            1.5 99   
    LoWWTP 7.3 0.45 7.3 0.1 65   
            0.2 96   
            0.3 98   
            0.4 98   
            0.5 98   
            0.6 99   
    MWRDGC 7.6 <0.05 7.6 0.25 97   
            0.5 97   
            1 97   
            1.5 97   
    PCU 7.3 <0.05 7.3 0.25 97   
            0.5 97   
            1 97   
            1.5 97   
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    RWWTP 7.2 0.01 7.2 0.25 99   
            0.5 99   
            1 99   
            1.5 99   
    WBMWD 7.3 0.17 7.3 0.29 98   
            0.54 98   
            1.04 98   
            1.54 98   
 lab scale Bottrop 9.5  7.5 1.2 >95 Nöthe (2009) 
    Bottrop 9.5  7.5 1.6 >95   
    Düsseldorf-Süd 17  7.5 0.8 >95   
    Köln Stammheim 9.5  7.5 1.2 >97   
  full scale Water Reclamation 

Plant 
      0.5 (approx.) >94 Reungoat et al. (2010) 

  pilot scale municipal WW 7.6 0.22 6.8 0.56*/0.65 >99 Schaar et al. (2010) 
      5.8 0.07 6.8 0.81 >99   
      7.0 0.01 6.7 1.08 >99   
Erythromycin pilot scale hospital WW 6.25  8.6 0.64±0.01 >93 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 >93   

      5.8  8.55 1.08±0.05 >93   

  pilot scale municipal WW 7.6  0.22 6.8 0.56*/0.65 >88 Schaar et al. (2010) 
      5.8  0.07 6.8 0.81 >95   
Metoprolol full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 77 Bourgin et al. (2018) 

           0.36 74   

           0.36 73   

           0.44 80   

           0.45 77   

           0.45 78   

           0.45 75   

           0.46 66   
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           0.47 91   

           0.47 91   

           0.47 83   

           0.48 88   

           0.49 91   

           0.50 82   

           0.52 97   

           0.52 78   

           0.54 89   

           0.54 93   

           0.55 89   

           0.57 80   

           0.59 97   

           0.62 94   

           0.64 89   

           0.65 97   

           0.66 94   

           0.68 97   

           0.70 99   

           0.82 >98   

           0.84 >99   

           0.91 98   

           0.92 >99   

           1.07 >99   

  pilot scale 2 German WWTPs       0.75 71 Götz et al. (2015) 

  full scale Regensdorf 4.2 - 6.0 -  7 0.36 ± 0.00 45 ± 4 Hollender et al. (2009) 
            0.64 ± 0.03 92 ± 3   
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            0.79 ± 0.03 94 ± 4   
            1.16 97   
  pilot scale hospital WW 6.25  8.6 0.64±0.01 98 ± 1 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 >97   

      5.8  8.55 1.08±0.05 >97   

  pilot scale municipal WW 7.4±1.2 0.17±0.13 6.7-7.9 (7.0) 0.41±0.02 56 Kreuzinger et al. (2015) 

            0.51±0.04 63   

            0.62±0.03 70   

            0.69±0.03 83   

            0.81±0.03 89   

            0.88±0.02 88   

  lab scale Bottrop 9.5  7.5 1.2 >96 Nöthe (2009) 
    Bottrop 9.5  7.5 1.6  >95   
    Düsseldorf-Süd 17  7.5 0.8 >95   
    Köln Stammheim 9.5  7.5 1.2 >97   
  full scale Water Reclamation 

Plant 
      0.5 (approx.) 86 Reungoat et al. (2010) 

Sulfamethoxazole lab scale A 14.4     0.39 80 Altmann et al. (2014) 
    B 14.2     0.37 80   
    C 11.1     0.47 80   
    D 9.6     0.21 80   
  full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 87 Bourgin et al. (2018) 

            0.36 84   

            0.36 83   

            0.44 92   

            0.45 87   

            0.45 91   

            0.45 86   

            0.46 61   
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            0.47 >93   

            0.47 93   

            0.47 89   

            0.48 96   

            0.49 96   

            0.50 91   

            0.52 >97   

            0.52 89   

            0.54 94   

            0.54 97   

            0.55 95   

            0.57 94   

            0.59 >97   

            0.62 >92   

            0.64 95   

            0.65 >96   

            0.66 97   

            0.68 >91   

            0.70 >98   

            0.82 >91   

            0.84 >95   

            0.91 >96   

            0.92 >96   

            1.07 >91   

  full scale Regensdorf 4.2 - 6.0   7 0.36 ± 0.00 80 ± 1 Hollender et al. (2009) 
            0.51 ± 0.06 96 ± 4   
            0.64 ± 0.03 97 ± 1   
            0.79 ± 0.03 96 ± 3   
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            1.16 96   
  pilot scale hospital WW 6.25  8.6 0.64±0.01 96 ± 1 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 98   

      5.8  8.55 1.08±0.05 99   

  pilot scale municipal WW 7.4±1.2 0.17±0.13 6.7-7.9 (7.0) 0.41±0.02 98 Kreuzinger et al. (2015) 

            0.51±0.04 100   

            0.62±0.03 100   

            0.69±0.03 96   

            0.81±0.03 100   

            0.88±0.02 100   

  lab scale AWWTP 7.1 0.05 7.1 0.25 69 Lee et al. (2013) 
            0.5 97   
            1 99   
            1.5 99   
  lab scale CCWRD 6.9 0.06 6.9 0.28 64   
            0.53 98   
            1.03 99   
            1.53 99   
  lab scale GCGA 7.3 0.3 7.3 0.25 45   
            0.5 92   
            1 98   
            1.5 98   
  lab scale KOWWTP 7 0.07 7 0.25 97   
            0.5 99   
            1 99   
            1.5 99   
  lab scale LaWWTP 7.2 0.16 7.2 0.25 82   
            0.5 98   
            1 98   
            1.5 98   
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  lab scale LoWWTP 7.3 0.45 7.3 0.1 67   
            0.2 87   
            0.3 94   
            0.4 97   
            0.5 99   
            0.6 99   
  lab scale MWRDGC 7.6 <0.05 7.6 0.25 95   
            0.5 98   
            1 98   
            1.5 98   
  lab scale PCU 7.3 <0.05 7.3 0.25 88   
            0.5 98   
            1 99   
            1.5 99   
  lab scale RWWTP 7.2 0.01 7.2 0.25 96   
            0.5 99   
            1 99   
            1.5 99   
  lab scale WBMWD 7.3 0.17 7.3 0.29 87   
            0.54 98   
            1.04 98   
            1.54 98   
  lab scale Bottrop 9.5   7.5 1.2 >88 Nöthe (2009) 
    Köln Stammheim 9.5   7.5 1.2 >72   
  full scale Water Reclamation 

Plant 
      0.5 (approx.) >93 Reungoat et al. (2010) 

  pilot scale municipal WW 7.6 0.22 6.8 0.56*/0.65 >86 Schaar et al. (2010) 
      5.8 0.07 6.8 0.81 >90   
      7.0 0.01 6.7 1.08 >93   
17α-Ethinylestradiol, 
EE2 

pilot scale municipal WW 7.0 0.01 6.7 1.08 >72 Schaar et al. (2010) 

17β-Estradiol, E2 full scale Tokyo 6.77 0.039   0.44 97 Nakada et al. (2007) 
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      7 0.004   0.43 >97   

Group B: intermediate elimination: kO3 = 102-103 

Benzotriazole lab scale B 14.2     0.74 80 Altmann et al. (2014) 
    C 11.1     0.72 80   
    D 9.6     0.64 80   
  full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 52 Bourgin et al. (2018) 

            0.36 51   

            0.36 52   

            0.44 59   

            0.45 60   

            0.45 56   

            0.45 57   

            0.46 48   

            0.47 75   

            0.47 75   

            0.47 64   

            0.48 64   

            0.49 70   

            0.50 65   

            0.52 80   

            0.52 61   

            0.54 73   

            0.54 74   

            0.55 74   

            0.57 61   

            0.59 77   

            0.62 77   



23 
 

            0.64 74   

            0.65 79   

            0.66 79   

            0.68 83   

            0.70 88   

            0.82 91   

            0.84 92   

            0.91 87   

            0.92 91   

            1.07 96   

  pilot scale 2 German WWTPs       0.75 63 Götz et al. (2015) 

  full scale Regensdorf 4.2 - 6.0   7 0.36 ± 0.00 18 ± 15 Hollender et al. (2009) 
            0.51 ± 0.06 63 ± 6   
            0.64 ± 0.03 66 ± 6   
            0.79 ± 0.03 86 ± 1   
            1.16 98   
  pilot scale hospital WW 6.25  8.6 0.64±0.01 66 ± 5 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 82   

      5.8  8.55 1.08±0.05 90   

  pilot scale municipal WW 7.4±1.2 0.17±0.13 6.7-7.9 (7.0) 0.41±0.02 10 Kreuzinger et al. (2015) 

            0.51±0.04 25   

            0.62±0.03 43   

            0.69±0.03 52   

            0.81±0.03 65   

            0.88±0.02 67   

  pilot scale municipal WW 7.0 0.01 6.7 1.08 83 Schaar et al. (2010) 
                  

Bezafibrate lab scale A 14.4   0.61 80 Altmann et al. (2014) 



24 
 

    B 14.2   0.65 80   
    C 11.1   0.56 80   
    D 9.6     0.47 80   
  pilot scale Berlin Ruhleben 7.3     0.4 17 Bahr et al. (2005) 
  full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 57 Bourgin et al. (2018) 

            0.36 68   

            0.36 >62   

            0.44 75   

            0.45 75   

            0.45 77   

            0.45 65   

            0.46 67   

            0.47     

            0.47     

            0.47 74   

            0.48 72   

            0.49 >76   

            0.50 68   

            0.52 89   

            0.52 72   

            0.54 >84   

            0.54 >78   

            0.55 85   

            0.57 66   

            0.59     

            0.62 >86   

            0.64     

            0.65 >87   
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            0.66     

            0.68 >79   

            0.70     

            0.82 >76   

            0.84 >80   

            0.91     

            0.92     

            1.07 >20   

  pilot scale 2 German WWTPs       0.75 71 Götz et al. (2015) 

  full scale Regensdorf 4.2 - 6.0   7 0.36 ± 0.00 54 ± 16 Hollender et al. (2009) 
            0.64 ± 0.03 87 ± 4   
            0.79 ± 0.03 66 ± 15   
            1.16 89   
  pilot scale hospital WW 6  8.55 0.89±0.03 87 ± 4 Kovalova et al. (2013) 

  lab scale Bottrop 9.5   7.5  1.2 >91 Nöthe (2009) 
    Köln Stammheim 9.5   7.5  1.2 >94   
  pilot scale municipal ww 7.6 0.22 6.8 0.56*/0.65 81 Schaar et al. (2010) 

* NO2-compensated 
      5.8 0.07 6.8 0.81 76   
      7.0 0.01 6.7 1.08 87   
  pilot scale municipal WW 7.4±1.2 0.17±0.13 6.7-7.9 (7.0) 0.41±0.02 47 Kreuzinger et al. (2015) 
            0.51±0.04 61   
            0.62±0.03 66   
            0.69±0.03 81   
            0.81±0.03 89   
            0.88±0.02 91   
                  
Mecoprop full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 57 Bourgin et al. (2018) 

            0.36 59   

            0.36 61   
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            0.44 61   

            0.45 65   

            0.45 56   

            0.45 39   

            0.46 53   

            0.47 80   

            0.47 80   

            0.47 61   

            0.48 73   

            0.49 76   

            0.50 72   

            0.52 >76   

            0.52 74   

            0.54 75   

            0.54 76   

            0.55 68   

            0.57 66   

            0.59 80   

            0.62 >72   

            0.64 76   

            0.65 76   

            0.66 80   

            0.68 >75   

            0.70 90   

            0.82 >90   

            0.84 >93   

            0.91 88   
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            0.92 92   

            1.07 >94   

  pilot scale 2 German WWTPs       0.75 64 Götz et al. (2015) 

  full scale Regensdorf 4.2 - 6.0   7 0.36 ± 0.00 29 ± 5 Hollender et al. (2009) 
            0.64 ± 0.03 72 ± 10   
            0.79 ± 0.03 48 ± 42   
            1.16 96   
Methylbenzotriazole full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 69 Bourgin et al. (2018) 

            0.36 65  

            0.36 64   

            0.44 73   

            0.45 70   

            0.45 71   

            0.45 71   

            0.46 59   

            0.47 88   

            0.47 88   

            0.47 77   

            0.48 81   

            0.49 86   

            0.50 82   

            0.52 94   

            0.52 71   

            0.54 83   

            0.54 88   

            0.55 86   

            0.57 72   

            0.59 93   
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            0.62 91   

            0.64 85   

            0.65 93   

            0.66 88   

            0.68 95   

            0.70 97   

            0.82 99   

            0.84 99   

            0.91 96   

            0.92 98   

            1.07 99   

  full scale Regensdorf 4.2 - 6.0   7 0.36 ± 0.00 36 ± 6 Hollender et al. (2009) 
            0.64 ± 0.03 85 ± 4   
            0.79 ± 0.03 98 ± 1   
            1.16 99   
                  

Group C: weak elimination: kO3 < 102 

Acesulfame full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 33 Bourgin et al. (2018) 

            0.36 42   

            0.36 42   

            0.44 54   

            0.45 55   

            0.45 46   

            0.45 41   

            0.46     

            0.47 65   

            0.47 65   

            0.47 43   
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            0.48 42   

            0.49 50   

            0.50 55   

            0.52 63   

            0.52 57   

            0.54 56   

            0.54 60   

            0.55 58   

            0.57 52   

            0.59 68   

            0.62 39   

            0.64 63   

            0.65 70   

            0.66 70   

            0.68 70   

            0.70 78   

            0.82 82   

            0.84 83   

            0.91 87   

            0.92 88   

            1.07 >95   

  pilot scale 2 German WWTPs       0.75 54 Götz et al. (2015) 

  pilot scale municipal ww 7.4±1.2 0.17±0.13 6.7-7.9 (7.0) 0.41±0.02 36 Kreuzinger et al. (2015) 

            0.51±0.04 40   

            0.62±0.03 54   

            0.69±0.03 58   

            0.81±0.03 66   
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            0.88±0.02 75   

                  

Iopromide     7.3     0.4 13 Bahr et al. (2005) 
            0.8 38   

            1 46   

            1.2 64   

  full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 27 Bourgin et al. (2018) 

            0.36 29   

            0.36 29   

            0.44 43   

            0.45 71   

            0.45 19   

            0.45 21   

            0.46 2   

            0.47     

            0.47     

            0.47 27   

            0.48 43   

            0.49 42   

            0.50     

            0.52 25   

            0.52 31   

            0.54 37   

            0.54 47   

            0.55 41   

            0.57 33   

            0.59 41   
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            0.62 41   

            0.64 47   

            0.65 51   

            0.66 52   

            0.68     

            0.70 58   

            0.82 63   

            0.84 61   

            0.91 65   

            0.92 65   

  full scale Regensdorf 4.2 - 6.0   7 0.36 ± 0.00 28 ± 28 Hollender et al. (2009) 
            0.51 ± 0.06 18 ± 1   
            0.64 ± 0.03 n.m.   
            0.79 ± 0.03 39 ± 4   
            1.16 49   
  pilot scale hospital WW 6.25  8.6 0.64±0.01 37 ± 3 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 49 ± 2   

      5.8  8.55 1.08±0.05 60 ± 2   

  full scale Water Reclamation 
Plant 

10 
(approx.) 

    0.5 (approx.) 55 Reungoat et al. (2010) 

  pilot scale municipal ww 5.8 0.07 6.8  0.81 58 Schaar et al. (2010) 
Metformin pilot scale Basel 7.1 ± 0.6 0.03  0.6 ± 0.3   Fux et al. (2015) 
  pilot scale 2 German WWTPs    0.75 21 Götz et al. (2015) 
Primidone lab scale B 14.2   0.74 80 Altmann et al. (2014) 
    C 11.1   0.73 80   
    D 9.6   0.81 80   
  full scale Neugut 3.5-6.0 0-0.04 6.8-7.9 (7.6) 0.32 44 Bourgin et al. (2018) 

            0.36 51   

            0.36 48   
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            0.44 56   

            0.45 58   

            0.45 48   

            0.45 53   

            0.46 56   

            0.47 73   

            0.47 73   

            0.47 64   

            0.48 58   

            0.49 67   

            0.50 53   

            0.52 73   

            0.52 58   

            0.54 64   

            0.54 65   

            0.55 66   

            0.57 55   

            0.59 67   

            0.62 71   

            0.64 63   

            0.65 71   

            0.66 66   

            0.68 77   

            0.70 81   

            0.82 87   

            0.84 84   

            0.91 83   
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            0.92 85   

            1.07 92   

  full scale Regensdorf 4.2 - 6.0  7 0.51 ± 0.06 61 ± 6  Hollender et al. (2009) 
          0.64 ± 0.03 58 ± 7   
          0.79 ± 0.03 75 ± 6   
          1.16 91   
  pilot scale hospital WW 6.25  8.6 0.64±0.01 49 Kovalova et al. (2013) 

      6  8.55 0.89±0.03 68   

      5.8  8.55 1.08±0.05 78   

  lab scale AWWTP 7 0.05 7.1 0.25 17 Lee et al. (2013) 
            0.5 53   
            1 88   
            1.5 97   
    CCWRD 7.1 0.06 6.9 0.28 21   
            0.53 64   
            1.03 95   
            1.53 99   
    GCGA 6.3 0.3 7.3 0.25 20   
            0.5 40   
            1 86   
            1.5 98   
    KOWWTP 4.7 0.07 7 0.25 20   
            0.5 57   
            1 92   
            1.5 99   
    LaWWTP 6 0.16 7.2 0.25 22   
            0.5 51   
            1 83   
            1.5 91   
    LoWWTP 26.4 0.45 7.3 0.1 23   
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            0.2 26   
            0.3 42   
            0.4 54   
            0.5 70   
            0.6 78   
    MWRDGC 5.7 <0.05 7.6 0.25 24   
            0.5 48   
            1 84   
            1.5 96   
    PCU 7 <0.05 7.3 0.25 38   
            0.5 62   
            1 90   
            1.5 95   
    RWWTP 4.7 0.01 7.2 0.25 34   
            0.5 57   
            1 91   
            1.5 99   
    WBMWD 15 0.17 7.3 0.29 37   
            0.54 65   
            1.04 93   
            1.54 99   
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Table SI4. The physico-chemical characteristics of selected CECs. Kow, octanol-water partition coefficient; pKa acid dissociation constant; Dow, corrected 
form of Kow at pH 7; N.m: Not measurable. 

 
CEC 

Physico-chemical characteristics  
logKow

a pKab 

 
Charge (at pH 7) logDow

c  
(pH 7) 

 
Neutral Cationic  Anionic     

Sulfamethoxazole 0.89 1.8, 5.6   X 0.14    

Erythromycin 2.37 8.88  X  1.20    

Clarithromycin 3.16 8.99  X  1.84    

Azithromycin 4.02 8.7, 9.5  X  -1.99    

Ciproflaxacin 0.28 6.1 X X X -1.38    

Diclofenac 4.51 4.0   X 1.37    

Carbamazepine 2.77 / X   2.77    

Metformin -2.64 12.33  X  -2.64    

Metoprolol 1.88 9.67  X  -0.81    

Bezafibrate 4.25  3.83   X 0.97    

Primidone 0.91 11.50 X   0.91    

Iopromide -2.05 11.4 X   -2.1    

17-Alpha –ethinylestradiol, 
EE2 

3.63 10.4 X   3.7    

17-Beta estradiol, E2 4.01 / X   4.0    

Mecoprop  2.98 3.47   X -0.4    

Bisphenol A  3.32 10.1 X   3.3    

Benzotriazole 1.44 8.2 X  X 1.4    

Methylbenzotriazole 1.71 8.5 X   1.7    

Acesulfame -0.55 3.02    -1.5    

Perfluorooctanoic acid, 
PFOA 

N.m -4.20   X N.m.    

Perfluorooctanesulfonic 
acid, PFOS 

N.m. -3.32   X N.m.    

2,6 Di tert bytil 4-
methylphenol, BHT 

5.1 12.23  X  5.10    

2 Ethylhexyl 4-
methoxycinnamate, EHMC 

5.8 /  X  5.8    
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Ethylene diamine – 
tetraacetic acid, EDTA 

-3.86 0.26   X -6.78    

Nitrilotriacetic acid -3.81 3.03   X -5.54    

• alogKow values for selected CECs were taken from: http://chem.sis.nlm.nih.gov/chemidplus/ 
• bpKa values for selected CECs were taken from: www.chemicalize.org, and completed with data taken from: (Arias Espana et al. 2015, Kovalova et al. 2013)  
• clogDow values for selected CECs were calculated following equation (Schwarzenbach et al., 2003): logDow = logKow, for neutral molecules, log Dow = log Kow - 

log(1+10(pH-pKa)) for acids and log Dow = log Kow -log(1+10(pKa-pH)) for bases. 
•  

  

http://chem.sis.nlm.nih.gov/chemidplus/
http://www.chemicalize.org/
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Table SI5. Removal of a selection of CECs from wastewater effluents by PAC adsorption  
CEC  CEC source, 

WWTP 
Scalea Effluent 

concentration 
(Ceff), ng/L 

DOC, 
mg/L 

PAC 
dosage, 
mg/L 

Contact 
time, h 

Effluent concentration 
after advanced 
treatment (Ceffa), ng/L 

Advanced 
treatment 
removalb, % 

Reference 

Sulfamethoxazole Municipal WWTPs, 
Switzerland 

Full and pilot 
scale  

- 5-10 15 1.0 - 58 Boehler et al. (2012) 

Seine Centre 
(Colombes, France) 

Pilot scale  419 ± 318c 5.6 ± 0.9d 5-10 0.4-0.8 151 64 Mailler et al. (2015) 

Municipal WWTPs, 
Berlin, Germany 

Pilot and Lab 
scale  

300 12.48 10-50 24 15 95 Altmann et al. (2016) 

WWTP Münchehofe 
(Berlin, Germany) 

Pilot scale  300 11.4 20 24 165 45 Altmann et al. (2016) 

Schonerlinde, 
Brandenburg, Germany 

Pilot scale  400 12 5-100 - 80 80 Zietzschmann et al. 
(2014) 

Four different WWTPs, 
Germany 

Lab scale  350e 12.32 10-50 0.5 <315 >90 Altmann et al. (2014) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale  171 7.3 ± 1.9d 10-20 (12)f 0.7-0.3 61 64 Margot et al. (2013) 

Erythromycin Seine Centre WWTP 
(Colombes, France) 

Pilot scale  50 ± 38c 5.6 ± 0.9d 5-10 0.4-0.8 15 70 Mailler et al. (2015) 

Clarithromycin WWTP Kappala, 
Sweden  

Pilot scale  54 ± 45c 5.88 20 1 2.7 95 Karelid et al. (2017) 

Municipal WWTPs, 
Switzerland 

Full and pilot 
scale  

- 5-10 15 1 - 88 Boehler et al. (2012) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale 440 7.3 ± 1.9d 10-20 (12)f 0.7-3.0 35 92 Margot et al. (2013) 

Azithromycin Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale  935 7.3 ± 1.9d 10-20 (12)f 0.7-3.0 224 76 Margot et al. (2013) 

Ciproflaxacin Municipal WWTP,  
Lausanne, Switzerland 

Pilot scale  779 7.3 ± 1.9d 10-20 (12)f 0.7-3.00 288 63 Margot et al. (2013) 

Seine Centre WWTP 
(Colombes, France) 

Pilot scale  22 ± 17c 5.6 ± 0.9d 5-10 0.4-0.8 3.5 84 Mailler et al. (2015) 

Diclofenac WWTPs Ruhleben, 
Berlin, Germany 

Lab scale  1,500 10.75 20-100 24 120 92 Streicher et al. (2016) 

Seine Centre WWTP 
(Colombes, France) 

Pilot scale  52 ± 51c 5.6 ± 0.9d 5-10 0.4-0.8 12 76 Mailler et al. (2015) 

WWTPs Münchehofe 
(Berlin, Germany) 

Pilot and Lab 
scale  

6,800 5 3(+50)g 12 1,020 85 Altmann et al. (2015a) 

Schonerlinde, 
Brandenburg, Germany 

Pilot scale  6,100 12 5-100 - 1,220 80 Zietzschmann et al. 
(2014) 

WWTP Kappala, 
Sweden 

Pilot scale  287 ± 163c 5.88 43 1 17 94 Karelid et al. (2017) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale  1187 7.3 ± 1.9d 10-20 (12)f 0.7-3.0 368 69 Margot et al. (2013) 

Four different WWTPs, 
Germany 

Lab scale  3,800e 12.32 10-50 0.5 <3,420 >90 Altmann et al. (2014) 

Carbamazepine Municipal WWTPs, 
Berlin, Germany 

Pilot and Lab 
scale 

2,100 12.48 10-50 24 <LOQ 99.99 Altmann et al. (2016) 

WWTPs Ruhleben, 
Berlin, Germany 

Lab scale 800 10.75 20-100 24 16 98 Streicher et al. (2016) 
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Seine Centre WWTP 
(Colombes, France) 

Pilot scale 41 ± 43c 5.6 ± 0.9d 5-10 0.4-0.8 3.3 92 Mailler et al. (2015) 

WWTP Kappala, 
Sweden 

Pilot scale 221 ± 125c 5.88 20 1 22 90 Karelid et al. (2017) 

Municipal WWTPs Pilot and full 
scale  

- 5-10 15 1 - 92 Boehler et al. (2012) 

Four different WWTPs, 
Germany 

Lab scale 1675e 12.32 10-50 0.5 <167 >90 Altmann et al. (2014) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale 461 7.3 ± 1.9d 10-20 (12)f 0.7-3.0 46 90 (Margot et al. 2013) 

Schonerlinde, 
Brandenburg, Germany 

Pilot scale 2,500 12 5-100 - 500 80 Zietzschmann et al. 
(2014) 

Metformin Municipal WWTP,  
Lausanne, Switzerland 

Pilot scale >4,000 7.3 ± 1.9d 10-20 (12)f 0.7-3.0  - >55 Margot et al. (2013) 

Metoprolol WWTP Kappala, 
Sweden  

Pilot scale 1203 ± 662c 5.88 20 1 12 100 Karelid et al. (2017) 

WWTP HHSK, 
Rotterdam, Netherland 

Lab scale  450 12 10-20 (12)e 48 <315 <30 Hu et al. (2016) 

WWTP Münchehofe  
(Berlin, Germany)  

Pilot and Lab 
scale  

5,400 5 3(+50)g 12 324 95 Altmann et al. (2015a) 

Municipal WWTPs, 
Berlin, Germany 

Pilot and Lab 
scale 

5,400 12.48 10-50 24 <LOQ 100 Altmann et al. (2016) 

Municipal WWTP of 
Lausanne, Switzerland 

Pilot scale 653 7.3 ± 1.9d 10-20 (12)f 0.7-3.0 32.6 95 Margot et al. (2013) 

Bezafribate Four different WWTPs Lab scale 650e 12.32 10-50 0.5 <LOQ 100 Altmann et al. (2014) 
Municipal WWTP of 
Lausanne, Switzerland 

Pilot scale 595 7.3 ± 1.9d 10-20 (12)f 0.7-3.0 125 79 Margot et al. (2013) 

Municipal WWTPs, 
Berlin, Germany 

Pilot and Lab 
scale 

900 12.48 10-50 24 <LOQ 100 Altmann et al. (2016) 

WWTP Münchehofe 
(Berlin, Germany) 

Pilot and Lab 
scale 

900 5 3(+50)g 12 135 85 Altmann et al. (2015a) 

Seine Centre WWTP 
(Colombes, France) 

Pilot scale 8 ± 9c 5.6 ± 0.9d 5-10 0.4-0.8 7.8 90 Mailler et al. (2015) 

Primidone Four different WWTPs, 
Germany 

Lab scale 500e 12.32 10-50 0.5 50 90 Altmann et al. (2014) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale 97 7.3 ± 1.9d 10-20 (12)f 0.7-3.0 47 51 Margot et al. (2013) 

WWTP Münchehofe  
(Berlin, Germany)  

Pilot and Lab 
scale 

700 5.0 3(+50)g 12 266 62 Altmann et al. (2015a) 

Municipal WWTPs, 
Berlin, Germany 

Pilot and Lab 
scale 

700 12.48 10-50 24 70 90 Altmann et al. (2016) 

Iopromide WWTP Münchehofe  
(Berlin, Germany) 

Pilot and Lab 
scale 

18,100 11.2 35 12 4,525 75 Altmann et al. (2015b) 

Municipal WWTPs, 
Switzerland 

Full and pilot 
scale  

- 5-10 15 1 - 70 Boehler et al. (2012) 

Schonerlinde, 
Brandenburg, Germany 

Pilot scale 1,100 12 5-100 - 220 80 Zietzschmann et al. 
(2014) 

Municipal WWTPs, 
Berlin, Germany 

Pilot and Lab 
scale 

18,100 12.48 10-50  1,800 90 Altmann et al. (2016) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale 4,141 7.3 ± 1.9d 10-20 (12)e   - 47 Margot et al. (2013) 
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17-
Alphaethylestradiol, 
EE2 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale <1.9 7.3 ± 1.9d 10-20 (12)e   - 
  

/ Margot et al. (2013) 

Municipal WWTP 
Wulongkou, Zhengzhou, 
China 

Full scale  0.24 ± 0.07c - 20-160  0.78 ± 0.24c 83.33 Sun et al. (2017) 

17-Beta estradiol, 
E2 

Municipal WWTP 
Wulongkou, Zhengzhou, 
China 

Full scale 4.68 ± 0.89c - 20-160  <LOD 99.99 Sun et al. (2017) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale 1.3 7.3 ± 1.9d 5-10  35.5 61 Margot et al. (2013) 

Mecoprop Municipal WWTP,  
Lausanne, Switzerland 

Pilot scale 245 7.3 ± 1.9d 5-10  15 48 Margot et al. (2013) 

Municipal WWTPs, 
Switzerland 

Full and pilot 
scale  

- 5-10 15  - 65 Boehler et al. (2012) 

Bisphenol A Municipal WWTP 
Wulongkou, Zhengzhou, 
China 

Full scale 12.60 ± 2.02c - 20-160  5.92 ± 0.02c 53.01 Sun et al. (2017) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale 338 7.3 ± 1.9d 10-20 (12)f  57 83 Margot et al. (2013) 

Seine Centre WWTP 
(Colombes, France) 

Pilot scale 78 ± 24c 5.6 ± 0.9d 5-10  19.5 66 Mailler et al. (2015) 

Benzotriazole 
 

Municipal WWTPs, 
Berlin, Germany 

Pilot and Lab 
scale 

11,600 12.48 10-50  <LOQ 100 Altmann et al. (2016) 

WWTP Münchehofe 
(Berlin, Germany) 

Pilot scale 11,600 5.0 3 (+50)g  1,740 85 Altmann et al. (2015a) 

WWTPs Ruhleben, 
Berlin, Germany 

Lab scale 8,200 10.75 20-100  1000 82 Streicher et al. (2016) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale 6,948 7.3 ± 1.9d 10-20 (12)f  2.4 90 Margot et al. (2013) 

Four different WWTPs, 
Germany 

Lab scale 12,025e 12.32 10-50  1,203 >90 Altmann et al. (2014) 

Schonerlinde, 
Brandenburg, Germany 

Pilot scale 34,000 12 5-100  6,800 80 Zietzschmann et al. 
(2014) 

Methylbenzotriazole Municipal WWTPs, 
Berlin, Germany 

Pilot and Lab 
scale 

6,200 12.48 10-50  124 98 Altmann et al. (2016) 

Municipal WWTP, 
Lausanne, Switzerland 

Pilot scale 4,201 7.3 ± 1.9d 10-20 (12)f  168 96 Margot et al. (2013) 

Acesulfame WWTP Münchehofe 
(Berlin, Germany) 

Pilot and Lab 
scale 

5,900 11.2 35  4,956 16 Altmann et al. (2015b) 

Seine Centre WWTP 
(Colombes, France) 

Pilot scale 7,525 ± 665c 5.6 ± 0.9d 5-10  6,396 15 Mailler et al. (2015) 

WWTP Münchehofe 
(Berlin, Germany) 

Pilot scale 5,900 11.4 20  5,310 10 Altmann et al. (2016) 

Perfluorooctanoic 
acid; PFOA 

Seine Centre WWTP 
(Colombes, France) 

Pilot scale 37 ± 19c 5.6 ± 0.9d 5-10  - - Mailler et al. (2015) 

Perfluorooctanesulf
onic acid, PFOS 

Seine Centre WWTP 
(Colombes, France) 

Pilot scale 31 ± 13c 5.6 ± 0.9d 5-10  22.3 28 Mailler et al. (2015) 

• a Lab and/or pilot plant receives conventionally treated wastewater from a full scale WWTP (real WW samples are further advanced treated by PAC)  
• b When the advanced treatment efficiency was not presented in a study, it was calculated using the following equation: advanced treatment removal (%) = 

(Ceff−Ceffa)/Ceff×100. (Ceffa is the effluent concentration of a compound after advanced treatment). 
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• c The average concentration of tested samples (± standard deviation). 
• d The average DOC content of the wastewater (± standard deviation). 
• e The average value of the effluent concentrations from four different WWTPs.  
• f Median PAC dosage (mg/L). 
• g Continuous PAC dosing (initial dosage of 3mg/L, plus 50 mg/L). 
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Table SI6. Removal of a selection of CEC from wastewater effluents by GAC adsorption  
CEC CEC source, WWTP Scalea Influent 

concentration 
(Ceff), ng/L 

DOC, 
mg/L 

EBCT, 
min  

Bed 
volumes 
(BVs) 

Effluent conc. 
after advanced 
treatment (Ceffa), 
ng/L 

GAC 
removalb, 
%  

Reference 

Sulfamethoxazole WWTP Münchehofe (Berlin, Germany) Pilot scale  300 11.4 14 <5,000 270 10 Altmann et al. (2016) 

South Caboolture Water Reclamation 
Plant, Australia 

Full scale  - 4.2±0.1c 18 68,000 - 90 Reungoat et al. (2011) 

WWTPs Neugut, Switzerland Pilot scale 145 3.5-6.0 14 7,390 - 59 Bourgin et al. (2018) 

Erythromycin Municipal WWTP, Germany Pilot scale  300 ± 200d - - 25,000 <LOQ 99.99 Knopp et al. (2016) 
 South Caboolture Water Reclamation 

Plant, Australia 
Full scale   4.2±0.1c 18 68,000  90 Reungoat et al. (2011) 

Clarithromycin WWTP Kappala, Sweden  Pilot scale  54 5.88 60 6,440 1 98 Karelid et al. (2017) 

WWTPs Neugut, Switzerland Pilot scale 295 
349 
155 

3.5-6.0 14 7,390 
11,950 
23,410 

- 86 
64 
54 

Bourgin et al. (2018) 

Ciproflaxacin WWTP Gwinnett County, GA, U.S.A. Full scale  130 4.5  15 - 23 82.3 Yang et al. (2011) 

Diclofenac Municipal WWTP, Germany Pilot scale 3900 ± 1200d 5.3 34 ± 11e 25,000 <LOQ 99.99 Knopp et al. (2016) 

WWTP Kappala, Sweden  Pilot scale 287 3.4 ± 1.1c 60 6,440 17 94 Karelid et al. (2017) 
WWTP Münchehofe (Berlin, Germany) Pilot scale 6,800 11.4 14 14,250 2,040 70 Altmann et al. (2016) 

WWTPs in Swindon, South-West 
England  

Full scale  - 7.41f  1,900 - >98 Grover et al. (2011) 

WWTPs Neugut, Switzerland Pilot scale  1,396 
1,293 
1,008 

3.5-6.0 14 7,390 
11,950 
23,410 

 91 
69 
72 

Bourgin et al. (2018) 

Carbamazepine WWTPs in Swindon, South-West 
England  

Full scale  66 7.41f  1,900 51 23 Grover et al. (2011) 

WWTP Münchehofe (Berlin, Germany) Pilot scale 2,100 11.4 14 8,000-10,000 940 >80 Altmann et al. (2016) 

WWTP Kappala, Sweden  Pilot scale 221 5.88 60 6,440 11 95 Karelid et al. (2017) 
WWTPs Neugut, Switzerland Pilot scale 190 

230 
110 

3.5-6.0 14 7,390 
11,950 
23,410 

- 95 
75 
72 

Bourgin et al. (2018) 

South Caboolture Water Reclamation 
Plant, Australia 

Full scale  - 4.2±0.1c 18 68,000 - 90 Reungoat et al. (2011) 

Metoprolol WWTP Münchehofe  
(Berlin, Germany)  

Pilot scale 5,400 11.4 14 14,250 972 82 Altmann et al. (2016) 

WWTPs Neugut, Switzerland Pilot scale  304 
292 
191 

3.5-6.0 14 7,390 
11,950 
23,410 

- 99 
85 
85 

Bourgin et al. (2018) 

WWTP Kappala, Sweden Pilot scale 1203 3.4 ± 1.1c 60 6,440 12 100 Karelid et al. (2017) 

South Caboolture Water Reclamation 
Plant, Australia 

Full scale  - 4.2±0.1c 18 68,000 - 95 (2011) 

Bezafribate WWTP Münchehofe (Berlin, Germany) Pilot and 900 11.4 14 14,250 270 70 Altmann et al. (2016) 
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Lab scale 

WWTPs Neugut, Switzerland Pilot scale  27 
47 
28 

3.5-6.0 14 7,390 
11,950 
23,410 

- 91 
71 
69 

Bourgin et al. (2018) 

Primidone Municipal WWTP Münchehofe (Berlin, 
Germany) 

Pilot scale 700 11.4 14 <5,000 364 48 Altmann et al. (2016) 

WWTPs Neugut, Switzerland Pilot scale 157 
132 
91 

3.5-6.0 14 7,390 
11,950 
23,410 

 79 
48 
37 

Bourgin et al. (2018) 

Iopromide WWTP Kappalaverket (Kappala, 
Sweden)  

Pilot scale 1,200 ± 1,200d 5.3 34 ± 11e 25,000 50 96 Knopp et al. (2016) 

Municipal WWTP Münchehofe (Berlin, 
Germany) 

Pilot scale 18,100 11.4 14 14,250 2,715 85 Altmann et al. (2016) 

South Caboolture Water Reclamation 
Plant, Australia 

Full scale  4.2±0.1c 18 68,000  >80 Reungoat et al. (2011) 

WWTPs Neugut, Switzerland Pilot scale  359 
2,909 
446 

3.5-6.0 14 7,390 
11,950 
23,410 

- 38 
75 
79 

Bourgin et al. (2018) 

17-Alphaethylestradiol Gwinnett County, GA, U.S.A. Full scale  <20 
 

4.5  15 - <10 50 
  

Yang et al. (2011) 

WWTPs in Swindon, South-West 
England 

Full scale  1 7.41f - 1,900 <LOD >43 Grover et al. (2011) 

17-Beta estradiol WWTPs in Swindon, South-West 
England  

Full scale  2 7.41f - 1,900 <LOD >43 Grover et al. (2011) 

Mecoprop Municipal WWTP, Germany Pilot scale <LOQ  5.3 34 ± 11e 25,000 <LOQ  / Knopp et al. (2016) 

WWTPs Neugut, Switzerland Pilot scale  16 
19 
71 

3.5-6.0 14 7,390 
11,950 
23,410 

- 38 
40 
53 

Bourgin et al. (2018) 

Benzotriazole 
 

WWTP Münchehofe (Berlin, Germany) Pilot scale 11,600 11.4 14 8,000-10,000 4,060 65 (2016) 

WWTPs Neugut, Switzerland Pilot scale 2,484 
2,886 
2,310 

3.5-6.0 14 7,390 
11,950 
23,410 

- 99 
88 
84 

Bourgin et al. (2018) 

WWTP Münchehofe (Berlin, Germany) Pilot and 
Lab scale 

11,600 11.2 19 8,140 2,320 80 Altmann et al. (2015b) 

Methylbenzotriazole WWTP Münchehofe (Berlin, Germany) Pilot and 
Lab scale 

6,200 11.2 19 8,140 620 90 Altmann et al. (2015b) 

WWTP Münchehofe (Berlin, Germany) Pilot scale 6,200 11.4 14 14,250 1,860 70 Altmann et al. (2016) 

WWTPs Neugut, Switzerland Pilot scale 1,216 
1,346 
838 

3.5-6.0 14 7,390 
11,950 
23,410 

- 99 
91 
88 

Bourgin et al. (2018) 

Acesulfame WWTP Münchehofe (Berlin, Germany) Pilot scale 5,900 11.4 14 14,250 5,782 2 Altmann et al. (2016) 

WWTPs Neugut, Switzerland Pilot scale  7,762 
11,831 
9,290 

3.5-6.0 14 7,390 
11,950 
23,410 

- 59 
31 
66 

Bourgin et al. (2018) 

• a Lab and/or pilot plant receives conventionally treated wastewater from a full scale WWTP (real WW samples are further treated by GAC)  
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• b When the GAC treatment efficiency was not presented in a study, it was calculated using the following equation: GAC adsorption (%) = (Ceff−Ceffa)/Ceff×100. (Ceffa 
is the effluent concentration of a compound after GAC treatment). 

• c The average DOC content of the wastewater (± standard deviation). 
• d The average concentration of tested samples (± standard deviation). 
• e The average EBCT (± standard deviation). 

• f The average DOC content from four collected samples (seasonal variation).  
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Table SI7. Reported contaminant rejections by NF and RO membranes 

CEC Matrix Membrane Type Scale Rejection Reference 
Diclofenac 10mM NaCl Dow NF270 NF laboratory 84-86% [Ge et al, 2017] 

 
Surface water FM NP010 NF laboratory 60-65% [Vergili, 2013] 

 
Surface water Dow BW30LE-440 RO large pilot >99% [Radjenovic et al, 2008] 

 
Surface water Dow NF90 NF large pilot >99% [Radjenovic et al, 2008] 

 
5mM NaCl Trisep TS-80 TSF NF laboratory 88-91% [Verliefde et al, 2009] 

 
5mM NaCl GE Desal HL NF laboratory 85-89% [Verliefde et al, 2009] 

Carbamazepine 10mM NaCl Dow NF270 NF laboratory 77-79% [Ge et al, 2017] 

 
Surface water FM NP010 NF laboratory 32-40% [Vergili, 2013] 

 
Surface water Dow BW30LE-440 RO large pilot >99% [Radjenovic et al, 2008] 

 
Surface water Dow NF90 NF large pilot 97-99% [Radjenovic et al, 2008] 

 
10mM KCl Dow NF90 NF laboratory 90-98% 

[Yangali-Quintanilla et al, 
2010b] 

 
10mM KCl Dow NF200 NF laboratory 70-74% 

[Yangali-Quintanilla et al, 
2010b] 

 
5mM NaCl Trisep TS-80 TSF NF laboratory 80-85% [Verliefde et al, 2009] 

 
5mM NaCl GE Desal HL NF laboratory 82-86% [Verliefde et al, 2009] 

E2 10mM NaCl Dow NF270 NF laboratory 63-67% [Ge et al, 2017] 

 
20mM NaCl, 1mM NaHCO3 Koch TFC-S RO laboratory 80-90% [Nghiem et al, 2004b] 

 
20mM NaCl, 1mM NaHCO3 Koch TFC-SR2 NF laboratory 20-25% [Nghiem et al, 2004b] 

 
Distilled water Dow BW30 RO laboratory 85-90% [Semiao and Schäfer, 2013] 

 
Distilled water Dow NF90 NF laboratory 80-85% [Semiao and Schäfer, 2013] 

 
Distilled water Koch TFC-SR2 NF laboratory 35-55% [Semiao and Schäfer, 2013] 

NDMA Secondary effluent 3 commercial RO full-scale 10-75% [Fujioka et al, 2013a] 

 
Secondary effluent several commercial RO full-scale 10-86% [Fujioka et al, 2012] 

 
20 mM NaCl, 1 mM NaHCO3, 1 mM CaCl2 Dow NF 90 NF laboratory 8% [Fujioka et al, 2013b] 

 
20 mM NaCl, 1 mM NaHCO3, 1 mM CaCl2 Hydranautics ESPA2 RO laboratory 32-42% [Fujioka et al, 2013b] 

 
20 mM NaCl, 1 mM NaHCO3, 1 mM CaCl2 Hydranautics SWC5 RO laboratory 79-85% [Fujioka et al, 2013b] 
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Table SI8 Homogeneous advanced oxidation processes using CEC spiked wastewater and real wastewater. 
 

CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

Sulfamethoxazole 
100 µg/L Pilot 

CEC spiked wastewater/ 
synthetic wastewater DOC: 16.5 mg/L Solar photo-Fenton CPC; H2O2: 50 mg/L; 

Fe3+: 5 mg/L. 100% Karolia et al., 2014 

100 µg/L Pilot CEC spiked wastewater DOC: 42.7 mg/L 
COD: 122 mg/L Solar photo-Fenton CPC; H2O2: 50 mg/L; 

Fe3+: 5 mg/L. 100% Karolia et al., 2017 

50 µM Lab CEC spiked wastewater TOC: 50 mg/L Photo-Fenton 

Sulfate radical based homogeneous 
photo-Fenton involving 
peroxymonosulfate (PMS) as oxidant, 
Fe(II) as catalyst and simulated solar 
irradiation as a light source. 

100% Ahmed et al., 2014 

5 or 100 µg/L Lab/Pilot CEC spiked wastewater COD: 60-62 mg/L; 
DOC: 11-15 mg/L Solar photo-Fenton 

Carbonate-bicarbonate removed; 
Solar simulator with a Xe Lamp; 
Mobile solar CPC; Solution of Fe:EDDS 
(molar ratio 1:2). 

100% Papoutsakis et al., 
2015 

5 or 100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater COD: 20-49 mg/L Solar photo-Fenton 

Carbonate-bicarbonate removed; 
Solar CPC; 
Solution of Fe:EDDS (molar ratio 1:2 or 
1:1). 

84-95% Klamerth et al., 2012 

5 or 100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater 
COD: 26-53 mg/L 
DOC: 10-24 mg/L Solar photo-Fenton 

Modified solar photo-Fenton:  
5 mg/L Fe(II), 50 mg/L H2O2; pH ≈7; 
Other tested conditions: 35 mg/L oxalic 
acid or addition of humic acids or 
mixing 31% of WWTP influent and 69% 
effluent. 

> 25% Klamerth et al., 2011 

100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater 
COD: 60 mg/L 
DOC: 36 mg/L Solar photo-Fenton CPC; H2O2: 50 mg/L; Iron: 5 mg/L; 

Unchanged pH. 100% Klamerth et al., 2010 

282 ng/L Pilot real wastewater COD: 19.4-26.2 mg/L 
DOC: 40-54 mg/L Solar photo-Fenton 

Raceway pond reactors; 
Continuous mode; 
Real secondary effluents treated at two 
liquid depths (5, 15 cm) and three HRTs 
(80, 40, 20 min); 
Iron: 5.5 mg/L; H2O2: 30 mg/L. 

> 81% Arzate et al., 2017 

5.11-2330 ng/L Lab real wastewater 
COD: 20-35 mg/L; 
BOD5: < 5 mg/L; 
TOC: 2-5 mg/L 

Fenton 
Chemical 

precipitation with 

Fenton: H2O2 25-250 mg/L at fixed iron 
dose (10 mg/L) and iron 10-40 mg/L at a 
constant H2O2 dose (25 mg/L). 

93-100% (Fenton) Estrada-Arriaga et 
al., 2016 
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CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

FeCl3 
Coagulation with 

Al2(SO4)3 

100 µg/L Pilot CEC spiked wastewater COD: 122 mg/L 
DOC: 42.7 mg/L 

Solar Fenton 
oxidation as post-
treatment of MBR 

CPC; Reactor recirculation time 15 min; 
Iron: 5 mg/L; H2O2: 20-100 mg/L; pH 
2.8. 

100% Karolia et al., 2017 

219-1879 µg/L Pilot real wastewater COD: 20-29 mg/L; 
TOC: 16-18 mg/L Solar photo-Fenton 

Solar CPC; Fe(II): 5 mg/L; pH 3 and 10; 
H2O2: 50 mg/L; 
Complexing agents (humic acid and 
ethylenediamine-N,N’-disuccinic acid). 

> 56% Klamerth et al., 2013 

209-487 ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 
UV 

UV/H2O2 
Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L: 

81-89% (UV/H2O2); 
79-82% (Photo-

Fenton) 

De la Cruz et al., 
2013 

518 ng/L Lab real wastewater COD: 126.9 mg/L; 
TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

1000-10000 
ng/L Pilot CEC spiked wastewater COD: 23 mg/L; 

DOC: 10.2 mg/L Solar photo-Fenton CPC; Carbonate-bicarbonate removed; 
Fe(II): 9.7 mg/L; H2O2: 68 mg/L; 34 °C. > 80% Prieto-Rodríguez et 

al., 2013a 

Erythromycin 

119 ng/L Pilot real wastewater COD: 19.4-26.2 mg/L 
DOC: 40-54 mg/L Solar photo-Fenton 

Raceway pond reactors; 
Continuous mode; 
Real secondary effluents treated at two 
liquid depths (5, 15 cm) and three HRTs 
(80, 40, 20 min); 
Iron: 5.5 mg/L; H2O2: 30 mg/L. 

> 99.9% Arzate et al., 2017 

100 µg/L Pilot CEC spiked wastewater COD: 122 mg/L 
DOC: 42.7 mg/L Photo-Fenton Solar CPC; H2O2: 50 mg/L; 

Fe3+: 5 mg/L. 100% Karolia et al., 2017 

648 ng/L Lab real wastewater 
COD: 20-35 mg/L; 
BOD5: < 5 mg/L; 
TOC: 2-5 mg/L 

Fenton 
Chemical 

precipitation with 
FeCl3 

Coagulation with 
Al2(SO4)3 

Fenton: H2O2 25-250 mg/L at fixed iron 
dose (10 mg/L) and iron 10-40 mg/L at a 
constant H2O2 dose (25 mg/L). 

74% (Fenton) Estrada-Arriaga et 
al., 2016 

100 μg/L Lab CEC spiked wastewater DOC: 7.9 
COD: 49 UV-C/H2O2 

Cylindrical reaction vessel with a total 
capacity of 600 mL, 9W low-pressure 
mercury monochromatic 
lamp 

100% Michael-Kordatou et 
al. (2015) 
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CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

146 ng/L Lab real wastewater COD: 20 mg/L 
BOD: 3 mg/L 

Fenton like 
reaction 

experiments (FLR-
system 

Fe0/H2O2/H2SO4) 

Erlenmeyer flask of 300 mL, 
concentrated H2SO4 (0.05 mL), 
optimized amount of activated iron 
shavings (3 g) and H2O2 (0.8 mL, 30 
w/w%) were added 

100% Mackulak et al. 
(2015) 

< 100 ng/L Pilot CEC spiked wastewater COD: 23 mg/L; 
DOC: 10.2 mg/L Photo-Fenton 

Solar CPC; Carbonate-bicarbonate 
removed; Fe(II): 9.7 mg/L; H2O2: 68 
mg/L; 34 °C. 

> 80% Prieto-Rodríguez et 
al., 2013a 

Clarithromycin 
100 µg/L Pilot 

CEC spiked wastewater/ 
synthetic wastewater DOC: 16.5 mg/L Solar photo-Fenton CPC; H2O2: 50 mg/L; 

Fe3+: 5 mg/L. 77% Karolia et al., 2017 

362 ng/L Lab real wastewater 
COD: 20-35 mg/L; 
BOD5: < 5 mg/L; 
TOC: 2-5 mg/L 

Fenton 
Chemical 

precipitation with 
FeCl3 

Coagulation with 
Al2(SO4)3 

Fenton: H2O2 25-250 mg/L at fixed iron 
dose (10 mg/L) and iron 10-40 mg/L at a 
constant H2O2 dose (25 mg/L). 

77% (Fenton) Estrada-Arriaga et 
al., 2016 

100 µg/L Pilot CEC spiked wastewater COD: 122 mg/L 
DOC: 42.7 mg/L 

Solar photo Fenton 
oxidation as post-
treatment of MBR 

CPC; Reactor recirculation time 15 min; 
Iron: 5 mg/L; H2O2: 20-100 mg/L; pH 
2.8. 

84% Karolia et al., 2017 

209-487 ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 
UV 

UV/H2O2 
Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L: 

81-89% (UV/H2O2); 
79-82% (Photo-

Fenton) 

De la Cruz et al., 
2013 

363-490 ng/L Lab real wastewater COD: 35-90 mg/L; 
TOC: 20.2-57.2 mg/L 

UV 
UV/H2O2 

Solar irradiation 
Fenton 

Solar photo-Fenton 

UV-C irradiation (λmax 254 nm); 
H2O2: 25 mg/L; 
Fenton: 25 mg/L H2O2 and 5 mg/L Fe 
(II); 
Photo-Fenton: 25 mg/L H2O2 and 5 
mg/L Fe (II). 

> 79% (UV-based 
AOPs) 

Giannakis et al., 
2015 

518 ng/L Lab real wastewater COD: 126.9 mg/L; 
TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

< 100 ng/L Pilot CEC spiked wastewater COD: 23 mg/L; 
DOC: 10.2 mg/L Solar photo-Fenton CPC; Carbonate-bicarbonate removed; 

Fe(II): 9.7 mg/L; H2O2: 68 mg/L; 34 °C. > 80% Prieto-Rodríguez et 
al., 2013a 

Azithromycin 82.2 ng/L Lab real wastewater 
COD: 20-35 mg/L; 
BOD5: < 5 mg/L; 
TOC: 2-5 mg/L 

Fenton 
Chemical 

precipitation with 
FeCl3 

Coagulation with 

Fenton: H2O2 25-250 mg/L at fixed iron 
dose (10 mg/L) and iron 10-40 mg/L at a 
constant H2O2 dose (25 mg/L). 

72% (Fenton) Estrada-Arriaga et 
al., 2016 
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CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

Al2(SO4)3 

295 ng/L Lab real wastewater COD: 126.9 mg/L; 
TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

Ciprofloxacin 100 μg L-1 

Lab 
scale, 
batch 
mode 

Spiked WW (CAS effluent) DOC: 6.4 
COD: 32 UV-C/H2O2 

Cylindrical reaction glass vessel with a 
total capacity of 600 mL, 9W low-
pressure mercury monochromatic 
lamp, 10 mg H2O2/L 

100% Boudriche et al. 
(2016) 

209-487 ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 
UV 

UV/H2O2 
Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L: 

81-89% (UV/H2O2); 
79-82% (Photo-

Fenton) 

De la Cruz et al., 
2013 

Diclofenac 50 µM Lab CEC spiked wastewater TOC: 50 mg/L Photo-Fenton 

Sulfate radical based homogeneous 
photo-Fenton involving 
peroxymonosulfate (PMS) as oxidant, 
Fe(II) as catalyst and simulated solar 
irradiation as a light source. 

100% Ahmed et al., 2014 

5, 100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater COD: 20-49 mg/L Solar Photo-Fenton 

Carbonate-bicarbonate removed; 
Solar CPC; 
Solution of Fe:EDDS (molar ratio 1:2 or 
1:1). 

- Klamerth et al., 2012 

5 or 100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater 
COD: 26-53 mg/L 
DOC: 10-24 mg/L Solar Photo-Fenton 

Modified solar photo-Fenton: 
5 mg/L Fe(II), 50 mg/L H2O2; pH ≈7; 
Other tested conditions: 35 mg/L oxalic 
acid or addition of humic acids or 
mixing 31% of WWTP influent and 69% 
effluent. 

> 89% Klamerth et al., 2011 

100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater 
COD: 60 mg/L 
DOC: 36 mg/L Solar Photo-Fenton Solar CPC; H2O2: 50 mg/L; Iron: 5 mg/L; 

Unchanged pH. 100% Klamerth et al., 2010 

110-3577 µg/L Pilot real wastewater COD: 20-29 mg/L; 
TOC: 16-18 mg/L Solar photo-Fenton 

Solar CPC; Fe(II): 5 mg/L; pH 3 and 10; 
H2O2: 50 mg/L; 
Complexing agents (humic acid and 
ethylenediamine-N,N’-disuccinic acid). 

100% Klamerth et al., 2013 

1254-1579 
ng/L Lab real wastewater COD: 35-90 mg/L; 

TOC: 20.2-57.2 mg/L 

UV 
UV/H2O2 

Solar irradiation 
Fenton 

Solar photo-Fenton 

UV-C irradiation (λmax 254 nm); 
H2O2: 25 mg/L; 
Fenton: 25 mg/L H2O2 and 5 mg/L Fe 
(II); 
Photo-Fenton: 25 mg/L H2O2 and 5 

> 79% (UV-based 
AOPs) 

Giannakis et al., 
2015 
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CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

mg/L Fe (II). 

494-1247 ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 
UV 

UV/H2O2 
Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L. 

99-100% (UV/H2O2); 
100% (Photo-

Fenton) 

De la Cruz et al., 
2013 

518 ng/L Lab real wastewater COD: 126.9 mg/L; 
TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

1000-10000 
ng/L Pilot CEC spiked wastewater COD: 23 mg/L; 

DOC: 10.2 mg/L Photo-Fenton 
Solar CPC; Carbonate-bicarbonate 
removed; Fe(II): 9.7 mg/L; H2O2: 68 
mg/L; 34 °C. 

> 80% Prieto-Rodríguez et 
al., 2013a 

Carbamazepine 50 µM Lab CEC spiked wastewater TOC: 50 mg/L Photo-Fenton 

Sulfate radical based homogeneous 
photo-Fenton involving 
peroxymonosulfate (PMS) as oxidant, 
Fe(II) as catalyst and simulated solar 
irradiation as a light source. 

100% Ahmed et al., 2014 

5 or 100 µg/L Lab/Pilot CEC spiked wastewater COD: 60-62 mg/L; 
DOC: 11-15 mg/L Solar Photo-Fenton 

Carbonate-bicarbonate removed; 
Solar simulator with a Xe Lamp; 
Mobile solar CPC; Solution of Fe:EDDS 
(molar ratio 1:2). 

- Papoutsakis et al., 
2015 

5, 100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater COD: 20-49 mg/L Solar Photo-Fenton 

Carbonate-bicarbonate removed; 
Solar CPC; 
Solution of Fe:EDDS (molar ratio 1:2 or 
1:1). 

97% Klamerth et al., 2012 

5 or 100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater 
COD: 26-53 mg/L 
DOC: 10-24 mg/L Solar Photo-Fenton 

Modified solar photo-Fenton: 
5 mg/L Fe(II), 50 mg/L H2O2; pH ≈7; 
Other tested conditions: 35 mg/L oxalic 
acid or addition of humic acids or 
mixing 31% of WWTP influent and 69% 
effluent. 

> 24% Klamerth et al., 2011 

100 µg/L Pilot 
CEC spiked wastewater/ real 

wastewater 
COD: 60 mg/L 
DOC: 36 mg/L Solar Photo-Fenton Solar CPC; H2O2: 50 mg/L; Iron: 5 mg/L; 

Unchanged pH. 100% Klamerth et al., 2010 

422 ng/L Pilot real wastewater COD: 19.4-26.2 mg/L 
DOC: 40-54 mg/L Solar photo-Fenton 

Raceway pond reactors; 
Continuous mode; 
Real secondary effluents treated at two 
liquid depths (5, 15 cm) and three HRTs 
(80, 40, 20 min); 
Iron: 5.5 mg/L; H2O2: 30 mg/L. 

> 86% Arzate et al., 2017 
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CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

29.5-244 ng/L Lab real wastewater 
COD: 20-35 mg/L; 
BOD5: < 5 mg/L; 
TOC: 2-5 mg/L 

Fenton 
Chemical 

precipitation with 
FeCl3 

Coagulation with 
Al2(SO4)3 

Fenton: H2O2 25-250 mg/L at fixed iron 
dose (10 mg/L) and iron 10-40 mg/L at a 
constant H2O2 dose (25 mg/L). 

29.5-100% (Fenton) Estrada-Arriaga et 
al., 2016 

220-349 ng/L Lab real wastewater COD: 35-90 mg/L; 
TOC: 20.2-57.2 mg/L 

UV 
UV/H2O2 

Solar irradiation 
Fenton 

Solar photo-Fenton 

UV-C irradiation (λmax 254 nm); 
H2O2: 25 mg/L; 
Fenton: 25 mg/L H2O2 and 5 mg/L Fe 
(II); 
Photo-Fenton: 25 mg/L H2O2 and 5 
mg/L Fe (II). 

> 79% (UV-based 
AOPs) 

Giannakis et al., 
2015 

237-476 ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 
UV 

UV/H2O2 
Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L: 

92-97% (UV/H2O2); 
92-94% (Photo-

Fenton) 

De la Cruz et al., 
2013 

263 ng/L Lab real wastewater COD: 126.9 mg/L; 
TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

< 100 ng/L Pilot CEC spiked wastewater COD: 23 mg/L; 
DOC: 10.2 mg/L Photo-Fenton 

Solar CPC; Carbonate-bicarbonate 
removed; Fe(II): 9.7 mg/L; H2O2: 68 
mg/L; 34 °C. 

> 80% Prieto-Rodríguez et 
al., 2013a 

Metoprolol 
7.76-205 ng/L Lab real wastewater 

COD: 20-35 mg/L; 
BOD5: < 5 mg/L; 
TOC: 2-5 mg/L 

Fenton 
Chemical 

precipitation with 
FeCl3 

Coagulation with 
Al2(SO4)3 

Fenton: H2O2 25-250 mg/L at fixed iron 
dose (10 mg/L) and iron 10-40 mg/L at a 
constant H2O2 dose (25 mg/L). 

84-100% (Fenton) Estrada-Arriaga et 
al., 2016 

579-855 ng/L Lab real wastewater COD: 35-90 mg/L; 
TOC: 20.2-57.2 mg/L 

UV 
UV/H2O2 

Solar irradiation 
Fenton 

Solar photo-Fenton 

UV-C irradiation (λmax 254 nm); 
H2O2: 25 mg/L; 
Fenton: 25 mg/L H2O2 and 5 mg/L Fe 
(II); 
Photo-Fenton: 25 mg/L H2O2 and 5 
mg/L Fe (II). 

> 79% (UV-based 
AOPs) 

Giannakis et al., 
2015 

175-308 ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 
UV 

UV/H2O2 
Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L. 

89-93% (UV/H2O2); 
84-90% (Photo-

Fenton) 

De la Cruz et al., 
2013 

179 ng/L Lab real wastewater COD: 126.9 mg/L; UV LP Hg lamp (λmax 254 nm); 97-98% (Photo- De la Cruz et al., 
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CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

TOC: 18.8 mg/L Dark Fenton 
Photo-Fenton 

Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

Fenton) 2012 

< 100 ng/L Pilot CEC spiked wastewater COD: 23 mg/L; 
DOC: 10.2 mg/L Photo-Fenton 

Solar CPC; Carbonate-bicarbonate 
removed; Fe(II): 9.7 mg/L; H2O2: 68 
mg/L; 34 °C. 

> 80% Prieto-Rodríguez et 
al., 2013a 

Bezafibrate 
426 ng/L Lab real wastewater COD: 126.9 mg/L; 

TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

< 100 ng/L Pilot CEC spiked wastewater COD: 23 mg/L; 
DOC: 10.2 mg/L Photo-Fenton 

Solar CPC; Carbonate-bicarbonate 
removed; Fe(II): 9.7 mg/L; H2O2: 68 
mg/L; 34 °C. 

> 80% Prieto-Rodríguez et 
al., 2013a 

Primidone 
339 ng/L Pilot real wastewater COD: 19.4-26.2 mg/L 

DOC: 40-54 mg/L Solar photo-Fenton 

Raceway pond reactors; 
Continuous mode; 
Real secondary effluents treated at two 
liquid depths (5, 15 cm) and three HRTs 
(80, 40, 20 min); 
Iron: 5.5 mg/L; H2O2: 30 mg/L. 

> 66% Arzate et al., 2017 

52-84 ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 
UV 

UV/H2O2 
Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L. 

72-82% (UV/H2O2); 
76-77% (Photo-

Fenton) 

De la Cruz et al., 
2013 

49 ng/L Lab real wastewater COD: 126.9 mg/L; 
TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

EE2 
2.15 – 3.59 

µg/L Pilot 

CEC spiked wastewater 
COD:30 mg/L; 

BOD5: 2.5 mg/L 

O3 
O3/UV 

O3/H2O2 
O3/UV/H2O2 

Ozone: 3.15 g/h; 
5% of ozone in gas mixture. > 99.7% Pesoutova et al., 

2014 

0.2 to 2 μg L-1 Pilot CEC spiked wastewater (post 
MF and post RO) [DOC]0= 4.85-7.7 UV-C/H2O2 

Flow-through UV reactor equipped with 
12 low-pressure amalgam lamps with 
nominal output power from the lamps 
varies from 60% to 100% 

>99 James et al. (2014) 

E2 
1.72 – 2.88 

µg/L Pilot 

CEC spiked wastewater 
COD:30 mg/L; 

BOD5: 2.5 mg/L 

O3 
O3/UV 

O3/H2O2 

O3/UV/H2O2 

Ozone: 3.15 g/h; 
5% of ozone in gas mixture. > 99.7% Pesoutova et al., 

2014 

0.2 to 2 μg L-1 Pilot CEC spiked wastewater (post 
MF and post RO) [DOC]0= 4.85-7.7 UV-C/H2O2 

Flow-through UV reactor equipped with 
12 low-pressure amalgam lamps with 
nominal output power from the lamps 

>99 James et al. (2014) 
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CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

varies from 60% to 100% 

Mecoprop 102-618 ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 
UV 

UV/H2O2 
Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L. 

93-99% (UV/H2O2); 
93% (Photo-Fenton) 

De la Cruz et al., 
2013 

34 ng/L Lab real wastewater COD: 126.9 mg/L; 
TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

Bisphenol A 5 or 100 µg/L Lab/Pilot CEC spiked wastewater COD: 60-62 mg/L; 
DOC: 11-15 mg/L Solar Photo-Fenton 

Carbonate-bicarbonate removed; 
Solar simulator with a Xe Lamp; 
Mobile solar CPC; Solution of Fe:EDDS 
(molar ratio 1:2). 

- Papoutsakis et al., 
2015 

Benzotriazole 4199-7244 
ng/L Lab real wastewater COD: 35-90 mg/L; 

TOC: 20.2-57.2 mg/L 

UV 
UV/H2O2 

Solar irradiation 
Fenton 

Solar photo-Fenton 

UV-C irradiation (λmax 254 nm); 
H2O2: 25 mg/L; 
Fenton: 25 mg/L H2O2 and 5 mg/L Fe 
(II); 
Photo-Fenton: 25 mg/L H2O2 and 5 
mg/L Fe (II). 

> 79% (UV-based 
AOPs) 

Giannakis et al., 
2015 

5363-7545 
ng/L Pilot real wastewater TOC: 5.16-7.27 mg/L 

UV 
UV/H2O2 

Photo-Fenton 

Continuous mode; 
UV-C irradiation (λmax 254 nm); 
H2O2: 20,30, 40 and 50 mg/L; 
Fe(II): 0, 2 or 4 mg/L. 

94-98% (UV/H2O2); 
93-95% (Photo-

Fenton) 

De la Cruz et al., 
2013 

10 mg L-1 

Lab 
scale, 
batch 
mode 

Spiked WW (MBR effluent) [TOC]0= 4.8-6.8 
[COD]0=13.7-24.7 UV, UV/H2O2 

Glass reactor with 350 mL reaction 
volume. Controlled temperature. 
Polychromatic mercury lamp 

<LOQ Borowska et al. 
(2016) 

2781 ng/L Lab real wastewater COD: 126.9 mg/L; 
TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

Methylbenzotriazole 
1535 ng/L Lab real wastewater COD: 126.9 mg/L; 

TOC: 18.8 mg/L 

UV 
Dark Fenton 

Photo-Fenton 

LP Hg lamp (λmax 254 nm); 
Solar simulator; H2O2: 25, 50 mg/L; 
Fe(II): 5 mg/L; natural pH. 

97-98% (Photo-
Fenton) 

De la Cruz et al., 
2012 

Acesulfame 
741 ng/L Pilot real wastewater COD: 19.4-26.2 mg/L 

DOC: 40-54 mg/L Solar photo-Fenton 

Raceway pond reactors; 
Continuous mode; 
Real secondary effluents treated at two 
liquid depths (5, 15 cm) and three HRTs 
(80, 40, 20 min); 
Iron: 5.5 mg/L; H2O2: 30 mg/L. 

> 76% Arzate et al., 2017 
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CEC CEC initial 
concentration1 

Scale of 
study2 Water matrix3 Organic matter4 (mg/L) AOP5 Operating conditions CEC removal (%) Reference 

75 μM Lab CEC spiked wastewater TOC: 13.2 mg/L UVA/H2O2/Fe2+, 
UVA/S2O8

2- 

Ambient room temperature, 1 L 
cylindrical glass reactor with permanent 
agitation. 

<LOD Kattel et al. (2017) 

2-ethylhexyl-4-
methoxycinnamate 
(EHMC) 

ng L-1 to µg L-1 
levels 

Lab-
scale 

Mixture of urban and 
industrial WW [COD]0=28 UV, Simulated solar 

irradiation 
UV: 15 W LP Hg vapor lamp 254 nm, Xe 
150 Xe-arc lamp with spectral emission 
in the visible region 

EHMC: <50 
 

Santiago-Morales et 
al. (2013) 

AOP, advanced oxidation process; CEC, compound of emerging concern; CPC, compound parabolic collector; E2, 17β-estradiol; EE2, 17α-ethinylestradiol; EDDS, ethylenediamine-
N,N’-disuccinic acid; LP, low pressure; MBR, membrane bioreactor; MP, medium pressure; PMS, peroxymonosulfate; SS, stainless steel; WWTP, wastewater treatment plant. 
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Table SI9 Perspective processes using synthetic wastewater, CEC spiked wastewater and real wastewater. 
 

CEC CEC initial 
concentration1 

Scale of 
study2 

Water matrix3 Organic matter4 
(mg/L) 

AOP5 Operating conditions CEC removal 
(%) 

Reference 

Sulfamethoxazole 100 µg/L Pilot synthetic wastewater - Photo-Fenton 
TiO2/UV 

Solar CPC 
A: Photo-Fenton (pH 2; 5 mg/L Fe(II); 
50 mg/L H2O2; 5 mg/L TiO2); 
B: no pH adjustment; 50 mg/L H2O2; 
5, 15, 55 mg/L Fe(II). 

100% (145 min 
by solar TiO2 
photocatalysis 
and 10 min by 
photo-Fenton) 

Klamerth et al., 2009 

 4 µg/L Lab synthetic wastewater COD: 442 mg/L Combined O3/US as 
pretreatment prior to MBR 

US device: 750 W, 20 kHz; power 
density 370 W/L; Ozone: 3.3 g/h;  
Reaction time: 40 min. 

69% Prado et al., 2017 

 10 mg/L Lab CEC spiked wastewater 
COD: 64 ± 15 mg/L; 
BOD5: 15 ± 3 mg/L; 
TOC: 8 ± 2 mg/L 

Catalytic ozonation 
Ozone: 20 mg/L; 
Catalysts: 5 g commercial γ-Al2O3 or 
synthesized Co3O4/Al2O3. 

100% (<10 min) Pocostales et al., 2011 

 100 mg/L Lab synthetic wastewater - Sonolysis 200 W; 24 kHz; 600 min 0% de Vidales et al., 2017 

 0.5 mg/L Lab CEC spiked wastewater COD: 18.9 mg/L; 
TOC: 6.2 mg/L CWPO 

Catalyst: 20, 80 mg/L carbon xerogel 
with cobalt and iron (CX/CoFe); 
Cylindrical jacketed glass reactor 
stirred at 500 rpm; 25 ᵒC, 60 ᵒC; pH 3; 
500 mg/L H2O2. 

96.8-97.8% (6 
h) Ribeiro et al., 2016 

 0.5 mg/L Lab CEC spiked wastewater 
COD: 44 mg/L; 
BOD5: 28 mg/L; 
TOC: 14.2 mg/L 

Photocatalytic ozonation 

Carbonate-bicarbonate removed and 
pH restored; 
Simulated solar light radiation; 
Ozone: concentration 10 mg/L and 
flow rate 20 L/h; 
Catalyst: WO3 prepared by 
thermodecomposition of commercial 
tungstate. 

100% (< 10 
min) Rey et al., 2015 

 0.2 mg/L Lab CEC spiked wastewater COD: 195-296 mg/L 

Heterogeneous 
photocatalysis 
Photo-Fenton 
Ozonation 
Photocatalytic ozonation 

Aerobic biodegradation followed by 
different AOPs; 
Solar irradiation; Catalyst: TiO2. 

> 81% Gimero et al., 2016 

 0.2 mg/L Lab CEC spiked wastewater - 
Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

Combinations of ozone, UV-A black-
light and 2.8 mg/L Fe(III) or 150 
mg/LFe3O4. 

100% (< 10 
min, O3-based 
AOPs) 

Espejo et al., 2014 

 50 µg/L Lab CEC spiked wastewater COD: 40 mg/L; 
TOC: 25-30 mg/L 

Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

15-W black-light lamps (350–410 nm); 
TiO2: 250 mg/L; 
Ozone: flow rate 30 L/h. 

100% (< 5 min, 
O3-based AOPs) Encinas et al., 2013 

 10 mg/L Lab CEC spiked wastewater COD: 58-84 mg/L; TiO2 catalytic ozonation HP Hg lamp (238–579 nm emitting 99% (< 10 min, Beltran et al., 2012 



55 
 

BOD5: 30-60 mg/L; 
TOC: 35 mg/L 

TiO2 photocatalysis 
TiO2 photocatalytic 
ozonation 
Ozonation 
Photolytic ozonation 

mainly at 254, 313 and 366 nm and 
with UV-B cut-off); 
Catalyst: 1.5 mg/L TiO2. 

O3-based AOPs) 

 0.2 mg/L Lab synthetic wastewater COD: 592 mg/L 
Electrochemical oxidation 
with a sequential activated 
sludge process 

FM01-LC reactor, BDD as anode and 
SS as counter electrode; 
Conditions: pH 7; 1.2 L/s and current 
density 1.56 mA/cm2. 

> 50% (20 min) Rodriguez-Nava et al., 
2016 

 1-100 mg/L Lab synthetic wastewater - Conductive-diamond 
electrochemical oxidation 

Anode: diamond-based material (p-
Si–BDD); Cathode: SS; 
Current density: 15 mA/cm2. 

100% Rodrigo et al., 2010 

 15 µg/L Pilot CEC spiked wastewater COD: 30-40 mg/L; 
DOC: 10-30 mg/L NF/solar Photo-Fenton 

Carbonate-bicarbonate removed; 
Solar CPC; 
H2O2: < 2 mM; Fe(III): < 0.1 mM; Iron 
complexing agents: EDDS and citrate. 

> 90% Miralles-Cuevas et al., 
2014 

 100 µg/L Pilot CEC spiked wastewater DOC: 13 mg/L Heterogeneous 
photocatalysis 

Catalyst: TiO2 on glass substrate; pH 
unchanged. 

70-78 min  
(t30 W, 90%) 

Miranda-García et al., 
2011 

 5 mg/L Lab CEC spiked wastewater COD: 137-774 mg/L; 
BOD5: 60-89 mg/L Photocatalysis 

Preliminary filtration and coagulation; 
Catalyst: 0.5 g/L TiO2 or 1 mM FeCl3; 4 
UV lamps (λmax 366 nm). 

76.9% Ziemianska et al., 2010 

 15 µg/L Pilot CEC spiked wastewater COD: 74 mg/L; 
DOC: 30 mg/L 

NF/solar photo-Fenton 
Photo-Fenton 

Carbonate-bicarbonate removed; 
Solar CPC; 1.5 mM H2O2; 
0.1 mM Fe(III) for effluents and 0.2 
mM Fe(III) for concentrate. 

93% Miralles-Cuevas et al., 
2015 

Erythromycin 27 ng/L Lab real wastewater - 

Heterogeneous 
photocatalysis 
Ozonation 
Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100 % 
(photocatalytic 
ozonation) 

Moreira et al., 2015 

 78 ng/L Lab/Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Heterogeneous 
photocatalysis 

Solar CPC; 
Catalyst: 20 mg/L TiO2. > 85 % Prieto-Rodríguez et al., 

2012 

 41-78 ng/L Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Solar photo-Fenton 
Heterogeneous 
photocatalysis 
Ozonation 

Solar CPC; 
Photo-Fenton: 5 mg/L Fe(II), 60 mg/L 
H2O2 and pH 2.8; 
Carbonate-bicarbonate removed; 
Heterogeneous photocatalysis: pH0 6 
and 20 mg/L TiO2; 
Ozone: concentration 6.9 mg/L, flow 
rate 100 L/h; pH 8 (natural). 

- Prieto-Rodríguez, 2013b 
 

 0.03 µg/L Pilot real wastewater COD: 60-120 mg/L; 
DOC: 15-50 mg/L 

Heterogeneous 
photocatalysis 

Solardetox Acadus-2006 CPCs with 
3.0 m2 irradiated surface and 24 L 
irradiated volume; 
Catalyst: 0.2 g/L TiO2. 

- Bernabeu et al., 2011 
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 37.6-280 ng/L Lab real wastewater TOC: 25 mg/L 
Ozonation 
Photocatalysis 
Photocatalytic ozonation 

Continuous mode; LEDs; 
Catalyst: TiO2-coated Raschig glass 
rings. 

> 95% 
(photocatalytic 
ozonation) 

Moreira et al., 2016 

Clarithromycin 116 ng/L Lab real wastewater - 

Heterogeneous 
photocatalysis 
Ozonation 
Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100 % 
(photocatalytic 
ozonation) 

Moreira et al., 2015 

 54 ng/L Lab/Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Heterogeneous 
photocatalysis 

Solar CPC; 
Catalyst: 20 mg/L TiO2. > 85 % Prieto-Rodríguez et al., 

2012 

 24-54 ng/L Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Solar photo-Fenton 
Heterogeneous 
photocatalysis 
Ozonation 

Solar CPC; 
Photo-Fenton: 5 mg/L Fe(II), 60 mg/L 
H2O2 and pH 2.8; 
Carbonate-bicarbonate removed; 
Heterogeneous photocatalysis: pH0 6 
and 20 mg/L TiO2; 
Ozone: concentration 6.9 mg/L, flow 
rate 100 L/h; pH 8 (natural). 

- Prieto-Rodríguez L., 
2013b 

 0.07 µg/L Pilot real wastewater COD: 60-120 mg/L; 
DOC: 15-50 mg/L 

Heterogeneous 
photocatalysis 

Solardetox Acadus-2006 CPCs with 
3.0 m2 irradiated surface and 24 L 
irradiated volume; 
Catalyst: 0.2 g/L TiO2. 

30-55% Bernabeu et al., 2011 

 25.5-729 ng/L Lab real wastewater TOC: 25 mg/L 
Ozonation 
Photocatalysis 
Photocatalytic ozonation 

Continuous mode; LEDs; 
Catalyst: TiO2-coated Raschig glass 
rings. 

> 98% 
(photocatalytic 
ozonation) 

Moreira et al., 2016 

 ≈ 1 µg/L Lab/pilot 
real wastewater/CEC spiked 
wastewater - Hydrodynamic cavitation 

with addition of H2O2 

Shear induced hydrodynamic 
cavitation reactor; 50 ᵒC; 30 min; 
H2O2 dose: 3.4 g/L. 

37% Dular et al., 2016 

Azithromycin 140 ng/L Lab real wastewater - 

Heterogeneous 
photocatalysis 
Ozonation 
Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100 % 
(photocatalytic 
ozonation) 

Moreira et al., 2015 

 69 ng/L Lab/Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Heterogeneous 
photocatalysis 

Solar CPC; 
Catalyst: 20 mg/L TiO2. > 85 % Prieto-Rodríguez et al., 

2012 

 35-161 ng/L Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Solar photo-Fenton 
Heterogeneous 
photocatalysis 
Ozonation 

Solar CPC; 
Photo-Fenton: 5 mg/L Fe(II), 60 mg/L 
H2O2 and pH 2.8; 
Carbonate-bicarbonate removed; 
Heterogeneous photocatalysis: pH0 6 
and 20 mg/L TiO2; 
Ozone: concentration 6.9 mg/L, flow 
rate 100 L/h; pH 8 (natural). 

- Prieto-Rodríguez L., 
2013bprieto- 

 233-870 ng/L Lab real wastewater TOC: 25 mg/L 
Ozonation 
Photocatalysis 
Photocatalytic ozonation 

Continuous mode; LEDs; 
Catalyst: TiO2-coated Raschig glass 
rings. 

100% 
(photocatalytic 
ozonation) 

Moreira et al., 2016 
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Diclofenac 1 µg/L Lab CEC spiked wastewater COD: 92-131 mg/L Pulsating hydrodynamic 
cavitation–H2O2 process 

Initial pressure: 6 bar; 
H2O2 30%: 20 mL; 30 min. 35% Zupanc et al., 2013 

 4 µg/L Lab synthetic wastewater COD: 442 mg/L Combined O3/US as 
pretreatment prior to MBR 

US device: 750 W, 20 kHz; power 
density 370 W/L; Ozone: 3.3 g/h; 
Reaction time: 40 min. 

79% Prado et al., 2017 

 100 µg/L Pilot synthetic wastewater - Photo-Fenton 
TiO2/UV 

Solar CPC; 
A: Photo-Fenton (pH 2; 5 mg/L Fe(II); 
50 mg/L H2O2; 5 mg/L TiO2); 
B: no pH adjustment; 50 mg/L H2O2; 
5, 15, 55 mg/L Fe(II). 

100% (60 min 
by solar TiO2 
photocatalysis 
and 10 min by 
photo-Fenton) 

Klamerth et al., 2009 

 10 mg/L Lab CEC spiked wastewater 
COD: 64 ± 15 mg/L; 
BOD5: 15 ± 3 mg/L; 
TOC: 8 ± 2 mg/L 

Catalytic ozonation 
Ozone: 20 mg/L; 
Catalysts: 5 g of commercial γ-Al2O3 
or synthesized Co3O4/Al2O3. 

100% (<10 min) Pocostales et al., 2011 

 0.1 mM Lab  CEC spiked wastewater TOC: 37 mg/L Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100% (< 2 min) Moreira et al., 2015 

 30 mg/L Lab CEC spiked wastewater 
COD: 60 mg/L; 
BOD5: 33 mg/L; 
TOC: 33 mg/L 

Photocatalytic ozonation 
Ozone: 10 mg/L, 30 dm3/h: 
HP Hg lamp (UV-A); 
Catalyst: 1.5 g/L TiO2. 

100% (6 min) Aguinaco et al., 2012 

 5 mg/L Lab CEC spiked wastewater COD: 67 mg/L; 
BOD5: 12.7 mg/L 

Heterogeneous 
photocatalysis 

Simulated solar irradiation (96 h); 
Stirring at 75 rpm; 
Catalyst: 25 g immobilized TiO2. 

100% He et al., 2016 

 2.5 mg/L Lab CEC spiked wastewater TOC: 14.1 mg/L Heterogeneous 
photocatalysis 

125 W black-light fluorescent lamp 
(300–420 nm); 
Catalyst: 0.2–0.8 g/L TiO2. 

- Rizzo et al., 2009 

 5-20 mg/L Lab  CEC spiked wastewater TOC: 5.15 mg/L Heterogeneous 
photocatalysis 

9 W UV-A lamp (350–400 nm); 
Catalyst: 50–1600 mg/L of TiO2; 
H2O2: 0.07–1.4 mM. 

- Achilleos et al., 2010 

 5 mg/L Lab CEC spiked wastewater DOC: 4.65 mg/L; 
TOC: 5.15 mg/L 

Heterogeneous 
photocatalysis 

XX-15 BLB UV lamp (365 nm), 
Catalysts: single-phase 
hydroxyapatite-based materials of 
marine origin (Hap) and Hap-titania 
(TiHAp) multicomponent materials (1 
wt% TiO2); 
Catalyst load: 4 g/L. 

60% Marquez et al., 2016 

 1 µg/L Lab CEC spiked wastewater TOC: 100 mg/L 
Shear-induced 
Hydrodynamic 
cavitation/H2O2 

50 °C; 15 min; H2O2: 340 mg/L. 79% Zupanc et al. 2014 

 2.5 mg/L Lab CEC spiked wastewater 
COD: 10.5 mg/L; 
BOD5: 4 mg/L; 
TOC: 4.4 mg/L 

US irradiation 

200 mL of wastewater spiked at 
different concentrations of single 
CECs and their mixtures; 
pH 3.0, 7.5, 11; 
Frequency 20 kHz; electrical power 

50% Naddeo et al., 2009 
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100 W/L; 60 min. 

 4, 40, 80 mg/L Lab CEC spiked wastewater 
COD: 8.6 mg/L; 
BOD5: 7 mg/L; 
TOC: 4.51 mg/L 

Sonolysis 
Ozonation 
Sonolysis/Ozonation 

Ozone: concentration 5–15 mg/L and 
flow rate 2.4-31 g/h; 
Electrical power: 100-400 W/L; 
Combined treatment: ozone flow rate 
31 g/h and electrical power 400 W/L. 

36% 
22% 
39% 

Naddeo et al., 2012 

 40 mg/L Lab CEC spiked wastewater - Sonolysis 

Experiments at mg/L: frequency 20 
kHz and electrical power 100-400 
W/L; 
Experiments at 1 µg/L: frequency 45 
kHz and variable electrical power up 
to 800 W. 

55% Naddeo et al., 2013 

 0.5 mg/L Lab CEC spiked wastewater 
COD: 44 mg/L; 
BOD5: 28 mg/L; 
TOC: 14.2 mg/L 

Photocatalytic ozonation 

Carbonate-bicarbonate removed and 
pH restored; 
Simulated solar light radiation; 
Ozone: concentration 10 mg/L and 
flow rate 20 L/h; 
Catalyst: WO3 prepared by 
thermodecomposition of commercial 
tungstate. 

100% (< 10 
min) Rey et al., 2015 

 0.2 mg/L Lab CEC spiked wastewater COD: 195-296 mg/L. 

Heterogeneous 
photocatalysis 
Photo-Fenton 
Ozonation 
Photocatalytic ozonation 

Aerobic biodegradation followed by 
different AOPs; 
Solar irradiation; Catalyst: TiO2. 

> 54% Gimero et al., 2016 

 0.2 mg/L Lab CEC spiked wastewater - 
Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

Combinations of ozone, UV-A black-
light and 2.8 mg/L Fe(III) or 150 
mg/LFe3O4. 

100% (< 10 
min, O3-based 
AOPs) 

Espejo et al., 2014 

 50 µg/L Lab CEC spiked wastewater COD: 40 mg/L; 
TOC: 25-30 mg/L 

Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

15-W black-light lamps (350–410 nm); 
TiO2: 250 mg/L; 
Ozone: flow rate 30 L/h. 

100% (< 5 min, 
O3-based AOPs) Encinas et al., 2013 

 10-1000 µg/L Lab CEC spiked wastewater COD: 119 mg/L; 
BOD5: 250 mg/L 

Heterogeneous 
photocatalysis 
Photo-Fenton 
Ozonation 

Heterogeneous photocatalysis 
TiO2: 200 mg/L. 
Photo-Fenton 
3 4 W near-UV-A (black light) 
fluorescent lamps, λmax 352 nm; 
Iron: 10 mg/L; H2O2: 100 mg/L. 
Ozone/H2O2 
Inlet ozone concentration 0.36 mg/L 
and flow rate 3.0 L/min; 
H2O2: 20 mg/L.  
25 ᵒC and pH 7.0 for all processes 
(except pH 2.8 for photo-Fenton). 

- Tokumura et al., 2016 
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 10 mg/L Lab CEC spiked wastewater 
COD: 58-84 mg/L; 
BOD5: 30-60 mg/L; 
TOC: 35 mg/L 

TiO2 catalytic ozonation 
TiO2 photocatalysis 
TiO2 photocatalytic 
ozonation 
Ozonation 
Photolytic ozonation 

HP Hg lamp (238–579 nm emitting 
mainly at 254, 313 and 366 nm and 
with UV-B cut-off); 
Catalyst: 1.5 mg/L TiO2. 

99% (< 10 min, 
O3-based AOPs) Beltran et al., 2012 

 20 mg/L Lab CEC spiked wastewater COD: 85 mg/L Electrochemical oxidation 
Graphite–PVC (anode) and Pt 
(cathode); Applied voltage: 10 V, 
using 4 g/L NaCl; pH 3, 7 and 11. 

96.9% (30 min) Mussa et al., 2017 

 100 µg/L Pilot CEC spiked wastewater DOC: 13 mg/L Heterogeneous 
photocatalysis 

Catalyst: TiO2 on glass substrate; 
natural pH. 

33-78 min (t30 
W, 90%) 

Miranda-García et al., 
2011 

 150 µg/L Lab CEC spiked wastewater DOC: 10-12 mg/L Photocatalysis–DCMD 
process 

Photoreactor equipped with an UV-C 
germicidal lamp (λmax 254 nm) located 
between a feed tank and a 
membrane module; 
Catalyst: 1.5 g/L TiO2. 
Module: hydrophobic polypropylene 
membranes, with an area of 0.014 m2 
and nominal pore size of 0.2 μm; 
Feed (60 ᵒC), distillate (20 ᵒC). 

100% Tokumura et al., 2016 

 465 ng/L Lab real wastewater - 

Heterogeneous 
photocatalysis 
Ozonation 
Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100 % 
(photocatalytic 
ozonation) 

Moreira et al., 2015 

 4425 ng/L Lab/Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Heterogeneous 
photocatalysis 

Solar CPC; 
Catalyst: 20 mg/L TiO2. > 85 % Prieto-Rodríguez et al., 

2012 

 414-1466 ng/L Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Solar photo-Fenton 
Heterogeneous 
photocatalysis 
Ozonation 

Solar CPC; 
Photo-Fenton: 5 mg/L Fe(II), 60 mg/L 
H2O2 and pH 2.8; 
Carbonate-bicarbonate removed; 
Heterogeneous photocatalysis: pH0 6 
and 20 mg/L TiO2; 
Ozone: concentration 6.9 mg/L, flow 
rate 100 L/h; pH 8 (natural). 

100% 
100% 
 
100% 

Dular et al., 2016 

 0.87 µg/L Pilot real wastewater COD: 60-120 mg/L; 
DOC: 15-50 mg/L 

Heterogeneous 
photocatalysis 

Solardetox Acadus-2006 CPCs with 
3.0 m2 irradiated surface and 24 L 
irradiated volume; 
Catalyst: 0.2 g/L TiO2. 

80-88% Bernabeu et al., 2011 

 121-652 ng/L Lab real wastewater TOC: 25 mg/L 
Ozonation 
Photocatalysis 
Photocatalytic ozonation 

Continuous mode; LEDs; 
Catalyst: TiO2-coated Raschig glass 
rings. 

100% 
(photocatalytic 
ozonation) 

Moreira et al., 2016 

 ≈ 1 µg/L Lab/pilot 
real wastewater/CEC spiked 
wastewater - Hydrodynamic cavitation 

with addition of H2O2 

Shear induced hydrodynamic 
cavitation reactor; 50 ᵒC; 30 min; 
H2O2 dose: 3.4 g/L. 

79% Dular et al., 2016 
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Carbamazepine 1 µg/L Lab CEC spiked wastewater COD: 92-131 mg/L Pulsating hydrodynamic 
cavitation–H2O2 process 

Initial pressure: 6 bar; 
H2O2 30%: 20 mL; 30 min. 15% Zupanc et al., 2013 

 4 µg/L Lab synthetic wastewater COD: 442 mg/L Combined O3/US as 
pretreatment prior to MBR 

US device: 750 W, 20 kHz; power 
density 370 W/L; Ozone 3.3 g/h;  
Reaction time: 40 min. 

76% Prado et al., 2017 

 5 mg/L Lab CEC spiked wastewater COD: 67 mg/L; 
BOD5: 12.7 mg/L 

Heterogeneous 
photocatalysis 

Simulated solar irradiation (96 h); 
Stirring at 75 rpm; 
Catalyst: 25 g immobilized TiO2. 

76% He et al., 2016 

 5 mg/L Lab  CEC spiked wastewater TOC: 14.1 mg/L Heterogeneous 
photocatalysis 

125 W black-light fluorescent lamp 
(300–420 nm); 
Catalyst: 0.2–0.8 g/L TiO2. 

- Rizzo et al., 2009 

 1 µg/L Lab CEC spiked wastewater TOC: 100 mg/L 
Shear-induced 
Hydrodynamic 
cavitation/H2O2 

50 °C; 15 min; H2O2: 340 mg/L. 62% Zupanc et al., 2014 

 2.5 mg/L Lab CEC spiked wastewater 
COD: 10.5 mg/L; 
BOD5: 4 mg/L; 
TOC: 4.4 mg/L 

US irradiation 

200 mL of wastewater spiked at 
different concentrations of single 
CECs and their mixtures; 
pH 3.0, 7.5, 11; 
Frequency 20 kHz; electrical power 
100 W/L; 60 min. 

50% Naddeo et al., 2009 

 5 mg/L Lab CEC spiked wastewater - Sonolysis 

Experiments at mg/L: frequency 20 
kHz and electrical power 100-400 
W/L; 
Experiments at 1 µg/L: frequency 45 
kHz and variable electrical power up 
to 800 W. 

55% Naddeo et al., 2013 

 0.5 mg/L Lab CEC spiked wastewater 
COD: 44 mg/L; 
BOD5: 28 mg/L; 
TOC: 14.2 mg/L 

Photocatalytic ozonation 

Carbonate-bicarbonate removed and 
pH restored; 
Simulated solar light radiation; 
Ozone: concentration 10 mg/L and 
flow rate 20 L/h; 
Catalyst: WO3 prepared by 
thermodecomposition of commercial 
tungstate. 

100% (< 10 
min) Rey et al., 2015 

 0.2 mg/L Lab CEC spiked wastewater COD: 195-296 mg/L. 

Heterogeneous 
photocatalysis 
Photo-Fenton 
Ozonation 
Photocatalytic ozonation 

Aerobic biodegradation followed by 
different AOPs; 
Solar irradiation; Catalyst: TiO2. 

> 77% Gimero et al., 2016 

 0.2 mg/L Lab CEC spiked wastewater - 
Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

Combinations of ozone, UV-A black-
light and 2.8 mg/L Fe(III) or 150 
mg/LFe3O4. 

100% (< 10 
min, O3-based 
AOPs) 

Espejo et al., 2014 

 10-1000 µg/L Lab CEC spiked wastewater COD: 119 mg/L; 
BOD5: 250 mg/L 

Heterogeneous 
photocatalysis 

Heterogeneous photocatalysis 
TiO2: 200 mg/L. - Tokumura et al., 2016 
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Photo-Fenton 
Ozonation 

Photo-Fenton 
3 4 W near-UV-A (black light) 
fluorescent lamps, λmax 352 nm; 
Iron: 10 mg/L; H2O2: 100 mg/L. 
Ozone/H2O2 
Inlet ozone concentration 0.36 mg/L 
and flow rate 3.0 L/min; 
H2O2: 20 mg/L.  
25 ᵒC and pH 7.0 for all processes 
(except pH 2.8 for photo-Fenton). 

 22.91 µg/L Lab synthetic wastewater COD: 394 mg/L 
Electrochemical oxidation 
as post-treatment (after 
MBR) 

Electrochemical system (post-
treatment) coupled to the MBR 
system: Ti/PbO2 anode and Ti 
electrode as cathode; 
Optimal conditions: current intensity 
1.37 A during 101 min, recycling flow 
rate 232 mL/min, 25 °C. 

99.99% García-Gómez et al., 
2016 

 15 µg/L Pilot CEC spiked wastewater COD: 30-40 mg/L; 
DOC: 10-30 mg/L NF/solar Photo-Fenton 

Carbonate-bicarbonate removed; 
Solar CPC; 
H2O2: < 2 mM; Fe(III): < 0.1 mM; Iron 
complexing agents: EDDS and citrate. 

> 90% Miralles-Cuevas et al., 
2014 

 100 µg/L Pilot CEC spiked wastewater DOC: 13 mg/L Heterogeneous 
photocatalysis 

Catalyst: TiO2 on glass substrate; 
pH unchanged. - Miranda-García et al., 

2011 

 5 mg/L Lab CEC spiked wastewater COD: 13.5-22.0 mg/L Photocatalysis 

Sequential batch annular slurry 
photoreactor; 
Low-intensity 11 W UV-C lamp; 
Catalysts: immobilized TiO2, namely 
anatase titanate nanofiber and 
mesoporous TiO2 impregnated 
kaolinite; 
Presence of effluent organic matter 
and inorganic ions; 

< 61% Chong et al., 2011 

 60-70 µg/L Lab CEC spiked wastewater TOC: 8.86 mg/L Electro-Fenton 

Anode: Ti/Pt, Ti/SnO2 and Nb/BDD; 
Cathode: titanium or carbon felt 
electrode; 
pH 3, 5, 7. 

100% (< 30 
min, pH 3) Komtchou et al., 2015 

 50 µM Lab CEC spiked wastewater TOC: 16.1 mg/L Sulfate radical oxidation 
Fenton 

Carbamazepine/ peroxymonosulfate 
(PMS) molar ratio: from 1 to 30; 
Cobalt salts tested: CoCl2.6H2O and 
Co(NO3)2.6H2O. 

50% (PMS/Co) 
7% (Fenton) Matta et al., 2010 

 15 µg/L Pilot CEC spiked wastewater COD: 74 mg/L; 
DOC: 30 mg/L 

NF/solar photo-Fenton 
Photo-Fenton 

Carbonate-bicarbonate removed; 
Solar CPC; 1.5 mM H2O2; 
0.1 mM Fe(III) for effluents and 0.2 
mM Fe(III) for concentrate. 

100% Miralles-Cuevas et al., 
2015 
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 111 ng/L Lab real wastewater - 

Heterogeneous 
photocatalysis 
Ozonation 
Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100 % 
(photocatalytic 
ozonation) 

Moreira et al., 2015 

 
553-1160 ng/L 

Pilot real wastewater BOD5: 1-13 mg/L; 
DOC: 6.0-14.8 mg/L 

Heterogeneous Fenton’s 
Catalytic Process 

Catalyst: polyacrylonitrile; 
Room temperature; 
Natural pH. 

46-84.5% Chi et al., 2013 

 133 ng/L Lab real wastewater DOC: 10 mg/L Heterogeneous 
photocatalysis 

21-25 °C; 100 mg/L TiO2; pH 7.3; 
Presence and absence of PAC. 0% Gulyas et al., 2016 

 1.29 µg/L Lab real wastewater COD: 37 mg/L; 
BOD5: 4 mg/L 

Heterogeneous 
photocatalysis 

UVA radiation: six 8W Hg fluorescent 
lamps (365 nm); 
Catalyst load: 1 g/L TiO2 or ZnO. 

> 50% (TiO2) 
100%  (ZnO) Teixeira et al., 2016 

 0.07 µg/L Pilot real wastewater COD: 60-120 mg/L; 
DOC: 15-50 mg/L 

Heterogeneous 
photocatalysis 

Solardetox Acadus-2006 CPCs with 
3.0 m2 irradiated surface and 24 L 
irradiated volume; 
Catalyst: 0.2 g/L TiO2. 

80% Bernabeu et al., 2011 

 8.02-312 ng/L Lab real wastewater TOC: 25 mg/L 
Ozonation 
Photocatalysis 
Photocatalytic ozonation 

Continuous mode; LEDs; 
Catalyst: TiO2-coated Raschig glass 
rings. 

100% 
(photocatalytic 
ozonation) 

Moreira et al., 2016 

 ≈ 1 µg/L Lab/pilot 
real wastewater/CEC spiked 
wastewater - Hydrodynamic cavitation 

with addition of H2O2 

Shear induced hydrodynamic 
cavitation reactor; 50 ᵒC; 30 min; 
H2O2 dose: 3.4 g/L. 

62% Dular et al., 2016 

Metoprolol 0.5 mg/L Lab CEC spiked wastewater 
COD: 44 mg/L; 
BOD5: 28 mg/L; 
TOC: 14.2 mg/L 

Photocatalytic ozonation 

Carbonate-bicarbonate removed and 
pH restored; 
Simulated solar light radiation; 
Ozone: concentration 10 mg/L and 
flow rate 20 L/h; 
Catalyst: WO3 prepared by 
thermodecomposition of commercial 
tungstate. 

100% (< 60 
min) Rey et al., 2015 

 0.2 mg/L Lab CEC spiked wastewater COD: 195-296 mg/L. 

Heterogeneous 
photocatalysis 
Photo-Fenton 
Ozonation 
Photocatalytic ozonation 

Aerobic biodegradation followed by 
different AOPs; 
Solar irradiation; Catalyst: TiO2. 

> 62% Gimero et al., 2016 

 0.2 mg/L Lab CEC spiked wastewater - 
Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

Combinations of ozone, UV-A black-
light and 2.8 mg/L Fe(III) or 150 
mg/LFe3O4. 

100% (< 10 
min, O3-based 
AOPs) 

Espejo et al., 2014 

 50 µg/L Lab CEC spiked wastewater COD: 40 mg/L; 
TOC: 25-30 mg/L 

Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

15-W black-light lamps (350–410 nm); 
TiO2: 250 mg/L; 
Ozone: flow rate 30 L/h. 

100% (< 5 min, 
O3-based AOPs) Encinas et al., 2013 

 0.2 mg/L Pilot CEC spiked wastewater 
COD: 58.6 mg/L; 
BOD5: 10 mg/L; 
TOC: 20 mg/L 

Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

Solar CPC operating in semi-batch 
mode; Catalysts: Fe(III), Fenton 
reagent and TiO2. 

100% (20 min, 
photocatalytic 
ozonation) 

Quiñones et al., 2015 
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 2 mg/L Lab CEC spiked wastewater 
COD: 51 mg/L; 
BOD5: 32 mg/L; 
TOC: 35.3 mg/L 

Photocatalytic ozonation 

Semi-batch mode; 
Simulated solar light; 
Catalysts: different TiO2–WO3 
composites; 
Ozone: concentration 10 mg/L and 
flow rate 20 L/h. 

100% (< 45 
min, O3-based 
AOPs) 

Rey et al., 2014 

 0-21 ng/L Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Solar photo-Fenton 
Heterogeneous 
photocatalysis 
Ozonation 

Solar CPC; 
Photo-Fenton: 5 mg/L Fe(II), 60 mg/L 
H2O2 and pH 2.8; 
Carbonate-bicarbonate removed; 
Heterogeneous photocatalysis: pH0 6 
and 20 mg/L TiO2; 
Ozone: concentration 6.9 mg/L, flow 
rate 100 L/h; pH 8 (natural). 

- Prieto-Rodríguez L., 
2013b 

 100 mg/L Lab synthetic wastewater - Sonolysis 200 W; 24 kHz; 600 min 20-25 de Vidales et al., 2017 

Bezafibrate 0.2 mg/L Lab synthetic wastewater COD: 592 mg/L 
Electrochemical oxidation 
with a sequential activated 
sludge process 

FM01-LC reactor, BDD as anode and 
SS as counter electrode; 
Conditions: pH 7; 1.2 L/s and current 
density 1.56 mA/cm2. 

> 50% (20 min) Rodriguez-Nava et al., 
2016 

 44 ng/L Lab/Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Heterogeneous 
photocatalysis 

Solar CPC; 
Catalyst: 20 mg/L TiO2. > 85 % Prieto-Rodríguez et al., 

2012 

 44-57 ng/L Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Solar photo-Fenton 
Heterogeneous 
photocatalysis 
Ozonation 

Solar CPC; 
Photo-Fenton: 5 mg/L Fe(II), 60 mg/L 
H2O2 and pH 2.8; 
Carbonate-bicarbonate removed; 
Heterogeneous photocatalysis: pH0 6 
and 20 mg/L TiO2; 
Ozone: concentration 6.9 mg/L, flow 
rate 100 L/h; pH 8 (natural). 

- Prieto-Rodríguez L., 
2013b 

 0.48 µg/L Lab real wastewater COD: 37 mg/L; 
BOD5: 4 mg/L 

Heterogeneous 
photocatalysis 

UVA radiation: six 8W Hg fluorescent 
lamps (365 nm); 
Catalyst load: 1 g/L TiO2 or ZnO. 

≈ 45% (TiO2) 
100%  (ZnO) Teixeira et al., 2016 

Primidone  50 ng/L Lab/Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Heterogeneous 
photocatalysis 

Solar CPC; 
Catalyst: 20 mg/L TiO2. > 85 % Prieto-Rodríguez et al., 

2012 

 50-57 ng/L Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Solar photo-Fenton 
Heterogeneous 
photocatalysis 
Ozonation 

Solar CPC; 
Photo-Fenton: 5 mg/L Fe(II), 60 mg/L 
H2O2 and pH 2.8; 
Carbonate-bicarbonate removed; 
Heterogeneous photocatalysis: pH0 6 
and 20 mg/L TiO2; 
Ozone: concentration 6.9 mg/L, flow 
rate 100 L/h; pH 8 (natural). 

- Prieto-Rodríguez L., 
2013b 

EE2 10 mg/L Lab CEC spiked wastewater COD: 64 ± 15 mg/L; 
BOD5: 15 ± 3 mg/L; Catalytic ozonation Ozone: 20 mg/L; 

Catalysts: 5 g of commercial γ-Al2O3 100% (<10 min) Pocostales et al., 2011 
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TOC: 8 ± 2 mg/L or synthesized Co3O4/Al2O3. 

 391 ng/L Lab real wastewater - 

Heterogeneous 
photocatalysis 
Ozonation 
Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100 % 
(photocatalytic 
ozonation) 

Moreira et al., 2015 

 
0.23-1.72 ng/L 

Pilot real wastewater BOD5: 1-13 mg/L; 
DOC: 6.0-14.8 mg/L 

Heterogeneous Fenton’s 
Catalytic Process 

Catalyst: polyacrylonitrile; 
Room temperature; 
Natural pH. 

> 80% Chi et al., 2013 

 1667-4021 
ng/L Lab real wastewater TOC: 25 mg/L 

Ozonation 
Photocatalysis 
Photocatalytic ozonation 

Continuous mode; LEDs; 
Catalyst: TiO2-coated Raschig glass 
rings. 

> 95% 
(photocatalytic 
ozonation) 

Moreira et al., 2016 

E2 110 ng/L Lab real wastewater - 

Heterogeneous 
photocatalysis 
Ozonation 
Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100 % 
(photocatalytic 
ozonation) 

Moreira et al., 2015 

 <0.05-6.52 
ng/L Pilot real wastewater BOD5: 1-13 mg/L; 

DOC: 6.0-14.8 mg/L 
Heterogeneous Fenton’s 
Catalytic Process 

Catalyst: polyacrylonitrile; 
Room temperature; 
Natural pH. 

> 80% Chi et al., 2013 

 0-66.3 ng/L Lab real wastewater TOC: 25 mg/L 
Ozonation 
Photocatalysis 
Photocatalytic ozonation 

Continuous mode; LEDs; 
Catalyst: TiO2-coated Raschig glass 
rings. 

100% 
(photocatalytic 
ozonation) 

Moreira et al., 2016 

Bisphenol A 0.2 mg/L Pilot CEC spiked wastewater 
COD: 58.6 mg/L; 
BOD5: 10 mg/L; 
TOC: 20 mg/L 

Photocatalytic oxidation 
Photocatalytic ozonation 
Ozonation 

Solar CPC operating in semi-batch 
mode; Catalysts: Fe(III), Fenton 
reagent and TiO2. 

100% (20 min, 
photocatalytic 
ozonation) 

Quiñones et al., 2015 

 1 mg/L Lab CEC spiked wastewater COD: 70 mg/L Electrochemical oxidation 
Anode: Ti/SnO2, Ti/IrO2 and Ti/PbO2; 
Cathode: SS; 
Current intensity: 2.0 A. 

99.9% (100 
min) Zaviska et al., 2012 

 0-3495 ng/L Pilot real wastewater COD: 43-63 mg/L; 
DOC: 13-23 mg/L 

Solar photo-Fenton 
Heterogeneous 
photocatalysis 
Ozonation 

Solar CPC; 
Photo-Fenton: 5 mg/L Fe(II), 60 mg/L 
H2O2 and pH 2.8; 
Carbonate-bicarbonate removed; 
Heterogeneous photocatalysis: pH0 6 
and 20 mg/L TiO2; 
Ozone: concentration 6.9 mg/L, flow 
rate 100 L/h; pH 8 (natural). 

100% 
100% 
 
100% 

Prieto-Rodríguez L., 
2013b 

PFOS ng/L levels Lab real wastewater - 

Heterogeneous 
photocatalysis 
Ozonation 
Photocatalytic ozonation 

O3: 50, 70 or 90 g/Nm3; 150 
Ncm3/min; 
MP Hg vapor lamp (UV-Vis λ > 300 
nm); Catalyst: 0.5 mg/L TiO2. 

100 % 
(photocatalytic 
ozonation) 

Moreira et al., 2015 

BHT 164.6 ng/L Lab real wastewater COD: 28 mg/L; 
DOC: 8.1 mg/L 

Photolysis 
Heterogeneous 
photocatalysis 
Ozonation 

15 W LP Hg vapour lamp (λmax 254 
nm); 
Xe-arc lamp with spectral emission in 
the visible region; 

50% (visible 
light 
irradiation) 
60% 

Santiago-Morales et al., 
2013 
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Photocatalyst: Ce-doped TiO2 at 0.5 
g/L; 
Ozone: 22 g/Nm3. 

(photocatalysis) 
66% 
(ozonation) 

EHMC 23.6 ng/L Lab real wastewater COD: 28 mg/L; 
DOC: 8.1 mg/L 

Heterogeneous 
photocatalysis 
Ozonation 

15 W LP Hg vapour lamp (λmax 254 
nm); 
Xe-arc lamp with spectral emission in 
the visible region; 
Photocatalyst: Ce-doped TiO2 at 0.5 
g/L; 
Ozone: 22 g/Nm3. 

23% (visible 
light 
irradiation) 
50% 
(photocatalysis) 
0% (ozonation) 

Santiago-Morales et al., 
2013 

AOP, advanced oxidation process; BHT, butyl hydroxytoluene; BDD, boron-doped diamond; CEC, comtaminants of emerging concern; CPC, compound parabolic collector; CWPO, 
catalytic wet peroxide oxidation; DCMD, direct contact membrane distillation; E2, 17β-estradiol; EE2, 17α-ethinylestradiol; EHMC, 2-ethylhexyl-4-methoxycinnamate; HP, high 
pressure; LED, Light Emitting Diode; LP, low pressure; MBR, membrane bioreactor; MP, medium pressure; NF, nanofiltration; PAC, powdered activated carbon; PFOS, perfluorooctane 
sulfonic acid; UF, ultrafiltration; US, ultrasound; WWTP, wastewater treatment plant. 

 

Table SI10: Costs of ozonation and treatment with PAC in Switzerland for an 80% abatement of CECs (after Abegglen et al. 2012). The costs are calculated for a small (14’400 
p.e.) and a large (590’000 p.e.) WWTP and include amortization of investment and operation. 

 Costs, 14'400 p.e. Costs, 590'000 p.e. 

 CHF/m3 Euro/m3 CHF/m3 Euro/m3 

Ozonation (5 g/m3) 0.15–0.19 0.13-0.16 0.04–0.06 0.034–0.052 

PAC (10 g/m3) 0.25–0.3 0.21–0.26 0.1–0.15 0.086–0.13 
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Figure. SI1 Number of publications displayed by searching all type of papers in Scopus database, using as keywords: “Fenton” or “photocatalysis” or 
“photocatalytic ozonation” or “sonolysis” or “electrochemical oxidation” or “catalytic wet (air or peroxide) oxidation” and “wastewater”. Source: Scopus; 
March 2017.  
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Figure. SI2 Number of publications displayed by searching solely publications dealing with simulated and real urban wastewaters (spiked or not) treated by 
perspective methods, describing the removal of CECs rather than other parameters, such as COD and TOC. Source: Scopus; March 2017. 
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Figure SI3. Specific capitalized investment costs of different consolidated 
advanced wastewater treatment processes (selected process options only) 

(Antakyali 2016) 
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Figure SI4. Specific operation costs of different processes for CECs removal 
(selected process options only) (Antakyali 2017) 
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