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Controüing organic micropollutants üi urbon (waste}water treatment by activoted carbon odsorption and rnembrane techno!ogy

1 Scope and contents

This document in the form of a nionograph summarises the 50-minute seminar entitled “Controlling organic
micropollutants in urban (waste)water treatment by activated carbon adsorption and membrane technology”
prepared for submssion to Habilitation (“Provas de Agregação”) in Enviranmental Engineering at Instituto
Superior Técnico, Lisbon University, according ta point c), article 5 aí the Decree-law 239/2007, of 19th June.
The monograph presents the strategic vision and a sumrnary of the advances and state of the art inwhich 1 have u
been developing my research activity while frames my contribjtiãns in the global visioh aí this area.

The seminar differs from a lesson due to the intended content and format. Regarding the content, it is Ac 1.-
intenfionaily more focused on my research activity in the last decade and on the associated invited oral .1

communications than on the topic’s state-of-the-art, which is covered in the curricular unit “Advanced
management of urban water treatment”, also submitted to Habilitation. With respect to 0w it is more

expositive, and the students / audience will not be asked to participate (questions and answers) as they should
during a ‘normal’ lesson. This seminar is suited as part of a “Seminars’ curricular unit aí a Doctoral or Master’s
programme on Environmental engineering, Environmental sciences, Chemical engineering, or other related
areas.

Although it is not a lesson, coherently with the intended learning autcomes (knowledge and competences) of

the curricular unit, the seminar pedagogically fallows aprobiem-solving, data-based appraach. Therefore, it

starts by introducing a problem and then propases a solution whose prformance is assessed and benchmarked

against alternative solutions based on ah, pilot, and full-scale data.

The problem addressed is a current key chailenge to urban water systems, consisting of the “control of organic

micropollutant iri0 drinking water production,’urban wastewater treatment and Vwater reclamation for reuse,
summarised in the title as “urban (waste)water treatment”. The solution consists of using one ar a combination

of two best available technolagie for this problem, e., adsorption anta powdered activated carbon and law- z
pressure menibrane technolagy. These technolagies were selected based on the follawing criteria: minimisatian

of the health and enviranmental risks associated with the patential formatian af undesired byproducts,
minimisation af energy use, and flexibility & resilience ta cape with severe, climate change-driven variations in

raw water compasitian.

Maria Jaâo Rasa 1
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Controlling orqanic micropollutonts ii, urban (waste)wuter treatment bj ocrivated corban odsorption and membrane techneíogy r
2 The problem - organic micropollutants in water

Water is central te alI human activities, te ali components of the EU Green Deal and te several United Natiens
sustainable development goals (UN SDGs), starting with SDG 6 ‘Clean water and sanitation’. Furthermere,

8 population growth & ageing (SDG5 3, 11) and economic growth (SDG 8) are’increasing the water demand &
contaminants’ discharge, while climate change (SDG 13) isdecreasing source water availability (droughts and
time concentrated rainfali) andtincreasing water demand (for irrigation, cleaning), thuspromoting water
exploitation & scarcity, anddecreasing source water quality (increased organics, salts, toxic cyanebacterial
blooms). These are reasons why we need to ‘Take urgent action te combat climate change and its impacts’ (SDG
13), ‘Build resilient infrastructure’ (SDG 9), promete ‘Sustainabie cities and cemmunities’ (SDG 11), carbon
neutrality, energy seif-sufficiency, resource efficiency, and circular economy, eg., water reuse [SDGs 6, 7
(energy), and 12 (responsible consumption)).

More than ever, effective, and etiicient urban water systems are therefore crucial, and the drinking water
treatment (DWT) and the urban wastewater treatment (UWWT) are, in addition te the peliution-seurce centrei,
the key barriers ter protecting the hurnan health, the ecosystems and their services against centaniinants ef
health-envirenmental concern. These include regulated contaminants, but barriers must be prepared for
addressing also ‘contaminants of emerging concern’ (CECs).

As clearly proposed by Sauvé & Desrosiers (2014), “contaminants of emerging concern (CECs) are naturally
eccurring er manufactured contaniinants present or suspected te be present in various envirenmental
compartments and whese toxicity er persistence are likeiy te significantly alter the rnetabehsrn eta living being”;
“should remam ‘ernerging’ as long as there is a scarcity of inforrnatien in the scientific literature or there are
poorly documented issues about the asseciated potential problems they could cause”; “are expected te be
chemicais that show some potential te pese risks to human health or the envirenment and which are not yet
subjected te regulatory criteria er norms for the protection of human health or the environment”; “not ali will
actuafly prove to be evU and have some potential te cause tangible concerns”; “an already regulated presumed
weil-known contaminant ceuld certainly regam “emerging” status as new scientific infermation becomes
available and thus force regulatery agencies te re-evaluate their norms and guideimnes”; “will remam a moving
target as new chemical compounds are continuousiy being produced and science continuously improves its

_—7 understanding of current and past contaminants”.

( CECs mnclude synthetic chemicals, naturally produced metaboiites and biological hazards. Among the latter,
currently, antibiotic-resistant bacteria (ARB) and antibiotic resistance g&ies (ARG5), viruses and virions are of
top contem. Naturafly occurring CECs include natural hormones excreted to water (Temes & ioss 2006) and
cyanetoxins (hepato-, neure-, and dermatotoxins) produced by toxic cyanobacterial bieoms in surface waters.
These blooms Cm fresh and transitional waters) are generally triggered by phosphorus, temperature, and selar
light conditions, and the most cemmonly occurring cyanotoxin is microcystmn-LR (Menaia & Rosa 2006, Cherus
& Welker 2021). MC-LR was therefore mncluded in the Portuguese legislation relative te drinking water quaiity
standards (Decree-law 306/2007, Decree-law 152/2017) foflowing the World Health Organisation (WHO)
guidehnes (Cherus & Welker 2021, the 2 edition of the WHO Guide published in 1999) and some Pertuguese
em EU research projects developed in Portugal, e.g., TOXIC and CIANOTOX projects (described in Mi. Rosa c.
itae), among ethers.

Industrial chemicals, such as pharmaceutical compounds (PhCs) (human and veterinarv drugs), synthetic
hormenes, cesmetics and personal care products, pesticides, flame-retardants, plasticizers, foed additives, per

and pely-flueroalkyl substances (PFAS), and nano- and microplastics, raise considerabie texicolegical concerns
for the aquatic environment since they may be transported into waterbedies in some stage ef their lifecycle
(Mestre etal. 2022a). Actually, most ef these chemicais have been already detected in surface and greundwater
inpg/L te ig/L worldwide (Geissen et ai. 2015), as illustrated for PhCs in Figure 1 (aus der Beek et aI. 2016) and
Figure 2 (Silva et aI. 2021).

Figure 2 compares the concentrations of 13 PhCs found by others in urban wastewaters in Portugal and beyond
with those found in BEl and FNW WWTPs’ influents in 2016-2019, in LIFE impetus project (described in Mi. Rosa
c. vitae). Within this project we have statistically found the PhC occurrence seasenality is well-defined by the

é,
maximum air temperature, with a turning point of 20 °C in Lisbon and 22 DC in Faro. Some PhCs showed lower
concentrations in colder (wet) months due te rainwater dilution, whereas others showed higher concentrations,

7’ / ‘-- reflecting an increased seasonai censumption and/or slower transfermation due te lower air temperatures

7 and/or shorter hydraulic retention times. Seasonal studies should therefore focus on tperature and rainfali
rather than on calendar seasons, increasingy uncertain due te chmate change (Silva et ai. 2021). --
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Controiling organic micropollutants in urban (waste)water treat,nent by activoted carbon adsorptian and membrane technology

1’Z

Figure 1. Country survey on the number of pharmaceuticai compounds detected in surface waters,

groundwater, or tap/drinking water (from aus der Beek et ai. 2016)
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Figure 2. Exarnpies of pharmaceuticais’ concentration in urban wastewater (adapted from SHva et ai. 2021)
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Cantrolling organic micropollutants in urban (waste)water treotment by activated carbon adsorption and membrone technalogj,

On the other hand, a review of pesticides’ monitoring studies of surface waters worldwide (Souza et ai. 2020)
O ( showed a criticai occurrence of atrazine and its metaboiites, metaiochlor, chiorpyrifos and tebuconazole, and

high concentrations and frequency of diuron (0.03-22 770 ng/L) and of the insecticide dimethoate
(0.57-61 200 ng/L).

Dornestic wastewater, hospital and tndustriai effiuents, stormwater runoff, rural runoff, and manure media are
the main sources of CECs entering the aquatic environment (Eggen et ai. 2014, Luo et ai. 2014). So far, urban
WWTPs were essentiaily designed to remove total suspended sohds (TSS) and reduce the chemical and the
biochemical oxygen demands (COD and BODs, respectiveiy) in the bioiogicai secondary treatment, and, when
the receiving water requires so, also to remove nutrients (nitrogen and phosphorus) to avoid eutrophication or
to disinfect to controi wçer microbioiogical quality. CECs’ control in such WWTPs starts with a good quality
secondary effiuent since biodegradation and sbrption onto particulate matter and biomass are the two major

9 ehmination mechanisms (Temes & Joss 2006, Siegrist & Joss 2012, Rosa i ai. 2019j. in turn, the non
biodegradabie and polar CECs can easiiy escape the conventionai secondary treatment (Temes & Joss 2606,

“. C.Ø Segrist & Joss 2012, Eggen et ai. 2014, Luo et ai. 2014, Rosa et ai. 2019), being reieased into the water bodies,
çy)

jJ where they may accumuiate in biota (Cravo et ai. 2022). The sarne may happen with the CEC metabolites (e.g.,

(,4 PhCs produced and excreted by human and veterinary metabohsm) that, aithough typicafly iess studied
(Pourchet et ai. 2020), may be as toxic or more than their parent compounds (Goiovko et ai, 2021). The
continuous discharge of CECs on ecosystems may affect their heaith, biodiversity and eventuafly the quahty of
raw water for human consumption, particuiariy where highiy popuiated and industriahzed urban areas have
ciosed water cycies and/or the dilution factors of rivers or receiving waters are not enough to disregard the risk
for aquatic environment, as in some cities in Central Europe (Eggen et ai. 2014).

The EU water iegisiation evolution in the iast two decades has been refiecting the CEC monitoring and mitigation
needs, as iiiustrated in Figure 3, starting by monitoring and more recentiy addressing treatment. The Water
Framework Directive (WFD) 2000/60/EC and subsequent directives and decisions estabhshed environmentai
quaiity standards (EQS) for 45 prioritysúbstances (specific herbicides, pesticides, insecticides, industrial
chemicais, hydrocarbons, poiyaromatic hydrocarbons, and heavy metais) and in 2013 (Directive 2013/39/EU) a
new mechanism, the Watch List (WL), was introduced to support the identification of priority substances for
reguiation under WFD. A Watch List comprises CECs not yet reguiated but that may pose significant risk dueto
their potential toxicological effects. Three Watch Lists have been pubhshed since 2015, comprising PhCs,
hormones and pesticides/herbicides (Mestre et ai. 2022a) and the Joint Research Centre (JRC) has aiready
proposed seven substances or groups to be inciuded in the 4th Watch List (Comez Cortes et ai. 2022). The same
mechanism was recentty adopted in drinking water, with the publication of the l watch iist (C(2022) 142)
entaihng that the potential presence of two endocrine-disrupting substances (beta-estradioi and nonyiphenoi)
wifl have to be monitored at reievant points throughout the whoie water suppiy chain and indicating guidance
values for each substance (CIO 2022).

+
2nd

8 substances or

12 addibonal ps +
groups ol substances

Watch List (WL) instrumens Decision (EU) 2018/840 1” DWD WL

ëreatiori Directive S a 2 EDcs, c(2022) 142

amending WFD UWWTD (rccast)
& EQSD 2013/39/Eu 1 JcoMi2o22) 541, Swiss approach

Figure 3. Evolution of water-reiated European legisiation concerning CECs
(adapted from Viegas et ai. 2021b, Mestre et ai. 2022a, and updated)
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In drinking water and in water reuse (naõI forthe highet qualityrcIaimed waterfor agriculture irrigation), LbL

L there are no fixed limits for CECs, but additional requirements may have to be adopted for pharmaceuticals and

other CECs depending on the outcome of the monitoring according to the 1st DWD WL (C(2022) 142) or of the

mandatory risk assessrnent (Directive (EU) 2020/2184 and Regulation (EU) 2020/741). The sarne happens in the

p
national legislation, narnely Oecree-Iaw 152/2017 (drinking water quality) and Decree-Iaw 119/2019 (water

reuse), the Iatter (as well as the Regulation (EU) 2020/741) fully aligned with the SO standards on water reuse

(ISO 16075 series — Guidelines for treated wastewater use for irrigation projects, 150 16075 series (2015-2021)

— Guidelines for treated wastewater use for irrigation projects, 150 20426:2018 — Guidelines for health risk

U assessment and managernent for non-potable water reuse).

Regarding wastewater, the recently proposed revised text for the Urban Wastewater Treatment Directive

(UWWTD recast, COM (2022)) adopts the Swiss approach, with whom the German Federal Centres for Trace

U Substances (KomS) in Baden-Württemberg, North Rhine-Westphalia, and Berlin (Central Europe) agree. This is,

UWWTD (recast) introduces the obligation to apply additíonal treatment to urban wastewater (quaternary

treatment) in order to eliminate the broadest possible spectrum of micropollutants, [e., 80% rernoval

[1 (contrasting with the typical WFD approach of lirnit concentrations) of 6 CECs of a list of 12 in ali

U treating 100000 pe. by 31 December 2035 (at the latest) and, by 20451irfãilitTõçFTO000 p.e. in afea

where the concentration or accurnulation of micropoflutants poses a rísk to human heaith or the environrnent

P according to the specified criteria (areas to be identified by the Member States). rurthermore, it introduces the

extended producer (including irnporters) responsibihty (EPR) to contribute to support the costs of the

qiaternary treatment, such financial contribution being established based on the quantities and toxicity of the
QL_) products the producer (including importers) piaces on the market. In Germany, late 2019, more than 20 plants

t have been expanded with advanced treatment technologies and put into operation to provide 80% reduction

of selected indicator substances, and further 27 facilities were planned or under construction (Metzer et ai.

2019).

Once a CEC is regulated it becomes a micropollutant, as the new UWWTD refers to the 12 PhCs from which 6

rnust be selected for minimum 80% removal in UWWTP and the EU & PT drinking water standards refer to

microcystin-LR and pesticides.

This seminar aíms to raise the awareness and the technical and scientific preparedness of the audience/students

to support transforrning the latest regulation in DWT and UWWT into practical impact, namely by

ç comprehensively explaining a solution for controlling organic micropollutants of different molar mass (MM),

charge, hydrophobicity/hydrophilicity, biodegradability, and sorption onto biomass — the key properties for

removal by the targeted solutions.

For DWTPs, the selected organic micropollutants are MC-LR (and other rnicrocystin variants naturally occurring ‘

with MC-LR, Table 1, often overall expressed as MC-LRe0) and pesticides, regulated contaminants, as weil as

representative PhCs, considered via the risk assessment.

MC-LR MC-LY MC-LW MC-LF

4

(c rr)

LJ’ 1/

—)

Ç U-’

12c

j

Table 1. Microcystin variants properties (adapted from Campinas & Rosa 2006, Ribau Teixeira & Rosa 2005)
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For UWWTPs, the selected organic micropollutants for advanced adsorption/membrane treatment are
representative recalcitrant PhCs ([e., of low biodegradability (kbia) and sorption onto biornass (Kd), Fígure 4),
escaping the secondary (for C ren,oval) or tertiary (for C, N and P removal) treatment, i.e., poorly removed ar
exhibiting variable and unreliable removal by secondary/tertiary treatment. Considering their distinct physical
chemical properties, namely charge at pH 7.4 and hydrophobic/hydrophilic character’, our studies have been
often conducted with carbarnazepine (CBZ), diclofenac (DCF), and sulfamethoxazole (SMX) (Table 2), though not
Iimited to (other examples in Table 3 and sections 6 and 7).

APAP acetaminophen
ATN atenolol

BZF bezafibrate

CAF caffeine

cBz carbamazepine

CFA dofibric acid
05 cortitone

DES diethylstilbestrol
DCF diclofenac
El estrone
E2 17--estradioI

EE2 17a-ethínylestradiol

E3 estriol
ERV erythromycin

FLXfluoxetine

610 gestodene

IBUP ibuprofen
MTPL metoprolol
NPX naproxen

PPNL propranolol

SDZ sulfadizine
SMX sulfamethoxazole
SPD sulfapyridíne

TiE testosterone

PhC molecular structure & Physical-chemical
Optimsed geometries and dimensions

therapeutic class properties

-Carbamazepine/CBZ MM = 236.3 g/mol ‘.

çJ . ;D2.28

C’
Anti-epileptic & psychiatric Neutral & • .‘

drug hydrophobic ii À

Diclofenac/DCF MM = 318.1 g/mol
Log K0 = 4.06
Log D,.4 = 1.37

pK, = 4.0
N,.

Anionic &

relatively
Non-steroidal analgesic &

hydrophobic 2k
anti-Jnflammatory drug

ia A

Sulfamethoxazole/SMX MW = 253.3 g/mol

kHjcDt
pKf1=l.7,pK2=5.6

Antibiotic Anionic & hydrophïlic 1 A

E
E
E
E
E
E
L

1 expressed by Log K0 (the logarithm of the n-octanol/water partition coefflcient) ar Log DPH (the logarithm of the —

distribution coefficient, which corrects the Log K0 for the pKa of each compound by quantifying the amount of both the
ionized and non-ionized forms of the PhC in octanol and water at the pH values under study; Viegas et aI. 2022), the higher
the more hydrophobic.

E

Controiling organic mícropollutonts in urban (waste)water treatment by activated carbon odsorption and membrane technology

\ÇJ

t’9

E
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r
E
E
E
E
E
E

kbjo (L/g SS/d)
Highly Recalcitrant

removed

Figure 4. Kd vs kbio for selected organic micropollutants and CECs (from Rosa et ai. 2019)

Table 2. Carbamazepine, diciofenac, and sulfamethoxazoie key properties for removai by adsorption and
adsorption/membrane filtration (from Mestre et ai. 2022b, Viegas et ai. 2022)
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E
cantroíling organic micropollutanrs ii, urban (waste)water treatment by activated carbon odsorption and membrane technalagy

I2

3 Available technologies for controlling organic micropollutants

As introduced earlier, conventional UWWTPS essentially target TSS, COD, and BODs reduction via physical unit
operations and biologicai processes, as weii as nitrogen and phosphorus reduction or disinfection (E. coli
inactivation) when needed, respectively, to avoid eutrophication or protect bathing waters/aquacuiture. in turn,
as described in Rosa et ai. (2009), conventional DWTPs include (i) preoxidation, for controiling biological growth,
taste & odour compounds, ferrous & manganese ions, (ii) coaguiation/floccuiation/sedimentation and rapid
sand tiitration for removing turbidity and reducing the natural organic matter (NOM), particuiariy the more
hydrophobic fraction (expressed by SUVA >4-5 L/(mgC m), where SUVA represents the specific UV absorbance),
the major precursor of organochlorinated byproducts, and (iii) final chiorination for water disinfection and for

ç ‘?? — providing a disinfectant residual in thewater distribution system (to prevent bioiogical regrowth). Consequentiy,

ç the conventionai treatment piants were not designed as fuii barriers against organic micropoflutants. The
strategy to controi them rnust therefore start by assessing and improving the performance of the existing

\ barriers and then upgrade them with advanced treatment, as needed.

Operational, iow-investment measures for improving current UWWTPs inciude providing conditions for the
buiid-up of the siowiy growing nitrifying bacteria, which can excrete enzymes and, by co-metabohsm, may break
down some iow degradabie molecuies (Clara et ai. 2005, Temes & Joss 2006). These conditions inciude siudge
retention times of, at ieast, 10-15 days (Clara et ai. 2005) or FIM (food to microrganisms) ratios beiow 0.08 d1
(Rosa et ai. 2019), which were associated with N-removai >80% and aikahnity reduction >40% (due to
nitrification) (Rosa et ai. 2019).

improvement measures in conventionai DWTP inciude adjusting preoxidation and C/F/S operating conditions
for promoting NOM removal by enhanced coaguiation and impiementing C/F/S assisted with powdered
activated carbon (PAC) addition. For instance, an enhanced controi of microcystins (cyanobacteria and other
cyanotoxins) may be achieved using iow ozone doses in preoxidation (to avoid ceil dismuption prior to C/F/S and
maximise intraceiiuiar MC-LReq removai), adequate PAC and coaguiant doses, dissoived air fiotation (DAF)
instead of sedimentation, smooth start-up/shut-down of sand fiitration cycies, and muitiiayer fiitration (HaM et
ai. 2005, Raspati et ai. 2015, Ribau Teixeira et ai. 2020, Rosa et ai. 2009, Smeets et ai. 2015).

DWTP and UWWFP upgrade rehes on impiementing advanced treatment (quaternary treatment according to
the proposed recasted UWWTD). Estabhshed advanced (waste)water treatment options for enhanced contrai
of organic micmopoliutants and CECs (Baresei et ai. 2017, Campinas et ai. 2017, Campinas et ai. 2022, Chorus &
Weiker 2021, Egen et ai. 2014, Hail et ai. 2005, i-iiflienbrand et ai. 2016, Luo et ai. 2014, Mestre et ai. 2022a,b,
Metzer et ai. 2019, Muider et ai. 2015, Pesqueira ei aL. 2020, Rizzo et ai. 2019, Ruia et ai. 2020, Rosa et ai. 2009,
Rosa et ai. 2019, Smeets ei ai. 2015, Temes & Joss 2006, UMWELT.NRW 2019, Viegas et ai. 2021b, Zietzschmann
et ai. 2014, Zietzschmann 2020) inciude:

• ozonation and advanced oxidation processes (AOPs, e.g., 03/H202, UV/ ±02, Fenton);
• adsorption-based systems, inciuding PAC, granular activated carbon (GAC) filtration or bioiogicaiiy active

GAC fiiters (BAC);
• menbrane fiitration, i.e., microfiitration (MF), uitrafuitration (UF), nanofiitration (NF) and reverse

osmosis (RO);
• adsorption/niembrane hybrid processes, e.g., PAC/MF, PAC/UF, PAC/NF.

The technoiogy appiicabiiity depends on its separation mechanisms vs the target contaminants’ properties (e.g.,
charge, hydrophobicitv/hydrophiiicity, soiubihty, voiatiiity, chemical resistance, biodegradability,
sedimentabuiiity/’ioatabiiity, cofloidai character, release of intraceiiuiar metaboiites), as iflustrated in Tabie 4 for
macro and microcontaniinants (Rosa et ai. 2009).

Each option has its pros and cons, as extensiveiy compared in iiterature (e.g., in Luo et ai. 2014, Pesqueira et ai. [
2020, Rizio et ai. 2019, Rizzo et ai. 2020). Regarding adsorption-based treatment, during the iast decade, severai Li
projects addressed its introduction in an increasing number of WWTPs in German-speaking countries, mainiy
because of Swiss and German governmentai requirements or encouragement to accomphsh CEC abatenient
from urban wastewater. As reviewed in Mestre et ai. (2022), resuIts on the different technoiogies implemented
have been pubhshed in reference journais, but the practicai knowledge on the activated carbons’ seieciion for
piiot-, iarge-, and fuii-scaie impiementation can oniy be consuited in project reports and other documents
written mostiy in German. An exception is the Zietzschniann’s (2020) book chapter, providing vaiuabie
information on the adsorptive removai of organic microcontaminants from wastewater, covering practicai

- 1E18 Seminar

r

JVale
Rectangle

JVale
Rectangle



Controlling organic micropollurants in urbon (waste)wa ter treatment by activated carbon adsarptian and mernbrane technolagy

aspects of PAC and GAC processes and operation fundamentais, tools for their performance prediction and
general considerations for an informed selection of an activated carbon product.

This seminar focuses on PAC adsorption and on PAC/Iow-pressure membrane technology. These are two best
available technoiogies, fiexibie and resilient to severe, climate change-driven variations in raw water
composition. Moreover, these technoiogies reiy on physical separation, which aliows minimising the heaith and 1
environmental risks associated with the potential formation of undesired byproducts. Low-pressure driven
membranes are preferentiaily addressed to minimise the energy use and carbon footprint.

GAC/BAC filtration is a more adequate solution when a permanent barrier is needed, rather than a
seasonal/sporadic (for episodes) contrai as suíted for PAC but wiii not be addressed dueto time restrictions.

Tabie 4. Effectiveness of alternative and advanced processes for macro and microcontaminant control
(from Rosa et ai. 2009, Smeets et ai. 2015)

Contaminant C/F+DAF UV GAC BAC MF IJF PAC/ UF NF a RO

Protozoa (cysts, oocysts) +7- + +7- + + + + +

Bacteria (vegetative forms) -7+ + - + + + + +

Bacteria (endospores) -7+ - - + + + + +

Helminteggs +7- - +7- + + + + +

Cyanobacteria ÷ - b +7- + + + + +

Enteroviruses - - +7- +7- + + + +

NOM_SUVA <3 L/(nigC.m) -7+ +1- -1+ + - - •1- +

NOM_SUVA >4 L/(mgCm) +7- .7- +1- -1+ +1- + +

Assimilable organic carbon (AOC) - 4/- -li- + -
- -7÷ +7- +

Trihaloniethanes (THMs) - + - - + +7- ÷

I-laloacetic acids (HAAs) - + - - + ÷7- +

Bromate - +7- +/- - - -7+ + +

Bromide - - - - +1- +

Chiorate - - - - + +

Chioride - - -
- +1- +

Nitrate - - - -
+ +

Sodium - - - - -‘-7- +

Sulphate - - -
- 4 +

Microcystins + or + or +,Le - - + or + +

Taste & odour compounds (MIB, geosmin) -7+ + - - + + +

Volatile organic compounds (VOCs) +‘ + - - .7- -7+ +

EDCs and pharmaceuticals - - -

(hydrophobic and chemicaiiy resistant) + + +
4

Pesticides (inciuding chemirally resistant) -7+ + ar /- e - - + + ÷

- Nor adequate

-/+ Limited effectiveness

-ti- Partiai centrei f adequate operatian conditions are guaranteed

+ Efective provided adequate operation conditions are guaranteed

No information availabie

Considering 200 Da molecular cut-otf

UV shouid not be used to contrai cyanobacteria, since it ieads to celi rupture and cyanotoxin release

values <3 L/(mgC. m) indicate mainly hydrophilic NOM, vaiues >4 L/(mgC.m) indicate mainiy hydrophobic NOM

and especiallv aromatic compounds
d Effective removai of intracefluiar toxins; no signifiçant removai of dissoived toxins
e Depends on chemicai characteristics of the target compound

There are volatiUsation conditions in C/F/DAF

I5

)

/
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4 Activated carbon adsorption

-

in water treatment, adsorptiori is the physical (or chernicai) mechanism by which dissoived molecules
(adsorbates orsolutes) are captured on a solid interface (adsorbent). Activated carbon (AC) is the most used
adsorbent in DWT and UWWT due to its nanoporous structure, responsibie for an outstanding surface area,
typicafly from hundreds to 2000 m2/g (Mestre et ai. 2022a,b).

Most carbon-rich materiais may be used as raw materiais for activated carbon production, but a Iarge-scale
production requires large amounts of precursors with reproducibie features, controlied ash content, and cost./
Commercialiy avaiiable products are mainiy produced from coai, wood, or coconut sheli; water treatment
apphcations represent around one third of the market share and are expected to remam the iargest throughout
2020-2027, being the current driver for market growth (Figure 5, Mestre et ai. 2022a).

Figure 5. Globai activated carbon market share by raw material & type (data adapted frorn Inkwood Research
2019) and application (data adapted from Fortune Busmness insights 2019) (from Mestre et ai. 2022a)

4 c’
The precursors are first carbonized, and the chars are then physicafly ar chemicafly activated (using high
temperatures under controlied atmosphere, e.g., steam activation) to increase the porous network (of macro-,
mesa-, and micropores, Figure 6) yieiding a high surface area. Given their reievance for PhC adsorption, the
niicropores’ ciassification is further breakdown into supermicropores (0.7-2 nm wide) and ultramicropores
(<0.7 nm width). Manufacturers commoniy report the iodmne number and BET (Brunauer-Emmet-TeIIer) area
vaiues as indicators aí the apparent surface area of a given activated carbon, with both parameters usualiy
presenting ciose vaiues despite their distinct units (mg/g and m2/g, respectively) (Zietzschmann et ai. 2014,
Mestre et ai. 2022a).

crr

C’

Figure 6. Representation of nanoporous structure and surface chemistry groups on activated
(from Mestre et ai. 2022a)

[Se minar
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Activated carbons are industrialiy apphed as powdered activated carbons (PACs, average particie size < 100 .im)
oras granuiar activated carbon (GAC) fiiters (average particle size >100 im and median d50>1 mm) (Figure 5),

E

r

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle



Contrnlling orgonic micropo!!utonts in urban (waste)water treatment by activated carbon odsorptian and membrane technology

Li y co_H_e
.çÇ VIL kw’d

the lower the particle size, the Iower the adsorption path and therefore the faster the adsorption kinetics to the

active sites for a similar porous structure (Figure 7). Superfine PACs (sPAC) with enhanced kinetics are emerging

for appiications not requiring particie settleability, i.e., for PAC/membrane appiications (section 6). After

exhaustion, PACs are usuaiiy discharged in iandfiii or incinerated, whiie GACs can be reactivated (ar regenerated)

and reused.

1. CEC bu!k diffusion/convection to stagnant baundary
iayer surrounding the AC particie

2. CEC externa! ma5s transfer acrass the boundary iayer
(external masstransfer)

kc°’
e

3. CECp&evs diffusion (in water fiiled pores) ar surface , k.u ‘E»-»-
diffusion (series of hops with adsorption-desorption

L 4 — aiong the pare surface) ar both (intraparticie diffusion). • I+ &O1 Lov[ (2

b.Àpu cZ- ‘&‘v

4. CEtadsorption, physicai or chemicai attachment

FI ‘A anta the surface af the adsorbent surface site

Figure 7. Activated carbon adsorption representation (adapted from Viegas et ai. 2014)

Activated carban adsorption capacity (adsorbate/adsarbent rnass ratia, aften deterniined through Freundiich

ar Langmuir isatherms) and kinetics (HSDM vs Boyd’s madei, Viegas et ai. 2014) depend on (externai and

intraparticle) diffusion & mass transfer and affinity (Campinas et ai. 2013), e., adsorbent-adsarbate

hydrophobic & eiectrostatic interactions. These are determined by the Aç texturai pro erties (the cioser the

active site pare size to the soiute s size the better Zietzschmann 2O2) and sujf çtshemjry (e g
hydrophobicity and net surface charge, expressed hy pH— exampies in Figure 8), aÇIi as hy the saiutes’

properties (e.g., size, hydrophabicity, net charge, exampies in Tabie 2, Tabie 3) and the water background

arganics and inarganics.

Water background organics determine the competitive adsorption by (i) direct campetition for the adsorption

sites (the cioser the NOM/EfOM (effluent organic matter) size and hydrophabicity to the target soiute the

strongerthe campetitian; Campinas et ai. 2013) ar (U) pare biockage and are often characterised by DOC content

and character (e.g., Rodriguez et ai. 2016). This is the reasan why, in practicai appiications, one uses the DOC
normaflsed PAC dose (mg PAC/mg DOC). Background inorganic matrix may be easiiy characterised by two buik

parameters (i) the water pH, determining the AC and soiute’s ionisation/net charge, and (ii) file eiectricai

conductivity (expressing the ionic strength), determining the eiectrostatic repuisions’ shielding effect and so

the soiute’s hydradynamic size (Campinas & Rosa 2006). c ) 4 çtc —. E ‘-&O ‘4

yf\J 1’ C2) ‘r ÍREI surface area (m7g) 1112

Ash content (%) 8.12

Moisture (%) 2

Apparent density (g/cm’) 0.16

Geometric mean diameter (pm) 6

Primary micropare (<7 Á) volume (cm’/g} 0343

Secoraary micropare (7-20 Á) volume (cm3/g) 0194

Mesopare (20-500 Á) volume icm3/g) 0357

Micrapare surface area (m2Ig) 733

Mesopore surface area (m2/gi 379

52

380

‘o
o.

a o

1’

pH

000IMNaC1 •03MNaC1 \.,

Figure 8. Key characteristics (texturai, ieft; surface charge, right) of an activated carbon Hiiustrated for

a high performing (mesoporous & microporous, aikahne, i.e., pH 9.5) commerciai PAC

for CEC contrai (PAC Norit SA-UF) (adapted from Campinas & Rosa 2006)

lhe deveiopment of high-performing, environmentai-friendiy (biomass-derived, steam activated) PACs from

local biomasses is very important for the sake of the technoiogy’s sustainabihty (Mestre et ai. 2022b, Viegas et

ai. 2020b), as wefl as of fine sPAC and magnetic PACs aflowing their recovery and regenerjQn (as ongoing

within EMPOWER+ project).
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r
Controlling organic micropollutants in urban (waste)water trearment by activoted corbon adsorption und membrone technulogy

L
5 Membrane filtration r
in membrane filtration for water treatment, an applied pressure forces water to pass through a semi -permeable
membrane, which retains the solutes larger than the membrane pores, the narrower the pores, the higher the
pressure, as illustrated in Figure 9 for MF, UF, NF, and RO (and also for sand filters, for comparison).

Microfiltration Nanofiltration
Ultrafultration Reverse Osmosis

., .aa.b .- -I

:S*?,’,
• E e .. • on

• :. •:• % og Poema .b
tcura

• O Mwcnoleco’es

O Co o.ag

à Susoended
Partice,

SAND FILTERS MICROFILTRATION ULTRAFILTRATION NANOFILTRATION REVERSE OSMOSIS

10pm 0.1-2 0.01-0.1 pm 1-1Dnm

>500.000 Da 1.000— soo.uoo Da 100-1.000 Da < 100 Da

0.1 - 1 bar 0.5 - 5 bar S-40 bar 20-100 bar

Figure 9. Membrane filtration in water treatment — MF, UF, NF and RO
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The driving force for permeation is pressure
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Membrane filtration covers a broad spectrum of options in terms of membrane pore/selectivity/applied
pressure, but also in terms of (i) membrane materiais and modules, (H) filtration mode, dead-end or crossflow,
in/out or out/in, pressurized or immersed, and (Hi) number of stages (Figure 10) (Pinho & Rosa 1995). Common
applications inciude (i) 1-stage cross-flow poiymeric spiral-wound RO membranes for seawater desalination, (ii)
poiyrneric spiral-wound NF membranes for DWT, i.e., groundwater softening and NOM and CEC removal from
surface water, (iii) pressurized in/out polymeric hollow-fibre UF membranes for DWT and water reclamation,
(iv)irrnersed out/in polymeric hoflow-fiber or flat sheet UF membranes for membrane bioreactors (MBRs) for
UWWT/water reciamation, and (v) the emerging ceramic in/out dead-end tubular MF membranes for surface
water treatmentAll membranes (from MF to RO) are fulI physical barriers against particles (TSS and turbidity)
and bacteria; UF membranes are also effective against viruses and macromolecules; NF membranes further
remove small organics (usually > 300 Da), divaient salts, and partially monovalent salts, whkh are highly
removed by RO. This is, ali membranes are adequate for water (physical) disintection, but the low-pressure MF

UF are not able to remove the organic micropollutants targeted. ri
As ceramic membranes have’ evoIed, so far, higher initial capital costs than poiymeric membranes, they L
represented oniy 2-3% of the membrane market in 2015 and 12% of the membrane materiais used until 2016
for drinking water treatment by membrane processes with backwashing. However, ceramic MF application is
expected to grow over the next years dueto their many advantages over polymeric membranes and also due
to their significant cost decrease (Wise et ai. 2020). Ceramic membranes have higher chemical, thermai and
mechanical stabiiity, making them easily backwashed and allowing more aggressive physical and chemicai
cleaning that can extend their hfetime. Ceramic membranes are also better candidates for hybrid
adsorption/membrane processes than poiymeric membranes as they can be significantiy resistant to

deterioration by biofiim growth and to surface abrasion by coarse particles circulation, two concerns mostly À
‘ reiated with PAC iong-term use (Campinas et ai. 2021c). My research team has been investigating PAC/ceramic

MF and/or PAC/ceramic UF at pilot scaie for drinking water production and water reclamation in severai R&I
..,

\Q L
projects (e.g., FP7 TRUST and LIFE Hymemb). F
Membrane performance (fiuxes, seiectivity, water recovery and fouiing rate over time) greatly depends on the
intake water quality and on the membrane operation conditions and cleaning, which control the membrane
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Conrrolling organic micrnpallurants in urban (waste)water treatmenr by activated curbon odsorption and membrane techr,ology

(reversible and irreversibie, bio- and chemical) fouling, scaiing, and ageing, ultimateiy determining the

membrane productivity, lifespan and the energy costs (Figure 11). A new indicator was developed for

performance assessment and optimisation, the treatment capacity (TCp), i.e., the design flowrate normaiized

to membrane area and intake pressure. TCp (m3/(m2.d.bar)) is the effective volume of permeate produced by

unit time, membrane area and intake feed pressure, deducting the permeate volume used for backwashing and

chemically enhanced bakwashing (CEB), and considering the productive time (filtration time) and the time a unit

is off-iine for cleaning procedures (backwashing and CEB). TCp integrates ali key aspects of process productivity

and therefore constitutes a useful indicator to balance fiux, energy consumption, backwash frequency and

chemicai cleaning frequency (Campinas et ai. 2021c).

-e-n

Figure 10. Membranes and modules

The intake water background organics play a key role on membrane fouhng, usualiy requiring coaguiation pre

treatment for NOM control (Ribau Teixeira & Rosa 2006, Campinas et ai. 2021c), whereas the water inorganics

(pH, ions) affect the membrane scaiing (inorganic precipitation) but also the flux and selectivity of NF

membranes due to charge (p11) and shielding (ions) effects (higher pH corresponding to higher electrostatic

repulsions, narrower pores, lower flux and higher soiute retention; deleterious effects partiaily baianced by the

ions’ shielding effect) (Ribau Teixeira et ai. 2005).

\\

)

Figure 11. Membrane productivity over time/filtration cycles - conceptual scheme (left) and PAC/MF piiot

results (right) (from Campinas et ai. 2021c)
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Controlling organic micropollutants in urban (waste)water treatment by activated carbon adsorption and membrane technoíogy

E
6 I-Iybrid activated carbon adsorption/membrane processes

The hybrid adsorption/membrane process aims at taking the best of each technoiogy while overcoming their
iimitations. PAC (type, concentration, and dosing conditions, e.g., continuous or pulse addition) can be easily
adjusted to the organic micropoiiutants (or other CECs) targeted and a finer PAC, with faster kinetics and higher
efficiency, may be used with no risk of PAC release into the treated water. in turn, a iow-pressure (iow energy)
membranemav be used to fuily retain the fine PAC particies (uniike PAC conventionai addition; Campinas et
ai. 2021a), whereas PAC may heip controfling the membrane fouhng by NOM (Campinas & Rosa 2010a) [](Figure 12).

This combination (‘hybridisation’) yieids a fiexibie, compact, and rnodWar solution consisting of a safe,and
reliabie barrier for disinfection and organic CEC control, abie to cope wíth severe water quahty changes driven
by chmate change. MF, UF and ioose-NF membranes may be used, with or without coaguiation, depending on
the upstream treatment — PAC/(C)/MF (Campinas et ai. 2021b,c; Viegas et ai. 2020a, 2021a), PAC/UF (Campinas
& Rosa 2010a,b,c,d; Rodriguez et ai. 2016) or PAC/NF (Viegas et ai. 2018). Despite its potential, when we r

Ç pubhshed our first resuits on the hybrid adsorption/membrane process for the removai of cyanotoxins from
drinking water, back in 2010, oniy one pubhshed study was known on PAC/UF for such apphcation (Campinas &

(3 Rosa 2010b). in addition, and as introduced in section 5, ceramic membranes are particuiariy suited for hybrid
72 adsorption/ membrane processes due to their lower abrasion by PAC and subsequent ionger iifetime (2-5 times

the hfetime of poiymeric membanes), their iow energy consumption (< 0.1 kWh/m3) and high water recovery
rate (>95%) both in DWT (Campinas et ai. 2021c) and in water reciamation (Viegas et ai. 2020a). Again, in 2012,

:when our studies with pressurized hybrid Iow-pressure ceramic membrane processes started2, most research
on PAC/MF was mainiy dedicated to conventionai poiymeric membranes and submerged configuration.

7_O Moreover, many studies focused on membrane fouiing and traditionai water quaiity parameters conducted at
iab scaie, sometimes with synthetic waters. Piiot studies of pressurized PAC/coaguiation/ceramic MF envisaging
organic microcontaminants, NOM and microorganisms’ removai under real scenarios, with real waters and
quaiity variations were, and stiiii are, scarce.

Target contaminants
— 11

sopr,nol cNor,l i
-

Diu ron

BiotcIioa
E

b

E3 VeryfinePACQclSpm),wilh
baZ irdt EGiardia Crypto viruses tailored for lhe contaminant(s) bacteria and fine-PAC

cysts oocysts targeted
ex. 175 lmh @ 0.7 bar or

100 lmh @ 0.4-0.6 bar

• Low-pressure technoiogy — iow energy, iow carbon (soiar-voilaic)
Capillary NF (1000 Da) idem MF

• Fiexibie teahnoiogy, compact and modular + barrier againstviruses and NOM
ex. 2OImh@1.2 bar (12

Safe technoiogy, reiiable and resii’ient lo severe water quahty changes 7’ c. r

Figure 12. Hybrid adsorption/membrane process
oI& [

_______________________

E-’
zOIi2 We started investigating ceramic MF and PAc/MF for water reciamation in 2012 (FP7 TRUST, 2011-2014), the sarne year ‘c)(Ç,

we submitted for funding LIFE Hymemb for benchrnarking PAC/cerarnic MF against PAC conventionai addition in drinking
water production (executed in 2014-2016, awarded as a best LIFE ENV project 2016-201]).
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conrrolling argonic micrnpollutants ‘ti urban (wasre)water treatment by activated carbon odsorption and membrone technoiogy

7 Applications in drinking water treatment 33

Whereas the former sections (1 to 6) inciuded a short criticai state-of-the-art, this and the next section (7 and

8), relative to the applications, are focused on the last decade’s resuits of my research team, thus presenting

our main contributions in the global vision of this area. The appiications studied are iiiustrated in Figure 13 and

aimed at answering the foilowing questions te what extent & why where how & at what cost2 PAC

conventionai appiication (PAC / C/F/S) and fhe innovative PAC/MF (ar PAC/UF) can control organic

micropoiiutants and CECs in surface water treatment for drinking water productian. Our strategy was to start

by optimising the current barriers (option 1), then to find the best (taiiored) soiution to upgrade the treatment,

if needed, by in’estigating the severai aiternative points where to appiy the advanced treatment soiution

proposed (PAC/MF or UF, options 2-5). Such strategy inoived studies at iab, but aiso at piiot and fuii-scaie

(Figure 14), which aiiowed deveioping cost anaiysis, and were carried out within PhD (Campinas & Rosa 2006,

2010a,b), Past-Doc (Campinas et ai. 2013), and demonstration projects (LIFE Hymemb; Campinas et ai. 2017,

2021a,b,c, Viegas et ai. 2021a).

1. PAC/C/F/S
(Campinas et ai. 2021a,d, 2013, Campinas & Rosa 2006, 2010d) 3 6

-9

1 i 1

______

-? —

__________

1

1 Fiitration Chiorination
Sedimentation 1

2.

____

®PAc ;d—
2.tos. PAC/(C)/MF

(Campinas et ai. 2021b,c, 2017, Viegas et ai. 2021a)

1.3.5. PAC/UF
(Campinas & Rosa 2006. 2010a,b,c,d. 2011)

Figure 13. PAC appiication for controiiing organic micropoliutants in DWT

(the conventionai sequence represents Alcantarilha WTP)

Regarding the “to wbat extent & why”, our resuits aiiowed understanding and rnodeiiing the adsorption

process. in brief:

• Ali options (1 to 5) achieve good removai of the pesticides, PhCs & hormones, and MC-LReq targeted 1
(Campinas & Rasa 2006, 201Gb, Campinas et ai. 2017, 2021a,b).

• Charge, hydrophobicity (Log K0, Log D), and aromaticity are the adsorbate’s key factars for adsorption

(Figure 15), with a turning point for Log K0 2.2, above which the compounds are very amenabie te

adso7jif15H(Figurels, Campinas et ai. 2021a), as found eariier in a UWWT study (Rodriguez et ai. 2016).

Positiveiy charged functionai groups, iow surface polar area (PSA) and/ar high aromaticity aCted as

adsarption enhancers of iow-hydrophobicity compaunds (Log K0 <2.2) (Fiure 17). Coherentiy with other

studies, a better removai of the positiveiy charged compoundswas observed, the difíerence depending on

the MC net charge, e., better with the negativeiy charged PAC (Campinas et ai. 2021a). Log O vs chargeS

piot (Figure 15, Campinas et ai. 2021a) may be used to seiect the indicator CECs (surrogates) — an exhaustive

monitoringistechnicafly and economicaiiy unfeasibie.

• Water background organics increase the PAC dose for baiancing background NOM competition, which is

stronger for the compounds iess-arnenabie to adsorption (Campinas et ai. 2021a,b) and for simiiar-size S,,

NOM, e.g., tannic aCid and MC-LR (Campinas et ai. 2013). Background inorganics affect the extent and
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Controlíing organic micropollutants in urban (wasfe)wufer treatment by octivated carban adsarption and membrane technology

1 r
a LI

mecanisms of NOM-target adsorption (via shielding mechanisms) and may have a positive effect on PAC
adsorption depending on the PAC overali charge (Campinas & Rosa 2006, Campinas et ai. 2013).

PAC (10 mg/L in Campinas & Rosa 2010b; 6-24 mg/L in Campinas et ai. 2021c) does not impair the
membrane flux, rather it helps controiling the irreversibie membrane fouhng, minimising the chemical
cleaning frequency. t enhances NOM retention by UF/MF, inciuding of aigogenic organic matter (AOM)
(Campinas & Rosa 2010a), though not significantly forthe highly hydrophilic compounds, whose membrane
fouiant bahaviour may ncrease driven by water divaient salts (Campinas & Rosa 2010a).

Modefling is a powerfui tool to understand and predict PAC adsorption, assisting in the design & operation
of real systems (Campinas et ai. 2013, Viegas et ai. 2014).

.-js ti itb

p4.— . —

PUni. PAC/c/F/s ar Alcantarilha WTP
icampinas ei ai- 2021a)

Puni. PAC / {Ci/MF, ceramic 075 m’, 0.1 cm, dead-end, 80-330 L/im’.h)
constant flux at Alcantarilha WTP Campinas eta’. 202 lc)

-2

.3
-2 -1 O 1 2 -2 -l O

Charge (pH 7 8) Charge (pH 7 8)

> ? .- Figure 15. Log D vs charge for seiected PhCs and pesticides (from Campinas et ai. 2021a)
(very amenabie to adsorption (green), reiatJveiy amenable (yeiiow), iess amenabie (red). Compounds in biue indicate they
have a distribution of species between two charges at the working pH, the dominant charge emphasized in boid ietter. For
neutral compounds, (+,-) highlights they have positive and negative functionai groups, despite the overali neutral charge

E

o 4

(t;

E

1- -

Lab. Jar tests for PAc/c/F/S Lab. Ho)low-fibre tJF membrane, 0.05 m’, 100 kDa FuIi-scaie. Alcantarilha WTP (Águas do Algarve, SAI
Icampinas et ai. 2010a,bl 3 mS/s PAC/C/F)5 icampinas ei ai. 2017)

p,a,.ta.i

44 • ._
e.

4. -.-.

LI

[knas

Sc5,,e,s,bb em

—.

3

—«ia..—— i -
- Ltt

__

*
i.Izj

FP5 -

H
-

E
ri
ri
EI
EI
EI
El
[1

L’

o
1

El

Figure 14. Lab, piiot and fuii-scaie tests of PAC appiication in DWT

Maio amonabie lo adsorpiion Loss amenable lo adsorption

1 LI
TcZ

t’J CH
-_‘N •FLX

ERY
PPNL APA

PAN fr- -i •RAN DÍ.IT
iNCa

_________

— (-v

3

2

0

1

-i’9 E
o

tL* -tov

>e6
-1233.

SI.IXBTZ

•LiNC

16 - ElSe minar

n

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle



Controlling organic micropdllutanrs mi urban (woste)water treatment by acrivated carbon adsorption and mernbrnne technolagy

__I0O

•
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60c
E 5
4! 1

8
E

20 L —

___________________

-2 O 2 4 6 -2 O 2 4 6
Log Kow Log D (pH7.4)

Posmt.vely charged NeuiwI • Negatively charged

Figure 16. Microcontamínants’ removal vs hydrophobicity measured by Log K0 (Ieft) or Log Dz.$ (right)

(from Campinas et ai. 2021a)
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5
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Figure 17. Charge, PSA, aromatic ring count, Log D70 and Log KDW role on microcontaminants’ adsorption

Oefti positiveiy charged compounds’ PSA vs aromatic ring count, (cenre) neutra) compounds’ Log D vs aromatic ring count,

(right) negativeiy charged compounds’ Log K0 vs aromatic ring count (compounds very amenable to remova) in green,

relativeiy amenable in yeiiow and iess amenable in red) (from Campinas eta). 2021a)

Regarding the “where, how & at what cost”, the main resuits are: &4CC 41
• AlI options (atoS) aliow an effective controi of the target micropoliutants and CECs as iong as an adequate

PAC type & dose is appiied. The differences are more reiated with (i) the risk of MC particles escaping the y. -ji 3
treatment (in PAC / C/F/5 the dose appears to be hmited to 10 mg/L) and (ii) the energy consumption and

the cost, for the upgrading solution or overali (Campinas et ai. 2021c).

• Option 1. PAC /C/F/S (Campinas et ai. 2021a) — removais of 65-79 % for total-pharmaceuticais (19) and

73-83 % for totai-pesticides (9) were achieved with 3-9 mg/L of a mesoporous negatively charged PAC or

with 20-24 mg/L of a microporous positively charged PAC. For hydrophihc Iow NOM waters, PAC texturai

properties and PAC surface chemistry were both important for adsorption. Haif to one third of PAC dose

wouid be enough as iong as a PAC with adequate pore size distribution is used, this means using a PAC with

high secondary microporous volume but also with high voiume of mesopores to avoid microcontaminants’

size exciusion and minimise PAC pore biocking phenomenon by NOM. Similar PAC savings are possible

providing an extrá 1-h contact time to the very short time observed in the regular operation of the WTP

where the PAC/CFÇiit was instalied (around 15 mm), with benefits particularly for the cornpounds of

higher moiar mass and/or (ess amenabie to adsorption. A high vulnerabiiity of clarification effectiveness to

PAC dosing was observed with the iow-turbidity waters tested, with a higher risk of negative impact for PAC

doses above 10 mg/L towards residuai turbidity due to PAC fines (with particulate microcontaminants),

residuai aluminium and aerobic endospores, the latter used as surrogates of bioiogicai forms resistant to

chemicai disinfection, as Cryptosporidium oocysts and Giardia cysts. This resuit may compromise the

microcontarninants’ removai reliabihty unless a downstream filtration safeiy retains the PAC fines.

• Options 2-5. PAC/MF (Campinas et ai. 2021b) — PAC/(Aium)/MF (conditions beiow) achieved 75% to

compiete removal of totai microcontaminants (pesticides, pharmaceutical compounds, or microcystins)

with 4-18 mg/L of a mesoporous PAC and 2 li contact time (Figure 18), with a retiabie particie separation “-‘
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Controlling orgonic micropollutor,ts in urbon (woste)woter treotrnent hy activated carbon adsorprion and merubrane technology

(turbidity <0.03 NTU) and low aluminium residuais. Microcontaminants showed different amenabilities to
PAC adsorption, depending on their charge, hydrophobicity (Log K0), polar surface area and aromatic rings
count. Compounds less amenabie to adsorption showed higher vulnerability to NOM competition (higher -

- A254 waters), greatly benefiting from DOC-normaljzed PAC dose increase. PAC/AIum/Mr also attained
29-47% NOM rnedian removal as DOC, decreasing THMFP by 26%. PAC complemented NOM removal by
coaguiation (+15% to +19%, percentual points), though with no substantial improvement towards THMFP
and membrane fouhng. Furthermore, PAC/Alum/MF was a fui! barrier against aerobic endospores, and PAC
dosing was crucial for 11-log reduction in bacteriophages.

• Optians 2-5. PAC/MF with 15 um particie PAC, 10-11, 1126 m2/g BET area and 0.83 cm3/g total pore
volume with 53% of mesopores (2-50 nm diameter); pressurized module, with 3 tubular ME (0.1 uim)
ceramic (ZrOz/Ti02) membranes (0.75 m2), operated in a continuous dead-end mode with constant
permeate fIowrate in the 80-330 L/(m2.h) range (Campinas et ai. 2021c) — PAC addition (6-24 mg/L) did not
promote membrane fouiing and, for ali conditions tested, TCp kept constant or skghtly increased with PAC
dosing. Membrane fouhng observed during the 1.5-year demonstration period was essentiaily reversibie,
since no significant change in clean membrane permeabihty was observed. As expected, a higher treatment
capacity was obtained with filtered water (9.6 m3/(m2.d.bar), option 5), foflowed by ozonated/pre
coagulated water (5.6 m3/(m2.d.bar), option 4), with similar results for raw water and ozonated water with
recirculated filter-backwash waters (4.7-4.9 m3/(m’.d.bar), options 2 & 3). The non-ciarified waters tested r
(options 2 & 3) required pretreatment with in-line alum coagulation to minimize membrane fouling Li
(PAC/C/MF). Water recovery was 97-99%. pAC/MF energy consumption was 0.045-0.053 kWh/m3 (options
5-3, 0.02 kWh/m for PAC dosing), inversely varying with TCp. The cost analysis showed ME total production

costs (CAPEX and OPEX) of 0.07 €/m3 and 0.04 €/m3 for treating 100 000 m3/d raw and filtered waters,

\2 respectively; PAC dosing increases costs in 0.03 €/m3 for both waters. Figure 19 shows PAC/ME total costs’ -

breakdown.

) E
a) Pesticides •Cin cout Renoval

25 100
7 4 j 4 4 +

2iD . T 4 -—

----- 80

1
t5 :60

\ EO [t[-i 1. t Í i
E

‘° /////
/

4 (b)PhCs

_____

[25 100

ao j 1 1-ao
is :1 • -

- 1 so E
1:: ti[t[[th[i[[ÍLLI[[íd- E

/f//j/,f/////////flflhi
// 7j///ç47 Çfl/ eg

ci .

Figure 18. Average intake (brown bars) and permeate (biue bars) concentrations and removais (circies) of [
pesticides (a) and pharmaceuticals (b) after PAC/(AIum)/MF (average values of ali spiking triais; error bars

represent standard deviations between triais) (from Campinas et ai. 2021b)
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Cantrolling organie micropallutants n urban (waste)water treatment by activated carban adsorptian and men,brane technalagy

Options 2-5. PAC/MF idem (Viegas et ai. 2021a) showed the way PAC is dosed matters — two piiot triais

were conducted to compare continuous 10-12 mg/L PAC inhne dosing with 8-10 mg/L dosing to a 2 h

contact tank. Two low turbidity/iow natural organic matter (NOM <2 mgC/L) surface waters spiked with

7.2-10.3 iig/L total-pesticides were tested, Removai differences between the two PAC dosing options

depended on pesticides’ amenabihty to adsorption and NOM characteristics (A254) (Figure 20). Waters with

iow A254-absorbing NOM and oniy pesticides amenabie to adsorption showed very high removais (ali

pesticides 93%) and no significant differences between the two PAC dosing options. Waters containing

higher A254-absorbing NOM and high ioads of pesticides iess amenabie to adsorption (dimethoate,

bentazone) required higher inhne PAC dose. Those ar more severe conditions may require PAC doses higher

than tested to compiy with the Drinking Water Directive iimits for pesticides. Cost anaiysis showed PAC

inhne dosing is more cost-effective than PAC dosing to the contact tank when identicai PAC dose is sufficient

or when the doses are iow, even if 50% higher for inhne dosing, and the piant is smail.

Option 5. PACJUF with mesoporous & microporous positiveiy charged (aikahne) fine PAC and hydrophiVic

hoiiow-fibre UF membrane, 100 kDa cut-off, in/out cross-fiow fiitration (Campinas & Rosa 2010a,b) — in the

absence of background NOM, PAC/UF with 10 mg/L PAC and up to 20 ig/L MC-LRe: feed concentration

achieved 93-98% MC-LReq removai and a cycie-averaged permeate concentration beiow the WHO drinking

water guideiine-vaiue for microcystin-LR variant. NOM type and concentration and MC initiai concentration

determined the MC dose to be used. Whiie 10 mg/L PAC effectiveiy controHed ca. 5 ig/L MC-LReq in a

modei water with 2.5 mg/L NOM or with M. aeruginosa cuiture (cefls and aigogenic organic matter),

15 mg/L PAC were unable to achieve the WHO quaiity with a water containing higher concentrations of

NOM (5 mg/L) and microcystins (ca. 20 ig/L MC-LReq) (Campinas & Rosa 2010c, 2011). UF is a safe barrier

against cyanobacteria, ensuring an absoiute removai of M. oeruginosa singie ceiis, the smaiiest

cyanobacteriai cefls and hence the most difflcuit to remove. An increased cefl iysis was observed with cefl

ageing, aithough it did not necessariiy degrade permeate quaiity, as in paraflei to ceil damage an

enhancement of microcystin rejection by the UF hydroph Wic membrane was observed with ceM ageing, rnost

probabiy dueto AOM-driven microcystin adsorption on the membrane, connected to the greater content

of the oider cuitures in segregated AOM (mucopoiysaccharides) and/or prolein iysed AOM (Campinas &

Rosa 2010c, 2011).

ICapital

• Repatenent

• Reagents

• fnergy

• Maintenance

• Personnel

Figure 19. Cost structure of ceramic MF (ieft) and PAC/MF (right) for option 2 (W4) and option 5 (W1)

(from Campinas ei ai. 2021c)
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Figure 20. mime vs tank PAC dosing in PAC/MF for pesticides and NOM removai in DWT
(from Viegas et ai. 2021a)
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‘5)
8 Applications in urban wastewater treatment and water reclamation

As in section 7, this section is focused on the Iast decade’s resuits of my research team. The applications studied

are iliustrated in Figure 21 and aimed at answering the sarne questions: “to what extent & why?”, “where, how

& at what cost?” PAC different set-ups, PAC dosing directiy irito activated siudge reactor (PAC-AS) and PAC

dosing downstream the biologicai treatment in a hybrid adsorption/membrane process (PAC/MF, or PAC/UF, or

PAC/Ioose NF), can contrai organic micropoliutants and CECs in urban wastewater treatment/resource recovery

or water reciamation. Our strategy isto start by optimising the current barriers (option 1), then to find the best

(taiiored) solution to upgrade the treatment if needed by investigating several aiternatives (options 2-5), and

finaliy to iook ahead to more demanding needs Iikeiy to occur in the (near) future, nameiy the direct potable

reuse (DPR). Such strategy invoived studies at tab, but also at piiot and fuii-scaie (Figure 22), which ailowed

developing cost anaiysis, and were conducted within PhD (Rodriguez et ai. 2016), Post-Doc (Viegas et ai. 2018),

and R&i projects — LiFE impetus (Rosa et ai. 2019, Campinas et ai. 2022, Mestre et ai. 2022), FP7 TRUST (Viegas

et ai. 2020a), LIFE aWARE (Viegas et ai. 2018), and H2020 B-WaterSmart (Gaiego et ai. 2022). We also investigate

the deveiopment of new PACs, framed within a circuiar economy approach.

Figure 21. PAC apphcation for controiiing organic micropoliutants in UWWT/water reciarnation

43-k
Regarding “to what extent & why” and “where, how & at what cost”, briefiy, our resuits showed:

• Ali options, inciuding option 1, achieve some or good rernovai of the organic micropoflutants targeted. So,

if possibie, it is worth starting by impiementing option 1 (no/iow investment) and then upgrade as needed.

‘Lb 4S

LLH_
BioIo€c& trealment

Ret urningiudge

PAC
Socoodary dardier Firaion

LL. te
ReIu,ngskidge(tPAC)

Ft.e,bacb1, 1

1. improve bioiogical treatment performance

(AS-activated siudge operation strategies) (Rosa et ai. 2019)

t’.A

2. PAC-AS (Campinas et ai. 2022)

4Ô)

PAC Coag. PAC Caaq

w. -, w —

__[tlL

.

U,obgicai ireateeni tombei
1 Membrane

ia
Returrwrs&idge 7’

, i
Membrale backwash iwth PAC)

3. PAC/C/MF (Viegaset ai. 2020a)

4. PAC/UF (Rodriguez et ai. 2016)

5. PAC/NF (Viegas em ai. 2018) ,. CÂ) A t..E

6. SF+O3+.tF+RO

vs UF+RO

for DPR
(Gaiego et ai. 2022)

(‘

Reerse
Ozonation Microfiiier

osm os is

Maria João Rosa 21

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle

JVale
Rectangle



Cantrdlling organic rnicrapa)tutonts in urban íwaste)water treorment by artivoted carbon adsarption and rnembrane terhnalagy

Figure 22. Lab, piiot and fuIi-scale tests of PAC application in UWWT

Option 1. AS - activated sludge performance improvement (Rosa et ai. 2019) — the control of a
representative range of PhCs (24) was studied in two activated siudge UWWTPs with nitrification/
denitrification (oxidation ditch in FNW, anaerobic/anoxic/aerobic system in BEl), invoiving 55 sampiing
campaigns during 2.5 years. The resuits show similar removais in both piants and, as eariier found, some of
the most abundant PhCs at the WWTP iniet were highiy removed during treatment (caffeine,
acetaminophen, ibuprofen and naproxen), others presented intermediate and variabie removais (the
antibiotics erythromycin, suifamethoxazoie, suifapyridine, and sulfadiazine the beta-biockers metoproiol
and propranoioi) and some compounds were recaicitrant to treatrnent, as the antiepiieptic/ anticonvuisant
carbamazepine and the anti-infiammatory diciofenac. The PhC removais in both piants highiy correiated
with the PhCs’ biodegradation constants (kb), with a turning point at 1 LJ(g 55.d), above which the rnedian
removais were above 86% in BEi and above 74% in FNW. A 4-class (from A - easily removed to
D - recaicitrant) biodegradation/sorption framework is proposed for interpreting and predicting PhC control
in urban AS WWTPs (Figure 4), as weii as for seiecting the indicator CECs (surrogates, as proposed in
UWWTD recast). A statisticai analysis indicated significantiy higher removais in BEi associated with FIM
vaiues beiow 0.08 d1, and in FNW associated with N-removais > 80% and aikahnity reductions > 40%
(indirect effect of nitrification) and were associated with an effiuent transmittance (T254) of 67% (coherent
with Zietzschmann et ai. (2014) and Zietzschmann (2020), who have found A254 to be a reasonabie/good
surrogate parameter). Though expressed by different proxys, these resuits are consistent with an enhanced

1
Á
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Contrnlling arganic micropollutants in urban (woste)water treatment by activated carbon adsorption and membrane technology

elimination of some iow biodegradabie PhCs when conditions for the build-up of the slowly growing

nitrifying bacteria (which can excrete enzymes and, by co-metabolism, break down some Iow degradable

molecules) are provided, as found by Clara et ai. (2005) for siudge retention times of, at least, 10-15 days.

Promoting nitrification is therefore an operational iow-investment measure for improving current IJWWTPs

towards PhC ehmination.

Option 2. PAC-AS (Campinas et ai. 2022) — PAC dosing to a conventionai AS reactor is a low-investment

option for controihng PhCs in UWWT, but its advantages and hmitations in real operating environments are

not fuiry assessed. A 3-week PAC-AS fuii-scaie test was conducted in an oxidation ditch piant to assess PAC

impact on effiuent quahty (PhCs, DOC and other parameters), energy consumption, siudge production and

direct costs. DOC-normahzed PAC doses of 0.7-2.6 mgPAC/mgDOC significantiy reduced recaicitrant PhC

? discharged (e.g., by 63-84% for carbamazepine and 63-70% for diciofenac), the higher dose yielding a more

U reiiabie effluent quahty (Figure 23). Effluent quaiity for total phosphorus, coiour, organic matter and
Ú transmittance was also enhanced and no interference with nitrification, oxidation-reduction potentiai or

dissolved oxygen in the oxidation ditch was observed, resuiting in no energy consumption increase. PAC

J . had no impact on effiuent turbiclity and mixed liquor (MXL) suspended soiids settleabiiity, showing a

positive effect on dewatered siudge dry weight and ultimateiy a 7-9% increase on final siudge production.

After stopping PAC dosing, PAC remaining in the recirculated siudge presented adsorption capacity for some

PhCs until it was compietely out of system. Estimated direct costs (CAPEX + OPEX) for PAC addition to AS

reactor [0.064-0.055 €/m3 for 5 ooo-s%oo m3/d, for 20 mg/L PAC dosed 12 months/year) are almost plant

size independent and compare favouïabIy with hterature data for PAC and GAC post-treatment (Rizzo et ai.
2019, Baresei et ai. 2027) and similariy with post-ozonation (Abegglen & Siegrist 2022, Baresei et ai. 2017,

Hiillenbrand et ai. 2016, Mulder et ai. 2015).

• PAC adsorption UWWT vs DWT — UWWT results are very consistent with the analogous ones found for

DWT, though requiring more demanding conditions (higher PAC doses, lower membrane productivity) to

balance the more concentrated water composition, so the removai mechanisms are essentially the same in

both types of water. Charge, hydrophobicity, and aromaticity are again the adsorbate’s key factors for PAC

adsorption, as weil as the water background organics and inorganics, the former with a stronger cornpeting

fl effect on the compounds Iess amenabie to adsorption and the iatter via the same shielding effect, as

U thouroughiy analysed in option 4 investigation (conducted at iab-scale).

• Option 4. PAC/UF (Rodriguez et ai. 2016)— for the compounds in Tabie 3, hydrophobicity is the adsorption

key property for neutral adsorbates, with a turning point at Log I(w 2.2-2.6, above which the compounds

are very amenabie to adsorption, i.e., present Iow residual normalised concentrations (Figure 24). The

uptake of the positiveiy charged nortriptyline by the positiveiy charged, rneso- and microporous PACs

exceeded the expected from Log D due to its high aromaticity and the background ions, which partiafly

shieided PAC-nortriptyline eiectrostatic repulsions. Adsorption capacity depended on the soiute’s

“7 hyclrophobicity, whereas the kinetics further depended on its charge. Hydrophobic EfOM was preferentialiy

adsorbed and a stronger competitor, particuiariy for microcontaminants with Log I(w <2.6. The highly

microporous PAC better adsorbed these target compounds and the hydrophobic EfOM, and it attenuated

the EfOM competition. So, in real applications, PACs with higher volume of secondary micropores or smali

mesopores (SA vs. SAE) might be a strategy for attenuating EfOM competition. For ali waters, PAC had no

effect on UF-flux, and it significantiy irnproved the microcontaminants’ and EfOM removai by PAC/UF over

standalone PAC and IJF; PAC/UF was more effective and efficient than PAC/sedimentation; PAC dose should

target the contaminants with Log <2.6, the weaker adsorbates, as found by others (e.g., Zietzschmann

2020).

• Option 3. PAc/C/MF (Viegas et ai. 2020a) — pilot assays (100 L/(m2h), 10 mg Fe/L) were conducted with

sand-filtered secondary effiuent spiked with 4 chemicaily diverse PhCs (ibuprofen, carbamazepine,

sulfamethoxazole, and atenolol; Tabie 2, Figure 15, Figure 17) and 15 mg/L PAC dosed in-line or to a 15-min

contactor. The results showed no PAC-driven membrane fouling and +15 to +18% added removal with PAC

contactor, reaching significant removais of CBZ and ATN (59-60%), SMX (50%), coiour (48%), A254 (35%)

and DDC (28%). Earlier long-term demo tests with the same piiot proved PAC/Fe/ceramicMF to consistently

produce highiy clarífied (monthiy median < 0.1 NTU) and bacteria-free water, regardiess the severe

variations in its intake (Viegas et ai. 2015). A detaiied cost anaiysis points to total production costs of

0.21 €/m for 50000 m3/day and 20 years membrane lifespan, mainiy associated with equipment/

membranes repiacement, capital and reagents, the energy having the smailest share (for a specific fiux of
a

261 L/(m .h.bar) and an energy consumption of 0.026 kWh/m-).2
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Controlíing organic micrapallutants in urban (waste)water treorrrient by activated carbon odsarptian and membrnne technoiogy

Option 5. PAC/NF (Viegas et ai. 20-24) — bench-scaie resuits with a ioose-NF membrane (capillary NF, 1000
Da cut-off) showed high removai efficiencies of 4 target PhCs (ATN, CBZ, DCF, SMX; 100 ig/L each spiked in
secondary sand-fiitered effluent) and the PAC continuous dosing to be more efficient Uian the pulse dosing,
50 mg/L PAC achieving a total-PhC removai ot 68% (ranging from 58% to 89%), 58% DOC removai and 90%
colour removai. NE fiuxes of 20 L/(m2.h) were achieved with 1.2 bar transmembrane pressure, 1 mis
crossflow velocity, wth no pressure increase up to 100 mg/L PAC. The resutts were successfufly used in the

.1) design and operation ofthe PAC/NF piiot for the technology demonstration in Ei Prat WWTP (Barcelona).
Compared to UF/RO (50/50), PAC/NF at piiot scaie yielded comparabie EfOM and PhC removais, PAC costs
similar to UF/RO reagent costs, 40% Iess energy. Furthermore, PAC/NF concentrate recircuiation to MBR
showed synergic effects (not possibie for UF/RD concentrate) with economic (iower cost) and operationai
advantages — PAC in the MBR in,proved the removai of refractory microcontaminants (diuron and
carbamazepine) and metais (Cu, Ni, Zn, Pb) (Martin et ai. 2016).

• PAC adsorptíon modeiiing (integrating adsorption kinetics and isotherms) has the predictive abiiity to
Ççj ,/forecast the contaminant removai as a function of PAC dose, contact time and adsorbate concentration

N-’ -ç\ (Figure 25, Rosa et ai. 2019); it is therefore a powerfui tooi to support the design & operation of real
systems.

• Options 3-5. As in DWT, these options with MF, UF or NF membranes ensure a rehabie water disinfection
up to ciass A of reciaimed water (the highest water quahty in Reg (EU) 741/2020, DL 119/2019), which is
adequate for unrestricted water reuse, an extra feature which shouid be considered whiie comparing
aiternative options for PhC controi. The pressure increase from ME to UF and NF (e.g., from 261 L/(m2.h.bar)
and 0.40 bar for ceramic ME (Viegas et ai. 2020a) to 20 L/(m2.h) at 1.2 bar for NF (Viegas et ai. 2018)]
corresponds to an energy-intensity increase. (— is- >

• Option 6. direct potabie reuse — buiiding on an earher experience on batch production (Galego et ai. 2022),
tests with a 24/7 automated piiot are starting to demonstrate the safety of potabie water production by
post-ozonation and or 3-stage reverse osmosis, after sand-fiitration or UF, and to deveiop the protocoi to
produce reciaimed water for artisanai beer production.
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Figure 23. Exampie of PAC-A5 performance in PhC (ieft) and EfOM (right) controi
(adapted from Campinas et ai. 2022)
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Figure 24. Log K0± role on organic microcontaminants’ control by PAC (SA and SAE) adsorption and the effect

of water background organics (wastewater - WW and deionised water with equivaient inorganic matrix - DS)

(compounds in Table 3) (adapted from Rodriguez et ai. 2016)
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£ [
9 Closing remarks

r4 Population growth and ageing, as well as water scarcity driven by ciimate change cail for an enhanced control
of organic micropollutants and contaminants of emerging concern in the urban water cycle, as progressively
entaiied in the EU and P.prtuguese legal framework on drinking water, urban wastewater treatment and water
reuse. In this contextfffhere is a crucial need for multibarrier solutions, grounded on current barriers’
improvement, prioritising low-energy, physical barriers (to minimize byproducts, resources’ use, and carbon
footprint) and producing fit-for-purpose water(s). [Activated carbon-based and hybrid PAC/membrane processes have proven a huge potential for controlling CECs3 in water treatnient and water reclamation, but there is çoom for improving their sustainability and cost
efficiency with PAC development and process optimisation! r instance, new high-performing environmental
friendiy (biomass-derived, steam activated) PACs from local biornasses (circular economy approach), as well as
of more efficient finer sPAC and magnetic PACs allowing theír recovery and regeneration are very important.
Each application is water & target contaminant-specific and requires methodologies for selecting representative
contaminants, the characterisation of the inorganic and organic matrices of the waters, and to understand and
anticipate/overcome competing factors, namely through rnodelling. Pilot demonstration and mathematical
modelling are therefore success factors for process design and operation.

Strategic planning, objective-driven (e.g., organic CEC control, ARB&ARCs control, disinfection for water reuse)
and performance-based decisions are required to successfully address the moving targets the CECs constitute.
Skilled and competent human resources make ali the difference and the curricular unit “Advanced management
of urban water treatment” (submitted to Habilitation) aims at making a contribution to such capacity building.
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