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Preface

The purpose of the project was to develop a treatment technology to reduce the amount of an-
tibiotic resistant bacteria (ARB) from raw hospital wastewater using the unbranched
wastewater pipe from super hospitals to the wastewater treatment plants using peracetic acid
(PAA).

The advantage of this treatment is that there is no need of additional construction and that the
wastewater pipe from the hospital to the wastewater treatment plant can be used as a reaction
tank giving a long reaction time. A similar approach with a shorter reaction time was used to
reduce the ARB from hospital wastewater before mixing it with municipal wastewater. Perace-
tic acid was selected to treat raw wastewater as it does not form toxic by-products.

The project presented the amount of ARB that need to be reduced from the hospital
wastewater before mixing it with municipal wastewater. This gives the municipalities the op-
portunity to specify requirements for the level of disinfection for hospital wastewater. During
the project period, pilot experiments were conducted at two different locations in Denmark. In
total 8 pilot experiments were conducted using wastewater from two hospitals namely Hillerad
hospital and Slagelse hospital and two wastewater treatment plants namely Hillerad and
Slagelse (SK Forsyning). A continuous disinfection experiment on raw wastewater using PAA
was performed in pilot scale for 6 weeks to demonstrate the disinfection concept.

The project was funded by the Danish EPA as project: MST 117-00661: "REBAHS" Desinfek-
tion af Resistente Bakterier i HospitalsSpildevand. The partners participating in the project
were as follows:

o Technical University of Denmark: Ravi Kumar Chhetri, Diego Francisco Sanchez & Henrik
Rasmus Andersen (Project leader)

Danish Technological Institute: Sabine Lindholst, & Caroline Kragelund Rickers
Alumichem: Thomas Eilkaer, Birgitte Krogh L@ppenthien & Alexander Valentin Hansen
Hillerad Forsyning: Jgrgen Skaarup & Henning Gade

SK Forsyning: Jan M. Jgrgensen & Natascha Kock Pedersen

Hjerring Vandselskab: Jacob Andersen & Didde Lindholm Jurgensen



Introduction

Hospital wastewater is a point source for antibiotic-resistant bacteria (ARB) and the most im-
portant point source for multi-resistant, pathogenic bacteria, which are highly undesirable in
the environment and at the same time pose a work environment risk at wastewater treatment
plants and sewer workers.

In Denmark, national hospital service is currently being centralized into super hospitals servic-
ing entire regions by replacing many local hospitals. This centralisation is leading to higher
ARB concentrations in hospital wastewater. The higher concentration of ARB might pose in-
creased risks to workers servicing these wastewater treatment plants. Moreover, during heavy
precipitation in combined sewers system, concentrations of ARB can be expected to be in-
creased in effluent and any overflow that occur servicing these super hospitals. To mitigate
this wastewater issue, several new super hospitals have constructed separate wastewater
pipes linking them with wastewater treatment plants, in order to limit the spread of pathogens
and resistant bacteria to combined sewers. However, the risk from antibiotic-resistant bacteria
compromising the working environment for sewer workers is still need consideration. In the
professional debate, both central and decentralized treatment solutions to treat both antibiotic-
resistant bacteria and pharmaceuticals residual from hospital wastewater have been dis-
cussed. In the discussion of hospital wastewater management, neither technology nor the lo-
cation of the same was defined; although there was consensus that the treatment technology
should correspond to BAT (Nielsen et al., 2011). Environmental friendly and economical treat-
ment of hospital wastewater is planned in centralized super hospitals such as: at DNU, DNV
Gadstrup and Nyt Hospital Nordsjaelland. The project aim to develop treatment system for
continuous dosing of disinfectants directly to the raw wastewater from hospitals and thereby
reduce the number of antibiotic resistant bacteria significantly (> 90%). The raw wastewater
from super hospitals will thus be able to be handled without increased risk to the sewer work-
ers from the wastewater treatment plant.

There are several disinfection solutions available to reduce the number of microorganisms
from the wastewater. Chlorine based disinfectants is not suitable for disinfection of raw
wastewater as it reacts with organic matter forming high concentration of organohalogens and
with nitrogen compounds forming toxic by-products (Watson et al., 2012). Ozonation is not at-
tractive for disinfection of raw wastewater, as the ozone dose is directly proportional to the
amount of organic matter. Peracetic acid (PAA) was used as disinfectant in this project. PAA
is a potent antimicrobial agent that is stable over time and inexpensive (Du et al., 2018). PAA
reacts effectively against a broad spectrum of microorganisms and is able to attack microbes
in different ways (Block, 1991). The disinfection mechanism for PAA is still being investigated,
but one suggestion is that PAA release the active oxygen or active hydroxyl radicals, which
interfere with sulfhydryl (-SH) and sulfur (SS) bonds in proteins and enzymes. In addition, PAA
play a role in disrupting the chemiosmotic function of lipoprotein cytoplasmic membrane
transport through dislocation or rupture of the cell wall (Block, 1991; Santoro et al., 2007). Per-
formic acid (PFA) is also strong disinfectant and does not form the toxic by-products (Gehr et
al., 2009). Both PAA and PFA were used to disinfect the combined sewer overflows to reduce
the number of E. coli and Enterococcus sp in the project funded by Danish EPA (Chhetri et al.,
2015, 2014, 2016; FRODO, 2014). Permanent disinfection system using PAA is used at Viby
wastewater treatment plant in Aarhus and PFA have been used to disinfect wastewater efflu-
ent from Hjarring Vandselskab at Ngrre Lyngby. However, PAA and PFA were not used to
treat raw hospital wastewater till date.
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In this project, the focus was to test the disinfection solution in pilot scale, so that hospital
wastewater can be treated continuously. The developed technology was targeted for disinfec-
tion of ARB from hospital wastewater, which requires that the technology must be able to han-
dle dosing and mixing in relation to short and long disinfection times. At new super hospitals,
Nyt Hospital Nordsjeelland and DNV-Ggdstrup, a direct and independent sewer line will be es-
tablished from hospital to the wastewater treatment plant, which can potentially be used as a
"reaction tank" for the disinfection treatment. At the New University Hospital (DNU), Aarhus
Municipality and Aarhus vand have entered into an agreement that the disinfection must take
place before the wastewater leaves the hospital premises. The similar sewer configuration is
found at SK-Forsyning and Slagelse Hospital where disinfection was tested. This project in-
vestigated the disinfection of raw hospital wastewater to reduce the number of ARB utilizing
the unbranched wastewater pipe from hospital to the wastewater treatment plant and in the
wastewater pipe at the hospital before mixing to the municipal sewer network . Moreover, the
effect of disinfectant on the selected pharmaceuticals was studied. During disinfection, short
and long contact time and high and low PAA dose was used for disinfection of hospital
wastewater. Residual PAA concentration and degradation products post PAA disinfection was
determined.
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Summary

The spread of antibiotic-resistant bacteria (ARB) in the environment is increasing due to the
excessive use of antibiotics in humans, animals and plants. Among many environmental con-
duits known to spread ARB, wastewater has been reported as an important vehicle. Multi-re-
sistant bacteria are abundant in the hospital wastewater compared to the municipal
wastewater, as the hospital is the point source for multi-resistant ARB. The Danish national
hospital service is currently being centralised into super hospitals servicing entire regions and
replacing many local hospitals. The wastewater from these large hospitals will be connected
directly to the wastewater treatment plant using a direct pipe. This centralization means antibi-
otic resistant bacteria in hospital wastewater will pose an increased risk to the workers in the
few receiving wastewater treatment plant. ARB can be reduced by disinfecting hospital
wastewater at the source that could reduce the risk for infection from ARB to the workers in
the WWTP as well as reduce the spread of ARB from the WWTP effluent to the environment.

In this project, raw wastewater from 7 different WWTPs without hospital wastewater contribu-
tion was analyzed to survey the average concentration of ciprofloxacin-resistant bacteria in
municipal wastewater. The analysis was done to specify disinfection requirements to reduce
the ARB from hospital wastewater to the level of ARB in municipal wastewater. A pilot scale
disinfection using PAA (peracetic acid) was conducted in a container using raw wastewater
from Hillerad and Slagelse hospital and using raw wastewater from Hillerad WWTP and SK
Forsyning. The removal of the antibiotic resistant bacteria was studied using different PAA
doses and different contact times. Degradation of PAA and hydrogen peroxide in PAA stock
solution were studied in the raw wastewater.

In total 8 pilot experiments were conducted using hospital and municipal wastewater in two
different locations in Denmark. Different PAA doses were applied with long contact time in the
pilot scale that resembled the unbranched wastewater pipe from super hospital to the
wastewater treatment plant at Hillergd. In SK Forsyning at Slagelse, pilot experiments were
conducted with high PAA doses and short contact time, as the number of ARBs in hospital
wastewater had to be reduced in a short period of time before mixing to the municipal sewer
network. In the pilot experiment, fast degradation of PAA was observed due to the high or-
ganic content in the raw wastewater. Therefore, there was no residual effect of PAA to the
process of wastewater treatment plant. Removal of ciprofloxacin-resistant bacteria from pilot
experiment was 99.9% when 50 mg/L PAA was used with 20 min contact time. Removal of
ciprofloxacin-resistant bacteria increased by increasing contact time. Using 75 mg/L PAA and
2 min contact time, ciprofloxacin- resistant bacteria were reduced with 99.9%, and the num-
bers of ciprofloxacin-resistant bacteria from hospital wastewater were reduced to less than the
level found in municipal wastewater (1.5-10* cfu/mL).

In addition to the disinfection of antibiotics resistant bacteria, degradation of pharmaceuticals
from wastewater was studied using both PAA and Performic acid (PFA). PAA showed potency
to be used to remove ARB and partial removal of pharmaceuticals from raw hospital
wastewater. Finally, continuous disinfection experiment in the pilot scale was done for 6
weeks using raw wastewater and PAA to demonstrate the disinfection concept. Operation cost
has been estimated for DKK 0.63 per m? treated water when 50 mg/L PAA with 20 min contact
time and DKK 0.7 per m? treated water when 75 mg/L PAA with 2 min contact time is used to
remove 99.9% of selected ARB.
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FIGURE 1. : Schematic diagram of proposed disinfection system for disinfection of raw hospi-
tal wastewater with separate pipe from hospital to WWTP (top of diagram) and mixing of hos-
pital wastewater with municipal wastewater in a combined sewer (bottom of diagram).

The findings of this study demonstrated that the PAA disinfection of wastewater constitutes a
promising treatment technology for the elimination of selected hospital-derived ARB. The
method appears an ideal technology to minimize the risk of antibiotic resistant bacteria to the
sewage workers when new centralized super hospitals are constructed in Denmark utilizing
the unbranched direct connection of wastewater from hospital to the WWTP. Similarly, this
method is also appropriate to reduce the ARB from hospital wastewater with short contact
time (1-3 minutes) before wastewater is mixed in the existing sewer network.
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Resume

Spredningen af antibiotika-resistente bakterier (ARB) i miljget er stigende pa grund af overdre-
ven brug af antibiotika hos mennesker, dyr og planter. Blandt mange veje, der vides at sprede
ARB i miljget, er spildevand blevet rapporteret som en vigtig faktor. Multiresistente bakterier
forekommer i signifikant hgjere koncentrationer i hospitalsspildevand sammenlignet med det
kommunale spildevand, da hospitalet er punktkilden for multiresistent ARB. Det danske hospi-
talsvaesen er i gjeblikket ved at blive centraliseret til nye supersygehuse, der servicerer hele
regioner og erstatter mange lokalsygehuse. Spildevandet fra disse store hospitaler tilsluttes
direkte til renseanlaegget ved hjeelp af et direkte ragr. Denne centralisering betyder, at antibioti-
karesistente bakterier i hospitalsspildevand vil udgare en gget risiko for medarbejderne i de fa
modtagende spildevandsrensningsanleeg. ARB kan reduceres ved at desinficere hospitalsspil-
devand ved kilden, hvilket kan reducere risikoen for infektion fra ARB til medarbejderne i ren-
seanlaegget samt reducere spredningen af ARB fra spildevandsvandet til miljget.

| dette projekt blev raspildevand fra 7 forskellige renseanleeg uden hospitalsspildevandsbidrag
analyseret for at kortlaegge den gennemsnitlige koncentration af ciprofloxacin-resistente bak-
terier i kommunalt spildevand. Analysen blev udfart for at specificere desinfektionskrav til at
reducere ARB fra hospitalsspildevand til niveauet af ARB i husholdningsspildevand. Desinfek-
tion i pilotskala med PAA (pereddikesyre) blev udfart i en behandlingsslgjfe, installeret i en
container, som blev tilfart henholdsvis raspildevand fra Hillerad og Slagelse sygehus og ra-
spildevand fra Hillerad renseanlaeg og SK Forsyning. Fjernelsen af de antibiotikaresistente
bakterier blev undersggt ved forskellige PAA-doser og kontakttider. Nedbrydning af PAA og
hydrogenperoxid i PAA-stamoplgsningen blev undersagt i raspildevandet.

| alt blev der udfert 8 pilotforsager med sygehus- og kommunalt spildevand to forskellige loka-
tioner i Danmark. Forskellige PAA koncentrationer blev pafgrt med lang kontakttid i pilotska-
laen, der efterlignede det uforgrenede spildevandsrar fra supersygehuset til spildevandsan-
leegget i Hillergd. Hos SK Forsyning ved Slagelse blev der gennemfgrt pilotforseg med hgje
PAA- koncentrationer med kort kontakttid, hvor antallet af ARB i sygehusspildevand skal redu-
cere pa kort tid inden opblanding med andet vand i det kommunale kloaknet. | pilotfors@get
blev der observeret hurtig nedbrydning af PAA pa grund af det hgje organiske indhold i raspil-
devandet. Derfor var der ingen resteffekt af PAA pa renseanlaegsprocessen. Fjernelse af
ciprofloxacin-resistente bakterier fra pilotfors@g var 99,9 %, nar 50 mg/L PAA blev anvendt
med 20 minutters kontakttid. Fjernelse af ciprofloxacin-resistente bakterier blev gget med aget
kontakttid. Ved at bruge 75 mg/L PAA og 2 minutters kontakttid blev de ciprofloxacin-resi-
stente bakterier reduceret med 99,9 %, og antallet af ciprofloxacin-resistente bakterier fra hos-
pitalsspildevand blev reduceret til mindre end det niveau, der findes i kommunalt spildevand
(1,5 10% cfu/mL).

Udover desinfektion af antibiotikaresistente bakterier blev nedbrydning af laesgemidler fra spil-
devand undersggt ved brug af bade PAA og Permyresyre (PFA). PAA viste potentiale til at
blive brugt til at fierne ARB og delvis fierne lsegemidler fra ra-hospitalsspildevand. Endelig
blev der udfart et kontinuerligt desinfektionsforsag i pilotskalaen i 6 uger med rat spildevand
og PAA for at demonstrere desinfektionskonceptet. Driftsomkostninger er estimeret til 0,63 kr.
pr. m® behandlet vand ved 50 mg/L PAA og 20 min kontakitid og 0,7 kr. pr. m® behandlet
vand, ved 75 mg/L PAA og 2 min kontakttid til at fierne 99,9 % af udvalgte antibiotikaresi-
stente bakterier.

10 The Danish Environmental Protection Agency / REBAHS-Disinfection of antibiotic-resistant bacteria in hospital wastewater



-

FIGUR 1. Skematisk diagram af foreslaet desinfektionssystem til desinfektion af ra hospitals-
spildevand ved separat ledning fra hospitalet til renseanleegget (@verst) og sammenblanding
af hospitalsspildevand med husholdningsspildevand i feelles kloakeringsledning.

Resultaterne af denne undersggelse viste, at PAA-desinfektion af spildevand udger en lo-
vende behandlingsteknologi til eliminering af udvalgte hospitals-afledte ARB. Metoden frem-
star som en ideel teknologi til at minimere risikoen for antibiotikaresistente bakterier for kloak-
arbejderne, nar nye centraliserede supersygehuse opfgres i Danmark, der udnytter den ikke
forgrenede, direkte kloakledning til spildevand fra hospital til renseanleeg. Tilsvarende er
denne metode ogsa egnet til at reducere ARB fra hospitalsspildevand med kort kontakttid (1-3
minutter), for spildevand blandes i det eksisterende kloaknet.
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1. Chapter I-Overview of
antibiotic resistant bacteria
levels in wastewater with
and without hospital
contribution

Currently, there are no requirements for the number of resistant bacteria that may be dis-
charged to the water treatment plant or the recipients. However, it is expected that a regula-
tion hereof will become relevant, as the large super-hospitals currently only have a temporary
connection permit. In order to give the municipalities, which are the decision-making authority
in this area, guidelines for potential disinfection requirements, the average level of resistant
bacteria was mapped in several treatment plants in Denmark with and without hospital contri-
bution.

A relatively high concentration of antibiotic-resistant bacteria in the samples collected are nec-
essary to be able to document the effectiveness of the disinfection technology through a com-
bination of disinfectant dose and reaction time. Ciprofloxacin-resistant bacteria meet these re-
quirements. Ciprofloxacin is a broad-spectrum antibiotic that is used in the primary sector and
in hospitals (number DDD in 2020: primary sector: 570,000, hospitals: 183,000 according to
The Danish Health Data Authority (Sundhedsstyrelsen), 2021 at medstat.dk). However, the
proportion of several types of multi-resistant bacteria was also quantified, as these bacteria
are extremely problematic for the handling at WWTPs and discharge to recipients.

1.1 Determination of Ciprofloxacin-resistant bacteria in raw
wastewater in WWTPs without hospital contribution
Raw wastewater from 7 different WWTPs without hospital wastewater contribution was ana-
lyzed to survey the average concentration of ciprofloxacin-resistant bacteria in municipal
wastewater, as this value could be used as a guideline to municipalities for setting disinfection
requirements for hospital wastewater. Total cell counts were derived after cultivation of the
wastewater samples on standard culture media after the addition of ciprofloxacin and/or other
antibiotics, as described in the paper | (Appendix 1)(Nielsen et al., 2011). The WWTPs con-
tributing with samples are located across the entire Denmark, which means that regional dif-
ferences, if present, could be addressed

12 The Danish Environmental Protection Agency / REBAHS-Disinfection of antibiotic-resistant bacteria in hospital wastewater



FIGURE 2. Locations for sampling of municipal raw wastewater without connected with hospi-
tal wastewater.

The locations without contribution of hospital wastewater were Hjgrring (sewer Fuglsigvej),
Vildbjerg WWTP near Herning, 3 WWTPs in Aarhus (Aby, Viby, Marselisborg), Korsar WWTP,
and Skeevinge WWTP near Hillerad.
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FIGURE 3. Concentration of ciprofloxacin-resistant bacteria in sewer without hospital
wastewater. The horizontal line in the box represents the median value, while the ‘+’ shows
the mean value. The number of samples analyzed is indicated by n. Data in the graph was
plotted using box plot using Tukey method and open circle symbol represent the outliers.

No significant regional variances were found in the concentration of resistant bacteria in
wastewater without hospital contribution. The number of analyses for Vildbjerg WWTP was
too low to draw a conclusion that the average value is lower compared to the other WWTPs.
Generally, the concentration varied a lot due to dilution by rain at some places and some loca-
tion rainwater was separated from the wastewater.

The calculation of the mean value of resistant bacteria in the domestic wastewater without
hospital contribution was based on 78 measurements on samples collected by 24-hour sam-
pling from the 7 different WWTPs. The number of samples from each plant varies, which is
why it was not possible to determine the mean value accurately.

Method 1

The mean value was calculated for each plant, after which a weighted mean value of the indi-
vidual plant mean values was calculated.

The mean value of each plant was based on measurement points excluding outliers. Outliers
have been defined as measurement points that do not lie between Q1 — 1.5:-1QR and Q3+1.5
IQR corresponding to 99.3 % of data in a normal distribution. Q1 and Q3 are the 25% and
75% percentiles, respectively, that is, corresponding to 50% of the data in a normal distribu-
tion. IQR is the difference in the value of data at Q1 and Q3 (Figure 4).

14 The Danish Environmental Protection Agency / REBAHS-Disinfection of antibiotic-resistant bacteria in hospital wastewater
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FIGURE 4. Visualization of mean value calculation.

The total mean value was calculated as a weighted average of the plants’ individual mean val-
ues. The weight w_i for the i'th plant is given as:
ni

Wi = ogt Equation 1

where n; is the number of data points (excluding outliers) that were available from each plant.
Thus, a plant with many data points has a greater weight than plants with only a few data
points. In the same way, plants with a small spread are weighted higher than plants with a
large spread. The total weighted average was calculated as follows:

avg = B9 Equation 2

where avg; is the mean value for plant i.
In method 1, the total mean value was 1.5-10* CFU/mL.

Method 2
All measurements are pooled together, and a weighted mean value was calculated based on
the number of measurements for each plant as weight:

w; =n; Equation 3
where n; is the number of measurement points for the i'" plant excluding outliers. Outliers are
defined in method 1 and have not been included in the calculation of mean value:

Wi Equation 4

avg =
9 Ziw;

where m; is the value of the i'th measurement point.
In method 2, the total mean value is 2.1-10* CFU/mL (not weighted) and the weighted mean
value according to method 2 is 2.0-10* CFU/mL.

To be able to specify a level for disinfection requirements, the most conservative approach for
indicating the mean value would be the lowest value: 1.5-10* CFU/mL.

The average contribution of Ciprofloxacin-resistant bacteria in the analyzed samples was 3.3
% of the total bacteria with a standard deviation of 3.1 %.
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The analyses results on concentrations of Ciprofloxacin-resistant bacteria in hospital
wastewater vs. municipal wastewater without hospital contribution are shown in Figure 5.
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FIGURE 5. Concentration of Ciprofloxacin-resistant bacteria in hospital wastewater vs. munici-
pal wastewater without hospital contribution. Hillerad (a) = Brgnd 1, Nordsjaellands Hospital
Hillergd, Hillergd (b) = Brgnd 15, Nordsjeellands Hospital Hillergd, Slagelse (a) = Parkvej, Sla-
gelse Hospital, Slagelse (b) = Fzlledvej, Slagelse Hospital, Aarhus University Hospital (a) =
West, Aarhus University Hospital (b) = East. Grab sampling in hospital sewers from Nordsjeel-
lands Hospital Hillered and Slagelse Hospital, 24-hour sampling at Aarhus University Hospital
and the WWTPs. The horizontal line in the box represents the median value, while the ‘+’
shows the mean value. The number of samples analyzed is indicated by n. Data in the graph
was plotted using box plot using Tukey method and open circle symbol represent the outliers.

Large variances were found in the analyses of hospital wastewater, especially in the data from
Hillered and Slagelse hospitals. The reasons could be related to the fact that it was only pos-
sible to take grab samples in these sewers, and it is expected that the content of bacteria in
the wastewater will vary throughout the day. Sewers 15A at Hillergd and Feelledvej at
Slagelse hospital are connected to the medical departments with patients suffering from seri-
ous infections caused by multi-resistant bacteria. This could easily be seen in the higher con-
centrations of resistant bacteria in the wastewater collected from these sewers. At AUH 24-
hour flow proportional samples were analyzed, where the two sewers East and West receive
all watewater, so that a minor contribution from one department will not contribute substan-
tially.

The level of the concentrations of Ciprofloxacin-resistant bacteria in hospital wastewater was
approximately 10 times as high as the concentration in municipal wastewater.
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Analyses from WWTP with hospital contribution (65 samples collected by 24-hour sampling
from 5 WWTPs) and without hospital contribution (78 samples collected by 24-hour sampling
from 7 WWTPs) were compared. The average percentage of Ciprofloxacin-resistant bacteria
was 5.2 % (standard deviation 6.5 %) in the influent samples from WWTPs with hospital con-
tribution, while it was 3.3 % (standard deviation 3.1 %) of total cell counts in the influent sam-
ples of WWTPs without hospital contribution. As the standard deviations are high, the values
are fraught with great uncertainty.

1.2 Occurrence of multi-resistant bacteria

The occurrence of multi-resistant bacteria in hospital wastewater and in the influent of
WWTPs without hospital contribution was examined with the following broad-spectrum antibi-
otics: Ciprofloxacin (Ci), Cefuroxime (Ce), Gentamicin (Ge) and Sulfamethoxazole (Su) and
sales in Denmark from the period 2014 - 2019 are shown in table 1.

TABLE 1. Sales of broad-spectrum antibiotics in Denmark during the period 2015 - 2019 as
defined daily dose (DDD) in 1,000 units (The Danish Health Care Authority
(Sundhedsdatastyrelsen), 2021: medstat.dk)

Primary sector Secondary sector Ratio primary Total sales
(hospitals) sector/ secondary
sector

Cefuroxime 212 1971 1:9 2183
Sulfamethoxazole 2 1128 1:564 1130
and trimethoprim
Gentamicin 4 372 1:93 376
Ciprofloxacin 4237 1216 3.5:1 5453

During this period, Ciprofloxacin was by far the most widely applied antibiotic and most evenly
distributed between primary and secondary sector, thus being the most suitable model antibi-

otic for this project. The multi-resistance was investigated by combining Ciprofloxacin with one
of the other three antibiotics and as a combination of all four antibiotics.

Figure 6 illustrates the average amount of resistant bacteria from 9 influent samples collected

during 24-hour from Skaevinge WWTP (near Hillergd without hospital contribution) collected
during the period of 8/9/2020 until 17/11-2020.
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FIGURE 6. Average number of heterotrophic bacteria enumerated in the medium without anti-
biotics and medium with Ciprofloxacin, combination of Ciprofloxacin, Cefuroxime, Gentamicin
and Sulfamethoxazole and combination of all four antibiotics (Ciprofloxacin and Cefuroxime,
Gentamicin and Sulfamethoxazole) from 9 samples from Skaevinge WWTP without hospital
contribution. The percentage of resistant bacteria from total heterotrophic bacteria is shown
above the columns while the error bars represent standard deviations.

Multi-resistant bacteria were present in municipal wastewater only to a lower degree (0.2 to
0.4 %) compared to hospital wastewater. The percentage of multi-resistant bacteria in hospital
wastewater in the case of Hillerad Hospital was 1% to 26 %, depending on samples analyzed,
which is shown in Figure 7 illustrating the two sewers from Hillerad Hospital.
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FIGURE 7. Average values (n = 9) of grab samples in a 2-months period from two sewers,
brend 1 and brgnd 15, collected from Hillergd Hospital. The heterotrophic bacteria were enu-
merated without adding antibiotics in the growth medium while resistant-bacteria were enu-
merated in the growth medium added with different combinations of antibiotics. The percent-
age of antibiotic-resistant bacteria from total heterotrophic bacteria is shown above the col-
umns while the error bars represent standard deviations.

It was not possible to collect 24-hour samples from the hospitals due to the location of the
sewers and the ongoing Covid-19 situation. The great deviation of the samples can be ex-
plained by the grab sampling, as large variances in the wastewater composition throughout
the day can be expected. Nevertheless, the occurrence of resistant and multi-resistant bacte-
ria in hospital wastewater was significantly higher than in municipal wastewater. The data un-
doubtedly indicates the sewer that was connected to the hospital unit for treating infectious
diseases (blue bars).

1.3 Summary

To give the municipalities an idea for the specification of disinfection level requirements for

hospital wastewater, the average level of Ciprofloxacin-resistant bacteria in wastewater with-

out hospital contribution was analyzed in 78 samples collected by 24-hour sampling from 7 dif-

ferent WWTPs across Denmark (different number of samples from each WWTP).

e The most conservative approach for specifying a mean value in the dataset is the lowest
achieved value of 1.5-10* CFU/mL.

e On average, the concentration of Ciprofloxacin-resistant bacteria in hospital wastewater was
approximately 10 times as high as the concentration in municipal wastewater.

o The wastewater in WWTPs with hospital contribution showed a slightly higher concentration
of Ciprofloxacin-resistant bacteria compared to the ones without hospital contribution, but
the variances in the numbers are too high for final conclusion.
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o Multi-resistance bacteria for up to 4 broad-spectrum antibiotics was detected in both
wastewater without hospital contribution and in hospital wastewater. The level in hospital
wastewater was significantly higher in all sewers and much higher in the sewer connected
to the infectious disease unit of the hospital.
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2. Chapter ll-Determination of
disinfectant dose and
contact time for pilot
experiment

The purpose of this chapter was to identify concentrations and reaction times for disinfectant,
PAA, to disinfect hospital wastewater in the pilot scale. Commercial PAA is available in the
market consisting of diverse PAA:hydrogen peroxide ratios. In this study, commercial PAA
was purchased from Novadan (Kolding, Denmark) consists of 15% w/w PAA, 5% (w/w) acetic
acid and 15% w/w hydrogen peroxide. To determine the optimal disinfection dose of PAA, two
scenarios were examined. The infrastructure between WWTP and the new super-hospitals
varies; either an independent sewer line will be established from hospital to WWTP without
the possibility of overflow; alternatively, the disinfection of the raw wastewater take place be-
fore the wastewater is mixed in the existing sewer network. Hospital wastewater contains anti-
biotic-resistant bacteria and pharmaceuticals residual, which have adverse effect in recipients.
In addition to the disinfection of antibiotics resistant bacteria, degradation of pharmaceuticals
residual from wastewater was studied using both PAA and PFA. Concentration of disinfectant
residuals as well as degradation products during disinfection was studied, which is necessary
to design and obtain regulatory approval of the treatment systems.

21 Determination of disinfection dose and reaction time in
different types of wastewater

A design experiment was conducted in laboratory to determine the PAA dose that is required

to disinfect at long and short contact time to achieve reasonable disinfection level.

PAA degradation was studied in the raw wastewater from two municipal WWTPs (Hillergd and
SK forsyning) and two hospitals (Hilleread and Slagelse hospital). Concentration profiles and
removal of ciprofloxacin-resistant bacteria using different PAA dose and contact time was
studied.

To study concentration profiles and removal efficiency of antibiotic resistant bacteria, different
concentrations of PAA (25, 50, 75, 100 and 150 mg/L) were spiked in raw wastewater from
different location mentioned above in a separate bottles. PAA concentration in wastewater
samples was determined using the colorimetric method described in Chhetri et al., (2020) at
different contact time.

Ciprofloxacin resistant bacteria were enumerated using spread plate method where serial dilu-
tions of each sample were prepared in a solution with 4 mg/L ciprofloxacin mixed with sterile
PBS, and 1mL of diluted samples were added onto the CompactDry plate in duplicate and in-
cubated for 24 h at 37 £ 1 °C. Bacteria counts were expressed as colony forming units per mL
(CFU/mL), with the limit of quantification (LOQ) of ciprofloxacin resistant bacteria equal to

10 CFU/ mL. The detail method description of enumeration of Ciprofloxacin resistant bacteria
is presented in the Paper | (Appendix 1). Experiments were repeated on two different days
one week apart, to test wastewater quality variability. Residues of PAA in the samples were
neutralized by adding 100 mg/L sodium thiosulphate to destroy PAA, followed by 50 mg/L cat-
alase to destroy hydrogen peroxide.
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In an experiment with wastewater from Hillerad WWTP, concentration of PAA was quantified
after 3, 10, 30, 60 and 120 min and in parallel samples were taken for quantification of antibi-
otics-resistant bacteria. A half of the PAA concentration was degraded between 1 and 5
minutes (Figure 8A). Complete PAA degradation was observed after 60 minutes when 50 and
100 mg/L PAA was used and after 120 minutes contact time when 150 mg/L PAA was used.
The differences on degradation of PAA concentration can be explained by different physico-
chemical factors affecting the decay of PAA. These factors tend to be related to the presence
of suspended solids (SS), pH, temperature, COD, salinity and water hardness (Luukkonen
and Pehkonen, 2017; Sarathy et al., 2016).

TABLE 2. Characteristics of wastewater samples collected from Hillerad WWTP, Hillerad hos-
pital, SK forsyning and Slagelse hospital.

Parameters Hillered WWTP  Hillergd hospital SK forsyning Slagelse hospital
pH 7.0 7.4 7.1 7.4
COD (mg/L) NA 830 1067 1782

N/A: Not analyzed
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FIGURE 8. Concentration profiles of PAA in wastewater from Hillerad WWTP (A), Concentra-
tion profiles of PAA in wastewater from Hillerad hospital (B), Concentration profiles of PAA in
wastewater from Slagelse WWTP (C), Concentration profiles of PAA in wastewater from
Slagelse hospital (D). Dotted line in the graph represent the concentration profiles of hydrogen
peroxide quantified from PAA solution.
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Raw hospital wastewater was collected from two outlets from Hillergd hospital namely: Brend
1 and 15. Three samples from Brgnd 15 and Brgnd 1 were collected on three different days
and mixed equally prior measuring COD, pH and concentration profiles of PAA. Average COD
of mixed wastewater from Brgnd 15 and Brgnd 1 was 830 mg/L COD and pH 7.4. Three PAA
concentrations (25, 50 and 75 mg/L) were added in a separate bottles and PAA was quanti-
fied after 2, 5, 10, 20 and 60 min. Moreover, samples for quantification of Ciprofloxacin-re-
sistant bacteria were collected at the same time. An apparent high initial consumption of PAA
was observed in all samples with initial consumption of PAA increasing with increased nomi-
nal PAA dose. Rapid degradation of PAA was observed where almost all PAA was degraded
within 10 min contact time (Figure 8B). Similar degradation of PAA was observed in hospital
wastewater consisting of an equal mixture of water collected from Brend 1 and Brgnd 15 ex-
cept for the highest dose of 100 mg/L PAA degraded at 60 min contact time.

To determine the optimal concentration of PAA with short contact time for disinfection, degra-
dation of PAA and removal efficiency of ciprofloxacin-resistant bacteria was studied in the raw
wastewater collected from SK forsyning and Slagelse hospital. Three PAA concentrations (50,
75 and 100 mg/L) was added in separate bottles containing wastewater from Slagelse
wastewater treatment plant and 75, 100 and 150 mg/L PAA was added in a separate bottles
containing wastewater from Slagelse hospital. PAA was quantified after 1, 2, 5, 10 and 20
min. In parallel, samples were collected for quantification of Ciprofloxacin-resistant bacteria. A
rapid degradation of PAA was observed in both samples and complete degradation of PAA
was observed after 10 min contact time except in an experiment with 100 mg/L and 150 mg/L
PAA in the hospital wastewater from Slagelse where PAA was degraded after 20 min contact
time (Figure 8 C &D).
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FIGURE 9. Microbiology results from batch experiment using wastewater from Hillerad WWTP
(A), Microbiology results from batch experiment using wastewater from Hillerad Hospital (B),
Microbiology results from batch experiment using wastewater from SK forsyning (C), Microbi-
ology results from batch experiment using wastewater from Slagelse hospital (D). The loga-
rithm removal of ciprofloxacin-resistant bacteria is indicated above each bar in the graph.

A complete removal of Ciprofloxacin-resistant bacteria was observed when PAA concentra-
tions ranging from 25 mg/L to 150 mg/L were used with 1-30 min contact time (Figure 9). The
reason for complete removal of Ciprofloxacin- resistant bacteria could be prolonged storage of
wastewater. Wastewater samples were collected a day before experiment and viable bacteria
are more vulnerable and sensitive with prolonged storage time.

2.2 Residual determination and degradation products
The determination of residual concentration of chemical disinfectant and their degradation
products is utmost important when chemical disinfection is used. The determination of the re-
sidual concentration allows to identify the adverse effect on an aquatic life in a recipient so
that appropriate dilution level could be applied to minimize the toxicity from residual concen-
tration of disinfectant. Similarly, study on the concentration and fate of degradation products in
a recipient is important while using chemical disinfectant. Commercial PAA is available as an
acidic quaternary equilibrium mixture of PAA, hydrogen peroxide, acetic acid, and water:
CH3COOH + H202=2CH3COsH + H20 Equation 5
The residues after PAA use are acetic acid, hydrogen peroxide, and water. Acetic acid is fur-
ther biodegraded to carbon dioxide and water and not considered toxic to aquatic life (Liberti
and Notarnicola, 1999), while hydrogen peroxide degrades to oxygen and water. Degradation
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of hydrogen peroxide in the wastewater was slower than PAA therefore, degradation of hydro-
gen peroxide that was present in the PAA solution were studied in the design experiments us-
ing wastewater from SK forsyning and pilot experiment using wastewater from Hillerad hospi-
tal, SK forsyning and Slagelse hospital. Concentration of PAA and hydrogen peroxide were
quantified simultaneously using the method described by Chhetri et al., (2020). Slow degrada-
tion of hydrogen peroxide was observed compared to PAA. This could be due to the destruc-
tion of catalase enzyme present in the gram-negative bacteria by PAA as catalase enzyme
degrades hydrogen peroxide to oxygen and water.

2.3 Effect on Pharmaceuticals

Pharmaceuticals degradation using PAA and PFA was studied in the influent and effluent
wastewater collected from Hjegrning Vand at Narre Lyngby and tap water.

At laboratory, the pharmaceutical spiking solution dissolved in methanol was added into a se-
rum bottle. Prior to adding 100 mL wastewater into the bottle, it was left inside the fume hood
to evaporate methanol. Afterwards, different concentration of PAA or PFA were added into the
serum bottle and the reaction solution was kept stirring. The samples were taken when PAA
or PFA were degraded completely. Afterwards samples were filtered with the syringe filters
(PTFE, 0.22 pm, Agilent, USA) and 0.9 mL of the filtered samples were transferred to the
HPLC vial with 0.1 mL of internal standards. 10 pyL of sample from the HPLC vial was injected
and analysed by HPLC-MS/MS (Agilent, USA). The detailed descriptions for the sample prep-
aration and the instrumental settings is presented in (Tang et al., 2021).

The concentrations of PAA/PFA and removal of pharmaceuticals is presented in the Figure
10. When influent wastewater was treated with 50, 75 and 100 mg/L PAA complete degrada-
tion was observed after 40 minutes and when 25 and 50 mg/L PFA was used, complete deg-
radation was observed after 36 hours. However, when treating tap water, PAA (1, 4 and 8
mg/L) and PFA (2, 4 and 12 mg/L) complete degradation was observed after 9 hours and 19
hours, respectively.
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FIGURE 10. Removal of pharmaceuticals using different concentration of PAA and PFA in the
wastewater influent and effluent from Hjerring Vand and tap water.

When 75 mg/L PFA was added in the influent wastewater, 75% diclonefac, 95% bezafibrate,
90% mefenamic acid and 95% lomeprol was removed whilst by applying 100 mg/L PAA, 18%
diclonefac, 15% bezafibrate, 60% mefenamic acid and 5% lomeprol was removed. In an ex-
periment where effluent wastewater was treated with 4 mg/L PFA, 5% diclonefac, 55% bezafi-
brate, 15% mefenamic acid and 42% lomeprol was removed whilst by applying 4 mg/L PAA,
35% bezafibrate, and 25% lomeprol was removed and no removal of diclonefac and
mefenamic acid was observed.

24 Summary of chapter

To determine the concentration of PAA for pilot-scale experiments with long and short contact
time experiments were conducted in the wastewater from two different sites consisting of mu-
nicipal and hospital wastewater. To disinfect the municipal WWTP with long contact time 25,
50, 75 mg/L PAA concentration was selected with 20,40,60 min contact time. For disinfection
of hospital wastewater with long contact time 50, 75, 100 mg/L PAA was selected. Similarly,
for disinfection in pilot container with short contact time, 25, 50 & 75 mg/L PAA was selected
for municipal wastewater and 50, 75 and 150 mg/L PAA for hospital wastewater. Residual
PAA was quantified while degradation of PAA was studied in different types of wastewater
from different locations and rapid degradation of PAA was observed. Hydrogen peroxide, deg-
radation product of PAA during disinfection, was also quantified. Degradation of hydrogen per-
oxide was slow compare to PAA.

PAA showed potency to be used to remove ARB and partial removal of pharmaceuticals from
raw hospital wastewater.
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3. Chapter lll- Development
and testing of continuous
disinfection technology for
low-dose

3.1 Pilot container

Alumichem designed and constructed a container for disinfection of wastewater in pilot scale.
The container was 20-foot in length. A plug flow reactor was constructed by folding a long pipe
in the container to reflect the retention time of wastewater from a hospital to a wastewater
treatment plant. Several sampling points were constructed in the container to take samples of
the wastewater after different reaction times. The system was equipped with a submersible
centrifugal feed pump to feed the wastewater and a peristaltic dosing pump to ensurea contin-
uous addition of disinfectant. A static mixer downstream of the dosing point ensured that the
disinfectant was thoroughly mixed with the wastewater. PAA concentrations and contact
times were adjusted by adjusting the flows of the dosing pump and the feed pump.

3.2 Experiments with long reaction time

Pilot experiments with untreated municipal and hospital wastewater were carried out on two
different days one month apart. The first pilot experiment was conducted by using 25, 50 and
75 mg/L PAA doses with three contact times using the wastewater from Hillergd forsyning. To
verify the degradation of PAA and disinfection efficiency, similar experiment was conducted in
a batch scale in parallel to the pilot experiment same day. Same PAA concentrations and con-
tact time as the pilot experiments were applied in the batch experiments.

A fraction of sample was collected to quantify the PAA concentration and to enumerate ciprof-
loxacin-resistant bacteria after different contact times. PAA concentrations were quantified un-
til 60 min in the remaining sample for pilot experiments whilst in batch experiments, PAA
quantification was done until complete degradation was observed. Furthermore, raw
wastewater was collected at the inlet of the pilot container prior to the beginning and the end
of the experiment, to enumerate the initial number of ciprofloxacin-resistant bacteria and to
measure pH and COD.
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FIGURE 11. Concentration profiles of PAA from the pilot and batch experiment using
wastewater from Hillerad WWTP.

In the pilot experiment using municipal wastewater from Hillerad forsyning, 25, 50 and 75
mg/L PAA were used in the pilot and batch experiments. PAA and hydrogen peroxide concen-
trations were measured after 20, 40 and 60 min. Low COD (349 mg/L) was measured in the
WW, resulting in the slow degradation of PAA in the pilot experiment, whilst complete degra-
dation was observed after 120 min in the batch experiment (Figure11). Low PAA dose was
used for disinfection that that was used for hospital wastewater based on low COD and the
fact that municipal wastewater contains less ciprofloxacin-resistant bacteria compared to hos-
pital wastewater.

The pilot experiment using wastewater from Hillerad hospital was conducted using 50, 75 and
100 mg/L of PAA. Wastewater from the Hillerad hospital was collected from Brgnd 1 and
Bregnd 15 in the same day when pilot experiment was conducted. Wastewater from Brend 1
and Bregnd 15 were mixed equally in a IBC next to the pilot container and used for pilot experi-
ment. Concentrations of PAA and hydrogen peroxide were measured after 1, 5, 10 and 20
min. Fast PAA degradation was observed and PAA concentration was less than 0.5 mg/L af-
ter 10 min. However, around 40% of the initial hydrogen peroxide remained when measured
after 40 min contact time (Figure 13). A similar degradation of PAA and hydrogen peroxide
was observed in the batch experiment (Figure 13). The faster decay of PAA in the raw hospi-
tal wastewater was observed, which might be due to higher COD and organic matter com-
pared to municipal wastewater (Table 3).

TABLE 3. : Characteristics of wastewater samples.

Parameters Hillerod WWTP  Hillerad WWTP  Hillergd hospital  Hillergd hospital
pH 7.3 7.3 7.7 7.8
COD (mg/L) 349 473 743 445
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FIGURE 12. Microbiology results for the removal of ciprofloxacin- resistant bacteria from the
Pilot (A) and Batch (B) experiments using wastewater from Hillerad WWTP. Logarithm to the
removal of ciprofloxacin-resistant bacteria is indicated above each bar in the graph.

Results from the pilot experiment using municipal wastewater showed the progressive re-
moval of ciprofloxacin-resistant bacteria. With a PAA dose of 25 mg/L with 60 min contact
time, the removal of ciprofloxacin-resistant bacteria was 1.4 log, while at dosages of 50 and
75 mg/L PAA, the removal of ciprofloxacin-resistant bacteria was under the detection limit af-
ter a contact time of 60 min (Figure 12A). However, in the batch experiment with 20 min expo-
sure to 25 mg/L PAA, ciprofloxacin-resistant bacteria were under the detection limit (Figure 12
B).

In a pilot experiments using hospital wastewater, the removal of ciprofloxacin-resistant bacte-
ria increased in line with an increase in contact time. The removal rate was 0.8 log when 50
mg/L of PAA was used and with 1 min of contact time. This increased to 2.4 log when 50 mg/L
of PAA was used along with a 10 min contact time. Results from second pilot experiments us-
ing wastewater from Hillered WWTP and Hillergd hospital is presented in Appendix 3. Moreo-
ver, selected results on concentration profiles and disinfection efficiency of PAA against antibi-
otics resistant bacteria from this section was published in the peer-reviewed journal in Journal
of Water process engineering (Appendix 1).
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FIGURE 13. Concentration profiles of PAA and H20:2 in wastewater from Hillerad hospital in
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3.3

Testing of available sensors for improved control

Different sensors were tested to check if efffective control of disinfection dosage could be
done and measure the effect of peracetic acid online. This creates the possibility of a feed-
back solution that can increase or decrease a disinfection dosage regardless of the flow of

wastewater.
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FIGURE 15. Schematic diagram of disinfection system of hospital wastewater using different
sensors.

3.3.1 Results for turbidity-, conductivity- and flowsensors

Different sensors were investigated including turbidity, conductivity, and dissolved oxygen. In
cooperation between Alumichem, DTU, Tl it was decided to move forward with turbidity and
conductivity sensors. A multichannel measuring device (JUMO AQUIS touch P) was installed
in the pilot unit to measure turbidity and conductivity (Figure 16 and 17. The multichannel de-
vice has an integrated recorder that log the data from both sensors every 5 second. The func-
tion of the turbidity sensor is based on an infrared light measurement according to the 90 °
scattered light method with a measuring range of 0 - 4000 NTU. The conductivity sensor de-
tects the electrolytic conductivity of the hospital sewage with a measuring range of 0-100
mS/cm.

FIGURE 16. Multichannel measuring device to record the measurement from turbidity and
conductivity sensors.
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FIGURE 17. Conductivity and turbidity sensors installed in the pilot container.

Two sensors were used to measure the turbidity and conductivity of raw wastewater during
pilot experiments using wastewater from SK forsyning and Slagelse hospital. During pilot ex-
periment using wastewater from SK forsyning, measurement from conductivity and turbidity
were compared with COD analyzed in the laboratory. However, no correlation was observed
between conductivity , turbidity and COD. In a pilot experiment using wastewater from
Slagelse hospital, wastewater was collected in a IBC and pumped in a container. No variance
on turbidity, conductivity and COD was observed due to wastewater was pumped from the
same IBC and quality of wastewater was unchanged (Table 4).

TABLE 4. Turbidity, conductivity and COD measured from hospital wastewater. Turbidity and
conductivity was measured using sensors.

Conductivity Turbidity TSS coD Wastewater
(mS/cm) (NTU) (mg/L) (mg/L) pumped
1.11 207.8 263
1.09 203.8 200 463 IBC 4
1.09 198.4 238
1.10 186.9 138
1.1 191.8 138
470 IBC 3
1.10 196.6 113
1.11 201.1 138
1.09 235.6 150
1.07 237 138
450 IBC 2
1.06 256.9 150
1.05 2751 138
0.98 392.6 138 479 IBC 1
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3.3.2 Sensors for PAA control by living bacteria

Two different methods based on living/dead bacteria were tested for their potential to control
the varying need for PAA addition and both methods are described in the following sub-sec-
tion. Both methods do not measure antibiotic-resistant bacteria selectively but measure total
bacterial cells. A decrease of total bacteria due to PAA treatment is assumed to reflect also
what happens to the antibiotic resistant bacteria and is therefore applied as a potential indirect
measure of PAA dose. The analytical time is much lower (minutes) compared to conventional
growth-based enumeration of antibiotic resistant bacteria.

3.3.21 LIVE/DEAD staining

The Live/dead staining was performed with the LIVE/DEAD BacLightTM Viability Kit (Ther-
moFisher Scientific, USA), staining intact cells with a fluorescent stain of a certain wavelength
(SYTO®?9), while cells with damaged cell membrane are stained with another fluorescent stain
(propidium lodide). The emissions of the different wavelengths were measured and compared
with a standard curve based on known percentages of live/dead cells. The following figure 19
shows the results of cell reduction in a wastewater sample from Hillerad hospital before and
after treatment with different concentrations of PAA and different reaction times measured
with the Live/dead staining method.
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FIGURE 18. Live/dead staining results on a raw wastewater sample from Hillergd Hospital
(first bar) and reduction of cells with intact cell membrane after treatment with PAA in different
concentrations and reaction times. The reduction in % is shown above each bar.

No difference was observed between the samples with the same PAA concentration added
with 5, 10 and 15 min of contact time. However, there might be a minor difference between
wastewater sample treated with 25, 50 or 75 mg/L PAA with 15 min contact time, although the
data must be validated by further measurements.

For comparison, figure 19 shows the same sample analyzed by culturing on Compact Dry TC
plates (TC plates) (Nissui Pharmaceutical CO., LTD., Japan) achieving the total viable bacte-
rial count on nutrient standard agar. Both the total bacteria and the Ciprofloxacin-resistant
bacteria in this sample were cultured.
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FIGURE 19. Culturing of total bacteria (blue) and Ciprofloxacin-resistant bacteria (orange) in a
raw wastewater sample from Hillerad Hospital before (bar 1) and after treatment with PAA in
different concentrations and reaction times. The reduction in % is shown above each bar.

As shown in figure 19, the reduction of ciprofloxacin-resistant bacteria was consistent with the
reduction of total bacteria in all cases. Therefore, it is possible to use the total living bacterial
count as a measure for disinfection effectivity.

It was observed that a factor 50 less bacteria was detected with the culturing method in the
raw wastewater sample than with the LIVE/DEAD staining method (Figure 18 & 19). A reason
for this may be the fact, that < 2% of all bacteria can be cultivated (Wade, 2002). Plating in-
volved a percentage reduction of more than 82 % for both total and Ciprofloxacin-resistant
bacteria, whereby the addition of 25 mg/L peracetic acid left 105 CFU/mL of bacteria, while
the LIVE/DEAD method could detect a reduction of no more than 68% with bacteria still pre-
sent at 107 CFU/mL after addition of 75 mg/L peracetic acid.

A comparison of the two methods (culturing and live/dead staining) with a pure E.coli culture
showed that there was no significant difference between the methods (t-test: p = 0.66), but the
complexity in the wastewater matrix can cause insufficient staining. Furthermore, extracellular
material can interfere with the propidium iodide stain resulting in high background fluores-
cence (Biggerstaff et al., 2006; ThermoFisherScientific, 2004). Some gram-negative bacteria
membranes are less permeable for the stains (Boulos et al., 1999; Stiefel et al., 2015). Sev-
eral experiments must be conducted to determine whether the staining method could be a reli-
able tool for the control of PAA addition.

Since the results can only be achieved within an hour resulting in the fact that the method
would give a relatively long delay for the control of PAA dosage, this was not pursued any fur-
ther.

3.3.2.2 Impedance flow cytometry

Another potential online sensor for measuring the bacteria before and after PAA treatment
was tested in the laboratory. Impedance measurements of the PAA treated wastewater were
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performed with the BactoBox® instrument (SBT Instruments) to investigate whether intact
cells could be differentiated from damaged cells.

NEES

FIGURE 20. Impedance flow cytometry instrument BactoBox® (SBT Instruments) and meas-
uring principle.

Impedance changes are measured when intact single cells pass a capillary (Impedance flow
cytometry (sbtinstruments.com)) (Figure 20). The method can differentiate intact cells from
cells with broken cell walls/other particles in the sample. Pre-condition for the successful
measurement is the bacterial cell concentration in the range of 10.0000 to 2.000.000 IC/mL
(intact cells/mL), which makes dilution of the wastewater samples necessary.

In all experiments with inlet wastewater from WWTP Aby (impedance flow cytometry and cul-
turing on Compact Dry TC plates), a 20-fold dilution of the raw wastewater from inlet water of
Aby WWTP was used, as this dilution corresponded to the concentration requirements of the
BactoBox® instrument. The results of two experiments with PAA treatment of inlet wastewater
from Aby WWTP (20-fold dilution) and 80 mg/L PAA in the diluted samples is presented in
Figure 21. The high PAA concentration was selected in the first experiments to ensure com-
plete disinfection.
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FIGURE 21. Disinfection experiments with inlet wastewater from Aby WWTP in a 20-fold dilu-
tion and 80 mg/L PAA. A comparison of impedance flow cytometry (Bactobox - IC/mL = intact
cells/mL) and cultured bacteria (TC - CFU/mL) as detection methods.
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As showed in figure 21 the LIVE/DEAD staining method had a much higher start concentration
(45 times) with the impedance flow cytometry than with the culturing method, which again can
be explained by the fact that only a very small part of the bacteria is culturable (Wade, 2002).
While the reduction of culturable bacteria was 99.9 % after 2 minutes reaction time with PAA,
the reduction in impedance flow cytometry was 63 % after 10 minutes and 80 % after 60 min
in the experiment conducted on January (comparable results in the experiment conducted on
December). The ongoing reduction after 10 minutes shows that the PAA was still active, and
the high slope in the first 5 minutes corresponds very well to the experiments with PAA con-
sumption in the chapter 2.1.

The impedance flow cytometry was also used in an experiment with wastewater from Hillerad
Hospital presented in the figure 22. Here a 30-fold dilution was necessary and a PAA concen-
tration of 80 mg/L in the undiluted wastewater was applied in this experiment, as this is a real-
istic concentration for disinfection with PAA.
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FIGURE 22. PAA disinfection (80 mg/L) of raw wastewater from Hillerad hospital measured in
a 30-fold dilution with impedance flow cytometry.

The fast reduction of intact cells in the first few minutes was observed in this experiment, and
the reduction of intact cells was lower (35 % after 20 minutes) than in the experiments with
wastewater from Hillerad WWTP, most likely due to the different dilutions and thus lower PAA
concentration.

The impedance flow cytometry showed very promising results. Further experiments with differ-

ent types of wastewaters are necessary to gain experience with:

o the dilution requirements in different samples

o the intact cell level of the impedance measurement after disinfection required to ensure that
the concentration of antibiotic-resistant bacteria is below the required level.

Further development of the instrument is necessary to make the stand alone instrument an
on-line version with automated dilution of the wastewater and self-cleaning. A very strong ad-
vantage of this method is the availability of the measurement results within 2 to 3 minutes,
which would allow on-time control of the PAA dosage.
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34 Disinfection technology rebuilt and adjusted for operation
at SK-Forsyning with short contact time
In this section, study was focused on the disinfection of the raw wastewater before the
wastewater is mixed in the existing sewer network. The retention time of wastewater will be
short as the length of wastewater pipe from hospital to the sewer network is short allowing
only few minutes of contact time. The container for pilot experiments with short contact time
were adjusted by increasing the flow of wastewater and disinfectant in the pipe. Moreover, dif-
ferent sensors were tested to control the disinfection (section 3.3). The study on pre-filtration
of raw wastewater prior disinfection was also studied by applying pre-filtration unit using filter
with pore size of 600 ym. Experiments with short contact time and high PAA dose were used
that was determined during the pre-experiment (section 2). The pilot container was placed
next to the primary tank in the WWTP at Slagelse. In the pilot experiment, municipal
wastewater was collected after grit and grease chamber. Two pilot experiments were con-
ducted in different days with two weeks in a part to see the variation in the wastewater quality.
Batch experiments were conducted in the container in parallel to pilot experiments to verify the
PAA dose delivered and removal of ciprofloxacin resistant bacteria. Three PAA concentration,
25, 50 and 75 mg/L, was used in the pilot experiments and batch experiments. PAA and hy-
drogen peroxide present in the commercial PAA solution was quantified after 1, 2, 5 and 10
min and samples were taken for enumeration of ciprofloxacin resistant bacteria from the pilot
and batch experiments. pH and COD of the raw wastewater is presented in the table 5.

TABLE 5. Characteristics of wastewater samples collected during pilot experiments.

Parameters Slagelse WWTP  Slagelse WWTP  Slagelse hospital Slagelse hospital

pH 7.5 7.5 7.5 8.0

COD (mg/L) 2010 1164 598 473

COD was 2010 and 1164 mg/L and pH was 7.5 in the wastewater sampled on 8" March and
15" March 2021, respectively. A rapid degradation of hydrogen peroxide was observed in
both pilot and batch experiments compared to PAA. Complete degradation of PAA was ob-
served within 10 min contact time for 25 and 50 mg/L PAA and 91% PAA was degraded within
10 min contact time for 75 mg/L PAA in the pilot experiment. In the batch experiment, com-
plete degradation of 25, 50 and 75 mg/L PAA was observed at 20 min contact time (Figure
23). The removal of ciprofloxacin resistant bacteria increased with increasing PAA concentra-
tion and increasing contact time. The removal increased from 0.2 log to 1.1 log when 25 mg/L
PAA was used and contact time increased from 1 min to 10 min (Figure 24). Similarly, by us-
ing 75 mg/L PAA with 1 min contact time, removal of ciprofloxacin resistant bacteria was 1.6
log and the removal increased to more than 3.6 log with 10 min contact time then the bacteria
concentration was under the detection level. The removal of ciprofloxacin resistant bacteria
was similar in both pilot and batch experiment when the same PAA concentration and contact
time were used.
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FIGURE 23. Concentration profiles of PAA in municipal wastewater from SK forsyning from
pilot and batch experiment.
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FIGURE 24. Microbiology results for the removal of ciprofloxacin- resistant bacteria from the
Pilot (A) and Batch (B) experiments from Slagelse municipal wastewater SK forsyning. The
logarithm to the removal of ciprofloxacin-resistant bacteria is presented above each bar in the
graph.

Two pilot experiments were conducted using wastewater from Slagelse hospital. Five IBCs
were filled with the wastewater collected from the outlet (Brond Parkvej) of the Slagelse hospi-
tal and used for disinfection in a pilot container. In the first pilot experiment, pre-filtration unit
was installed in between the IBC containing wastewater and container. Samples were col-
lected before and after filtration to measure COD and antibiotics resistant bacteria. However,
no significant different in COD and number of bacteria was observed. During experiment, filter
was clogged several time. Moreover, sludge collected from filtration could be difficult to man-
age in the purposed disinfection system where ARB and pharmaceuticals are abundant
among other pollutants that require special treatment. Therefore, second pilot experiment was
conducted without pre-filtration unit. In the pilot experiment with hospital wastewater (COD
600 mg /L), 50, 75 and 150 mg/L PAA was used for disinfection with 1, 2, 5 and 10 min con-
tact time. In parallel, batch experiment were conducted using the same PAA concentration
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however, concentration of PAA was measured until complete degradation was observed.
Samples were collected for microbiological analysis when samples were collected for PAA
quantification. Slow degradation of PAA and hydrogen peroxide was observed in a hospital
wastewater compare to PAA and hydrogen peroxide degradation in the municipal wastewater.
A slow degradation of PAA in wastewater could be due to the dilution of wastewater with rain-
water. In the pilot experiment, PAA concentration was quantified until 10 min however, in the
batch experiment PAA was quantified until complete degradation was observed (Figure 25).
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FIGURE 25. Concentration profiles of PAA in wastewater from Slagelse hospital and H202
from the PAA solution.

The number of ciprofloxacin resistant bacteria was higher in hospital wastewater than the mu-
nicipal wastewater. The removal of ciprofloxacin resistant bacteria was 0.6 log when 50 mg/L
PAA was used in pilot experiment with 1 min contact time and removal increased to 2.7 log
with 10 min contact time using same PAA concentration (Figure 26A). Complete removal of
ciprofloxacin resistant bacteria (under detection level) was observed with 75 mg/L with 5 and
10 min contact time and 150 mg/L PAA with 1 min contact time. Similar removal of ciprofloxa-
cin resistant bacteria was observed in batch experiment (Figure 26B) that verify the disinfec-
tion of wastewater in pilot experiment. The removal of antibiotics resistant bacteria from hospi-
tal wastewater using PAA showed a potential on using it for continuous disinfection for pro-
longed period.
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FIGURE 26. Microbiology results for the removal of ciprofloxacin- resistant bacteria from the
Pilot (A) and Batch (B) experiments using wastewater from Slagelse hospital. The logarithm to
the removal of ciprofloxacin-resistant bacteria is presented above each bar in the graph.
Selected concentration profiles and results for disinfection efficiency of PAA against antibiotics
resistant bacteria from this section was compiled in the manuscript and submitted to the ISI
journal for peer-review (Appendix 2). Results from second pilot experiments using wastewater
from SK Forsyning and Slagelse Hospital is presented in Appendix 3.

3.5 Demonstration of the disinfection concept for continuous
disinfection
To document a robust disinfection technology that effectively reduces antibiotics resistant bac-
teria in hospital wastewater, the continuous disinfection operation was demonstrated for 6
weeks. Municipal wastewater was used for disinfection instead of wastewater from hospital. It
was technically difficult to place the pilot container next to the sampling well (breand Parkvej) to
pump the wastewater for disinfection since brgnd Parkvej was located in the middle of parking
lot at Slagelse hospital. Alternative solution was collecting the wastewater from hospital, un-
loading it to the IBC and pumped for disinfection in the pilot container. However, variation in
the chemical and microbiological quality of wastewater will not observed as it will be collected
from same IBC. Therefore, municipal wastewater was used for continuous disinfection to ob-
served the variation on wastewater quality. Demonstration of continuous disinfection was
done for 6 weeks by applying different PAA dose and contact time. Each week, three samples
were taken before and after disinfection to see the variation on wastewater quality by applying
same PAA dose and contact time. A detail on PAA dose and contact time used for continuous
disinfection is presented in the table 6:

TABLE 6. Overview of PAA dose and contact time for continuous disinfection for 6 weeks in
the pilot container.

Week no. PAA dose (mg/l) Contact time (min)
Week 1 25 1
Week 2 25 2
Week 3 50 1
Week 4 50 2
Week 5 75 2
Week 6 75 2
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COD and pH were measured from the wastewater to see the variability in the quality of
wastewater disinfected in the container. The overview of sampling date, time and chemical
analysis of wastewater is presented in table 7.

TABLE 7. The overview of sampling date, time and chemical analysis of wastewater during
continuous disinfection experiment.

Date Time pH COD (mgl/L)
07:47 6.7 1230
28-07-2021 11:26 6.9 1806
14:15 6.7 1382
07:32 6.9 1242
02-08-2021 12:26 N/A* 1336
14:15 6.9 1466
07:55 6.8 1800
10-08-2021 12:35 7.4 1266
14:10 7.3 1198
N/A* 6.7 861
18-08-2021 11:38 6.9 943
14:00 6.5 784
07-10-2021 08:21 74 1385
12:52 7.6 1964
08:45 6.6 2162
18-10-2021 11:30 6.6 1506
14:00 7.0 884

*N/A: Not available

In the first week of the pilot disinfection using 25 mg/L PAA with 1 min contact time, three
samples were collected before and after disinfection with COD 1230, 1806 and 1382 mg/L.
Samples arrived after 2 days of collection that resulted a huge difference in the removal. The
removal of ciprofloxacin resistant bacteria ranged from 35% to 93%. In the second week on-
wards, removal of ciprofloxacin resistant bacteria remained about 40% on average and the re-
movals did not increased with increasing PAA concentration and contact time. In hindsight,
accumulation of sludge was observed in the pipe used as the reaction tank in the pilot con-
tainer during the pilot experiments - which was not observed in previous pilot experiments with
shorter trials where the pipe was flushed between experiments. The accumulated sludge likely
consumed PAA fast through reaction with bacteria and organic matter, which decreased the
removal of bacteria by the added PAA. Additionally bacteria can be shielded in the particles
(Dominguez Henao et al., 2018).

3.6 Summary of chapter

Disinfection results from pilot experiment with long contact time showed that PAA can remove
ciprofloxacin resistant bacteria before it reaches to the inlet of wastewater treatment plant. 50
mg/L PAA with 20 min contact time removed the ciprofloxacin resistant bacteria to the 1.5x104
cfu/mL, the level defined in the section 1.

Two sensors, turbidity and conductivity, were used to test for online control of PAA disinfec-
tion. No correlation of COD, turbidity and conductivity were observed when turbidity and con-
ductivity sensors were used in the pilot experiment.

Another approach to the development of sensors for the PAA control is the detection of living
bacterial cells. Two methods were tested: the LIVE/DEAD staining method (BacLightTM Via-
bility Kit, ThermoFisher) and the impedance flow cytometry (BactoBox®, SBT Instruments).
Both methods detected far more bacterial cells (factor 45 to 50) than the standard culturing
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method (cell cultures on Compact Dry Plates), supporting the knowledge that the culturing
method has some limitations. Both methods showed the potential to measure the living intact
bacterial cells in wastewater, but the impedance flow cytometry is clearly superior to the stain-
ing method due to very short analysis times (2 minutes), which could enable on-time control of
the PAA dosage. Both methods require further development to be able to measure
wastewater as well as there is a need for automation before they can be used on-line for the
control of PAA dosage.

Disinfection result from pilot experiments with short contact time showed that 75 mg/L PAA
with 1 min contact time reduce the ciprofloxacin resistant bacteria to the level 1.5-10* cfu/mL
(defined in section 1).

Results from continuous disinfection experiment showed around 40% removal of ciprofloxacin
resistant bacteria. The uncontrolled experiments during continuous disinfection experiment re-
sulted a poor removal of resistant bacteria compare to the pilot experiments conducted earlier.
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4. Chapter IV- Dimensioning
for full-scale disinfection
solutions for Hillerad
forsyning and SK-forsyning

41 Overall design

The disinfection system is designed for automatic operation, in the sense that it will vary the
dosing according to the wastewater flow. The automation also involves web access, monitor-
ing of chemical consumption and alarms.

The system design is based on two scenarios: 1) disinfection of wastewater from large hospi-
tals (super hospitals) connected directly to the wastewater treatment plant using a separate
pipe. 2) disinfection of the raw wastewater before the wastewater is mixed in the existing
sewer network. , where parameters found in the experimental work are used. The main opera-
tional parameters are dosing volume and contact time, where a larger dose can compensate
for a shorter contact time and vice versa.

Inlet from hos- Chemical do-

) : ~ontact time Jischarge
pital sing

The chemical dosing system consists of monitoring equipment, such as flow, temperature and
COD, and the control system. The contact time is a closed volume where the chemical can re-
act. The volume can be either an existing pipeline or a tank installed onsite. Please see a dia-
gram above of the system setup

4.2 Daily operation

The system is designed to be completely automated, in the sense that there is no need for it
to be supervised constantly. The chemical use is supervised, and appropriate warning will be
sent out when the level in the chemical tank runs low and needs to be refilled.

4.3 Safety

The system will be designed for dosing of peracetic acid from either IBCs or from a bulk tank.
The decision between the two are made considering chemical price (bulk is usually cheaper
than IBC) and space availability onsite. A system fed by PAA from a bulk tank ensures that
there is no manual labor involved in the operation. When level is running low in the tank, it is
simply refilled by means of a tank truck. The filling itself is made safe by an alarm system, in-
forming the truck driver by light and sound when the tank is nearly full, in order to stop the fill-
ing in due time.

A system fed from IBCs involves manual handling of the tanks. When an IBC is used for disin-
fection, it is placed on a tray which contains any spill. The risk is highest when the empty IBC
is removed and the full one is placed.

Safety precautions when handling IBCs with PAA involves placement in a well-ventilated area,
and places where the temperature does not exceed 30°C. Safety measures according to the
material safety data sheet must be followed at all times.
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4.4 Design parameters and financials

The system design can be adapted to local conditions in the sense that control cabinets and
dosing pumps can be placed somewhat freely, still taking safety into consideration. The fol-
lowing financial calculations assumes that the system can be placed in an area where:

o Storage of PAA can be done according to safety measures

o Retention time of the treated water is sufficient before entering into the main sewage system
e The system pricing is for equipment alone, excluding civil works and installation

[ ]

System 1: Utilizing existing sewer pipe for long retention time

The scope of system 1 is:

¢ Bulk storage of PAA

¢ Sufficient retention time in the existing sewage pipeline

o A wastewater flow of maximum 30 m3/h, with a daily volume of 240 m?

System 2:Treatment in a tank with short retention time

The scope of system 2 is:

o |IBC storage of PAA

¢ Retention time obtained in a tank

o A wastewater flow of maximum 20 m3/h, with a daily volume of 160 m?

TABLE 8. Overview of financial costs for removal of 99.9% of selected ARB from hospital
wastewater.

System 1 System 2
(Utilizing existing sewer pipe) (Treatment in a tank)
Dosing 50 mg/L 75 mg/L
Retention time 20 min 2 min
Volume for retention’ 10 m? 0,7 m?
Budget price DKK 500.000,- DKK 625.000,-
Operational costs (excluding
manpower, including chemical DKK 0,63 per m® treated water DKK 0,95 per m® treated water

cost, maintenance, electricity)

The decision process of the correct setup must entail an analysis of the existing facilities, in-
cluding:

¢ Does the wastewater have a common discharge point?

¢ Available space above ground

¢ Potential for placement below ground

¢ Variation in wastewater flow

4.5 Summary of chapter

Operation cost has been estimated for DKK 0.63 per m3 treated water when 50 mg/L PAA is
used with 20 min contact time to remove 99.9% of selected ARB in an existing sewer pipe.
And operation was estimated for DKK 0.7 per m® treated water using 75 mg/L PAA with 2 min
contact time to remove 99.9% selected ARB when treatment was done in a tank (Table 8).
This estimate was done excluding manpower and including chemical cost, maintenance, elec-
tricity cost.

" Retention time is defined as the time between chemical dosing and discharge into another
sewage system with additional wastewater streams
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5. Conclusion

The removal of antibiotic-resistant bacteria (ARB) from raw hospital wastewater using perace-
tic acid was evaluated. Disinfection treatment in direct unbranched sewers as it is used in the
superhospitals was done by using different PAA dose and long contact time ranging from 20
to 60 min. Additionally, pilot experiments were conducted using high PAA dose and short
contact time ranging from 1-5 min when ARB from hospital wastewater needs to be reduced
before mixing to the municipal sewer network. The degradation of PAA was fast, resulting in
no residual effect on the process in wastewater treatment plant. Removal of ciprofloxacin-re-
sistant bacteria increased by increasing the contact time and the PAA concentration. Removal
of ciprofloxacin-resistant bacteria from pilot experiment was 99.9% when 50 mg/L PAA was
used with 20 min contact time. Removal of ciprofloxacin-resistant bacteria increased by in-
creasing contact time. Using 75 mg/L PAA and 2 min contact time, ciprofloxacin- resistant
bacteria were reduced with 99.9 %. PAA showed potency to be used to remove ARB and par-
tial removal of pharmaceuticals from raw hospital wastewater.

The typical levels of ARB in wastewater with and without hospitals connections were deter-
mined to find the necessary level of disinfection to reduce hospital wastewater’s ARB content
to the background level for municipal sewage. Different sensors were tested for online control
of PAA dosing for continuous disinfection. The disinfection method used in this project showed
potency to minimize the risk of antibiotic resistant bacteria to the sewage workers when new
centralized super hospital are constructed in Denmark utilizing the unbranched direct connec-
tion of wastewater from hospital to the WWTP or reducing the number of antibiotic resistant
bacteria in wastewater pipe from hospital before mixing it to the existing sewer network.
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Abstract This work evaluated the removal of multi-resistant and ciprofloxacin-resistant bacteria from
municipal and hospital raw wastewater, using peracetic acid (PAA). A laboratory design experiments were
conducted to determine the PAA dose for pilot-scale experiments. Using PAA concentrations (25-150 mg/L
PAA) at different contact times two pilot scale experiments with raw municipal wastewater and two
experiments with raw hospital wastewater were conducted. These contact times were selected in order to
mimic the retention time of wastewater in a pipe running from a hospital to a municipal wastewater pipe with
high and low flows. For confirmation of PAA dose in the pilot experiments, batch experiments were
conducted in parrallel under the same experimental and wastewater conditions. PAA degradation was swift
in the pilot and batch experiments, and no adverse effects were envisioned for the WWTP from the residual
PAA. The numbers of multi-resistant and ciprofloxacin-resistant bacteria were higher in the raw hospital
wastewater compared to the raw municipal wastewater, around per one CFU unit. Similarity on the removal
of ciprofloxacin-resistant bacteria from the pilot experiment and batch experiments performed in the
laboratory was observed. The removal of resistant bacteria increased by increasing contact time and PAA
concentration. Peracetic acid is shown to be an effective desinfectant able to minimize risk of multi-resistant
and ciprofloxacin-resistant bacteria in both municipal and hospital raw wastewater.

1. INTRODUCTION

Antibacterial resistance is a huge threat to global health recognised by the World Health Organ-
ization. Excessive use, or use without prescription foster antibiotic-resistant bacteria (ARB) to
develop in humans, animals, plants and the environment '. Furthermore, treatment of common
infections and injuries with the first-line antibiotics becomes ineffective while novel treatment
alternatives are under development 2.

It is reported that 10-90% of active compound of ingested antibiotic is excreted and urinated
with a variation per specific compound?3.

Studies show that pharmaceuticals, ARB and antibiotic-resistant genes (ARG) are able to pass
through conventional municipal WWTP and reach surface water bodies 45. Antibiotic residues,
together with ARB and ARG eventually are exposed to favourable conditions to strengthen an-
timicrobial resistance due to replication or horizontal genes transfer in wastewater treatment
plants (WWTP) 67

Hospitals play an important role in a concentrated wastewater stream filled with pharmaceuti-
cals, ARB and ARG.

The numbers of B-lactamase (ESBL)-producing E. coli and multi-resistant P. aeruginosa were
more in hospital wastewater compared to municipal WWTP 8. In Denmark due to organizational
optimisation of health service, small hospitals are being centralised into big hospitals, therefore
contribution from such big hospitals may play a bigger role to the local WWTP. Since municipal
WWTP provides the final treatment step and direct discharge to the environment, it is vital to
prevent the spreading of ARB and implement an appropriate treatment step in WWTPS,
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Multi-resistant bacteria, non-susceptible to at least one antibiotic, are known for their high ca-
pacity to spread epidemics, and hospitals are seen as major point sources®. Resistance to mul-
tiple types of antibiotics is now commonplace, and it is increasing for some of the major bacterial
pathogens, thus limiting medical treatment alternatives 0.

Disinfection is the most common technology to reduce the number of bacteria and viruses from
wastewater. Chlorine based disinfectant have been used for tertiary treatment of wastewater
due to the economic cost and bactericidal capacity. However, chlorine is not suitable for disin-
fection of raw wastewater as it reacts with organic matters forming acutely toxic, mutagenic and
carcinogenic undesired disinfection by-products '='5. Chlorination of secondary effluent in full-
scale municipal WWTP in China showed that increase in the abundance both ARB and ARG'S.
It was also found that chlorination was not efficient to remove 80 % of tetracycline resistance
genes'® and showed an abundance of different ARGs after chlorination of wastewater effluent
from three different hospitals'”. UV disinfection is widespread technology however, it is not suit-
able for disinfection due to the higher suspended solids and turbidity in the raw wastewater.

Peracetic acid (PAA) is strong, efficient disinfectant with a wide spectrum of antimicrobial activity
and it is widely used to treat wastewater, and combined sewer overflows 820, PAA oxidises
sulphur and sulfhydryl bonds into enzymes and proteins 2'. The disruption of the chemiosmotic
conditions of the microbial cell by breaking the cell’s walls and altering its transport systems is
considered the primary ARB inactivation mechanism. A secondary inactivation mechanism can
be attributed to the formation of hydroxyl radicals ?2. Residues remaining after PAA treatment
are acetic acid, hydrogen peroxide and water. Acetic acid is further biodegraded into carbon
dioxide, whilst hydrogen peroxide degrades to oxygen and water — neither is considered toxic
to aquatic life. PAA was used to disinfect antibiotic resistant E. coli from secondary effluent 23,
In our previous study, we presented the effect of long contact on PAA to disinfect the ARB from
raw hospital wastewater. However, to the best of authors’ knowledge, the present study is one
of the first to report on the disinfection effect of PAA on ARB and antibiotics in the raw
wastewater from hospital and WWTP with short contact time.

The aim of this study were to: (i) reduce the number of selected ARB before hospital wastewater
is mixed in the municipal sewer network in the pilot scale experiment, (i) compare the disinfec-
tion effect of PAA on ARB in the hospital and municipal wastewater.

Bacteria resistant to ciprofloxacin were used as indicator bacteria to study the disinfection pro-
cess, since they are abundant in wastewater both connected and not connected with hospital
wastewater, thus leading to measurable concentrations that help monitor the effects of disinfec-
tion. Moreover, multi-drug resistant bacteria, resistant to four antibiotics (ciprofloxacin, gentami-
cin, cefuroxime and sulfamethoxazole) were enumerated from raw wastewater to get the infor-
mation of ARB fraction in the hospital and municipal wastewater.

2. Materials and Methods
2.1 Chemicals

Sulphuric acid (95% (w/v), ciprofloxacin, cefuroxime sodium salt, gentamicin sulphate salt, sul-
famethoxazole, ABTS (2,2-azino-bis [3-ethylbenzothiazoline-6-sulfonic acid] diammonium salt),
sodium thiosulphate, potassium titanium oxide oxalate and catalase from bovine liver (2000—
5000 units/mg protein) were all reagent grade and purchased from Sigma-Aldrich (Brgndby,
Denmark).

PAA solution containing 15% w/w of commercial-grade disinfectant was purchased from Nova-
dan (Kolding, Denmark). Using this solution, a working solution of 10 g/L of PAA was prepared.
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2.2 Peracetic acid and hydrogen peroxide quantification
PAA and hydrogen peroxide (H202) concentration in the samples were quantified using the col-
orimetric method adopted from Chhetri et al., 24 . Actual PAA and hydrogen peroxide concen-
trations in the stock solution were quantified by two-step iodometric titration based on the pro-
cedures described by 25,

2.3 Microbiological analysis
Raw and PAA-disinfected wastewater samples were collected from the municipal wastewater
treatment plant (SK forsyning- wastewater utility) and Slagelse Hospital, located in the southern
part of Copenhagen, Denmark. Samples were processed within 2 h after collection. PAA resi-
dues were neutralised by adding 100 mg/L sodium thiosulfate, followed by adding 50 mg /L
catalase to destroy any hydrogen peroxide.
Total heterotrophic bacteria, ciprofloxacin-resistant bacteria and multi-resistant bacteria were
enumerated on CompactDry plates (Nissui Pharmaceutical, Tokyo, Japan), using the spread
plate technique. Compact Dry TC is a medium for total viable bacterial count, which contains
nutrient agar (0.5% peptone, 0.25% yeast extract, 0.1% glucose, 1.5% agar). For enumeration
of total heterotrophic bacteria, serial dilutions of each sample were prepared in sterilized sterile
phosphate buffer saline (PBS), and 1mL of diluted samples were added onto the CompactDry
plate in duplicate and incubated for 24 h at 37 £ 1 °C. For enumeration of ciprofloxacin resistant
bacteria, serial dilutions of each sample were prepared in a solution with 4 mg/L ciprofloxacin
mixed with sterile PBS, and 1mL of diluted samples were added onto the CompactDry plate in
duplicate and incubated for 24 h at 37 + 1 °C. Bacteria counts were expressed as colony-forming
units per mL (CFU/mL), with the limit of quantification (LOQ) of ciprofloxacin-resistant bacteria
equal to 10 CFU/ mL.
Multidrug-resistant bacteria (multi-resistant bacteria) were enumerated using the spread plate
technique. Serial dilutions of each sample were prepared in a solution mixed with 4 mg/L ciprof-
loxacin, 15 mg/L gentamicin, 20 mg/L cefuroxime and 0.6 mg/L sulfamethoxazole with sterile
PBS. Diluted samples were added onto the CompactDry plate in duplicate and incubated for
24 h at 37 £1 °C. Antibiotic concentrations were chosen based on a study conducted by Nielsen
et al. 26 for Danish Environmental Protection Agency where authors already conducted valida-
tion and quality control of antimicrobial susceptibility of antibiotics therefore, it was not repeated
and presented in this study.

2.4 Experimental design

A laboratory design experiment were conducted in 100 mL beaker to determine the PAA dose
and contact time for pilot scale experiment using raw municipal and hospital wastewater. To
study concentration profiles and removal efficiency to determine the dose of PAA, experiment
were carried out by spiking 50, 75 and 100 mg/L PAA in the raw municipal wastewater in sepa-
rate bottles using 1, 2, 5 and 10 min contact time. A laboratory design experiments were re-
peated on two different days one week apart, to test wastewater quality variability. Similar ex-
periments were repeated using raw hospital wastewater using 75, 100 and 150 mg/L PAA that
resulted in a reasonable disinfection level using 1, 2, 5 and 10 min contact time.

2.4.1 Pilot and batch experiments
Pilot experiments were conducted in a 20-foot container containing a long pipe folded into the
container, thereby reflecting the retention time of wastewater running from a hospital to a
wastewater treatment plant. The pipe served as a reaction tank facilitating plug flow and pro-
vided different sampling points. The system was equipped with a submersible centrifugal feed
pump and a peristaltic dosing pump, to aid the continuous addition of disinfectant. A static mixer
downstream of the dosing point ensured that the disinfectant was thoroughly mixed with the
wastewater. PAA concentrations and contact times were adjusted by adjusting the flows of the
dosing pump and the feed pump. Two pilot experiments using municipal wastewater were con-
ducted by using 25, 50 and 75 mg/L PAA with 4 contact times. Two pilot experiments using
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hospital wastewater were conducted by using 50, 75 and 150 mg/L PAA with 4 contact times.
Pilot experiments with untreated municipal and hospital wastewater were carried out on two
different days one month apart.

While conducting the pilot experiments, in-situ disinfection, on municipal and hospital raw
wastewater, the batch experiment was performed in parallel, in order to confirm the PAA dose
delivered in the pilot experiment. Moreover, to ensure the same conditions for both tests and to
avoid changes in wastewater, such as hydrolysis over a prolonged storage time. Samples were
collected for PAA and H20:2 quantification and microbiological analysis at different contact times.
Contact times were selected based on PAA degradation on a laboratory design experiments.
For batch experiments contact times range from 1-20 minutes whereas for pilot experiments
between 1-10 minutes.

After different contact times were applied for the pilot and batch experiments, a fraction of each
sample was collected to enumerate ciprofloxacin-resistant bacteria. In parallel, PAA concentra-
tions were quantified until 10 min in the remaining sample for pilot experiments whilst in batch
experiments, PAA quantification was done until complete degradation was observed. Further-
more, raw wastewater was collected at the inlet of the pilot container prior to the beginning and
the end of the experiment, to enumerate the initial number of ciprofloxacin-resistant bacteria,
multi-resistant bacteria, heterotrophic bacteria, pH and COD.

3. RESULTS AND DISCUSSION

3.1 A laboratory design experiment to optimize PAA dose
In a laboratory-design experiment, PAA degradation was studied in the raw wastewater from
SK Forsyning and Slagelse hospital. Moreover, removal of ciprofloxacin-resistant bacteria was
studied in different contact time using different PAA dosages (Figure 1).

In both laboratory-design experiments, half of the PAA concentration was degraded between 1
and 2 minutes (Figure 1A & C). In the experiment with municipal wastewater, complete PAA
degradation was observed after 10 minutes when 50 75 and 100 mg/L PAA was used. In the
experiment with raw hospital wastewater, complete PAA degradation was observed after 10
minutes when 75 mg/L PAA was used and after 20 minutes contact times when 100 and 150
mg/L PAA was used. The differences for both PAA concentration profiles in the laboratory
design experiments can be explained by different physico-chemical factors affecting the decay
of PAA. These factors tend to be related to the presence of suspended solids (SS), pH, temper-
ature, COD, salinity and water hardness?’28. Furthermore, a huge initial consumption of PAA
was observed in all experiments using wastewater from different sources.
Ciprofloxacin-resistant bacteria were removed below the detection limit (<10 CFU/mL) after 1
minutes of exposure to 50, 75 and 100 mg/L PAA (Figure 1B & D). The laboratory design ex-
periments carried out on different days achieved similar removal results when inactivating the
ciprofloxacin-resistant bacteria. Ciprofloxacin-resistant bacteria were more abundant in hospital
wastewater than municipal wastewater as the hospital is the point source for ARB.
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Figure 1: Concentration profiles of PAA in raw municipal wastewater from SK forsyning in a
laboratory design experiment (A), the removal of ciprofloxacin-resistant bacteria from the raw
municipal wastewater from SK forsyning (B), concentration profiles of PAA in raw wastewater
from Slagelse hospital in a laboratory design experiment (C), the removal of ciprofloxacin-re-
sistant bacteria in raw wastewater from Slagelse hospital (D).

3.2 Pilot scale disinfection

COD of raw municipal wastewater from SK Forsyning used for two pilot experiments were 2010
and 1164 mg/L and pH was 7.5 in both samples. COD of raw wastewater from Slagelse hospital
used for two pilot experiments were 598 and 473 mg/L and pH was 7.5 and 8.0, respectively.
In the pilot experiment using municipal wastewater, three PAA dosages (25, 50 and 75 mg/L
PAA) were used in the pilot and batch experiments, based on COD measurements and the fact
that municipal wastewater contains less ciprofloxacin-resistant bacteria compared to hospital
wastewater thus a lower PAA dose would be needed for ciprofloxacin-resistant bacteria inacti-
vation. PAA and hydrogen peroxide concentrations were measured until 10 min. Rapid degra-
dation of PAA was observed as COD in the wastewater was 2010 mg/L (Figure 2A). Complete
degradation of PAA was observed after 20 min in the batch experiment (Figure 2B and S1).

Results from the pilot experiment using municipal wastewater demonstrated the progressive
removal of ciprofloxacin-resistant bacteria. With a PAA dose of 25 mg/L with 1 min contact time,
the removal of ciprofloxacin-resistant bacteria was 0.2 log, and the removal was increased to
1.1 log with 10 min contact time. Using 50 mg/L PAA, the removal of ciprofloxacin-resistant
bacteria was 1.1 and the removal was increased to 2.1 long with 10 min contact time. The
removal of ciprofloxacin-resistant bacteria was 1.6 log with 75 mg/L PAA with 1 min contact time
and with 10 min contact time ciprofloxacin-resistant bacteria was reduced to under the detection
(Figure 2C).
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Figure 2: Concentration profiles of PAA in raw municipal wastewater from SK forsyning in the
pilot-scale experiment (A), and from the batch experiment (B). the removal of ciprofloxacin-
resistant bacteria in the raw municipal wastewater from SK forsyning after disinfection using
different PAA concentrations in the pilot-scale experiment (C) and from the batch experiment
(D). The logarithm removal of ciprofloxacin-resistant bacteria is indicated above each bar in
the graph. The range of the duplicate analysis is indicated by T-bars.

Similarity on the removal of ciprofloxacin-resistant bacteria were observed in the batch experi-
ment, in that after 10 min exposure to 75 mg/L PAA, ciprofloxacin-resistant bacteria were under
the detection limit (Figure 2D).

The pilot experiment using wastewater from Slagelse Hospital was performed using 50, 75 and
150 mg/L of PAA. Concentrations of PAA and hydrogen peroxide were measured after 1, 2, 5
and 10 min. Fast PAA degradation was observed at a concentration less than 0.5 mg/L after
10 min. However, around 40% of the initial hydrogen peroxide remained when measured after
20 min contact time (Figure 3A, S2 &S3). A similar degradation of PAA and hydrogen peroxide
was observed in the batch experiment (Figure 3B, S2& S3). The faster decay of PAA in the raw
hospital wastewater was observed, which might be due to higher organic content than found in
the municipal wastewater.

Results from the pilot experiment using wastewater from Slagelse hospital showed the progres-
sive removal of ciprofloxacin-resistant bacteria. The removal of ciprofloxacin-resistant bacteria
increased in line with an increase in contact time. The removal rate was 0.2 log when 50 mg/L
of PAA was used and with 1 min of contact time. This increased to 2.7 log when 50 mg/L of PAA
was used along with a 10 min contact time (Figure 3C). The number of ciprofloxacin-resistant
bacteria was under detection limit, and the log removal was more than 4.2 log when 75 mg/L
PAA was used for disinfection of hospital wastewater with a 5 min contact time (Figure 3C).
Similar and better removal of ciprofloxacin-resistant bacteria was observed in the batch experi-
ment, likely due to the better mixing of wastewater and PAA compared to only initial mixing in
the pilot experiment. Even though most of the PAA concentration was consumed after 5



minutes, the disinfection process continued, due to the remaining concentration of H202, which
is known as a supplementary source for hydroxyl radicals and a weak disinfectant if dosed
alone, resulting in ineffective disinfection, since the catalase enzyme will protect the microor-
ganisms from the H202 2. In this case, the catalase first has to be inactivated by peracetic acid,
in order to accomplish combined disinfection with H202

The removal of ciprofloxacin-resistant bacteria were similar in the batch experiment where same
concentration of PAA and contact time were used. In the pilot and batch experiment, ciproflox-
acin-resistant bacteria were reduced under the detection limit in all contact time used with150
mg/L PAA (Figure 3 C & D).
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Figure 3: Concentration profiles of PAA in raw wastewater from Slagelse hospital in the pilot-
scale experiment (A), and from the batch experiment (B). The removal of ciprofloxacin-re-
sistant bacteria in the raw wastewater from Slagelse hospital after disinfection using different
PAA concentrations in the pilot-scale experiment (C) and from the batch experiment (D). The
logarithm removal of ciprofloxacin-resistant bacteria is indicated above each bar in the graph.
The range of the duplicate analysis is indicated by T-bars.
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Dominguez Henao et al.?° revealed a correlation between soluble matter and PAA consumption
and demonstrated that higher the soluble COD faster the PAA degradation with an additive
effect to the influence of total suspended solids in PAA consumption. The study conducted by
Koivunen & Heinonen-Tanski 3° showed the need for higher PAA doses in primary effluent than
in secondary and tertiary effluent, whereas this study used higher PAA doses, as the quality of
raw wastewater was different. Raw wastewater consists of high COD, TSS and turbidity, factors
known to affect PAA degradation and thus disinfection.

Profaizer 3* described a survival curve consisting of three stages: an initial resistance phase,
the exponential inactivation of bacteria and, finally, asymptotic inactivation. The initial resistance
phase is attributed by resistance of PAA diffusion through the cellular membrane, which results
in an inactivation lag 3. This survival curve is present in PAA concentrations lower than 5 mg/L;
at higher PAA concentrations, the resistance of PAA to the cell membrane is reported as being
insignificant 3°. The initial resistance phase was not observed in these experiments since the
lowest concentration used was 25 mg/L PAA.

Koivunen and Heinonen-Tanski 3° demonstrated that the inactivation of bacteria occurred in two
phases in the disinfection process. In the first phase, a steep decline in the total number of
ciprofloxacin-resistant bacteria was observed. This is a known outcome at the beginning of the
disinfection process, when mainly free-swimming microbes are inactivated. The first phase was
observed when 50 mg/L PAA with 1-5 min contact time removed around 90% of ciprofloxacin
resistant bacteria and removal was increased to more than 99% at 10 min contact time (Figure
2C). This steep decline of ciprofloxacin-resistant bacteria was also observed in the batch exper-
iment with municipal wastewater at 1 min reaction time with different PAA concentrations (Figure
2C & D). In the second phase, which is the most stable phase, the inactivation rate decreases
(tailing of the inactivation curve) is seen in the Figures 2C at from 2 to 5 min contact time in all
PAA concentrations used for disinfection. Tailing of the inactivation curve was observed in the
Pilot experiment with municipal wastewater (Figure 3B) where the log removal increases only
by 0.1 log between 5 and 10 minutes when 50 mg/L PAA was used for disinfection. These two
bacterial inactivation phases were observed in the pilot experiments using wastewater from
Slagelse Hospital and municipal wastewater (Figures 2C & 3C), as well as in the batch experi-
ment with municipal wastewater (Figure 2D). Studies by Dominguez Henao et al., 3! & Koivunen
and Heinonen-Tanski 30 suggested the possibility that bacteria might aggregate to survive PAA
disinfection, or that the presence of suspended solids might protect bacteria against disinfection;
however, this can be overcome with a higher PAA dose or a longer contact time. This bacteria
protection by aggregating itself was not observed in the batch experiment with municipal
wastewater (Figure 3D), likely due to the better and continuous mixing of the wastewater and
PAA.

Kitis '° showed that PAA can cause different levels of specific damage to biomolecules. PAA
oxidises sulfhydryl, disulphide, enzymes and double bonds in proteins. PAA has the ability to
cause protein denaturation and make DNA bases react adversely. Furthermore, PAA can inac-
tivate the peroxidase enzyme. The damage PAA causes to bacteria makes them incapable of
recovery, and no re-growth occurs 33, In this study, re-growth of ciprofloxacin resistant bacteria
was not studied. Furthermore, disinfected wastewater ends up in the municipal sewer network
and to the WWTP where wastewater is treated further. Therefore, recovery of injured bacteria
will be negligible.

4. CONCLUSION

The findings of this study demonstrate that the PAA disinfection of wastewater constitutes a
promising treatment technology for the elimination of selected hospital-derived ARB. PAA can
be used to treat hospital wastewater at source, thereby enabling a retention time through struc-
tures that transport the wastewater from the hospital to the municipal sewer network. Four pilot
experiments, using wastewater from two different sources, were performed with different PAA
concentrations and contact times. In parallel to the pilot experiments, in order to confirm the PAA
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dose, comparable PAA treatments were applied in batch experiments on the untreated
wastewater. The degradation of PAA was fast in the pilot and batch experiments, thus ensuring
no residual PAA effect on wastewater treatment plant processes. Similar results for the removal
of ciprofloxacin-resistant bacteria from the pilot and the batch experiments were observed when
different PAA concentrations were used.

To remove 99.9% ciprofloxacin resistant bacteria from municipal and hospital wastewater, it is
estimated 50 mg/L PAA and 5 min contact time would be needed and 75 mg/L PAA would be
needed if only 2 min contact time was available. In summary, disinfection of hospital wastewater
at hospital using PAA seems a feasible method for reducing the numbers of ARB and thus min-
imising the risk spreading ARB in the municipal sewer network thereby reducing the risk of in-
fection from ARB for plant workers in the WWTP.
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Appendix 3-Concentration profiles and microbiology

results
Concentration profiles of PAA from the pilot and batch experiment using wastewater from dif-
ferent source are presented below. Microbiology results for the experiment performed on
wastewater from different source showing the quantification of total heterotrophic, ciprofloxa-
cin- resistant and multi-resistant bacteria prior disinfection and microbiology results for the re-
moval of ciprofloxacin- resistant bacteria from the pilot and batch experiments using
wastewater are presented below.
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FIGURE A1. Concentration profiles of PAA from the pilot and batch experiment using
wastewater from Hillergd WWTP.
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FIGURE A2. Microbiology results for the pre-experiment performed on municipal water
(Hillerad WWTP) showing the quantification of total heterotrophic, ciprofloxacin-resistant and
multi-resistant bacteria prior disinfection (left). Microbiology results for the removal of ciproflox-

acin- resistant bacteria from the pilot and batch experiments using wastewater from Hillergd
WWTP.
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FIGURE A3. : Concentration profiles of PAA from the pilot and batch experiment using
wastewater from Hillergd hospital.
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FIGURE A4. Microbiology results for the removal of ciprofloxacin-resistant bacteria from the
pilot and batch experiments using wastewater from Hillerad hospital.
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FIGURE A5. Concentration profiles of PAA from the pilot and batch experiment using
wastewater from SK forsyning.
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FIGURE A6. Microbiology results for the experiment performed on wastewater from SK forsyn-
ing showing the quantification of total heterotrophic, ciprofloxacin-resistant and multi-resistant
bacteria prior disinfection (left). Microbiology results for the removal of ciprofloxacin- resistant
bacteria from the pilot and batch experiments using wastewater from SK forsyning.
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FIGURE A7. Concentration profiles of PAA from the pilot and batch experiment using
wastewater from Slagelse hospital.
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FIGURE A8. Microbiology results for the experiment performed on wastewater from Slagelse
hospita showing the quantification of total heterotrophic, ciprofloxacin-resistant and multi-re-
sistant bacteria prior disinfection (left). Microbiology results for the removal of ciprofloxacin-re-
sistant bacteria from the pilot and batch experiments using wastewater from Slagelse hospital.
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REBAHS-Disinfection of antibiotic-resistant bacteria in hospital wastewater
The spread of antibiotic resistant bacteria (ARB) in the environment is increasing due
to the excessive use of antibiotics in humans, animals and plants. Hospital
wastewater is the most important point source for multi-resistant, pathogenic bacte-
ria, which are highly undesirable in the environment and at the same time pose a
work environment risk at wastewater treatment plants for sewer workers. This study
demonstrated that peracetic acid (PAA) disinfection of wastewater constitutes a
promising treatment technology for the elimination of selected hospital-derived ARB.
The method appears to be an ideal technology to minimize the risk of ARB exposure
of the sewage workers when new centralized super hospitals are constructed in Den-
mark utilizing unbranched direct connections of wastewater from hospitals to the
WWTPs. Similarly, this method is appropriate to reduce ARB from hospital
wastewater with short contact time before wastewater is mixed in the existing sewer
network.

Spredningen af antibiotikaresistente bakterier (ARB) i miljget er stigende pa grund af
overdreven brug af antibiotika hos mennesker, dyr og planter. Hospitalsspildevand er
den vigtigste punktkilde til multiresistente, patogene bakterier, som er meget ugn-
skede i miljget, og som samtidig udger en arbejdsmiljgrisiko for spildevandsarbej-
dere. Dette projekt har demonstreret, at desinfektion af spildevand med pereddike-
syre er en lovende teknologi til elimination af udvalgte, hospitalsafledte ARB. Meto-
den virker som en ideel teknologi til nye centraliserede supersygehuse, der opfgres i
Danmark, og som tilsluttes ved direkte rgrfgring til renseanlaeg. Samtidig er metoden
anvendelig til at reducere ARB i hospitalsspildevand, der har kort kontakttid, fgr spil-
devandet blandes op i det eksisterende spildevandsnet.
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