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Summary 

 
Use of aluminium and ferric salts for drinking water production is almost global. 

Beneficial aspects of their use are extensively recognized. However, factors, such as 

deteriorating water quality, health concerns and rising levels of environmental pollution, 

pose a series of requirements for compounds intended for water treatment in the future. 

Alternative coagulants often possess properties that are lacking for their traditional 

competitors or offer a more sustainable solution. Nevertheless, their practical introduction 

is often difficult, as it is associated with some risks, and, therefore, scepticism. To address 

doubts, explicit characterization of the new chemicals, acknowledgement of practical and 

economical experience from the water plants using them, can be essential. Two of these 

alternative compounds – zirconium (Zr) and chitosan – were investigated in the research 

described in this thesis. The present work attempted to highlight use of Zr and chitosan 

coagulants for drinking water treatment in Norway and acknowledge various aspects 

associated with their use and stimulate further interest in these two compounds. 

In Paper 1 Zr and chitosan were assessed, together with traditionally used polyaluminium 

chloride (PACl), for the ability to reduce particles and natural organic matter (NOM) in 

water samples. The experiments were performed on river water collected at various time-

points and representing different water qualities. Within the optimal dose-pH ranges, the 

selected coagulants provided a reduction in colour and turbidity of over 80%. Often 

coagulation efficiencies for PACl and Zr coagulant were found to be equally high, 

however, under certain conditions both PACl and chitosan were outcompeted by Zr in 

terms of NOM reduction. Moreover, operation of a two-media filter with Zr coagulant 

took at least 5-7 hours longer than for PACl, whereas the load of dry solids on the filter 

was similar for both coagulants. The phenomenon was attributed to higher resistance of 

Zr flocs against shear forces. Although significantly less sludge was formed with chitosan, 

this coagulant did not provide the longest filter run. Overall, chitosan performance was 

often sufficiently high, and also functioned over a broad pH range without affecting the 

pH of the treated water.  

In a course of further experiments described in Paper 2, the ability of PACl, Zr and 

chitosan coagulants to reduce amounts of microorganisms in water was assessed. 

Reduction of virus varied between 99.7 and 99.99%, with the highest performances 

demonstrated by PACl and Zr. The hygienic effect against bacteria was at least 99.997% 

regardless of coagulant, whereas Zr and chitosan reduced C. parvum oocysts by at least 
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99.9%. The study concluded that both Zr and chitosan provided adequate removal of 

microorganisms from surface water. 

The results also revealed that the treatment conditions defined relative to effluent turbidity 

and colour, were also effective for microorganism reduction, but with some limitations. 

Although a linear relationship between microbial reduction and residual NOM could be 

established, assessment of effluent turbidity did not provide all information about the 

coagulant hygienic efficiency. Moreover, during filter operation, virus and bacteria 

required slower ripening and showed earlier breakthrough, unlike the turbidity parameter 

that is monitored online for filter efficiency assessment.  

In general, larger microorganisms were removed to a greater extent, despite the filtration 

theory predictions, whereas influence of the isoelectric point (pI) on microbe retention in 

the filter could not be detected. The present study also reported the pI of the Salmonella 

Typhimurium 28B bacteriophage for the first time. 

During the experimental work for Paper 2, the coagulants tended to interfere with plaque 

assay and reverse transcriptase quantitative PCR (RT-qPCR) for bacteriophage 

enumeration. In order to confirm this effect, an additional study was initiated, described 

in Paper 3. The interference appeared to be most marked in the water samples with high 

coagulant content (typically influent). However, artificially low titres of bacteriophage 

were also demonstrated for the samples, in which levels of coagulants were assumed to 

be significantly reduced (supernatant and effluent). For plaque analysis, the interference 

from coagulants was minimized by treating the water sample by beef extract. Regarding 

virus quantitation by RT-qPCR, the influence of coagulants varied significantly according 

to the RNA extraction kit used. 

After optimization, plaque assay and RT-qPCR were applied to evaluate Zr and chitosan 

performance against viral pathogens, when combined with membrane filtration. The 

treatment efficiency was affected by initial raw water quality. High levels of particulate 

and organic contaminants and, consequently coagulant doses, were shown to enhance 

virus removal. Regardless of water quality, chitosan treatment, combined with filtration, 

provided the highest virus reduction. Compared to Al and Zr, chitosan also produced 

water with less particles. The study indicated that virus charge characteristics influenced 

on virus retention on the membrane, whereas an effect of particle size or hydrophobicity 
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was not confirmed. MS2 bacteriophage was shown to be a suitable model for pathogenic 

virus aggregation and retention behaviour. 

Overall, the present study addressed several issues in an attempt to extend characterization 

of two alternative coagulants, Zr and chitosan. This information could assist in defining a 

niche in water treatment for these compounds. Zr can be advantageous for treatment of 

colour-rich water by direct filtration, as it presumably provides a long filter run, while 

demonstrating substantial NOM reduction. In turn, chitosan gives no metal residues in 

finished water, and in discharge and sludge, must be reduced. Both compounds can be 

used to achieve considerable microorganism reduction, required by hygienic barrier 

standards. 
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Sammendrag 

 

Jernsalter og aluminium brukes over hele verden og er anerkjent for sine egenskaper. 

Økende humusnivå i vannkilder og økende miljøforurensning, skjerper imidlertid kravene 

til stoffer som er beregnet for vannbehandling. Alternative koagulanter har ofte 

egenskaper som vi ikke finner hos tradisjonelle koagulanter og tilbyr en mer bærekraftig 

løsning. Dette arbeidet evaluerer mange faktorer relatert til bruk av Zr- og kitosan-

koagulanter for produksjon av drikkevann, noe som gir et verdifullt innblikk i deres 

egenskaper. 

I Artikkel 1 ble Zr og kitosan sammenlignet med tradisjonelt brukt polyaluminiumklorid 

(PACl) med hensyn på reduksjon av partikler og naturlig organisk materiale (NOM) i 

vann. Forsøkene ble utført på elvevann av forskjellig kvalitet. Under optimale betingelser 

ga de utvalgte koagulantene mer enn 80% reduksjon i farge og turbiditet. 

Koagulasjonseffektiviteten var ofte den samme for PACl og Zr, men under betingelser 

som i pilot-studien, utkonkurrerte Zr både PACl og kitosan med hensyn på reduksjon av 

NOM. I forhold til PACl forlenget Zr driften av et to-media filter med minst 5-7 timer, 

mens stoffbelastningen på filteret var lik for begge koagulantene. Fenomenet kan 

forklares med at Zr-flokker tåler større hydrodynamisk belastning. Selv om betydelig 

mindre slam ble dannet med kitosan, ga ikke denne koagulanten den lengste filtergangen. 

Samlet sett var effekten av kitosan ofte tilstrekkelig høy og kitosan fungerte også over et 

bredt pH-område uten å påvirke pH i det behandlede vannet.  

I løpet av forsøk beskrevet i Artikkel 2, ble Zr, kitosan og PACl vurdert i forbindelse 

med reduksjon av mikroorganismer i vann. Evnen til å redusere virus varierte mellom 

99.7 og 99.99% og den høyeste effekten ble funnet for PACl og Zr. Den hygieniske 

effekten mot bakterier var en reduksjon på minst 99.997%, uavhengig av koagulant, mens 

reduksjonen av Cryptosporidium parvum var på mer enn 99.9% for Zr og kitosan. Studien 

viste at både Zr og kitosan kunne gi tilstrekkelig fjerning av mikroorganismer. 

Resultatene viste at behandlingsbetingelser, basert på turbiditet og farge i filtratet, som 

regel også ga en effektiv reduksjon av mikroorganismer. Et lineært forhold mellom 

reduksjon i bakteriofag MS2 og E.coli og NOM ble etablert under drift av et to-media 

filter. På den andre siden, var ikke turbiditet en god indikator på hygienisk effekt av ulike 

koagulanter. Resultatene tydet også på at et filter bør modnes lenger, hvis virus og 

bakterier skal fjernes mest effektivt, men dette blir ikke indikert av online turbiditet. Virus 
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og bakterier kan også vise tidligere gjennombrudd enn partikler som overvåkes online ved 

hjelp av turbiditet. 

Generelt ble store mikroorganismer fjernet mest effektivt mens en effekt av isoelektrisk 

punkt (pI) ikke kunne påvises. Studien inkluderte også en kartlegging av pI til Salmonella 

Typhimurium 28B bakteriofagen for første gang. 

Under vurderingen av hygienisk effekt, viste koagulantene en tendens til å forstyrre 

kvantifisering av bakteriofager ved hjelp av plakktelling og RT-qPCR. Denne effekten 

ble ytterligere beskrevet i Artikkel 3. Interferensen var tydeligst i vannprøver med høyt 

koagulantinnhold (innløp). Kunstig lavt virus-titer ble imidlertid også påvist i prøver med 

redusert mengde koagulanter (supernatant og filtrat). For plakk-analyse ble interferensen 

minimert ved å behandle vannprøvene med biffekstrakt, mens viruskvantifisering ved RT-

qPCR varierte i henhold til metode for RNA-ekstrahering. 

Etter metodeoptimalisering, ble Zr- og kitosan behandling kombinert med et 

membranfiltreringstrinn testet for reduksjon av MS2 og patogene virus i drikkevann. 

Effekten syntes å være påvirket av råvannskvalitet: høyt nivå av partikulær og organisk 

forurensning, og følgelig høye koagulantdoser påvirket virusreduksjonen positivt. 

Uavhengig av vannkvalitet, ga kitosanbehandling, kombinert med filtrering, høyest 

virusreduksjon. Sammenliknet med Al og Zr, produserte kitosan også vann med mindre 

partikler. Studien viste at virusladning påvirket virusretensjon på membranen, men det 

var ingen effekt av partikkelstørrelse eller hydrofobicitet. MS2 virus fungerte som en 

passende modell for aggregering og retensjon av forskjellige patogene virus. 

Denne studien bidrar til karakterisering av to alternative koagulanter, Zr og kitosan, og 

indikerer at disse kan ha en nisje i vannbehandling. Siden Zr kan forlenge filterdriften, 

kan Zr være fordelaktig for behandling av fargerikt vann ved direkte filtrering, selv om 

Al gir en like høy fargereduksjon. Kitosan kan anbefales for vannverk, som bruker 

membranfiltrering. Kitosan er også fordelaktig der bruk av metallbaserte koagulanter ikke 

kan anbefales på grunn av høye nivåer av metallrester i renset vann, utslipp og slam fra 

anlegget. Begge forbindelsene kan anvendes for å oppnå en reduksjon av 

mikroorganismer som er høy nok til å utgjøre en hygienisk barriere. 
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For reasons I have yet to understand, many people don’t like chemicals...personally, I 

am quite comfortable with chemicals, anywhere in the universe. My favourite stars, as 

well as my best friends, are all made of them. 

 

Astrophysics for people in a hurry 

Neil deGrasse Tyson
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1 Introduction 

1.1 Water contaminants 

1.1.1 Inorganic particles and organic colloids 

Natural waters contain a wide variety of impurities, which include both naturally occurring 

substances and compounds from human activities. These constituents vary in size, density, 

shape, and surface properties, which define their mode of action in natural waters and during 

treatment processes. 

Particles larger than 50 μm are usually visible as discrete objects by the unaided eye. Particles 

in the size range 1-1000 nm are known as colloids. For colloids, diffusion, i.e. Brownian 

motion, dominates over gravitation, preventing them from settling [1]. Very small particles 

(around 20 nm or less) are of a size similar to dissolved macromolecules. The line between 

particulate and soluble matter is rather arbitrary, but many researchers refer to compounds 

below 0.22-0.45 μm as soluble.  

In raw waters, the inorganic particles arise mainly from natural weathering and land erosion 

processes and include clays, various oxides, silica and other minerals, which are relatively 

insoluble in aquatic environment. Their size range may vary from nano- to microscale (Figure 

4). Levels of particulate matter are assessed with total suspended solid (TSS) parameter, 

which ranges typically between 2 and 200 mg/l in most water sources to 50 000 mg/l in 

flooding rivers [2]. 

Organic substances occur in water as a result of decomposition of organic materials from 

plants, animals and microorganisms. These substances are collectively known as natural 

organic matter (NOM) [3]. Natural organic matter has approximately 50% carbon by weight, 

and the organic carbon species found in natural water are often referred to as total organic 

carbon (TOC) [4]. Total organic carbon can be found in natural waters in two fractions, 

particulate (POC) and dissolved (DOC). The pool of POC (>0.45 μm) may include bacteria, 

algae, zooplankton, and organic detritus, but usually it is a small fraction (<10% for non-

eutrophic waters) of TOC compared to DOC [5]. Dissolved organic carbon levels range 

between 0.1 and 115 mg/l, with 5.75 mg/l being reported as a global average for streams [2]. 

Dissolved organic carbon can be further divided into humic (HS) and non-humic (non-HS) 

substances [4], where the proportion of HS is often predominant [5]–[7]. Humic substances 
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are broadly defined as organic compounds of aromatic nature, resistant towards further 

biodegradation [4]. In general, the presence of natural organic matter (NOM) in drinking 

water is undesirable due to several reasons, described in Table 1. 

The HS are usually categorized into three main fractions: humic acids, fulvic acids, and 

humin, based on their solubility. A model structure for aquatic HS is shown in Figure 1. 

 

Figure 1. Model structure of aquatic HS. Adapted from Matilainen et al. [8]. 

All other fractions of NOM other than HS, can be referred as non-HS. Non-HS are essentially 

hydrophilic compounds, i.e. water-soluble macromolecules, whereas HS, in contrast, are 

mostly hydrophobic in nature or insoluble in water. Low charge and MW (molecular weight) 

of non-HS organic compounds prevent them from the removal by chemical treatment [6]. 

The amount, character and properties of NOM differ considerably in waters of different 

origins and depend on the biogeochemical cycles of the surrounding environments [8]. The 

properties of NOM are also affected by seasonal variations, especially for surface waters [3]. 

The levels of organic matter has increased in natural waters over the past few decades [9]–

[11]. The main drivers for the observed increase are still up for debate [4]. There are several 

environmental and health concerns associated with the trend, especially with regard to its 

impact on drinking water [4]. Due to water quality problems and stricter regulations for 

drinking water treatment, there is a need for more efficient, but still economical, methods for 

the removal of NOM [8]. 
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1.1.2 Assessment of physicochemical water quality 

Various analytical measurements are used to assess water quality. Table 1 lists 

contaminants of concern for drinking water production together with physicochemical 

parameters, used for their assessment. 

1.1.3 Microorganisms 

Surface waters contain microorganisms, which can be natural inhabitants or faecal 

pathogens that enter a water source as a consequence of contamination by land runoff, 

bird droppings or sewage (Figure 2). 

 
Figure 2. Sources of faecal contamination in water. Copied from 

http://www.microbe.com with permission. 

Some waterborne pathogens are zoonotic (originate in animals and infect humans), 

therefore, contamination of a water source with faeces from birds, wild and farm animals 

is concerning [16]. However, the most common source of microbial contamination in 

water is human waste. Untreated or inadequately treated sewage, combined sewer 

overflows, and septic tanks are common sources of waterborne pathogens [17], [18], 

especially during extreme rainfall events [19]. The pathogens may stay infectious in water 

for long periods and enter water supply systems. Transmission of these infectious agents 

to humans occurs via consumption of insufficiently disinfected drinking water. Post-

treatment contamination in a distribution system for drinking water is the other path for 

pathogens to reach consumers. An infected person is a potential source for further 

transmissions upon contact with non-infected individuals. Indirect passage is also 

possible in recreational waters during bathing.  
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Waterborne pathogens are linked to a significant disease burden worldwide. The World 

Health Organisation (WHO) reports that at least 1.8 billion people get drinking water from 

a water source that is contaminated with faeces. Faecally contaminated drinking water is 

estimated to cause 502 000 diarrhoeal deaths each year (www.who.int), and the situation 

is most critical in developing countries. 

Statistical data on waterborne outbreaks in the Nordic countries in the period between 

1988 to 2012 [20], [21], rated Campylobacter, and caliciviruses (family Caliciviridae), as 

the most frequently involved (Figure 3). In turn, the largest outbreaks, affecting most 

people, were caused by caliciviruses (mostly norovirus), and by Giardia and/or 

Cryptosporidium.  

 
Figure 3. Pathogens implicated in waterborne outbreaks and number of people affected 

in Norway in the period 1988 to 2002 [21] and in the Nordic countries in the period 
1998 to 2012 [20]. Total number of outbreaks and individuals are provided in 

parenthesis. 

Waterborne pathogens that are common in Europe and their main characteristics are listed 

in Table 2. 

Most of these pathogens cause self-limiting gastroenteritis in humans. However, long-

term sequelae are not rare for some pathogens (e.g., reactive arthritis, haemolytic uremic 

syndrome, Guillain-Barré syndrome). Gastroenteritis can be especially dangerous to 

elderly, infants, pregnant women, and to persons with compromised immune systems.  

Failure to provide safe drinking water may result in infectious diseases outbreaks, which 

may affect a large number of persons in a very short time. Therefore, the production of 

microbial safe drinking water is based on the use of multiple barriers in water treatment, 

i.e. a management strategy in which failure of one barrier does not lead to failure of the 

system as a whole. Water treatment with multiple hygienic barriers incorporates source 

water protection  
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against contamination and appropriate treatment and disinfection processes, as well as 

protection during storage and distribution [25]. 

1.1.3.1 Campylobacter 

Campylobacter, particularly Campylobacter jejuni, is an important cause of diarrhoea 

worldwide [27]. Variety animal species, including poultry, wild birds, cattle and sheep 

serve as potential reservoirs of C. jejuni [28].  

Fewer than 1 000 organisms may induce infection [29]. After an incubation period of 1-

4 days, the infected person develops stomach pain, diarrhoea, chills, fever and abdominal 

cramping [30]. Usually, the symptoms relieve after 3-7 days.  

Rare, but severe complications of Guillain-Barré syndrome and reactive arthritis are 

reported to occur in 1 to 5% of campylobacteriosis cases [31], [32]. 

Survival of C. jejuni outside the gut of warm-blooded animals is poor, and replication 

does not occur readily [30]. Moreover, C. jejuni usually displays low resistance to free 

chlorine or ultraviolet radiation [33], and should be readily inactivated by adequate water 

treatment. Nevertheless, waterborne outbreaks with Campylobacter in Scandinavia are 

one of the most prevailing [20]. The registered outbreaks of campylobacteriosis are 

primarily associated with untreated drinking water served by community or private water 

systems [20], distribution system deficiency [34], or contamination of storage facilities 

[35]. 

 

1.1.3.2 Enteric viruses 

Viruses are infectious agents of 20 to 350 nm size that replicate only inside a host cell. 

They consist of a genome (either RNA or DNA) packed inside a protective protein capsid, 

while enveloped viruses also have a lipid bilayer surrounding the capsid. In general, 

viruses are host specific (non-zoonotic), and infect only specific types of cells within a 

host. 

Viruses that are excreted through the gastrointestinal tract are known as enteric viruses. 

Consequently, enteric viruses are present in large numbers in domestic wastewater [36]. 

Commonly studied groups of enteric viruses belong to the families Picornaviridae 

(polioviruses, enteroviruses, coxsakieviruses, hepatitis A virus, and echoviruses), 
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Adenoviridae (adenoviruses), Caliciviridae (noroviruses, sapoviruses), Astroviridae 

(astroviruses), and Reoviridae (reoviruses and rotaviruses) [37].  

Although viruses, such as influenza- and coronaviruses, are not considered waterborne 

pathogens, as their major mode of transmission is through respiratory secretions and 

person-to-person contact, sewage has been suspected as the vehicle of their transmission 

as well (WHO, 2006). In addition water is a potential source of infection with influenza- 

and coronaviruses for birds and other non-human species [39], [40]. 

Worldwide, noroviruses (NV) are associated with 680 million diarrhoea cases, many of 

which are waterborne, and 212 000 deaths annually. Approximately 99% of the lethal 

cases occur in middle- and high-mortality countries. According to these estimates, 

norovirus is the most common cause of diarrheal cases across all ages [41]. Global 

economic costs of the norovirus burden are assessed by US $4.2 billion in direct health 

system costs and US $60.3 billion in societal costs, annually [42]. 

Noroviruses are non-enveloped, single-stranded RNA viruses, 27–32 nm in diameter. At 

least 7 norovirus genogroups (G) have been recognized from phylogenetic analyses of the 

capsid protein. GI, GII, and GIV are found in humans, GII viruses have been also detected 

in swine, GIII viruses infect cows and sheep, GV infects mice and rats, and GVI and GVII 

infect canine species. GI and GII viruses are responsible for the majority of disease in 

humans [43]. 

Faecal concentrations of NV reach 8-10 log10 viral particles  per gram of stool. Viral 

shedding may continue until 2 weeks after symptoms resolve [44]. Norovirus is extremely 

contagious, and estimates show that infection occurs after ingestion of as few as 18 viral 

particles [45]. Like other small, non-enveloped viruses, NVs can be relatively persistent 

in the environment. However, commonly used doses of chlorine and UV, during water 

treatment, are usually effective for virus inactivation [46]. 

Symptoms of NV infection usually develop within 24–48 h after exposure and are 

characterized by acute onset of nausea, vomiting, abdominal cramps, myalgia, and non-

bloody diarrhoea. Full recovery occurs within 2–3 days. In volunteers, subsequent 

exposure to virus 6–14 weeks later did not cause infection [47]. Recent studies have 

suggested that immunity to NV may last for at least 2 years [48]. 
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A signature of NV is the genetic diversity and rapid, immune selection driven evolution 

[41]. Lack of an animal model and inability to cultivate NV until recently [49], has 

hindered understanding of pathogenesis mechanisms for this agent, and development of 

vaccines. In context of water research, these factors also limit broader characterisation on 

NV persistence in water environment, and removal by the water treatment methods. 

1.1.3.3 Cryptosporidium spp. 

Cryptosporidium is a one-celled apicomplexan parasite. Various Cryptosporidium spp. 

infect mammals, and nearly 20 Cryptosporidium species and genotypes have been 

identified in humans (Table 3). Livestock, particularly cattle, is one of the most important 

reservoirs of zoonotic Cryptosporidium [50].  

Table 3. Cryptosporidium spp. commonly reported in humans and their major hosts. 
Adapted from Ryan et al. [50]. 

Species Major host 
C. muris Rodents 
C. canis Dogs 
C. hominis Humans 
C. cuniculus Rabbits and humans 
C. melegridis Birds and humans 
C. parvum Ruminants and humans 
C. ubiquitum Ruminants, rodents, primates 
C. felis Cats 

At least 64 million food- and waterborne diarrheal cases worldwide were associated with 

Cryptosporidium spp. in 2010 [27], most of them involved C. hominis and C. parvum. 

Waterborne outbreaks with Cryptosporidium spp. are often massive, as one in Milwaukee, 

USA, which affected over 400 000 residents [51]. Two large outbreaks with C. hominis 

took place in Sweden in 2010–2011 [52]. In both cases, inadequately treated water was a 

main source of the pathogen. To date, no community-wide waterborne outbreak of 

cryptosporidiosis has been reported in Norway. 

Infected people and animals can shed up to 10 billion C. parvum oocysts per gram of 

faeces [53]; a median infectious dose is about 132 oocysts [54]. Once ingested, oocysts 

release sporozoites in the intestine, which go through several developmental stages [55].  

Symptoms of cryptosporidiosis generally appear 2 to 10 days (average 7 days) after 

infection, followed by development of watery diarrhoea. Symptoms usually last about 1 

to 2 weeks. Occasionally, people may experience a recurrence of symptoms after a brief 
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period of recovery, but symptoms can come and go for up to 30 days 

(https://www.cdc.gov). 

The mature oocyst excreted from the body of an infected host possesses a tough trilaminar 

wall, resistant to harsh environment and commonly utilized disinfection techniques [56]. 

Chlorine dosages routinely used in water treatment to kill bacteria are generally 

considered as non-effective against oocysts [57]. In contrast, UV and ozone are 

considered as effective disinfectants for Cryptosporidium [58]. 

Development of drug treatments and vaccines against cryptosporidiosis has been 

unsuccessful so far. 

1.1.3.4 Indicators and model organisms  

Routine detection of waterborne agents in raw or treated water is often complex due to 

their high diversity, low concentrations, and demanding detection methods. Traditionally, 

physicochemical parameters and microbial indicators have been used to indicate a 

possible presence of faecal pathogens in water (Table 4).  

Elevated levels of pollutants in the influent may be associated with pathogen presence 

[59]. Therefore, real-time monitoring of feed water for turbidity and TOC (alternatively, 

colour and UV254 measurements) has been widely used to assess the condition of a water 

source and track constant or sporadic contamination events. This easy and cheap 

technique allows preventive actions to be implemented at the early stages of the water 

production. Detection of faecal indicators, on the other hand, is more time consuming and 

not performed daily. 

In the effluent water, physicochemical parameters and process indicators are used 

routinely to assess the efficacy of treatment. It has been assumed that if suspended matter 

(turbidity and particle count) or microbial indicators are reduced to a certain level, this 

assure high removal of microorganisms of a similar size, i.e. protozoa and large bacteria. 

Indeed, many studies have confirmed this experimentally [60]–[62]. Pathogen reduction 

can be further improved when the process is optimized for both reduction of turbidity and 

NOM [60]. Thereby, enhanced coagulation can be expected to provide increased hygienic 

protection that might be especially convenient for smaller colloids, such as viruses [63], 

[64]. 
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Turbidity and particle count are extremely useful for monitoring critical phases of filter 

cycle dynamics (ripening period and onset of breakthrough), during which the reduction 

of microbes is impaired or absent [68]. In a WTP (water treatment plant), online turbidity 

measurements are often used to determine whether a filter needs to be backwashed or 

ripened a bit longer.  

In turn, several full-scale experiments have revealed that drinking water nearly free from 

measurable particles is not necessarily free from virus [69] or protozoa [70]. Moreover, 

well-performing plants can still demonstrate different microorganism removal [68], even 

if the all the other parameters are rather the same. Finally, turbidity may not be completely 

accurate in predicting microorganism breakthrough [71]. 

Estimation of health risks through microbial indicators are also quite ambiguous [72]. 

Different pathogens are unlikely to behave or persist like a single indicator group [65], as 

has been confirmed for viruses [69], [73] and parasites [74].  

Therefore, scientists generally agree that physicochemical and microbial indicators are 

approximate, but not quantitative, indicators of pathogen removal. 

Viruses that infect bacteria are known as bacteriophages or simply as phages [65]. 

Bacterial viruses are abundant in sewage and can be detected by simple and inexpensive 

techniques [75], [76]. In addition, they have structural and morphological similarities to 

human enteric viruses and phages have been proposed as better indicators of faecal 

pollution in raw water, than indicator bacteria [77]. Phages also demonstrate low 

sensitivity to common disinfectants [78], [79], and are indicators of potential presence of 

harmful viruses in the finished water. 

Tailed somatic coliphages is a commonly used parameter for water quality assessment 

[80]. Other extensively used bacterial viruses are F-specific RNA phages, such as MS2 

and Qβ, which resemble human enteric viruses due to their naked icosahedral capsid of 

21–30 nm size [81]. Use of F-specific RNA phages is also advantageous as they are not 

likely to replicate in the environment [82].  

As for all indicators, bacteriophages are not able to replace direct measurement of enteric 

viruses [83], which may explain their restricted application. However, phages have been 

extensively used as models for reduction of enteric viruses under controlled conditions 

[84]. 
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For protozoa oocysts, spores of anaerobic Clostridium perfringens or Bacillus subtilis 

have been proposed as suitable indicators, or model organisms, due their high resistance 

to adverse environmental conditions [61], [80] or chlorine [57]. However, their suitability 

is still controversial and discussed in the literature. 

1.2 Removal of contaminants in drinking water production 

The presence of impurities in natural waters is not desirable due to aesthetic reasons and 

human health issues. The objective of a water supply utility is to reduce the amount of 

these impurities below the criteria, set by regulations. Source water quality and the water 

quality standards define the number and operation of treatment unit processes.  

Figure 4 illustrates typical contaminants, their size range and suitable water treatment 

methods for their removal. 

 
Figure 4. Diagram showing size ranges of typical aquatic particles and appropriate 

separation processes for their removal. Vis. - visible light; D.A.F - dissolved air 
flotation. Adapted from Gregory [1]. 

In principle, impurities are removed by sedimentation, flotation, or filtration. However, 

due to the small size and stabile state of the particles, direct application of these processes 

may not be effective or economically feasible. Therefore, initial destabilization and 

aggregation of impurities are often needed. Destabilization occurs by means of 

coagulation, which is discussed in Section 1.4. At the final steps of treatment, water is 

disinfected chemically (e.g. with chlorine or ozone) or by UV-inactivation. 
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1.3 Water supply in Norway 

More than half (73%) of primary waterworks in Norway are small and serve communities 

with less than 1 000 PE (person equivalent). The largest plant, Oset in Oslo, provided at 

least 635 000 PE with drinking water in 2014. 

Surface water, from mostly lakes, is the main water source suppling 61% of Norwegian 

WTPs and is served to almost 90% of the Norwegian population. This is the highest 

percentage among the Nordic countries, which use groundwater more extensively [20]. 

Due to minor anthropogenic pressure, water sources in Norway are generally of good 

quality. As a result, the majority of plants have a simple design. The number of plants 

using coagulation is relatively low (13%), but not in the percentage of the served 

population. Water production, including coagulation, flocculation, sedimentation and 

filtration steps, also called conventional treatment, is applied by the largest Norwegian 

plants. The majority of the WTPs using chemical treatment, exploit contact filtration 

(flocculation and sedimentation excluded), or direct filtration (sedimentation excluded), 

which are more cost-effective. 

Ten percent of Norwegian WTPs do not treat (except screening, aeration or pH control) 

or disinfect water prior to consumption. These WTPs are primarily located in small 

communities and serve groundwater or surface water with low level of contaminants. 

1.4 Coagulation 

Coagulation is a complex chemical process that enables destabilization of the particulate 

and dissolved material. Flocculation is a physical process whereby the destabilized 

particles are impelled to come together, make contact, and thereby produce agglomerates 

(flocs). The compounds applied for coagulation in water treatment are referred to as 

coagulants. In turn, the substances applied after coagulants to enhance floc formation are 

defined as flocculants or coagulant aids. Traditionally, sulphate or chloride salts of the 

trivalent metals Al3+ or Fe3+ and synthetic organic polymers have been used for 

coagulation and flocculation processes, respectively [15]. 

The terms coagulation and flocculation are, however, not universal. In the present work, 

coagulation is referred to as a mechanism that impels both particle destabilization and 

aggregation (floc formation), induced however not by flocculants, but, as a result, of 

destabilized particle interaction. 
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1.4.1 Destabilization mechanisms 

Destabilization by coagulants is accomplished through several mechanisms, which are 

double-layer compression, adsorption destabilization, bridging and sweep floc 

mechanisms. 

1) Double-layer compression 

Particles and colloids found in water, develop a net surface charge. Essentially, surface 

charge occurs when surface groups, such as -OH, -NH2 or –COOH, accept or donate 

protons (H+) from the solution. This charge influences the distribution of nearby ions in 

the media (Figure 5), and the particle gains a firmly attached layer of the counter-ions 

around its surface, followed by a diffuse layer of other counter-ions, held further away, 

but still in the vicinity of the particle. Together, these layers form an electrical double 

layer [85], [86].  

 
Figure 5. Colloidal particle showing: (a) negatively charged colloid surface; (b) colloid 
with positive counter-ions comprising fixed layer; and (c) diffuse layer. Adapted from 

Hendricks [87]. 

One essential characteristic of the double layer is the “thickness” of the diffuse region. At 

low ionic strength, the diffuse layer stretches far out into the solution, and, in extreme 

cases, such as in completely deionized water, may reach 1 000 nm [1]. In this case, when 

two similarly charged particles approach each other, they will repel due to overlap of their 

diffuse layers. Repulsion keeps the particles dispersed, or in other words, stable in the 

solution. 

Addition of an electrolyte induces an increase in the ionic strength of the solution and 

effective concentration of counter-ions in the vicinity of the charged colloid. This 

compresses the thickness of the diffuse layer and subsequently the range of the repulsive 

forces, allowing particles to move into contact (Figure 6). The size of the formed 
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aggregates usually exceeds the colloidal range above which sedimentation is likely to take 

place [15], [85].  

 
Figure 6. Schematic picture of the effect of ionic strength on the range of double-layer 

repulsion (a) before and (b) after electrolyte addition. Adapted from Gregory [1]. 

2) Adsorption-charge neutralization  

Compounds used in water treatment differ from electrolytes, like NaCl. Aluminium and 

Fe compounds undergo rapid hydrolysis upon reaction with water. As a result, the 

monomeric (perhaps polymeric) hydrolysis products, such as Fe(OH)2+, Al(OH)2
+, 

Al(OH)3º, Fe(OH)4- are formed. Hydrolysed metal ions are readily adsorbed at interfaces. 

Adsorption of charged hydrolysis species to the particle surface of the opposite charge 

reduces its surface net charge, and thereby the extent of double-layer repulsion between 

adjacent particles [88]. 

In the double-layer theory, the amount of the counter-ions required for destabilization is 

strongly dependent on their charge. According to the Schulze-Hardy rule this dependence 

is proportional to the inverse power of 6 of the counter-ion charge. This rule is frequently 

cited to account for the fact that trivalent Al3+ and Fe3+ ions are several times more 

effective than Na+ for the destabilization of negative colloids. However, this behaviour is 

not often found experimentally, presumably due to the fact that the availability of “free” 

Al3+ and Fe3+ is limited by hydrolysis reactions, as discussed here [89]. 

3) Sweep floc – precipitate enmeshment 

During sweep floc coagulation, large amount of hydroxide precipitates, Al(OH)3
 and 

Fe(OH)3, are produced by the excess of coagulant ions in the solution. The colloidal 
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particles are enmeshed in the precipitate as it forms, and subsequently removed from the 

suspension by settling [90]. 

4) Interparticle bridging 

Interparticle bridging occurs, when a polymer spans the gap between surfaces of two or 

several conjunct colloids, bridging them together, and thereby promoting destabilization 

(Figure 7).  

The bridging mechanism is common for synthetic organic polymers (flocculants). 

However, some authors postulate that bridging also occurs with coagulant polynuclear 

species [15], [91]. Moreover, bridging and patching are believed to be important 

destabilization mechanisms for coagulants of polymeric nature, such as chitosan. 

 

 
Figure 7. Schematic picture of (a) bridging flocculation and (b) restabilisation by 

adsorbed polymer chains. Adapted from Bolto & Gregory [2]. 

Another destabilization mechanism associated with coagulants of polymeric nature is 

electrostatic patch adsorption. During electrostatic patch adsorption (Figure 8), the 

polymer molecule is adsorbed in a relatively flat configuration on the particle surface to 

give a “mosaic pattern”. A local excess of positive charges is introduced while the rest of 

the surface is free of polymer and carries the original negative charge. Regions of opposite 

charge are attracted between adjacent particles that end up clustering [92]. 

 
Figure 8. “Electrostatic patch” model for flocculation of negative particles by cationic 

polyelectrolytes. Adapted from Bolto & Gregory [2]. 
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Often, there is no clear line between each destabilization mechanism; depending on the 

conditions, destabilization mechanisms may occur sequentially or overlap.  

1.4.2 NOM destabilization mechanisms 

NOM molecules display properties of both dissolved and colloidal matter. Edwards and 

Amirtharajah [93] suggested that destabilization of dissolved NOM includes a phase 

change i.e., complexation reactions with metal species lead to reduction of NOM 

molecule charge and thus solubility. NOM is thereby removed from solution by forming 

a solid metal humate complex, or by physical attachment of the colour molecules to the 

hydroxide flocs. The coagulation process modified to ensure good removal of organic 

matter is also known as enhanced coagulation [8]. 

1.5 Filtration 

Filtration is an extensively used process in drinking water treatment for removal of 

particulate matter. In a general sense, filtration is a separation process between a fluid and 

its suspended matter by passage of the suspension through a porous medium [87]. The 

suspended matter, however, can be removed by two different ways - depth filtration or 

straining. Depth filtration is the separation process, in which the suspended particles, 

colloids, and particle aggregates pass through filter media, and are retained in the voids 

between the media granules. Normally these voids are considerably larger, than the 

particle size [94]. Straining describes the process of particle retention through media with 

pores finer than the particle size (e.g. membrane). Straining can be observed with granular 

filtration when the ratio of the suspended particle diameter to the grain diameter is greater 

than about 0.05 [95]. The next chapters present a general overview on depth filtration and 

rapid granular filters. 

1.5.1 Filter operation 

The operation of a granular filter over time follows a general pattern, determined by 

accumulation of the suspended matter inside the filter (Figure 9): 

1) filter ripening - when the filter bed is clean, water of poor quality is produced due 

to restricted range of attraction forces between floc particles and bare filter grains 

[96]; 
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2) stable phase - as more filter grains become covered with the flocs, there is a 

gradual increase in the effluent water quality; 

3) breakthrough - at some point, the accumulation capacity of the filter is exceeded, 

and the effluent quality deteriorates. At this point, the filter should be cleaned by 

backwashing. The operating time between backwashes is called a filter run.  

 
Figure 9. Effluent turbidity and head loss development over time for a rapid granular 

filter. 

Difference in head across the filter bed is referred to as head loss [87]. Initial head loss in 

a clean filter is called clean bed head loss. Consequently, accumulation of suspended 

solids linearly increases overall head loss over time. Any deviation from linearity may 

indicate straining and cake filtration. In turn, terminal head loss is reached, when the 

water level above the filter exceeds the design value. 

1.5.2 Removal mechanisms of granular media filtration 

Theories describing the particle removal by depth filtration are within two approaches: 

macroscopic [97], [98] and microscopic [99], [100].  

The macroscopic approach describes the dynamic behaviour of deep bed filters with a set 

of equations and model parameters that are essential for filter design. This approach does 

not take into consideration the complex relationship between the suspended colloids and 

granular media. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

100

200

300

400

500

600

700

800

900

1 000

Ef
flu

en
t t

ur
bi

di
ty

, N
TU

H
ea

d 
lo

ss
, m

m

Time (hours)

Clean bed head loss Head loss Effluent turbidity

Breakthrough 
onset

Stable phase

Filter ripening



20 

  

The microscopic approach intends to provide insights about the mechanisms of particle 

deposition in granular media [101]. It is postulated that retention of the suspended 

particles within a filter bed is usually preceded by two complementary events - particle 

transport in the vicinity of the filter corn and particle attachment to the corn surface. 

Consequently, deposited particles can be detached and dragged deeper into the filter bed, 

where they can reattach or be eluted with the effluent. 

Depending on the size of the particles, their transport occurs by means of either 

interception, settling or Brownian diffusion forces (Figure 10). Interception occurs when 

a particle moving along a streamline comes into contact with the media corn. 

Gravitational sedimentation refers to the settling of particles onto the corn surface. 

Smaller particles undergo diffusion, which can result in random contact with the corn 

grains [102]. Diffusion is rather relevant for the particles smaller than about 1 μm, 

whereas larger particles are transported by interception and gravitation mechanisms. For 

colloids of intermediate size 1-3 μm, typically bacteria-sized particles, none the transport 

mechanisms is dominant, and they are believed to exhibit the lowest transport efficiency 

[100], [102].  

 

Figure 10. Transport mechanisms in water filtration. Adapted from Yao et al. [100]. 

The classical theory of colloidal stability predicts that adsorption of suspended particles 

to the filter media is primarily controlled by charge characteristics. The attachment 

efficiency between two interacting particles is balanced by the repulsive and attractive 

forces, and the process thereby regulated by the factors, such as the isoelectric point (pI, 
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explained in Section 2.5) of the particles, and pH and the ionic strength of the solution 

[103], [104]. Under favourable conditions, as in the destabilized state, the attachment rate 

is the highest [99]. Apart from that, factors like steric properties [105] and hydrophobicity 

[106], [107] may define the particle’s attachment. 

1.6 Common and alternative coagulants in water treatment 

Salts of Al and Fe are the most commonly used coagulants in water treatment (Table 5), 

due to their high efficiency, good availability, low price, and detailed characterization.  

Table 5. Commonly used coagulant products. 

Type Product Coagulation conditions 
pH Dose1 

Al-based Al2(SO4)3 14H2O (alum), 
AlCl3 

5.0-7.5 0.5 mg Al/mg C, pH 5.5 

1.0 mg Al/mg C, pH 7.0 

Fe-based Fe2(SO4)3, FeCl3 4.0-6.5 1.0-1.3 mg Fe/mg C, pH 4.5 

2.0 mg Fe/mg C, pH 5.8 
1 Based on information from Dennett et al [108] and Edzwald [5]. 

Among the major drawbacks of these coagulants are loss of the destabilization and 

cleaning effect at suboptimal coagulation conditions, followed by increased levels of non-

reacted metal in the finished water. High metal residuals in water are associated with 

health hazards [109], [110], and hence regulated by health-based guidelines. Coagulation 

can also be impaired during periods of cold temperatures [111], Some of these problems 

are minimized for prepolymerised forms of coagulants [112]. These coagulants contain 

defined prehydrolysed species, which are less influenced by the pH and temperature of 

the treated water.  

One of the most critical issues associated with operation of a coagulation plant is the 

amount of sludge generated. The sludge affects operation of the sedimentation basins, 

thickeners and filters, and requires handling and utilization.  

The amount of sludge produced by each coagulant can be assessed, using an empirical 

equation for the hydrolysis reactions [85]: 

Al3+ + 6H2O = Al(OH)3·3H2O (am)+ 3H+ 

Fe3+ + 3H2O = Fe(OH)3 ·3H2O (am) + 3H+ 



22 

  

According to these equations, each gram of Al or Fe was estimated to produce 4.9 and 2.9 

g dry solids, respectively. Consequently, treatment of raw water with a moderate TOC 

content, i.e. 3 mg C/l, would require 1.5 g Al/m3 or 3 g Fe/m3 coagulant doses and result 

in formation of at least 7.5-9.0 g/m3 of suspended solids in the influent. Hydroxide 

products are assumed to be the dominant components of the sludge. However, 

contributions from raw water DOC and TSS to the total amount of sludge should be taken 

into consideration as well. Therefore, the real amounts of the generated solids should be 

higher than theoretical estimates.  

Due to high concentrations of metals, sludge generated with metal salts cannot be freely 

disposed to nature. Often, WTPs use high amounts of energy and chemicals for sludge 

handling, which affect the economy and waste management of the plant [113]. 

The search for alternative coagulants that are able to provide similar or higher treatment 

effects but can offer more sustainable and environmentally friendly water production, is 

highly relevant. 

Various alternative coagulants, including Moringa oleifera seeds [114], alginates [115], 

corn starch [116], chitosan [117], lignin derivatives [118], compounds with tetravalent 

zirconium [119], and titanium [120] have been proposed for drinking water production. 

Two of these compounds – zirconium (Zr) and chitosan – were investigated in the research 

described in this thesis. 

1.6.1 Zirconium  

Zirconium (Zr) metal is a ubiquitous element on Earth. The first efforts to introduce Zr to 

water treatment field refer to US patent 4066542 [121], disclosing ZrOCl2·8H2O 

application on several types of waste and surface waters. Follow-up research has also 

investigated the effect on phosphorous [122], [123], chemical oxygen demand, total 

inorganic nitrogen [123] and ammonia [124] - parameters routinely monitored for 

wastewater, landfill leachate, and eutrophic waters. Recent studies in drinking water 

production have also explored the ability of Zr to reduce HS, turbidity [119], [125], and 

arsenic [126] in surface waters. 

Some attractive properties of Zr are listed below: 
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1) low consumption dose - Zr is a tetravalent compound, with hydrolysis products 

carrying a high charge [127], [128] which is essential for particle destabilization. In 

theory, this implies a lower dose requirement for Zr coagulant to achieve similar 

removal effects, relative to trivalent agents. Several bench-scale studies have confirmed 

this experimentally. The work by Jarvis at al. [119] suggested a high DOC reduction 

already at 0.4 mg Zr/mg C dose, applied over the pH range of 5.0 to 7.0. In contrast, the 

work by Hussain at al. [125] proposed a ratio for Zr demand to raw water DOC within 

0.6-1.2 mg Zr/mg C range for the pH between 4.5-5.1. This is somewhat higher, than 

suggested for Al in Table 5, but lower than for Fe. 

2) enhanced DOC/TOC reduction – the literature describes Zr’s advanced ability to 

reduce DOC in NOM rich waters. Up to 20-25% less DOC has been detected after Zr 

treatment, as compared to alum [129] or ferric compounds [119]. The phenomenon is 

likely explained by a high affinity between NOM species and Zr’s charged hydrolysis 

products [119], [125], [130]. Moreover, Zr is claimed to be especially efficient for the 

removal of low to medium MW range organic compounds (<2 000 Da) that are resistant 

to coagulation [125]. As discussed earlier, residual DOC is undesirable in the finished 

water due to the risks of DBP formation and the distribution system integrity. 

3) decreased sludge volume - reduced coagulant consumption gives a decreased solid load 

on the filter, so that extended filter runs and less backwash water could be expected. 

Considering the reactions of Zr in the coagulation process, the amount of sludge produced 

by this compound could correspond to 2.5 g dry solids for each gram Zr dosed, which is 

lower than for Al or Fe (Section 1.6). No studies, however, have verified the sludge 

production rate or filter run length for Zr coagulant. 

4) stronger flocs and resistance to shear forces - Zr forms large and strong flocs [119], 

[125] that provide large adsorption surfaces and presumably large resistance to breakage 

under further liquid-solid separation processes, such as filtration, assuring longer 

operation. 

Extensive investigation on Zr toxicity, genotoxicity, and carcinogenicity to both humans 

and animals has been carried out over the years. Overall, Zr compounds exhibit low 

toxicity, low or no bioaccumulation, and no carcinogenicity [Toxicology data network by 

US National Library of Medicine https://toxnet.nlm.nih.gov/ and the European Chemical 

Agency (https://echa.europa.eu)].  
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Zirconium is mined extensively for use in other manufacturing fields, and its availability 

is unlikely to be of concern. 

There are, however, a limited number of scaled up experiments and real case studies on 

Zr, which are essential for its broader characterization. Moreover, Zr-based products are 

still under development or not in the list of officially approved products for water 

treatment in many countries. As a consequence, there are very few commercial Zr-based 

products designed for water treatment relative to conventional coagulants. Among the few 

found is MELsorb® (Mel Chemicals Inc, USA) treatment systems for arsenic-polluted 

water. Finally, the interest in Zr coagulants can be confined by its higher cost (Section 

3.5).  

The use of Zr for chemical treatment at several Norwegian WTPs is presented in 

Appendix B. 

1.6.2 Chitosan 

Chitin polymer is a basic component of the exoskeleton of shrimps, crabs, and other 

crustaceans. Numerous polymer products can be prepared from chitin, including chitosan. 

Chitosan material has gained considerable interest over recent decades, due to some 

unique characteristics and its natural origin. Today, chitosan can be purchased from many 

suppliers all over the world, with products intended for numerous applications, including 

water and wastewater treatment.  

Chitosan is an unbranched cationic polymer of two randomly sequenced units, an 

uncharged acetylated unit (N-acetyl-D-glucosamine), normally found in chitin, and a 

potentially charged deacetylated unit (D-glucosamine), derived after transformation of 

chitin to chitosan (Figure 11). Structural characteristics of chitosan include acetylation 

degree (Fa) and MW. The acetylation degree of chitosan can be expressed as a ratio 

between acetylated and deacetylated fractions of chitosan. It affects the density and 

distribution of the glucosamine units along the polymer chain, stiffness (increases with 

increasing Fa), and hydrophobic characteristics of the compound [131]. The MW of 

chitosan defines the length of the polymer chain and thereby the viscosity of chitosan in 

the dissolved state.  
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Figure 11. Structure of chitin and chitosan. 

The other important parameter for chitosan is solubility, which varies with pH. At acidic 

conditions, the glucosamine units are protonated, and the chitosan molecule becomes 

soluble. Here chitosan gains the highest affinity for anionic impurities [132], and exhibits 

the highest destabilization efficiency as a coagulant. At neutral pH, the amino groups lose 

their positive charge and chitosan becomes insoluble [133].  

Bench-scale tests have proven that chitosan and chitosan-derivatives are capable of 

removing heavy metals, phenols, dyes, pharmaceuticals and drug metabolites from variety 

of water effluents [134]–[136]. Chitosan has been assessed for reduction of NOM [117], 

[131], [137], suspended matter [138], [139], and microorganisms [140]–[142] in drinking 

water using both laboratory and pilot-scale setups. In many cases, this coagulant has been 

proven as effective as traditional Al and Fe. Substantial research on chitosan has been 

accomplished by The Norwegian Institute for Water Research. These data provided some 

unique operational experience of using chitosan for water treatment and the main findings 

are presented in Table C1. A TOC reduction of 30-40% was attainable with chitosan doses 

between 0.4 and 0.8 mg chitosan/mg C (0.05-0.15 mg chitosan/mg colour). Optimal pH 

varied between 4.0 and 7.0, but the coagulant demands were reduced at lower pH. 

Chitosan possesses several intrinsic characteristics that make it very attractive for 

drinking water production: 

1) origin – due its organic nature, chitosan is widely regarded being a nontoxic, 

biologically compatible polymer [143]. It is approved for dietary applications in Japan, 

Italy, Finland, Norway, and several other countries. 
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2) no metal residue - one of the most substantial arguments for use of chitosan is lack of 

residual metal in the finished water. If a WTP experiences suboptimal operation, the 

produced water will be less harmful when produced with chitosan compared with 

conventional coagulants. Taking into consideration that an accidental overdosing of Al 

coagulant in UK in 1988 resulted in symptoms of loss of concentration and short term 

memory among 20 000 residents [144], one can assume that the consequences if such 

event could be much less detrimental with chitosan. 

Chitosan application could be especially convenient in small treatment facilities, as they 

most frequently experience problems with high metal residue due to little buffering 

capacity (small dilution factor).  

Similarly, sludge produced with chitosan is free of metals. Chitosan sludge is rich in 

organic matter and exerts less harm to the environment under deposition. Furthermore, it 

has a nutritional value for plants, if used as a conditioner [145], [146].  

3) reduced amount of sludge - chitosan drives destabilization without the formation of 

additional solids in the form of a metal hydroxide precipitate. For chitosan, no by-products 

are formed, and 1 g of added chitosan would roughly generate 1 g of dry solids in the final 

sludge. Consequently, at least 2-3 times less sludge can be expected from chitosan 

compared to metal coagulants (Section 1.6). Chitosan also extends filter runs and 19-24 

h filter operation under high water production (5-9 m/h) has been reported [145], [146]. 

4) chitosan also exhibits bactericidal [147], [148], antifungal [149], and antiviral activities 

[141], [150]. In a study by Parkpian et al. [151] prolonged contact between chitosan and 

sewage sludge could potentially result in 4-fold reduction of live E.coli. Hence, the 

concentration of infectious waterborne pathogens can potentially be reduced in a chitosan-

rich sludge, making recycling of backwash water and disposal of the processed sludge 

safer than with other coagulants. 

Despite many advantages, there are some factors restricting broader implementation of 

chitosan in the water sector. The ability of chitosan to remove NOM is considerably lower 

than that of metal coagulants. The phenomenon is likely to be explained by lower affinity 

between amino groups and NOM molecules relative to metal hydroxides, due to lower 

charge of the former. Attempts to enhance the efficiency of chitosan in combination with 

other compounds have been successful [131].  
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1.7 Aims of the thesis 

Zirconium and chitosan coagulants have recently been introduced to the water industry, 

and there are some missing data for both compounds. The overall goal was to provide 

broader characterization of Zr and chitosan coagulants for water treatment, or more 

specifically to study: 

1) performance in terms of dose and pH demands for efficient turbidity and colour 

reduction; 

2) turbidity and colour reduction, compared to a conventionally used Al coagulant; 

3) the amount of sludge generated; 

4) the filter run lengths for a rapid two-media filter; 

5) the hygienic properties against three main groups of microorganisms (virus, 

bacteria, and protozoa); 

In pursuit of the last goal, the following topics were further investigated: 

6) effluent turbidity and colour as indicators of microorganism reduction; 

7) the removal patterns for microorganisms in terms of size and surface charge;  

8) virus reduction as a function of raw water quality, type of coagulant and coagulant 

dosing; 

9) the potential reversibility of the infectivity of viruses in coagulant aggregates after 

coagulation and flocculation; 

10)  the suitability of MS2 as model organism for virus reduction by coagulation-

filtration. 
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2 Materials and Methods 

2.1 Coagulants 

A ready to use polyaluminium chloride (PACl) product, PAX-18, from Kemira Chemicals 

(Norway), was used. Zirconium (IV) oxychloride octahydrate powder (AquatorTM) was 

obtained from Teta Vannrensing Ltd (Norway). Chitosan. KitoFlokkTM (low molecular 

weight [MW, 100 kDa] and Fa close to 0.2) was obtained from Teta Vannrensing Ltd, 

Norway.  

2.2 Bench-scale experiments 

The jar test procedure requires neither huge amounts of water for testing, nor complex 

equipment and components, making it an excellent tool for simple research on water 

treatment chemicals (Figure 12). The tests are useful for initial screening of an unknown 

water source, estimation of coagulant demands in a WTP design, and correction of 

coagulant requirements for plant performance. 

 

 
Figure 12. The jar test apparatus Flocculator 2000 (Kemira AS, Finland). 

Jar tests are often criticized as they fail to represent a full-scale coagulation process 

precisely. The test is considered to be more appropriate for simulation of conventional 

treatment, for which relatively higher coagulant dosing and formation of big and settable 

flocs are often advantageous. In contrast, direct filtration requires less coagulant to 

produce smaller and compact flocs. Conditions determined by jar tests and applied during 

contact filtration may therefore lead to filter clogging, as happened in the present study 

during the initial stages of the pilot experiments. Lower doses are also hard to measure 

1 l glass beaker 
Flat paddle 
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accurately. Membrane filtration used after coagulant dosing does not provide a good 

representation of depth filtration, as the pore size of the glass-fibre membrane is smaller, 

compared to granular media, and the retaining mechanisms are different. The jar test and 

glass-fibre filtration procedure does not provide any information about the strength and 

deposition of the flocs and offers only the estimation of a filter cycle length and head loss 

development (by means of empirical equations), which are essential for the depth 

filtration. 

These limitations explain why pilot-scale and full-scale research are more preferable than 

jar tests. 

 

2.3 Pilot-scale experiments 

An overview of the pilot plant used in the present research is outlined in Figure 13.  

 
Figure 13. The main components of the pilot filter: 1 – dosing pump for seeding of microbe 
suspension; 2 - dosing pumps for HCl and coagulant; 3 – inlet hose from the indoor tank; 4 – two-
media downstream filter; 5 – outlet hose; 6 –  basin for collection and disinfection of the outlet 
water; 7 – operating PC; 8 – pH- and turbidimeter; 9 – valves for outlet, drain and backwash water; 
10 – hose for backwash water; 11 – pressure transmitters; 12 – manual sampling point for inlet 
water; 13 – level control and manual sampling point for outlet water. 
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The pilot filter was employed in order to verify the jar test results, study model viruses, 

bacteria and oocysts removal, and to obtain additional operational data for the tested 

coagulants, such as dynamic change of the outlet turbidity over time, filter cycle length 

and head loss across the filter bed. Design and lag times for the pilot column resembled a 

classical direct filtration process. To obtain highly realistic conditions, like a full-scale 

plant, the experimental work focused extensively on initial testing and investigation of 

optimal operational conditions. Realistic conditions were also achieved through use of 

raw water from Glomma, which is a water source for at least three Norwegian WTPs. 

The pilot column was a complex system, where component malfunction could potentially 

delay the work progress. The experiments could not be performed without large amounts 

of raw water that had to be transported and stored for some time. The long storage 

eventually affected the water quality, as registered in the last experiment in Paper 1.  

As it was critical to use water with comparable quality throughout the experiments, the 

number of runs was restricted. As a result, just one pH-dose combination was selected for 

each coagulant; this considerably affected the quality of the data and restricted general 

comparison between the coagulants. 

Finally, each run required considerable and lengthy preparation in order to avoid process 

disruption and ensure the run had a high chance of being successful.  

2.4 Assessment of water NOM  

NOM levels can be assessed by different approaches. TOC provides the most accurate 

estimate of the amount of NOM in a water source; a humic fraction of NOM can be 

assessed indirectly as light absorbency in the visible (true colour) and UV wavelength 

(UV254) range. Consequently, a linear relationship between TOC and colour/UV254 

parameters is often expected [152]. 

Historically and practically, colour analysis has been more widely used in Norway for 

process efficiency assessment, than TOC or DBP, e.g. trihalomethanes (THMs). This is 

reflected in the Norwegian Drinking Water Regulation [153], which generally requires 

analysis of TOC less frequently than colour. Use of the colour parameter in Norway may 

be partly explained by the longer processing time necessary for TOC measurements. Due 

to that, and other practical and economic reasons, the colour parameter was employed 

extensively during the present study.  
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2.5 Assessment of hygienic water quality 

2.5.1 Plaque forming assay for bacteriophage enumeration 

Infectious somatic (Salmonella Typhimurium 28B) and F-specific (MS2) bacteriophages 

were enumerated by the PFU-assay (Figure 14), following the standard 10705-1 and 

10705-2 ISO procedures [75], [76]. 

 
Figure 14. A petri dish with the counted plaques. 

Compared with the traditional virus cell culturing techniques, the PFU assay is rapid, easy 

and cheap. Extensive preparations are not needed, and many samples can be processed in 

a short period of time, which can be especially convenient for investigation of virus 

removal over time.  

In theory, each plaque represents a single virus. In practice, the PFU counts can be biased 

by virus aggregation, which has considerable potential to provide erroneously low number 

of infective viruses in a solution [154]. 

In the present study, an alkaline beef extract (BE) solution was implemented to minimize 

phage aggregation, caused by coagulants. Beef extract is commonly applied during 

concentration of viruses from water in order to elute adsorbed viruses from the filter 

surface [155]. The procedure included stirring of the sample in BE (13%, pH 9.5-10.0) 

solution for 5 h at +4°C.  

2.5.2 Polymerase chain reaction (PCR) for virus detection and enumeration 

The qPCR technology has been used for a variety of applications, including virus 

detection and quantitation of viral genomes. When RNA is the target, RNA is initially 
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transcribed to cDNA (copy DNA), by reverse transcriptase (RT). Variations of the PCR 

also include end-point and quantitative PCR (qPCR). The template quantity can be 

estimated from a standard curve as absolute or relative target copy number, depending on 

whether the absolute quantities of the standards are known or not. 

Compared to cell culture for detection of viruses, qPCR is relatively easy to perform, 

requires less time and costs, is very sensitive and has high specificity for a certain 

microorganism or group of microorganisms, depending on primer/probe choice. It cannot, 

however, be used to determine the infectious state of an organism; it can only determine 

the presence or absence of pathogen-specific DNA or RNA genomes [156]. 

The complexity of the RT-qPCR poses also some methodological challenges. Suboptimal 

reaction conditions may arise for a number of reasons, including inappropriately designed 

primers and probes, unsuitable time or temperature conditions, variable polymerase 

quality, and incorrect Mg2+ concentration [157]. Analysis of qPCR-data can also be 

relatively complicated, and may require special techniques [158], and data normalization. 

Another concern is RT-qPCR being sensitive to inhibitors in the sample. Alternatively, 

inhibitors can affect the extraction of nucleic acids. The major consequences are 

decreased sensitivity or false-negative results [159].  

For water samples, potentially inhibitory substances include humic acids, polysaccharides 

and proteins [160]–[162]. Salts of sodium, potassium or calcium are also reported to affect 

RT-qPCR negatively [163], [164], however, it is unclear whether coagulant compounds 

should be classified as RT-qPCR inhibitors. In order to reveal any impact of coagulants 

on the RNA extraction and RT-qPCR steps, two commercial RNA extraction protocols 

were tested in the present work. 

2.5.3 Cryptosporidium parvum concentration and detection 

Concentration and enumeration procedures for C.parvum oocysts used at the Parasitology 

Laboratory at the University of Life Sciences are based on ISO 15553 [165] and US EPA 

1623 [166] methods. The general procedure is outlined in Figure 15. 

In short, a water sample was filtered through a cellulose acetate membrane (2.0 μm pore 

size) and adsorbed oocysts were detached with an elution buffer and pelleted. The oocysts 

were separated from the aquatic debris using immunomagnetic separation (IMS) and 

stained by IFA (immunofluorescent antibody). The stained sample was examined using 
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fluorescence microscopy and differential interference contrast (DIC) microscopy. Objects 

with correct size (3-5 μm), shape (egg-shaped), and fluorescence characteristics were 

counted as Cryptosporidium oocysts.  

Oocyst losses arise, due to a high number of steps in the present method. Recovery also 

depends greatly on the quality of the processed water and experience of the handler. A 

recovery test is conducted on pure water with a known amount of spiked oocysts. If it is 

essential that the recovery efficiency for a particular water sample is estimated, then 

oocysts pre-labelled with a different fluorochrome can be used in spiking tests, but this is 

an additional expense on an already expensive method.  

 
Figure 15. Flow diagram of the method used to concentrate and detect C.parvum oocyst 

in water samples. IMS - immunomagnetic separation procedure; IFA - 
immunofluorescent antibody procedure; DIC- differential interference contrast; DAPI - 

4',6-diamidino-2-phenylindole staining. 

2.5.4 Detection and quantification of E.coli  
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Standard NS-EN ISO 9308-2 [167] and its international equivalent ISO 9308-2:2012 

[168] are recommended by the Norwegian Drinking Water Regulations for routine 

detection of total coliform bacteria and E.coli in water samples. 

The method is based on the Colilert-18 with Quanti-Tray/2000 system (IDEXX 

Laboratories, USA) for cultivation of target bacteria in a liquid medium and calculation 

of the most probable number of organisms. Colilert-18/Quanti-Tray system was used in 

the present study for quantification of E.coli. 

Colilert-18 relies upon expression of β-galactosidase from coliform bacteria, which 

metabolizes o-nitrophenyl-β-D-galactopyranoside and gives a colour change in positive 

samples after incubation at 37oC for 18-22 hours. 

For E.coli, the β-glucuronidase metabolizes 4-methylumbelliferyl-β-D-glucuronide 

hydrate which provides fluorescence to be detected with a fluorescence lamp, as shown 

in Figure 16. 

 
Figure 16. Detection of E.coli in water samples using Colilert-18/Quanti-Tray system. 

The method is ideal for laboratory analysis, as it is easy, time saving and can be applied 

to all types of water, including those rich in suspended matter and heterotrophic bacteria. 

However, some E.coli strains, which do not express β-glucuronidase, including 

pathogenic enterohemorrhagic strains of E.coli, cannot be detected by the Colilert 

technique. 
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2.6 Detection of isoelectric point (pI) 

Charge is one of the fundamental parameters of colloidal behaviour. The net charge of a 

colloid is controlled among other things by protonation/deprotonation processes, and 

consequently by pH of the ambient solution. At a particular pH, also termed the isoelectric 

point (pI), a colloid may reach an electrically neutral state. At this state, there is no or 

little repulsion to prevent the colloids coming together and aggregate, and they are 

considered unstable. 

The surface charge of the colloid is related to its velocity in an electric field. The velocity, 

usually referred to as electrophoretic mobility, can be measured by the Zetasizer 

instrument. Consequently, the electrophoretic mobility measured at different pH values 

can provide information about the pI of a colloid. This principle was applied to determine 

the pI of Salmonella Typhimurium 28B bacteriophage. 

The Zetasizer also performs size measurement using dynamic light scattering (DLS). The 

principle of DLS relates to thermal motion of the colloids in the solution. Diffusion of 

colloids is connected to their size: small particles diffusing faster than large particles. The 

instrument measures the diffusion speed, and thereby the size and size distribution of the 

suspended colloids. 

In this manner, the Zetasizer measures several important particle characteristics, 

simultaneously. Furthermore, the Zetasizer is commonly used in drinking- and 

wastewater treatment, as it allows monitoring the particle charge as a function of the 

coagulant or polymer dosing and thereby estimations on the optimum dosing range, i.e. 

one that makes particle unstable. 

The technique is very sensitive to the presence of physical (dust, glass bits) and chemical 

(salts) contaminants, as their charge and size will affect the overall result. Therefore, a 

thorough sample preparation is paramount for obtaining accurate electrophoretic mobility 

and size measurements. Virus stocks, heavily contaminated by debris from host cells, salts 

and media components, must be purified using ultrafiltration, caesium chloride gradient 

centrifugation and dialysis. The colloid concentration is important for the DLS technique 

and should be balanced relatively to the suspended matter size. For small colloids, such 

as virus, high titres are usually required. This is usually not an issue for bacteriophages, 

which can be cultivated to high titres in a few days but can be problematic for other viruses 

that are grown in mammalian cell cultures.  
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3 Results and Discussion 

3.1 Dose and pH demands for zirconium and chitosan  

As outlined earlier, the coagulation phenomenon is controlled by the interrelationship 

between coagulant dose, the concentration of impurities, and coagulation pH [91]. The 

output of this relationship affects the extent of coagulation, the quality of produced water, 

and performance of downstream processes. 

One of the aims of the present work was to characterize Zr and chitosan in terms of dose 

and pH requirements for optimal coagulation performance. Norwegian surface waters are 

often rich in NOM and low in turbidity. Since a negative charge carried by NOM colloids 

is about 1-2 order of magnitude greater than the charge associated with particles, 

coagulant dosing is often controlled by NOM levels [169]. Therefore, the coagulant doses 

in this chapter are estimated as a function of initial colour or TOC, whereas no dose 

recommendations for destabilization of suspended matter were suggested. 

The data from the bench-scale experiments in Paper 1 and Paper 3 were combined in 

order to assess the effective coagulation conditions for Al, Zr and chitosan coagulants. 

For each coagulant, the effective dosage was defined as the minimum dose that provided 

residual colour below 5 mg Pt/l for the metal-based coagulants and below 10 mg Pt/l for 

chitosan [170]. Values slightly above 10 mg Pt/l were considered acceptable in water with 

high initial colour treated with chitosan, as chitosan tended not to provide high removals. 

The effective dosages were plotted as a function of initial water colour. The corresponding 

pH ranges were the values measured at the effective dosages. As a result, the following 

empirical models were developed:  

Al [mg/l] = 0.09·Colour - 0.15, pH 5.6-7.0 
Zr [mg/l] = 0.16·Colour + 0.20, pH 4.0-6.0 

Chitosan [mg/l] = 0.15·Colour - 0.06, pH 4.5-7.5 
 

Al [μM] = 3.3·Colour – 10.9 
Zr [μM] = 1.8·Colour + 2.2 

Chitosan [μM] = 0.9·Colour - 0.3 

Larger amounts of Zr (in mass equivalents) were required compared with Al. When 

expressed in moles, the consumption of Zr was slightly lower than that of Al. The lowest 

molar consumption was observed for chitosan.  
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The dosage of each compound was also expressed in terms of cationic charge equivalents. 

The charge density for chitosan with Fa=0.2 (pH 4.0) was calculated according to the 

procedure given by Kvinnesland [171]. Less Zr and chitosan were required, relative to 

Al, to promote destabilization of 1 mg Pt/l raw water colour.  

Al [μeq/mg Pt] = 8.6 
Zr [μeq/mg Pt] = 7.2 

Chitosan [μeq/mg Pt] = 0.5 

These results demonstrate the high destabilization power of tetravalent Zr at lower molar 

concentrations. Regarding chitosan, the charge from amino-groups is weaker than for Al3+ 

and Zr4+. Consequently, the low charge demand was slightly unforeseen. However, for 

chitosan, the effective dosage was selected with the criterion 10 mg Pt/l for residual colour 

(versus 5 mg Pt/l, as for Al or Zr), for which higher residual charge should be expected. 

These results may also demonstrate a contribution of other destabilization mechanisms 

for this coagulant, which differ from charge neutralization. More details on this issue are 

presented in Section 3.3.2. 

Since the data were derived from jar tests, the suggested coagulation conditions might be 

more suitable for conventional treatment, as discussed in Section 2.2. Doses convenient 

for direct filtration are expected to be 30-35% lower, as was confirmed in the pilot contact 

filter operation. Some inaccuracy can also be expected, as the recommended doses are 

suggested for a relatively broad pH range, whereas one can assume dose demands vary 

between the lower and upper boarders of the optimal pH window. Nevertheless, the 

suggested equations aim to provide dose estimates, but not precise dosages, and some 

adjustments may be required to improve the accuracy. Dose guidelines can be used for 

initial assessment of coagulant demand for Zr or chitosan. Dose recommendations should 

also be useful for water plants operating with these coagulants. 

Similar to Fe, the pH optimum for Zr inclines towards acidic pH. Low pH has been 

associated with greater NOM reduction, as HS achieve electroneutrality at pH close to 2 

and become more amenable to destabilization [8]. Destabilization properties of chitosan 

are enhanced at pH above 6.0-6.5, at which chitosan becomes soluble and gains 

protonation of the amino groups. Nevertheless, in the present work chitosan appeared to 

function over a broad pH range. Surprisingly, even under slightly alkali conditions, where 

chitosan was presumed to lose its solubility, the efficiency was still relatively high. 
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However, use of this coagulant under highly basic pH (pH>8.0) conditions, i.e. in alkaline 

filters, should not be recommended for removal of soluble contaminants [172]. 

3.2 Reduction of raw water NOM with zirconium and chitosan  

  
Figure 17. Colour reductions for PACl, Zr and chitosan coagulants obtained during 

several bench-scale experiments. The results are expressed as the mean values and 95% 
confidence intervals. 

Colour reductions by Al, Zr and chitosan obtained during several bench-scale experiments 

(Paper 1 and Paper 3), were surveyed and plotted in Figure 17. The doses that provided 

residual colour below 5 mg Pt/l for the metal-based coagulants and close to 10 mg Pt/l for 

chitosan [170] were included. 

On average, Al, Zr and chitosan gave a colour reduction of 87, 89, and 67%, respectively. 

Consequently, the jar test did not confirm enhanced NOM reduction by Zr, relative to Al, 

as reported elsewhere [119], [125]. Failure to demonstrate advantageous NOM reductions 

with Zr could be attributed to use of PACl as a reference coagulant. Highly positive 

species like Al13
7+ have been reported for the prepolymerized Al coagulant [173], 

implying its high destabilization power. 

Another possible explanation is the use of colour as a parameter for NOM assessment. It 

appears that colour fails to uncover minor differences between the coagulants when close 

to the detection limit, i.e. 5 mg Pt/l. Furthermore, the colour parameter essentially 

measures the easily removed fraction of HS. To measure the content of less compliant HS 

and non-HS organic matter, the SUVA-index (UV-absorption/DOC) has to be applied. In 

the pilot study of the present work (Paper 1), the SUVA parameter indicated reduced 

levels of low MW organic matter in the effluent produced with Zr, compared to Al and 

chitosan. However, as the TOC measurements were too few to confirm this effect 

statistically, it was concluded that Zr removes NOM similarly or slightly better than Al.  
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As expected, chitosan did not give the highest NOM reduction, but the performance was 

sufficient to provide a water quality that meets the criteria of the drinking water guidelines 

(Figure 17). Like other conventional coagulants, chitosan tends to remove the heavy, 

hydrophobic fractions of HS, while removal of hydrophilic, low MW organics is impaired 

[131], [137]. An effort to enhance the effectivity of chitosan with a “tiny” dose of Zr in 

Paper 1 was successful to some extent, but repetition of the experiment with other pH 

conditions could provide relevant information. In fact, several Norwegian WTPs employ 

combinations of Zr and chitosan (Table B1, Appendix B). For these plants, introduction 

of Zr into the operation was positive and provided a considerable NOM reduction in the 

outlet water, in comparison to treatment with chitosan alone. 

The treatment efficiencies in Figure 17 are presented to outline the quality of the finished 

water that can be expected for the studied coagulants. This information may help to 

evaluate whether each particular coagulant is able to produce water compliant with the 

authority’s guidelines. The results here indicate that use of Zr, as well as Al, can be 

convenient for surface waters that are either poor or rich in colour. On the other hand, 

application of chitosan in waters with high initial colour can be challenging, if effluent 

colour below 10 mg Pt/l is preferable. This hypothesis is supported by the results in Paper 

3, where chitosan was applied on water with colour 90 mg Pt/l. However, colours greater 

than 40 mg Pt/l are not recommended for contact filters [85]. Hence, the limitation is most 

relevant for conventional systems. 

One should be aware that different fractions of NOM exhibit various susceptibilities to 

destabilization [13]. Both Glomma and Dragsjøen waters, used in the experiments in 

Paper 1 and Paper 3, had a relatively high SUVA-index [131]. This implies that the 

organic matter in these waters is primarily composed of hydrophobic, high MW organic 

materials [8]; these are easier to destabilize and, subsequently, to remove. Therefore, the 

surveyed data in Figure 17 are valid only for waters with high MW organic materials, 

whereas treatment efficiency for waters rich in hydrophilic NOM should be expected to 

be somewhat lower. 

3.2.1 Comparison of the results with existing models for predicting coagulant dose  

Several empirical models predicting the dosage requirements for Al, Zr and chitosan have 

been developed based on initial colour or DOC levels [5], [13]. Some of these are 

summarized in Table 6 together with the expected NOM removal for the recommended 
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effective coagulant dosage. The recommendations were also compared with the results 

presented in the present work (Paper 1 and Paper 3). 

Table 6. Removal efficiencies for NOM with respect to type of coagulant, coagulant 
dosage (per unit of colour or unit of carbon) and pH range. 

Reduction in Effective coagulant dosage pH Scale Reference Colour DOC/TOC 
Aluminium 

>90%  0.05-0.07 mg/mg colour 5.7-6.7 P [13] 

 20-70% 
DOC 

0.5 mg/mg C 5.5 F [5] 1.5 mg/mg C 7.0 
 37 % TOC 0.3 mg/mg C NR F [146] 

85-90%   0.09 mg/mg colour 5.6-7.0 B This work   20% TOC 0.5 mg/mg C 5.8 P 
Zirconium 

 80-96% 
DOC 0.4-1.2 mg/mg C 5.0-7.0 B [119] 

 70% DOC 0.6-1.2 mg/mg C 4.5-5.1 B [125] 
86-91%  0.16 mg/mg colour 4.0-6.0 B This work  50% TOC 0.8 mg/mg C 4.2 P 

Chitosan 
>60%  0.07-0.11 mg/mg colour 5.0-6.0 P [13] 

72% 32% TOC 0.08 mg/mg colour or 0.5 
mg/mg C 4.0 P [174] 

67% 14% TOC 0.06 mg/mg colour or  
0.4 mg/mg C NR F [146] 

63-71%  0.08-0.21 mg/mg colour 4.5-7.5 B This work  7% TOC 0.3 mg/mg C 4.2 P 
NR-not reported; B-bench-scale; P-pilot-scale; F-full-scale 

The data in Table 6 indicate a good agreement with the results in this thesis. Both Al and 

chitosan removed slightly less TOC during the pilot tests than reported by others. A 

modest decrease could occur, as the treatment conditions were optimized for colour and 

turbidity, but not specifically for TOC.  

Finally, the results in Paper 1 and Paper 3 were used to develop models for prediction 

of the remaining colour after enhanced coagulation with Al, Zr and chitosan coagulants, 

as a function of raw water (RW) colour, coagulant dosage, and pH: 

Colour(final) = 0.28 RW Colour −  3.05Al + 2.15pH − 5.91  

Colour(final) = 0.39 RW Colour −  1.11Zr + 3.71pH − 15.96  

Colour(final) = RW Colour�.�� ∙ Chit��.��  
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3.3 Destabilization mechanisms and mode of action for zirconium and chitosan 
coagulants 

The removal mechanisms for Zr and chitosan were not studied in the present work, 

although some conclusions could be drawn based on the results in Papers 1-3. The 

following chapters attempt to give a description of the studied coagulants, including their 

reaction products and destabilization patterns. 

3.3.1 Zirconium 

As for other metal coagulants, the hydrolysis reaction for Zr water is complex. When the 

quantity of the coagulant exceeds the solubility limit, which is almost always the case for 

coagulation during water treatment, a kinetic transition of free Zr4+ ions to soluble cationic 

intermediates, and then to the uncharged amorphous hydroxide precipitate Zr(OH)4, 

occurs in the stepwise manner as the pH of the solution increases [128]. Consequently, 

predominant hydrolysis species, and their mean charge, will vary greatly with the Zr 

concentration and the pH of the medium. 

Zr4+ → Zr(OH)3+→ Zr(OH)2
2+ → Zr(OH)3

+ → Zr(OH)4→ Zr(OH)5
- 

Zr2(OH)6
2+, Zr3(OH)4

8+, Zr4(OH)8
8+ and some other polymeric hydrolysis products have 

been reported for Zr as well [175], [176]. The pI-value for the amorphous Zr hydroxide 

is close to pH 6-7 [177]. Consequently, Zr hydrolysis products are expected to exhibit 

positive charge below neutral pH. Above this pH, the dominance of the uncharged 

Zr(OH)4 and anionic Zr intermediate species could be expected. The pH values applied 

in Papers 1-3 varied between 4.0 and 6.5. 

As noted above, destabilization of impurities in water occurs through double layer 

compression, adsorption-charge neutralisation, sweep flocculation and inter particle 

bridging. For Zr, destabilization of colloids is apparently accomplished by double layer 

compression and adsorption-charge neutralisation, involving the soluble intermediates, or 

hydroxide precipitate [88]. 

Jarvis et al. [119] reported that treatment with Zr oxychloride provided a higher positive 

charge than Al (alum) or Fe, despite lower molar doses being applied and under similar 

pH conditions. A charge excess was shown to be positive for removal of impurities, such 

as NOM. As noted in Section 3.1, a lower molar demand for Zr, relative to PACl, was 

observed in the present work as well. This may indicate the presence of highly charged 
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polymeric species. The high charge of Zr species could improve charge neutralisation and 

subsequent removal of impurities. The significance of charge was also outlined in Section 

3.1, where the demand of Zr was shown to be stoichiometrically related to raw water 

colour, and consequently, the sum of the initial negative charge in the system. 

Furthermore, in Paper 1, the Zr demand was lowered in an acidic pH environment, in 

which a higher positive charge from H+ ions is expected.  

A streaming current detector can be used to characterize surface charge of colloids in 

solution and to study the role of electrostatic effects for their destabilization. In Paper 1, 

streaming current measurements indicated that a combined effect of positive charge from 

pH and soluble Zr intermediates provided successful destabilization of impurities prior to 

their complete charge neutralization. As in the present work, Jarvis et al. [119] found that 

the point of charge neutralization did not coincide with the highest removal effect, and 

the destabilization began while the media was still negatively charged. Complete 

neutralization is not required for the adsorption destabilization mechanism [15]. 

3.3.2 Chitosan 

Chitosan is not like any conventional metal coagulants. It has polyelectrolyte properties 

and does not form highly charged hydrolysis products. Adsorption by chitosan is 

accomplished when the charged polymeric chains attach to the particle surface. Charge 

neutralization occurs upon reaction of amino groups on the chitosan chain with negatively 

charged impurities in the water.   

The charge density, derived from the amino groups, is influenced by the pH of the 

medium. Increasing the pH from 4.5 to 7.0 leads to a reduction in the charge density from 

98 to 17% [178]. The charge potential is also positively influenced by the degree of 

deacetylation of the chitosan [131]. Therefore, the majority of the commercial chitosan 

products for water treatment have a high degree of deacetylation. 

In the present work, the demand for chitosan was proportional to initial NOM, and 

subsequently, the level of negative charge in the water, indicating that charge 

neutralization was an important mechanism for the coagulation of HS. However, the 

streaming current measurements in Paper 1 demonstrated that a point of electroneutrality 

for colloids did not occur using the minimal effective dose, but with an excess of chitosan. 

Further, the calculations in Section 3.1 show that destabilization of raw water colour with 

chitosan was induced with less available charge, compared with the other coagulants. 
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Complementary mechanisms, such as bridging or charge-patch stabilization, are common 

for polyelectrolytes [2] and were assumed to assist in destabilization, since these 

mechanisms are not necessarily accompanied by charge neutralization [15]. Furthermore, 

chitosan provided the highest virus reduction in Paper 3, probably due to polymeric 

chains that protrude from solution and adsorb to the filter material and impurities. 

Therefore, destabilization with chitosan is presumed to occur by charge neutralization and 

complexation with soluble matter, accompanied by bridging and electrostatic patch 

mechanisms. These suggestions are in the accordance with previously published 

conclusions [117], [134]. 

3.4 Filter run and sludge production with common and novel coagulants 
 
Efforts were made to characterize Zr and chitosan in terms of sludge production and filter 

cycle length, which are essential for an efficient filter operation. As inferred from the 

results in Paper 1, PACl and Zr produced around 8.0-8.5 mg/l of dry solids in the influent. 

The amount of TSS generated by chitosan was 25% of the amount produced with metal 

salts, i.e. 2.1 mg/l. 

In Paper 1, Zr provided the longest filter run: 5-7 h longer than for Al and chitosan. The 

phenomenon has been discussed in terms of flocs that are resistant to shear force [119]. 

For chitosan, at least 17 h of filter operation could be expected, if used on water with a 

moderate NOM content. In the present work, the filter operation with chitosan was 

disrupted by filter clogging. A similar phenomenon has not previously been described and 

could merely be an artefact of the setup used. On the other hand, the accumulation of 

chitosan sludge only in the top layers of the filter bed was also observed by Saltnes & 

Eikebrokk [179]. In the light of the results in Paper 1 and data outlined in Paper 3, where 

membrane filtration presumably assisted chitosan coagulant in the production of high 

effluent quality, it was assumed that after the reaction with water contaminants, some 

parts of the chitosan polymer could remain active and readily adsorbed into the filter 

media, membrane or other surfaces. It can be speculated that the problem could be solved 

by increasing the reaction time and improving the mixing conditions. A strong adhesion 

of chitosan to solid surfaces was demonstrated indirectly in the study by Bergamasco et 

al. [180], in which the water that was coagulated with chitosan led to a higher membrane 

fouling during the ultrafiltration step for surface water treatment, compared with alum. 

However, in another study [181], membrane fouling using chitosan was prevented by pH 
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(1) 

adjustment. Whether the use of chitosan is convenient for membrane filter operation, 

along with media filtration, should be verified in new studies. 

3.4.1 Prediction of filter run  

The information related to the frequency of backwashing is essential in order to meet the 

process objectives for a WTP. It is directly connected to the operational parameters, such 

as the net water production, the volume of reservoirs for backwash water, and the capacity 

of a unit for processed water treatment. Therefore, it is common practice, to run pilot-

scale tests with intake water from a given water source to predict filter cycle lengths. In a 

situation, where pilot testing is not possible, empirical models can be useful tools, 

although less accurate. 

Attempts to predict the filter run length are not numerous in the literature [182], [183]. 

Various factors may affect the filter cycle length, e.g. filtration velocity, filter media type 

and configuration, intake water quality, use of coagulant aid and others [184]. Therefore, 

different experimental set-ups make a direct comparison between the studies difficult. 

Available models are often based on empirical data, meaning that they are more specific 

for the conditions used during the data production. Furthermore, contact filtration has 

been extensively studied for Al coagulant (especially alum), whereas considerably less or 

no data is available for chitosan or Zr.  

Nevertheless, an attempt was made to assess the consistency between the experimental 

data from Paper 1 and previously published models. Since the amount of generated solids 

in the influent impacts the filter run more than other factors, the concentration of 

suspended solids after coagulation and flocculation (		) was assessed with the equation 

suggested by Eikebrokk et al. [185]: 


		 = 
		� + � ∙ 
  

where 
		� is the concentration of suspended matter in the influent prior to coagulant 

dosing; 
 is dosage of coagulant; and � is the precipitation constant. 

The prediction of coagulant dosing (D) as a function of NOM in the intake water can be 

assessed based on the guidelines in Table 6. The precipitation constants for alum and 

chitosan were defined experimentally in the work by Eikebrokk & Saltnes [186], and 

correspond to 4.2 and 1.1 respectively. This constant can also be calculated on the basis 

of the hydrolysis reactions, as in the present work (Section 1.6). Then, Al, Zr and chitosan 
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were estimated to produce 4.9, 2.5, and 1 g of dry solids, respectively, per 1 litre of 

influent.  

The TSS concentration in coagulated water was calculated using equation (1) and the 

parameters from the pilot study. Although 
		� was not measured, it was assumed not to 

exceed 2 mg/l.  


		�� = 2 + 4.2 ∙ 1.5 = 8.3 ��/� 


		�� = 2 + 2.5 ∙ 2.4 = 8.3 ��/� 


		���� = 2 + 1.1 ∙ 1 = 3.1 ��/� 

This exercise demonstrated that there was a good consistency between the modelled and 

experimental data. 

In order to compare the filter performance in this and similar studies, the concept of filter 

capacity (F) was introduced, i.e. the amount of deposit that can accumulate inside the 

filter bed prior to breakthrough, expressed in kg TSS per m3 of filter bed. For a given 

filter, the F value is constant and depends only on the porosity of the filter material. 

However, it is not rare that different filter capacities are reported for the same filter, 

operated with different coagulants [186]. The phenomenon is likely to be explained in 

terms of floc properties that are specific for each coagulant. Therefore, in this exercise, 

the F parameter was employed to characterize the retention properties of flocs, specific 

for Al, Zr, and chitosan. 

The included studies had used the coagulants Al or chitosan without any coagulant aid 

and the filter media was identical or similar to the media employed in Paper 1 (anthracite-

sand and Filtralite-sand). For Zr, the filter run for a two-media contact filter had not yet 

been studied by others. If the amount of TSS in the influent had not been reported, it was 

estimated using equation (1). Raw water, containing both NOM and particles, was 

included, since the presence of NOM is apparently associated with an early breakthrough, 

compared to raw water that contains only particles [187]. The calculated filter capacities 

are presented in Table 7.  
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(2) 

Table 7. The filter capacities of two-media contact filters, operated with Al, Zr and 
chitosan coagulants, expressed as the 25th to 75th percentile values. 

Filter capacity, kg TSS per m3 filter Reference 
Aluminium 

0.6-0.9 [186], [188], [189], this work 
Zirconium 

0.9 This work 
Chitosan 

0.3-0.6 [145], [186], this work 

Several issues are noteworthy. Although the number of studies was low, there was 

generally a good consistency between the experimental data in the different filtration 

studies. More runs with Zr should be performed to determine the F value for this coagulant 

more accurately. The chitosan F values were abnormally low, indicating that this 

coagulant gave a breakthrough at an amount of accumulated sludge that corresponded to 

only half or one third of that accumulated with Al. However, taking into consideration 

that chitosan gives 25% of the sludge amount produced by Al, longer filter runs with this 

alternative coagulant can still be anticipated. 

Finally, the filter cycle length for a contact filtration system can be estimated using the 

following equation:  

� =
� ∙ �

� ∙ 		
 

where � is the time of filtration until breakthrough (h), � is the filter capacity of a two-

media contact filter (kg TSS/m3 filter bed), coagulant-specific as outlined in Table 7, � is 

the length of the filter bed (m) (typically in the range 1.0-1.3 m), �� is the filtration rate 

(m/h) and 
		 is the concentration of suspended solids in the coagulated water (kg TSS/l), 

which can be calculated using equation (1). 

3.5 Economic and environmental evaluations of zirconium and chitosan use 
 
The use of waste as a resource, reduction of resource inputs and depletion of 

environmental pollution have been recognized as important elements of circular economy 

and sustainable production. These elements should also be applied to drinking water 

treatment. 

This chapter attempts to estimate the annual consumption costs for use of conventional 

(PACl and Fe) versus alternative (Zr and chitosan) coagulants in terms of resource 
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demand (chemicals, clean water and energy) and handling of waste-products (sludge) 

during water treatment. Moreover, the use of each coagulant was evaluated in terms of 

environmental impact, such as the CO2 emission connected to transportation of sludge to 

landfills, and the amount of disposed metal into the environment.  

In this example, a theoretical middle-sized Norwegian WTP with capacity of 1 140 m3/h 

is equipped with six two-media contact filters, each of 32 m2 filtration area and a height 

of 1.3 m. The filtration rate corresponds to 189 m3/h. The raw water quality, coagulant 

demands, filter cycle lengths and sludge concentrations were set as in the pilot filter 

experiment in Paper 1. The Fe coagulant dose (3.3 mg/l) was estimated with empirical 

formulas, outlined in Table 5. The theoretical filter cycle for Fe (11 h) was calculated, 

using equations (1) and (2), and the data provided by Eikebrokk & Saltnes [186], i.e. 

K=2.54, F=0.5-0.8 kg TSS/m3. 

The backwashing includes quick airing, followed by 13 min washing at 950 m3/h. Each 

backwashing is assumed to be followed by a 30 min ripening period before the filter is 

taken into production again. The dewatering includes gravity thickening, followed by 

polymer dosing and centrifugation. 

The analysis of operational and economic impacts is provided in Figure 18 and Table D1 

(Appendix D). 

Considerable costs are associated with coagulant purchase and transport. Relatively high 

prices for Zr and chitosan affect the overall economy negatively. However, fewer 

transports of Zr or chitosan are needed during a year than for PACl or Fe. Zirconium and 

chitosan are also able to provide a more economical filter wash. Due to less backwashing, 

the loss of clean water can be lowered by 32% and 12% after changing from PACl to Zr 

or chitosan, respectively. Moreover, reduced loss of clean water leads to a reduction in 

reject flows which, in some cases, can negatively affect the quality of intake water due to 

flow of coagulants and polymer residues and microorganisms [190]. 

Processed water, associated with depth filtration, is a mixture of backwash and filter-to-

waste water flows. This water is characterized by low solid concentrations (Table D1). 

Different techniques can be applied for handling processed water. It can be delivered to a 

public wastewater plant without treatment. However, due to high charges for wastewater, 

e.g. 20 NOK/m3, this results in considerable expenses. Fewer filter washings, as expected 

for Zr and chitosan, can make this solution less expensive. Direct disposal of processed 
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water might be preferable for small WTPs, as this alternative offers a simple plant 

operation, and more compact process. Moreover, some Norwegian WTPs are allowed to 

discharge processed water or supernatant water from thickeners back to the recipient. This 

is an economical, but environmentally unfriendly, alternative, especially if metal 

coagulants are used and thickening is poor. Discharge of processed water to the nearest 

watershed can be considered if chitosan is used, as it is biodegradable.  

Another possibility involves treatment of processed water in situ and haul of dewatered 

sludge to landfills. The expenses include costs for dewatering, transportation and an 

intake fee, charged by the waste processing company. The estimate in Table D1 includes 

costs for in situ treatment. According to these estimates, the demand for polymer and 

energy, attributed to processed water handling, can be cut down for Zr and chitosan. For 

chitosan, sludge volumes can be reduced by more than 70%, compared to conventional 

PACl or Fe. Consequently, the transport of dewatered sludge to a disposal site can be 

decreased equivalently. Another advantage of using chitosan is that the sludge generated 

can be applied as a conditioner in agriculture [145], [146], instead of being discarded. 

This may give almost 0.5 mil NOK in savings. In contrast, the use of Al-rich sludge in 

the agricultural sector is not desirable and has been associated with depletion of 

phosphorous in the ground as it binds to Al [191].  

The calculations indicate that despite the high costs of purchase, the use of Zr and chitosan 

may be economically feasible (Figure 18 and Table D1). Use of Zr is followed by reduced 

loss of clean water due to backwashing. The biggest savings for chitosan are achieved due 

to reduced costs for sludge disposal and decreased loss of clean water. 
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Figure 18. Aspects of water production associated with the coagulants PACl, Fe, Zr and 
chitosan at a theoretical middle-sized Norwegian WTP (see also Table D1, Appendix 

D). 

The use of coagulants was assessed in terms of environmental impact (Figure 19, Table 

D2, Appendix D). The delivery of dewatered sludge to a disposal site is a source of CO2 

emission, and will depend on the annual number of transports, vehicle category and 

distance travelled. The CO2 emission was estimated for a short distance delivery (50 km) 

by a truck loaded with 10 tonnes of sludge. For chitosan, fewer deliveries to a disposal 

site provided decrease of CO2 by 2.9 tonnes, compared to Al. For Al and Zr, emissions 

were estimated to be similar and corresponded to 4 tonnes/year, which was 2.5 tonnes less 

than for Fe. 

Generally, sludge from the plant, using conventional Al or Fe, was estimated to contribute 

to 15-30 tonnes of pure metal released in the nature during sludge disposal. Similar 

amounts are released into the environment with the use of Zr (25 tonnes/year). The effect 

on the eco-system is unclear and this should be addressed in future studies. In contrast, 

no metal pollution is generated with chitosan. 
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Figure 19. Aspects of environmental pollution associated with the coagulants PACl, Fe, 
Zr and chitosan at a theoretical middle-sized Norwegian WTP (see also Table D2, 

Appendix D). 

3.6 Hygienic properties of zirconium and chitosan 

Coagulation, combined with sedimentation and filtration, is extensively exploited for 

microorganism removal. Reports show that, at best, 3.4 log10 of enteric viruses, 3.0 log10 

of bacteria and 5.5 log10 of protozoa can be removed from water with well-functioning 

conventional treatment (Table 8). However, there are also examples showing that almost 

no reduction in microorganisms occurs, despite low effluent turbidity. 

Microorganism reduction obtained during the pilot filter tests with Zr and chitosan (Paper 

2) was above the average, reported for direct filtration in Table 8. Zirconium retained 3.0-

4.0 log10 of infectious MS2 and 28B phages, and 5.0-6.0 log10 of E.coli and C. parvum 

oocysts. Chitosan reduced bacteria in the effluent by 4.5 log10 and infectious phage and 

C. parvum by 2.5-3.0 log10. The lower hygienic performance of chitosan was partly 

explained by poor contact opportunities created by this coagulant. Upon reaction with 

water, chitosan does not produce insoluble hydroxide species, as metals do, and therefore 

contributes less to the increase in suspended matter. After addition of Zr to the coagulation 

mixture, chitosan performance was not improved and remained on the level of 2.0-2.5 

log10 for viruses and 4.4-5.0 log10 for bacteria. The RT-qPCR results verified the plaque 

assay quantifications and ascertained a 2.2-2.6 log10 reduction of total MS2 for the three 

tested coagulants. 

In Paper 3 assessment of the coagulants with membrane filtration revealed rather 

different removal patterns, compared to the pilot study. Influent virus titres were reduced 

by 1.0-3.0 log10 by Al and Zr, with the highest reductions registered for colour-rich raw 
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water. Treatment with chitosan was more efficient, as it provided 3.0-4.0 log10 reduction 

of enteric viruses regardless of the water quality. Although bacteria and protozoa were 

not included, the reduction rates for these larger organisms would be expected to exceed 

those for viruses, independent of coagulant. 

Table 8. Minimum-average-maximum log10-reduction of three main groups of 
microorganisms by physiochemical treatment with traditional Al and Fe coagulants. 
Only studies that provided effluent water quality data were included. The filtration 
processes included a filtration rate up to 24 m/h and the turbidity in produced water was 
less than 0.25 NTU. 

Filtration process 

Log10-reduction 
Minimum – average – maximum reduction (No of studies) 

Virus Bacteria Protozoa 

Conventional treatment 

- Enteric virus  
2.0 - 2.7 - 3.4 

(n=2) 
- Phages  
1.0 - 4.0 - 7.9 (n=3)  

0.6 - 1.5 - 3.2 
(n=3) 

1.2 - 2.4 - 5.5 
(n=4) 

Coagulation/direct filtration 
with media-filter 

- Enteric virus  
0.2 - 1.3 - 2.5 

(n=2) 
- Phages  

0.1 - 2.3 - 5.1 
(n=3) 

1.0 - 1.5 - 2.8 
(n=2) 

3.0 - 3.6 - 4.2 
(n=3) 

References 
[64], [69], [71], 

[84], [192], [193], 
[69], [71], [189], 

[193], [196] 
[61], [71], [74], 

[197], [198] 

Enhanced hygienic efficiency of chitosan was presumably related to the application of 

higher dosages than used for the depth filter, or to the ability of chitosan to attach to a 

membrane filter. On the other hand, performances of Al and Zr coagulants could be 

affected by failure of the membrane filter to retain suspended matter effectively, as was 

also indicated by turbidity measurements. 

In Norway, the hygienic barrier concept is applied to water treatment methods that reduce 

infective bacteria and viruses by a minimum of 3 log10 and infective parasites with 2 log10. 

In the present work, use of Zr and chitosan in a coagulation-filtration step accomplished 

reduction of virus, bacteria and protozoa above 2.0-3.0 log10. These results indicate that 

the coagulants Zr and chitosan have adequate hygienic properties for water treatment. 



52 

  

3.7 Turbidity and colour indicators for efficient hygienic performance 

Careful control of coagulation chemistry and filter operation is essential for pathogen 

removal. In physicochemical treatment, effluent NOM (assessed as TOC, UV254 or 

colour) is assumed to provide insights on coagulation efficiency, while turbidity gives 

indication about efficiency of filtration [85]. 

Turbidity reduction often serves as an indicator of treatment performance for protozoan 

(oo)cysts [74], which are generally larger than other waterborne microbes and have size 

in the same range as particulate matter. The typical size range of enteric viruses is rather 

close to that of macromolecules, like humic compounds [199]. Similar destabilization 

mechanisms, i.e., complexation and adsorption, can be expected for NOM and virus [63], 

[64]. In contrast, neither effluent turbidity nor UV254 were strongly associated with 

removal of bacteria in the study by Xagoraraki et al. [60]. In the other study, application 

of a sub-optimal coagulant dose (effluent colour ca. 15-18 mg Pt/l), impaired retention of 

MS2 phage and E.coli in filter media most, compared with C. parvum oocysts and Giardia 

cysts [146]. Hence, destabilization and retention of particles and colloids are believed to 

be maximized when effluent turbidity and colour are low. Under these conditions, most 

microorganisms are expected to be affected to the greatest extent. 

Effluent turbidity <0.2NTU and colour <10 mg Pt/l are considered to be sufficient to 

assure hygienic barrier requirements (reduction in infective microorganisms) during 

coagulation and filtering treatment [170]. For metal coagulants, the lower threshold is set 

to <5 mg Pt/l to reduce risks of high metal residues. In Paper 2, when the criteria for 

residual turbidity and colour were met, each coagulant fulfilled the hygienic requirements, 

apart from chitosan. Chitosan demonstrated slightly deficient performance against virus, 

along with effluent colour and TOC, in contrast to Zr and Al, which gave the highest 

NOM and microbial removals. Furthermore, a linear relationship was established between 

virus and bacteria reduction and residual TOC, and it was concluded that conditions 

advantageous for NOM reduction presumably contributed to elevated microbial removal. 

Each coagulant ensured an effluent turbidity below 0.1 NTU, for which high reduction 

credits should be expected [200]. Nevertheless, the turbidity parameter did not reveal 

differences in hygienic performances between coagulants, nor reflect the dynamics of 

microorganism retention during different stages of the filter cycle. In accordance with 

these results, WTPs should be recommended to leave the washed filter inactive, even after 

passing the 0.2 NTU threshold, before bringing it into operation, whereas backwashing 
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should be started 1-2 h ahead of the first signs of turbidity breakthrough. The drawback 

of this practice, however, is a drop in net water production. Curiously, some plants are 

operated with fixed intervals for ripening and cycle length, regardless of turbidity 

measurements. One can only speculate on compromised hygienic safety due to this 

practice.  

Rather different conclusions were drawn for turbidity and colour parameters in Paper 3. 

Treatment conditions were satisfactory with regard to colour criteria, whereas the effluent 

turbidity was above 0.2 NTU. Microbiological criteria could still be achieved but 

depended on coagulant type and initial water quality.  

The amount of suspended matter was expected to be elevated after coagulant addition, 

especially in high NOM water. Although the concentration of solids after coagulation was 

not measured, they could be estimated using equation (1). One could assume that the 

reduction of suspended matter in influent relative to effluent was greater in high NOM 

compared to low NOM water. Higher retention of solids on the membrane was followed 

by higher reduction of virus that was attached to the solids. Consequently, the retention 

of solids that can be assessed with turbidity or TSS measurements after coagulant addition 

and in the effluent was associated with removal of viruses. 

A correlation between effluent colour and microorganism reduction could no longer be 

established, as chitosan treatment resulted in water with the highest levels of NOM and 

the lowest levels of viruses. An explanation could be offered in terms of distinct chitosan 

performance during membrane filtration, as discussed earlier. Alternatively, the 

relationship could be interfered due to high turbidity values. 

Thereby, only the results in Paper 2 complied with turbidity below 0.2 NTU and colour 

below 10 mg Pt/l (<5 mg Pt/l for metals) and low pathogen occurrence in the effluent. In 

Paper 3 the results were somewhat difficult to interpret, e.g. effective virus retention 

could be achieved despite high effluent turbidity and colour. However, since the described 

phenomena were specific for high coagulant dosages or chitosan-membrane systems, they 

are more likely to be exceptions from the rule. Therefore, monitoring of effluent water 

turbidity and colour was considered as good practice in order to determine treatment 

conditions for microbial safe water. However, one should be aware that pathogen removal 

with coagulation-filtration can be deficient in the beginning and end of the filtration cycle, 

despite low turbidity and colour measurements in the effluent. Therefore, coagulation-
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filtration step is usually accompanied by the second hygienic barrier, e.g. chlorine or UV 

disinfection. 

Another interesting observation in Paper 3 related to colour measurements in raw water. 

The influent NOM content and, subsequently, the coagulant dose, were positively 

associated with virus reduction. The relationship appeared to be straightforward and could 

be taken into considerations during assessment of coagulation-filtration barrier safety and 

risk analysis (QMRA). Possible explanations for this phenomenon are discussed in the 

next chapter.  

3.8 Factors affecting microorganism removal by physicochemical treatment 

According to classical filtration theory, removal of microbial particles by granular 

filtration is preceded by two steps: transport and attachment to the filter medium, which, 

in turn, are affected by the size and charge characteristics of the microorganisms (Section 

1.5.2). Particle retention in a depth filter would be deficient, when their size is in the range 

1-3 μm, or when their pI is not compatible with the treatment pH. An effort was made to 

clarify the potential impact of size and charge properties on the microbial reduction, based 

on the results in Paper 2 and Paper 3. 

Notably, microorganisms are unlikely to enter the filtration step, while still exhibiting 

intrinsic size and charge properties. In aquatic environments, the microorganisms tend to 

attach to solids [37]. In the presence of coagulants, coagulant-microbe complexes are 

formed upon sorption of the coagulant hydrolysis products to the microbial outer-wall 

[201]. This reaction changes the destabilization state of the microorganisms, and 

consequently their sorption behaviour. Furthermore, as the coagulant products are usually 

much larger (100-10 000 fold) than typical microbes [202], the transport of 

microorganisms embedded in flocs is expected to be altered as well. Therefore, the 

filtration theory predictions are not entirely supported by the empirical data [203]. 

In Paper 2, the microorganisms could be distinguished in terms of size, while the pI 

parameter was rather similar among the test microorganisms. The observed removal 

patterns in the depth filter appeared to be size-related, i.e., virus retention tended to be 

poorer than for bacteria or for Cryptosporidium oocysts. It was assumed that entrapment 

of viruses in the flocs was less efficient, due to the smaller size of viruses. Consequently, 

some virus particles proceeded to the granular filtration step as floc-free, and their 

retention was impaired. As the filter operation progressed and the filter bed became more 
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loaded, single virus colloids were more efficiently retained. This was also reflected by the 

gradual improvement in virus removal during the filtration course and later breakthrough. 

In contrast, the size factor could assist in a higher association with flocs for bacteria or 

protozoan oocysts, along with the log-reductions. In fact, data from Table 8 indicate 

deficient reduction of bacteria and enteric virus, compared to Cryptosporidium (and 

Giardia) spp., at least in contact filters. 

Association with flocs could also explain coagulant-dependent removal patterns. As the 

coagulation products for PACl, Zr and chitosan are likely to exhibit varying properties, 

the formation of complexes with microorganisms is expected to vary as well. 

In the membrane filtration tests in Paper 3, retention of colloids and virus was elevated 

in the NOM rich water (i.e. with higher coagulant doses) for Al and Zr coagulants, 

compared to the water sample with less NOM. Higher coagulant doses were thought to 

assist in production of larger and numerous flocs, advantageous for higher contact 

opportunities. Consequently, raw water quality, coagulant dosing, and virus reduction 

were assumed to be positively correlated. In fact, Dugan et al. [61] concluded that the 

reduction in turbidity and Cryptosporidium concentrations correlated positively with the 

turbidity of the raw water. Xagoraraki and Harrington [204] reported improvement in the 

reductions of C. parvum oocysts in natural waters with increasing DOC.  

The results in Paper 2 and Paper 3 underline the significance of collision phenomena 

during the flocculation (microbe-coagulant interaction) stage. Apparently, conditions that 

could increase complex formation should be created for the overall removal of colloids, 

including small colloids like microorganisms, by a coagulation-filtration step. Apart from 

application of higher coagulant doses, which are inadvisable for plant operation, such 

conditions can be created by using coagulation aids, sufficient mixing rate, and adequate 

contact time. 

The influence of charge characteristics on virus retention was revealed in Paper 3, 

whereas virus size (in the 30-120 nm range) or surface morphology appeared to have no 

impact, or the effect was not reflected by batch membrane filtration. The study indicated 

that viruses with a pI above 5.0 appeared to be retained more effectively. Indeed, the 

selected coagulation pH conditions were mostly acidic, and thereby more advantageous 

for destabilization of low pI viruses. While exhibiting neutral or slightly negative charge, 

these viruses interact readily with positively charged coagulant flocs. In contrast, removal 
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of viruses, which tended to achieve electroneutrality in more neutral and alkaline 

environment, i.e. entero-, rota- and noroviruses, and various phages [205], was suggested 

to be impaired during treatment with both conventional and alternative coagulants. Some 

studies support this hypothesis [194], [206], while other report that the charge of the 

microorganisms is not consistent with their removal patterns [193]. Consequently, there 

is no general agreement about which phages are useful models for elimination of enteric 

viruses by water treatment. In Paper 3, the log10-reduction of the MS2 model virus was 

higher than for norovirus but was not significantly different from hepatitis A virus (HAV) 

or coronavirus. Hence, MS2 may adequately reflect reductions of pathogenic viruses, but 

only under controlled enumeration conditions. Phages with higher pI may still provide 

more accurate data on assessment of norovirus, and are worth testing [207]. 

Although charge characteristics may play a role in hygienic security, they can be difficult 

to control during operation of the WTP, mostly because pH conditions that would result 

in destabilization of all present viruses can be hard to identify.  

3.9 Influence of coagulants on virus enumeration techniques 

Enumeration of microorganisms in raw and treated water is not a simple task. The 

sensitivity of the enumeration techniques may be challenged by various chemical 

compounds, naturally present in water or introduced during one of the operation steps. 

Application of methods with reduced sensitivity might result in erroneous quantification 

and overestimation of microorganism reduction. Data presented in Paper 3 show that 

enumeration of the MS2 bacteriophage by plaque assay and RT-qPCR was sensitive to 

water and coagulant type, and to the amount of coagulants present in water. In samples 

with high amounts of coagulants, particularly chitosan, infectious MS2 titres were 

erroneously low when enumerated by conventional plaque assay. Also, traces of 

coagulants in filtrated water blocked phage infectivity, but to a much lower extent. 

The plaque titres could be reversed by treating the water samples with an alkaline BE 

solution, indicating that virus inactivation by coagulants was not permanent. It was shown 

that MS2 infectivity was temporarily lost during virus complexing with coagulants, 

whereas BE solvent could be used to disrupt these complexes and wash coagulants away 

from virus capsids, thus making the virus detectable by cultivation. 
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Some other solvents were tested along with BE in an initial study, e.g. glycine, urea, and 

ethylenediaminetetraacetic acid (EDTA), but were found to be less efficient (data not 

shown). 

This finding raises the question of whether the use of bacteriophages, or any other cultured 

virus, in water research using coagulants, provides reliable results. It is also unclear 

whether previously published work on microorganism reduction by physicochemical 

water treatment provides an accurate reflection of the situation. In fact, the data in Table 

8 indicate that the average log10-reduction of bacteriophages was higher by at least 1 log10 

compared to enteric viruses.  

The RT-qPCR results suggest that also RNA extraction might be influenced by 

coagulants. The MS2 genome titres provided by the QIAamp® Viral RNA extraction kit 

were stable. For the NucliSENS miniMAG® kit, the efficiency was reduced in samples 

with humic matter and in samples with both high and low coagulant concentrations. This 

finding is probably relevant to other microorganisms that are quantified by RT-qPCR. 

An initial study with the NucliSENS kit indicated that the lysis and extraction steps were 

most sensitive to the coagulants, whereas the amplification (RT-qPCR) step was not 

inhibited (results not shown). 

Several inhibition scenarios could occur. Interaction with the coagulants could prevent 

the virus particle from releasing the nucleic acid in lysis buffer. Subsequently, after 

reaction with the coagulants, the nucleic acids could lose affinity to the silica material, or 

the coagulants could occupy the attachment sites on the silica matrix, leaving the nucleic 

acids behind. 

3.10 Experimental relevance 

Coagulants. In the present study commercial coagulant products that are used by 

Norwegian WTPs have been tested. 

Jar-tests. Coagulant performance is difficult to predict for water of unknown quality. The 

use of a jar test, which was applied in the experiments with Zr and chitosan, is common 

practice during initial characterization of coagulant performances. The jar test procedure 

is a rather simple technique; however, good routines are crucial. Among important factors 

are water temperature, coagulant dosing, mixing intensity and duration and selection of 

the floc separation technique. In turn, water sampling, storage and processing are 
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important to ensure that the quality of the water sample is representative of the water 

source of interest. Both bench and pilot experiments were preceded by repeated 

measurements of turbidity, pH and colour to ascertain that the water quality remained 

stable during storage. Since the water source quality is affected in periods of stability or 

circulation, testing should be repeated several times during a year in order to find optimal 

treatment conditions. 

Pilot filter. As one disadvantage of the jar test is the failure to represent a full-scale 

coagulation process accurately, the next stage of the coagulant characterization employed 

a pilot filter. The lag time and design of the pilot column simulated a classical direct 

granular filtration process. To obtain highly realistic conditions, as would be expected in 

a full-scale plant, the experimental work focused on initial testing and investigation of 

optimal operational conditions. Realistic conditions were also achieved through use of 

raw water from Glomma, which is a water source for at least three Norwegian WTPs.  

Membrane filtration. The setup with a Whatman membrane was convenient for bench 

scale tests, where small volumes and non-complex procedures are preferable. However, 

the setup similarity to full-scale water treatment was restricted. Nevertheless, the results 

of the present study revealed that the selected bench-scale procedure with centrifugation 

was capable of simulating a full-scale thickening process. 

The filtration with a Whatman membrane represented a microfiltration process. The 

efficiency of this process was significantly affected by water and coagulant type. During 

microfiltration retention of impurities occurs primarily by means of size exclusion, unlike 

in depth filtration, for which retention of colloids is controlled by many factors. It is 

unclear whether similar effects of water and coagulant type could be revealed in depth 

filters.  

In order to study virus reduction using granular filtration, large volumes of high titre virus 

suspensions are needed, but usually not available for enteric pathogens. Bench-scale 

studies using Whatman filters are therefore advantageous, as small water and virus 

suspension volumes can be used in order to obtain accurate measurements of the treatment 

efficiency. In the present study, the impact of extra carbon and proteins on the raw water 

quality, contributed by virus solutions, was monitored, and optimization of coagulant 

doses was performed on water spiked with virus.  
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Selected microorganisms. E.coli is known as a faecal indicator, it can also be used as a 

process indicator, along with total coliforms and HPC. Structural properties between 

different bacteria groups can vary, however, the size of E.coli is not distinct from that of 

e.g. Campylobacter, which is an important waterborne pathogen. Therefore, conclusions 

regarding removal of E.coli should be relevant for other bacteria of similar size. 

The present study included C. parvum oocysts as this protozoa is a cause of 

gastrointestinal illness, and transmission by contaminated and inadequately treated water 

is well recognised. In Scandinavia, there have been large outbreaks of waterborne 

cryptosporidiosis in recent years, in some cases with tens of thousands of people infected 

through contaminated drinking water supplies [208]. 

As water treatment is usually designed for reduction of bacteria and most registered 

outbreaks of waterborne disease are caused by viruses, some viral enteric pathogens were 

included in the present work. Norovirus and HAV are naked viruses that keep their 

infectivity in an aquatic environment for a long period. HAV can cause mild to severe 

liver disease and can be transmitted through unsafe water, especially in countries with 

low sanitary living conditions. Norovirus are important waterborne pathogen. Bovine NV 

was included as it is non-pathogenic for humans and very similar to human NV in terms 

of structure and charge. Bovine coronavirus represented enveloped viruses, which have a 

surface structure quite different to naked viruses. Enveloped viruses, like influenza virus 

and enteric coronaviruses, have potential for transmission via drinking water. 

The MS2 bacteriophage is extensively employed as a model virus in water treatment 

studies as it is morphologically similar to many enteric viral pathogens, is non-pathogenic 

and can be cultivated to high titres. MS2 was also included in the present work, and this 

also demonstrates its suitability as a model for investigation of aggregation and retention 

of enteric viruses. 
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4 Conclusions 

Sustainable and feasible coagulation step should be effective and accompanied by 

extensive use of eco-friendly alternatives. 

Zirconium salts have been suggested for water and wastewater treatment as an alternative 

to Al and Fe coagulants. This novel coagulant exhibits higher charge than the 

conventional coagulants, which has been proposed to improve the removal of NOM. 

Other advantages of this coagulant include low consumption doses, low toxicity, and no 

bioaccumulation.  

Chitosan is a biodegradable cationic polyelectrolyte, manufactured from waste from the 

seafood processing industries. The most substantial arguments for using chitosan include 

the lack of residual metal in the finished water and sludge and the reduced amount of 

sludge. It is assumed to pose much less harm under accidental overdosing or if returned 

back into the environment. 

Although some commercial Zr and chitosan products are available on the market, various 

aspects of their operation, including chemistry, practical operation and economy are not 

well documented. The present work evaluated various aspects concerned with the 

application of Zr and chitosan coagulants in the production of potable water and provides 

further information and insights on their use.  

Empirical models have been proposed to predict the amount of coagulant needed for 

effective NOM removal. In these models, the dosages of coagulants required were 

associated with raw water colour. The models are intended to be used by water plants that 

consider use of Zr and chitosan or have already adapted these two coagulants for chemical 

treatment. 

On average, Al, Zr and chitosan gave, respectively, 87, 89, and 67% less colour in the 

treated water, and in the pilot study the effluent contained, respectively, 20, 50, and 7% 

less TOC. In this context, Zr was proposed to remove low molecular hydrophilic NOM 

more efficiently, and therefore is recommended for water plants that experience problems 

with insufficient NOM reduction. 

NOM reduction with chitosan was often modest, and its application on waters with high 

initial colour was not recommended. However, under certain conditions chitosan 
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performed sufficiently well that the quality of water provided was in accordance with 

drinking water guidelines. An effort to enhance the effectivity of chitosan using a “tiny” 

dose of Zr was successful to some extent but repeating the experiment under other pH 

conditions may provide relevant data. In general, chitosan required neither pH-

adjustment, nor affected the pH of the water to be treated. These factors make coagulation 

with chitosan easier to control.  

Similar amounts of dry solids were produced in the influent with PACl and Zr coagulants. 

Nevertheless, Zr provided the longest filter run: 5-7 h longer than for Al. The duration of 

the filter run in contact filtration systems was reported for the first time for Zr. Chitosan 

generated 4-fold less sludge than Al and Zr coagulants, and provided slightly longer filter 

operation, than Al. Production of less sludge can reduce the CO2 emissions associated 

with sludge transport to a treatment facility or deposition. 

Thus, both Zr and chitosan produced more water during a single run than Al. Fewer 

washings enable the consumption of clean water, polymer, and energy to be decreased by 

32% for Zr and 12% for chitosan, in comparison with Al. The results implied that both 

coagulants have the potential of providing more economical and effective filtration steps 

than conventional coagulants. 

Use of Zr and chitosan in coagulation filtration treatment was associated with a reduction 

of more than 2.0-3.0 log10 of virus, bacteria, and protozoan oocysts, indicating that both 

Zr and chitosan enable achievement of adequate hygienic properties for water treatment.  

There was greater removal of microbes that entered the filtration step in a floc-bound state 

than for those as single colloids. These results emphasise the significance of an 

appropriate coagulation pre-treatment and the need for adequate contact opportunities 

between microbes, coagulants and raw water colloids during the flocculation stage.  

The turbidity and colour parameters were tested as indicators regarding treatment 

performance on microorganisms. A linear relationship could be established between 

microbial reductions and residual TOC for the granular filtration. The same observations 

were not confirmed for the membrane filter system, for which effective virus retention 

could be achieved despite high effluent turbidity or colour. However, since the described 

phenomena were considered to be specific for the selected setup, effluent turbidity and 

colour parameters are considered as relatively robust indicators to assure hygienic safety. 
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It was proposed that the removal patterns for microorganisms are controlled by their 

intrinsic characteristics. It was assumed that the entrapment of small microorganisms, 

such as viruses, in the flocs can be ineffective, compared to bacteria and protozoan 

oocysts. The impact of size seemed to be absent in the 30-120 nm range, whereas the 

increase in size from virus to bacteria appeared to affect retention considerably. The study 

demonstrated that viruses with a pI above 5.0 appeared to be retained more effectively. 

As a consequence, appropriate reductions in NV quantities may be difficult to achieve by 

coagulation-filtration treatment alone. Thus, the application of several hygienic barriers 

at a water plant seems a reasonable approach. The MS2 model virus has similar size and 

pI characteristics as several enteric viral pathogens. In the present work, MS2 served as 

an adequate model for investigating virus reduction by physicochemical water treatment. 

However, the influence of coagulants on plaque or PCR techniques for MS2 enumeration 

had to be assessed first. Some of the data indicate that the virus titres measured in water 

samples containing coagulant or coagulant traces were erroneously. Approaches that 

could be used to minimize this effect were investigated and described. This finding should 

be of use for planning and conducting future studies using model viruses.  
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5 Future works and perspectives 

Various aspects of Zr and chitosan use in water treatment were not addressed in the 

present thesis, and could be considered as subjects for future research: 

1) The operation of several WTPs that uses Zr and chitosan coagulants for both direct 

and conventional coagulation-filtration treatment should be assessed and validated 

for more economic and sustainable features. 

2) The effect of Zr-rich sludge on the eco-system after discharge on the landfill is 

unclear and should be addressed in future studies. 

3) Application of chitosan in microfiltration for reduction of physicochemical or 

microbial pollutions. This coagulant may possess some structural properties that 

can contribute to advanced performance in membrane filtration. 

4) The relationship between raw water quality and microorganism reduction. If 

impaired hygienic performance can be related to physicochemical quality of 

water, this knowledge can be of critical value for many WTPs. It may also help in 

the development of practical methods for enhanced physiochemical and hygienic 

treatment. In this case, the floc association concept for the microorganisms could 

be especially relevant.  

5) The data presented suggest that RNA extraction could be negatively affected by 

the presence of coagulants in the water. As this effect can be valid for several types 

of microorganisms and may affect water research, it should be investigated more 

closely.  
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Zirconium and chitosan coagulants for drinking water

treatment – a pilot study

Ekaterina Christensen, Tor Håkonsen, Lucy J. Robertson

and Mette Myrmel

ABSTRACT

Scientists continuously search for alternative coagulants that would be able to outperform

traditionally used aluminium (Al) and iron (Fe). Use of a novel metal coagulant zirconium (Zr) has been

associated with enhanced organic matter reduction. On the other hand, eco-friendly non-metal

solutions, such as chitosan, can provide non-toxic sludge and water with no metal residue. In fact,

Zr and chitosan have been utilized in full-scale operation by several water plants in Norway providing

over 50,000 recipients in small and large municipalities with drinking water. However, the use of

these two agents is limited in other parts of the world. In the present work, Zr and chitosan

coagulants were tested together with Al for drinking water production in both pilot and laboratory

trials. All coagulants provided high quality effluents. However, the metals showed higher efficiencies

in terms of reduction of humic substances, with better performance of Zr than Al. On the other hand,

the amount of suspended solids in sludge produced with chitosan was 25% of the amount produced

with metal salts. Chitosan also functioned over a broad pH range without affecting the pH of the

treated water.
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INTRODUCTION

Hydrolyzing metal salts, based on aluminium (Al) or iron

(Fe), have been used routinely for the removal of particles

(turbidity) and natural organic matter (NOM) in the pro-

duction of potable water since the beginning of the 20th

century (Gregory & Duan ). Considerable practical

and theoretical knowledge about these two agents has

been gained, and today they are the most commonly used

coagulants in water treatment. However, concern about

raised levels of organic matter in surface waters (Garmo

et al. ) impels research on alternative coagulants that

are more effective at reducing NOM. The presence of

NOM in water is undesirable due to its contribution to

colour, taste, and odour problems. Additionally, NOM

forms potentially harmful by-products, following

disinfection with chlorine (Matilainen et al. ).

Reduction in NOM is associated with charge neutraliz-

ation, which occurs when negatively charged particles in

water react with positively charged coagulant. This implies

higher neutralising power and lower minimum effective

dose of four-valent zirconium (Zr), compared with three-

valent Al and Fe. Despite this recognized feature, only a

few studies have investigated the use of Zr (Jarvis et al.

; Hussain et al. ; Zhang et al. ), whereas two

of these studies have confirmed improved NOM reduction

in source water after treatment with Zr salts. Moreover,

apart from the study by Jarvis et al. (), previous

research characterizes Zr only at bench-scale and various

aspects that might stimulate its broader application in
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water treatment practice are still not fully covered in the

literature.

At the same time, there is also a growing interest in natu-

ral or so-called ‘green’ solutions in the water industry, as the

use of metal salts is associated with problematic sludge utiliz-

ation and metal residues in drinking water. Eco-friendly

alternatives could be of great interest due to their biodegrad-

ability and biocompatibility features. Chitosan is derived

from marine crustaceans and may be one of the more prom-

ising materials among eco-friendly alternative coagulants

(Renault et al. ). First attempts to use chitosan for treating

aqueous medium were made as far back as 1970 (Johnson &

Peniston ), and numerous studies on its application in

water and wastewater treatment followed, as reviewed in

Renault et al. (). However, only a few of these studies

describe the use of chitosan in pilot or full-scale trials for

drinking water production (Saltnes & Eikebrokk ) and

therefore additional research on chitosan is still required.

The present work evaluates Zr and chitosan coagulants

for drinking water treatment in bench- and pilot-scale con-

ditions, and compares them to traditionally used

polyaluminium chloride (PACl). The optimal coagulation

doses and pH were estimated by a jar-test procedure using

river water from a Norwegian drinking water source. Optim-

ization was carried out by comparing residual colour and

turbidity in the finished water. During pilot-scale testing,

the coagulants were dosed prior to contact filtration, and

the effluents were assessed for turbidity, NOM-indicators

(such as UV254 and colour), total organic carbon (TOC)

and metal residue, along with other operational parameters.

MATERIAL AND METHODS

Raw water samples

All experiments were performed using water from the

Glomma River obtained from a feed pipe at Nedre Romer-

ike Water Treatment Plant in Strømmen, Norway. Raw

water for the jar-tests was collected in May, August and

November in 2013 and March 2014. The water was

stored in plastic containers in a dark and cold room

(4 WC) for no longer than one month. The pilot experiments

used water collected in May 2015. This water was stored in

a 30 m3 underground stainless steel tank, equipped with a

submersible recirculating pump. During storage for seven

months, water temperature ranged between 5–15 WC. Both

bench and pilot experiments were preceded by repeated

measurements of turbidity, pH and colour to assure that

the water quality remained stable upon storage. Raw

water parameters exhibited only minor changes during sto-

rage, except for the last pilot-scale experiment (Run 4), for

which considerable changes in pH, colour, and TOC par-

ameters were registered. Raw water characteristics are

given in Tables 1 and 2.

Coagulants

PACl

A commercial PACl product, PAX-18, was obtained from

Kemira Chemicals (Norway). The product had basicity of

42% and contained 9% (w/w) of Al.

Zirconium oxychloride

Zirconium (IV) oxychloride octahydrate powder, containing

27% (w/w) of pure Zr, was obtained from Teta Vannrensing

Ltd (Norway). A working solution of 15% (w/w) was pre-

pared in distilled water.

Chitosan

The chitosan product KitoFlokk™, Teta Vannrensing Ltd

(Norway) was of low molecular weight (100 kDa) and had

Table 1 | Characteristics of the Glomma water samples

Sampling month pH
Turbidity,
NTU

Colour, mg
Pt L–1 SCVa

May 2013 6.7 98.0 26 –490

August 2013 6.9 1.9 14 –342

November 2013 7.1 7.8 28 –386

March 2014 7.0 3.2 29 NMb

Online data (average
values for 2013)c

7.20 4.4 24 NM

aSCV, Streaming current value.
bNM, Not measured.
cRetrieved from www.nrva.no.
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an acetylation degree (FA) close to 0.2. The preparation was

made by dissolving chitosan powder in 0.1 M HCl. The

concentrations of the working solutions were 2% (w/v) and

0.5% (w/v) for the bench and pilot experiments, respectively.

The working solutions were stored at room temperature,

the chitosan solution was stored for no longer than 2 weeks.

Water analysis

Turbiditywasmeasured using a 2100N IS turbidimeter (Hach

Company, USA). Colour was measured by a Shimadzu UV

Visible SpectrophotometerUVmini-1240 (ShimadzuCorpor-

ation, Japan) and by DR3900 Hach spectrophotometer

(Hach, USA), following either Standard APHA Method

2120C (λ¼ 455 nm) or ISO : (λ¼ 410 nm) for the

bench- and pilot-scale tests, respectively. UV254 was

measured by a Shimadzu UV Visible Spectrophotometer

UVmini-1240 (Shimadzu Corporation, Japan). Prior to

colour and UV254 measurements, the samples were filtered

through a 0.45 μm syringe polypropylene membrane (VWR,

USA), in order to avoid the influence of turbidity. pH was

measured with SenTix® 41 pH-sensor (WTW, Germany).

Total organic carbon, residual Al and Zr were analysed by

commercial laboratories (ALS Laboratory Group Norway

AS or Noranalyse AS), following ISO :, ISO -

and ISO - procedures, respectively. Total suspended

solids (TSS) parameter was determined using ISO :

in technical duplicates. Colour and turbidity parameters were

analysed in technical triplicates, whereas data for TOC and

residual Al and Zr were obtained from single measurements.

To assess the charge neutralization dose, a streaming

current parameter (SCV) was used. Measurements of SCV

were performed under gradual addition of coagulant until

zero SCV was achieved. SCV was registered using an

ECA2100 Charge Analyzer (Chemtrac, Inc., USA).

Jar-tests

Two experimental setups were used to estimate the optimal

coagulant dose (Setup A) and pH (Setup B). Further details

for each setup are given under the relevant sections below.

For both setups, the container with water was shaken for 30 s

to resuspend settled solids, and 500 mL was poured into glass

beakers and held at room temperature for at least 1 h. Cylindri-

cal 1 L glass beakers and aFlocculator 2000apparatus (Kemira

AS, Finland), equipped with six flat paddles, were used to con-

duct jar-tests. After adding coagulants, thewater was stirred for

30 s at 400 rpm (413 s–1) followed by 10 min at 50 rpm (18 s–1).

For pH adjustment, predetermined amounts of 1 M NaOH or

1 M HCl were added to the water prior to the coagulant. Floc

settling was for a minimum of 2 h to ensure complete settling,

as determined by initial tests. After sedimentation, 100 mL

supernatant was collected 2–3 cm below the surface and ana-

lysed for turbidity, colour and pH.

Optimization of coagulant dose (Setup A)

Coagulant doses varied between 2 and 11 mg L–1 (as metal

or chitosan concentration). One individual test was

Table 2 | Summary of various physicochemical parameters for the raw, influent (M2, after

coagulant dosing) and effluents waters (M3, after filtration), treated with Al,

Zr and chitosan coagulants in the pilot study

Parameter

Coagulant

Al Zr Chitosan Chitosanþ Zr

Raw water (May 2015)

pH 7.3 7.0 7.2 7.6

Turbidity, NTU 0.8 0.8 0.5 0.7

Colour, mg Pt L–1 26 24 23 19

UV254, cm L–1 0.13 0.13 0.13 0.10

TOC, mg L–1 3.0 3.0 3.0 2.9

M2 – influent

Dose, mg L–1 1.5 2.5 1.0 1.1þ 0.3

Coagulation pH 5.8 4.2 4.2 6.0

Turbidity, NTU 2.3 2.4 0.8 1.4

Hydraulic head
development,
mmH2O hour–1

35 35 31 37

TSS, mg L–1 8.2 8.6 2.1 NMa

M3 – effluent

Turbidity, NTU 0.05 0.05 0.05 0.06

Colour, mg Pt L–1 3 2 9 6

UV254, cm L–1 0.039 0.025 0.090 0.060

TOC, mg L–1 2.4 1.4 2.8 2.6

Residual metal, μg L–1 <10 <10 NMa NMa

Filter cycle length, h 15 22 17 15b

aNM, Not measured.
bTerminated due to insufficient volume of raw water to complete the run.
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conducted per dose and repeated three times on the May,

March and November waters. In order to detect the primary

dose requirements and their impact on pH, initial tests with

Zr and chitosan were conducted without pH adjustment.

Coagulant dose and coagulation pH (Setup B)

Two-factor experiments were performed with the March

water. pH values between 3 and 8 were tested. The coagu-

lant doses for PaCl were within the dose range applied at

the drinking water treatment plant, which provided water

for the experiments, whereas doses for Zr and chitosan

were selected based on the results in Setup A: (a) 1, 3 and

5 mg Al L–1; (b) 5, 9 and 12 mg Zr L–1 and (c) 1, 2 and

4 mg L–1 of chitosan. Two individual tests were conducted

for each dose-pH combination.

Pilot tests

The pilot-scale system combined coagulation with filtration

in a dual-media contact filter column, which is schematically

presented in Figure 1. The column, 10 cm in diameter and

2.5 m high, was packed with support gravel (0.1 m), followed

by 0.5 m-layer of Rådasand® sand (Rådasand AB, Sweden,

d10¼ 0.4 mm) and 0.8 m of Filtralite®NC 0.8–1.6 mm

(Weber Leca Raelingen, Norway, d10¼ 0.95 mm, 500 kg m–

3 dry bulk density). Filtralite is a coarse filter media, consist-

ing of expanded clay aggregates (Eikebrokk & Saltnes ).

The column design was similar to the filtration system at

Nedre Romerike Water Treatment Plant.

Several days prior to the experiment, approximately1,500 L

of rawwaterwas pumped to an indoor feed tank, equippedwith

a paddle mixer, in order to equilibrate water to room tempera-

ture, usually within 11–18 WC. Thereafter, the water was

continuously fed to the filtration column, using a peristaltic

pump P1 (620 U, Watson-Marlow, UK) at a constant filtration

rate of 5.9 m h–1. After each run, the filter was backwashed for

15–30 min by upflow of tap water at about 55 m h–1.

Hydrochloric acid (1 M) and coagulants were continu-

ously fed to the inlet pipe at constant flow rates by two

peristaltic dosing pumps (120 U/DV, Watson-Marlow,

UK). The dose of HCl depended on the coagulant used

and desired process pH. Three static mixers along the inlet

pipe were used to provide uniform suspension. Contact

time between the coagulants and water was close to 7 min.

Three ports were available for manual sampling: (a) inlet

pipe (M1, prior to coagulant dosing point); (b) above the Fil-

tralite® layer (M2, after coagulant dosing point); and (c)

outlet pipe (M3).

On-line monitoring of pH (SensoLyt 700 IQ, WTW,

Germany) and turbidity (VisoTurb 700 IQ, WTW, Germany)

was performed on the inlet and outlet water. Prior to each

run, online instruments were calibrated. The column was

equipped with eight pressure transmitters, which were

used to monitor a course of pressure within the filter bed.

All online measurements were logged by LabView software

(National Instruments, USA). On-line readings were also

controlled by manual measurements. Several litres of

water were collected above the filter bed (port M2) by the

end of each run for TSS measurement.

As the present study was limited to testing of a single

coagulant dose-pH combination, application ofminimal effec-

tive doses was implemented. The effective doses were

identified by a new series of jar-tests, using turbidity and

colour as indicators. However, application of these doses

was accompanied by cake filtration in the initial pilot tests,

and additional dose optimization was performed prior to the

final pilot experiments. Treatment conditions for three coagu-

lants, including Al (Run 1), Zr (Run 2), chitosan (Run 3) and a

mixture of chitosan with Zr (Run 4) were optimized to assure

turbidity <0.2 NTU, colour <5 mg Pt L–1 and residual Al and

Zr<0.15 mg L–1 in the outlet water, as required by theNorwe-

gian and European drinking water regulations (European

Directive 98/83) (European Commission ). For non-

metal agents, like chitosan, colour up to 10 mg Pt L–1 is

allowed, as there is no problem with metal residue. The same

principle was used for all coagulants. However, pH below

5.7–5.8 (PACl) and 4.0–4.2 (Zr and chitosan) were not studied,

since they were respectively outside the generally accepted

optimal pH-range (Gregory &Duan ) or could potentially

contribute to corrosion.

The following treatment conditions were chosen: (Run 1)

1.5 mg Al L–1 at pH 5.8; (Run 2) 2.4 mg Zr L–1 at pH 4.2;

(Run 3) 1 mg L–1 of chitosan at pH 4.2; (Run 4) 1 mg L–1

of chitosan mixed with 0.3 mg Zr L–1 at pH 6.0. Originally,

lower coagulation pH was chosen for the last run, however,

a slight change in water quality during storage affected the

system, and the pH was unintentionally raised to 6.0. For
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all filter runs turbidity breakthrough was reached prior to

terminal head loss. An exception was Run 4, which was ter-

minated due to insufficient volume of raw water to complete

the run. Development of the head loss during an initial run

with chitosan indicated solids accumulation only on the top

of the filter, which is typical of cake filtration. The problem

was not eliminated even after numerous efforts to adjust the

treatment conditions, and was usually worse at higher chit-

osan dosing. Overall, conditions within 1.0–2.7 mg L–1 and

pH 4.2–6.1 ranges were tested. Choice of chitosan dosage

Figure 1 | A schematic of the pilot plant: M, ports for manual sampling; T, turbidimeters.
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was therefore a compromise between the acceptable effluent

quality and prolonged filter run. For Run 4 chitosan was

combined with a small amount of Zr (0.3 mg L–1). The mix

was screened for different coagulation/pH ratios, but not

for various chitosan/Zr ratios, due to source water shortage.

RESULTS AND DISCUSSION

Raw water characteristics

Parameters of the raw water collected for the jar-tests are

summarized in Table 1. Overall, the water from the

Glomma river had low turbidity and medium colour. The

exception was the May sample that was collected during a

flood event, and which exhibited an elevated turbidity

level. An increase in NOM is unusual during flooding, and

therefore it was assumed that the particles that entered the

water source during the flood were probably inorganic.

Jar-tests

The effectiveness and required doses of the coagulants were

initially evaluated by the jar-test procedure.

The reduction in turbidity and colour as a function of

coagulant dosage is shown in Figure 2. The inverted u-

shaped curves depicted the system entering a state of desta-

bilization at a minimum effective dose, followed by the

restabilization phase when the coagulant was in excess or

pH became suboptimal (Bratby ).

The high particle concentration observed in the May

sample could enhance contact opportunities for aggregation

and precipitation of the destabilized particles, and therefore

improve reduction efficiencies. Lower coagulant doses were

therefore required to induce destabilization (Shin et al.

). A related phenomenon explains the limited destabili-

zation efficiency registered for the August sample, which

had the lowest concentrations of both inorganic particles

and humic substances.

For Zr, reductions above 80% were observed within

8.5–10.0 mg L–1 dose range for all waters. Efficiencies for

chitosan were close to 60–78% for colour, and 50–95% for

turbidity, when dosages between 4.0 and 6.0 mg L–1 were

applied. The raw water pH was changed under Zr dosing,

whereas chitosan had no influence on the pH of the

samples. An increase in Zr dose from 8.0 to 10.0 mg L–1

resulted in the pH drop by 1 unit (from approximately 6.0

to 5.0). However, both coagulants could be applied without

Figure 2 | Setup A: reduction (%) in turbidity (left Y-axis) and colour (right Y-axis) vs the coagulant dose for Zr (a)–(c) and chitosan (d)–(f) for water from the Glomma river, collected in May,

March and November 2013. The results are expressed as the mean values and SD. Scales on X-axes vary between the coagulants.
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pH-adjustment, and, as a result, consumption of the chemi-

cals could be lowered.

Measurement of SCV enabled detection of the doses

required for colloidal neutralization. Zero charge was

reached between 8–11 mg Zr L–1 and 2–5 mg chitosan L–1.

These doses were consistent with high reduction efficien-

cies, but did not coincide exactly with the minimum

effective doses. Apparently, the destabilization for these

two coagulants occurs earlier than complete neutralization

of colloids in the solution. A similar phenomenon was also

demonstrated previously (Vogelsang et al. ; Jarvis

et al. ).

The impact of pH on the destabilization efficiency is

shown in Figure 3. Reductions in colour by 80–90%

occurred for the metal-based coagulants at pH between

5.0–7.0 for Al and 3.5–6.3 for Zr. Efficiency between

60–80% was registered for the selected chitosan doses,

applied at pH within 4.0–7.0. For all coagulants an effec-

tive minimum dose was decreasing upon protonation,

implying involvement of Hþ ions in charge neutralisation

mechanism (Vogelsang et al. ; Shin et al. ).

Optimization of the coagulation process for the correct

dose and pH was shown to be important, not only for

colour reductions, but also to minimize metal residues in

the treated samples (Figure 3).

Analysis of the jar-test data defined the optimal treat-

ment conditions as 1–5 mg L–1 at pH 5.0–7.0 for Al,

5–12 mg L–1 at pH 4.5–6.3 for Zr, and 2–6 mg L–1 at pH

4.0–7.0 for chitosan. These data were in good agreement

with previous reports. PACl dosed at 1.0–2.5 mg Al L–1

and pH 5.7–6.7 are recommended for contact filtration of

Norwegian raw waters at colour levels of 15–50 mg Pt L–1

(Ødegaard et al. ). The same report prescribes

1.7–3.5 mg chitosan L–1 with the pH between 5 and

6. Published studies on Zr (Jarvis et al. ; Hussain et al.

; Zhang et al. ) report optimum dose and pH

within ranges 5–16 mg L–1 and 4.5–6.0, respectively.

Pilot tests

Data from the pilot testing are summarised in Table 2. The

raw and treated waters were additionally characterized for

TOC and UV254 parameters. Water from a surface water

source with no or low algae growth was used in the present

study and it was therefore assumed that a major fraction of

TOC consisted of humic matter.

The selected coagulants provided high quality effluents,

although individual parameters varied for each run.

PACl is generally considered to be a robust and effective

agent for water treatment (Saltnes & Eikebrokk ; Yan

et al. ; Zhang et al. ). Indeed, the present research

presented improvements of water quality by 88% for

colour and 70% for UV254 for that coagulant. However,

the effect of PACl on TOC was somewhat modest and did

not exceed 20%. TOC provides an estimate of the amount

of NOM in the water source, whereas the humic fraction

of NOM is usually assessed indirectly as light absorbency

in the visible (true colour) and UV wavelength range. True

colour and UV254 are routinely applied surrogates for the

TOC parameter in water treatment practice in Norway

(Vik et al. ; Ratnaweera et al. ). However, as

shown in Table 2, the correlation between colour and

UV254 parameters and TOC appeared to be limited in the

present study. Consequently, treatment conditions, defined

via the colour surrogate, should not necessarily be inter-

preted as being effective for TOC removals. In such cases,

coagulant assessment with respect to residual TOC could

provide more reliable data. Alternatively, as the TOC data

Figure 3 | Setup B: reductions (%) in colour vs coagulation pH for three different doses of Al, Zr and chitosan. The results are expressed as the mean values and SEM calculated for two

independent replicates on the March water. Arrows indicate values for the residual metals measured in supernatants after sedimentation.
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presented in the experiments were obtained from single

measurements, poor removals that were observed for PACl

and other coagulants could also be a result of measurement

errors.

The effluent produced with Zr contained less organic

matter than in the run with Al by 33%, as assessed by

TOC measurements. In turn, results for residual colour

(92% reduction) and UV254 (81% reduction) suggested a

similar or slightly higher ability of Zr to reduce humic sub-

stances in water than that of Al. At these conditions, it can

be speculated that Zr may be more effective against non-

humic, hydrophilic NOM fractions, which, along with

humic substances, contribute to water’s organic carbon con-

tent. Hydrophilic NOM is undesirable in finished water and

difficult to remove. Notably, the minimum effective dose of

Zr was significantly lower in the pilot tests than that

recorded from the jar-test results.

Chitosan is known to be less effective in NOM reduction

than the metal salts due to the weaker charge derived from

the amino- and hydroxyl-groups on its backbone. This is also

a reason for its improved performance at acidic conditions,

explained by the higher protonation of the amine groups

(Guibal et al. ). Vogelsang et al. () reported a

reduction of colour by 80%, UV254 by 60% and TOC by

40% for the Glomma water after treatment with 3–4 mg L–1

of chitosan at pH 5.0 in jar-tests. Adequate performance of

chitosan even on highly coloured water (50 mg Pt L–1) was

observed by Eikebrokk & Saltnes (). In the present

work chitosan gave reliable colour reduction (by 61%), but

its impact on UV254 and TOC was poor, at 31 and 7%,

respectively. A somewhat moderate performance could be

a result of a low chitosan dose applied under the pilot

tests. Low chitosan dosage was selected to minimize an

impact of cake filtration, discussed later in the text. As an

explanation for low efficiency of chitosan against TOC,

Eikebrokk & Saltnes () suggested that high organic

carbon content in the effluent, treated with chitosan, may

be due to chitosan itself. Nevertheless, the quality of the

effluent produced with chitosan complied with the Norwe-

gian and European requirements for drinking water

(European Directive 98/83). As demonstrated previously

(Vogelsang et al. ), chitosan performance can also be

strengthened by metal addition. However, in the present

work a combination of chitosan and Zr was effective for

colour and TOC reductions to some degree. This is probably

a result of the application of a relatively high pH: acidic pH

would probably be more favourable for both coagulants.

Additional tests would be necessary to define the optimal

pH range, effective mixing ratios between these two com-

ponents and their effect on NOM.

Chitosan was noted to destabilize over a broad pH range

without affecting the pH of the treated water. These proper-

ties of chitosan make its application especially convenient

for small treatment facilities that might have difficulty in

attaining optimal and stable coagulation steps, and some-

times lack the necessary expertise for solving specific

operational problems.

Filter function

Filter cycle length describes the time the effluent turbidity is

below 0.2 NTU. The filter cycle time for Zr was 5–7 hours

longer than for Al or chitosan (Table 2). Both Jarvis et al.

() and Hussain et al. () reported that flocs formed

by Zr had greater strength characteristics than Al. Stronger

flocs are more resistant to shear forces and may be sustained

in the filter bed over a longer period of time. However, it is

also possible that the different filter cycle lengths could be

attributed to a pH-factor, which might affect electrostatic

interactions between filter media and flocs. Longer filter

runs are considered to be favourable for plant operation,

as fewer filter ‘starts and stops’ are required and, therefore,

both energy and backwash water can be saved.

Four-fold less suspended solids in the influent when

using chitosan was assessed by TSS analysis. Lower sludge

load in the experiment with chitosan was also reflected by

the influent turbidity level and hydraulic head parameter.

As hydroxides are not formed with chitosan, it is believed

to produce smaller flocs and lower sludge and hydraulic

loads than metal salts. As a result, chitosan is often associ-

ated with prolonged filter runs. Indeed, full-scale water

plants in Norway, using chitosan in everyday practice,

report doubling of the filter cycle times. However, as

noted here and previously (Saltnes & Eikebrokk ),

application of chitosan can be challenging for fine filter

beds due to filter cake formation. Monitoring of head loss

during the chitosan run revealed no solids accumulation at

depths below 20 cm. That eventually resulted in early
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turbidity breakthrough, observed already after 17 hours of

operation with chitosan. In treatment practice, filter clog-

ging is usually associated with coagulant or polymer

overdose, but the chitosan dose used in the present study

was too low for this. The problem was not eliminated even

after numerous efforts to adjust the treatment conditions,

nor after mixing with Zr. The explanation is unknown, but

the phenomenon could be specific for pilot plants only.

CONCLUSIONS

In the present work the four-valent Zr and natural polymer

chitosan were compared with the traditional PACl coagu-

lant for use in drinking water treatment. The results

showed that both filter operation and reduction of humic

substances were improved with Zr coagulant. Therefore, it

was suggested that the use of Zr could be especially con-

venient for the treatment of highly coloured and/or NOM-

rich waters. Although chitosan gave acceptable colour

reduction, it was poor for reduction of TOC in the pilot

trials. Further research could potentially investigate that

chitosan performance might be strengthened by use of

higher doses or metal addition. Notably, operation with chit-

osan was accompanied by cake filtration that was difficult to

explain. Another drawback with the use of chitosan is its

cost, which is higher than for PACl or Zr. Nevertheless, chit-

osan possesses some valuable features that the metal

coagulants lack: chitosan’s ability to destabilize over a

broad pH range without affecting the pH of the treated

water, production of water with no metal residues and

reduced amount of sludge under the filter operation. This

makes chitosan a suitable alternative for small water treat-

ment plants that might have difficulty in attaining optimal

and stable coagulation steps or would like to reduce costs

associated with sludge treatment and utilization.
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Removal of model viruses, E. coli and Cryptosporidium

oocysts from surface water by zirconium and chitosan

coagulants

Ekaterina Christensen, Vegard Nilsen, Tor Håkonsen, Arve Heistad,

Christophe Gantzer, Lucy J. Robertson and Mette Myrmel

ABSTRACT

The present work evaluates the effect of contact filtration, preceded by coagulation with zirconium

(Zr) and chitosan coagulants, on model microorganisms and waterborne pathogens. River water

intended for potable water production was spiked with MS2 and Salmonella Typhimurium 28B

bacteriophages, Escherichia coli, and Cryptosporidium parvum oocysts prior to coagulation. The

hygienic performance demonstrated by Zr comprised 3.0–4.0 log10 removal of viruses and

5.0–6.0 log10 removal of E. coli and C. parvum oocysts. Treatment with chitosan resulted in a removal

of 2.5–3.0 log10 of viruses and parasites, and 4.5–5.0 log10 of bacteria. A reference coagulant,

polyaluminium chloride (PACl), gave a 2.5–3.0 log10 removal of viruses and 4.5 log10 of E. coli. These

results indicate that both Zr and chitosan enable adequate removal of microorganisms from surface

water. The present study also attempts to assess removal rates of the selected microorganisms with

regard to their size and surface properties. The isoelectric point of the Salmonella Typhimurium 28B

bacteriophage is reported for the first time. The retention of the selected microorganisms in the filter

bed appeared to have some correlation with their size, but the effect of the charge remained unclear.
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INTRODUCTION

All source waters can potentially be contaminated with

human pathogens, originating from animal and human

excreta. In order to achieve an acceptable drinking water

quality, hygienic barriers are implemented as a part of drink-

ing water treatment. A hygienic barrier is a natural or

artificial physical or chemical barrier for removal or inacti-

vation of pathogens. Norwegian Drinking Water

Regulations require at least two independent hygienic bar-

riers in the water supply system (Norwegian Food Safety

Authority ). In order to be considered as a hygienic

barrier, a water treatment method should be able to

reduce bacteria and virus concentrations by a minimum of

99.9% (3 log10) and parasites by 99% (2 log10) (Norwegian

Food Safety Authority ).

The combination of coagulation, flocculation and sedi-

mentation followed by rapid granular filtration

(conventional treatment) is a commonly employed hygie-

nic barrier. The effectiveness of conventional treatment

has been evaluated by numerous studies, for which

reported removals range from less than 1 log10 (Harring-

ton et al. ) up to 7 log10 (Abbaszadegan et al. ),

depending on the operational conditions and microbial
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agents to be removed. Some studies have attempted to

assess the relationship between coagulant type and

microbial log-removals (Rao et al. ; Brown &

Emelko ). The work by Brown & Emelko () indi-

cated that alternative coagulants can provide similar or

higher removal effects on Cryptosporidium parvum, as

conventional aluminium (Al) and ferric (Fe). Previous

studies have reported high coagulation efficiencies for zir-

conium (Zr) and chitosan alternative coagulants in terms

of colour and turbidity reductions (Christensen et al.

); however, little is known about their effects on

various waterborne microorganisms. Thus, broader

characterization of these alternative agents in terms of

their hygienic effects could provide information of

relevance.

Removal efficiencies of microorganisms under physico-

chemical treatment processes are potentially influenced by

their morphological, physical, and biochemical character-

istics. In the present study, bacteriophages MS2 and

Salmonella Typhimurium 28B, Escherichia coli and Cryp-

tosporidium parvum oocysts were selected to cover the

size range for waterborne pathogens (Table 2). Data on

the isoelectric points (pI) of the selected species are also pro-

vided. As pI characteristics for the 28B phage were not

available, the present study employed electrophoretic mobi-

lity measurements for this microorganism.

The overall aim of the present study was to evaluate the

impacts of Zr and chitosan coagulants on the removal of

model microorganisms and waterborne pathogens from sur-

face water, relative to a well-characterized and effective

polyaluminium chloride (PACl) agent. The present work

also assesses the ability of all three coagulants to fulfil the

hygienic barrier requirements.

MATERIAL AND METHODS

Raw water samples

All experiments were performed on water collected from the

Glomma River, at Nedre Romerike Water Treatment Plant

in Strømmen, Norway in May 2015. The water was stored

in a stainless steel tank for 7 months, during which period

the water temperature ranged between 5 and 15 WC. The

tank was equipped with a recirculating pump, working con-

tinuously to resuspend settled particles. The water quality

was assessed prior to each run (Table 1).

Table 2 | Microorganism characteristics

Microorganisms Size, nm pI Reference Reason

Bacteriophage MS2 29 3.9 Langlet et al. () Common model for naked, enteric viral
pathogens

Bacteriophage 28B head 50 nm; tail 10 nm – Svenson et al. () Model for viruses resistant to environmental
stress (Hoglund et al. )

E. coli 2 μm long acidic Alves et al. () Model for waterborne bacteria

C. parvum oocysts are 3–5 μm in diameter 2.5 Dumètre et al. () Protozoan parasite, pathogenic to various
species including humans

Table 1 | Characteristics of the Glomma water used for testing; colour measurements are expressed as means (n¼ 3); TOC values were measured once

Run Coagulant Run month (2015) pH Turbidity, NTU Colour, mg Pt/L Average TOC, mg/L

1 Al May 7.3 0.8 26 3.0

2 Zr September 7.0 0.8 24 3.0

3 Chitosan October 7.2 0.5 23 3.0

4 ChitosanþZr December 7.6 0.7 19 2.9

TOC, total organic carbon.
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Water analyses

Turbiditywasmeasured using a 2100 N IS turbidimeter (Hach

Company, USA). Colour was measured by DR3900 Hach

spectrophotometer (Hach, USA), following ISO :

(λ¼ 410 nm) procedure. Prior to colour measurements, the

sampleswerefiltered through a 0.45 μmsyringe polypropylene

membrane (514-0065, VWR, USA), in order to avoid the

influence of turbidity. pH was measured with SenTix® 41

pH-sensor (WTW, Germany). Total organic carbon (TOC),

residual Al and Zr were analysed by commercial laboratories

(ALS Laboratory Group Norway AS or Noranalyse AS), fol-

lowing ISO :, ISO -: and ISO -:

procedures, respectively. Inlet and outlet waterwere alsomon-

itored on-line for pH (SensoLyt 700 IQ,WTW, Germany) and

turbidity (VisoTurb 700 IQ, WTW, Germany).

Microorganisms

Microorganisms included in the present study, their main

characteristics and the rationale for their inclusion in the

study are provided in Table 2.

The bacteriophage MS2 was propagated using

Salmonella Typhimurium WG49 (NCTC 12484) as host

(ISO -:). Infectious MS2 was enumerated by a

PFU (plaque forming unit) assay, using Escherichia coli

Famp as bacterial host, as previously described by Debarto-

lomeist & Cabelli (), with minor modifications.

Initial testing revealed that MS2 plaque counts were

reduced in the presence of coagulant in both influent and

effluent samples. In order to decrease this effect, treatment

with an alkaline beef extract (BE) solution was included

(Shirasaki et al. ). Prior to the MS2 phage enumeration,

samples (1 mL) were mixed 1:10 with BE and stirred at

1,500 rpm at þ4 WC for a minimum of 5 hours. Virus

dilutions were also prepared with the BE solution. Thirteen

per cent BE (211520, Becton-Dickinson and Company,

USA) was prepared in sterile water, followed by adjustment

to pH 9.5–10.0 with 5 N NaOH. The solution was stored at

þ4 WC and used within three days.

Propagation and enumeration of the Salmonella Typhi-

murium 28B phage was conducted according to ISO

- (), with some modifications. Salmonella Typhi-

murium type 5 was used as a host strain. The sample

(0.5 mL) was mixed with 0.5 mL of host culture and 4 mL

of a soft agar. Bottom base agar contained 8.0 g of nutrient

broth (105443, Merck, Germany), 0.5 g of yeast extract

(111926, Merck, Germany), and 15.0 g of agar in 1 L of dis-

tilled water. Soft agar was prepared similarly, but contained

6.5 g of agar only. Unlike MS2, enumeration of infectious

28B phage was influenced only by Zr coagulant; however,

BE treatment was not used for that virus.

Escherichia coli (CCUG 17620) was cultivated in brain–

heart infusion broth (237500, Becton-Dickinson and Com-

pany, USA). The overnight culture (16–18 hours at 37 WC) was

centrifuged at 1,500 g for 20 min and washed twice with pep-

tone saline diluent (CM0733, Oxoid Ltd, UK), and stored at

þ4 WC for no longer than 5 days. Enumeration was performed

usingColilert-18withQuanti-Tray/2000 (IDEXXLaboratories,

USA) according to the manufacturer’s instructions.

Cryptosporidium parvum oocysts were purchased from

Moredun Scientific Limited (Scotland, UK). For detection of

oocysts in the influent, sampleswere vortexed for 60 s, pipetted

directly on a slide (100 μL) and enumerated by IFAT (immuno-

fluorescent antibody test). Oocysts in the effluent samples

(10 L) were concentrated bymembrane filtration and centrifu-

gation, followed by separation by IMS (immunomagnetic

separation) prior to IFAT. Each slide was counted twice. Con-

centration and enumeration procedures were based on

standard methods (ISO  () and US EPA Method

1623 ()). Prior to analysis, two quality control samples,

prepared with 10 L tap water and oocysts EasySeed™ spike

(TCS Biosciences, UK), were analysed to assess recovery effi-

ciency, which was shown to be between 60 and 70%.

Infectious bacteriophages were enumerated in technical

duplicates, whereas E. coli and C. parvum oocysts were

quantified from a single measurement.

Molecular quantification of MS2

In an additional attempt to decrease the impact of the

coagulants, enumeration of MS2 was also performed by

quantitative reverse transcription polymerase chain reaction

(RT-qPCR). Samples (140 μL) were added to lysis buffer

(560 μL) immediately after sampling and stored at �80 WC.

RNA was extracted with the QIAamp® Viral RNA Mini kit

and QIAcube automated system (Qiagen, Germany) accord-

ing to the manufacturer’s instructions. Carrier-RNA (3.1 μg
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per sample) was spiked after thawing and prior to RNA-

extraction. RT-qPCR was performed in a Stratagene AriaMx

Real-Time PCR System (Agilent Technologies, Inc., USA)

using the RNA UltraSense™ One-Step Quantitative RT-PCR

System kit (Invitrogen, USA). Three μL RNA was used in a

total volume of 20 μL, using primers, probe and RT-qPCR

conditions listed in Table 3 (Dreier et al. ). ROX was

used as passive reference, and positive and negative controls

were included in each run. Each sample was run in technical

duplicates and the results were analysed using Agilent

AriaMx 1.1 Software and Microsoft Excel.

Relative quantification was performed using a standard

curve, prepared from 10-fold serial dilutions of homologous

viral RNA, run in technical triplicates. The amount of viral

RNA was expressed in PCR units (PCRU) per mL: 1 RT-PCR

unit was defined as the amount in the highest dilution of the

standard, fromwhichMS2RNAcould be amplified.Aliquoted

homologous RNA was included in all plates and used as an

inter-plate calibrator (IPC) (Hellemans et al. ). Thresholds

for the individual plates were adjusted manually so that Ct-

values for each IPC became similar. Finally, the number of

PCRU was expressed using the formula:

Ns ¼ NIPC � (1þ E)(CtIPC�Cts) (1)

whereNs is the amount of viral RNA in the sample;NIPC is the

amount of viral RNA in the IPC; CtIPC and Cts are threshold

cycles for the IPC and sample, respectively; E is efficiency of

amplification.

An initial experiment was run in order to test whether

the presence of coagulant would affect the RT-qPCR-assay.

Distilled water was spiked with MS2, followed by coagu-

lants (PACl, Zr or chitosan), and compared with a control

sample without coagulants. Viral RNA was extracted and

enumerated as described earlier. No inhibitory effect was

observed for coagulant concentrations up to 10 mg/L.

Seeding of microorganisms

The main seed suspension consisted of MS2, 28B and E.

coli prepared in 15 L of distilled water. Additionally, 1 L

of this suspension was spiked with C. parvum. The main

suspension was continuously seeded into inlet water

during the first 13–15 h of the pilot plant operation. There-

after, the suspension with C. parvum was seeded for the

next 2 h. Two influent and two effluent samples were col-

lected within this period. The first effluent sample was

collected after 1 h of C. parvum seeding, corresponding to

five pore volumes. Finally, the suspension without

C. parvum was seeded again. C. parvum was seeded only

during Runs 2 and 3. The seed suspension was cooled on

ice and stirred continuously during each run. Influent

titres were 6–7 log10 PFU/mL for each of the two phages,

6 log10/100 mL for E. coli and∼ 3 log10 oocysts/mL for

C. parvum.

Microorganism seed suspensions were not purified

before use and could therefore elevate TOC concentrations

in the raw water, and, consequently, impact the coagulation

performances. However, the crude microorganism stocks

were diluted at least by 2,500-fold; first, during the prep-

aration of the seed suspensions and then after mixing with

raw water. Hence, the uptake of the residual component

of the culture medium was considered as minimal. The

initial tests also confirmed that the surplus of TOC in raw

water did not affect the outlet water quality.

Coagulants

Polyaluminium chloride

A commercial PACl product, PAX-18, was obtained from

Kemira Chemicals (Norway). The product had basicity of

42% and specific gravity of 1.37 g/mL.

Table 3 | Primers/probe and RT-qPCR conditions

Primers and probea Sequence (50-30) RT-qPCR conditions

MS2-TM2-F (400 nM) TGCTCGCGGATACCCG 30 min at 55 WC,
2 min at 95 WC and 45 cycles of
15 s at 95 WC, 30 s at 58 WC

MS2-TM2-R (400 nM) AACTTGCGTTCTCGAGCGAT

MS2-TM2FAM (50 nM) FAM-ACCTCGGGTTTCCGTCTTGCTCGT- BHQ1

aRetrieved from Dreier et al. (2005) with some modifications in cycling conditions and primers/probe volumes.
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Zirconium oxychloride

Zirconium (IV) oxychloride octahydrate powder was

obtained from Teta Vannrensing Ltd (Norway). A working

solution of 15% (w/w) was prepared in distilled water.

Chitosan

Commercial chitosan product KitoFlokk™ (low molecular

weight [MW, 100 kDa] and deacetylation degree [DD]

close to 0.8) was obtained from Teta Vannrensing Ltd,

Norway. The concentration of the working solution was

0.5% (w/v) in 0.1 M HCl. All working solutions were

stored at room temperature and the chitosan solution was

prepared fresh prior to each run.

Pilot tests

A schematic and detailed experimental procedure for the

filtration system has been described previously (Christensen

et al. ). Briefly, the pilot-scale system combined coagu-

lation with filtration in a dual-media contact filter column.

The column, 10 cm in diameter and 2.5 m high, was

packed with support gravel (0.1 m), followed by 0.5 m-

layer of Rådasand® sand (Rådasand AB, Sweden, d10¼
0.4 mm) and 0.8 m of Filtralite®NC 0.8–1.6 mm material

(Weber Leca Raelingen, Norway, d10¼ 0.95 mm, 500 kg/m3

dry bulk density). Raw water was pumped at a constant

filtration rate of 5.9 m/h. The microorganism suspension,

HCl (1 M), and coagulants were fed sequentially to the

inlet pipe at constant flow rates. The amount of HCl

was set depending on the used coagulant and desired

process pH.

As in water treatment practice, the coagulation con-

ditions were optimized in terms of particulate and

organic matter removals. A single combination of coagu-

lant dose and pH was used for each selected coagulant.

Optimal coagulation conditions were defined, based on

residual particles (turbidity) and natural organic matter

(NOM, colour) in the filtrate samples. Each coagulant

was screened under stable pH conditions, which corre-

sponded to the lower limit of the optimal pH ranges,

reported in the literature: 5.7–5.8 for PACl and 4.0–4.2

for Zr and chitosan (Ødegaard et al. ; Jarvis

et al. ; Christensen et al. ). A range of low

doses was further tested in pilot scale to detect the mini-

mal effective doses that provided turbidity <0.2 NTU,

colour <5 mg Pt/L and residual Al and Zr<0.15 mg/L

(European Commission , European Directive 98/83)

in the outlet water. The following treatments were selected:

Run (1) 1.5 mg Al/L at pH 5.8; Run (2) 2.4 mg Zr/L at pH

4.2; Run (3) 1 mg/L of chitosan at pH 4.2; Run (4) 1 mg/L

of chitosan mixed with 0.3 mg Zr/L at pH 6.0. Originally,

lower coagulation pH was chosen for the last run; however,

a slight change in raw water quality during storage

affected the system, and the pH was unintentionally

raised to 6.0.

Raw water samples were collected as grab samples from

the raw water feed tank. Influent and effluent samples were

collected from two ports available for manual sampling. The

ports were tapped for a couple of minutes prior to sampling.

Samples for virus and E. coli enumeration (50–150 mL)

were processed within 6 h after sampling, C. parvum oocysts

samples were concentrated and enumerated within 2 weeks

after sampling. All samples were stored at 4 WC prior to

processing.

Size and electrophoretic mobility measurements of 28B

phage

The procedures for phage purification and electrophor-

etic mobility measurements were similar to those

described previously by Langlet et al. (). Forty mL

of phage suspension (propagated according to ISO

10705-1) were centrifuged at 4,000 g for 10 min at 4 WC.

The supernatant was filtered through a 0.22 μm

membrane (SLGP033RB, Millipore, Germany) and con-

centrated to 6 mL by ultrafiltration (100 kDa,

UFC910008, Merck, Germany) at 3,500–4,000 g for

20 min at 20 WC. Caesium chloride (3.65 g, Carl Roth

Gmbh, Germany) was dissolved in 5 mL of the phage

suspension and centrifuged at 100,000 g for 15 h at

15 WC. The fraction with purified phage was dialyzed

(100 kDa MWCO, 131420, Spectrum Laboratories, Inc.,

USA), against deionized water for 6 h, and against

NaNO3 (1 mM, pH 7.0) for 15 h. The phage was stored

at 4 WC prior to measurement of electrophoretic mobility

and size distribution using a Zetasizer Nano ZS (Malvern

699 E. Christensen et al. | Hygienic performance of zirconium and chitosan coagulants Journal of Water and Health | 15.5 | 2017



Instruments Ltd, UK). The measurements were per-

formed over a wide range of ionic strengths (1–100 mM

NaNO3) and pH conditions (3.0–6.6; adjusted with

either HCl or NaOH). Prior to measurement, solutions

with the selected ionic strength and pH were filtered

through a 0.1 μm syringe filter (16553, Stedium Biotech

GmbH, Germany) and spiked with the purified phage

to a final concentration of approximately 1011 PFU/mL.

Each measurement was performed in biological

triplicates.

RESULTS

Filtration performance

The concentration of microorganisms in the influent

remained stable during each run. Data on effluent water

quality obtained with the selected coagulants are provided

in Table 4 and Figure 1. For all three coagulants, the efflu-

ents were characterized by low residual turbidity and

colour. The microorganism concentrations were reduced

Table 4 | Chemical characteristics for the effluents, and the percentage reduction compared with the influent water; colour measurements are expressed as means (n¼ 3); TOC values

were measured once

Run Coagulant Colour, mg Pt/L average Colour reduction, % TOC, mg/L TOC reduction, % Residual metal, μg/L

1 Al 3 88 2.4 20 <10

2 Zr 2 92 1.4 53 <10

3 Chitosan 9 61 2.8 7 –

4 ChitosanþZr 6 68 2.6 10 –

Figure 1 | Effluent turbidity and log-reductions of MS2 (PFU/mL and PCRU/mL), 28B (PFU/mL), E. coli (MPN/100 mL) and C. parvum (oocysts/10 L), as a function of the filter operation time.

The conditions were: 1.5 mg Al/L at pH 5.8 (Run 1); 2.4 mg Zr/L at pH 4.2 (Run 2); 1 mg/L of chitosan at pH 4.2 (Run 3); 1 mg/L of chitosan mixed with 0.3 mg Zr/L at pH 6.0 (Run 4).

C. parvum was sampled on two occasions (Run 2 and 3) after 13 and 15 h of operation, respectively. Log-reduction of phages is expressed as mean values and SD. E. coli and

C. parvum oocysts results are derived from a single measurement.
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by the coagulation-filtration treatments, although to various

extents for different coagulants.

Effluent turbidity changed dynamically throughout filter

operation. During ripening, the turbidity was compromised,

but as the filter became loaded, the quality of the effluent

improved gradually and remained stable for the next

15–22 h. Filter operation was terminated by turbidity break-

through upon reaching maximum filter loading capacity.

The dynamics of microorganism retention reflected that of

the effluent turbidity to some extent. While a satisfactory tur-

bidity (<0.2 NTU) in the effluent was achieved after 30 min

of ripening, concentrations of virus and bacteria were still

high. Reduction of microorganisms gradually increased as

the cycle progressed. Zirconium coagulant achieved a

3–4 log10 removal of infectious MS2 and 28B phages and

5–6 log10 removal of E. coli and C. parvum (Figure 1).

When PACl was used, infectious phages and bacteria were

removed by 2.5–3.0 log10 and 4.5 log10, respectively. Bac-

teria removal by chitosan was similar to those determined

for the metal salts, 4.5–5.0 log10, while its effect on infec-

tious phage was slightly lower (∼2.5 log10). Relatively poor

C. parvum removal (∼3 log10) was also observed during

the run with chitosan. Addition of Zr to the coagulation mix-

ture did not improve chitosan performance for the infectious

phage (2.0–2.5 log10 removal) or bacteria (4.4–5.0 log10
removal).

MS2 analysis was strengthened by simultaneous enu-

meration of total (PCRU) and infectious (PFU) virus

particles. The titres obtained for total virus were 0.1–

0.2 log10 higher than for infectious virus; however, the

removal patterns were similar (Figure 1). For all coagulants,

the reduction of total MS2 was close to 2.2–2.6 log10.
Turbidity breakthrough had a dramatic impact on the

number of microorganisms in the effluent water. For PACl

and Zr coagulants, turbidity breakthrough occurred after

15 and 22 h of filter operation, respectively. However, for

both coagulants, the microbiological water quality started

to decline a few hours ahead of turbidity. The impairment

was especially dramatic for E. coli. For chitosan, deterio-

ration of the effluent turbidity started after 16–17 h of filter

run; however, neither phages nor bacteria were affected

and the number of microorganisms continued to decline.

Due to the limited number of analyses, the effect of break-

through on C. parvum was not evaluated. No signs of

turbidity or microbiological breakthrough could be ident-

ified for the run with chitosan and Zr after 15 h of operation.

A positive correlation between TOC removals and log-

reductions of phage (R2¼ 0.85) and bacteria (R2¼ 0.70)

could be detected for Runs 1–4 (Figure 2).

Electrophoretic mobility and size distribution of 28B

phage

Measurements of electrophoretic mobility and size distri-

bution as a function of both ionic strengths and pH are

presented in Figure 3. The phage exhibited a negative

charge at pH close to neutrality, which was gradually wea-

kened upon pH decrease or ionic strength increase

(Figure 3(a)). The isoelectric point or point of zero charge

was reached at pH 3.8. Phage particles were uniformly dis-

persed in the suspension within pH 4.0–7.0 (Figure 3(b)).

The mean hydrodynamic diameter of each particle was

close to 75–78 nm. Aggregation occurred close to pH 4.0

for 1 and 10 mM NaNO3 solutions and at pH 3.4 for the

100 mM NaNO3 solution.

DISCUSSION

The present study assessed the removal capacity of two non-

conventional coagulants – Zr and chitosan – for physico-

chemical and microbiological parameters, and compared

Figure 2 | Correlation between TOC removals and log-reductions of E. coli and bac-

teriophages for Runs 1–4; log-reductions during the stable filtration phases

were used for calculations.
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their efficiencies with those of PACl. Log-removals for all

coagulants were somewhat higher than previously pub-

lished, despite the application of minimal effective doses.

According to a review by Hijnen & Medema (), contact

filtration systems with traditional Al and Fe coagulants may

provide, on average, 0.9 log10 (0.1–1.5 log10 range) removal

for viruses, 1.4 log10 (0.8–2.1 log10 range) for bacteria and

3.0 log10 (0.1–5.4 log10 range) for C. parvum. Although the

low reductions could be a result of the weighting system

used in this review, there is also a concern that contact fil-

tration treatment might be considered inefficient for

removal of pathogenic virus and bacteria (Hijnen &

Medema ). In the present study, the selected coagulants

fulfilled the requirements for a hygienic barrier, apart from

chitosan, which gave insufficient virus reduction. Addition

of Zr to the coagulation mixture did not improve chitosan

performance for the removal of both MS2 and E. coli.

Poor performance by the mixture is probably due to the rela-

tively high coagulation pH, as acidic pH would likely be

more favourable for both coagulants.

Zirconium gave 1.5 log10 fewer E. coli in the effluent

than the other coagulants and retained more than 6 log10
of C. parvum oocysts. For MS2 removal, almost no differ-

ence in the efficiency of Zr and Al could be detected.

High microbial removal by Zr can be attributed to several

factors. Zirconium effectiveness is usually explained in terms

of its valency (Jarvis et al. ; Hussain et al. ), which pre-

sumably provides higher chargeneutralizationpower,which is

necessary for destabilization of microbial and other colloids.

This also explains the higher Zr affinity to organic matter

shown in the present and previous studies (Jarvis et al. ).

Chitosan is regarded as a potential substitute for the tra-

ditionally used Al and Fe coagulants, and may even be

preferable due to its properties of biodegradability and

non-toxicity, along with the ability to produce less sludge

or water with no metal residue (Renault et al. ).

Brown & Emelko () assessed chitosan reduction prop-

erties for C. parvum oocysts in a pilot filter. Removal was

shown to be dose-dependent, and the highest tested dose

(3 mg chitosan/L) gave 4.2 log10 removal of the pathogen.

Treatment with water-soluble chitosan (5 mg/L) and a

small ceramic filter removed MS2 and E. coli by 3 and

6 log10, respectively (Abebe et al. ). The results achieved

by chitosan for similar microorganisms in the present study

were poorer. This could be due to setup differences.

It is likely that production of insoluble hydroxide-

species could assist the metal-based coagulants in

enhanced coagulant–microorganism interactions. Turbid-

ity measurements revealed high levels of hydroxide

species in the influent for Al and Zr (Christensen et al.

). For chitosan, which does not produce hydroxides

and was dosed at low concentrations, such interactions

seem to be limited. This may explain the reduced reten-

tion of virus-sized biocolloids using chitosan. Higher

chitosan dosing could, potentially, enhance microorgan-

ism removal. However, high doses were avoided because

of the formation of a cake layer on top of the filter (Chris-

tensen et al. ), which would affect the filtration

process, and therefore the barrier properties (Logsdon

et al. ). Future studies on chitosan may still be

required to verify its hygienic properties. Another interest-

ing aspect to address is inactivation of pathogens in the

sludge produced with chitosan. Antimicrobial activity of

chitosan towards bacteria, viruses, and fungi is well docu-

mented (Rabea et al. ; Su et al. ). A metal-free

sludge with reduced levels of infective pathogens would

Figure 3 | Measurement of electrophoretic mobility (a) and size distribution (b) of 28B phage under varying ionic strengths (NaNO3) and pH conditions; measurements are expressed as

mean values (n¼ 3) and SEM (standard error of the mean).
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have fewer disposal problems and may be suitable for use

in agriculture.

The treatment conditions defined on the basis of turbid-

ity and colour were generally sufficient to meet the criteria

for a hygienic barrier for the selected microorganisms.

Moreover, a linear relationship could be established

between microbial reductions and residual TOC. However,

as the number of runs was limited, additional tests are

necessary to confirm whether effluent TOC could be used

to estimate coagulant efficiency for removal of microorgan-

isms. It is noteworthy that a similarity between the

mechanisms for removal of organic matter and microbes

has been postulated previously for viruses (Abbaszadegan

et al. ) and C. parvum oocysts (Xagoraraki &

Harrington ).

The turbidity parameter is extensively used to assess the

efficiency of the physicochemical treatment step for

microbial removal (Xagoraraki & Harrington ). In the

present study, turbidity was of limited reliability as a surro-

gate. First of all, evidence of a relationship between

hygienic effects and effluent turbidity was lacking. Further-

more, the microbiological water quality was shown to be

highly compromised for part of the filter cycle, but this

was not reflected by online turbidity. These two observations

indicate that destabilization and removal processes for inor-

ganic particles and microorganisms differ. Alternatively, the

distinction could be explained by turbidimeter failure to reg-

ister fine particles, detected by microbial analysis.

The discrepancy between effluent turbidity and

microbial counts was especially large at ripening and break-

through stages, and, therefore, longer filter-to-waste periods

and early cycle termination were apparently necessary to

avoid water quality impairment. Filter ripening could be

potentially shortened using elevated coagulant dosing. Fur-

thermore, the cycle length is normally regulated by a fixed

period of operation, which is ideally a few hours shorter

than the potential turbidity breakthrough. The results indi-

cate that this practice is advantageous in preventing

microorganism leakage to the effluent.

Another interesting observation in the present study was

the size-related removal pattern for the microorganisms.

According to the classical colloid filtration theory, retention

of microorganisms in porous media is related to their size,

and appears to be more challenging for bacteria-sized

particles (Yao et al. ) than for viruses and protozoa.

However, introduction of a coagulation step prior to fil-

tration changes the effective size of the microorganisms

upon their attachment on flocs (Yao et al. ). In a study

by Nilsen et al. (manuscript in preparation) microorganism

removal rates within the filter column were more consistent

with a particle size of 20 μm rather than with the size of a

single microorganism particle. Nevertheless, the removal

efficiencies, in the present study, correlated roughly with

the microorganisms’ size; that is, E. coli (0.5–1 μm) and C.

parvum oocysts (3–5 μm) were usually retained more effi-

ciently than viruses (29–60 nm). Although the number of

replicates was insufficient for statistical analysis, it was

apparent that the removal of the faecal indicator E. coli

did not always reflect that of C. parvum, indicating that

other factors, in addition to size, affected microorganism

retention. Furthermore, breakthrough occurred earlier for

bacteria than for viruses during the termination stage of

filtration.

At a characteristic pH, defined as pI, the ability of micro-

organism colloids to aggregate or attach to filter media and

flocs is enhanced (Gerba ). The pI of the microorgan-

isms used in the present study were acidic (Table 2). That

would imply an advantage of Zr and chitosan coagulants

over Al, as they were applied at lower pH conditions. How-

ever, the data reported here support this hypothesis just

partially. Furthermore, the pI value of both phages used in

the present work appeared to be similar, along with their

adsorptive and retention behaviour. It was, therefore, con-

cluded that the impact of pI on microorganism removal by

physicochemical processes may be important; however,

additional factors are likely to be involved as well.

CONCLUSION

Three different coagulants were applied to evaluate the

hygienic effects on viruses, bacteria and protozoan oocysts

by the dual-media pilot contact filter. The coagulants were

the conventional PACl, little characterized Zr, and eco-

friendly chitosan. In general, all tested coagulants demon-

strated similar or higher removal efficiencies than

previously published for the traditional Al or Fe and contact

filtration systems. Each coagulant fulfilled the hygienic
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requirement, apart from chitosan. Nevertheless, removal of

microbes provided by Zr and chitosan were adequate, and

comparable to those of the reference PACl coagulant.
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Abstract 

 

Research on microorganism reduction by physicochemical water treatment is often carried 

out under the assumption that the microbiological enumeration techniques are not affected 

by the presence of coagulants. Data presented here indicate that bacteriophage enumeration 

by plaque assay and RT-qPCR (reverse transcription quantitative polymerase chain 

reaction) can be affected by these water treatment chemicals. Treatment of water samples 

with an alkaline protein-rich solution prior to plaque assay and optimization of RNA 

extraction for RT-qPCR, were implemented to minimize the interference. The improved 

procedures were used in order to investigate reduction of three viral pathogens and the MS2 

model virus in the presence of three coagulants. A conventional aluminium coagulant was 

compared to alternative agents (zirconium and chitosan) in a coagulation-filtration system. 

The highest virus reduction, i.e., 99.9-99.99%, was provided by chitosan, while aluminium 

and zirconium reduced virus by 99.9% in colour-rich water and by 90% in water with less 

colour, implying an effect of coagulant type and raw water quality on virus reduction. 

Although charge characteristics of viruses were associated with virus reduction, the results 

reveal that the MS2 phage is a suitable model for aggregation and retention of the selected 

pathogens.  

 

Keywords: chitosan; coagulation; drinking water treatment; pathogen removal; virus 

quantification; zirconium 
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Introduction 

 

Treatment of sewage and drinking water often involves destabilization of the particulate and 

dissolved matter by a coagulation step, which usually precedes separation processes, e.g., 

sedimentation and filtration. Drinking water plants around the world use salts of aluminium 

(Al) or ferric (Fe) for coagulation, however, there are some concerns regarding their use. 

Aluminium is a known neurotoxin, and residual Al in treated water has been linked to 

neurological disease at concentrations ≥0.1 mg/L (Rondeau et al., 2009). Ferric salts tend to 

affect pH and alkalinity of the treated water which requires increased use of chemicals for 

stabilization and corrosion control (Matilainen et al., 2010). Both Al and Fe have been also 

associated with production of high amounts of sludge (Ødegaard et al., 2010). Several 

reports have acknowledged that compounds, such as zirconium (Zr) and chitosan, possess 

properties that may enhance organic matter removal and reduce sludge production compared 

to Al and Fe (Christensen et al., 2016; Eikebrokk and Saltnes, 2002; Jarvis et al., 2012). 

However, their efficacy in reduction of waterborne pathogens is scarcely documented.  

The main purposes of drinking water treatment are reduction and inactivation of pathogens. 

Traditionally, the effect of treatment is assessed in terms of turbidity (particle content), 

whereas the microbial reduction is intermittently evaluated using heterotrophic plate count 

(HPC). However, turbidity and HPC cannot predict the effect of treatment on other groups 

of microorganisms, like viruses (Hijnen and Medema, 2010). 

Most of the registered waterborne outbreaks in the Nordic countries, between 1998 and 

2012, were caused by viruses, mainly norovirus (NV) (Guzman-Herrador et al., 2015). 

Enteric viruses are excreted in high numbers by infected individuals (107 – 109 per gram) 

and enter the environment via waste water (Rusinol and Girones, 2017). Although 35 to 

90% of viruses are removed by wastewater treatment, high levels can still enter the 
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recipient, e.g. a source of drinking water (Myrmel et al., 2015). As ingestion of a few virus 

particles, like NV (Teunis et al., 2010), can cause infection, understanding the conditions for 

efficient virus reduction during drinking water treatment is an important task in preventing 

waterborne disease. 

Optimal reduction of water pollutants during physicochemical water treatment relies among 

others, on coagulation efficacy and factors like coagulant dose, pH and presence of other 

colloids (Ødegaard et al., 2010). The influence of these factors on viruses can be hard to 

confirm experimentally (Hendricks et al., 2005), making predictions on virus removal 

uncertain. Virus retention is often studied using model viruses, like bacteriophages, and not 

viral pathogens (Xagoraraki et al., 2004). The MS2 bacteriophages is extensively used as a 

model virus, due to similarities with enteric viral pathogens in size and structure (Dawson et 

al., 2005). Quantification of infective MS2 by plaque assay is simple, cheap and rapid, 

however, the enumeration can be affected by virus aggregation (Langlet et al., 2007). Virus 

clustering in water can be influenced by electrolytes (Floyd and Sharp, 1978), including 

coagulants (Shirasaki et al., 2009), whereas it is unclear whether aggregation impacts 

enumeration of infectious viruses in treated water, which may contain coagulant residue. 

This knowledge is essential in quantitative microbial risk assessment (QMRA) for water 

safety management. 

Another commonly used technique for virus quantification is RT-qPCR (reverse 

transcription quantitative polymerase chain reaction), which detects the total of infective 

and non-infective target virus. This methodology is sensitive to a variety of inhibitors, 

including metals (Schrader et al., 2012), however, previous studies do not give a clear 

answer, whether coagulants can influence virus enumeration by RT-qPCR. 

The aims of the present study were to investigate the influence of coagulants on quantitation 

of MS2 model virus, and to minimize any effect of these water treatment chemicals by 
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method optimization (part I). For quantification of infective MS2 by plaque assay, beef 

extract (BE) solution was tested. The choice of this basic, proteinaceous solution was 

explained by its ability to reduce virus adsorption to solid surfaces and other virus particles 

(Moore et al., 1982). Two commonly utilized RNA extraction protocols were tested for 

quantification of total MS2 by RT-qPCR. The two extraction methods employ different 

silica matrices for RNA binding (Petrich et al., 2006). 

Secondly, optimized procedures were applied in a reduction study on viruses in water using 

Zr, chitosan and the extensively used PACl (polyaluminium chloride) coagulant (part II). 

Virus reduction was assessed in terms of raw and finished water turbidity and colour, type 

of coagulant and virus morphology. MS2 was introduced in order to assess its suitability as 

a model for enteric virus reduction by coagulation-filtration. The human, enteric pathogens 

hepatitis A virus (HAV), bovine NV (BNV) and bovine coronavirus (BCoV) were included 

as they represent various virus size, isoelectric points (pI) and structural properties.  

 

Material and Methods 

Raw water samples 

 
Water was collected from Nedre Romerike Water Treatment Plant (WTP) in Strømmen 

(Glomma River, Norway) and Årnes WTP (lake Dragsjøen, Norway). The samples were 

stored in a dark room at 4°C. 

The water was analysed for turbidity, true colour and pH (Table 1) after spiking with the 

virus suspension.   



6 
 

Water analyses  

Turbidity was measured using a 2100AN turbidimeter (Hach Company, USA). True colour 

was selected as a surrogate for natural organic matter (NOM), due to its extensive use in 

surveillance of water treatment in Norway (Norwegian Food Safety Authority, 2016). The 

colour parameter was measured by a Shimadzu UV Visible Spectrophotometer UVmini-

1240 (Shimadzu Corporation, Japan), following Standard APHA Method 2120C (λ=455 

nm) procedure (APHA 1995). Prior to colour measurements, the samples were filtered 

through a 0.45 μm syringe polypropylene membrane (514-0065, VWR, USA), in order to 

avoid the influence of turbidity.  

 

Coagulants 

Polyaluminium chloride (PACl). A ready to use PACl product, PAX-18, was obtained 

from Kemira Chemicals (Norway). The product has an Al-content of 9% (17% as Al2O3), 

basicity of 42% and specific gravity of 1.37 g/mL. Zirconium oxychloride. Zirconium (IV) 

oxychloride octahydrate powder was obtained from Teta Vannrensing Ltd (Norway). A 

working solution of 37% (w/w) was prepared in distilled water and gave a Zr concentration 

close to the Al-content of 9%. Chitosan. KitoFlokkTM (low molecular weight [MW, 100 

kDa] and deacetylation degree [DD] close to 0.8) was obtained from Teta Vannrensing Ltd, 

Norway. The concentration of the working solution was 2% (w/v) in 0.1 M HCl. A higher 

chitosan concentration was avoided to prevent undissolved debris in the working solution. 

The chitosan solution was stored for no longer than 2 weeks. All working solutions were 

stored at room temperature as no change in coagulation properties had been observed under 

the selected storage condition.  
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Viruses 

The size and pI characteristics of viruses included in the present study, are given in Table 2. 

Propagation of MS2 bacteriophage was performed according to ISO 10705 (1995), using 

Salmonella Typhimurium WG49 (NCTC 12484) as host. 

The apathogenic HAV strain pHM175 43c (kindly provided by Prof. Albert Bosch, 

University of Barcelona) was propagated in foetal rhesus monkey kidney cells (FRhK-4/R, 

ATCC® CRL-1688), as previously described (Flehmig, 1980).  

The BNV (genotype III2) originated from a transmission study (Jor et al., 2010). Faecal 

samples were diluted 1:10 in PBS, rocked for 15 min, and centrifuged at 1 000 g for 15 min 

at 4 oC. The supernatant was aliquoted, stored at -80 °C, and centrifuged at 12 000 g for 5 

min at room temperature before use.  

The BCoV stock was prepared in human rectal tumour cells (HRT-18G, ATCC® CRL-

11663), according to the procedure described previously (Oma et al., 2016). 

A spike suspension was prepared by mixing the virus stocks. The volume of individual 

viruses was defined by initial tests to ensure that processed samples would be virus positive. 

The culture medium gave a 5-10 % increase in water turbidity and colour. The spike 

suspension was aliquoted and stored at -80oC. 
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MS2 plaque assay 

Infectious MS2 was enumerated by plaque assay as previously described by Debartolomeist 

and Cabelli (1991). In order to study any impact of coagulants on infectious MS2 

enumeration (part I), water samples were processed with (+BE) and without (-BE) beef 

extract (Christensen et al., 2017; Shirasaki et al., 2009).  

For +BE, one mL of sample was mixed in nine mL BE (13 %) and stirred at 1 500 rpm for 5 

h at +4 °C. The BE (211520, Becton-Dickinson and Company, USA) was prepared in sterile 

water, adjusted to pH 9.5-10.0 with 5 M NaOH, stored at +4 °C and used within three days. 

The quantity of MS2 is given as plaque forming units (PFU) per mL. 

 

Extraction of RNA and RT-qPCR  

In order to study any impact of coagulants on extraction of RNA and quantification of MS2 

genomes by RT-qPCR (part I), two commercial RNA extraction protocols, used for 

processing of water samples, were compared: QIAamp® Viral RNA (Qiagen, Germany) 

and NucliSENS miniMAG® (Biomerieux, France), hereafter referred to as method Q, and 

N, respectively.  

For method Q, 140 μL sample and 3.1 μg carrier RNA were added to lysis buffer (560 μL) 

and processed according to the manufacturer prior to RNA elution in 60 μL buffer and 

storage at −80oC. 

For N, an identical volume of 140 μL was treated with 2 mL lysis buffer and 50 μL 

magnetic beads. After several washing steps, RNA was eluted from the beads in 60 μL 

buffer and stored at −80oC.  

RT-qPCR was performed in a Stratagene AriaMx Real-Time PCR System (Agilent 

Technologies, Inc., USA), using the RNA UltraSense™ One-Step Quantitative RT-PCR 

System kit (Invitrogen, USA). Three μL RNA was used in a total volume of 20 μL, with 
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primers, probe and RT-qPCR conditions as listed in Table 3. ROX was used as passive 

reference, and positive and negative controls were included in each run. Each sample was 

run in technical duplicates and the results analysed with Agilent AriaMx 1.1 Software. 

Relative quantification of viral RNA was performed using standard curves prepared from 

10-fold serial dilutions of homologous RNA in RT-qPCR triplicates. The amount of viral 

RNA was expressed as RT-PCR units (RT-PCRU) per mL: one RT-PCRU was defined as 

the amount of target RNA in the highest dilution of the standard, which gave a positive 

result. Aliquoted, homologous RNA was included in all plates and used as an inter-plate 

calibrator (IPC). The threshold in each run was adjusted manually in order to obtain 

identical Ct-values for the IPC (Christensen et al., 2017). 

 

Standard bench scale procedure 

The outline of the protocol is given in Figure 1. The procedure was initially used to define 

suitable coagulation conditions, and later during part I and II setups. Further details are 

given under the relevant sections below. A water sample (400 mL) was spiked with the 

virus mix to achieve a final concentration of 3-6 log10 PFU/mL for MS2 and 4 log10 

PCRU/mL for the other viruses. The sample was swirled prior to collection of a control (C), 

divided between 3 bottles (100 mL in each), and pH adjusted with 1 M NaOH or 0.3 M HCl. 

After adding coagulants, the bottles were immediately vortexed for 30 s (G = 262 s-1), left 

on a rocking table for 10 min at 50 rpm (G = 5 s-1), centrifuged at 112 g for 3 min, and the 

supernatant filtered through a Whatman membrane (glass fibre filter with 1.2 μm pore size) 

(Whatman GF/C, GE Healthcare, USA). Samples collected during processing were defined 

as under mixing (UM), supernatant (S) and filtrate (F).  
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Optimization of coagulant doses  

As optimal conditions for treatment of water from distinct sources could differ, individual 

optimization was performed. Criteria for filtrate turbidity (<0.2 NTU) and colour (<10 mg 

Pt/L) were set, as recommended by the Norwegian Institute of Public Health (Andersen, 

2016) for a coagulation-filtration step to be considered as a hygienic barrier. However, as 

filtration of small sample volumes with unsaturated Whatman filters was inefficient in 

meeting the turbidity criteria, coagulation conditions were selected in accordance with the 

lowest turbidity values obtained. For colour, the criteria were tightened (<5 mg Pt/L) for Al 

and Zr in order to avoid high metal residues, as colour and metals are often associated 

(Andersen, 2016). Each coagulant was titrated at an optimal pH, as reported in the literature: 

5.0–7.0 for PACl, 4.5–6.3 for Zr, and 4.0–7.0 chitosan (Christensen et al., 2016; Ødegaard 

et al., 2010). The coagulation conditions used for part I and II and treatment results are 

presented in Table 4. 

 
Part I - Optimization of virus quantification by plaque assay and RT-qPCR 

Initial experiments included Glomma and diluted Dragsjøen water (Dragsjøen D) with 

similar concentrations of particulate and organic matter (Table 1), in order to determine 

whether water constituents from different water sources could influence virus quantification.  

After spiking with MS2, the water samples were processed using the standard bench-scale 

protocol, followed by collection of C, UM, S and F (Figure 1). MS2 was quantified with 

plaque assay (-/+BE) to explore any influence of coagulants on enumeration of viable virus. 

For quantification of viral genome copies, RT-qPCR was used after RNA extraction with 

methods Q and N. 

The applicability of the most sensitive methods was finally tested using undiluted Dragsjøen 

water, which was included in part II.  
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Water samples were processed in three biological replicates with virus enumeration in 

duplicates. An overview of the setup is given in Figure 2. 

 

Part II – Reduction of viruses in water; efficiency of Al, Zr and chitosan in different water 

types 

Diluted and undiluted Dragsjøen water were spiked with MS2, HAV, BNV and BCoV, 

followed by the standard bench scale procedure. Samples C, S and F were collected and 

processed immediately. Based on the results from part I, virus was quantified using the +BE 

plaque assay (MS2), and RT-qPCR using RNA extracted with method Q (Figure 2). Three 

biological replicates, with virus enumeration in duplicates, were conducted on each water 

type. 

 

Data analysis 

Data analysis was performed in STATA 8.0 (Stata Corporation, USA). Differences in 

effluent turbidity and colour between coagulants were calculated by using one-way analysis 

of variance (ANOVA). A linear regression model was applied to assess the association 

between virus reduction (∆log10) and the explanatory variables raw water quality, type of 

coagulant, and virus morphology. 

The required coagulant dosages were expected to be proportional to the level of NOM in 

Dragsjøen D and Dragsjøen samples (Ødegaard et al., 2010). Consequently, the independent 

variables raw water type and coagulant dosages were used interchangeably in the present 

work. 
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Results 

Optimization of coagulant doses 

 

In general, turbidity was reduced less efficiently, than colour. In water with low amounts of 

NOM, chitosan provided lower effluent turbidity, than Al or Zr, whereas no significant 

difference in turbidity reduction was found for the three coagulants in high NOM water. 

Chitosan was less efficient in colour reduction than Al or Zr. The criteria for colour <5 mg 

Pt/L (and <10 mg Pt/L for chitosan) were fulfilled in all samples with the selected coagulant 

doses (Table 4), except for Dragsjøen water treated with chitosan. 

 

Part I - Optimization of virus quantification by plaque assay and RT-qPCR  

In Glomma water, the number of MS2 plaques increased after treatment with BE, 

independently of coagulant type (Figure 3A). The efficiency of BE was specifically 

demonstrated for chitosan, for which a 5 log10 reduction in PFU was reversed with BE in 

UM and S samples from Dragsjøen (Figure 3B and C). An impact of chitosan was also 

observed in the filtered Dragsjøen sample, as the titre increased by 1.0-1.5 log10 after BE 

treatment (Figure 3D). For Al and Zr, the positive effect of BE was most significant in 

Glomma water.  

Two RNA extraction methods (Q and N) were compared for RT-qPCR quantification of 

MS2 genomes in samples without (control C in Figure 4A, B) and with coagulants (Figure 

4). In water samples without coagulants, the Q kit gave more than 1 log10 higher viral RNA 

titre, compared to N (Figure 4A and B). RNA dilution revealed presence of RT-qPCR 

inhibitors from undiluted Dragsjøen in the RNA, extracted with method N. For water 

samples with coagulants, virus quantification was not affected when using method Q 

(Figure 4A and B). For N method, the greatest interference was registered for Glomma 

water with a 1.0-1.5 log10, reduction, depending on the coagulant. Overall, a high variability 
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was found for virus titres in samples processed with method N, whereas a high 

reproducibility was seen for the level of viral RNA extracted with method Q. 

Virus titres were reduced by no more than 0.4-0.5 log10, when the applicability of the +BE 

plaque assay and the Q extraction method, was tested on undiluted Dragsjøen UM water 

(worst-case scenario). The two processing methods were, therefore, used in part II of the 

study. 

 
Part II - Virus reduction by coagulants 

Reduction of MS2 and enteric viruses was assessed for coagulation-filtration treatment 

using three coagulants (Figure 5). 

In the supernatants (S), 10-70% (0.1-0.5 log10) less virus was measured, compared with the 

control (C). Filtration was generally more efficient, but the results differed between the 

coagulants. For the metal coagulants, log-reductions were often similar and close to 90% (1 

log10) and 99.9% (3 log10) for low and high NOM waters, respectively. Both metals showed 

a smaller reduction of BNV, compared to chitosan. Chitosan treatment provided at least 

99.9-99.99% (3-4 log10) reduction of all viruses for low and high NOM water samples.  

Regression analysis (Table 5) revealed an association between virus reduction and the 

independent variables, such as raw water origin, type of coagulant and virus. NOM content 

and, subsequently, coagulant dose, was positively associated with virus reduction after the 

centrifugation and filtration steps. The supernatants revealed no difference in virus 

reduction between the coagulants, whereas virus numbers in filtrates indicated an increased 

efficacy of chitosan. The reduction pattern for BNV was distinct from the other viruses. The 

highest virus reductions were observed for Dragsjøen water processed by Zr-centrifugation 

or chitosan-centrifugation-filtration. The model fit has a coefficient of determination (R2) of 

44% for supernatants and 70% for filtrates, implying that 70% of the variance in virus 
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reduction by coagulation-filtration, could be explained by the type of water, coagulant and 

virus. 

Discussion 

Effect of coagulants on enumeration of viable MS2 by plaque assay (aggregation effect) 

 

The present study demonstrated that coagulants in water samples interfered reversibly with 

the plaque assay. The number of PFUs decreased not only in samples recently mixed with 

the coagulants (UM), as previously reported (Shirasaki et al., 2009), but also in supernatant 

and filtrates, especially when chitosan was the coagulant present.  

An apparent fall in plaque number, due to coagulant presence, could be explained by several 

mechanisms. Apart from virus aggregation (Floyd and Sharp, 1978), coagulants could 

prevent virus-host interaction electrostatically (Puck et al., 1951), or physically (Tanneru et 

al., 2013). Phage entrapment on the flocs might also result in temporary conformational 

changes in the virus capsid (Taylor et al., 1980). 

Treatment of the samples with BE reversed reduction in infective MS2 plaque counts almost 

entirely, despite high coagulant doses. The effect of BE could be caused by a synergetic 

effect of high pH and excess of proteins. While a solution with alkaline pH dissolves the 

coagulant flocs and enhances repulsion between virus-virus and virus-coagulant complexes, 

excess of proteins displaces viruses from the active attachment sites on undissolved flocs 

and naturally present suspended solids.  

The impact of Al and Zr on viable MS2 quantification increased in Glomma water, 

compared to Dragsjøen D. For chitosan, the opposite was observed. The applied coagulation 

conditions varied for the two water samples. A higher amount of Zr and a lower amount of 

chitosan were used for Glomma compared to Dragsjøen D water. However, similar PACl 

doses were applied for the two waters, whereas the pH conditions varied for Al and Zr only. 
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Therefore, the aggregation was probably caused by a combined effect of water components, 

coagulant dose and pH.  

The results in the present study indicate that enumeration of viable MS2 in water with 

coagulants and without BE treatment can result in artificially high estimates on virus 

reduction. This finding may provide useful insights for future studies with model viruses. 

For enteric virus, the BE treatment might be employed to study reversible aggregation of 

viruses with solids in raw water (Hejkal et al., 1981) or to improve the sensitivity of the 

single-hit dose-response models, which are essential in QMRA (Nilsen and Wyller, 2016).  

 

Effect of coagulants on virus enumeration by RT-qPCR  

The present study demonstrates a difference between the two extraction methods regarding 

purification and/or recovery of RNA from water samples. The efficacy of method Q and N 

was influenced differently by water quality and coagulants. While Q provided stable levels 

of pure viral RNA, regardless of water quality and presence of coagulants, the efficacy of N 

was significantly reduced by both.  

The difference between the two methods might be explained by inclusion of silica in a gel 

membrane for method Q, while N uses silica covered magnetic beads. Furthermore, method 

Q uses carrier RNA to increase RNA binding to the silica (Boom et al., 1990). On the other 

hand other studies have demonstrated the adverse effect of high metal concentrations on the 

sensitivity of method Q (Chen and Chang, 2012). Therefore, it might be necessary to assess 

the sensitivity of a selected extraction kit prior to an experiment. 

 

Virus removal by coagulant and filtration 

In the present study, the extent of virus-floc association, and subsequent virus removal, were 

assessed with respect to raw water quality, coagulant type and dosage, and virus 
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characteristics. According to Edwards & Amirtharajah (1985), flocculation performance 

increases with increasing concentrations of particles and humic molecules in raw water 

and/or coagulant dosing. Moreover, selected coagulants may exhibit different destabilization 

properties and affect floc characteristics, which play a fundamental role in operation of 

physical separation processes (Hussain et al., 2014). Finally, efficient removal involves 

transport and attachment behaviour of colloids, determined by their size and charge 

characteristics (Yao et al., 1971). 

The results of the present study revealed that the combination of flocculation and 

sedimentation induced 10 to 70% reduction in virus titre. At drinking water plants, 

sedimentation accounts for 27 to 74% decrease in virus amount (Gimbel and Clasen, 1998), 

implying that the selected bench scale procedure, was capable of simulating a full-scale 

process. Consequently, chemical pre-treatment and sedimentation did not have a substantial 

virus reducing effect. Without attachment to flocs, virus would remain suspended in the 

solution. Apparently, impaired performance could result from small size and deficient 

settling characteristics of the formed aggregates. 

The setup with a Whatman membrane, aimed to reproduce a microfiltration process, for 

which straining and cake filtration are considered the predominant retention mechanisms 

(LeChevallier and Au, 2004). The pore size of a Whatman filter (1.2 μm) exceeds the size 

range for monodispersed virus particles. The filter surface is also electronegative (Blass et 

al., 2013), and not likely to favour adsorption of MS2, HAV and BCoV at the pH conditions 

used. Consequently, viruses and colloids smaller than 1.2 μm, and presumably even 0.4 μm 

(Hickel, 2013), were not expected to be efficiently retained on the membrane, unless their 

size and charge properties were modified by coagulation pre-treatment. 

The filtration step showed an association between virus reduction and raw water quality. 

Addition of coagulants to water is followed by formation of hydrolysis species and increase 
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of suspended solids. In low NOM water, a relatively low dosing of the metal coagulants 

could restrict formation of complexes between colloids, hydroxide flocs and pathogens 

(Chang et al., 1958). One can also assume that under the conditions produced with Al and 

Zr the size of the formed flocs was below the 1.2 μm pore size. This is consistent with the 

deficient turbidity reduction in Dragsjøen D samples. In undiluted Dragsjøen water, 

increased coagulant dosages were assumed to enhance collision rates between colloids, flocs 

and microbes, and induce formation of numerous and larger aggregates. This could favour 

retention of suspended solids and associated with it virus. 

On the other side, chitosan was more efficient in reducing viruses during filtration, 

compared to Al and Zr (Table 5). Destabilization with chitosan could possibly result in 

formation of larger and denser flocs, but then lower virus titres should have been seen for 

this coagulant after the centrifugation step. Besides, chitosan does not form hydroxides and 

produces less suspended matter in the influent than the metal coagulants (Christensen et al., 

2016). Consequently, a cake layer formed by chitosan on the membrane surface is expected 

to be thinner, giving a lower retention of particles and virus. Chitosan exhibits unique 

destabilization mechanisms, e.g. bridging or “electrostatic patching” (Bolto and Gregory, 

2007). Therefore, it could be suggested that chitosan chains protrude from the aggregated 

suspended matter and bind strongly to the filter material. 

In the present study, regression analysis showed a slightly deficient reduction of BNV, in 

comparison to viruses with more acidic pI. Under the selected coagulation pH, the positive 

charge of BNV could prevent it from approaching positively charged coagulants. Deficient 

BNV reduction, however, was not observed for chitosan, which could be caused by the 

distinct ability of chitosan to bind the filter membrane, as discussed earlier.  
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The influence of particle size in the 30-120 nm range was negligible for virus retention on 

the membrane and the results presented imply that aggregation and retention of MS2 and 

enteric viruses were generally similar. 

Turbidity reduction often serves as an indicator of treatment performance for (oo)cysts, 

which have sizes in the same range as particulate matter (Nieminski and Ongerth, 1995). 

The size of viruses is similar to that of humic compounds (Österberg et al., 1993), which 

concentrations can be assessed with colour. Thereby, treatment conditions, which are 

beneficial for low effluent turbidity and colour, are believed to affect most microorganisms 

and maximize pathogen removal during coagulation and filtration treatment. 

In the present work, treatment conditions were satisfying mostly with regard to colour 

criteria, whereas turbidity values were above 0.2 NTU. However, efficient virus removal 

could still be achieved, but depended on coagulant type and initial water quality.  

In Dragsjøen D water, the performance of both Al and Zr was associated with deficient 

turbidity and virus reduction (Table 4 and Figure 5A). In Dragsjøen water, virus removal by 

the same coagulants was improved, despite high effluent turbidity (Table 4 and Figure 5B). 

Due to higher coagulant dosing, greater increase of solid matter was expected in Dragsjøen 

water, compared to Dragsjøen D water. As filtrate turbidity in both Dragsjøen and 

Dragsjøen D waters was rather similar, it was reasonable to assume that solid retention, as 

well as virus removal, was higher for Dragsjøen water. Consequently, retention of solids 

that can be assessed with turbidity parameter was assumed to be connected to removal of 

viruses. 

In contrast, a straightforward association between reduction in colour and virus was not 

observed. A high NOM residue in the filtrate, accompanied by low virus titre could be 

caused by adhesion of the chitosan chains to the membrane. Alternatively, the association 

was influenced by high turbidity, and presumably if low turbidity was achieved for Al and 
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Zr, these two coagulants could demonstrate similar or greater virus reduction, compared to 

chitosan. 

 

Conclusions 

 

The present study shows that enumeration of the model virus MS2, by plaque assay and RT-

qPCR (RNA extraction), was sensitive to coagulant contents and other constituents in water. 

Treatment of water samples with BE tended to reduce the interference on enumeration by 

plaque assay. The sensitivity of the RT-qPCR assay relied on the RNA extraction method. 

The results show that the suitability of virus quantification methods should be evaluated for 

water studies, especially when using coagulants. 

Chitosan showed a high ability to retain suspended matter on the membrane in water with 

low NOM content. Moreover, chitosan contributed to a higher hygienic performance in this 

type of water, than Al or Zr coagulants. The efficacy of the metal coagulants to reduce both 

suspended matter and viruses was improved, as a result of the enhanced contact 

opportunities between viruses and other particles in solution. Virus retention by the three 

coagulants could be somewhat predicted with turbidity reduction in the filtrates. In contrast, 

an association between effluent colour and virus reduction was not established. 

In the present study, charge characteristics of viruses influenced virus reduction, however, 

the removal patterns for the model virus MS2 resembled the reduction of pathogenic 

viruses.  
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Figure 1. Bench scale procedure used for initial optimization of coagulation conditions and 
during part I and II setups. C – control, UM – under mixing, S – supernatant, F – filtrate.  
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Figure 2. Outline of part I and II of the study. Dragsjøen D – diluted Dragsjøen water; C - 
control, UM – under mixing; S – supernatant; F – filtrate; BE – beef extract; Q – Qiagen RNA 
extraction; N – Nuclisens RNA extraction; MS2 – bacteriophage MS2; HAV – hepatitis A 
virus; BNV – bovine norovirus; BCoV – bovine coronavirus. 
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Figure 3. Influence of coagulants on MS2 enumeration by plaque assay. Viable MS2 was 
quantified in collected UM, S and F after treatment of Glomma (A) and Dragsjøen (B, C, D) 
water with Al, Zr or chitosan. Collected samples were treated with (+BE) or without (-BE) 
beef extract. C – control, UM – under mixing; S – supernatant; F – filtrate; Dragsjøen D – 
Dragsjøen diluted. 
  

0

1

2

3

4

5

6

Al Zr Chit

T
itl

e
F Dragsjøen D D

0

1

2

3

4

5

6

Al Zr Chit

lo
g 1

0 
(P

FU
/m

L
)

S Dragsjøen D C

0

1

2

3

4

5

6

C Al Zr Chit

T
itl

e

UM Dragsjøen D B

0

1

2

3

4

5

6

C Al Zr Chit

lo
g 1

0
(P

FU
/m

L
)

UM Glomma AA



31 
 

 
Figure 4. Influence of RNA extraction method on virus enumeration by RT-qPCR. Total 
MS2 was quantified in UM, S and F samples after treatment of Glomma (A) and Dragsjøen 
(B, C, D) water with Al, Zr or chitosan. RNA was extracted with method Q (Qiagen) and N 
(Nuclisense). C – control; UM – under mixing; S – supernatant; F – filtrate; Dragsjøen D – 
Dragsjøen diluted.  
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Figure 5. Log-reductions of MS2, hepatitis A virus (HAV), bovine norovirus (BNV) and 
bovine coronavirus (BCoV) in diluted (A) and undiluted (B) Dragsjøen water during 
treatment with Al, Zr and chitosan coagulants. Viable MS2 was enumerated by plaque assay 
including beef extract. Viral RNA was extracted from supernatant (S) and filtrate (F) with the 
Qiagen method and quantified by RT-qPCR. The results are expressed as mean and SD (n=3). 
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Table 1. Characteristics of Glomma and Dragsjøen raw water after spiking with the virus 
suspension. Dragsjøen diluted - Dragsjøen water diluted 1:4 by distilled water. 

 Raw water parameters 

Water source Turbidity, 
NTU 

Colour,  
mg Pt/L 

pH 

Dragsjøen 1.1 93 6.6 
Dragsjøen diluted 0.5 25 6.6 
Glomma 0.8 26 7.3 
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Table 2. Virus characteristics; size and isoelectric point (pI). 
Virus Size, nm pI Reference 
    
Bacteriophage MS2 30 3.9 Langlet et al. (2007) 

Hepatitis A virus 28 2.8 Flehmig (1980); 
Michen & Graule (2010) 

Bovine norovirus 30-35 6.0-6.3 
Otto et al.(2011); 
Theoretical pI, calculated using the 
ExPASy ProtParam tool, based on the 
capsid protein sequence 

Bovine coronavirus 80-120 4.5-4.6 Kapil et al.(1999); 
King & Brian (1982) 
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Table 4. Selected conditions used for water treatment and the quality of filtrates after 
treatment with aluminium (Al), zirconium (Zr) and chitosan coagulants. Coagulant 
concentrations were optimized relative to colour reduction, at a defined pH. Dragsjøen diluted 
- Dragsjøen water diluted 1:4 by distilled water. ND - not done. 

Water source  
Selected conditions Water parameters, filtrate 

Coagulant Dose, 
mg/L pH Turbidity, 

NTU 
Colour,  
mg Pt/L 

Dragsjøen 
Al 8 5.9 0.8 5 
Zr 16 5.0 0.5 5 

Chit 15 5.0 0.5 13 

Dragsjøen 
diluted 

Al 3 5.6 0.6 5 
Zr 4 4.9 1.1 5 

Chit 4 4.9 0.3 6 

Glomma 
Al 3 6.6 ND 2 
Zr 9 6.1 ND 2 

Chit 2 5.1 ND 9 
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Table 5. Regression coefficients for the estimated virus reduction (∆log10). Standard error is 
in the parentheses. Dragsjøen diluted - Dragsjøen water diluted 1:4 by distilled water. 

Water type Coefficients (Std.Error) 
 Supernatant  Filtrate 

Dragsjøen diluted 0.00  0.00 
Dragsjøen  0.21* (0.08)  1.78** (0.24) 

Coagulant type    
Al 0.00  0.00 
Zr -0.01 (0.08)  -0.15 (0.18) 
Chitosan 0.12 (0.08)  2.04** (0.14) 

Virus type    
MS2-PFU 0.00  0.00 
MS2-PCR -0.07 (0.07)  -0.27 (0.28) 
HAV -0.07 (0.07)  -0.16 (0.22) 
BNV -0.21** (0.07)  -0.73** (0.23) 
BCoV 0.09 (0.07)  -0.08 (0.22) 

Coagulant/water type   
Al-Dragsjøen  0.00  0.00 
Zr-Dragsjøen  0.24* (0.11)  -0.08 (0.33) 
Chitosan-Dragsjøen  -0.06 (0.12)  -1.49** (0.38) 

Intercept 0.14 (0.07)  1.44 (0.19) 
* and ** indicates significance at the 95%, and 99% level, respectively. 



142 

  



 

  

Appendix A. Norwegian water standards 

Table A1. Some physicochemical water standards as accepted by Norwegian Drinking 
Water Regulation [153] for drinking water delivered to consumers from a water plant. 

Parameter Acceptable value by 
place of consumption 

Notes 

Colour, mg Pt/l Acceptable for 
recipients 

Should be <5 mg Pt/l (<10 
mg Pt/l for chitosan) in the 

outlet water to meet hygienic 
barrier requirements 

Trihalomethanes, μg/l 100  

Turbidity, FNU Acceptable for 
recipients 

Should be <0.1-0.2 FNU in 
the outlet water to meet 

hygienic barrier 
requirements 

Residual metals, μg/l 200 150 μg/l for the big plants 
 
Table A2. Microbiological water standards as accepted by Norwegian Drinking Water 
Regulation [153] for drinking water delivered to consumers from a water plant. 

Organism Acceptable value 
HPC, 22 °C, 3 days  100 cfu/ml 
Coliform bacteria 0 cfu (MPN)/100 ml 

E.coli 0 cfu (MPN)/100 ml 
Intestinal enterococci 0 cfu/100 ml 

Clostridium perfringens 
(incl. spores) 0 cfu/100 ml 

 



 

  

Appendix B. Use of zirconium and chitosan coagulants in Norway 

Nine Norwegian WTP use Zr and/or chitosan coagulants, serving almost 50 000 PE (data 

for 2014, Figure B1.  

There are four WTPs that use chitosan alone (1-4), while five other plants implement a 

combination of Zr and chitosan (5, 6, 7 and 8), mixed in a ratio of the components of 1:2 

(Zr:chitosan). Coagulant dosages per colour unit, routinely applied at these WTPs are 

presented in Table B1. Figures B2-B4 demonstrate quality of the inlet and outlet waters 

after treatment with chitosan alone or Zr-chitosan mixture at three of the outlined WTPs. 

Table B1. Coagulant dosages and pH required to provide colour 5 mg Pt/l (10 mg Pt/l 
for chitosan used alone) in the treated water from some Norwegian water treatment 
plants (WTP). 

Raw water 
origin 

Coagulation 
pH Coagulant 

Coagulant dosage 
per colour unit, 

mg/mg Pt 
Data origin 

Brattliflata 
WTP 

4.0 chitosan 0.10  

jar test 6.1 0.14 
Rondablikk 

WTP 
4.0 chitosan 0.15 
6.8 0.25 

Haugesund 
WTP 

4.0 
chitosan 0.08 

full-scale test Zr+chitosan 
(2:1) 0.08+0.04 

7.8 Zr+chitosan 0.11+0.05 jar test 

Ølen WTP 4.0 
chitosan 0.08 

full-scale test Zr+chitosan 
(2:1) 0.07+0.02 

Skånevik 
WTP 4.0 

chitosan 0.12 jar test Zr 0.40 
Zr+chitosan 

(2:1) 0.20+0.02 bench and 
full-scale test 

  



 

  

 
Figure B1. Location of the WTPs, employing chemical treatment with either chitosan 

(green), or a mixture of these two coagulants (red pins): 1) Østerbø Evangeliesenter (50 
PE); 2) Brattliflata (99 PE) and Rondablikk (136 PE) WTPs; 3) Helleland WTP (395 
PE); 4) Industrial and Aquatic Laboratory in Bergen; 5) Skånevik WTP (500 PE); 6) 

Haugesund WTP (45 000 PE); 7) Ølen WTP (2 222 PE); 8) Ølen Bjoa WTP (375 PE). 
Created with www.mapcustomizer.com. 

  



 

  

Figure B2. Results of routine water analysis of raw and treated water at Ølen WTP in 
the periods between 01.06.2012-01.12.2013 (left column, chitosan alone) and 
01.06.2015-31.12.2016 (right column, combination of Zr and chitosan)*.  

 
* Data were adapted from www.labweb.no, and did not include samples from network 
mains; coagulant consumptions were approximately 1.5 g chitosan/m3 and 1.5 g 
Zr/m3+0.5 chitosan/m3. Coagulation pH was approximately 4.0, regardless of the 
coagulant; treatment consists of screening, coagulation-contact filtration, UV-
disinfection.  
 
  



 

  

Figure B3. Results of routine water analysis of raw and treated water at Ølen Bjoa WTP 
in the periods between 01.06.2012-01.12.2013 (left column, chitosan alone) and 
01.06.2015-31.12.2016 (right column, combination of Zr and chitosan)*.  

 

  
* Data were adapted from www.labweb.no, and did not include samples from network 
mains; coagulant consumptions were approximately 1.5 g chitosan/m3 and 1.5 g 
Zr/m3+0.5 chitosan/m3. Coagulation pH was approximately 4.0, regardless of the 
coagulant; treatment consists of screening, coagulation-contact filtration, UV-
disinfection.  
  



 

  

Figure B4. Results of routine water analysis of raw and treated water at Haugesund 
WTP in the periods between 01.07.2011-01.06.2013 (left column, chitosan alone) and 
01.06.2015-03.02.2017 (right column, combination of Zr and chitosan)*.  

 
  



 

  

Figure B4 (cont). Results of routine water analysis of raw and treated water at 
Haugesund WTP in the periods between 01.01.2012-01.06.2013 (left column, chitosan 
alone) and 01.06.2015-03.02.2017 (right column, combination of Zr and chitosan)*.  

 
* Data are adapted from www.mittvann.no, and do not include samples from network 
mains (except for TOC and THM); coagulant consumptions were approximately 2 g 
chitosan/m3 and 1.9 g Zr/m3+0.9 g chitosan/m3. Coagulation pH was approximately 4.0-
4.5, regardless of the coagulant; treatment consists of screening, coagulation-contact 
filtration, disinfection with chlorine (until 2014) and UV-disinfection (after 2014). 
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