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Removal of APIs and bacteria from hospital wastewater
by MBR p lus O3, O3 + H2O2, PAC o r CIO2

U. Nielsen, C. Hastrup, M. M. Klausen, B. M. Pedersen, G. H. Kristensen,

J. L C. Jansen, S. N. Bak and J. Tuerk

ABSTRACT

The objective of this study has been to deveiop technologies that can reduce the content of active

pharmaceuticai ingredients (APIs) and bacteria from hospitai wastewater. The resuits from the

laboratory- and piiot-scaie testings showed that efficient removal of the vast majority of APIs couid

be achieved by a membrane bioreactor (MBR) followed by ozone, ozone -F hydrogen peroxide or

powdered activated carbon (PAC). Chiorine dioxide (CÍO2) was significantly less effective. MBR -1- PAC

(450 mg/l) was the most efficient technoiogy, whiie the most cost-efficient technoiogy was MBR -F

ozone (156 mg O3/Í applied over 20 min). With MBR an efficient removal of Escherichia coli and

enterococci was measured, and no antibiotic resistant bacteria were detected in the effiuent. With

MBR -)- ozone and MBR 4- PAC also the measured effluent concentrations of APIs (e.g. ciprofloxacin,

sulfamethoxazole and sulfamethizoie) were below available predicted no-effect concentrations

(PNEC) for the marine environment without dilution, lodinated contrast media were also reduced

significantiy (80-99% for iohexoi, iopromide and ioversoi and 40-99% for amidotrizoateacid). A fuii-

scale MBR treatment plant with ozone at a hospital with 900 beds is estimated to require an

investment cost of €1.6 mill, and an operating cost of €1/m^ of treated water.
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INTRODUCTION

Pharmaceutical consumption at hospitals is high compared
to the consumption in other parts of society. High pharma-
ceutical consumption and excretion by patients means that
hospital wastewater has a high concentration of many
different active pharmaceutical ingredients (APIs). Also,
hospital wastewater contains microorganisms, some of
which are pathogenic. Hospital wastewater is almost
always released to a municipal drainage network via
which the hospital wastewater is mixed with other munici-
pal wastewater (and stormwater in combined systems) and
transported to a municipal wastewater treatment plant
(WWTP) for treatment. Municipal WWTPs are often not
designed to remove micropoUutants such as APIs, and
therefore removal at municipal WWTPs is often poor,
especially for some APIs. Numerous studies have focused
on the occurrence and fate of APIs in the environment.
In many of these studies, APIs have been detected in
WWTP effluents and in receiving water bodies (Fredsldlde

& Nielsen 2008; Bartelt-Hunt et al. 2009; Richardson &
Ternes 2on) illustrating that APIs are released to the
aquafic environment where they may have an effect,
depending on concentrafion (Escher et al 2on; Jean et al
2012). Also, hospital wastewater can be released untreated
to recipients when combined sewers overflow during
heavy rains. During combined sewer overflows, there is
also a risk of human exposure to hospital wastewater,
which can pose a public health threat.

The objecfives of tbe study were to test, on a pilot and
laboratory scale, different treatment technologies for on-
site treatment of hospital wastewater. Urine separation at
hospitals and the possibility of treatment of urine alone to
remove APIs were also studied in depth. However, urine
separafion and treatment were found to be problemafic
due to frequent demands for maintenance and high con-
strucfion/retrofit costs associated with the addifional
plumbing requirements, and urine separation is therefore
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not covered further in this article. Furthermore, the objec-
tives were to assess the efficiency of the tested treatment
technologies as well as to assess the construction and oper-
ating costs of each technology, allowing for a final
evaluafion of the tested technologies based on removal effi-
ciencies and costs. The pre-treatment activities were carried
out in a membrane bioreactor (JVIBR) pilot plant followed by
laboratory tesfing of four polishing technologies: ozone
(O3), ozone-I-hydrogen peroxide (O3-fH2O2), powdered
activated carbon (PAC) and chlorine dioxide (CIO2). MBR
technology was chosen because of a lower footprint and
more efficient removal of micropollutants than convenfional
treatment plants and because it provides a significant hygie-
nizafion of sewage water (Ottoson et al 2006; Radjenovic
et al 2009; Beier et al 2012), The chosen polishing technol-
ogies are from a mechanisfic point of view pofenfially
effective on micropollutants such as APIs.

METHODOLOGY

Collection and transport of hospital wastewater

The hospital wastewater used for the study was collected at
Denmark's largest hospital, Copenhagen University Hospi-
tal, which was selected for wastewater collection due to
the many funcfions performed and thereby pharmaceuticals
consumed at the hospital. The wastewater from the hospital
was collected from a central sewage well containing
wastewater from all wings of the hospital, ensuring a repre-
sentative API composition. Wastewater was collected on
two separate occasions to ensure sample freshness. The
wastewater was pumped from the well into a tardier truck
of 33 m'' capacity, which was rinsed internally prior to trans-
port to prevent contamination from previous confents, and
then driven from the hospital to the MBR pilot plant,

MBR setup

The MBR pilot plant, designed and produced by Grundfos
BioBooster A/S, was set up in Bjerringbro, Jutland approxi-
mately 340 km from Copenhagen University Hospital where
the wastewater samples were collected. The MBR pilot plant
consisted of a 1 mm sieve to remove larger particles and a
pipe of 0,37 m' volume; the area of the ceramic ultrafiltra-
tion membrane was 3,75 m^ with a pore diameter of
0,06 nm. Backwash was performed every other minute
with 41 permeate. The flow through the MBR pilot plant
was 2,2 m-'/day and 24.61/m^/h, The sludge age was

approximately 35 days but is only an esfimate due to the
relafively short period of operafion.

Three test runs were performed with the MBR. The first
run (April 24 - May 6, 2011) was a commissioning period
where municipal wastewater from Bjerringbro was treated.
The second run (May 6 - May 19, 2011) was made using
the first batch of hospital wastewater from Copenhagen Uni-
versity Hospital in order to allow the microorganisms to
adjust to the contents of hospital wastewater. The third
and final run (May 19 - May 21, 2011) was also made
using wastewater from Copenhagen University Hospital,
but here the second batch of wastewater was used.

Polishing technologies setup

The four polishing fechnologies tested in this study were
tested at laboratory scale on MBR-treated hospital waste-
water. The treated wastewater used in the experiments
with the polishing technologies was sampled during the
third round of MBR tesfing.

Ozone

The ozone was produced in a LAB2B ozone-generator
from Triogen Ltd with a capacity of up to 10 g 03/h and
a built-in gas fiow meter and regulator valve for gas flow.
Ozone concentrafion in the gas phase was monitored
using UV-spectrophotometry, Dissolved ozone was moni-
tored amperometrically using a membrane ozone sensor
(0-10 mg/1 range) with a membrane insensitive to chemi-
cals and tensides. A ceramic diffuser (VitraPOR®
glassfilter from ROBU® with porosity class 4 (10-16 nm))
mounted at the bottom of the glass reaction column was
used for ozone entry. The wastewater sample was confinu-
ously circulated through the reacfion column at a
minimum flow of 301/h, and samples were taken from
fhe column via a two-way glass valve throughout the treat-
ment process for analysis of the removal process. Four
reacfion fimes were tested in order to compare API
removal and treatment costs associated with each reaction
time. The tested reaction times were 3, 6, 10 and 20 min
corresponding to ozone doses of 26, 52, 82 and 156 mg
O3/I (or 1,3, 2,6, 4,1 and 7,8 g 03/g TOC), respectively.
The doses were chosen based on experimental data for
the ozone consumpfion monitored continuously in both
gas and liquid phase during the experiment as well as the
corresponding decline in dissolved organic carbon and
UV light absorbance at 254 nm measured in grab samples
taken at specified time intervals during the experiment.
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Ozone -I- hydrogen peroxide

The test procedure for ozonation with addition of hydrogen
peroxide was very similar to that of ozonation only. Hydro-
gen peroxide was dosed using a pump and adjusted to the
ozonation rate. A hydrogen peroxide to ozone ratio of
0.45 g/g was used to ensure a slight surplus of hydrogen per-
oxide. Four reaction times were tested: 5, 15, 25 and 40 min
corresponding to ozone doses of 130, 450, 780 and 1,300 mg
O3/I and hydrogen peroxide doses of 60, 200, 350 and
585 mg H2O2/I, respectively. The doses were chosen based
on experimental data equalling the ozone tests.

Chlorine dioxide

The test setup for oxidation with chlorine dioxide consisted
of a constantly stirred tank. The chlorine dioxide concen-
tration was monitored at constant intervals and regulated,
if necessary, by adding more chlorine dioxide to the tank.
The chlorine dioxide consumption was 60 mg/l MBR-trea-
ted hospital wastewater. Two reaction times were tested in
order to compare API removal and treatment costs: 15
and 120 min. The doses were chosen just above the con-
sumption of the liquids. The concentration was followed
during the course of the experiment and dosing stopped
when no more chlorine dioxide was consumed.

Powdered activated carbon

The laboratory tests with activated carbon were performed
in batches in blue-cap glass bottles. Two types of PAC
were used, Norit 830W and Calgon Carbon Filtrasorb
F400. Each of the two PAC types were tested in three con-
centrations: 150, 300 and 450 mg/l. The chosen PAC
concentrations were based on a Swedish study of APIs in
the aquatic environment (Wahlberg et ai 2010). MBR-trea-
ted hospital wastewater and PAC at the designated
concentrations were added to the blue-cap bottles, placed
on a shaking table and allowed to stand for 48 h. Afterwards
the PAC was removed through filtration using a 1 nm glass
fiber filter, and the sample was frozen and sent for analysis.

Analytical procedures

Analyses were performed both before and after MBR-
treatment and treatment with the four polishing technol-
ogies. Central to the study were the analyses of API
concentrations in the hospital wastewater both before and
after treatment, which allowed for assessment of the

efficiency of the different treatment technologies in remov-
ing APIs. Analyses were performed at two laboratories, the
Institute of Energy and Environmental Technology (IUTA)
in Germany and Umeâ University in Sweden. The IUTA
analyses screened for more APIs than Umeâ's analyses,
and thus the IUTA methods are described here. Water ana-
lyses were performed after solid phase extraction (SPE) by
liquid chromatography tandem mass spectrophotometry
(LC-MS/MS). Three different SPE and separation methods
were used depending on the type of API. 93 APIs were
measured.

Analyses of the microbial contents of the hospital waste-
water were performed on the influent and effiuent of the
MBR pilot plant. The analyses were performed at DHI's lab-
oratories in Denmark by incubation on agar plates. The
plates were incubated at 37 °C for 22-26 h.

RESULTS

Results of the pilot-scale MBR treatment and laboratory-
scale testing of polishing technologies are presented in the
following section.

Results of MBR treatment

Three pairs of samples were taken of infiuent and effiuent
from the MBR pilot plant in order to evaluate the efficiency
of the plant in removing APIs. The samples were taken from
the third test run of the pilot plant. Samples 1 and 2 were
taken on the morning and afternoon of May 20, 2011,
respectively, and sample 3 was taken on the morning of
May 21,2011. Table 1 shows the concenti-ations of 60 differ-
ent APIs in the infiuent and effluent of the MBR pilot plant.
Removal is also shown. The treatment efficiency of the plant
varies greatly from substance to substance. For some sub-
stances the concentrations are below the limit of detection
in the influent, and therefore it is not possible to calculate
removal for these substances.

Table 1 shows that the removal of common pain killers
like ibuprofen and paracetamol was very high with over
99% removal for both APIs. Hormones (17-a-estradiol and
17-;3-estradiol) also showed a high removal. The MBR pilot
plant also showed efficient treatment for ^S-lactam antibiotics
with a mean removal rate of 97% for amoxicillin and 73% for
cefuroxime. The removal rates for sulfamethoxazole and sul-
famethizole were also high at 97 and 99%, respectively, while
the removal rate for N'^-Acetylsulfamethoxazole, a metab-
olite of sulfamethoxazole, was only 38%.
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Table 1 I influent and effluent concentrations in ng/l from the MBR pilot plant along with removal in percent. The analyses were performed at the lUTA laboratories. Mean values are
shaded grey. Values are rounded

Influent Effluent Removal

API

Acetylsalicylic acid

ac-sulfadiazine

ac-sulfamethoxazole

Amoxicillin

Atenolol

Azithromycin

Bendroflumethiazid

Bezafibrat

Bisoprolol

Capecitabine

Carbamazepine

Cefuroxime

Chloramphenicol

Ciprofloxacin

Citalopram

Clarithromycin

Clindamycin

Clofribic acid

Cyclophosphamide

Diclofenac

Erythromycin

Erythromycin dehyd.

Fenofibrat

Fenofibrinsaure

Furosemide

Gemcitabine

Ibuprofen

Ifosfamide

Ketoprofen

Megastrol

Metoprolol

Metronidazol

MTX

Naproxen

Ofloxacin

Oxcarbazepine

Paracetamol

Phenanzon

Propranolol

Sample 1

(ng/il

<10

110

63

33

170

1,600

<25

<10

30

45

2,300

210

<10

6,000

300

1,300

31

<10

14

170

330

610

31

<5

4,400

<5

2,400

62

<10

<5

3,700

<125

290

<10

• < 5

300

26,000

84

260

Sample 2

Ing/i]

<10

130

59

37

180

1,900

<25

<10

27

41

2,500

200

<10

6,400

300

1,400

27

<10

12

150

370

660

28

<5

4,600

<5

2,200

70

<10

<5

3,600

<125

310

<10

<5

380

23,000

83

280

sampie 3
ing/i]

<10

150

79

43

250

2,500

<25

<10

32

40

3,200

150

<10

7,600

400

1,800

24

<10

16

130

520

840

<12.5

<5

6,100

<5

1,900

91

<10

<5

2,900

<125

190

<10

<5

450

32,000

89

360

Sample 1

[ng/il

<10

30

43

1

50

590

<25

• < io

13

10

2,600

52

<10

4,900

320

470

99

<10

12

91

230

460

22

<5

5,000

<5

1

69

<10

<5

2,500

<125

1

<10

<5

1

1

110

220

sample 2
Ing/n

<10

38

32

1

57

700

<25

<10

9

12

2,200

52

<10

3,300

300

540

80

<10

11

130

220

420

<12.5

<5

5,000

<5

1

62

<10

<5

2,100

<125

1

<10

<5

2

1

86

190

Sample 3
Ing/I)

<10

45

50

1

73

770

<25

<10

20

11

3,100

44

<10

4,500

340

590

110

<10

14

130

310

570

<12.5

<5

5,000

<5

1

94

<10

<5

2,800

<125

1

<10

<5

1

1

120

270

Sampie 1

[%1

73

32

97

71

63

57

78

- 1 3

75

18

- 7

64

-219

14

46

30

25

29

- 1 4

>99

- 1 1

32

>99

>99

>99

- 3 1

15

Sample 2

I%I

71

46

97

68

63

65

71

12

74

48

0

61

-196

8

13

41

36

>55

- 9

>99

11

42

>99

99

>99

- 4

32

Sample 3

I%1

70

37

98

71

69

38

73

3

71

41

15

67

-358

13

0

40

32

18

>99

- 3

3

99

>99

>99

- 3 5

25

Mean
I%1
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Table 1 1 continued

API

Roxithromycin

Simvastatin

Sotalol

Sulfadiazine

Sulfametbazine

Sulfamethizole

Sulfamethoxazole

Tamoxifen

Tramadol

Trimetboprim

Venlafaxin

17a-Estradiol

Estron

17/3 Estradiol

17a Etbinyl-Estradiol

Amidotrizoeacid

Iobexol

Iomeprol

Iopamidol

Iopromide

Ioversol

Influent

Sample 1
[ng/ll

130

<10

16

620

<10

1,500

12,000

<5

1,500

3,800

470

23

<1

<1

<5

47,000

640,000

<50

<50

750,000

450,000

Sample 2
[ng/ll

130

<10

17

630

<10

1,500

12,000

<5
1,800

4,100

540

12

<1

9

<5

22,000

400,000

<50

<50

530,000

290,000

sample 3
[ng/M

160

<10

28

380

<10

1,600

16,000

<5

2,000

4,900

670

20

<1

7

<5

30,000

540,000

<50

<50

870,000

430,000

Effluent

Sample 1
[ng/l]

110

<10

19

7

<10

11

270

<5

1,400

3,700

510

<1

<1

<1

<5

39,000

340,000

12,000

<50

470,000

290,000

Sample 2
ing/l]

110

<10

17

12

<10

15

320

<5
1,300

3,300

390

<1

<1

<1

<5

22,000

430,000

<50

<50

660,000

340,000

Sample 3
Ing/I]

130

<10

28

7

<10

17

450

<5

2,000

4,000

590

6

<1

<1

<5

41,000

390,000

<50

<50

490,000

340,000

Removal

Sample 1
I%1

15

-19

99

99

98

7

3

>96

17

47

37

36

Sample 2
1%)

15

0

98

99

97

28

20

28

>92

>89

0

- 8

-25

-17,24

Sample 3

l%l

19

0

98

99

97

0

18

12

70

>86

- 3 7

28

44

21

Mean
i%l

WEñ
^1
•g
B^
HI•^
^1
•S
Hi
'KÔI
KÔI

^

IE
Ê
Hi
^1
B̂

Removal of iodinated contrast media was low, and these
contrast media were the APIs present in highest concen-
trations in the pilot plant effiuent with concentrations up
to 540 |ig/l. The concentrations of clindamycin, phenanzon,
amidotrizoeacid, sotalol, furosemide and ifosfamide are
higher in the effiuent than in the infiuent. This is probably
due to deconjugation during treatment.

Overall, the results of the analyses for API removal
show that MBR treatment is sufficient to remove some sub-
stances, while further treatment is required in order to
achieve sufficient removal of other substances. Table 2
shows the effect of the MBR treatment on the microbial con-
tent of hospital wastewater. Data are shown for Escherichia
coli, total coliforms and total enterococci in both influent

Table 2 I Colony forming units (CFU) of £ coli, total coliforms and total enterococci per ml in three samples of influent and effluent of the MBR pilot plant operating with hospital waste-
water taken May 20, 20n

Sample 1

Sample 2

Sample 3

Avg. reduction [%]

E. coll

Influent [CFU/ml]

1,500

4,500

2,600

> 99.83

Effluent [CFU/ml]

<5

<5

<5

Total collfonns

Influent [CFU/ml]

150,000

110,000

100,000

99.98

Effluent [CFU/ml]

27

10

18

Total enterococci

influent [CFU/ml]

43,000

43,000

37,000

99.66

Effluent [CFU/ml]

180

170

63
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and effiuent of the MBR pilot plant. It can be seen that the
removal rates are all above 99%. These removal rates are
comparable to those achieved at well-functioning acfivated
sludge wastewater treatment plants (Ottoson et al 2006).
Also, tesfing showed that the treated wastewater had no anfi-
biotic effect on E. coli or Staphylococcus aureus.

Results of polishing technologies

The results of the laboratory tests with the four polishing
technologies, ozonation, ozonafion-I-hydrogen peroxide,
oxidation with chlorine dioxide and activated carbon,
applied on MBR-treated hospital wastewater are presented
in Table 3.

The results presented for PAC are the results obtained
.using Calgon Carbon Filtrasorb F400. The results with
Norit 830 W PAC were comparable or only marginally
different from those obtained for Filtrasorb F400. For
ozone, only results from the 10 and 20 min reacfion fimes
(82 and 156 mg O3/I) are presented, and for ozone -f
H2O2, only results from the 5 and 15 min reacfion fimes
(130 mg O3/I; 60 mg H2O2/I and 450 mg O3/I; 200 mg
H2O2/I) are presented. For acfivated carbon, the results of
the batch experiments with 150 and 450 mg/l PAC are
presented.

Predicted no-effect concentrafion (PNEC) and Environ-
mental Quality Standard (EQS) values found from literature
are listed for most of the APIs that were analyzed. Measured
concentrafions exceeding PNEC and EQS values are
marked with bold text. The results for chlorine dioxide are
based on analyses made at Umeâ University, and therefore
the results are limited to a smaller number of APIs.

As seen in Table 3, ozone (10 min/82 mg O3/I), ozone -f
H2O2 (5 min (130 mg O3/I; 60 mg H2O2/I) and 15 min
(450 mg O3/I; 200 mg H2O2/I)) and chlorine dioxide (15
and 120 min) all have effluent concentrafions above
PNEC/EQS values for at least two APIs. Ozone (20 min/
156 mg O3/I) and PAC (150 and 450 mg/l) do not have
any effluent API concentrafions above the listed PNEC/
EQS values. In general, the results for chlorine dioxide
show poor removal compared to the other polishing tech-
nologies. It is not possible to assess the removal of
iodinated contrast media by chlorine dioxide due to limited
data, but removal of iodinated contrast media is generally
poor for the three other polishing technologies. The largest
reduction in iodinated contrast media concentrations is
seen for PAC.

The esfimated costs for the polishing technologies are
presented in Table 4. At €0.22/m'', the least expensive

polishing opfion is ozonafion for 10 min/82 mg O3/I. The
most expensive polishing opfions tested are PAC (450 mg/l)
and ozone plus hydrogen peroxide with estimated costs of
€1.06 and €1.08/m^, respectively.

DISCUSSION

For many APIs, MBR treatment is an effecfive treatment
that can reduce concentrafions to below PNEC/EQS
values. However, tbe results from the MBR pilot plant
showed that for some APIs such as azithromycin, ciproflox-
acine, ibuprofen, sulfamethoxazole and tramadol,
concentrafions in MBR-treated wastewater were sfill above
exisfing PNEC values. Also, MBR removal of iodinated con-
trast media was low, resulfing in high effiuent
concentrafions of these persistent APIs.

The four tested polishing technologies can be used in
combination with MBR treatment in order to further
reduce the concentrafions of those APIs that were not
removed stifficiently during MBR treatment. Results from
the laboratory-scale experiments with ozone, ozone -f
H2O2, PAC and chlorine dioxide allow for the selecfion of
a best available polishing technology. It is, however, impor-
tant to keep the imcertainfies of the results in mind,
especially because many of the studied API concentrafions
are in the low ng/l range. Also, there are APIs that were
not analyzed for and for which removal is therefore
unknown. The fact that the experiments were performed at
laboratory scale may also mean that slightly different results
may be achieved if the polishing technologies are scaled up
to full-scale implementation.

The comparison of the available API removal data and
treatment costs showed that ozone (20 min/156 mg O3/I)
was the best available polishing technology. PAC (450 mg/l)
provided lower effluent concentrafions than ozone
(20 min/156 mg O3/I) for a number of APIs, but with a treat-
ment cost of €1.06/m''compared to €0.40/m-' it was decided
that the improved performance did not outweigh the
increased costs. It is esfimated that MBR treatment com-
bined with ozonation at 156 mg O3/I will have an
investment cost of approximately €1.6 mill, and an operat-
ing cost of approximately €l/m'' for a hospital with
around 900 beds.

The high API and bacteria removal rates that can be
achieved by combining MBR and ozone treatment mean
that there is a potenfial for ufilizing the treated hospital
wastewater. In Denmark advanced local treatment of hospi-
tal wastewater is now starting to be recognized as a win-win
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Table 4 I Estimated treatment costs per cubic meter in Euro for the polishing technol-

ogies tested follovi/ihg MBR treatment. Tlie costs are additional to MBR

treatment

Polishing technology

Ozone

Ozone -f
H2O2

PAC

Chlorine
dioxide

10 min (82 mg O3/I)

20 min (156 mg O3/I)

5 min (130 mg O3/I; 60 mg
H2O2/I)

15 min (450 mg O3/I; 200 mg
H2O2/I)

150 mg/l

450 mg/l

120 min (60 mg CIO2/I)

Operational costs

[€/m l̂

0.22

0.40

0.34

1.08

0.31

1.06

0.30

situation for future hospitals (Danish Nature Agency 2on).
After effective treatment a pollution problem is solved, and
at the same time the treated water could be reused for pur-
poses such as irrigation and technical water or discharged
to the local water area reducing the load on the drainage
network and municipal treatment plant. Calculations on
savings from not paying sewer drainage taxes (€2.7/m^)
shows that a MBR -i- O3 plant in Copenhagen will have a
payback period of 4-5 years.

CONCLUSIONS

The MBR pilot plant tested during the study showed effec-
tive removal of many APIs. Hormones and commonly
used painkillers such as ibuprofen and paracetamol were
removed to a large extent. MBR pilot plant results also
showed that antibiotics, central nervous system APIs and
cardiovascular APIs were removed to a lesser extent. The
removal of iodinated contrast media was poor with high
effluent concentrations (up to 540 ng/1). A significant
reduction in the concentration of bacteria was recorded
after MBR treatment, with removal rates for total coliforms
and total enterococci of 99.98 and 99.66%, respectively.

Laboratory testing showed that effective removal of the
vast majority of APIs can be achieved by MBR followed by
polishing with ozone, ozone+ H2O2 or PAC. Polishing
with chlorine dioxide was significantly less effective. MBR
treatment followed by ozonation at 156 mg O3/I yielded
effiuent API concentrations below available PNEC and
EQS values. Polishing with PAC also yielded effluent API
concentrations below PNEC and EQS values, but due to
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the higher cost of PAC (€1.06/m^ compared to €0.40/m^ at
156 mg O3/I), ozonation at 156 mg O3/I was selected as the
best available polishing technology. It is estimated that the
investment cost for an MBR and ozone treatment system
designed for a hospital with 900 beds will be approximately
€1.6 mill, and operating costs will be approximately ^
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