e’ CLEAR WATERS FROM PHARMACEUTICALS

Guideline for advanced API removal

Go0A3.4: Optimization and control of advanced treatment

December 2020

Jos =
“Materreg R

Baltic Sea Region

EUROPEAN
REGIONAL
DEVELOPMENT
FUND

EUROPEAN UNION



Authors

Stapf, Michael (KWBz Berlin Centre of Competence for Water)
Miehe, Ulf (KWB)

Bester, Kai (AUz Aarhus University)

Lukas, Marcus (UBAz German Environment Agency)

Contributors

Zhiteneva, Veronika (KWB)

Sehlén, Robert (TVABz Tekniska verken i Linkdping AB)

Larsen, Sille Bendix KU z Kalundborg Utility)

Lember, Erki (EVELz Estonian waterworks association)

Chapter contributions (institution):

At a glance (AU, KWB)

Introduction (KWB, AU)

Ozonation (KWB, UBA, AU)

Activated carbon (KWB)

Moving bed biofilm reactors (AU)

Monitoring of ozonation and AC processes (KWB, UBA)
API removal by ozone and activated carbon (KWB)
Implementation of an API elimination stage (KWB, AU)



List of abbreviations

AC
API
AWT
BOD
BV
CAPEX
CAS
CFD
COz¢q
COD
CODyis
DOC
DPD
EBCT
fDOM
GAC
GWP
HRT
Kos
Kon
LOX
MBBR
MTZ
NDMA
NF
NOJ
OBP
OH-radicals
OPEX
PAC
PE
PSA
RO
RSSCT
TP
TSS
UVA2s4
WWTP
Y 5 62k

Activated carbon

Active pharmaceutical ingredient
Advanced wastewater treatment
Biochemical oxygen demand

Bed volume

Capital expense

Conventional activated sludge
Computational fluid dynamics
Carbon dioxide equivalent
Chemical oxygen demand
Dissolved chemical oxygen demand
Dissolved organic carbon
N,N-Diethyl -p-phenylendiamin
Empty bed contact time
Fluorescent dissolved organic matter
Granular activated carbon

Global warming potential
Hydraulic retention time

Reaction rate constant with ozone
Reaction rate constant with hydroxyl radicals
Liquid oxygen

Moving bed biofilm reactor

Mass transfer zone
N-Nitrosodimethylamine
Nanofiltration

Nitrite ion

Oxidation by -product

Hydroxyl radical

Operating expense

Powdered activated carbon
People equivalent

Pressure swing adsorption
Reverse osmosis

Rapid smallscale column tests
Transformation product

Total suspended solids

Ultraviolet absorbance at 254 nm
Wastewater treatment plant
Relative reduction of UVAs4



Table of contens

AL B GIANCE ...ttt e+ttt et e e e et 1 e bbbttt e e e e e e ns 5
T oo [UTd i o] o R PP TP PPPPPPPPPPY 6
(@ 7.40] =1 110 ] o H PP P PP PURPPPRPPN 7
T[4 PP PP PPPPPPTPPPPPPRRY 4
Relevant water quality Parameters.........coooiiiiiiiii e 8
Transformation and oxidation DY -PrOAUCTS ..........ceeviiiiiiiiiiiiiii e 9
[Tol0] (0> d[o1] VPP UPUPUUUPPPPPPPPN 9
Full-scale 0zonation @ WWTPS. ...ttt 11
OPEratiONAl ASPECTS. ... i ittt ettt as 13
ACHVALE CAIDON. ....eiiiiiiiit ettt e e e st e e e e et eaeas 15
B S CS .ttt £ 44— ettt e e e e e e 15
Relevant water quality parameters for activated carbon processes............couvvveeeieeeommeeennn. 15
FUII-SCAIE PAC G WWWTPS.....eeiiiiiiieiiiiiiiee ettt e ettt e e e a2 e e et s 16
FUII-SCAIE GAC 8t WWVTPS....eeiiiiiieii ittt ettt e e e e 22 e et s s 19
Moving bed biofilm reactors (MBBR)..........couiiiiiiiiiiiiis e e e 22
2 TS o PP PPPRUPPRPRPR 22
Relevant water quality PAMELETS...........uiiiiieiiiiiiiiiim e eee e e e e e st e e e e e e e e aans 22
Full-scale MBBR Gt WWTPS.........uiiiiiiiiiiiiiiiiim et e e e e st e e e e e e e et 22
Monitoring of 0ZoNAatioN AN AC PrOCESSES.......uuuuuuuuriuuiiiiiiiiitmmr ettt eeee et eeeeeeeeeeeeee s aeeas 24
API removal by ozone and activated Carbon...............oooiiiiiiiii i 26
ProCESS COMDINATIONS. ...ttt e e e e e et e e e e e e e e e e e e e e s snnnnnnnnnnees 26
CarbDON FOOTPIINT ... ettt ettt ettt ettt e et e 27
0SS, ettt —— ettt £ oo ettt e £ £t e e e et e e e e b s 27
Implementation of an API elimination teChNOIOGY .............uuuiiiiiiiiiiiiie e 29
WWTP fItNESS CRECK.....eeiiiiiiiiiiiit ettt a e 29
= 1o [ o] 11 2= 1V o YR 30
[T = V1= To Jo] = Vo o1 o Vo 31
OptimiIzZiNg EXISHNG SYSIEIMS ...uuuii it e e et e e e e e e e e e ettt e e e e e e e eeeseaa e s s 32
RETEIBICES. ...ttt oo 4ottt sttt 44 a4 ettt 34

Y 0] 011 o [5G 38



At aglance

Ozonation

Relies onthe substance specific reactionwith ozone in the water phase Typical applied ozone
doses used for the elimination of active pharmaceutical ingredients (APIs) alter the molecule
structure of the organic compounds, but do not result in their mineralisation. Formed
transformation and oxidation by-products are often associated with negativeecotoxicological
effects (e.g. mutagenic effects) However, many of the formed substances aremore
biodegradable that the original substanceand can be removed by a mandatorybiological post-
treatment.

Activated carbon

Relies onthe adsorption of APIs onto the very large inner surface ofactivated carbon (AC).
Activated carbon can be used in either a powdered (PAC) or granulatedGAC) form, which
require different process schemes. PAG directly mixed into the water flow and requires a final
filtration stage to avoid any PAC enteling the receiving water body. For a more efficient usige
PAC that s rejected by the filtration stage can betransferred to the main biological treatment
stage,where it is removed along with the excess sludge. In that case, excess sludgannot be
applied on agricultural land , and must be incinerated instead. GAC treatment is very common
in drinking water production and can be applied as filter materialin filter s. When treating
WWTP effluent, GAC will become loaded with the APIs and over time API removalefficiency
will decrease. When the API elimination target cannot be achieved anymore, loaded GAC
material has to be replaced by new GAC. The loaded GAC can either be regenerated or
incinerated. The production of activated carbon is associated with a high arbon footprint .

Biofilm (e.g., moving bed biofilm reactors (MBBR))

Biofilms are able to metabolise APIs including many that are not degradable in conventional

WWTPs. Similar to ozonation, this technology is a reactive technology, meaningthat APIs can

be either mineralised, incorporated in the biomass or released as transformation products.
MBBRs consume energwnly via aeration, but require large basins to provide sufficient time for

biological processes So far, full-scale MBBRsin the context API removal are only used as
ozonation post-treatment and require further development before they can be reommended as
a standard option for API removal.

Table 1: Schematic evaluation of the different APl aal technologies: ozonatn, granular activated carbon (GAC),
powdered activated carbon (PAC), andving bed biofilm reactor (MBBR)ategories are very good), good ), average
(0), and bad/negative-{. It should be noted that API removal with the different technologiedniays substance specific,
thus, evaluation will strongly depend on the targeted substari€@sal coss are verysite specific

Category Ozone MBBR

API removal

Technology maturity for API elimination ++ ++ Lt -
Process complexity + ++ 0 =
Reaction products from the water matrix - ++ ++ ++
Transformation products or metabolites - ++ dht -
Costs’ + + + 0

Operational energy required - + 0 + +
Carbon footprint 0 0 - +

Space requirement ++ + - At -
Subsequent sludge applicationin agriculture 25 ++ - ++




Introduction

guidance on how to reduce the load of active pharmaceutical ingredients (APIs) entering the

aquatic environment and especially the Baltic SeaEven though different methods for reducing

the amount of APIs entering the wastewaterexist" 2 API usage cannot be completely avoided
AT Ah OEGOEDPAAT A A AdcdDérdséaryA OA

Municipal wastewater treatment plants (WWTPSs) arerelevant point sources of APIsas they treat
the wastewater from public households, hospitals, and industry of the connected catchment
area. However, conventional "stateof-the-art" WWTPs can only remove APlsthat are either

easily biodegradable and/or absorbable to activated sludge, whereas othes can pass the
treatment processwith no or only minor reductions. Therefore, reduction of a broad range of
APIs can only be achieved by using targeted advancedastewatertreatment (AWT) techniques,

such as ozonation or application of powdered and granular activated carbon. All of these
technologies for APl removal are already usedat full -scale WWTPs and have proven their

practical and economical suitability.

This guideline is meant to provide an owerview on how to plan, start, and operate AWT
technologies for API elimination. The recommendations are based on the experiences and
results from the CWPharma project, but also on the available knowledge fromGermany and
Switzerland, which is collected and distributed by competence centres such as the German
Micropollutants Competence Centre BadenWirttemberg (KomS)* and the Swiss Plattform
Verfahrenstechnik Mikroverunreiniungen ? as well asby expert groups from the related water
associations.

Membrane separation via dense membrane such asanofiltration (NF) or reverse osmosis (RO)
was not considered in this guideline, as both technologies produce a brine with high API
concentrations. At coastal WWTPSs, this brine might be discharged directly to the seain order
to protect fresh water ecosystemsbut this would not reduce the APl load to the Baltic Sea. Thus,
the brine also requires treatment, which makes this approach lesseconomical in comparison to
the other established API removal technologies.

! Kompetenzzentrum Spurenstoffa@enWirttemberg,https:/koms-bw.de/en/
2VSA Plattform Verfahrenstechnik Mikroverunreinigungdettys://micropoll.ch/
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Ozonation

The following sections give a brief overview on thebasics ofozonation, relevant water quality
parameters, and the formation of transformation and oxidation by -products. In addition,

ecotoxicological aspectsare addressed. Finaly, technical application of ozonation at full -scale is
describedalong with details regarding operational aspects.

Basics

Ozone is a powerful oxidant, 16times more soluble in water than oxyger?, and is widely used
during drinking water treatm ent. Ozone can be used for the elimination of APIs andother

xenobiotic substances, disinfection as well as for odour and colour removal.Due to its high

reactivity, ozone is not stable over a long period of time, and must be produced on site The
application of ozone in water alsoresults in the formation of hydroxyl-radicals ("OH), which are
an even more powerful oxidantthan ozone. In general, higher ozone doses result iran increased
formation of OH -radicals. Although both oxidants are linked to each other theyexhibit different

behaviour. Ozone reacts primarily with molecule structures that have a high electron density
(e.g.double bonds, amines etc.), which is also reflected in reaction rate constants(Kos), which

vary over several magnitudes (< 1 to $®s?. In contrast, OH -radical reactions are much faster,

but less specific Thus, reaction rate constants Kkon) of most APIs are in the same order of
magnitude (16 M~s™). The overall API elimination by the ozonation is therefore the combined

result of individual APIs reading with both ozone and OH-radicals. Generally, APIs can be
grouped according to their reaction rate constants (Table 2), which can be found in theliterature

for many APIS’. Reasonable eliminationcan be expected for APIs thatshow a sufficient reactivity
with ozone (group | and Il) and/or OH -radicals (group I1I'). APIsin groups |V and V should not

be targeted by ozonation.

Table2: Example ofAPIsgroupedby their reactivity with ozonekbs hereat pH 7 and OHradicals, respectivety

Group Compound Kos (M s Kon (M-1s9) Reactant
Carbamazepine
Diclofen - .
| Sjlfarlr?(:trfofaczole KosP Y1 - Primarily ozone
Trimethoprim
Benzotriazole
Il al a%?[f]?(?ri?éin Yi Kokl 16 - Ozone as well asOH-radicals
Gabapentin
Ibuprofen
1l gﬁ:iir’oﬁr Kos< 10 Kon >5* 16 Primarily OH -radicals
Primidon
Fluconazole Lo . .
. Primarily OH-radicals, but less reactivity
*
vV Lésgtri?argg;m Kas< 10 10 MKon <5 * 16 with APIs than APIs ofgroup lll
\/ TCEP Kosz< 10 Kon < 16 No relevant reactivity with ozone or OH-radicals

W astewater ozonation is distinct from the ozonation usedfor drinking water, groundwater or
surface waterdue to different water matrices and targets (e.g. API elimination or disinfection).
Ozone depletion in wastewater is much fasterand OH-radicals are primarily formed from the
reaction with the bulk organic background. Therefore, wastewater ozonation is intrinsically a
so-called advanced oxidation processeven without addition of hydrogen peroxide®.



Relevant water quality parameters

In this section, the impact of select water quality parameters on wastewater ozonation are briefly
described

Dissolved organic carbon (DOC) reflects the overall amount of dissolved organic compounds
in the wastewater, which also includes the target APIs Required ozone dosefor API elimination
depends onthe DOC concentration at the ozonation influent , which can be estimated online by
using UVA.s, as surrogate parameter At commonly applied ozone doses for API elimination,
ozonation increases the biodegradability of the DOC, but does notresult in its mineralization
(no significant change by ozonation alone) In combination with biological post -treatment, DOC
reductions of about 15- 20%have been observeddeep-bed filters)®.

Chemical oxygen demand (COD) representsthe amount of oxygenthat can be consumed by
the oxidation of organic and inorganic compounds. In contrast to the DOC, ozonation can
reduce the COD by12%g 179%. In combination with biological post-treatment, an overall COD
reduction of 20% - 40% can be achievefl

Nitrite (NO 7) istransformed into nitrate during the ozonation process.The reaction is very fast
(KosM 1} °>'s?aind consumes about3.43 mgQ/mg-N that is then no longer available for
the oxidation of the organics. Thus,the ozone dose needs to be increased accordinglp ensure
that the desired API removal is achieved

Total suspended solids remaining after a properly-functioning clarifier have only a limited

impact on the ozone consumption and API elimination. Thus, prefiltration of the water is
usually not necessary. However, increased ozone dose might be requileat high TSS
concentrations. Also, reported foaming issues have been attributed tchigh TSS concentratons’,
which, however, might be site-specific.

The pH of the wastewatercan havean impact on the rate of ozone depletion, the reactivity of
some APIs wih ozone (APIs in their deprotonated state react fastemwith ozone), as well ason
the OH-radical consumption by the water matrix (scavenging) In practice, the overall impact
of the pH on the API elimination is low.

Water temperature affectsthe rate of ozone depletion. Higher water temperature accelerats
ozone depletion and vice-versa and, thus can be relevantwhen dimensioning the ozone reactor.

Dissolved oxygen is massively increasedduring ozonation and can reach concentrations
around 20 mg/L at the ozonation effluent. This can negatively impact postdenitrification
processe$ & Note that the increase of oxygen is related to the application of technical oxygen
and is not a result of the ozone reactions.

Bromide is a precursor ofbromate, a cancerogenic oxidationby-product. Bromate formation
chemistry is very complex and involves multiple intermediate products. In general, the higher
the bromide concentration and the specific applied ozone dose, the higher the bromate
formation. At bromide levels up to 150 pg/L and applied ozone doses up to 0.7 mggmgDOC,
bromate formation is not expectedto be critical. At higher bromide levels a bromide source
tracking can be conducted andbromate formation should be checked in lab-scale experiments
Relevant bromide sources can be municipal waste incinerators, chemical industries, geogenic
sources, marire aerosols, and infiltration of seawater irfo the sewer systemsof coastal cities” °.
Bromate can be reduced back into bromideunder anoxic conditions (e.g. denitrification).



Transformation and oxidatiorby-products

Besides the desired effects (e.g. API elimination, disinfectiongdiscolouration, etc.), ozonation
also results in the formation of transformation products (TPs) and oxidation by-products (OBP).
TPs are formed from the reaction with the target substances (here APIs), whereas OBPs are
formed from the reaction with the non -targeted organic and inorganic compounds.

The analytical monitoring of TPs is very challenging sinceeven one API (parent) can end up in
several TPs which themselves can be further converted intoadditional TPs A comprehensive
overview on what TPs can be expectedvith ozonation is not available at the current status
Depending on the functional group (attacking point of ozone) of the parent compound, the
resulting TPs are expected teeither be more (e.g.double bonds, aromatic compounds) or less
(e.g. amines) biodegradable’* The amount of TPsin the ozonation effluent depends on the
presence of the parent compoundas well as the applied specific ozone dosé % An overview of
the TPs measured in the CWPharma project can be found in the GoA.3 report’. An example of
parent compounds and their TPs isshown for tramadol and venlafaxine in Figure 1
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Figurel: Impact of ozonation otramadolandvenlafaxineas well as théormation and reduction aheir NOxidesat varying
specific ozone doses (adapt&d)

Some weltknown OBPs formed during ozonation of inorganic compounds are nitrate and
bromate. Nitrate is formed quickly by the oxidation of nitrite and results in an increased ozone

consumption (3.43 mgOy/mg-N). Bromide present in the water can be oxidized to bromate(see
water quality section).

Most relevant OBPs from organic compounds are nitrosamines and lowmolecular compounds
formed from the oxidation of th e bulk DOC. The most famous nitrosamineformed by ozonation
is N-Nitrosodimethylamine (NDMA), which can also already be present in the secondary
effluent. However, it has been shown that NDMA formed by ozonation can be removed by
biological post-treatment*3 Formation of low-molecular compounds such as aldehydes and
ketones increase with the specific ozone dose, but can easily be biodegraded by biological post
treatment ™

Ecotoxicity

Municipal wastewater is a reservoir for many potentially toxic substanes that can cause
ecotoxicological effects even inow concentrations (ug/L to ng/L). Such substancesan originate
from pharmaceuticals, pesticides, chemicals, washing agentsr other sourcesand may alter the
regulation of sexual development and function of female vertebrates (estrogenic substances) or
cause alterations in the genome of organisms (mutagenic substances)WWTPs can remove
many of these substances as well dbeir associatedtransformation and/or degradation products
(metabolites). However, some of these compoundsre poorly removed and, thus, can enter the
aquatic environment. Even though chemicalanalysiscan quantify single substances in the ng/L
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range, analytical methods only cover a small fraction of the known substances In contrast,

ecotoxicological tests (bioassays) allovan integral assessmentf the negative effects(including

potential mixture effects) of environmental samples on specific test organisms which are
assuned to be representative for the respective environmental compartment Bioassayscan
either be conducted with aquatic species from different trophic levels (in-vivo tests e.g., with
algae or aquatic plants, small crustaceans, or fish) or with cellell cultures (in-vitro tests e.g.,
with genetically modified yeast cells, human cell cultures or bacteria). Bioassay can be
conducted with either native or enriched samples (e.g. byusing solid phase extraction).

Wastewater treatment with ozonation results in the oxidation of APIs and other potential
ecotoxicologically relevant substancesand can result in a reduction oftoxicological properties.
For example, it is well known that ozonation results in a strong decreaseof estrogenic potential
(up to 100%), which can be caused by e.g. hormon&and can be seen irFigure 2 (left). However,
ozonation can alsocreate TPs and OBP¢hat might be even more toxic than the original (parent)
substance. Some studies have shown a negative impact of ozonationwhen using specific
bioassays (e.g. mutagenic effects1 bacterial genomeswith the Ames YG7108est)™ which was
alsoobserved in the CWPharmaproject when using strongly enriched samples(Figure 2, right).
However, such negative effects can be reduced/removetly a biological posttreatment*°*such as
deep-bed filters, constructed wetlands ora GAC filter (Figure 2, right) *° Thus, it i s recommended
to operate an ozonation plant only in combination with a suitable biological or adsorptive post-
treatment.

For assessing the impact of single treatment stges (ozonation, posttreatment), it is
recommended to only use ecotoxicological teststhat can provide reliable systematic results.
Based on the evaluation of 17 different bioassays within the CWPharma project, it is
recommended to use aset of bioassaysthat covers mutagenic effects, estrogenicity, and
bioluminescence inhibition (unspecific toxicity). Egecially when comparing different post-
treatment types, 100 or 1,000 fold sampleenrichment is recommendedto obtain clearer results.
More details on this topic are availablein the GoA3.3CWPharma report™

3 YES test (Estrogenicity) 25 -
10-fold enriched samples
Campaigns Berlin

Ames test (YG7108, - S9)
1000-fold enriched samples

ol all el sliv 8V Campaigns Berlin

al all @i av av

Estradiol equivalents (ng EEQ /L)
Mean mutant induction factor

E— n.d. nd. n.d. n.d. nd.

Influent O3 Effluent O3 cw S/BAC S/A S/A + GAC Influent O3 Effluent O3 CcwW S/BAC S/A SIA + GAC

Figure2: Estrogeniqleft) and mutagenic potential (rightleterminedfrom samplesof the Berlin ozoa pilot-plant with
different posttreatments: constructed wetland (CW), sand/biological activated carbon filter (S/B&Cyvell as a
sand/anthracite filter (S/Ajhat was followed by a granular activated carbon filter (GA@papted from GoA3.3 repdft
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Fullscale ozonatiorat WWTPs

Ozonation plants are located after the secondary clarifier and consist of anozone production
unit, an ozone injection and reactor, an offgas-treatment, and a post-treatment (seeFigure 3).

#( w0 >

Residual ozone
destruction

o

Secondary
clarifier

1’ Ozone injection
and reactor

Post-treatment
(e.g. filter, ...)

Ozone
production

— \Nater
- = Oxygen
LOX Evaporator Ozone generator Ozone

Figure3: Scheme of a fulicale ozonation plarthat consist of an ozone productiamit, an ozone injection and reactor, an
offgastreatment, and a postreatment.

Ozone production

Ozone is always producedon-site by an ozone generator that transforms oxygen molecules into
ozone (e.g. principle of silent electrical discharge). Typically, ozone concentrations of up to 15
wt% (225 gQ/Nm3) can be achieved, meaning that the product gasstill mainly contains oxygen.
The ozone production is energy intensive (10 kWh/kgQ) and exothermic. Thus, about 90% of
the used energy is converted into heat that has to b removed by a cooling systemAt full -scale,
oxygen supply is usually covered by liquid oxygen (LOX provided by an external supplier and
stored on-site in insulated tanks. Prior to its use in the ozone generator, LOX is converted into
its gaseous staten an evaporator.In some case®xygen concentrators, which extract the oxygen
directly from the local ambient air by pressure swing adsorption (PSA)can also beused.
Compared to PSAsLOX requires less space, allows a higher flexibility of the gas flow, has a
better process stability, and is often preferable from an economical point of view.

However, LOX hasto be delivered on a regular basis, whereas PSA units aiadependent of
external deliveries. Oxygen purity needs to be in line with the specifications of the ozone
generator. Traces of nitrogen (0.1z 1.0 vol%)might also be added to the oxygen to maintan
efficient ozone generation.

The design ozone dos€D qim, MgO4/L) can be determined by the DOC specific 0zone dos€Dpoc,
typically between 0.3 and 0.9 mg@mgDOC) and the DOC concentration (Cpoc, mg/L) at the
ozonation influent (Eq.J). Additional ozone consumption by nitrite canbe considered by filling
in the expected nitrite levels (Cnivite, Mg-N/L) . The range of the required ozone production
capacity (& , gOs/h) can be determined byapplying the minimum and maximum water flow
(Quater, m3/h), and the design ozone doseat Eqg. 2. Likewise, the range of the oxygen gas flow
(b, m3h) can be determined by applying the ozone production range and the ozone
concentration in the product gas (Cosproductgass, 90s/mM3) at Eqg. 3.

Design ozone dose $ $ # o8 0 O Eq.1
Ozone production a 0 2’0 Eq.2
Oxygen flow 0 a T6 ; Eq.3

For easier adaptation to different flow ranges and redundancy, lhe overall 0zone production can
be provided by several ozone generatorthat are operated in parallel.
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Ozone injection and reactor

The ozone containing product gas is typically injected into the water via diffusors or a side
stream (venturi) injection. Ozone resistantdiffusors (e.g.ceramic) are located at the bottom of
the ozone reactor, smilar to the aeration tank of a CASsystem The ozone containing product
gas is tren introduced into the water via fine bubbles. For good gaswater transfer, the reactor
depth should be at least five meters.To design the diffusor injection system,the range of the gas
flow at the lowest and higheg ozone demand must be known. During low ozone demand (e.g.
night time), gas flow can be significantly lower than usual. As diffusors require a minimal gas
flow, it might be necessaryeither to shut off some diffusors (risk of water and/or suspended
solids intrusion ) or to lower the ozone concentration of the product (increase specific oxygen
and energy consumption). At a side-stream injection system, a booster pump pushes a part of
the ozonation influent (or effluent) into the ozone injection system, where a local low pressure
is created by the venturiprinciple sucking in the product gas. The ozor containing side-stream
is then mixed with the full -stream. For good mixing either static mixers (e.g. WWTP
Kalundborg) or radical diffusors (e.g. WWTP Linkoping) can be used.Sde stream injection
allows higher flexibility of the gas flow and can be easier tomaintain, as the most relevant parts
of the system are located outside of the ozone reacto However, venturi systems have a higher
energy consumption (booster pump) and are associatedwith the risk of increased bromate
formation due to higher local dissolved ozone concentrations.

The main purpose of the ozone reactor is to provide asufficiently long hydraulic retention time
(HRT) for the ozone reaction to be completed sothat no gaseous andesidual dissolved ozone?®
can leave the reactoruncontrolled . Thus, the reactor must be gastight and dl materials in
contact with ozone must be ozone resistant (e.g. stainless steel, concrete without an organic
coating). It should be highlighted that the reactor volume and the HRT do not have an effect on
the overall API elimination. However, insufficient mixing of the product gas with the water
stream and short circuits in the reactor should be avoided otherwise some water may be
insufficiently ozonated (reducing the overall API elimination ) or dissolved ozonemay be present
in the reactor effluent (e.g. at high flow situations). The overall ozone reactor volume (Vreactor,
m3) can be calculated based on the maixnal flow (Q max, M3/h) and the minim um HRT (HRTmin,
h) that is sufficient for a complete ozone depletion:

Reactor volume 6 1 z(24 Eq.4

Minimal HRT is typically between 15 and 30 minutes~or ozone reactors witha common reactor
design (e.g.existing plants) a minimal HRT of 20 minutes is recommend. However, as tme for
complete ozone depletion depends on multiple parameters such as the gpied ozone dose,
DOC, nitrite, pH and water temperature, also a lower minimal HRT is possible (e.g. WWTP
Aachen-Soers(DE): 12 min HRT at0.5 mgOs/mgDOC). A higher pH and water temperature will
result in a faster ozone depletionand viceversa. Thus, the ozone depletion rate will be different
in the summer than in the winter. When aiming for a low HRT (< 20 minutes) it is recommended
to perform lab-scale testswith the local water matrix to determine the time for complete ozone
depletion (tgep., Min) at varying boundary conditions. The minimal HRT can be derived by
dividing t 4ep. by the empirically determined factor of 0.35' Addition ally, computational fluid
dynamics (CFD) simulation s can be used to identify the optimal ozone reactordesign (see also
GoA3.1 reporf). Even though most full -scale plants use a reactor withmultiple compartments
(e.9. WWTP Linkoping (SE) WWTP Neugut (CH)), other reactors without them do exist (e.qg.
WWTP Aachen-Soers(DE) or WWTP Duisburg-Vierlinden (DE)) . So far, there is no agreement
on what reactor design is the most optimal.

% This is in contrast to the application of ozone for elgnking water disinfectionwhere a certain residual
dissolved ozone concentratian the reactor effluent can be desired.
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Residual ozone destruction

Due to the toxic nature of ozone, all gas that leaves the ozone reactor (offgas) must be treated
by an ozone destructor that converts theresidual ozone to elemental oxygen. Ozone destructors
use either heat or a catalyst material.In a thermic ozone destructor, offgas must have a
temperature of 350°C for at least 2 seconddn a catalytic ozone destructor, offgas is preheated
(40° - 80°C) to avoid condenstion of water vapour on the catalytic material (e.g. metal oxides
with a Cu/MnO basis or palladium), which could destroy it. Both ozone destructor types can
destroy safely ozone and require low maintenance. Differencesbetween them are that more
energy and more effort for insulation is required for the thermic ozone destructor, whereasthe
catalyst ozone destructor can be negatively impacted by water vapour or other substances that
are toxic to the catalyst (e.g. halogenssulphur-containing substances, nitrogen oxides).

For safety, offgas should be evacuated from the ozone reactor by maintaining a loypressure
after the ozone destructor. However, if the flow of the product gasis lower than the flow of the
offgas, ambient air will enter the ozone reactor via the mandatory safety valve and dilute the
ozone concentration of the offgas. If the flow of the offgas is hot measuredthen it is not possible
to precisely calculate anozone mass balancé

Ozonation post -treatment

Besides the desired API elimination, disinfection and reduction of certain ecotoxicological
endpoints (e.g. estrogenic activity), wastewaterozonation alsoresults in the formation of OBPs
(e.g. bromate, NDMA) and TPs Occasionally, an increasel ecotoxicological potential (e.g.
mutagenic effects) has alsobeen reported'® > To reduce possible ecotoxicological effect¥” *%and
the concentration of certain OBPs (e.g. NDMA),an ozonation plant must be followed by apost-
treatment, either biological or adsorptive. A biological post-treatment can be achieved by
different options, such asdeep-bed filters (e.g. sand/anthracite, biological activated carbon),
MBBRs,or constructed wetlands. Alternatively, an adsorptive posttreatment (e.g. GAC) can be
used, which usuallyoutperforms biological filters regarding the removal of TPsbut is associated
with higher costs.

An overview of WWTPs with full -scale ozonation along with their post-treatment options is
shownin SI-Table 1, but it should be kept in mind that sometimespost-treatment already existed
prior to the construction of the ozonation plant.

Operational aspects

In this section, certain operational aspects that should be considered during the planning and
operation of an ozonation plant are briefly described

Operation al safety

Given the properties of ozone (nhalation of more than 10 ppmcan be lethal) and oxygen
(supports combustion), ensuring a safeworking environment is very important. Relevant places
(e.g. room with ozone generator), should be equipped withambient ozone and oxygen sensors
In caseleakage is detectedsafety measures must be triggered (e.caudible and visible alarms

forced ventilation, shut down of ozone generation etc.). Addition ally, staff working at the

ozonation plant need to wear portable ozone gas sens®. The power transformer of the ozone

generator creates a ligh pitched noise anda magnetic field, therefore ear protection is required

and peoplewith pacemakersmust stay away.

All materials that may comein contact with ozone must be ozone resistant (e.g.stainless steel

and PTFE). LOX carstrongly react with fatty compounds (e.g. bitumen in asphalt). Thus, LOX

tanks have to be mounted on a suitablesupport (e.g. concrete plate surrounded by gravel and
grasy’.
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Cooling system

If process wateris usedfor the cooling of the ozone generation system, film growth and
particles can significantly decrease the cooling water flow and reduce the heat transfer capacity
of the heat exchanger. As a result, energy consumption increases while ozone production
decreases. To avoid blockages strainer and a selfcleaning filter system can be installed.Small
amounts of ozone canalso be added to reduce biofilm growth in the heat exchanger.

Foaming

At the WWTP Link6ping, foaming problems occurred in the pilot - and full-scale plantoperation
during periods of high turbidity . The foam was assumed toconsist of lysed biomass and
dissolved foam-forming compounds. Therefore, a water spray was installed in the offgas pipeto
avoid its filling with foam’. Foaming issues &o occasionally occurredat WWTP Kalundborg
and therefore an anti-foaming agent is addedto the influent chamber of the MBBR.

Online measurements

Ozone concentration in gas (e.g. product gas, offgastan be measuredby UV absorption (e.g.
254 nm)and usually do not require regular maintenance.Dissolved ozonecan bemeasuredwith
amperometric electrodes or by color abatement of substances like N,N-Diethyl-p-
phenylendiamin (DPD) or indigo. However, online sensors for dissolved ozone at WWTP
ozonation plants often require notable maintenance and sometimes do not work as intended.
Thus, considering their integration into the ozonation systemshould be checked carefully
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Activated carbon

The following sections give a brief overview on the basics of activated carbon angtlevant water
quality parameters. Addition ally, the technical application of activated carbon processest full -
scaleis described along with details regarding operational aspectsto consider.

Basics

Activated carbon (AC) is used for decades in the drinking water production to remove
xenobiotics such as pesticides or chlorinated solvents and can besed toremove APIs at WWTPs
through interactions of the compoundswith the hydrophobic AC surface (adsorption). AC is
commercially available as granulated (GAC) or powdered (PAC) products, which differ in the
size of the AC grains. A typical range for the diamete of a GAC grain is 0.5 2.5 mm, whereas
PAC grains are much smaller @.005 z 0.1mm). AC is generated from carborcontaining raw
material (e.g. coal, lignite, wood, etc) by chemical or thermal activation, which creates a
structured inner pore system cortaining micro pores (0.4 Z 2 nm), mesgores (2 z 50 nm), and
macropores (> 50 nm). In general, micropores contributethe most to the overall high specific
inner surface (5007 1500 m2/g AC) However, a certain amount of macropores isalso required
to enablethe target substances to physically reach the micropores. The distribution between the
different pore sizesdepends on the activation processas well ason the raw material used and
is therefore product specific. In contrast to PAC, which is always incinerated, loaded GACcan
also bereactivated. During the reactivation process about 10- 20 %of the GACis lost (e.qg.fine
fractions from de-dusting and sieving) and must be replacedwith fresh GAC.

The overall APl removal by AC depends on multiple parameters: (1)the concentrations and
chemical characteristics of the APIs, (2)the dosage andthe characteristics of the activated
carbon used (e.g. pore size distribution, spec. surface), (3}he contact time between water and
activated carbon, and to alesser extent (4) the water temperature and pH value. Whether a PAC
or GAC process is more appropriatefor a specific WWTP depends on several local specific
aspects such as existing / unused infrastructure, sludge disposal routes, water maix, and API
elimination target. Non-polar, hydrophobic, and small molecules (e.g. carbamazepine,
benzotriazole) are usually well adsorptive in contrast to polar molecules (e.g. gabapentin,
sulfamethoxazole). Substances with a highmolecular mass such as xray contrast media, are
alsopoorly adsorptive, astheir size prevents them from reaching the micropores. To characterise
the adsorption capacity of the different AC products, indicator parameters such as the BET
surface, iodine number, nitrobenzene number, and adsorption of methylene blue or molasses
onto the AC can be quantified. However, studies have shown that these indicators only provide
a very rough estimate of theactual adsorbability of APIsonto the AC in the complex wastewater
matrix '’ Thus, to determine the required dosage lab-scale experiments with the local water
matrix and different AC products are recommended. Adsorption tests for PAC can be conducted
in simple batch tests'**® whereas GAC products can be evaluated in rapid sma#icale column
tests (RSSCTH.

Relevant water quality parameters foactivated carbon processes

The most important water quality parameter is the DOC, as other organic substances compete
with the APIs for the activated carbon adsorption sites. Thus, the PAC dosagean benormalized
to the DOC concentration (typical rage is 1z 2 mg PAC/mg DOC). Likewise, GACmust be more
frequently replacedin the presence ofelevated DOC concentrations.Depending on PAC dosage
and if PAC is returned tothe CAS, DOC at the WWTP effluent can be reduced by 30% 5094~

Nitrogen compounds such as ammonia, nitrite, and nitrate as well as phosphate are not
absorbed by AC. Howeverphosphate concentrations in the WWTP effluent canbe impacted by
the coagulant used to improve the PAC retention.Total suspended solids will also be reduced
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by the final PAC retention (filtration ) stage.Treatment with AC alsoresults in adecolourisation
of the wastewaterdue to the organics removed

Fullscale PAGt WWTPs

Generally, PACtreatment consists of aPAC storage and dosing stationacontact tank where the
PAC is mixedinto, and a separation stagavhere the loaded PAC is extracted from the water. As
a contact time of more than 24 h is necessary to tili se the full adsorption capacityin a single-
stage PAC process, a decoupling of the hydraulic and PAC retention time is required. This can
be achieval either by PAC enrichment within the separation stage (e.g. filter) or by PAC
separation and recirculation back into the contact tank. PAC recirculation results in a very
efficient use of the PACdue to higher loading, when the partially loaded PAC is transferred to
water containing a higher organic background, which causes additional adsorption due to the
increased concentration gradient.When PAC is recirculated into the main biological treatment,
PAC particles will end up in the activated sludge.Therefore, excess sludge cannot be disposed
on agricultural fields and must be incinerated. The final PAC separation stage must be designed
for a full-stream treatment to avoid PAC patrticles in the WWTP effluent, even ifthe PAC stage
itself is only designed for treatment of a partial flow (e.g.maximal dry weather flow). Based on
reported experiences$?, PAC in the activated sludge does not negativig impact the biological
processes.The dudge volume index was either not affected or showed slight improvement,
which was attributed to the density increase causedby the attached PAC patrticles. Depending
on the applied PAC dosage, an increase of the overall sludge amount byz410% (dry matter) can
be expected.No significant impact s were reported on the dewatering of the PAC-containing
excess sludger on the overall biogas production of the digester.

As indicated in the schematic overview(Figure 4), three different PAC processes areurrently
usedat full -scale: simultaneous PAC dosage, PAC dosageor to a filter , and using a separate
PAC contact reactor(QJImer process).

secondary
New PAC cAs clarifier filter
1
|
|
A J@
return sludge
water from filter backwash — excess sludge
New PAC
1
I
|
B QL
return sludge
water from filter backwash — excess sludge
New PAC contact reactor sedimentation
1 1 1 1
I | |
C | =
1 1 1
return sludge return PAC
excess PAC
water from filter backwash — excess sludge

Figure4: Schematic overviewf different PAC processes that have been applied asdalle plants: A3imultaneous PAC

dosageB) PAC dosage priorto afilteandQa SLI N>F ¢S t 1/ O2y il OG NBFOG2NI 64! f YSNI LINR
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Simultaneous PAC dosage into the biological treatment stage is an eag/ way to implement a
single-stage PAC treatmentand canbe an option for small WWTPs or WWTPs with very limited

space PAC attaches to the sludge flocks so thatit is not freely floating around in the water.

Therefore, PAC can only reach the WWTP effluentwhen there is insufficient sludge retention.

However, for safety a final polishing filtration can be implemented. Loaded PAC isremoved
along with the excess sludge, sthe averagecontact time of the PAC issimilar to the sludge age.
There is no need for acoagulantto enhance the settling of PAC/sludge flocks in the secondary
clarifier. Backwash waterfrom the final filtration process is sentbackto the biological treatment

stage. Compared to other PAC processes, investment costs are lgvas no additional contact

tanks are required. Compared to the other two processes, a highePAC dosage igequired to

achieve a similar APl removal.This process was investigatedt full -scaleat two WWTPs, but is
currently usedin only one WWTP (S-Table 4).

PAC dosage prior to a filter is a two-stage PAC process which PAC is added prior to the final
filtration process, with or without using a separate contact tank.In case a deegbed filter is used,
PAC accumulates within thefilter bed over the filter runtime , which increases the PAC contact
time. For a more effcient PAC usage, filter backwash watercan be transferred into the main
biology where it is removed via the excess sludgeThis process was tested at fullscaleat four
WWTPs and is currently used at three WWTPs in Germany and Switzerland (S-Table 4).
Typical PAC dosage is 2 2 mg PAC/mg DOC.

SADAOAOA 0! # Al Uidnér AraresO® Gsds @i additipnél separae PAC circulation
system and is thusthe most elaborate but also most space consuming PAC process. In principle,
fresh PAC is continuously added into the contact tank remains there for a certain time (minimal
HRT variesin the range of 30 to 60 minutes?), and is then usually extracted by asedimentation
stage and recirculated back into the contact tank. Due to the recirculation, high PAC
concentrations of 1z 10 gPAC/L can be achieved within the contact tank’, The PACsludge
remains in the contact tank for severaldays until the excess PAGIludge issent back tothe main
biological treatment stage There,the PAC is extracted from the systemalong with the excess
sludge of the secondary clarifier. Currently, the Ulmer processs used in 16 WWTPs in Germany
and Switzerland (S-Table 4). In most casesa combination of clarifier and dual-media filter
(sand/anthracite) is usedfor PAC separation Typical PACdosage is ¥ 2 mgPAC/mg DOC.

PAC separation

Independent of the PAC process used, discharge of PAC from the WWTP into the aquatic
environment must be avoided at all times. Depending on the process used, one or two PAC
separation systemsare required that can handle different total suspended solids (TSS)
concentrations (e.g. 5z 30 mg PAC/L at the final filtration stage or 1z 10 gPAC/L at to Ulmer
processcontact reactor®). Separation systems cangenerally be dassified into: sedimentation,
deep-bed filtration (e.g. dual-media filter, continuously operated filter), and surface filtration
(e.g. membranes, clothfilters, microsieves). The subsequent sectionprovides a brief description
of the suitability of the different PAC separation systemswhich is also summarized inTable 3.

Sedimentation in a clarifier can be usedin the Ulmer processafter the PAC contact tank but
not asfinal filtration stage because small amounts of PAC will always slip through.The darifier
should be able to maintain a minimum HRT of more than 2 hours at maximal flow (specific
vertical flow < 2 m/h). If lamella separators are appliedin the clarifier, the minimum HRT can
be lower. For improved settling of the PAC,a coagulantand polymer dosng are used.

Deep-bed filtration includes conventional filters with single (e.g. sand) or dual media (e.qg.
sand andanthracite) as well ascontinuously operated filters (e.g. DynaSand® Deep-bed filters
can be used asfinal polishing stage, but are not able to handle the high TSS concentratiors of
the contact reactor of the Ulmer process For sufficient PAC separation in these filters, a
continuous addition of coagulant (e.g. 0.2z 0.5 mg Al/L or 0.5z 1.0 mgFe/L) is required, which
also results in an enhanced phosphorous removaf. Depending on the local boundary
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conditions, filter velocities and the filter runtime until backwash vary between 5z 16.5 m/hand
17 3 days respectively’.

Ultrafiltration =~ membranes do not require any additional chemicals (e.g. coagulats) for
complete PACremoval and can alsoreject microorganisms. Thus, membranescan be usedasa
single stage filtration after the contact tank of the Ulmer processinstead of e.g. a clarifier / filter
combination (submerged membrane)or could also be used as final polishing stag€pressurized
membrane, deadend modus). Until now, PAC rejection by membranesat WWTPs has only been
tested at pilot -scale?*

Cloth filtration  is available asa disc or drum filter and can be used asa final polishing stage if
very fine fibres are used Adding coagulant prior to the cloth filter result s in a lower turbidity,
but decreases filter runtime due to more frequent flushing. However, cloth filtration cannot be
used directly after the PAC contact tank at theUlmer process,as it cannot handle the high TSS
concentrations.

Microsieves can neither handle the high TTS concentrationsin the effluent of the contact tank
of the Ulmer processnor can they achievethe required retention as a final filtration stage?®,

Table3: Overview of thesuliF 6 At Alié 2F (SOKy2f23Aa8a (KIFG OF ymerproassSR T2 NJ t
contact tank and as a final polishing stage at the WWTP effluent. * currently not usedsodiell

Technolo At effluent of the Ulmer At the WWTP effluent
9 process contact reactor (final polishing)

Sedimentation + -
Deep-bed filtration - +
Membranes + +
Cloth filtration - +
Microsieves - -

Operational aspects for PAC processes

Even though PAC itself isflame-resistant, there is a riskthat the fine PAC powder can cause a
dust explosion if there is also a ignition source Potential explosive conditions can occur e.g.
during filling/emptying of the PAC silo, wetting of the PAC , or during cleaning. In big PAC silos,
the steady exothermicPAC oxidation reaction can createembers and form carbon monoxide?
Thus, appropriate measures and according national regulationgnust be carefully adhered ta
Potential sources of ignition should be avoided (e.g. no open flames, lightning protection,
grounding of the PAC truck via the PAC silo during thefilling procedure, etc.). PAC silos can
alsobe monitored (e.g. temperature, carbon monoxide at the offgas) and measures tensurean
inert atmosphere inside the silo (e.g.flooding with carbon dioxide or nitrogen) can be takerf

At full -scale, PAC is usually stored in siloghat should have at leasta size 0f85 m3 to be able to
store the full load of a PAC delivery truck even if there is still some PAC left over in the sil&.
For the dimensioning of the silo volume, it should be kept in mind that the density of the filled
in PAC is usually lower than the storage density provided by the supplierA PAC density of 0.3
kg/L can be assumedas a reference valu&. After filling in the PAC, a free space of 10% 15% of
the silo height (cylindrical part) should remain on top of the PAC*

The silo is fill ed using pressurized air. It is possiblefor foreign matter to be in the PAC of the
PAC delivery truck, which can cause damages/clogging of the PAC dosing unit. Thus, it should
be possible to insert a sieve between the filling hose of the PAC truck and the filin connection
pipe of the silo. The silo should be equipped with a levelsensor to avoid overfilling the PAC silo
and the display of the filling height should be visible close to the fill-in connection pipe?

PAC is hydrophobic and thus must be wetted prior to introduction into the WWTP via a water-
jet pump. The water velocity of the PAC dosing pipe shouldbe > 1 m/s to prevent PAC
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sedimentation. For a precise PAC dosage, PAC feeding should be done by mass (gravimetrically)
and not by volume, as the PAC density can vary by a factor of?2

For the PAC tender procedure at full-scale, requesting a sample referenceand defining clear
guality criteria for the PAC is recommended, sinceadsorption characteristics might differ even
for the same PAC product type Quality criteria canbethe water content of PAC (dried at 150°C)
or the reduction of DOC and/or UVA 2s4in a 24-h batch test. A quick quality check can be done
by determining the removal of UVA;s4 by the PAC in the local water matrix, as this surrogate
correlates well with API reduction®”?* ®and the test can be conducted at an onsite laboratory
using a simple UVphotometer. Each PAC delivery should becrosschecled with the PACsample
referenceand, if quality criteria are not met, the vendor should be liable for compensation.

Fullscale GAC at WWTPs

GAC s mainly used in deepbed filters, which are a simple and robust processthat does not
impact other parts of the WWTP. In theory, GAC adsorption capacity for a certain AP§
decreaseswith a gradientin the flow direction of the filter % The APl adsorption occurs primarily
in the mass transfer zone (MTZ), which is located between the loaded (influent) and unloaded
(effluent) GAC. In the MTZ a sufficient concentration gradient as well as adsorptiorsites remain
so that the APIs can attach onto the GAC. Unless the MThas reachedhe end of the GAC filter,
the APl in question will be completely removed from the water. It should be noted that the GAC
is mixed during filter backwash andtherefore the loading zones are disturbed Thus, GAC filters
should be operated with water containing low amounts of suspended solids(< 20 mg/L) to
reduce backwash intervals. As soon as the MTZ has reached the end of the GAC filter, the API
breaks through and its removal will continue to decreaseuntil the GAC is replaced byfresh or
regenerated GACBased on experiences in SwitzerlandACfilter material should be exchanged
after 20,000 to 30,000 bed volumes to meet the Swiss API elimination goal80 %aemoval of
indicator substances in the overall WWTP proces$*. No significant differences regarding API
elimination and exchange frequency are expectedetween fresh and reactivated GACbut the
latter is usually cheaper and has a lower carbon footprint®. GAC exchange frequency depends
on various factors such aghe target APIl, GAC characteristics (e.g. type, size distribtion, etc.),
and the DOC content of the water. Rapid small-scale column tests (RSSCTJ° can be used to
identify differences between GAC types (e.g. API elimination). However, some aspects that are
relevant for a full-scale application might not be covered sufficiently by the RSSCTs (e.g.
biological processesjmpact of overall filter runtime). Thus, piloting activities with a filter (same
layers than the full-scale filter, 20z 40 cm inner diameter, test of new and reactivated GAC) can
provide useful results?

The two most important parameters for the design and operation of a GAC filter are theempty
bed contact time (EBCT, min) and the bed volumes treated (BV, no unit). The EBCT represents
the average time the waterflow (Q, m3/min) needsto passthrough the (empty) filter bed volume
that is defined by its filter surface area (Aier, m?) and height (hcac, m). The BVis determined by
dividing the cumulated water volume treated with the same GAC (Vieaed, M°) by the volume of
the GAC (Veac, m®) and represent anormalised filter runtime that can be used to compare
between variousGAC filters in different WWTPs. Both parametels can be calculated using the
following equations:

Empty bed contact time (EBCT) ‘O06 6 Y- - Eq.5

Bed volumes (BV) 0w —— Eq.6

In principle, GAC filters can be designed as gravity driven filters (discontinuously or
continuously) or as pressurized filters, and areemployed after the secondary clarifier (Figure 5).
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Figureb: Schene of a fullscale GAC process

With a filter bed height between 1.5 and 2.5 nand a filter velocity between 4 and 7 m/h, the
EBCT should be at least 20 minute®. The total height of the fil ter must provide sufficient space
for 20% to 25% expansiorof the filter bed and some safety buffer (e.g. 20z 40 cm) during
backwastf* % The GACgrain size should be adjusted tothe TSS level of the water. The hiber
the TSS concentrations, thecoarser the GAC grain sizeshould be to avoid filter clogging and
more frequent back flushing. Suitable grain size distributions are: 0.6- 2.4 mm (TSS <5 mg/L),
0.8z 2 mm (TSS between § 10 mm), and 1.2 2.4 mm (TSS > 10 mg/Ll%}. Alternatively, a pre-
filtration stage can be considered.Usually, the filtration stage is subdivided into several filter
cellswith an additional filter cell for backup (e.g. maintenance, during GAC exchange at another
cell). Having at least four filter cells (incl. backup) will allow adjustment of filter operation to
varying flow conditions?®. GAC exchange frequency can be reduced if GAC filters are operated
in parallel at different bed volumes (time shifted start-up of the GAC filters). The reduced
performance of one filter cell can then be compensated by the other ones and the overall API
elimination at the effluent of the GAC filtration stage can still be within the defined target. In
case pressurized GAC filters are used, filtes can be operated in seriego obtain simultaneous
TSS removal (primarily at first filter cell) and API elimination %

Another interesting but yet not well-investigated option is the use of GAC in amoving bed
reactor (e.g. CarboPlus®) In principle, pre-wetted GAC with an average size of 0.5 mm iadded
batch-wise (e.g. once a day) into a reactor that is operated in an upflow direction with a velocity
between 7z 15 m/h (max. 20 m/h).Due to the flow, amoving GAC bed of about 2.2 m establishes
Typical GAC dosage is 2 mg GAC/mg DOCLoaded GAC is removed from the bottom of the
reactor weekly, which results in a GAC age between 80 and 100 daysElevated TSS
concentrations (e.g. sludge drift) can result in its accumulation in the moving bed and should
be avoided. As thefine fraction of the GAC is removed before GAC addition to the reactor, it is
not expected that an additional postfiltration is necessary. Nevertheless, bed height and
turbidity in the effluent should be monitored online. Even though only one full-scale plantis in
operation so far, several WWTPsapparently intend to use this process in the future (SI-Table 3).

Operational aspects for GAC processes

GAC filters can be operated topdown or bottom -up, which also affects the choice of the filter
nozzles. In the first case, big particles cannot reach and clog the nozzles so their slits should be
smaller than the smallest GAC grain size. In the other casejozzle slits must be wider (e.g. Iz 2
mm) to avoid clogging by particlesfrom the secondary effluent and the filter should be operated
with a support layer to avoid fine GAC particles sliging through backwards. Coarse GAC should
be used for that support layer instead of grave] as it might eventually end up in the GAC
reactivation process?

In principle, existing filters can be changed into GAC filters. However, filter modifications as
well asadaptions of the back-flush procedure with air and water can be required If new filters
are constructed, it should be checked how the future filling and emptying procedure can be

4 https://micropoll.ch/iverfahren/aktivkohle/gakverfahrensfuehrungenaccessed 26.11.2020
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conducted in the best way to reduce requiredpersonnel effort (e.g. by integration of required
pipes and connectors for ingctor systems used to extract the GAC from the filters¥. From the
practical point of view, filter cells should be adapted to the load capacity of the GAC trucks that
will transport the GAC (delivering, disposal). Note that the specific weight of wet GAC is about
double that of dry GAC?®. Each filter cell should be equipped with a flow meterto determine the
treated bed volumes accordingly. Level sensors can be used to adjust the water level within the
filters and can be used in combination with pressure sensors to measure the pressure difference
within the filter. The pipe for the pressurized air should be equipped with a central pressure
sensor>

After filling the filter with new, dry GAC the GACshould be wetted for several dag so that the
pores will be filled up with water before the first backwashwith water is conducted?? Some parts
of the GAC might swim up and have to be removed by the flushing procedure,which should be
pre-emptively specified by the suppliers. Water used for wetting can have a high pH due to the
ashes in the GAC (especially GAC reactivates)

Operation of the GAC filters as acoagulation filtration stage for an enhanced phosphorus
removal is not recommended, as it hasa negative impact on the GAC reactivation process and
the TSS load is strongly increased, whichiesults in more frequent filter flushing .

GAC tender/billing should be done by volume instead of mass by using the following
procedure? fill GAC in the filter, water it for up to three days, and conduct a light filter -flushing
with water to remove very small GAC patrticles After that: GAC volume is calculated by filter
surface area and filter bed height €ither by operator and/or vendor). This procedure has some
advantages for the WWTP operator: dust, too small grains and GAC swimming on top are
removed and therefore not billed. Also, watercontent of GACit than not relevant.
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Moving bed biofilm reactors(MBBR)

Basics

MBBRscan remove APIs from wastewater via metabolic reactions within the biofilm . Ideally,
APIs are either mineralised or incorporated into the biomass. The biomass in the biofilm is
considerably more able to removeAPIs than the sludge biomassfrom a CAS and can degrade
APIs that are believed to benon-degradable such as carbamazepirfé and iodinated x-ray
contrast media?®. In MBBRs the biofilms arelocated on plastic carriers @diameter is typically 1to
5 cm) suspended inthe water. In this way, MBBR operation is similar to active sludgereactors.
The operation of an MBBR depend on the biomass/volume and the surface area/volume The
higher the biomass andthe surface area, the higherthe expecied API removal, compared to
otherwise similar reactors. However, balancing the feeding to build-up and maintain the
biomass and not to supply too much biochemical oxygen demand(BOD) can be challenging.
Compared to ozonation and treatment with activated carbon, MBBR operation has a relatively
low carbon footprint, as its operation requiresenergy primarily for the aeration.

Relevant water quality parameters

MBBRs are relative robust againsusual wastewater parameterfluctuation s (e.g. BOD, COD,
TSS, ammonia, nitrate, nitrite). However, high alkalinity can result in scaling on some MBBR
carriers (increasing weight), which then have a tendency to sediment in the tanks.The negative
impact of scaling seems to be less relevantor the most recent devdoped carriers (Z series of
AnoxKaldnes™ in contrast to K;and Ks, Figure 6).

Figure6: Z200 and K5AnoxKaldned") carriers for MBBRDiameter 25 cm)

Usually MBBRsrequire the addition of BOD (methanol, ethanol, or raw wastewater)to support
the biomassgrowth. However, somestudies investigated if MBBRSs that are operated after a CAS
and ozonation can also use hard COD as carbon sourceind removed APIsand/or ozonation
products successfully®*°,

Fullscale MBBR at WWTPs

Usage of MBBRs at fulscale is common in Scandinavidor nitrific ation and denitrification. As
shown in Figure 7, MBBRs in the context API removalcould be applied as:

i post-treatment after a high loaded CAS, which is used for BOand N management. In
this setup, the focus of the MBBR would be additional nitrification and API removal,

I mainstream substitute of a CAS to treat BOD, ammonia and APIs at the same time.
However, this setup would require an additional low loaded polishing MBBR or

1 ozonation post-treatment to reduce OBPs and TPsformed (see also ozonation
section).
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So far, full-scale MBBRsn the context of APl removal are only used asozonation post-treatment
(e.g. Kalundborg (DK)®, Linkoping (SE)’ or Warburg (DE)*9). Configurations 1 (CAS post
treatment) and 2 (mainstream MBBR)have only been demonstratedat pilot -scale.

\V/[2]2]%¢ .
1) API removal DIEETENTE
Staged MBBR \V/[2]2]%¢ .
2) BOD/N/API removal API removal DIEGIEGE
O, MBBR .
3) API rem. TP removal Discharge

Figure7: Potentialsetups ofMBBR reactors the context of API removal: 1) CAS gosgtment, 2) mainstream MBBR, and
3) ozonation postreatment.

A HRT of 6 to 10 hours in the MBBR is necessary tachieve a quantitative compound-spedfic
API removal®” *** and only in a very few cases HRTs of 4 h or less than 2 h were successful
removing APIS®. Individual studies have alsoreported a 90% removal of diclofenac during a 4
hour treatment in a pilot -scalesequencing batchreactors: however, the samereactors were less
successful for other APIS> *¢ Interestingly, API removal is often similar under aerated and
denitr ification conditions #. MBBR lab-scale tests conducted within the CWPharma project also
confirmed that APIs such as ibuprofen, valsartan,candesartan,and gabapentin have a haHlife
(time to reduce API by 50% of less than 5 hour$. In contrast, half-lives of other APIs such as
venlafaxine, tramadol, and diclofenac were more than 100 hourander the investigated settings.

Similar to ozonation, MBBR is areactive processhat eliminates target API via a transformation
process. Thus, metabolites formedm MBBRsare onlyincorporated in biomass or mineralized at
a later metabolic step.

In conclusion, MBBRs need further development before they can beecommendedas a standard
option for API removal.
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Monitoring of ozonation andACprocesses

This section briefly summarizes the usage of surrogate parametersor monitoring and process
control of API elimination technologies, discusseshow to monitor PAC retention, and lists
which bioassays should be used for an ecotoxicological assessment.

Surrogate paramete rs for monitoring and process control

Besides direct measurement of APIs at the influent and effluent of the API elimination
technology, surrogate parameters can be used for process control and monitoringThe easiest
way to monitor the performance of PAC and ozonation processess to determine the relative
UVA:zssreduction (y 5 624, which canbe calculatedusing Eq. 7:

3¢
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Eq.7
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Even though many studies show a clear correlation of the API elimination with they UVA2s4(see
also Figure 8), the slopes and intercepts can vary due to local boundary conditions. Therefore,
conducting doseresponse tests to get site specific correlations with the local water matrixs
recommended” 8, Within the CWPharma project, the reduction of fluorescence @fDOM) was
determined to be a possibleinteresting alternative to the usage of qglJVAzs4 (Figure 8).
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Figure8: Elimination of diclofenac, metoprolol and benzotriazmeparedo thereduction of UV&4d n | 2d4,!left) andthe
reduction of fluorescencer (f 5 h ighf) at ik ozonationpilot plantin Berlin Elimination was set to 100% in case effluent
concentration was belothe limit of quantification

They 5 62k, 0nly depends on the measurement of UVAzs4 (1/m) at the influent and effluent of
the API elimination stageand does not require any knowledge ®the current process conditions
(e.g. ozone or PAC dosagejiJVAzsais linked to changesin the organic background and not to
the APIs themselves as ther concentrations are very low Therefore, qdJVAzs4 is a suitable
surrogate for ozonation, PAC and probably alsofor the GAC moving bed process, however, it is
not suitable for long-term monitoring of API elimination in a GACfilter.

The UVA_s, itself can be measured either online orin a laboratory, as it requires only a UV
photometer. Prior to measurement in the laboratory, samples must be filtered (e.g. 0.45 um
cellulose syringe filter) to remove particles which influence the UVAzs. UVAzs4 Online sensors
usually have an automatic turbidity compensation that can be calibrated based on samples that
have been taken onsite and measured in the laboratory.UVA2s, online sensors do not require a
pre-filtration per -se, but it might help reduce issuesrelated to high TSS concentrations oralgae
present in the water. The previously mentioned surrogate parameterscan also be used in a
feedback control strategy that adjusts the dosagée.g. ozone, PAC)n a way that stablereduction
of the surrogate parameter and,consequently, the API elimination , is achieved.However, even
though tests at pilot- and full-scale plantssuccessfullydemonstrated the use of qUVAz. in a
feedback control, often the simple flow proportional dosage is used instead as potential benefits
(e.g. more efficient dosing) were not high enough to compensa¢ additional maintenance efforts
(e.g. regular cleaning of sensorg¢o avoid measurement errors due tofouling).
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PAC retention

Besidesthe TSS measurement, turbidity can be used as surrogate parameter for online process
monitoring of PAC retention. Considering varying turbidity behaviours of different PAC
products, monitoring the combination of TSS and turbidity is recommended A TSS
concentration of < 1 mg/L andaturbidity of <1 FNU should be achieveih the WWTP effluent?:
Samples from the WWTP effluent can be filtered with e.g. 0.5 pum glass fibre filters and then
simply visually controlled or compared to a reference (filtration of samples with defined PAC
concentrations)® %’

Ecotoxicological monitoring

Based on the findings in the CWPharma project, using a set of ecotoxicological tests that can
provide reliable systematic results for the evaluation of ozonation and posttreatments is
recommended. The set should cover the evaluation of mutagenic effects, estrogenicity, and
bioluminescence inhibition. Especidly when comparing different post-treatment types, using a
final enrichment factor of 100 or 1000 to obtain clearer results can be recommended More
details can be found in the GoA3.3CWPharma report™.
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API| removal byozore and activated carbon

Besides the water quality at the WWTP (e.g. DOC, nitrite, etc) and its biodegradability
(potential removal through biological treatment ), overall elimination of an APlata WWTP with
an API elimination technology depend also on

- the chemicalcharacteristics (e.gpolar/non-polar, reactivity with ozone and Otddicals)
- the chosenAPI eliminatiortechnology (e.g. ozonation, PAC or GAGH
- the specific dosage of PAC, ozooebed volumegreated (GAC)

In Table 4, the expected elimination for some micropollutants by PAC and ozoneis shown. Even
though some substances are well removed by bottiechnologies, removal of other substances
will strongly depend on the chosen technology. Thus, the API elimination technology must be

individually chosen according to the target of the specific WWTP.

Table4: Expected elimination of micropollutants for specific doses of 1 mg PAC/mg DOC and &@mgrnig@hased on lab
scale, pilotscale and fulkcale applications as summarizegiior worlé8. Note thatthe dosages will change the removahn
asterisk (*) indicates thathe substance is a metabolite/transformation product.

API / micropollutant Activated carbon Ozonation
Amisulpride
Carbamazepine
Citalopram
Clarithromycin
Diclofenac PRz R (et
Hydrochlorothiazide (& o)
Metoprolol
Tramadol
Venlafaxine
Benzotriazole
Irbesartan good z very good mo_deratez average
Oxipurinol * & o) J I 20
Candesartan
Formylaminoantipyrin € | moderatez average| goodz very good
Olmesartan i M z&0 %) (> 70%)
Sulfamethoxazok
Valsartan moderate 7 average
Valsartan acid" i M z&0 %)
. none 7 low moderate z average
Gabapentin (< 30 %) i M 280 %)

Process combinations

The combination of ozonation and AC processes is possible and cabe beneficial as the ACcan
reduce certain TPs and OBPsformed by the ozonation process In addition, o zonation reduces
the aromaticity, molecular size and hydrophobicity of the bulk DOC, which in turn reduces the
competition with APIs for adsorption sites at the AC (less AC requred)®. In addition, the
combination of ozonation and GAC filtration can significantly reduce the required GAC
exchange frequencyIn this combination, ozonation can be operated at a lower dosage, which
also reduces the formation of undesiredOBPs Combining two processescan affect the overall
complexity, costs, carbon footprint, and workload for maintenance and needs to be assessed
site-specifically. Currently, process combinations (ozonation + GACfilter) are used at full -scale
in two WWTPs (SI-Table 2).

26



Carbon footprint

Implementation and operation of API elimination technologies will increase the WWTP§ O
carbon footprint. Within the CWPharma project, a generic evaluation of the implementation of
an ozonation, PAC and GAC procesfeach in combination with sand filtration) was evaluated®.
In brief, overall global warming potential (GWP) can be subdivided into the impact of the
infrastructure (e.g. production of constructio n material), the electricity production as well asthe
production of LOX and activated carbon. In Figure 9, the country and technology specific
differences in the GWP can be seenThe differences in electricity production (e.g. hard coal,
natural gas, nuclear, wind) and DOC load of the WWTPsexplain the differences In brief, GWP
of ozonation relates primarily to the carbon footprint represented by carbon dioxide equivalents
(CO,eq Of the electricity production, whereas GWP for activated carbon processeslepend on
the DOC load of the WWTP, the PAC dosage and the exchange frequency of the GAC,
respectively. As it was assumed in the evaluation that the GAGs regenerated, it has a lower
carbon footprint than the fresh PAC asoverall energy consumption of the reactivation process
is lower than for the creation of new activated carbon.

Figure9: Global warming potential per countnormalizedonload (PE) for ozonation, PAC and GAC (each in combination with
a sandfiltration)4°.

Costs

The costs of an advanced treatmentechnology can be divided into capital expense (CAPEX)
and operating expense (OPEX). CAPEX includes costs for e.g. buying land, site preparation,
construction work, equipment, and capital interest, whereas OPEX intudes costs for e.g.
supplies (e.g. liquid oxygen, activated carbon), energyconsumption, and maintenance of
equipment. Cost evaluations are availablefor some countries (e.g. Germany, Switzerland,and
Sweden) However, msts related to construction (e.g. land, material, transport, labours, and
professionals) and operation (e.g. supplies, electricity, labours) can be distinctly different
between the countries.In addition, annual amount of wastewater per PE variestrongly between
the countries (e.g.median for South Baltic region:44 m3 PE*aand Nordic region: 80 m3/PE*a®).

Based ona compilation of feasibility studies and operating full-scale plants in Germany and
Switzerland, it was shown in a study? OEAO OEA ODAAE AE Af WWiTHAs @ithia AT 00O
similar size in the same country can varyby more than a factor of two.
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