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SUMMARY

Access to safe drinking water is an essential human right and a crucial element to
human survival. The quality of drinking water, has strong and direct impact on
human health. Unless free of fecal contamination, water is unsafe to drink. Yet, to
date, 2 billion people remain without access to safe drinking water . Consequently,
the burden of waterborne disease remains a global threat to public health
especially in developing countries.

Fortunately, many interventions in the past decades aimed to provide safe drinking
water in developing countries. Household water treatment (HHWT), provided
individuals with a cheap and effective solution to treat water. Since its introduction,
HHWT has dramatically improved the microbial quality of water, reduced the
burden of waterborne diseases and its associated mortality 2. In particular, ceramic
pot filters (CPFs) were described as one of the most sustainable, popular and
effective HHWT systems in reducing waterborne diseases®>®. In 2014, it was
estimated that 4 million users rely on CPFs for water treatment ®. CPFs provide
consumers with an adequate protection against bacteria and protozoa which
accounts for its reported protection against waterborne diseases. However, CPFs
are not highly protective against all waterborne pathogens since they fail to remove
viruses. The exceptionally small size of viruses enables them to pass through the
filter pores.

Therefore, the objective of the thesis was to enhance virus removal in ceramic pot
filters (CPFs). It was hypothesized that continued filtration of water through CPFs
would lead to biofilm growth which might enhance virus removal. This hypothesis
was examined using MS2 bacteriophage as ssSRNA model virus. It was found that
the growth of biofilm was dependent on the level of nutrients in raw water and as
the subsequent virus (MS2) removal observed. The trade-off was the lower flow
rates in high nutrient biofilms. Although high nutrient biofilms had better removal
of virus (2.4 + 0.5 logs), it reduced flow rates in the filters making them unusable.

This limitation in virus removal and flow rate called for alternative solution.
Therefore, the use of metals, namely silver (Ag) and copper (Cu), was examined as
potential additives to CPFs to enhance virus removal. Ag is already being applied to
CPFs in many factories but its contribution to virus removal has been controversial



and only reported using model RNA virus (MS2). Cu is cheaper than Ag, hence it
provided the possibility of an economical alternative or complementary addition.

To that end, Cu and Ag were examined for their antiviral efficiency; separately and
combined. MS2 (ssRNA) and PhiX 174 (ssDNA) bacteriophages were tested as
conservative model viruses for RNA and DNA waterborne viruses. Ag (0.1 mg/L)
exhibited antiviral efficiency against MS2 and PhiX 174 (< 2 log inactivation over 6
hours), which was reduced in the presence of 20 mg C/L of natural organic matter
(NOM) in water. Overall, Cu (1 mg/L) was a more potent disinfectant than Ag (0.1
mg/L). For example, in water containing NOM (20 mg C/L), Cu inactivated > 6 logs
of MS2 over 3 hours, and to lesser extent PhiX 174 (> 1 log in 3 hours). Moreover,
significant synergy of Cu and Ag in combination was observed for MS2 in the
absence of NOM and to a lesser extend in presence of low NOM at pH >7. A
synergistic effect of Cu and Ag together in disinfecting PhiX 174 was observed, but
only in presence of NOM in water. Overall to achieve 2 3 logs of inactivation by Cu
and/or Ag, hours of interaction between the metal(s) and the virus were needed.

Because antiviral efficiency of Cu and Ag was observed, each was applied to ceramic
filter discs (CFDs) according to the factory method (Filtron, Nicaragua) by painting
metal ions solution using a hand brush. Virus removal by filtration through metal
painted CFDs was examined. In addition, virus inactivation in the receptacles
containing filtrate (in which there was leached Cu or Ag) was examined over 5.5
hours of storage. The contribution of Cu or Ag to enhancing virus removal by
filtration was minor compared to the observed inactivation following hours of
filtrate storage. This observation highlighted the value of utilizing virus inactivation
as post treatment / post filtration option using Cu and/or Ag ions. Unfortunately,
the rapid leaching of Cu from CFDs was an obstacle to testing Cu and Ag
combination. It is therefore recommended to investigate alternative methods of Cu
dosing other than painting.

This thesis quantified the contribution of biofilm growth to improving virus removal
in CPFs, although the effect varied. With the in-depth assessment of Cu and/ or Ag
antiviral efficiency, examining the effect of water quality parameters on the
achieved virus inactivation, the potential of Cuand Ag was assessed. Post treatment
or safe water storage relying on Cu and Ag ions can be applied in principle to
provide safe drinking water in compliance with the WHO requirements.



SAMENVATTING

Toegang tot veilig drinkwater is een essentieel mensenrecht en cruciaal voor het
voortbestaan van de mens. De kwaliteit van drinkwater heeft een sterke en directe
impact op de menselijke gezondheid. Alleen wanneer water vrij is van fecale
verontreiniging, is het veilig om te drinken. Toch, hebben tot op heden 2 miljard
mensen geen toegang tot veilig drinkwater!. Hierdoor blijven in water
overdraagbare ziekten een wereldwijde bedreiging voor de volksgezondheid, met
name in ontwikkelingslanden.

In het afgelopen decennia, zijn er veel technologieén ontwikkeld die gericht zijn op
veilig en schoon drinkwater in ontwikkelingslanden. Household water treatment
(HHWT) of te wel huishoudelijke waterbehandeling, bood individuen een goedkope
en effectieve manier om water te behandelen. Sinds de introductie heeft HHWT de
microbiéle kwaliteit van water drastisch verbeterd en de last van door water
overgedragen ziekten en de daarmee samenhangende sterfte verminderd?. Met
name de keramische potfilters (KP's) werden beschreven als een van de meest
duurzame, populaire en effectieve HHWT-systemen om water overdraagbare
ziekten te verminderen 37>,

In 2014 waren naar schatting 4 miljoen gebruikers afhankelijk van KP's voor
waterbehandeling ©. KP's bieden gebruikers bescherming tegen bacterién en
protozoa, wat de gerapporteerde bescherming tegen de door water overdraagbare
ziekten verklaart. Echter, KP’s bieden geen bescherming tegen virussen. Virussen
kunnen dankzij hun kleine omvang door de filterporién van KP’s heen. Voor deze
reden heeft dit proefschrift de doelstelling om de virusverwijdering in keramische
potfilters te verbeteren.

In de literatuur werd er verondersteld dat continue waterfiltratie door KP's zou
leiden tot biofilmgroei die de virusverwijdering zou kunnen verbeteren. Deze
hypothese werd onderzocht met behulp van het ssRNA-modelvirus, de MS2-
bacteriofaag. De groei van biofilm is afhankelijk van de nutriénten concentratie in
het ongezuiverde water en kon worden gerelateerd aan de verwijdering van het
virus (MS2). Dit ging echter ten koste van de stroomsnelheid door het filter.
Alhoewel biofilms bij een hoge nutrienten concentratie het virus beter konden
verwijderen (2.4 + 0.5 log), verminderde de doorstroomsnelheden in zo’n mate
waardoor de filters onbruikbaar werden.
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De gelimiteerde verwijdering van virussen en de verlaagde stroomsnelheid vroeg
om een alternatieve methode om virussen te verwijderen. Daarom werd
onderzocht of zilver (Ag) en koper (Cu) kunnen dienen als mogelijke toevoegingen
aan KP's om de virusverwijdering te verbeteren. Ag wordt al toegepast op KP's.
Echter de bijdrage van Ag aan het verwijderen van virussen is discutabel en wordt
alleen gerapporteerd met behulp van model RNA-virus (MS2). Cu is een goedkoper
alternatief dan Ag. Cu kan daarom dienen als een (complementaire) toevoeging aan
KP’s.

Daartoe werden Cu en Ag onderzocht op hun antivirale efficiéntie; afzonderlijk en
gecombineerd. De bacteriofagen MS2 (ssRNA) en PhiX 174 (ssDNA) werden getest
als modelvirussen voor RNA- en DNA- virussen. Ag (0,1 mg/L) vertoonde antivirale
activiteit tegen MS2 en PhiX 174 (< 2 log-deactivatie gedurende 6 uur). Deze
activiteit werd verminderd in aanwezigheid van 20 mg C/L natuurlijk organisch
materiaal (NOM) in water.

In het algemeen werkte Cu (1 mg/L) beter dan Ag (0.1 mg/L). Bijvoorbeeld, in water
dat NOM (20 mg C/L) bevatte, inactiveerde Cu > 6 log MS2 gedurende 3 uur, en in
mindere mate PhiX 174 (2 1 log in 3 uur). Verder werd een significante synergie in
Cu- en Ag-combinatie waargenomen voor MS2 verwijdering in afwezigheid van
NOM en in mindere mate in aanwezigheid van NOM bij pH 27. Een synergetisch
effect van de Cu en Ag combinatie op de verwijdering van PhiX 174 werd alleen
waargenomen in aanwezigheid van NOM in water. Om 2 3 logs virus deactivatie
door Cu en/of Ag te bereiken, zijn vele uren interactie tussen het metaal/de
metalen en het virus nodig.

Omdat de antivirale efficiéntie van Cu en Ag was bewezen, werd elk metaal, volgens
de fabrieksmethode (Filtron, Nicaragua), aangebracht op keramische filterschijven
(KFS's). Dit werd gedaan door de filterschijven te beschilderen met een
metaalionenoplossing. Vervolgens werd de virusverwijdering door filtratie voor
deze beschilderede KFS's onderzocht. Hiernaast werd ook de virus deactivering in
het filtraat, die ook uitgeloogd Cu of Ag bevat, onderzocht gedurende 5,5 uur
opslag. De resultaten lieten zien dat de bijdrage van Cu of Ag aan het verbeteren
van de virusverwijdering door filtratie gering was in vergelijking met de
waargenomen inactivatie na opslag van het filtraat.

Deze resultaten benadrukken de toegevoegde waarde van het voor of na
behandelen met Ag en/of Cu ionen voor virus deactivatie. Het is aanbevolen om
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een andere methode voor Cu dosering te onderzoeken dan schilderen. De snelle
uitloging van Cu uit de KPS maakte het testen van de Cu en Ag combinatie lastig.

Dit proefschrift liet zien dat de biofilmgroei in KPF kan bijdragen aan de verwijdering
van virussen. Ook werden de antivirale efficiéntie van Cu en/of Ag aangetoond dat
in relatie met andere water kwaliteitsparameters. Nabehandeling of veilige
wateropslag op basis van Cu- en Ag-ionen kan worden toegepast om veilig
drinkwater te leveren in overeenstemming met de WHO-vereisten.
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INTRODUCTION




1.1 Water Safety and waterborne diseases

Water is essential for human survival. In 2010, the UN recognized access to safe
drinking water as a human right’. Yet, to date, 2 billion people remain without
access to safe drinking water. These numbers are predicted to further escalate
because global warming is aggravating the situation due to flooding and droughts.
Moreover, the COVID-19 pandemic has restricted people’s access to safe drinking
water, leading to increased human suffering?®.

In the absence of safe drinking water, people can be forced to rely on contaminated
water to meet their needs. Unless the biological and chemical safety of water are
guaranteed, water can become a threat to human health and economic prosperity.
In fact, more than 10% of the global population consume untreated surface water®.
This is particularly concerning because 80% of wastewater is discharged untreated
in open water bodies, hence increasing fecal contamination of water. Drinking
untreated water or fecally contaminated water exposes consumers to harmful and
disease-causing organisms. The most common waterborne disease is diarrheal
diseases which vary in severity from recoverable to deadly.

It was estimated that 35% of death caused by diarrheal diseases is due to unsafe
drinking water (WHO, 2019). Waterborne diseases are mostly caused by 6 RNA
virus families such as Picornavirus (enterovirus, poliovirus, hepatitis A virus),
Caliciviridae (norovirus, sapovirus) and Reoviridae (rotaviruses) 2. dsDNA
adenoviruses also cause waterborne diseases and can be more resistant to
disinfectants (such as UV) than RNA viruses °. Diarrheal diseases are one of the
major causes of child mortality especially of children under the age of 5. Rotavirus
causes acute diarrheal disease among young children !*. Hepatitis Aand E can cause
severe liver disease, resulting in patient’s death % It was estimated that 90% of
children under the age of 10- who lack access to safe water or sanitation- were
infected with hepatitis A1%13. Moreover, the mortality rate of hepatitis E infection
is 25% in pregnant women 213,

Surviving diarrhea or waterborne diseases is not the end of the problem. Guerrant
(1999) conducted a study in an urban poor community in Brazil and found that
children under age 2 who were infected with the waterborne protozoan parasite
Cryptosporidium, developed a lower fitness between the age of 6-9 years 4.
Moreover, early diarrhea was correlated with impaired cognitive function, lower



physical fitness and long term retardation'**®. The situation is more critical in
children suffering from HIV, in whom the death rate is 11 times higher than in those
who are not infected with HIV °.

Not surprisingly, a recent study by Adelodun et al. (2021)Y identified ingestion of
virus-contaminated water as a cause for socioeconomic inequality and poverty in
developing countries. Economically, lack of access to safe water results in
substantial cost in health care, loss of life and loss in productive work days or school
attendance due to sickness 8. Although medical interventions such as rotavirus
vaccination exist, their impact is not sufficient without serious improvements in
water and sanitation conditions *°, A meta-analysis for 144 studies suggested that
child mortality dropped by 55% when water and sanitation conditions were
improved %°.

1.2 Household water treatment system

Over the past decades, tremendous efforts were dedicated to improve water,
sanitation, and hygiene (WASH) conditions to compact the global burden of
waterborne diseases. Between 2015 and 2020, 193 million people gained access to
safe drinking water?.

Despite the progress and the global efforts to improve water conditions, to date, 2
billion people remain without access to safe drinking water!. Moreover,
recontamination of water in low-income countries often still occurs. Treated piped
water can be re-contaminated when supply is interrupted?¥?2. In addition, when
treated water is collected by community members, transported and stored,
recontamination can happen during any stage of this process 2222, For example,
collection containers could be unclean or containers left open without a lid can

attract animals or birds?*%

. Moreover, the behavior in handling water during
storage is detrimental in its safety (i.e., by dipping unclean hands in a drinking water

bucket)?.

To address these household water conditions, household water treatment (HHWT)
systems enabled consumers to treat or re-treat their water inhouse to improve its
safety. HHWT provides safe low cost technology for water provision in many
countries, independent from governmental or community services®*3L, Its impact
has been clearly demonstrated to improve public health and significantly reduce

diarrheal disease 263233,



There are a number of systems available for HHWT. They vary in energy
requirements, chemical use, price, and treated water microbial or chemical quality.
Most HHWT focus on improving the microbial quality of water as it has direct
impact on the global burden of disease.

1.3 Ceramic pot filters

Ceramic pot filters (CPF) are one of the most promising and accessible technologies
for HHWT 34 CPF’s role in reducing waterborne diseases, especially diarrheal
disease among children and low income consumers has been well documented
343538 |ts impact is well documented as more effective in reducing diarrhea disease
compared to other HHWT systems®*. Abebe et al. (2014)* reported a significant
contribution of CPFs in improving the quality of life of people living with the human
immunodeficiency virus in rural South Africa by reducing diarrhea. In addition, CPFs
gained popularity in areas where water boiling or chemical disinfection are not
suitable to adopt?.

CPFs are produced using local materials which provides an additional economical
advantage in terms of low cost, creating micro investments and job
opportunities'*%2441 There are 35 CPFs factories located across 18 countries and
producing over 40,000 filters monthly*?*%, The production process of CPFs starts by
mixing clay with burnout material and water32443% (Fig, 1-1). Burnout material
could be sawdust or rice husk. After mixing, the mixture is molded into a pot shape
and fired in a klin32414344 The firing process turns the burnout material into ash,
hence creating the CPF’s pores. The created pores are responsible for the filtration
mechanism of CPFs and to a great extent, the improved microbial quality of the
treated water*™’.

Possible inconsistency in the materials used such as: types of burn-out material or
firing temperature can lead to variation in the pore structure of CPF units. It was

4849 in size. However, some pores

reported that majority of CPFs’ pores are < 20 um
can reach 100 um in size. Depending on the production conditions, microcracks can
form inside the filter. Microcracks can effect interconnectivity of pores and the
filter flow rates®. Hence, microcracks effect the relationship between flow rates
and microbial performance of CPFs. This is a troubling issue because water flow rate

checks are the main quality control step reported from CPF factories (Fig. 2-1).



Although some factories add an additional pressure test®!, quality control by
measuring the flow rate (1-3 L/h) remains the prevailing practice.

The material used in producing CPFs plays an important role in the structure and
the microbial performance of the pots*>2. For example, clay minerology impacts
the shrinkage rate of the pots during the firing process and the final pore
structure*. Moreover, it has an impact on the microbial adsorption capacity of the
filter>2. Although important, controlling the clay type used is a problem because
maintaining a local clay supply is crucial for sustainable low cost production #’. In
addition, the impact of other filter production variables such as burnout material
size and burnout to clay ratio have been contradictory in their effect on CPF
microbial performance according to different reports in literature +’.

Prepare burnout:
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in kiln and fire (L2 el I inspection overnight test
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Pack and sell —~—— and leeRrreZn |
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v/ Rejected pots:
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Figure 1-1: Manufacturing process steps for CPFs according to data from the Filtron factory,
Nicaragua.

1.3.1 Microbial performance of ceramic pot filters

Water filtration by CPFs (Fig. 2-2) can be described by two stages: the contact
between water and the filter’s surface layer (surface filtration), followed by deep
filtration. In surface filtration, microbes and contaminants larger than the surface



pore size are retained inside the filter. As water passes through the filter, microbes
can get trapped in dead-end pores, be removed by further straining or adhere to
the filter medium by electrostatic interaction®’.

Figure 1-2 lllustration of CPF in use, adapted from WHO (2016) 53

It is important to distinguish between the size of different microbial contaminants:
protozoa, bacteria, and viruses. Protozoa range in size from 10 to 200 um, bacteria
from 0.2 to 2 um and viruses from 0.02 to 0.1 um>*. Considering that CPFs can
contain pores as small as 0.1 um, protozoa and bacteria can be removed by size
exclusion but not viruses. In CPFs viruses can only be removed by means of dead-
end pores entrapment or adsorption®”°%%,

The reported removal of protozoa range from 2 to 5 logs®**¢™8, The removal of E.
coli bacteria was an average of about 2 logs without silver (Ag) and 4 logs with
Ag*>1%8 However, virus removal was unsatisfactory by CPFs at < 1 log, regardless
of Ag presence®>>%8%°  According to the WHO, house hold water technologies need
to achieve 2-star performance criteria for two classes of pathogens to qualify as
accepted-protective technology for water treatment (Table 2-1). While for
protozoa and bacteria CPFs achieve high to very high pathogen removal, the failure
to remove viruses reduces CPFs to minimally acceptable technology having only
targeted protection.



Table 2-1 WHO recommended microbiological performance criteria for HWT technology
performance classification- adapted from WHO (2016)

performance Protozoa Bacteria Viruses Interpretation

classification (log10 (log10 (log10 (assuming correct and
reduction reduction reduction consistent use)
required) required) required)

* %k Kk >4 >5 >4 Comprehensive protection
(very high pathogen
removal)

* * >2 >3 >2 Comprehensive protection
(high pathogen removal)
* Meets at least 2-star (* %) criteria for two Targeted protection
classes of pathogens
_ Fails to meet WHO performance criteria Little or no protection

Improving CPFs to provide protection against viruses is crucial for the health and
safety of consumers. Viruses are obligate parasites, and once a host is found they
replicate inside the host before being released in feces to repeat the cycle in
another host 8174, | Viruses can be shed in feces at high concentrations — up to 11
logs- and persist in water for long periods 8%, Unless viruses are properly treated
in water and prevented from reaching other consumers, disease outbreaks can
occur %¥% This is particularly concerning, because successfully overcoming viral
infection is dependent on the human immune system. Due to reduced immunity,
viral infection can be fatal to children and individuals with HIV.

1.4 Virus removal in CPFs - identifying research gaps

Due to the exceptionally small size of viruses, CPFs fail to remove viruses by size
exclusion. This has been consistent according to literature reporting negligible virus
removal (<1 log) in CPFs®*5°8%°  However, a few exceptions in literature have been
reported for studies with relatively long term filter usage, which was hypothesized
to be due to slime layer -biofilm- growth in the filter®®®°, Over the past decades,
multiple efforts have aimed to improve virus removal in CPFs. For example,
changing the firing process or adding metals before or after firing. Those attempts
rely on one or two processes to enhance virus removal: adsorption and/ or
inactivation®. The adsorption process considers viruses as colloidal matter for
which surface charge, surface area or hydrophobicity are the determining factors
of virus removal. Meanwhile, inactivation of virus relies on chemical or physical
destruction of the virus particle causing loss of infectivity. Here, we discuss the



major efforts to improve virus removal in CPFs, their related mechanisms, extent of
success and identify the present gaps in research.

1.4.1 Biofilm growth in CPFs

As mentioned, a few improved LRVs were reported for virus removal in CPFs. Van
Halem, (2006)*° reported 3 logs removal values (LRVs) of MS2 bacteriophage (used
as conservative RNA virus indicator). This removal was recorded after 13 weeks of
filtering canal water. The author observed a growth of “slime layer” inside the filter
after long usage. Farrow et al. (2014)% also reported increase in MS2’s LRVs from
0.2 to 2 logs following 2 weeks of turbid water filtration. Larimer (2013)%
demonstrated that in absence of Ag, CPFs are susceptible to bacterial colonization
and biofilm growth. Biofilm growth was only inhibited at high concentrations of Ag
and dominating surface coverage with Ag®. However, the constant leaching of Ag
from CPFs diminishes its effectiveness for virus reduction after a few month of
usage®®. Hence, it is likely that the retained bacteria inside the filter along with the
absence of or diminished Ag, would lead to biofilm growth during the long-term
usage of CPFs. Yet, assessing the relationship between biofilm growth in CPFs and
virus removal remains a clear gap in literature.

1.4.1.1 Biofilms and viruses

Biofilm growth is initiated when bacteria present in water adheres to a solid
surface®. Depending on the available organic nutrients and surrounding conditions,

a biofilm develops®®7°

. Growth of bacteria in biofilms produces extracellular
polymeric substances (EPS) which defines the physiochemical and biological
properties of the biofilm”®. EPS is an integral constituent of biofilms and is physically
recognized by its “slime” feeling which was mentioned in the report of Van Halem,

(2006).

The interaction between biofilms and viruses has been studied in water pipelines,
membrane reactors and slow sand filters. In pipelines, 3 — 4 logs/cm? of
bacteriophage were removed by biofilms and persisted as viable for at least a
week’2. In membrane bioreactors around 3 LRVs of bacteriophages were observed
following biofilm growth”®74, In slow sand filters, 0.1 to 3 LRVs of bacteriophages
were reported, depending on the biofilm age”.



Hence, it can be anticipated that biofilm growth in CPFs will lead to enhanced virus
removal. However, none of the cited logis reductions values (LRVs) can be
generalized to CPFs because of variations in hydralic flow, material characteristics
and water quality conditions would lead to structural differences between biofilms.
These knowledge gaps call for a dedicated study examining biofim growth in CPFs
in relation to virus reductions. Factors such as: nutrient content in water, biofilm
age, filter usage period, filter cleaning practices and possible persistence of
viruses in CPFs are important to account for (as research gaps).

1.4.2 Metal additives and virus removal in CPFs

The widely applied metal additive in CPFs is silver, Ag. Ag application has been
advised by the ceramics manufacturing working group to improve microbial
performance of the filter and control biofilm growth*”’¢, There is abundant study
in evaluating the effect of Ag addition on E. coli removal in CPFs. It was concluded
that the main contribution of Ag to enhance E. coli LRVs takes place in the
receptacles®*’. Leached Ag from CPFs inactivates E. coli that penetrated the CPF
and is present in filtered water in a time dependent manner®?’.

On the other hand, limited studies had evaluated the impact of Ag additives on virus
removal by CPFs and was mostly limited to examining RNA viruses using MS2 as a
ssRNA model virus. The reported results only focused on direct filtration,
overlooking the interaction between viruses and Ag ions in the receptacles. Brown
and Sobsey (2010) and Van der Laan et al. (2014) reported no improvement in LRVs
of MS2 in samples directly collected from Ag amended CPFs compared to Ag free
CPFs®*, However, the study of Salsali et al. (2011) demonstrated that the quality
of filtered water (i.e., deionized vs surface water) significantly contributed to higher
MS2 LRVs by Ag amended CPFs rather than the type of Ag (ions or nanoparticles)
applied in the filter*®,

Recently, copper (Cu) additives have been introduced to CPFs as possible cheaper
alternative to Ag. Ehdaie et al. (2020) showed improvement in MS2 removal by
ceramic tablets amended with Cu compared to controls’”’. Friedman (2018) also
reported increase in overnight LRVs of MS2 (almost reaching 3 logs) when Cu was
combined with Ag to amend CPFs before firing. On the other hand, Lucier et al.
(2017) reported similar MS2 LRVs (> 3 logs) in metal free CPFs and those amended
with Ag or Cu.



These findings highlight the following gap in examining Ag or Cu contribution to
virus removal by CPFs: the efficiency of Cu or Ag in removing DNA viruses versus
RNA viruses in CPFs needs assessment. Moreover, distinguishing virus removal by
direct filtration from time dependent inactivation of viruses by leached metals in
the receptacles is important. Also, understanding the impact of water quality
parameters on Cu and Ag inactivation of DNA and RNA viruses is important to
their application in CPFs.

1.4.2.1 Metals and viruses

In order to assess the contribution of metal additives to virus disinfection or
removal in the ceramic filtration system, the effect of metals on viruses must be
understood. Physiochemical water parameters such as pH, organic matter,
temperature, ionic strength, etc., can affect metal speciation and reactivity. The
speciation of metals was reported to impact their environmental toxicity %%,
Hence, it is likely that speciation of metals would impact its antiviral capacity as
well. Nieto-Juarez et al. (2010) reported on the importance of dissolved Cu?* ions
on disinfecting MS2 bacteriophage. However, a similar assessment of Ag was
overlooked 884,

One important parameter is solution pH. pH can not only effect speciation of Cu
and Ag but also virus conformation, hence its sensitivity to disinfectants®.
Moreover, a study by Yahya et al. (1992) reported on a synergistic effect of using
Cu and Ag combined in disinfecting MS2 versus their individual use. To our
knowledge, no other studies reported on conditions where synergism can happen
or if it also occurs for DNA viruses. Hence, it is important to evaluate the effect of
individual metals (Cu or Ag) versus combined (Cu and Ag) on RNA viruses versus
DNA viruses under variable solution pH. This would provide clear understanding
of Cu and/ or Ag antiviral efficiency when used for water treatment.

Another important factor to assess, is natural organic matter (NOM). Presence of
NOM in water is inevitable. Many CPF users are located in remote or rural areas,
hence, they rely on contaminated surface water or ground water as a water source
47518 This implies variability in water quality and its organic content. NOM contains
functional groups such as thiols, hydroxyls, aldehydes, etc., that can form organic
complexes with Cu or Ag ¥88, This has been observed in fresh water bodies where
most of Cu is bound to NOM, resulting in lower environmental toxicity of Cu®.
Moreover, Ag interaction with NOM can result in forming Ag solids such as AgCl,
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Ag,S or AgS, depending on solution conditions and the reaction period &%,
Formation of Ag solids is undesirable since it reduces its disinfection capacity
compared to Ag*, as observed in E. coli studies °>3. An additional observation was
that Cu binding to NOM was reported to result in production of reactive oxygen
species (ROS) °*. Presence of ROS can enhance inactivation kinetics of MS2
bacteriophage as observed in many studies %,

Therefore, evaluating the effect of NOM on Cu and/ or Ag inactivation kinetics of
RNA and DNA viruses is of great importance. Currently, there is a gap in literature
regarding the effect of NOM on Ag or Cu inactivation kinetics of either RNA or
DNA viruses. Whether or not we can anticipate reduced virus inactivation by Ag,
Cu and the metal combination cannot be anticipated. Moreover, it is unclear if
the possibility antiviral activity of Cu and Ag would be associated with NOM
presence or not.

1.5 Research questions

e Does biofilm growth in CPFs enhances to virus removal? (Chapter 2)

o What is the relationship between biofilm age, growth conditions
and virus removal in CPFs?

o How does consumer cleaning practices effect virus removal by
biofilms in CPFs?

e Does Cu or Ag efficiently inactivate RNA and DNA viruses? What is the
impact of combining Cu and Ag on inactivation of RNA and DNA viruses?
(Chapter 3)

o What is the impact of water pH on Cu and Ag inactivation of
waterborne viruses?

o Does Cu or Ag speciation change by changing pH in tested water?
And does that impact inactivation kinetics?

o Do RNA and DNA exhibit similar susceptibility to Cu and Ag under
variable pH?

e What is the impact of NOM on Cu and Ag inactivation kinetics of RNA and
DNA viruses? (Chapter 4)

o Does Cu and Ag combination lead to added synergism with or
without NOM?

o Does NOM impact Cu and Ag speciation and subsequently virus
inactivation?
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o Is there production of ROS in presence of NOM with Cu and/or Ag
in water? If observed, does it enhance inactivation?
e Do Cu or Ag additives contribute to removal of DNA as well as RNA viruses
in CPFs? Is the removal dependent on direct filtration or timely interaction
in the receptacles? (Chapter 5)
o Isadapting the commonly practiced Ag painting method suitable to
incorporate Cu in ceramic filters?

1.6 Thesis outline

To enhance virus removal in CPFs, the ceramic pot filtration usage was studied over
lengthy time period of filter use (Chapter 2). This aimed to simulate consume
conditions in using the filter for a long time period until the flow rate reduces, then
cleaning it with a hand brush. We used multiple sets of filters, each with water
containing different nutrient levels.

In chapter 3, the effect of pH on Cu and Ag inactivation kinetics was examined using
two model viruses: MS2 (ssRNA) and PhiX 174 (dsDNA). Inactivation kinetics using
individual metals (Cu or Ag) verses their combination (Cu and Ag) against MS2 and
PhiX 174 in water matrices with different pH was measured. This provided initial
understanding of what metals can serve as disinfectants in a controlled setting. To
shed light on the mechanistic work of Cu or Ag, MS2 and PhiX 174 particles were
examined using transmission electron microscopy before and after treatment to
identify possible structural damage caused by metals.

Because water that is treated in a CPF will contain NOM, in chapter 4, the effect of
NOM on Cu and Ag inactivation kinetics of MS2 and PhiX 174 and possible
synergism of Cu and Ag was examined. Moreover, possible production of ROS and
its implications for inactivation kinetics was considered and investigated. Finally, in
chapter 5 CPFs painted with Cu or Ag were evaluated for MS2 and PhiX 174 removal
against blank (unpainted) filters. The evaluation also distinguished between LRVs
due to filtration through metal painted CPFs and time dependent inactivation due
to metal- virus interaction in water filtrate receptacles.
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VIRUS REMOVAL BY CERAMIC
POT FILTER DISKS: EFFECT OF
BIOFILM GROWTH AND SURFACE
CLEANING

This chapter is based on:

Soliman, M.Y.M., van Halem, D., Medema, G. (2020) Virus removal by ceramic pot
filter disks: Effect of biofilm growth and surface cleaning. Int. J. Hyg. Environ. Health
224.2019.113438
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Abstract

Ceramic pot filters are household water treatment and safe storage (HWTS)
systems designed to improve the microbial quality of drinking water. They yield
high log reduction values (LRVs) for bacterial and protozoan pathogens but provide
very little removal of viruses. This study investigated virus removal of ceramic filter
discs (CFDs), using feed water with 3 different nutrient levels under extended
continuous operation and limited cleaning frequency. The results show that filter
use without cleaning resulted in biofilm growth and MS2 LRV values increased with
increasing feed water nutrient content. Cleaning the filter surface by scrubbing led
to a partial or total loss in improved LRVs, indicating the importance of this
biological top layer to the removal of MS2. Overall, the removal capacity of a
matured biofilm remained constant, regardless of its age. MS2 LRVs ranged
between 0.9£0.2 LRV for low nutrient (LN), 1.6£0.2 LRV for medium nutrient (MN)
and 2.4+0.5 LRV for high nutrient (HN) biofilms. Interestingly, a change in feed
conditions for the HN filters resulted in an unprecedented high LRV of >4 LRV, which
supports further investigation of the mechanistic role of biofilms in virus removal.
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2.1 Introduction

Ceramic pot filters (CPF) are a cost-effective household water treatment and safe
storage (HWTS) technology for users without access to microbiologically safe
drinking water, such as in rural areas without central treatment works. In a meta-
regression study evaluating health improvements of HWTS systems, Hunter et al
(2009) concluded that the CPF provide a greater protective effect than other HWTS
systems. The use of CPF reduced waterborne disease risk by a factor of 3. Compared
to other HWTS systems, CPF proved to be more sustainable for long term usage and
more resilient since it is less dependent on energy, availability of chemicals or
weather 1%,

CPF manufacturing and use are on the rise in developing countries, yet international
production standards and quality control checks do not exist 32. Manufacturing
quality control is limited to visual inspection for cracks and flow rate checks 1°*. No
performance checks on the removal of microbes is conducted 324*1%2_ |n |ab and
field studies, CPFs have been reported to provide high levels of removal for bacteria
and protozoa; however, virus removal is very limited ®43°>103104 v/jrys removal has
been assesed through challenge studies in the laboratory using bacteriophages
(generally F+ coliphage MS2) as viral indicators since they resemble the removal of
human enteric viruses 1. Removal of MS2 in CPF was found to be less than 1 LRV
(Log Reduction Value) under different conditions (water quality, water source,
contact time, etc.) 6,41,43,55,59,102,105—107.

To qualify as protective in WHOQ'’s verification scheme for HWTS systems, CPFs
would need to achieve at least 3 LRV for viruses, demonstrated by MS2 and phiX174
100, Reported MS2 reductions reached almost 3 LRV after 13 weeks of continously
filtering canal water through CPFs °°, which was hypothesized to be due to the
growth of biofilms on the filter during operation. Similar hypotheses were posed by
Farrow et al. (2014), who claimed that reducing the cleaning frequency would lead
to biofilm growth and improved virus removal.

Biofilms have demonstrated the ability to capture viruses'®, Storey and Ashbolt
(2003) recovered 108 pfu/cm? of B40-8 and MS2 phages and 107 pfu/cm? phiX174
phages from biofilm coupons collected from artificially challenged drinking water
piplelines. Biofilm growth in slow sand filters (SSF), membrane bioreactors (MBR)
and constructed wetlands enhances the removal of micro-organisms, including
viruses. Ueda (2000) measured an increase of 3.7 LRV in suspended indigenous
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phage removal following biofilm growth in an MBR unit. Similarly, Purnell et al.,
(2015) reported a 2.3 LRV increase for MS2 and B-14 spiked in wastewater treated
by biofilm-coated MBR. In slow sand filters, the surface biofilm (schmutzdecke)
MS2 LRV ranged between 0.08 to 3, depending on the schmutzdecke age and water
temperature ’°. Moreover, the LRV of MS2 increased by 1.5-2.5 times following
biofilm growth in ultrafiltration units %112, The differences in LRV between viruses
under the same conditions is mainly related to morphology of the viruses, as
indicated by the meta-analysis of Amarasiri et al. (2017) for a range of wastewater
treatment process, including membrane filtration and membrane bioreactor
treatment. The study found MS2 phages to be more difficult to remove than
somatic coliphages, F-specific phages and T4 phages, making it a conservative
representative for human virus removal.

Biofilm formation starts by the adhesion of bacteria to solid surfaces, which
immobilises them. The bacteria may grow ®, dependent on the availability of the
compounds necessary for assimilation and dissimilation such as organic matter in

103,104’ WhICh

water 7%, Many CPF users rely on surface water as their water source
may contain significant levels of organic carbon, depending on the level of
contamination or eutrophication **1%> This implies that a biofilm will form on CPF
during operation, and the biofilm formation rate will depend on the level of
nutrients in the water source. The objective of the study was to examine the
hypothesis that extended filtration periods and reduced cleaning frequency would
lead to enhanced virus removal due to biofilm growth. Three source waters
containing different nutrient levels were filtered through CFDs, and biofilm growth
was monitored by tracking the flow rate of the CFD and measuring bacterial cell
counts and ATP on the CFD surface. Virus removal was determined by challenging
CFDs at the end of different operational periods, before and after cleaning, with
MS2 phages and monitoring virus breakthrough. Finally, the biofilm was evaluated
for the presence of MS2 to confirm the role of the biofilm as a virus attachment site

and to identify the fate of viruses in the CFD system.
2.2 Materials and Methods

2.2.1 Ceramic filter disc manufacturing

For this study, CFDs were used to simulate full ceramic pots ¢, CFDs were
manufactured at the FilterPure (now Wine to Water) factory in the Dominican
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Republic by following the manufacturing protocol precisely. Local clay, sawdust and
demineralised water were mixed in a weight ratio of 65%: 13%: 22%, respectively.
Sawdust was sieved through a 0.5 mm sieve prior to mixing. The components were
mixed for 5 minutes in the mechanical mixer, followed by 5 minutes of hand mixing.
The mixture was moulded and pressed under 2200 psi pressure into CFDs. Moulded
CFDs were left to dry for 3-5 days then fired in a kiln for at 860 °C with a ramp rate
of 2.4°C/min and dwell time 1 hour. The disks were left in the kiln to cool overnight,
no silver or other additives were applied after firing.

2.2.2 CFDs filtration setup

To facilitate their testing, each CFD (@ 125 mm & H=19 + 2 mm) was fixed using
silicone into the bottom of a double socket connector (125 mm @ PVC). On top of
the connector, a 350 mm PVC column (125 mm inner @) was placed, providing a
maximum water head of 4.5 L above the CFDs. The system was operated as a fed-
batch system, filled daily with source water, while resting over an open top
polypropylene receptacle to collect filtered water. LN, MN and HN source waters
were applied, each in duplicate columns. Nutrient Broth (NB; CM0001, Thermos
Scientific) was diluted in unchlorinated tap water. LN was tap water without NB,
MN was tap water with 1:500 diluted NB and HN was a 1:125 dilution of NB. PO,,
NOs and NH4; were measured using Hach kits LCK 348, LCK 339, LCK 303. Total (TOC)
and dissolved (DOC) organic carbon, and total nitrogen (TN) were measured using
a TOC-V CPH Shimadzu analyzer. Dissolved oxygen (DO) was measured using a
WTW 3420 portable multimeter. Selected dilution rates aimed to simulate organic
carbon concentrations in “clean” (< 10 mg/l) and contaminated (>10 mg/l) fresh
water. The setup was operated inside a Thermo Fisher Heratherm OMH400
incubator at 27 °C throughout the experiment to represent a warm, tropical
environment.
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Low Nutrient (LN) Medium Nutrient (MN) High Nutrient (HN)
TOC=3.4+0.1 mgC/l TOC =8.2+ 0.3 mg C/] TOC =24 + 0.8 mg C/1
COD <15 mg/LO, COD =162 +2 mg/LO, COD =64 + 1 mg/LO»
NO:=2.8+£0.1 mg/L NO;-N NO;=2.7+ 0.1 mg/L NO;-N NOy=2.7+0.1 mg/L NO;-N
NH, <2 mg/L NH,-N NH4 <2 mg/L NH4-N NH,; <2 mg/L NH&-N
TN=2.8+0.1 mg N/L TN=43+£0.1 mgN/L TN=11+0.1 mgN/L
PO, <0.05 mg/1 PO,-P PO, <0.05 mg/l PO,-P PO, =0.15 +0.05 mg/l POy-P

Figure 2-1 Experimental set-up and feed water characterisation (For reference, each set of
duplicate CFDs were named after their source feed water)

2.2.3 MS2 challenge test

On the challenge test day, MS2 stock (GAP Environmental, Canada) was diluted in
unchlorinated tap water (challenge water) to a concentration of 10° to 107 pfu/ml.
Thus, the term “challenge water” for all experiments refers to LN water spiked with
MS2 bacteriophages. The columns were each filled with 4 L and put back in the
incubator at 27°C. Filtrate volume of at least 1 total pore volume (PV) was discarded
to ensure that water in the pores was replaced by MS2 challenge water. The pore
volume was calculated based on the dry versus saturated weight of the CFDs and
corresponded to a PV of 128 + 2 cm?. Filtrate samples were collected in a receptacle
that had been cleaned and disinfected by subsequent rinses with 0.05% sodium
hypochlorite solution, demineralized water, 100 mg/| sodium thiosulfate solution
and demineralized water (3x). Receptacles were air-dried before use.

Samples were refrigerated and analysed the same day using the double agar layer
(DAL) method, according to ISO 10705-1. Naladixic acid was added to the top agar
to limit growth of background flora. Serial sample dilutions were plated in
duplicate, and plaque-forming units (PFUs) were counted after incubation for 18 h
at 37 °C. PFU results were converted into logio reduction values (LRVs), where LRV
= logio (measured concentration of MS2 in the influent/measured concentration of
MS2 in the filtrate).
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2.2.4 Biofilm analysis

Biofilm growth was monitored by swabbing the CFD surface. An area of 5.31 cm?
was swabbed using COPAN sterile Dry Swabs with a plastic applicator and rayon tip.
The swab was submerged in filter-sterilised mineral water and stored at 4 + 2°C
until analysis. Bacterial cell counts were measured with a C6 flow cytometer (BD
Accuri C6, United States), with distinction between total (TCC) and intact (ICC) cell
counts. ATP, TCC and ICC analyses were conducted at Het Waterlaboratorium
(Haarlem, the Netherlands) following the protocol described by Liu et al. (2013).

2.2.5 Experimental overview

2.2.5.1 Operational period before cleaning

2.2.5.1.1 Initial operation (5 weeks)

Duplicate LN, MN and HN CFDs were run in fed-batch mode for 5 weeks. Daily flow
rates were recorded by measuring filtrate volume over time in a graduated cylinder.
MS2 LRVs were measured using the challenge test water at the end of weeks 4 and
5. Water in the columns was replaced by MS2-free source water (LN, MN and HN)
directly after completing each challenge test. In addition, the surface of the HN
CFDs was swabbed using rayon swabs to quantify TCC, ICC and ATP of the surface
grown biofilm.

2.2.5.1.2 Long-term operation (21 weeks)

The LN and MN CFDs were operated in fed-batch mode for an additional 4 months
without cleaning. HN CFDs were excluded from this experiment since their flow
rates had become too low. Combining the biofilm formation periods of the current
and the previous test, the biofilm age reached 21 weeks (5.25 months), which is the
longest continuous testing period for ceramic filters reported to our knowledge.
MS2 LRVs were determined by challenge tests on weeks 10, 16 and 21. Flow rates
were measured daily, and the surface of the CFDs was sampled for biofilm analysis
in weeks 10 and 21. The disk surface was swabbed after each challenge test was
completed, then columns were refilled with MS2 free source water (LN and MN) to
sustain biofilm growth and development.
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2.2.5.2  Effect of cleaning the surface

Cleaning the filter surface and the receptacle is a regular maintenance step
recommended and practised by users of CPF. Filter flow rates drop with continued
use, especially when surface water is used 18119, Thus, it is inevitable that the CPF’s
internal surface needs to be cleaned periodically to restore the flow. CPF factories
advise using a stiff laundry brush to scrape the surface once every 4 weeks %,
Nevertheless, Cambodian users were reported to clean the filter every week *°.
Cleaning the filters has been studied, although the focus was on water flow
restoration #*°°, In this study, the focus is to understand the effect of removing the
surface biological top layer (biofilm) on the MS2 LRV. To this end, biofilm amended
CFDs were challenged with MS2 before and after cleaning the surface. The cleaning
protocol was applied by brushing the surface twice using a stiff hand brush followed
by a rinse with demineralised water. This protocol was repeated at each cleaning
event.

After running for 21 weeks in fed-batch mode, the LN and MN CFDs surfaces were
cleaned. Before and after this cleaning, biofilm swabs were obtained, flow rates
were recorded and MS2 challenge tests were conducted. The cleaning event was
repeated twice, following CFDs operational periods (i.e., periods of biofilm
regrowth) of 4 (week 25) and 1 (week 26) weeks. Also, during these regrowth
periods, MS2 challenge tests were conducted and flow rates were monitored
before and after the cleaning, but biofilm swabs were obtained only before
cleaning. After MS2 challenge tests for any cleaning event, CFDs were returned to
fed-batch mode with MS2 free source water (LN or MN) to allow for biofilm
regrowth and recovery.

HN CFDs were cleaned earlier than LN and MN CFDs given the loss of flow rate after
the first experiment lasting 5 weeks. HN CFDs were subsequently fed with LN water
for a month instead of regular HN feed to avoid permanent clogging of the CFDs.
After this, the CFDs were reloaded with HN water for 4 and 1 weeks, each followed
by cleaning events. MS2 challenge tests were run before and after each cleaning
event, flow rates were monitored and biofilm swabs were taken to measure TCC
and ATP.
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2.2.5.3 The fate of phages in the system

After the experiments with and without cleaning, the fate of MS2 in CFDs was
studied in more detail. This experiment was conducted on a 1-week-old re-grown
biofilm for all CFDs. The experiment consisted of two stages: (1) MS2 challenge
water feed and (2) regular feed without MS2. In the first stage, we examined the
stability of the MS2 phage concentration in the feed water residing on the top of
CFDs (supernatant) and monitored the MS2 concentration in the filtrate (Cs) over
time/pore volume. The second stage examined the MS2 survival/recovery in the
biofilm and detachment of MS2 phages from the biofilm/filter into the filtrate.
Stage 2 started at the end of Stage 1 and ended when no phages were detected in
biofilm or water samples.

At the onset of Stage 1, challenge water was sampled to establish the initial
challenge concentration, referred to as Co (pfu/ml). Subsequently, duplicate
samples were taken from the challenge water every hour after stirring with a sterile
serological pipette. The samples were analysed for MS2 to determine the change
of pfu concentration over time (C:). Linear regression of the log concentration
change (log Ci/Co) was used to estimate the inactivation rate (A) of MS2 in feed
water at 27 "C as described by Schijven et al. (2013).

Simultaneously, hourly samples from the filtrate were collected, mixed, volume
recorded and analysed for MS2 (C). After sampling, a new disinfected receptacle
was placed to collect the next hour’s filtrate for each time point. Sampling was
repeated until > 2 pore volumes (PV) of filtrate were collected, after which the
challenge feed water was replaced with regular feed water without MS2 at t,.
Monitoring of the filtrate continued beyond t,, i.e., Stage 2 of the experiment, in
order to assess detachment (C4) and breakthrough of MS2 from the biofilm/filter.

At the time of feed water replacement (t1), 3.64 cm? of each CFD was swabbed to
collect a biofilm sample. Swabs were transferred to a sterile glass tube containing
filter-sterilised mineral water then sonicated 3-4 times for 2 minutes using a
Bransonic 521 water bath. Sonicated water was collected in sterile tubes placed on
ice, mixed, the volume was recorded and analysed for MS2 phages. Results were
converted from PFU/ml into PFU/cm?, where PFU/cm? = (PFU/ml| sonicated liquid
volume)/ surface area swabbed (cm?). The number of phages in the biofilm of the
total CFD surface (Np) was calculated from the PFU/cm? x CFD Surface Area (cm?).
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A MS2 balance was calculated using the total number of phages loaded onto the
CFD (Ni) with correction for the inactivation over time (A), the total number of
phages in the filtrate in stage 1 (Ng), the total number of detached phages (Ng,in the
Stage 2 filtrate) and the total number of phages recovered from the biofilm (Ns).

2.3 Results and discussion

2.3.1 Operational period before cleaning

Fig. 2-2 depicts the average MS2 LRV after the initial operational period of 4 and 5
weeks of CFD filtration of LN, MN and HN source water. After 4 weeks of initial
operation, the average MS2 LRV remained below 0.5 for both LN and MN CFDs,
whereas the HN CFDs achieved an average LRV of 1.4. A week later, the MS2 LRV
for LN and MN CFDs had increased to 0.9 and 1.5, respectively. The HN CFDs also
showed an increased LRV (to 2), although due to the variation between duplicates,
this increase is not as apparent.
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Figure 2-2 MS2 bacteriophages removal after 4 and 5 weeks of continuous loading (n=2). Error
bars represent standard deviations (SD).
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Figure 2-3 Flow rate of CFDs during the initial 5 weeks (Plotted values represent averages of
duplicate CFDs)

Continuous loading of the CFDs had an impact on the flow rate as illustrated in Fig.
2-3. In the first four days, LN, MN and HN CFDs lost 68%, 75% and 83% of their initial
flow rate, respectively. The flow rate of HN CFDs continued to drop for 1 week
before stabilising. Meanwhile, LN and MN CFD flow rates slowly dropped further
during the 5 weeks. Flow rate resistance was higher with higher nutrient feed (LN<
MN<HN), suggesting increased biofilm growth with increased nutrient
concentration in the feed. Due to the flow rate drop in HN CFDs, these filters were
conserved after their cleaning in tap water from week 5 onwards and excluded from
further MS2 challenge tests.

For LN and MN CFDs, Fig. 2-4 depicts the average MS2 LRV and the corresponding
flow rates for operational periods from 5 to 21 weeks. This additional operational
period did not result in a considerable further increase of MS2 LRVs. CFDs with MN
biofilms had a consistently higher MS2 LRV as well as lower flow rate than those
with LN biofilms.
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represent SD.

The TCC of the biofilms increased considerably between weeks 0 and 10 both for
MN (>2 logs) and LN (>1.5 logs) biofilms (Fig. 2-5). Similarly, the ATP of the biofilms
had a greater increase for MN (2.7 log) than for LN (0.97 log) biofilms (Fig. 2-5).
Between weeks 10 and 21, the TCC and ATP of LN biofilms increased by 0.6 and 0.4
logs, respectively. Meanwhile, the TCC of MN biofilms decreased by 0.3 logs while
its ATP increased by 0.2 logs. The increase in ATP, despite reduction in TCC, could
be due to the release of ATP from damaged cells or a higher ATP per intact cell,
possibly resulting from larger intact cells. So, while LN biofilms slowly continued
their growth beyond 10 weeks, MN biofilms stabilized and had slightly lower cell
counts. This is consistent with the changes in flow rate values shown in Fig. 2-4b.
Flow rates continued decreasing for LN CFDs beyond week 10 but were relatively
stable for MN CFDs.

By combining the results of the HN-5-week biofilm with the previous test as well as
the results of the tests after cleaning (see next paragraph), a more inclusive image
about continuous loading without cleaning and nutrient concentration of the feed
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can be projected. ATP measurements provide insight into biofilm biological activity
(Liu et al., 2013). Measured HN-ATP after 5 weeks was 1 and 3 logs higher than MN
and LN ATP, respectively, at 21 weeks (Fig. 2-5). Also, the ratio between ICC and
TCC was higher in 5-week-old HN biofilms (56%) compared to (42% and 8%) for MN
and LN in 21-old biofilms (Fig. 2-5). Even though the TCC of LN biofilms (21 weeks)
was comparable to that of MN biofilms (21 weeks) and HN biofilms (5 weeks), ATP
levels, ICCs and MS2 LRVs (Fig. 2-2 and 2-4) were higher in HN than in MN and LN
biofilms, accordingly.

These findings show that the initial nutrient concentration of the feed is the key
factor in biofilm growth rate, thickness and associated MS2 LRVs rather than the
length of the growth period 7>*2%, Higher nutrient feeds led to the growth of thicker
biofilms on CFDs, and therefore probably a greater amount of extracellular
polymeric substances (EPS) 122, The magnitude and properties of produced EPS is
attributable to an assembling microbial community which varies in relation to
growth nutrient concentration 2124, Increased EPS facilitates virus uptake due to
its sorption capacity, surface charge and hydrophobicity, which are key factors for
virus removal 7#1991257129 |n addition, biofilms grown under high nutrient feed have
a thicker boundary layer and therefore less mass transfer and stronger resistance,

leading to lower flow rates 12>1%°,
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2.3.2 Effect of cleaning the surface

LN and MN CFDs were cleaned for the first time after 21 weeks (C1) and
subsequently in weeks 25 (C2) and 26 (C3). MS2 LRVs after cleaning were <0.5 for
C2 and C3 but 0.8 and 1.2 for LN and MN C1, respectively (see Fig. 2-6). Biofilm age
before C1 was the longest (21 weeks), compared to 4 weeks before C2 and 1 week
before C3. Thus, biofilm age potentially resulted in greater compactness due the
122 which became

harder to remove only by scrubbing. Biofilm analyses at Cl-cleaned surface

dynamic processes of attachment and detachment over time

confirms the presence of biofilm residuals, as TCC and ATP measured: 5.7 x10°
cell/cm? (SD 2x10°), 38 +7 pg/cm? for LN-CFDs and 2.8 x10° cell/cm? (SD 5x10°), 145
+7 pg/cm? for MN-CFDs. This confirms that the biofilm layer, which is partially
removed during a scrubbing event, plays a vital role in the removal of MS2 in CFDs.

Biofilm regrowth and recovery after 4 weeks of reloading was faster for MN CFDs
than for LN CFDs. Measured TCC and ATP (Fig. 2-5- week 25) for MN biofilms at 4
weeks were slightly higher than for the 21-week-old biofilm but lower for LN
biofilms. Biofilm regrowth after 1 week reached the same TCC and ATP as the
biofilm after 4 weeks for LN CFDs but was lower for MN CFDs (Fig. 2-5-week 26).
MS2 LRVs followed a similar pattern to that observed for biofilm regrowth. LN MS2
LRVs were lower for 4-week-old biofilm than 21-week-old biofilm, but higher than
1-week-old biofilm (Fig. 2-6). For MN, average MS2 LRVs were similar for 21-week-
and 4-week-old biofilms but slightly lower for 1-week-old biofilm (Fig. 2-6). The fast
recovery and regrowth of biofilm is probably due to biofilm bacteria retained after
C1, which enabled fast recolonisation of the CFD surface with biofilm bacteria 31132,
It is probable that reloading with feed water provided essential nutrients to deep
biofilm layers, creating new channels and pores in the structure and hence

accelerating bacterial growth %132,
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Figure 2-6 Effect of scrubbing the surface on MS2 LRV (top row) and flow rates (bottom row). Left column is LN CFDs, middle column is MN CFDs and right
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SD.
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Early scrubbing of HN CFDs after 5 weeks (C1) reduced the average MS2 LRV by 1.5
logs. Cleaning HN CFDs after 4 weeks of operation with LN (C2) resulted in the same
MS2 LRVs as C1 (<0.3 logs: Fig. 2-6). Reduction in biofilm MS2 LRVs by cleaning was
the highest at C3 (2.4 logs), despite its relatively high absolute value of 1.6 logs (Fig.
2-6). C4 also reduced average HN MS2 LRVs by 0.8 logs yet retained an average MS2
LRV of 1.9 + 0.4. MS2 LRVs of C4 is similar to values obtained from HN 5-week-old
biofilm, despite the drastic difference in their flow rates (Fig. 2-6) and residence
time. TCC at C4 was 2.1x107 cell/cm? (SD: 9x10°), and ATP was 1550 * 354 pg/cm?,
which is 1.3 and 2 logs lower than that of the 5-week-old HN biofilm shown in Fig.
2-5. According to Nickels et al. (1981), manual brushing of a fouled surface
eliminates the majority of the biomass, but a microbial community remains that
excretes more EPS by 2 to 3 fold compared to the preceding community. Thus, it is
possible that a shift in community by selection due to repetitive cleaning led to
higher MS2 LRVs, even with reduced biomass and high flow rates.

Interestingly, reloading HN CFDs after C2 with HN feed water for 1 week increased
the LRV significantly, reaching 5+1. The unprecedented high removal after C2
persisted for a month throughout 4 challenge tests (1-4W), achieving an average
MS2 LRV of 4. TCC and ATP measurements at the end of this period (4 weeks) were
similar to other HN biofilm measurements (Fig. 2-5-week 13). In fact, ATP was
slightly lower at the 4 weeks biofilm (post LN) than 5- or 1-week-old biofilm. Thus,
the current biofilm analyses provide no explanation for the high MS2 LRV. It is
possible that the period using LN feed introduced an alteration in the base microbial
community retained after cleaning (C1) that persisted throughout the month and
allowed for rapid growth of specific biofilm bacteria on the filter surface. However,
repeating the procedure by cleaning (C3) the CFD and reloading with HN for 1-week
increased LRVs to 2.7 (Fig. 2-6), below the previously achieved 4 LRV.

A potential observation of interest was that the dissolved oxygen measurements of
supernatants during the initial operation of LN, MN and HN CFDs were 8.15 + 0.05,
4.25+ 0.25 and 0.4 +0.18 mg0,/I respectively, showing evidence of anoxic or hypo-
oxic conditions in HN CFDs. Switching to LN feed water may have diversified the
biofilm base community or induced bacteria to shrink and adopt a spore-like state,
awaiting conditions that were suitable for active growth %%, However, no
measurements were made to verify this hypothesis.
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HN cleaning events (C1 to C4; Fig. 2-6) did not restore the flow rate to initial values.
It is possible that build-up of irreversible (deeper, internal) clogging by biofilm did
not allow for the same increase of flow rate after repeated scrubbing events
observed in MN and LN CFDs. Repeated cleaning events increased flow rates for LN
and MN CFDs, yet independent of achieved MS2 LRVs (Fig. 6). The correlation
between flow rates and MS2 LRVs of cleaned CFDs was weak and insignificant
(r’=0.2 and p=0.08). Correlation was also weak but significant for biofilm amended
CFDs (r?=0.4, p=0.0009). Thus, reduced flow rates do not necessarily indicate higher
MS2 LRVs. On the other hand, flow rates were clearly correlated to biofilm TCCs
(r’=0.7, p=5x 10%). TCC and ATP had moderate, but significant correlation with MS2
LRVs (r’=0.5, p= 6x 10” and r?=0.5, p= 0.0001, respectively). These results highlight
the effect of biofilm growth on changing flow rates and MS2 LRVs.

Flow rates reductions in CPFs have been linked to pore fouling with particulate
matter, organic build-up and inorganic precipitation (i.e.CaCOs or insoluble iron)
860,134 \MS2 LRVs have been found to increase when flow rate decreased >,
although statistical significance and biofilm role were not considered in the
assessment. In slow sand filtration, were biofilm growth is an essential element for
the treatment process, Elliott et al. (2011)*> showed that virus attenuation only
began after a threshold of 1-2 weeks biofilm ageing period. Jenkins et al. (2011)
observed that longer contact time (lower filtration rates) allowed for a higher
attachment of virus to sand, hence higher LRVs. Schijven et al. (2013) proved
experimentally and through a mathematical modelling that microorganism removal
is best determined by biofilm (Schmutzdecke) age and temperature, rather than
flow rates. This aligns with our observation that virus LRVs are not affected by flow
rate but by biofilm growth, which in term increases residence time and reduces
flow rate.

However, the flow rate plays an important role in terms of practicality and
application. Slow performance of the filters can lead users to abandon using the
filter %6, The manufacturer recommends flow rates range within 1-3 L/h 3%, If the
conversion between the flow rates of CPF full unit and CFDs flow rates is used, this
is equivalent to 24 to 72 ml/h in the CFD, because 36 ml/h in the CFD corresponds
to approximate 1.5 I/h *. Flow rates observed throughout HN- biofilm CFD are
below the lower limit (24 ml/h) which diminishes the applicability of the CFDs. CFDs
with LN biofilm had flow rates > 85 ml/h, while CFD with MN biofilm provided
approximately 40 ml/h, except for 21 weeks old biofilm which had 55 and 31 ml/h,
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respectively (Fig. 2-6). Thus, there’s potential for application of CFP’s with LN and
MN water feed with sufficient flow, while benefiting from improved virus LRVs. This
is not the case for HN filters, unless cleaned.

2.3.3 The fate of phages in the system

Depending on the CFD flow rates, challenge water resided on top of the CFDs for 3-
12h. Fig. 2-7a shows that the decrease in MS2 concentration in the feed water of
LN, MN and HN CFDs were A: 0.064, 0.064 and 0.15 log/h respectively. The faster
inactivation rate for HN biofilms can be due to the additional strong attachment of
MS2 to the HN CFD surface biofilm 38, Because water used in all challenge tests is
LN water spiked with MS2 phages, the difference between inactivation rates is only
attributed to the behaviour of the surface biofilms grown under different nutrient
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Figure 2-7 Stage 1 MS2 concentrations in supernatant and filtrate ((a) MS2 LRV in challenge water
residing on top of LN, MN, HN biofilms (b) MS2 filtrate concentration (Cf) after passing through
CFDs with LN, MN and HN biofilms)
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The concentration of phages in the filtrate increased over time/pore volume (Fig.
2-7b). After 1 pore volume (PV), the MS2 concentration in MN and HN filtrate did
not increase any further, while in the LN filtrate there was still some increase
following 1 PV. This confirmed our approach to start filtrate sampling after the first
PV to determine the LRV in challenge tests. Theoretically, the first PV of filtrate
should be free of phages because the pores are filled with the previous MS2-free
nutrient feed water. However, in reality, CFDs do not have an ideal plug flow. The
phages measured in the filtrate through the first PV support the existence of
preferential flow paths in the CFDs.

Because the duration and MS2 inactivation rate of Stage 1 varied per nutrient type
(see t; :Table 2-1), the amount of phages entering the CFDs (N;) varied as well. N; is
calculated as average = ( X5 C; * average Vsup) to exclude the effect of residence
time, temperature and other processes taking place in the supernatant.

Table 1 shows that most of the phages in the feed (Ni) were removed by the
biofilm/filter, with only 2-12% passing through the biofilm and filter (N¢) during the
challenge phase. After the MS2 challenge was stopped, MS2 phages did survive in
the biofilm (Ny); some detached and passed through the filter into the filtrate (Ng)
for up to 22 d in HN CFDs. 3 N¢+ Ng + Ny is the total number of recovered phages,
which varied between 2.6 and 12.9%. The highest unrecovered values were in HN-
CFDs (97.4%) followed by MN (96.5%) and LN (87.1%) CFDs. It is possible that
unrecovered phages were inactivated inside the biofilm; however, in this study, it
is not possible to quantify the inactivation rate or temperature effect on MS2 inside
the biofilm. Also, potential low recovery efficiency of the swabbing method 3° may
have influenced the recovery rate of MS2 phages.
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Table 2-1 Mass balance of MS2 phages

t1 t N; N+ Np Ng Unrecovered
Unit | (h) | (days) | pfu % pfu % pfu % pfu % (%)
LN |3 1 2.7 x10° 3.6x108 | 12.4 | 2.2x10 | <0.1 | 4.6x107 | 0.5 | 87.1
MN | 6 8 2.0x10°% | 100 | 6.4x107 | 3.3 | 2.2x10° | 0.1 | 2.1x10® | 0.1 | 96.5
HN |12 |22 6.7x108 1.2x107 | 1.8 | 4.1x10°® | 0.6 | 1.6x10° |0.2 | 97.4
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2.4 Conclusion

The WHO guidance for HWTS technology performance recommends > 3 LRV for
protective technologies and >5 LRV for the highest protection from viruses .
Under stable operational conditions, the CFDs achieved MS2 LRVs ranging between
0.940.2 for LN, 1.620.2 LRV for MN and 2.4£0.5 LRV for HN biofilms. Cleaning the
surface by scrubbing led to partial or total loss in achieved LRVs, indicating the
importance of this biological top layer to MS2 LRVs. Overall, repeated scrubbing
resulted in a faster recovery of biofilms and associated log reductions. Recovery of
MS2 from biofilm swabs confirmed the role of CFD biofilms in virus removal,
although the MS2 LRV did not reach the WHO protective performance level of 3

LRV.

Biofilm formation on CPFs is inevitable and, as demonstrated, it positively
contributes to the virus safety of drinking water for CPF users. Further research is
required to understand the mechanisms of interaction between virus and biofilms,
supported by the unprecedented high LRV of > 4 achieved after changing feed
conditions. Also, future studies should factor in biofilm growth in evaluating virus
removal capacity of CPFs and in recommending cleaning practices for CPF users.
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Inactivation of RNA and
DNA viruses in water by copper
and silver ions and their
synergistic effect

This chapter is based on:

Soliman, M.Y.M., Medema, G., Bonilla, B.E., Brouns, S.J.J., van Halem, D. (2020)
Inactivation of RNA and DNA viruses in water by copper and silver ions and their
synergistic effect. Water Res. X 9, 100077.
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Abstract

Cu and Ag have been used as bactericidal agents since ancient times, yet their
antiviral capacity in water remains poorly understood. This study tested the effect
of copper (Cu) and silver (Ag) on model RNA and DNA viruses MS2 and PhiX 174 in
solution at pH 6-8. Cu caused MS2 inactivation with similar rates at pH 6 and 7 but
was ineffective towards PhiX 174 regardless of pH. Ag inactivated both viruses,
causing denaturation of MS2 and loss of capsid spikes in PhiX 174. Ag inactivation
rates were pH dependent and increased with increasing pH. At pH 8, 6.5 logs of PhiX
were inactivated after 3 hours and 3 logs of MS2 after only 10 minutes. The
combined use of Cu and Ag revealed synergy in disinfecting MS2 at pH 27. Although
metal concentrations used were higher than the desired values for drinking water
treatment, the results document a promising potential of Cu and Ag combinations
as efficient viricidal agents in water.
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3.1 Introduction

Use of metals in medicine, food and water hygiene is dated back to antiquity 149242,

Some metals such as copper (Cu) and silver (Ag) display potent biocidal activity

143-147 148 3nd viruses #3149, Recent studies have proven

150-154

against bacteria , yeast, fungi

the ability of metals to disinfect multidrug-resistant bacteria , control biofilms
155156 3nd have a synergistic effect when used with other biocides 7. This has
increased application of metals for disinfection in a multitude of sectors. In the
water sector, Cu-Ag ionization units are used globally to control Legionella and
other waterborne microbes that may grow in hospital water systems 14315815 Cy-
Ag ionization was proven more effective than other disinfectants such as UV light
and chlorine 819, The absence of harmful by-products from Cu and Ag at
concentrations allowed in recreational water has expanded their application to
reduce chlorine use in swimming pools #°%° Cu and Ag have also been
incorporated in household water treatment systems to improve their microbial

disinfection capacity 4161,

Although Cu and Ag antiviral activity was first reported in 1963 and 1964 62
research evaluating their effectiveness has been limited. There is a surprising
absence of studies evaluating physical and chemical parameters that affect Cu and
Ag antiviral activity. Reports evaluating Cu as an antiviral agent focused mainly on
Cu doses 97183 and the role of hydrogen peroxide (H,0,) in enhancing inactivation
rates %%, Cu speciation was briefly addressed by Nieto-Juarez et al. (2010) because
inactivation rates of MS2 were associated with the dissolved fraction of Cu ions.
Although Ag antiviral studies reported on different doses, comparing results is
challenging as different studies used different solution matrices and speciation of
Ag*ions was commonly overlooked 8784,

The variation in testing conditions was also accompanied by contradicting results
on Cu and Ag antiviral efficiency and inactivation capacity. This highlights the need
for a systematic evaluation of chemical and physical parameters influencing Cu and
Ag virucidal efficiency as an essential step towards their application in water.
Parameters such as pH, availability of dissolved Ag* and Cu?* ions versus their
precipitates has been shown to significantly influence inactivation rates of bacteria
79,91-93,164-166 \While similar evaluation of those parameters remains unmet for
viruses, a notable effect on virus inactivation can be anticipated.
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The speciation of metals is a key element in determining their bioavailability, hence
their toxicity and disinfection capacity %, The chemical state of the metal is also
subject to change by environmental factors such as pH, temperature, ionic strength
and redox potential 7%1%71%8 Changing pH can also change virus conformation and
its susceptibility to disinfection, making it an important factor in evaluating Cu and
Ag antiviral efficiency ®. Moreover, susceptibility to disinfectants differs for
different virus types. For example, the single-stranded DNA (ssDNA) phage PhiX 174
was found to be more resistant to heat inactivation than double-stranded DNA
(dsDNA) adenovirus **° and RNA enteroviruses were more resistant to chlorine

disinfection than dsDNA adenovirus *°.

Therefore, the objective of this study was to determine the efficiency of Cuand Ag
ions as antiviral agents in water. Conservative model viruses MS2 phage (single-
stranded RNA, ssRNA) and PhiX 174 (ssDNA) were selected as targets. Both Cu and
Ag were tested individually and in combination in a solution matrix where pH was
investigated as variable. Concentrations of Cu and Ag used were higher than the
WHO recommendations to allow for a more feasible evaluation of metals
speciation by analytical measurements. The effect of pH on metal ions availability
and speciation was evaluated using experimental analysis and the chemical
speciation model CHEAQS. Finally, morphology of MS2 and PhiX 174 particles was
examined before and after treatment using transmission electron microscopy
(TEM) to provide insights on possible structural damage by Cu and Ag.

3.2 Materials and Methods

3.2.1 Reagents

All chemicals were reagent grade and used without further purification. Copper
sulfate (0.1 M), sodium phosphate monobasic monohydrate (NaH,PO4.H,0),
sodium phosphate dibasic heptahydrate (Na,HPOQ..7H,0), sodium thioglycolate,
Phosphate-Buffered Saline tablets (PBS) were purchased from Sigma-Aldrich.
Sodium thiosulfate solution (0.1 M) was purchased from Merck and
ethylenediaminetetraacetic acid solution (EDTA) 0.1 M and silver nitrate (0.01 M)
from VWR.

All experimental solutions were prepared using Milli-Q water (18 MQ, pure lab
chorus 1). Sodium phosphate buffer (PB, 1 mM) contained NaH,PO4.H,O and
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Na;HPO..7H,0 mixed at concentrations of 0.93 mM and 0.07 mM for pH 6, 0.58
mM and 0.42 mM for pH 7 and 0.12 mM and 0.88 mM for pH 8, respectively.
Solutions were autoclaved at 121 °C for 20 minutes then stored at 4 °C until further
use. When needed, further adjustment of pH was conducted using stock solution
NaH;P0O4.H,0 (100 mM) as a base and Na;HPO4.7H,0 (100 mM) as an acid. Silver
neutralizing solution was prepared on the experimental day as described by Butkus
et al. (2004). The solution contained 12 g/l of sodium thioglycolate and 0.1 M/L of
sodium thiosulfate.

3.2.2 MS2 and PhiX 174 phage culturing and purification

MS2 stock was produced by infecting Escherichia coli C3000 (ATCC 15597), grown
to early logarithmic phase (ODgoo 0.1-0.2), with MS2 suspension (ATCC 15597-B) at
multiplicity of infection (MOI) 0.01 phage per cell. Following overnight replication
(37 °C; 30 rpm), the lysate was harvested by centrifugation (Sorvall™ ST 16 R, 4000
x g, 20 min, 4 °C). The aspirated supernatant was filter sterilized through 0.22 um
sterile syringe filters (PES, VWR) then stored at 4 °C. Similarly, E. coli WG5 (DSM
18455) was infected at 0.2 ODgoo by PhiX 174 suspension (DSM 4497) at MOI 0.01
and incubated overnight at 37 °C and 110 rpm mixing for replication. Lysate was
harvested and processed as described for MS2.

Both phage stocks were further purified by density gradient ultracentrifugation to
eliminate bacterial protein residuals, broth organics or any impurities that can
interfere with evaluating metals inactivation capacity. Moreover, density gradient

171 which (if occurred) affects inactivation

purification reduces phage aggregation
rates 2. MS2 was suspended in iodixanol gradient (OptiPrep™- Stemcell) and PhiX
174 in cesium chloride; each adjusted to 20 % (w/v) underlined by 40% and 60% of
corresponding solution. The gradient was centrifuged for 20 hours (32,000 rpm, 4
°C, Beckman coulter optima L-90 K ultracentrifuge). The corresponding phage band
was gently removed using a syringe needle then re-suspended in PB buffer (pH 7).
The suspension was washed twice using 30 kDa and 100 kDa Amicon® Ultrafilter
columns; and centrifuged 4000 x g, 20 min 173, Recovered phage was stored in PB
buffer (pH 7) at 4 °C until further use. Enumeration of both phages, as well as agars
and cultures used were done according to the ISO- 10705 part 1 and 2. Final
concentrations of MS2 and PhiX 174 suspensions were 10 pfu/ml and 10%° pfu/ml

respectively.
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3.2.3 Inactivation experiment

In the virus inactivation experiment, interaction between metals and MS2 or PhiX
174 was examined in pH and temperature controlled (25 °C) inorganic buffer (PB).
The reaction took place in sterilized acid washed (10% nitric acid) glass beakers.
Beakers were wrapped in aluminum foil and covered from the top with a sterile
petri-dish and foil to ensure dark conditions.

MS2 and PhiX 174 were each tested separately each for inactivation by Cu, Ag, or
both Cu and Ag at pH 6, 7 and 8. Additionally, interaction between MS2 and Ag was
tested at pH 7.5. All conditions were examined at least in triplicates. In total 26
metal inactivation experiments were conducted of which 7 were metal free control
tests.

On the experimental day, test water was prepared by adding phage suspension to
PB buffer (pH 6, 7 or 8) to a final concentration of approximately 10° pfu/ml. 100
ml of test water were added to each beaker. For metal testing, the reaction was
initiated by adding aliquots of metals to each beaker to a final concentration of Ag
4.6 uM (0.5 mg/l) and 78.7 uM (5 mg/l) for Cu. Solutions were placed inside a 25 °C
incubator and stirred continuously at 60 rpm (2mag-Magnetic-Drive).

At time intervals of 0, 0.17, 0.5, 1, 3 and 6 hours, 5 ml of sample were withdrawn
using sterile syringes and directly neutralized to stop the reaction. Frequency of
sampling was increased in some experiments. Ag containing samples were

neutralized using 2 mM of silver neutralizer

, Cu containing samples were
neutralized with 5 mM of EDTA, and Cu and Ag samples were neutralized with both
solutions. Metal-free control samples were also neutralized to examine the
neutralizer effect on phage recovery. After neutralizing, samples were stored on
melting ice and MS2 samples were diluted in PBS buffer, and PhiX 174 in PB buffer.
Phage enumeration followed the double agar layer method (DAL) by assaying
duplicates of 1 ml sample and serial sample dilutions as described in 1SO-10705.
Limit of detection (LOD) was 1 pfu/ml and the lowest concentration (LOQ)
considered reliable was 30 pfu/ml as recommended by the 1SO-10705. Reported
results represent the average values and standard deviations of triplicate tests. In
addition, samples from metal beakers were analysed to confirm metals
concentration using an ICP-OES Spectrometer (Spectro Arcos eop). Metal analysis

details are provided below in the section on metals speciation.
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3.2.4 Data analysis

Log removal values were calculated as Logio (Nt/No) where N; is the phage
concentration (pfu/ml) at time t and Np is the concentration at time 0. First order
inactivation rate constant, Kes (h™) was calculated from the slope of linear
regression of Ln (Ni/No) versus time (h). Linear regression analysis was used to
calculate the Kobs with 95% confidence interval and to determine the significance
of slope variation from zero. Linear regression slopes of metal free controls were
compared to zero for significance of any noticeable decay. Kobs (mean value, SD and
df) for different conditions was compared using one-way ANOVA with a Tukey test
to determine if the relationship between two sets of data is statistically significant.

3.2.5 Speciation of metal ions

The ICP-OES provides a measurement of the total metal ions without distinction
between ionic, dissolved, or solid precipitates. The speciation of metals is important
since toxicity is often related to the metal’s ionic form rather than dissolved or solid
complexes °*. Thus, a filtration test first provided an experimental assessment of
dissolved metals vs solid complexes through solids exclusion by retention on the
filter. Metal samples were filtered using a series of syringe filters (0.45 uM, 0.22
MM, 0.1 uM and 0.02 uM; Polyethersulfone PES), sampled after passing each filter.
The same was repeated on metal samples diluted in milliQ water which was used
as control to evaluate possible metal adsorption to the filters. All samples were
acidified using 3 % HNOs and analysed using radial optical emission spectroscopy
(Spectro Arcos EOP, ICP). All elements were measured at multiple wavelengths (if
available). Calibration was done together with measuring the samples. In the end
the concentrations were determined against an external calibration line, per
element per wavelength. No internal standard was used.

Concentration of the unfiltered samples: Ag 4.6 uM (0.5 mg/I) and 78.7 uM (5 mg/I)
for Cu was used as the total concentration. Lowest filtrate concentrations were
considered dissolved and the difference between the total and dissolved is the
filtered solid complexes. Average values and standard deviation are reported. All
values are reported as a percentage (%) of the total metal concentration added.

The CHEAQS Next chemical equilibrium program was used to calculate the free
ionic concentrations of Ag* and Cu?* in the buffer matrixes used. The measured total
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concentrations of Cu, Ag, Na and PO, were used as input together with measured
pH and redox potential (SenTix ORP-T 900).

3.2.6 TEM imaging

The morphology of phage particles was examined using transmission electron
microscopy (TEM, JEOL JEM-1400 plus). Because high phage concentration is
required for TEM, a sub experiment was conducted using phage suspensions at 10°
and 10 pfu/ml for PhiX 174 and MS2, respectively. In brief, 100 ul of phage
suspension were treated with either Ag or Cu or both. The concentrations used
were approximately 20 uM of Ag and 3 mM Cu. The suspension was incubated as
mentioned above but in 2-ml microcentrifuge tubes. Prior to TEM grid preparation,
PhiX 174 sample buffer was exchanged for milliQ water by centrifugation (21,000 x
g, 50 min, 4 °C). A second centrifugation step was applied to further wash the
sample and the supernatant was discarded. For MS2 and PhiX 174, a 10 pl volume
of the sample was incubated for 5 minutes on a copper mesh grid (Carbon Type-B,
400 mesh, TED PELLA). The excess liquid was extracted using filter paper, and the
sample was stained using 2% uranyl acetate for 30 seconds. Imaging was repeated
twice for each sample to ensure reproducibility; additional information and images
are provided in supplementary information.

3.3 Results

3.3.1 Effect of pH in metal free controls

To evaluate the stability of PhiX 174 (ssDNA) and MS2 (ssRNA) under experimental
conditions, metal free controls were sampled and analyzed as metal samples.
Concentrations of PhiX 174 (Fig. 3-1a) were stable during the 6 hours testing period
at each tested pH; Kops similar (p > 0.05) to slope zero. The same result was observed
for MS2 at pH 27. At pH 6, MS2 metal free control decayed over 6 hours with Kobs =
0.22 £ 0.01 (h'), which was significantly different from zero slope (p < 0.0001). To
properly evaluate the inactivation caused by metals at pH 6, MS2 inactivation
results were corrected to account for the observed decay in the control
experiments.
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Figure 3-1 Stability of (a) PhiX 174 and (b) MS2 phage in metal free PB buffer at pH (6 — 8) and 25
°C.

The correction was applied by calculating log removal values (LRV) as Logio (N+/N¢)
where N is the phage concentration of test condition at time t and N. is the phage
concentration of control condition also at time t. Kobs Was calculated as the slope of
Ln (Nt/Nc).

3.3.2 Metal ions complexation

The concentration of dissolved Cu®* and Ag* was measured and compared against
the modelling results of CHEAQS next chemical software. The concentration of
ionic, dissolved, or solid metal ions is expressed as a percentage of the total
experimental concentration; 4.6 uM (0.5 mg/I) for Ag and 78.7 uM (5 mg/I) for Cu.
This provides more insight on ions availability (free ionic form) and complexation
which might influence the antiviral activity of the metals.

Differences in solution pH had a clear effect on speciation of Cu and availability of
Cu* ions. CHEAQS modelling results show a change in dissolved Cu from 24 % at pH
6, to 5% at pH 7 and 2% at pH 8, of which 16, 1 and 0.2% are free ionic Cu?
respectively (Fig. 3-2). Experimental measurement of dissolved Cu yielded different
percentages of dissolved Cu but the trend did align with the model predictions.
Measured dissolved Cu at pH 6, 7 and 8 were 43%, 6% and 1% respectively. The
higher percentage of experimentally measured dissolved Cu?* could be due to the
formation of copper particles smaller than the filter pore size (< 20 nm), which can
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pass the filter and be analyzed as dissolved copper. Yet, both methods (model and
experiment) confirm a higher percentage of available dissolved Cu?* at lower pH.

pH 6 pH7 pH 8
100%

80%
60%
40%

20%

0%

he]

2@ Dissolved Cu* 8 Dissolved Cu?
2 g = Free Cu?*

® . w _

2 | Solid Cu O. Solid Cu

Figure 3-2 Speciation of Cu ions in solution based on experimental measurements of dissolved and
solid Cu concentrations referred to as (measured), compared to the model speciation output using
CHEAQS next chemical software referred to as (CHEAQS). Cu measured concentrations after 0.02
um filtration are expressed as dissolved, while the difference between dissolved and total
concentration (unfiltered sample) is considered solid Cu. Values are expressed as a percentage of
the total Cu concentration which was used also as the input for CHEAQS.

For Ag, changing pH had no effect on Ag* speciation (see supplementary Fig. 3-7).
CHEAQS predictions show 100 % dissolved Ag at all pH values, of which free ionic
Ag* changed from 100% at pH 6 to 99% at pH 7 and 97% at pH 8. This slight drop
was due to the formation of AgH(PO,) (Fig. 3-7). Analytical measurements also
showed 100% dissolved Ag (Fig. 3-7). The results for Cu and Ag in the combined
solutions were identical to those of Cu and Ag alone.

3.3.3 Viral inactivation by Cu

Antiviral efficiency of Cu against PhiX 174 and MS2 was compared under acidic (pH
6), neutral (pH 7) and alkaline (pH 8) conditions. Cu treatment caused no
inactivation of PhiX 174, regardless of the pH (Kobs insignificant from control and
from O slope, p > 0.05) (Fig. 3-3a). Inactivation kinetics of MS2 followed the first
order, Chick Watson model (Fig. 3-3b). Slowest kinetics were observed at pH 8 (Kobs



=-0.89 +0.004 h'l; 1.4 LRV over 6 h); significantly different from Kops at pH 6 and 7
(p <0.0001). However, statistically similar (p =0.29) inactivation kinetics at pH 6 (Kobs
=-0.79 +0.06 h'%; 2.2 LRV over 6 h) and pH 7 (Kobs = -0.90 + 0.02 h'}; 2.4 LRV over 6
h) were observed. Kops values were significantly different (p <0.0001) from metal
free control slopes and zero slope, validating the efficiency of Cu in inactivating
MS2.
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Figure 3-3 Copper inactivation of (a) PhiX 174 and (b) MS2 phage at pH 6 — 8. Inactivation rate
constants: Kops (h-1) + standard deviation (SD) for MS2 is mentioned in the text. R values were >
0.97 for all Kobs values. Regression lines are shown in same colour as the pH markers.

3.3.4 Viral inactivation by Ag

Ag showed a pronounced antiviral activity on both MS2 and PhiX 174. After 3 hours
of exposure to Ag ions, PhiX 174 reached the lowest concentration (LOQ) and was
equivalent to 6.5+0.7 logs (Fig. 3-4a, pH 8). Ag inactivation of MS2 also reached the
LOQ (~ 5.5 £ 0.2 logs) at pH 7 and 7.5 over 3 hours (Fig. 3-4b). To avoid values at
the LOQ, only the first hour was considered in evaluating inactivation kinetics (Fig.
3-4c¢,d).

The slowest inactivation kinetics of MS2 was observed at pH 6 (Kops = -0.43 + 0.04
h1; ~ 0.3 LRV over 1h). Kops of Ag treated MS2 and metal free control at pH 6 were
similar (p =0.94), hence Ag was ineffective against MS2 at pH 6. Meanwhile,
significantly higher (p<0.05) kinetics were observed for PhiX 174 at pH 6, Kobs (-2.81
+0.65 h'; ~ 1.3 LRV over 1h).
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At pH 7, inactivation rate constants were similar (p =0.69) for MS2 (Kobs = -4.99 +
0.48) and PhiX 174 (Kobs =-4.09 + 0.57). The difference in Kobs between pH 6 and 7
corresponds to an increase by a factor of 1.5 for PhiX 174 and by a factor 10 for
MS2. Kobs for PhiX 174 continued to increase with the same magnitude (1.5 times)
between pH 7 and 8, reaching -6.3 + 0.37 h! at pH 8. Also, Kos of MS2 doubled
between pH 7 and 7.5.
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Figure 3-4 Ag inactivation of PhiX 174 and MS2. Full 6 hours LRVs are shown in top row (a and b)
while modelling of first hour inactivation kinetics is shown in bottom row (c and d). Limit of
detection (LOD) was 1 pfu/ml and the lowest concentration (LOQ) considered reliable was 30
pfu/ml. Kobs (h-1) values are mentioned in the text. R2 for all Kobs values was >0.96 except for
PhiX 174 at pH 6 (R2 =0.90). Regression lines are in same colour as the pH markers. .

Overall, increased Kops by increasing pH was significant (p<0.0001), with clear pH
dependency of MS2 and PhiX 174 inactivation rates observed. Inactivation kinetics
followed the Chick-Watson first-order model (Fig. 3-4c, d), except for MS2 at pH 8,
for which inactivation declined over time. The initial 10 minutes of interaction
between MS2 and Ag resulted in 3.5 LRV followed by distinct tailing and much
slower kinetics (Fig. 3-4d).



3.3.5 Antiviral activity of Cu and Ag combined

The combination of Cu and Ag was tested to evaluate possible synergies. The
experimentally observed LRVs of the Cu and Ag combination are compared to the
mathematical sum of LRVs obtained from individual metal treatment, reported as
(estimated). The first hour results of MS2 are depicted in Fig. 3-5. Results of PhiX
174 and the 6-hour experiment are provided in supplementary material
(supplementary Fig. 3-8 and 3-9).

For PhiX 174, observed and estimated Kops Were similar (p > 0.7) (supplementary
Fig. 3-9). Also, observed, and estimated Kops for MS2 at pH 6 were similar (p >0.9)
(Fig. 3-5a). MS2 observed inactivation kinetics at pH 7 (Kobs = -35.95+9.4 h't; ~ 2.7
LRV in 7 minutes) was significantly higher (p<0.05) than the estimated inactivation
kinetics (Kobs =-5.89 £ 0.84 h'%; ~ 2.7 LRV over 1h). Similarly, observed Kops was higher
at pH 8 than the estimated rate constant (47.5 versus 16 h). This highlights a
distinct synergistic effect of using Cu and Ag combined at pH = 7 compared to their
individual use.

However, for the two conditions of pH 7 and 8, inactivation of MS2 diverged from
first order kinetics following initial rapid inactivation. Observed inactivation of MS2
reached 3 logs after 10 minutes at pH 7 and 3 logs after 3 minutes at pH 8, both
followed by subsequent tailing that decelerated the inactivation rates (Fig. 3-5b).
MS2 diversion from first order kinetics (tailing) was initially observed using Ag at pH
8 (Fig. 3-4) which was reflected in the estimated LRVs of MS2 at pH 8 (Fig. 3-5a). In
the three experimental conditions where MS2 inactivation rapidly reached 3 Logs
(in £ 10 minutes), subsequent tailing was observed.
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Figure 3-5 First hour inactivation of (a) MS2 by Cu and Ag ions combined as observed (closed
marker) and the mathematical sum of LRVs obtained through individual treatment as estimated
(open marker). (b) The first 10 minutes of observed MS2 inactivation by Cu and Ag. Regression lines
are in same color as the pH markers.

3.3.6 Morphological changes of MS2 and PhiX 174

TEM imaging was used to examine morphological changes in the phage after metal
treatment compared to the intact particles in metal free buffer. The examination
aimed to discern possible structural damage resulting from phage interaction with

metals.

As shown in Fig. 3-6a, MS2 control particles can be seen with intact round shaped
capsid. The PhiX 174 control particles showed clear distinct capsid spikes (Fig. 3-
6b). After exposure to Cu ions, MS2 particles appear with the same round
morphology as the control but with a darkened center (Fig. 3-6c). This darkness is
due to stain (uranyl acetate) penetration into the capsid. This could be a result of
defective capsid 8 or RNA free capsid 7. The white, non-uniform particles



appearing in the image were judged as chemical precipitates appearing on the grid.
The Cu treated PhiX 174 (Fig. 3-6d) showed no difference from the control image
except for debris or possible chemical precipitation like those in the MS2 image.

Figure 3-6 TEM images of MS2 phage (left column) and PhiX 174 (right column). Top row shows
control particles (a) MS2 intact circular shape and (b) PhiX 174 intact round shell with spikes. Middle
row: Cu treated (c) MS2 with dark capsid centre and white chemical precipitates on the grid and (d)
PhiX 174 similar to the control except for presence of chemical precipitates and debris on the grid.
Bottom row: Ag treated (e) MS2 with noticeable structural damage as capsid integrity is
compromised and the particles denatured and (f) PhiX 174 lost its capsid spikes. MS2 particles were
suspended in PB buffer pH 7 and PhiX 174 in PB buffer pH 8. Imaging was repeated twice to ensure
reproducibility.

The Ag treated MS2 particles showed a clear difference in morphology (Fig. 3-6e).
MS2 particles looked irregularly shaped, losing their round intact structure, and
looking severely damaged. PhiX 174 particles also appeared distinctly different
after Ag treatment (Fig. 3-6f). Although the center of the PhiX 174 capsid can still
be recognized, a clear loss of capsid spikes and a change in particle size was
observed.
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However, no distinguishable structural damage was observed in MS2 samples
containing both Cu and Ag but rather a combination of non-uniform white
precipitates and denatured particles as observed in the Ag image (Image not
shown).

3.4 Discussion

3.4.1 Cuinactivation of PhiX 174 and MS2

Cu inactivation of PhiX 174 and MS2 was tested to investigate the potential of Cu
ions as an antiviral agent against human enteric viruses in water. Using variable pH
(6-8), speciation of Cu was evaluated against inactivation rates achieved. An
increase in pH was associated with reduction in free ionic Cu?* and dissolved Cu.

Regardless of Cu?* availability, PhiX 174 was not affected by Cu treatment. No
inactivation was observed experimentally, or change in PhiX 174 morphology in
TEM images. Sagripanti et al. (1993) also reported no inactivation of PhiX 174 by Cu
treatment (15 mM). However, Li and Dennehy (2011) reported 3.5 LRV of PhiX 174
after adding 5 mM of CuSO, to the PhiX 174 lysate. This difference cannot be
explained by Cu dose because the higher dose used by Sagripanti et al. (15 mM)
and the lower dose (78.7 uM) used in our study did not cause PhiX 174 inactivation.

Of note, Li and Dennehy added Cu to the lysate which contains organics while in
our study inorganic buffer was used. The interaction between organics and Cu?* can
lead to Cu reduction to the more toxic form Cu*! and possible production of H,0,
% H,0; interacts with dissolved oxygen producing ROS, which causes phiX 174

177178 - Cu?* alone reportedly does not cause

inactivation by DNA degradation
damage to the genomic DNA unless ROS were produced 7172180 So, the
inactivation effect of Cu on PhiX 174 reported in some studies is most probably
caused by a more toxic form of Cu or production of ROS, and Cu?* alone does not
directly cause inactivation of PhiX 174, regardless of its concentration and solution

pH.

On the other hand, MS2 was inactivated by Cu at variable rates depending on the
pH. Although Cu concentration used in this study was higher than the WHO
recommendation of 2 mg/I 18, LRVs achieved at the same pH might not vary when
the WHO recommended limit is applied. This is because the reported MS2
inactivation rates at Cu dose 21 mg/| were similar due to solution saturation with



copper 97183, According to Nieto-Juarez et al. (2010) inactivation of MS2 by Cu is
caused only by its dissolved fraction. Our analysis show that dissolved Cu was higher
at pH 6 than at pH 7 by 19% (CHEAQS data). However, the observed inactivation
rates of MS2 were similar at pH 6 and 7 and lower at pH 8. Based on these results,
the effect of pH on MS2 inactivation rates cannot be explained by Cu?* solubility
alone.

Potentially, the presence of MS2 as a colloidal particle that has amino acid
functional groups in the proteins of its outer capsid can influence the speciation of
Cu?*. A study by Badetti et al.(2019) found that amino acids can solubilize Cu?* from
Cu nanoparticles to form soluble complexes with Cu®. If this mechanism applies,
then it is possible that more soluble Cu was available at pH 7 or 8, in presence of
MS2, than the soluble Cu reported by CHEAQS data. Hence, the similarity between
inactivation kinetics at pH 6 and pH 7 could be due to similar Cu solubility. However,
this hypothesis doesn’t provide explanation to the lower inactivation kinetics at pH
8. Hence, conformational or structural changes in the MS2 capsid could provide
more conclusive explanation to inactivation rates observed.

It has been reported that at pH 6 to 8, most of the Cu?* binds to histidine (His) amino

acid in proteins &

, and a small fraction to cysteine (Cys) amino acids ( Minoshima
et al., 2016). According to Barber-Zucker et al. (2017) increasing pH from 6 to 7 and
7 to 8 enhanced Cu?* interaction with His by 20% and 1% but reduced Cu?
interaction with cysteine (Cys) amino acid by 2% and 1% respectively. So, it is likely
that while pH 6 favored Cu?* dissolution, pH 7 favored the interaction between Cu?
and His, resulting in similar inactivation rates as observed in our study. The lower
inactivation rates at pH 8 can be attributable to further loss of available Cu?* due to
reduced solubility which is not compensated by an increase of Cu?*interaction with

His.

The images of MS2 Cu treated particles showed preservation of the circular capsid
morphology with a dark center, which could be an artificial effect from the Uranyl

185 or a result of defective capsid protein &, If Cu caused

salts used as negative stain
only conformational change (such as coordinating with amino acids), it would not
be visible under TEM, making the artificial effects interpretation more likely.
However, the exact structural damage cannot be determined or confirmed based

on the TEM images only, so other possibilities cannot be excluded.
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3.4.2 Aginactivation of MS2 and PhiX 174

Based on the observed results, Ag appears to be a potent antiviral agent against
both MS2 and PhiX 174. Ag inactivation rates followed first order Chick Watson
kinetics, except for MS2 at pH 8 where tailing was observed. Virus inactivation rate
tailing has been commonly explained by aggregation of virus particles induced by
solution pH (close to virus isoelectric point), other physico-chemical properties of
the virus type such as hydrophobicity, salt concentrations, bacterial debris, organic
matter, or type or concentration of the disinfectant!’2. The purification of MS2
stock, as described in section 3.2.2, should remove bacterial debris, organics and
significantly reduce aggregation 1. Because the same MS2 stock in the inorganic
buffer 1 mM PB and Ag concentration were used in experiments where tailing was
not observed, it is unlikely that aggregation was the cause of observed tailing. While
the exact reason behind observed tailing remains unknown, it is not determinative
in evaluating Ag antiviral efficiency because it is confined to only one condition
(MS2, pH 8).

Inactivation rates by Ag were pH dependent for MS2 and PhiX 174, as Kobs increased
with increasing pH. Because Ag was available in its ionic free form (Ag*) regardless
of pH, the observed dependency cannot be explained by Ag speciation. Similar pH
dependency of inactivation kinetics of bacteria by Ag was reportedly associated
with the increase in the negatively charged sites on the bacteria’s membrane which
enhanced the interaction with Ag* ions 145165186187 |y yiruses, protonation of amino
acids (loss of H*) is responsible for the presence of negative sites in the protein
capsid, depending on its pKa value. Because pKa values differ per protein structure
and the solution pH 88, pKa values of MS2 and PhiX 174 amino acids were predicted
using PROPKA 3.0 and provided in the supplementary material (Table 3-2, 3-3).

The higher inactivation rates observed at pH 6 for PhiX 174 compared to MS2 can
be attributed to the presence of Cys residues with lower pKa value in the PhiX 174
spike protein (G) compared to the pKa of Cys residues in the MS2 capsid protein
(See supplementary Table S2, S3). Although other amino acids had lower pKa,
denaturation of cysteine has been linked to Ag inactivation of viruses in the
literature 88493184189 TEN images of Ag treated PhiX 174 showed a loss of the
capsid spikes. However, we only accounted for pKa values of Cys in PhiX 174 spike
protein G and Cys pKa in the MS2 capsid protein. Other amino acids could also be
involved, such as others with sulfhydryl groups.



The gradual increase of PhiX 174 inactivation rates with increasing pH is in
agreement with the literature reported increase of the thiolates/thiols ratio which

188,189 Meanwhile, the sharp

enhances the interaction between Ag* and Cys
increase in MS2 Kobs at pH 2> 7 suggests involvement of both Cys and RNA in Ag*
mediated inactivation mechanisms. Ag treated MS2 particles observed under TEM
support this hypothesis because the capsid is completely distorted. It is important
to note that similar to Cu, the concentration of Ag used in this study was higher
than WHO recommendations for drinking water (0.1 mg/l), so lower LRVs can be
anticipated when applying Ag at concentrations consistent with the WHO

guidelines #,

3.4.3 Inactivation of MS2 and PhiX 174 by Cu and Ag combined.

No synergy was observed between Cu and Ag for PhiX 174 inactivation. The
combination of Cuand Agions exhibited a synergistic effect on MS2 inactivation at
pH 2 7, but not at pH 6. Ag was only effective in disinfecting MS2 at pH = 7 while Cu
has similar efficiency at pH 6 and 7. While it is likely that synergy is primarily
mediated by Ag ions rather than Cu, for synergy to occur, both metals need to be
individually effective in virus disinfection. Ag* ions are strongly polarized compared
to Cu®*, so when both ions are present in solution it is highly likely that Ag* would
interact first 79,

Synergy of Cu and Ag in inactivating MS2 was also reported by Yahya et al. (1992)
at pH 8, yet the reason behind it remains unclear. Chemical speciation of Cu and Ag
was like the speciation of the individual metals solutions. Also, TEM images provide
no possible mechanistic explanation for the synergy observed.

Further research is needed to understand the reason behind Cu and Ag synergy.
Moreover, mechanistic understanding of the tailing kinetics can help evaluate if
virus inactivation by metals could be self-limiting under certain conditions.
Although the promising potential of Cu and Ag antiviral efficiency is evident in this
study, evaluation of complexing factors such as natural organic matter is an
important consideration to address for a more complete picture of metal’s antiviral
efficiency and their potential application in drinking water treatment.
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3.5 Conclusions

e Our study has clarified essential aspects of evaluating the antiviral activity
of metals. Different solution pH did not only affect the speciation of Cu but
also the sensitivity of viruses to disinfection.

e Free ionic Ag* strongly inactivated ssRNA MS2 and ssDNA PhiX 174 in
neutral and alkaline conditions.

e There is a strong synergistic effect of Ag and Cu for the inactivation of MS2
at pH 7 and higher. No synergy was observed for PhiX 174.

e More work is needed to evaluate the efficiency of Cu and Ag in presence of
organics to better characterize the further application of these metals as
virucides for drinking water treatment.

e Although the concentrations used are higher than WHO recommendations,
the study highlights the potential of Cu and Ag as possible virus
disinfectants in (household) drinking water treatment.



3.6 Supplementary material

3.6.1 Speciation of metal ions
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Figure 3-7 Speciation of Ag ions in solution based on experimental measurements of dissolved and
solid Ag concentrations referred to as (measured) and simulated speciation using CHEAQS next
chemical software. Ag measured concentrations after the passing 0.1 um filter are expressed as
dissolved, while the difference between dissolved and the unfiltered sample is considered solid
complexes. Values expressed as a percentage of the total Ag concentration which was used as the

input for CHEAQS as well.

Table 3-1 Detailed speciation of the dissolved Cu as output of CHEAQS next modelling.

Speciation (%) pH6 pH 7 pH 8

Free Cu® 16.3% 09% 0.2%
CuHPO, (aq) 6.7% 33% 1.1%
Cu(OH)* 0.3% 0.2% 0.2%
CuSO4 (aq) 0.2% 0.0% 0.0%
CuH3(P04), * 0.1% 0.7% 0.4%
Total dissolved Cu (%) 23.6% 52% 1.9%
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3.6.2 Antiviral activity of Cu and Ag combined
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Figure 3-8 Six hours inactivation of (a) PhiX 174 and (b) MS2 by Cu and Ag ions combined (Observed)
and the mathematical sum of LRVs obtained through individual treatment (Estimated).
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Figure 3-9 First hour inactivation kinetics of PhiX 174 by Cu and Ag combined as observed

(closed marker) and the mathematical sum of LRVs obtained through individual treatment as

estimated (open marker).



3.6.3 Morphological changes of MS2 and PhiX 174

The protocol for imaging MS2 and PhiX 174 samples is described in the main
manuscript (Section 3.2.6). To ensure that the sample represents the inactivation
experiment, samples prepared for imaging were also neutralized, diluted and
quantified. Initially 300 ul of MS2 or PhiX 174 were divided into 3 parts (each of 100
ul). One aliquot was treated as control, another treated with Cu and the last with
Ag. From each aliquot, a 50 pl sample was neutralized and diluted in PBS. A 10 pl
volume of each dilution was deposited on agar plates containing host bacterium .
Lysis zones were evaluated for virus concentrations and logio virus inactivation
values (LRV) compared to the control.

Imaged MS2 samples had viable phage concentrations lower than the control by ~
1.5 logs in case of Cuand ~ 5 logs in case of Ag treatment. PhiX samples had phage
concentrations lower than control by ~0.2 logs in case of Cu treatment and by ~4
logs in case of Ag treatment. Images of control samples are referred to as intact.
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Figure 3-10 Additional TEM images of MS2 showing intact particles (top row), Cu treated particles
(middle row) and Ag treated particles (bottom row).



Figure 3-11 Additional TEM images of PhiX 174 showing intact particles (top row), Cu treated particles
(middle row) and Ag treated particles (bottom row).

3.6.4 Modelling of amino acids pKa values for MS2 and PhiX 174

Predicting pKa values of amino acids in the protein structures of MS2 and PhiX 174
was carried out using PROPKA (version 3.0) and PARSE forcefield 1. Protonation
state was assigned at pH 6, 7 and 8. Because negligible difference in pKa values was
observed using different pH values, the output is provided at pH 7 (Table S2, S3 and
S4). The protein structures from the Protein Data Bank (PBD) 2MS2 and 1RB8 were
provided as input for MS2 and PhiX 174, respectively.
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Table 3-2 pKa values of MS2 coat protein predicted at pH 7 using PROPKA (version 3.0)

Amino acid pKa Amino acid pKa
ASP 11 4.0 LYS 66 10.4
ASP 17 3.8 GLU 76 4.7
GLU 31 4.7 ARG 83 11.9
ARG 38 11.2 TYR 85 10.4
TYR 42 10.6 GLU 89 3.9
LYS 43 10.1 ASP 100 3.0
CYS 46 10.4 Cys 101 9.9
ARG 49 12.3 GLU 102 4.7
ARG 56 12.8 LYS 106 10.4
LYS 57 10.7 LYS 113 10.4
TYR 58 9.9 ASP 114 3.9
LYS 61 10.4 TYR 129 10.2
GLU 63 4.3

Table 3-3 pKa values of PhiX 174 spike protein (G) predicted at pH 7 using PROPKA (version 3.0)

Amino pKa | Amino pKa | Amino pKa | Amino pKa
acid acid acid acid

ARG 101 11.9 | ASP 61 4.0 GLU 116 4.7 LYS 187 10.3
ARG 135 12.2 | ASP 71 2.9 GLU 118 2.4 LYS 69 10.8
ARG 145 16.2 | ASP 76 4.7 GLU 123 4.6 TYR 120 11.7
ARG 166 12.4 | CYS 132 7.7 GLU 179 4.7 TYR 180 9.4
ARG 17 12.1 | CYS 137 10.2 | GLU 44 10.8 | TYR2 10.0
ARG 45 12.1 | CYS 157 16.9 | HIS119 5.8 TYR51 9.8
ASP 10 4.0 CYS 79 11.0 | HIS 143 5.8 TYR94 10.1
ASP 136 3.1 GLU 103 2.8 HIS 178 6.2 ARG 10 12.4
ASP 141 2.6 GLU 107 4.3 LYS 161 10.4 | ARG 13 12.5
LYS 187 10.3 | TYR 120 11.7 | TYR2 10.0

LYS 69 10.8 | TYR 180 9.4 TYR51 9.8

Table 3-4 pKa values of PhiX 174 capsid protein (F) predicted at pH 7 using PROPKA (version 3.0)

Amino pKa | Amino pKa | Amino pKa | Amino pKa
acid acid acid acid

ARG 10 12.1 | ARG 56 12.2 | ASP 382 3.8 GLU 280 4.7
ARG 102 12.4 | ARG 57 12.2 | ASP 394 6.0 GLU 299 7.8
ARG 119 12.3 | ARG 75 13.9 | ASP 396 6.7 GLU 328 4.4




ARG 137 11.3 | ARG 87 12.6 | ASP 40 4.8 GLU 348 5.2
ARG 144 13.5 | ASP 105 3.6 ASP 426 4.0 GLU 386 3.9
ARG 158 13.2 | ASP 14 3.3 ASP 45 4.3 GLU 43 4.8
ARG 162 12.3 | ASP 155 4.0 ASP 62 6.3 HIS 106 5.5
ARG 209 12.3 | ASP 156 3.6 ASP 66 4.0 HIS 125 4.5
ARG 215 9.3 ASP 192 3.4 ASP 80 4.0 HIS 165 3.3
ARG 217 11.8 | ASP 21 4.0 ASP 88 4.0 HIS 17 6.1
ARG 234 12.9 | ASP 218 5.4 CYS 100 10.8 | HIS 204 6.3
ARG 264 13.3 | ASP 230 2.7 CYS 163 12.8 | HIS 240 5.9
ARG 27 11.0 | ASP 232 3.5 CYS 164 13.4 | HIS271 3.6
ARG 275 12.9 | ASP 242 4.9 CYS 22 11.3 | HIS 281 5.5
ARG 291 15.4 | ASP 249 4.3 CYS 398 12.2 | HIS 300 5.4
ARG 327 13.9 | ASP 251 4.0 GLU 11 4.7 HIS 301 5.5
ARG 332 12.4 | ASP 254 2.5 GLU 143 4.6 HIS 355 6.8
ARG 336 12.4 | ASP 313 2.3 GLU 146 4.3 HIS 364 6.4
ARG 339 12.3 | ASP 317 3.1 GLU 154 4.8 HIS 367 6.1
ARG 353 11.9 | ASP 333 3.3 GLU 177 4.9 HIS 392 2.1
ARG 391 12.6 | ASP 337 4.3 GLU 182 4.0 HIS 420 5.9
ARG 412 12.4 | ASP 357 5.0 GLU 183 4.7 HIS 74 3.7
ARG 419 12.0 | ASP 365 3.2 GLU 187 4.4 HIS 76 5.4
ARG 425 12.3 | ASP 373 7.0 GLU 206 4.9 LYS 122 9.9
ARG 51 11.7 | ASP 374 4.8 GLU 208 5.6 LYS 167 8.5
LYS 179 114 | LYS64 10.6 | TYR211 11.4 | TYR 358 10.3
LYS 270 10.5 | TYR 103 10.1 | TYR 216 10.3 | TYR 363 10.2
LYS 29 10.6 | TYR 109 15.0 | TYR 229 11.7 | TYR 395 14.1
LYS 306 11.2 | TYR128 15.4 | TYR 248 9.3 TYR 413 13.9
LYS 343 10.6 | TYR132 14.1 | TYR 302 10.8 | TYR418 10.0
LYS 345 10.0 | TYR 135 11.7 | TYR311 114 | TYR71 13.6
LYS 362 10.5 | TYR 159 12.1 | TYR331 14.0 | TYR78 11.8
LYS 409 7.7 TYR 200 10.1 | TYR 352 10.5
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1 ENHANCED VIRUS

INACTIVATION BY COPPER AND
SILVER IONS IN THE PRESENCE
OF NOM IN WATER

This chapter is based on:

Soliman, M.Y.M., Medema, G., van Halem, D. (2021) Enhanced virus inactivation by
copper and silver ions in the presence of natural organic matter in water. Submitted
to Water Research journal.

63



Abstract

Natural organic matter (NOM) is present in water that serves as a drinking water
source. This study examined the effect of low and high NOM concentrations on
inactivation kinetics of a model RNA virus (MS2) and a model DNA virus (PhiX 174)
by copper (Cu?*) and/ or silver (Ag*). Cu and Ag are increasingly applied in household
water treatment (HHWT) systems. However, the impact of NOM on virus
inactivation kinetics by these metal ions in water remains uncertain despite the
importance of their use. The presence of NOM in water led to slower virus
inactivation by Ag* but faster virus inactivation by Cu?*. The fastest inactivation of
MS2 and PhiX 174, in water containing low NOM (2 mg C/ L), was observed by Cu
and Ag combined synergism (Kobs = 3.2 + 0.1 h1). In high NOM water (20 mg C/ L),
synergism of Cu and Ag was also responsible for the highest inactivation kinetics of
PhiX 174 (av. Kobs = 3.5 h'!) but not for MS2 (Kobs = 4.8 h™* using Cu alone). Overall, it
can be concluded that the combination of Cu and Ag is promising as a virus
disinfectant in treatment options allowing for multiple hours of residence time such
as safe water storage tanks.
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4.1 Introduction

The burden of waterborne disease remains a global threat to public health and
economic prosperity. To date, 44% of the global population lacks access to safe
clean drinking water *. Fecally contaminated water can contain harmful organisms
such as deadly waterborne viruses. For example, rotavirus and norovirus are
waterborne viruses that can cause fatal diarrhoeal disease, and hepatitis A or E are
other waterborne viruses that cause liver disease *"23, Hence, it is important to
provide consumers with water treatment systems with adequate protection from
waterborne viruses.

Metals, such as copper (Cu) and silver (Ag), have been increasingly investigated as
additives to existing filters for enhanced virus removal. Cu and/ or Ag has been
added to existing household water treatment to improve virus removal in treated
water &4177.78192 Similarly, large scale membrane filters were also amended with Cu
and/ or Ag for enhanced virus removal 81%71%_Cy and Ag were also combined with
other disinfection methods such as UV light to accelerate the disinfection of viruses
in water 883,

Multiple factors can impact the antiviral efficiency of Cu and Ag. For example,
physiochemical water quality parameters such as pH, organic carbon, temperature
and dissolved oxygen can impact the oxidation state and the speciation of metals
79197198 vijruses can exhibit different sensitivity to different Cu or Ag chemical
species 9799184199 Despite the importance of water quality in studying Cu and Ag
antiviral efficiency, a systematic assessment of physiochemical parameters
impacting virus inactivation kinetics remains has not been done.

In our previous study, we demonstrated the significant impact of pH on Cu and Ag
inactivation kinetics of two model enteric viruses; MS2 (ssRNA) and PhiX 174
(ssDNA) 2%°. Another important factor is to assess the role natural organic matter
(NOM) can play in Cu and Ag antiviral efficiency. Presence of NOM in source water
for HHWT systems is inevitable, and therefore an examination of its effects is crucial
for Cu and Ag application #’. Yet, to our knowledge, the effect of NOM on virus
inactivation by Cu and Ag ions has not been reported.

Both; Cu and Ag have affinity to bind with ligands in NOM, changing the metal
speciation 7>2°1, NOM contains functionalities such as thiols, hydroxyls, aldehydes,
etc., that can form organic-Ag complexes, AgCl, Ag,S or over lengthy periods reduce
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Ag to silver nanoparticles 88, Formation of soluble or insoluble Ag solids have been
reported as an ineffective disinfectant compared to Ag* 3. Similarly, in fresh
water bodies, most of Cu is bound to NOM which reduces its environmental toxicity
8 Moreover, Cu binding to NOM was reported to result in production of reactive
oxygen species (ROS) 9. Presence of ROS can result in rapid inactivation of MS2
bacteriophage as observed in many studies *>°°. Hence, it is possible that that the
viricidal efficiency of Ag or Cu would be reduced by the presence of NOM. However,
the possibility of ROS production by Cu-NOM interaction suggests the possible
opposite effect. Currently, the antiviral efficiency or possible synergism of Cu and
Ag in combination when in the presence of NOM in water cannot be predicted.

Therefore, we evaluated the antiviral efficiency of Cu and/or Ag in presence and
absence of NOM using MS2 and PhiX 174 bacteriophages as a conservative model
RNA and DNA virus, respectively. Cu and Ag were tested individually and combined
to examine possible synergies in the presence of NOM in water. Two levels of NOM
were added to water, representing low NOM (2 mg C/L) and high NOM (20 mg C/L)
concentrations. The chemical speciation of Cu and/or Ag in water w/o NOM was
calculated using the CHEAQS Next -chemical equilibrium program. Possible ROS
production was examined through scavenger experiments and measurement of
hydrogen peroxide as a step in the ROS chain.

4.2 Materials and Methods

4.2.1 Chemical reagents and microbial stocks

All chemicals were reagent grade and used without further purification as described
in Soliman et al.( 2020)?®. Experimental solutions were prepared using Milli-Q
water. Sodium phosphate buffer (PB; 1 mM, pH 7) contained sodium phosphate
monobasic monohydrate (NaH,P04.H,0), sodium phosphate dibasic heptahydrate
(Na;HPO4.7H,0) mixed at concentration of 0.58 mM and 0.42 mM. PB buffer was
autoclaved at 121 °Cfor 20 min and stored at 4 °C until further use. Potassium iodide
(KI, 0.1 M) solution was prepared by dissolving Kl (99%, Sigma) in MilliQ water and
0.01M molybdate solution by dissolving ammonium molybdate tetrahydrate
(99.98%, Sigma) in MilliQ water.

NOM of ground water origin was obtained from the Dutch company Vitens. NOM
was recovered from ion exchange brine resulting in a concentrated NOM stock of

66



89.9 mg/ L measured as dissolved organic carbon, which contained 88% humic
substance; of which 69.3% was fulvic acid and 10.7% humic acid 2°2. The 5 NOM
fractions are measured and reported by Caltran et al. (2020)2°2. The NOM stocks
used were prepared by diluting the concentrated NOM stock in MilliQ water, filter
sterilized through sterile 0.22 um syringe filters (PES, VWR) and stored at 4 °C until
used.

Purified MS2 and PhiX 174 stocks were used as conservative enteric virus models.
The culturing and purification of both phages is described in detail in Soliman et al.
(2020)%, |n brief, MS2 stock was produced by infecting host bacterium Escherichia
coli C3000 (ATCC 15597) and PhiX 174 by infecting E. coli WG5 (DSM 18455).
Following overnight replication, the harvested lysate was centrifuged and filter
sterilized using 0.22 um sterile syringe filters. MS2 was purified in an iodixanol
gradient (OptiPrep™- Stemcell) and PhiX 174 in a cesium chloride gradient by
centrifugation for 20 h (32,000 rpm, 4 °C, Beckman coulter optima L-90 K
ultracentrifuge). The recovered phage was washed twice using 100 kDa Amicon®
Ultrafilter columns and stored in PB buffer (pH 7) at 4 °C.

4.2.2 Impact of NOM on MS2 and PhiX 174 inactivation

The examination of NOM effect on MS2 and PhiX 174 inactivation by metals was
conducted by comparing inactivation kinetics under 3 conditions: no NOM (PB
buffer), low NOM (PB buffer + 2 mg C/L) and high NOM (PB buffer + 20 mg C/L).
Although the presence of bacteriophages in PB buffer constituted an organic
content, its concentration compared to added NOM was negligible as a result of
virus purification and washing in buffer.

In addition, the stability of MS2 and PhiX 174 was examined without adding metals
(control conditions). This aimed to account for any possible bacteriophage decay in
the test water not caused by the metals. Overall, each bacteriophage was examined
in 12 conditions (3 controls, 3 with Cu, 3 with Ag and 3 with Cu and Ag). Each
condition was tested in triplicate beakers.

In a sterile glass beaker, a 60 ml volume of test water (no NOM or low NOM or high
NOM) containing MS2 and PhiX 174 at a final concentration ~ 10° pfu/ml was
added. For metal conditions, aliquots of Cu, Ag or Cu and Ag were added to a final
concentration of 1 mg/I for Cu and 0.1 mg/| for Ag. All beakers were kept at 25 °C in
a dark incubator and stirred continuously at 60 rpm (2mag-Magnetic-Drive) for 6
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hours. At time intervals 0, 0.17, 0.5, 1, 3 and 6 h, a 5 ml of sample was withdrawn
using sterile syringes and added to a sterile tube containing metals neutralizing
solution. Samples containing Cu were neutralized using 150 ul EDTA (0.1M) and Ag
samples using 150 pl of sodium thiosulfate (0.1M). Control samples and Cu and Ag
samples were neutralized using 150 pl EDTA and 150 ul of sodium thiosulfate. The
addition of neutralizer to control samples aimed to test the effect of neutralizing
solutions on phage stability. All samples were diluted in PBS buffer and enumerated
for each phage in duplicates.

Phage enumeration followed the 1SO-10705 method, in which a 1 ml sample was
assayed using the double agar layer (DAL) method. MS2 samples were enumerated
using Salmonella typhimurium WG49 as a host and PhiX 174 using E. coli WG5 as
host. Agars and cultures used followed the ISO- 10705 part 1 and 2 methods. Glass
beakers used were sterilized, acid washed (10% nitric acid and 12.5 % hydrochloric
acid), wrapped in aluminium foil and covered from the top with a sterile petri-dish
and aluminium foil to ensure dark conditions.

4.2.3 Role of ROS

The interaction between Cu and NOM can lead to production of reactive oxygen
species (ROS) such as hydrogen peroxide (H,0,) °*. Measurements of H,0; followed
the Ghormley triiodide method 2*® as described by Romero et al. (2011)%. H,0,
samples were obtained from metal beakers as replicates of the inactivation
experiments. Every 0.5 h, a 1 ml sample was withdrawn, filtered through 0.45 um
filters and directly measured for H,0,. To quantify H,0,, 200 pul of sample was
rapidly mixed with 1000 pl of Kl solution and 20 ul of the molybdate solution in 2
ml disposable cuvette (VWR). Absorbance was recorded from a UV-Vis
Spectrophotometer (GENESYS 10S) at 350 nm after the reading stabilized.
Concentration of H,0, was determined using a calibration curve (Supplementary
S1) obtained by measuring the absorbance of H,0, stock solution (Merck) at
multiple dilutions.

To distinguish between inactivation kinetics caused by metals versus the additional
inactivation by ROS, scavenger experiments were included. The 12 conditions
mentioned above were repeated, each in triplicate beakers, with the addition of
tempol as ROS scavenger. Tempol is a known redox-cycling nitroxide and used as a
potent ROS scavenger to protect from oxidative damage 227, In order to
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determine the appropriate tempol dosage, possible tempol toxicity towards MS2
or PhiX 174 27 and time related stability of tempol >°® were taken into account. Prior
to the scavenger experiments, different doses of tempol and dosing intervals were
tested (Supplementary $2-S4). Based on the results, it was determined that 1 mM
of tempol dosed every 1.5 hour would provide maximum protection of MS2 or PhiX
174 without toxic effect towards either bacteriophage (as shown by the stability in
tempol control tests). Therefore, inactivation experiments were replicated with the
addition of 1 mM of tempol every 1.5 hour. Experimental procedure, sampling
intervals, metals neutralization and phage enumeration were repeated exactly as
described in the previous section. In addition, pH was measured at the beginning
and end of the experiment to ensure pH stability in the presence of tempol.

4.2.4 Chemical analysis

NOM was measured as total organic carbon (TOC) using a TOC-V CPH analyzer
(Shimadzu). Cu and Ag measurements were analyzed using ICP-OES (Spectro Arcos
eop). Samples from NOM beakers were analyzed for all detectable elements to
evaluate any additional ions present in water by adding NOM stock. Furthermore,
we used the CHEAQS Next -chemical equilibrium program- to calculate the free
ionic concentrations of Ag* and Cu?* in the water matrices used. Metal — organic
complexation was evaluated using model 7, (Tipping, 2011) in CHEAQS Next. Input
for NOM included the measured concentration as mg C/L and measured fraction of
fulvic acids as 0.69.

4.2.5 Data analysis

The measured concentration (pfu/ml) of MS2 or PhiX 174 at time t (N¢) and at time
0 h (No) were used to calculate bacteriophages concentrations and then the logio
inactivation values. To analyze inactivation kinetics, linear regression analysis was
conducted with 95% confidence interval to calculate the slope of Ln (Ni/No) versus
time, as a first order inactivation rate constant: Kobs (h!). Measured Kobs (h?) of
control experiments was compared against zero (no slope) to evaluate the stability
of MS2 and PhiX 174 in control conditions. Other conditions’ Kobs (mean value, SD
and df) were compared against each other for significant difference using an
unpaired t-test.
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4.3 Results

4.3.1 Impact of NOM on MS2 and PhiX 174 inactivation

The results of control (metal free) experiments showed stability of MS2 and PhiX
174 in the test waters w/o NOM (Supplementary Fig. 4-10). As depicted in Fig. 4-1,
presence of NOM with Cu enhanced inactivation kinetics of MS2 and PhiX 174
compared to inactivation by Cu without NOM. MS2’s logio inactivation by Cu
reached 1.7 + 0.2 after 6 hours without NOM, 2 6 logs after 6 hours with low NOM
and 2 6 logs after only 3 hours with high NOM (Fig.4-1 a). Hence, increasing NOM
accelerated the MS2’s inactivation by Cu. Less pronounced effect of Cu (w/o NOM)
was observed on PhiX 174 compared to MS2 (Fig.4-1 b). For example, in presence
of high NOM, Cu inactivated 1.7 + 0.3 logio of PhiX 174 after 6 hours.

Inactivation kinetics of MS2 and PhiX 174 followed the first order Chick Watson
model as shown in Fig.4-1. The Kops values are depicted in Fig. 4-2 as ‘No Tempol’
columns. MS2’s Kops by Cu was significantly (p <0.0001) higher in presence of high
NOM (Kobs = -4.9 £ 0.3 h™*) and low NOM (Kops = =2.3 +0.1 h™!) compared to no NOM
(Kobs = —0.6 + 0.04 h™?). Similarly, PhiX 174’s Kops by Cu was significantly higher (p
<0.0001) in the presence of high NOM (Kobs = =0.7 + 0.1 h™?) compared to no NOM
(Kobs ==0.05+0.01 h™Y).

However, the presence of NOM with Ag did not enhance inactivation kinetics of
MS2 or PhiX 174 (Fig. 4-1 b and c). Kobs of Ag were statistically similar (p> 0.005)
without NOM and with low NOM for both bacteriophages (Fig. 4-2 c and d).
Moreover, the 6 hours Ag’s logig inactivation of MS2 and PhiX 174 were < 2 without
NOM and with low NOM. This value reduced to only 0.4 and 0.8 logs for MS2 and
PhiX in presence of high NOM. As observed in Fig. 4-2 c and d, presence of high
NOM with Ag significantly (p <0.001) reduced Kops for MS2 and PhiX 174.

So far, MS2 and PhiX 174 were affected in a similar manner by presence of NOM
with Cu (enhanced inactivation) or Ag (reduced inactivation kinetics). However, for
the combination of Cu and Ag, NOM had different impacts on inactivation kinetics
of MS2 from PhiX 174. Statistically similar (p = 0.44) inactivation of MS2 was
observed by Cu and Ag without NOM and with High NOM (Fig.4-1 and 4-2 e).
However, significantly higher (p <0.001) inactivation of MS2 was observed with low
NOM. Statistically similar (p = 0.32) inactivation of PhiX 174 by Cu and Ag was
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observed with low and high NOM. Overall, the inactivation of PhiX 174 by Cu and
Ag with NOM was significantly higher (p <0.0001) than that without NOM (Fig. 4-1
and 4-2 f). Although all inactivation kinetics followed the first order Chick Watson
model, MS2 inactivation by Cu and Ag without NOM followed a biphasic pattern
(Fig. 4-1e), as also reported in our previous study?® .

71



MS2 PhiX 174

UL " a maa ! °

Log,o(N/Ny)
no

[ ]
1 $
:
4 >
5 ; @
S5
2 4
-3
0 e f
*I ‘Q °
14 o 'm i ]
i ®
= 27 |
Z ® o
g 34 1 g
-4 i
¢ £ &
S LOD v T LOD - eeememmmeimae i
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) Time (h)
° A u
@ No NOM A Low NOM m High NOM
° A u

Figure 4-1 Inactivation of MS2 (a, c, and e) and PhiX 174 (b, d, and f) by Cu (a and b), Ag (cand d) and
their combination Cu and Ag (e and f) in No NOM water (PB buffer), low NOM water (PB + 2 mg C/L)
and high NOM water (PB + 20 mg C/L). Concentration of metals used is Cu at 1 mg/L and Ag at 0.1
mg/L at solution pH 7 and 25 °C. Limit of detection (LOD) was 1 pfu/ml. Reported results represent
the average values and standard deviations of triplicate tests. Inactivation rate constants: Kops (h1)
+ standard deviation (SD) values are mentioned in the text and calculated based on the slope on
linear regression lines. R values were >0.96 for all Kobs values considered.
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4.3.2 Contribution of ROS to inactivation Kinetics

Tempol, a scavenger for ROS, was used to evaluate possible production of ROS and
its contribution to the inactivation kinetics. Figure 4-2 provides an overview of the
Kobs in presence or absence of tempol.

MS2 and PhiX 174’s Kops by Cu with NOM (low or high) was significantly (p<0.001)
reduced after adding tempol (Fig. 4-2 a and b). In contrast, tempol did not affect
the Kobs of MS2 or PhiX 174 by Cu without NOM. Hence, tempol effect on Kops of Cu
was only limited to the presence of NOM. This suggests that combining Cuand NOM
leads to production of ROS and subsequently higher inactivation kinetics of MS2
and PhiX 174.

Moreover, H,0, was detected when Cu was combined with NOM, but not without
NOM (Fig. 4-3a). The measured H,0, in Cu-NOM water demonstrated ROS
production by Cu- NOM interaction. Higher H,0, was measured in presence of high
NOM with Cu, compared to low NOM. This suggests more production of ROS in
presence of higher NOM, leading to faster inactivation kinetics.

H.0, was not detected with Ag, regardless of NOM presence. Nevertheless,
significant reduction (p<0.05) in Ag’s Kobs of MS2 and PhiX 174 without NOM or with
low NOM was observed after adding tempol (Fig. 4-2 c and d). However, this does
not suggest production of ROS by Ag and low NOM since Kq,s was also reduced by
tempol without NOM.

For Cu and Ag combination, significant (p<0.05) reduction in MS2 and PhiX 174’s
Kobs Was observed after adding tempol to water containing NOM (Fig. 4-2 e and f).
Tempol had no effect (p> 0.05) on Kops by Cu and Ag without NOM for either
bacteriophage. This suggests production of ROS when Cu and Ag were combined
with NOM. Moreover, H,O, measurement in water containing Cu and Ag with NOM
(Fig. 4-3 b), supports production of ROS when Cu and Ag were combined with NOM
present.
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Figure 4-2 Inactivation rate constant Kops (ht) of MS2 (a, ¢, and e) and PhiX 174 (b, d, and f) w/o
tempol scavenger resulting from inactivation by Cu (a and b), Ag (c and d) and Cu and Ag (e and f)
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were >0.96 for all Kops values considered.
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Figure 4-3 Measured H,0; in (a) Cu or (b) Cu and Ag combined with no NOM, low NOM, or high
NOM waters

4.3.3 Effect of NOM on synergy of Cu and Ag

The examination of Cu and Ag combination versus their individual use aimed to
identify possible synergistic effect of the metal combination w/o NOM. To that end,
we compared the Kops experimentally obtained by using both metals (observed)
against the mathematical sum of Kops obtained from each metal (estimated) w/o
NOM. If the observed Kqps is significantly higher than estimated Kous by Cu and Agin
the same water matrix, it is considered to show synergism.

For MS2, Cu and Ag synergism (p<0.05) was observed without NOM and with low
NOM only (Fig. 4-4a). On the other hand, for PhiX 174, strong (p<0.0001) Cu and Ag
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synergy was observed with low and high NOM (Fig. 4-4b). The observed synergy for
MS2 and absence of synergy for PhiX 174 by Cu and Ag (without NOM) was also
reported in our previous study 2%,

(a) MS2 (b) PhiX 174
6 6
5 4 59
T 4 4 4 = . Observed
£ "
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24 21 o Ag
& Cu
1 - H 1 — - B
N T TN = (= [E
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No NOM Low NOM High NOM No NOM Low NOM High NOM

Figure 4-4 Inactivation rate constants (Kops; h'1) of (a) MS2 and (b) PhiX 174. Dark black columns are
the Kops experimentally obtained by Cu and Ag ions combined, referred to as observed. Light grey
dotted column part is Kobs by Cu alone and white dotted column part is Kops of Ag alone. The
mathematical addition of the two parts adds up to the estimated Kobs by Cu + Ag.

4.3.4 Speciation of metal ions

The examination of metal’s speciation in water w/o NOM was conducted using
CHEAQS Next as chemical speciation model. Speciation of Cu and Ag was simulated
in individual and combined use. The results are depicted in Fig. 4-5, featuring
speciation of Cu when added to water individually (Fig. 4-5 a) and when combined
with Ag (Fig. 4-5 c). Similarly, speciation of Ag is depicted in Fig. 4-5 b and d.

Without NOM, 23% of total Cu was present as dissolved Cu (Fig. 4-5 a). This
percentage decreased to 20% and 2% in presence of low and high NOM
respectively. This decrease was accompanied by increase in organic bound Cu in
presence of NOM. Sixteen % of Cu was organic bound when water contained low
NOM and 92% of Cu was organic bound in the presence of high NOM. So, increasing
NOM in water lead to increase in the percentage of organic bound Cu. Speciation
of Cu was not affected by the presence of Ag (w/o NOM) as depicted in Fig. 4-5 c.

The percentage of dissolved Ag* ions decreased from 100% -without NOM- to 85 %,
with low NOM, and down to 24% with high NOM (Fig. 4-5 b). The reduction in Ag*
in presence of NOM was due to the formation of organic bound Ag (15 % and 76%
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respectively). Hence, presence of low NOM had negligible effect on the speciation
of Ag. However, when Ag was combined with Cu, the speciation of Ag in presence
of NOM differed (Fig. 4-5 b and d). Organic bound Ag reduced to 1% in presence of
low NOM and 16% with high NOM. Hence, presence of Cu reduced the binding of
Ag to NOM and enhances its dissolution.

m Dissolved Cu »Organic bound Cu = Sglid Cu m Dissolved Ag = Organic bound Ag
a) Speciation of Cu b) Speciation of Ag
H =
16%
76%
92%
0,
% 65%
No NOM Low NOM High NOM No NOM Low NOM High NOM
c) Speciation of Cu in Cu and Ag matrix d) Speciation of Ag in Cu and Ag matrix
E
16%
92%
0,
78% 66%
No NOM Low NOM High NOM No NOM Low NOM High NOM

Figure 4-5 CHEAQS Next simulation (a) Cu or (b) Ag speciation when added individually each water
matrix and (c) Cu or (d) Ag speciation in water matrices containing Cu and Ag combined.

4.4 Discussion

4.4.1 Copper and NOM

Without NOM, Cu had pronounced effect on MS2 inactivation but not on PhiX 174
inactivation 2%, The presence of NOM in water led to enhanced Cu inactivation of
MS2 and PhiX 174. Higher NOM led to faster inactivation kinetics for both
bacteriophages.
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Environmentally, most Cu in water bodies or in wastewater is bound to organics
89,209 Here, we observed that chemical interaction between Cu and NOM led to the
formation of organic bound Cu, especially with high NOM (Fig. 4-5; 92%). Hence
this leaves less dissolved free Cu?* available for interaction with MS2 or PhiX 174.
Although previous studies described availability of dissolved Cu?* as a key factor in
enhancing inactivation kinetics by Cu, we observed accelerated inactivation with
higher organic bound Cu instead.

Cu binding to NOM is the starting point of a chemical interaction producing ROS 4.
In the presence of oxygen, Cu® is reduced by NOM’s reducing moieties to Cu*.
Then, oxygen rapidly interacts with Cu*! producing super oxide which immediately
reacts producing H,0; as described by the following equations 1-4 °*?1°, Moreover,

these interactions could lead to production of organic radicals or toxic Cu*3 219,

1) Cu(l) + R s Cu(l) + RT where Ris the reducing organic moieties.
2) Cu()+ 0, — Ccu(l) + 0,°~

3) Cu(I)+ 0,~ — Cu() + 0,

4) Cu(+ 0, — cu(l) + H,0,

As observed in our results, interaction between NOM (low or high) and Cu led to
production of H,0,. Higher H,0, was measured in higher NOM water, similar to
literature reports by Pham et al. (2012) and Xing et al.( 2020)°*2%°, Moreover,
tempol scavenging experiments showed that production of ROS was responsible
for enhancing Cu inactivation kinetics in presence of NOM. It has been also reported
by others that combination of Cu and ROS enhances inactivation of MS2 and PhiX
174, compared to Cu alone®-%>17>, ROS causes protein oxidation and RNA damage
of MS2 accelerating its inactivation 211212,

Despite the similarity in MS2 and PhiX 174 response to Cu disinfection in NOM
water, significantly higher kinetics were observed for MS2 than PhiX 174. This could
be due to higher susceptibility of MS2 to certain ROS species or radicals compared
to PhiX 174. For example, previous studies reported that MS2 is more susceptible
to hydroxide radicals (OH®) and H,0; than PhiX 174 213214,

4.4.2 Silver and NOM

Unlike Cu, the presence of NOM did not enhance inactivation kinetics of MS2 or
PhiX 174 for Ag. In fact, slower inactivation kinetics of MS2 and PhiX 174 were
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observed by Ag with high NOM. High NOM (20 mg C/L) led to a loss of 76% of Ag*
by binding to NOM. This observation strongly suggests that complexation of Ag with
NOM competes against viruses, hence leading to slower inactivation kinetics. In the
case of Ag and low NOM, Kqps of MS2 and PhiX 174 were like that without NOM.
Moreover, only 15% of Ag was organic bound in the presence of low NOM (2 mg
C/l). Therefore, it is likely that loss of free dissolved Ag* by 15% was not significant
enough to have noticeable impact on inactivation kinetics of either MS2 or PhiX
174. Complexation of Ag with NOM has been reported by multiple studies 2>2%7. In
fresh water, organic complexation of Ag reduces it toxicity 2*?'7. These
observations suggest that inactivation kinetics of Ag is dependent on the availability
of free ionic Ag".

We also observed no H,0, in the Ag and NOM conditions. To our knowledge, Ag has
not been reported to produce ROS when interacting with MS2 or PhiX 174. Only in
bacterial studies, Ag can produce ROS as part of the cell defence mechanism
following the interaction between Ag and enzymes in the bacterial cell wall 792,
However, MS2 and PhiX 174 are non-enveloped and don’t possess enzymes,
regulatory or defence mechanism. Hence, production of ROS due to sole interaction
between MS2 and PhiX 174 with Ag is unlikely.

4.4.3 Combined Cu, Ag and NOM

Cu and Ag’s inactivation kinetics of MS2 was only enhanced in presence of low NOM
(2 mg C/I) but not in presence of high NOM (20 mg C/L). On the other hand, high
NOM and low NOM led to a similar, yet significant increase in PhiX 174’s Kqbs by Cu
and Ag compared to Kops without NOM.

The similarity in PhiX 174’s Kops between low and high NOM can be explained by the
combined effect of ROS production and Ag-NOM complexation. Less free Ag* ions
were available in water containing higher NOM but higher H,0, was produced.
Hence, it is possible that the balance between H,0, and Ag* ions availability led to
equivalent inactivation kinetics in presence of low and high NOM. It would have
been expected that the higher H,0, with high NOM compensates for the loss in Ag*
concentration, hence resulting in similar Kops in both NOM waters for MS2. Yet, that

was not the case.

The variability between MS2 and PhiX 174 in reactions with Ag and Cu in the
presence and absence of NOM and resulting inactivation kinetics could be due to a
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production of radicals or intermediates that can be more toxic to PhiX 174 than
MS2. The reaction between Ag* and H,0; in water can result in a cascade of
interactions possibly producing organic free radicals and intermediates such as
bound hydroxy! radicals or Ag(ll) species 2122, The possible production of these
species and their potential effect on MS2 versus PhiX 174 functional integrity, virus
infectivity and inactivation kinetics is unknown and cannot be judged based on the
measurements in this study. Measurements of H,0, were used as indicative of ROS
production but not as conclusive representation or measurement of ROS. Hence, it
is possible that other radicals not identified or quantified in this study, were
produced and responsible for the inactivation rates observed by Cu and Ag in
presence of NOM. However, this cannot be ascertained with certainty under the
scope of the current study. Further investigation is needed to evaluate the full
cascade of ROS species produced in each condition.

4.4.4 Synergy of Cuand Ag

Without NOM, Cu and Ag had a synergistic effect on MS2 (observed Kops 2.5 times
> estimated Kops) but not on PhiX 174. With NOM (low or high) strong synergy
(observed Kops 3-4 times > estimated Kobs) of Cu and Ag was observed for PhiX 174.
Meanwhile, for MS2, in presence of high NOM with Cu and Ag; observed Kqus was
0.5 times lower than the estimated Kops, indicating slower kinetics and lack of
synergy. Overall, the highest inactivation kinetics of PhiX 174 (av. Kops = 3.5 h'!) was
observed for the Cu and Ag combination in the presence of NOM (low or high).
However, the highest inactivation kinetics of MS2 (Kobs = 4.8 h't) was observed using
Cu alone with high NOM.

It is likely that the observed Cu and Ag synergy in disinfecting PhiX 174 stems from
interaction between Cu and NOM producing ROS, followed by its interaction with
Ag*. The interaction of Ag* ions and H,0; in water was reported by Pedahzur et al.
(1995)%! to possess synergistic and long lasting effects in disinfecting E.coli. This
suggests that simultaneous presence of Cu, Ag and ROS is crucial for fast
inactivation kinetics of PhiX 174.

However, Cu and Ag’s synergistic effect on MS2 was only observed without NOM
and with low NOM. These are the two conditions in which free Ag* ions were
available as 100% and 99%. Yet, the inactivation observed (Fig. 4-4) under these
conditions with added synergy was lower than while using Cu alone with high NOM
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(Kobs = 4.8 ht). Hence, for MS2 the fastest inactivation did not occur with synergy of
Cu and Ag but rather with high ROS with Cu alone. However, the structural and
mechanistic reasons for this observation are unclear based on the data available.
Similar H202 was measured in water containing Cu and high NOM and that
containing Cu, Ag, and high NOM. Yet, slower kinetics were observed for MS2 in the
latter. Future structural and mechanistic study is needed to investigate the full
speciation of ROS and their structural damage of MS2 and PhiX 174 in the presence
of NOM, Cu and/ or Ag.

Finally, the observed logio inactivation in this study document the potential of Cu
at 1 mg/L and Ag at 0.1 mg/L to provide safe drinking water, complying with the
WHO highly protective (5 logs) virus removal. Although contact time is in scale of
hours, it is promising for safe storge treatment where longer contact time is
possible. More research is needed to examine Cu and Ag antiviral efficiency in more
representative water matrices (e.g., rich in ions) to further enable their application
in practice.

4.5 Conclusions

e Presence of NOM in water reduced the availability of free ionic Cu?* and
Ag*. Loss of free Ag* ions led to slower virus inactivation kinetics. However,
Cu binding to NOM resulted in production of ROS and faster virus
inactivation kinetics.

e In water containing low NOM (2 mg C/ L), the highest inactivation of MS2
and PhiX 174 was observed by Cu and Ag combined (a similar Kops = 3.2
0.1 h?).

e |nwater containing high NOM (20 mg C/ L), the highest inactivation kinetics
of PhiX 174 (av. Kobs = 3.5 h) was observed by Cu and Ag combination,
while for MS2 (Kobs = 4.8 h'l) it was observed using Cu alone.

e Synergy of Cu and Ag was observed for PhiX 174 when water contained low
or high NOM, while for MS2 it was when water contained low or no NOM.

e Cuand Ag are promising virus disinfectants, especially in treatment options
allowing for multiple hours of residence time such as safe water storage
tanks.
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4.6 Supplementary

4.6.1 Calibration curve of H;0;

The relationship between absorbance and H,0, concentration was established by
applying the Ghormley triiodide method to H,0. stock solution (Merck).
Absorbance of dilution series was measured by rapidly mixing a 200 pl of sample
with 1000 pl of Kl solution and 20 pl of the molybdate solution in a 2 ml disposable
cuvette (VWR). Then, absorbance was recorded using a UV-Vis Spectrophotometer
(GENESYS 10S) at 350 nm after the reading stabilized. Concentrations were plotted
against measured absorbance, leading to a calibration curve equation. This
equation was further used to determine the concentration of H,0; in unknown
samples based on the measured absorbance.

H202 (mg/L)
= n
(&) N (6]

[EY

Concentration = 5.77 * absorbance
R2=0.9996

o
ol

0 0.1 0.2 0.3 0.4 0.5
Absorbance (@350nm)

Figure 4-6 Calibration curve of H,0, stock solution (Merck). Absorbance of known H,0,
concentrations was measured and used to produce the concentration equation

4.6.2 Tempol dosing

To evaluate possible toxicity of Tempo, an ROS chemical quencher, against MS2 and
PhiX 174, stability of phages was examined in PB buffer after adding different
dosages of Tempo, with observations at different times. Dosing 1 mM or 2 mM of
Tempo didn’t affect the stability of MS2 nor PhiX 174 (Fig. 4-7). Also, examining
results for the dosage frequency of once every 6 hours to every 1.5 hour or every 1
hour didn’t cause any notable decay for either phage.
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Figure 4-7 Stability of (a) MS2 and (b) PhiX 174 in no NOM water (pH 7, 25 °C) with different doses
of tempol and variable dosing frequencies (see legend).

The choice of optimum concentration and dosing time to achieve the most
protective effect was achieved by testing doses and dosing times of tempol for their
virus inactivation results in Cu + NOM experiments.
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Figure 4-8 Logi inactivation of MS2 by Cu in (a) high NOM water (20 mg C/L) or (b) low NOM water
(2 mg C/L) using different doses of tempol at different times (see legend).

As depicted in fig. 4-7, the lowest LRVs of MS2 at 6 hours were obtained when 1
mM of Tempol was added every 1.5 hours. Hence by dosing 1 mM of Tempol every
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1.5 hours, MS2 is protected the most from the ROS effect. Increasing the dose or
the dosage frequency didn’t provide better protection but rather less.

The difference in tempol protective effect was less pronounced for PhiX 174. In fact,
for high NOM, adding 1 mM of Tempol once, every 1.5 h or every 1 h had the same
effect. Moreover, the difference in Logio inactivation for Cu + low NOM between
tempol doses was negligible.

(a) Cu + high NOM (b) Cu + low NOM
0.0 0.0 T. )
X [ J [ J
T:' s - 4 °
-0.2 1 ° -0.2 1
Py -
204 - S04 - °
£ Z
306 4 206 4
30'6 4mMatOh L 20671 gommaton
@2mMatOh -
08 { X1mMatOh 08 4 ®“1mMevery 1L h
1 mMevery1lh
o1 mM every 15h @1 mM every 1.5h
'1.0 T T T T T T T T T T T T 1 -1.0 T T T T T T T T T T T T 1
0O 1 2 3 4 5 6 0O 1 2 3 4 5 6
Time (h) Time (h)

Figure 4-9 Log10 inactivation of PhiX 174 by Cu in (a) high NOM water (20 mg C/L) or (b) low NOM
water (2 mg C/L) using different doses of tempol at different times (see legend).

4.6.3 Stability of MS2 and PhiX 174 in absence of metals
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Figure 4-10 Stability of (a) MS2 and (b) PhiX 174 bacteriophage in all water matrices used (no NOM,
low NOM, high NOM and with tempol).
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COPPER AND SILVER IN
CERAMIC FILTER DISCS:
UTILIZING POST-TREAMENT
STORAGE FOR VIRUS REMOVAL
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Abstract

Ceramic pot filters are a widely used household water treatment to improve the
microbial quality of water. Despite its efficiency in removing bacteria and protozoa,
failure to remove viruses remains a major drawback. In the following study we
investigated removal of MS2 and PhiX 174 by ceramic filter discs (CFDs) amended
with metal ions; namely Cu and Ag. Both metals were applied separately by solution
painting and metal leaching was determined in the effluent. Log removal values
(LRV) of MS2 and PhiX 174 bacteriophage were compared in metal CFDs against
blank (no metals) CFDs. Moreover, inactivation MS2 and PhiX 174 in the filter
receptacles containing filtered water with leached metals was measured over 5.5
hours and compared to the blank receptacles. Cu painted CFDs had very rapid loss
in Cu, reaching £0.36 mg Cu/L after 1.9 L filtered. Consequently, Cu contribution to
enhancing virus removal by direct filtration was minor. However, additional
inactivation of MS2 and PhiX 174 of 1.2 logs was observed over 5.5 hours of filtrate
storage (containing 0.36 mg Cu/L). Meanwhile, more notable LRVs (approximately
1 log) of MS2 and PhiX 174 were observed in Ag CFDs. Additionally, inactivation in
the receptacle containing 1.3 mg Ag/L reached 3.8 logs for PhiX 174 after 0.5 hour
and 3 logs for MS2 after 2.5 hours. However, the concentration of Ag, 1.3 mg/L, is
much higher than the recommended 0.1 mg/L maximum concentration of WHO. At
a lower Ag concentration, the extent of virus inactivation may be much lower than
you observed. Yet, the results of virus removal by filtration versus inactivation
highlights the importance of storage time in enhancing virus removal in CPFs. It is
recommended that alternative methods are needed to incorporate Cu in CPFs to
improve Cu concentrations in filtrates.

86



5.1 Introduction

Ceramic Pot filters (CPFs) are one of the practical and sustainable household water
treatment systems 1. CPFs have many advantages such as; cheap production cost,
local material and labor, simple design and manufacturing, low maintenance, easy
usage etc.1*192441 The longevity of CPFs usage was reported up to 5 years efficiently
treating raw water without needing replacement®7¢, CPFs contribute to improving
water quality by reducing turbidity and efficiently removing bacteria and protozoa
without changing the taste or temperature of water®4349.51,55.222-225

The microbial treatment mechanism of CPFs relies on size exclusion of microbes
larger than the pore size of the filter. Contaminants adsorption to the filter or
entrapment in dead end pores also contributes to their removal but to less extent
47 The majority of CPFs pores are < 20 um but could be as small as 0.1 um*4°, This
allows for efficient exclusion of protozoa (10 to 200 um) and bacteria (0.2 to 2 um)
but not viruses (0.02 to 0.1 um)*%3%55 Although variation in CPFs pore size can
result in variability of microbial performance, the more pressing issue is the
complete failure to remove viruses. As indicated, the very small size of viruses
allows them to pass through the filters. Hence, reported virus removal in CPFs was
mostly < 0.5 log®°>°8-%° Meanwhile, the WHO requires a minimum of 2 logs for virus
removal.

Upgrading CPFs with metals, such as silver (Ag) and recently copper (Cu) has been
commonly investigated to improve microbial performance of CPFs. In fact, painting
CPFs with Ag is common practice in many factories to enhance removal and
disinfection of E. coli. However, for viruses there is uncertainty on the role Ag or Cu
application to achieve increased virus removal. Reports on improved virus removal
in Ag or Cu amended filters were diminished by others claiming no added
efficiency®*°%7778  QOne of the main issues is the lack of distinction between
removal by direct filtration and time dependent inactivation by interaction of
leached metals and viruses in the water of the filtrate receptacles. This distinction
is important in understanding the contribution of Cu and Ag to improving virus
removal. For example, E. coli removal in Ag amended CPFs was found to be due to
time sensitive inactivation by leached Ag ions in the receptacles ®*. Friedman
(2018)”® observed enhancement in MS2 (model virus) removal following an
overnight storage of CPFs filtrate containing leached Cu ions. Moreover, Friedman
(2018) mentioned that amending CPFs with nano particles led to poor leaching of
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ions compared to leaching reported by other studies applying metal in CPFs by
solution painting. However, to date, application of Cu in CFDs has been only
reported by Cu nanoparticles addition to the filters before the firing process. To our
knowledge, applying Cu in CPFs by solution painting, as done for Ag, has not been
reported.

Therefore, we manufactured ceramic filter discs (CFDs) in Nicaragua using the local
production procedure for CPFs. The manufactured CFDs were painted with Ag
solution or Cu solution and the ions leaching was quantified in the filtrate. CFDs
were challenged with water containing two conservative model viruses; MS2
(ssRNA) and PhiX 174 (ssDNA), to test virus removal. The testing was conducted on
blank CFDs then the same blank painted with Cu or Ag and re-examined for virus
retention and filtrate viruses. Hence, the same CFD was used as its own control.
Virus removal was measured in samples directly collected from the filter (removal
by direct filtration) and in post treatment filtrate stored for an additional 5.5 hours
(time sensitive virus inactivation).

5.2 Materials and Methods

5.2.1 Ceramic filter discs production and characterization

CFDs were manufactured in the Filtron factory, Nicaragua, following the local
procedure. In brief, 16 liters of water, 63.5 kg of clay and 7.7 kg of sieved saw dust
(sieved through a size 7 metal mesh; 3 mm) were mechanically mixed for 45
minutes. The mixture was molded by hand into a compact cube before pressing it
into a pot shape. The pots were left to rest for 2 days then refined (trimmed and
cleaned up) by hand. At this point the CFDs were cut out of CPFs and left to dry in
the shade until the surface reaches air temperature (26 °C; Extech remote IR
thermometer scan). The CFDs were arranged inside full pots and fired at 870 °C with
a ramp rate 1.8 °C/min and dwell time 1 hour.

Equation 1

Porosity (%) = M;S_—:/d *100

fPw

Where Ws is saturated weight (g), Wa dry weight (g), Vs total volume of CFD (m?) and pw is
water density (1 g/m?3).
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The produced CFDs (@ 125 mm) were inspected visually for cracks, followed by a
porosity check using dry weight vs saturated weight (Equation 1). The saturated
weight was measured after submerging CFDs in MilliQ water over night. The pore
volume (PV) of the CFDs was estimated as the difference between Ws and Wd for
each unit. The value is considered an overestimation because dead-end pores can
contribute to the water weight but not to the permeability of the CFD.

5.2.2 Metal application and leaching

Four CFDs labelled F1, F2, F3 and F4 were selected based on their similarity in flow
rate. F1 and F2 were painted with Cu solution while F3 and F4 with Ag. After the
first virus challenge on blank CFDs, Cu and Ag were applied by painting. Hence, each
filter served as its own control. Cu and Ag were applied only to the bottom of the
CDFs using a metal-soaked brush. A volume of 20 mL of 0.01 M silver nitrate or 0.1
M copper sulphate were applied to the corresponding CFD. The coating was left to
dry overnight at 35 °C.

Prior to metal painting, CFDs were flushed with 1 mM sodium phosphate (PB) buffer
(0.58 mM NaH;P04.H,0 and 0.42 Mm Na;HPOQ4.7H,0; pH 7). Effluent samples were
analyzed using ICP-OES to evaluate additional ions leaching from CFDs and possible
presence of metals in blank filters. After painting CFDs with Cu or Ag, filters were
loaded with PB buffer and effluent samples were analyzed for Cu or Ag leaching, as
well as, additional ions. The water matrix was also simulated using CHEAQS
chemical model to evaluate possible complexation of Ag and Cu.

5.2.3 Testing of virus removal in CFDs

5.2.3.1 Tracer test

Salt tracer test aimed to understand water transport through CFDs. It accounts for
the complex dynamic of CFDs pores to identify the amount of filtrate to collect
before full intrusion of salt occurs. CFDs were fixed with silicon in the bottom of a
pipe as described by Soliman et al. (2020)?%. Sodium chloride (NaCl) solution was
used as conservative tracer (0.36 g/L NaCl solution in MilliQ water). The tracer
solution conductivity (Co) was 1564 uS/cm, measured using a multimeter (Sen Tix
41-3). Each CFD was loaded with 4 L of tracer solution and conductivity was
measured in effluent samples (C). Filtrate was collected until 1564 uS/cm was
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achieved then the solution was replaced with MilliQ water. The tracer test was used
to estimate the amount of water to be discarded (referred to as the first flush)
before collecting samples to calculate virus removal.

5.2.3.2 Virus challenge test

Preparation of MS2 and PhiX 174 stock was done as described in Soliman et al.
(2020)%%, Test water was prepared by adding MS2 and PhiX 174 to PB buffer at a
final concentration of 10° to 10° pfu/ml. Samples were taken from test water
directly before adding it on top of CFDs to measure concentration at time 0 (No).
Each CFD was loaded with 4 L of test water (PB buffer + MS2 and PhiX 174) and
water was left to flow by gravity. The first 1.5 hours of effluent was discarded (first
flush). Then a sterile glass beaker was introduced as receptacle to collect the
filtrate. This point is the start of collecting samples for virus removal by direct
filtration. At the same time, samples from water on top of CFDs were also collected
to ensure influent water stability of virus concentration. The effluent was collected
for half hour, sampled, and then the receptacle was moved away from the filter to
store the water in the dark at 25 °C for an additional 5.5 hours. The latter aimed to
study time depended inactivation in the receptacles. Log removal values (LRVs)
were calculated as Logio (Nt/No) where N is the concentration at time t. It should
be noticed that LRVs for stored filtrate were calculated as Logio (Nt/Nos), where Nos
is the concentration of the effluent at time 0.5 h after discarding the first flush. To
analyze inactivation kinetics, linear regression analysis was conducted with 95%
confidence interval to calculate the slope of Ln (Ni/Nos) versus time, known as the
first order inactivation rate constant: Kops (h). Effluent samples were also analyzed
using ICP-OES to measure Cu and Ag concentrations at the time of virus testing.

5.3 Results and discussion

5.3.1 CFD characterization

The calculation of CFDs pore volume (PV) provided a common metric to compare
between CFDs by incorporating the hydraulic quality of the filters. PVs of CFDs were
calculated based on the weight of water retained in each CFD as described in
Soliman et al. (2020)%%¢, thereby accounting for open active pores inside the filter.
Using wet weight vs dry weight to calculate PV can result in overestimation of the
active pores due to the inclusion of water weight in dead-end pores. However, we
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use this method due to its simplicity which makes it reproducible by local partners
without requiring complicated or expensive equipment.

Table 5-1 Hydraulic properties of CFDs quantified using Ws vs Wd. F(n) refers to the filter number

CFD F1 |F2 |F3 | F4
PV 69 |76 | 67 |70
Porosity (%) 38 |37 |35 | 34
Flow rate (ml/min) | 6.7 | 5.8 | 4.8 | 3.5

The measured the PV of CFDs ranged from 67 ml to 76 ml (Table. 5-1). The porosity
of each CFD was calculated by factoring in the volume of each CFD. The calculated
porosity was between 34-38 % of the total CFDs volume. These values are lower
than reported porosity of CPFs by Oyanedel-Craver and Smith (2008)??’. Hence, the
CFDs used in this study might be relatively slower than other filters. The recorded
flow rates, 3.5 to 6.7 ml/min, were also for a relatively slow CFDs. However, the
observed variation in flow dynamics of CPFs overall makes the CFDs used in this
study acceptable and representative of actual filters.

5.3.2 Metal application and leaching
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Figure 5-1 Leaching of Cu (a) and Ag (b) from CFDs loaded with PB buffer (pH =7). The magnification
in (a) shows concentrations of Cu dropping after filtering 18 and 25 PVs. Similarly, the magnified
part in (b) shows the decline in Ag concentration after filtering between 60 and 70 PVs

To evaluate the sustainability of impregnating CPFs with Cu and Ag, duplicate CFDs
were painted with CuSO, or AgNOs solutions. Following 24 — 48 h of drying, CFDs
were loaded with PB buffer and samples collected for Cu and Ag measurements in
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the effluent. The optimal goal was to achieve a stable concentration of 1 — 2 mg
Cu/L and 0.1 mg Ag/L in the effluent.

As depicted in Fig. 5-1a, severe leaching of Cu was observed in the first few PVs.
Almost 9,000 mg/L of Cu leached directly in the filtered water. This was reduced by
90% after only 2 PVs (< 160 ml effluent) where Cu concentration in the effluent
reached 637 + 17 mg Cu/L. The concentration of Cu continued to drop reaching 0.17
mg/L; F1 and 0.36 mg/L; F2 after only 25 PVs (approximately 1.9 L). These
concentrations are much lower than the targeted WHO guideline of 1 mg/l. They
also show that painting CFDs with Cu solution is wasteful, 99.998% of painted Cu
was flushed in the effluent after only filtering 1.9 L. This proves that paining CFDs
with Cu is not a sustainable nor economical method to impregnate CFDs with Cu.
Moreover, it is unsafe for consumers to ingest water with such high concentrations
of Cu in a short time period.

The initial leached concentrations of Ag were 25 * 2 mg Ag/ L, significantly lower
than Cu values (Fig. 5-1). The filtration of 5 equivalent PVs reduced initial leaching
by 90%. Later, Ag continued to leach slower in the effluent. After 70 PVs (5 L), Ag
concentrations reached 1 mg/l in the effluent of F3 and 1.3 mg/| in the effluent of
F4. At this point Ag concentration were higher than the WHO guideline of 0.1 mg/I.
The initial rapid leaching is common in newly painted filters and was previously
reported by Mittelman et al. (2015) 2¥’. Then, as more water is filtered, silver
leaching declines to a lower but stable concentration with continued filter use.
Unfortunately, this experimental work did not extend to reach the low stable
concentrations of metal leaching.

In practice, CPF manufactures, such as Filtron in Nicaragua, tend to apply Ag
through solution painting as done in this study. Mittelman et al. (2015)*’ evaluated
dissolution of Ag* from CFDs by AgNOs painting, and reported that applying Ag to
the bottom side of CFDs is responsible for dissolution and leaching of Ag. The author
also reported on a fast initial leaching of Ag, followed by slower and more steady
leaching, like the observations in our study.
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5.3.3 Implications of CFD’s Cu and Ag painting on virus removal

5.3.3.1 Tracer test and samples collection
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Figure 5-2 Conservative salt (NaCl) tracer test breakthrough curves

Even though the calculated PVs provide over estimation of active pores, reaching
full salt intrusion required a minimum of 6 PVs (Fig. 5-2). This is not unusual
considering the diversity in size and structure of CPFs pores which results in
heterogeneous flow speed through the pores®>!®, Hence, before collecting filtered
samples for microbial analyses from CFDs, enough water was discarded to ensure
that the pores are filled with test water. To that end, a minimum of 7 PV was
considered as the first flush and discarded. Based on PVs and flow rates shown in
Table 5-1, discarding 1.5 hours of filtrate would provide >7 PVs. Following the first
flush, collected samples were enumerated for MS2 or PhiX 174 to evaluate their
concentrations and removals.

5.3.3.2  Virus removal by filtration

To evaluate the contribution of metal paint on enhancing the virus removal in CFDs,
after discarding the first flush, filtered water was enumerated for MS2 and PhiX
174. Samples obtained directly from the filters in the first 10 minutes were analyzed
for virus removal by direct filtration. The remaining water collected was stored
away from the filter in the dark at 25 °C, sampled periodically and analyzed for virus
concentration and inactivation.
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Table 5-2 LRVs of MS2 and PhiX 174 due to filtration through blank and Cu coated CFDs, F1 0.17 mg
Cu/L and F2 0.36 mg Cu/L. The concentration of Cu mentioned refers to the Cu values in the analysed
liquid samples

MS2 PhiX 174
LRV F1 F2 F1 F2
Blank LRV 0.08 0.1 0.03 0.02
Cu LRV 0.1 0.2 0.3 0.7

Negligible removal of MS2 and PhiX 174 was observed in blank filters (Table 5-2),
similar to most reports of other studies ®°>°%%° Presence of Cu in CFDs hardly
improved LRVs of MS2. Although an improvement in LRVs of PhiX 174 was
observed, it remained < 1 log. Friedman (2018)”® also reported no improvement on
MS2 removal by Cu amended CFDs. Lucier et al. (2017) also reported similarity in
MS2 LRVs by blank and Cu amended CPFs. However, the values reported by Lucier
were considerably higher (3 LRVs) than values observed in this study and
Friedman'’s.

Table 5-3 LRVs of MS2 and PhiX 174 due to filtration through blank and Ag coated CFDs, F3 1 mg Ag/L
and F4 1.3 mg Ag/L. The concentration of Ag mentioned refers to the Ag values in the analysed liquid
samples

MS2 PhiX 174
LRV F3 F4 F3 F4
Blank LRV 0.1 0.1 0.1 0.1
Ag LRV 0.8 0.9 1 1

In case of Ag painted CFDs, improvement of 0.9+ 0.1 LRVs of MS2 and PhiX 174 was
observed compared to blank CFDs (Table 5-3). This improvement might be due to
enhanced adsorption of viruses to CFDs, inactivation or a combination of both
processes. Presence of positively charged Ag* ions can increase virus adsorption
capacity to electrostatically attract negatively charged viruses. But because Cu was
also positively charged, rapid inactivation of Ag is more likely. Soliman et al.
(2020)%° reported average inactivation of MS2 and PhiX 174 of 1 LRV following 0.5-
hour of interaction with 0.5 mg/L of Ag. Considering the higher concentration of Ag
measured in F3 and F4 effluents, it is possible that rapid inactivation occurred
during the 10- 15 minutes of interaction. Although other studies reported no
improvement in MS2 LRVs from Ag amended CPFs®*!, the removal observed in this
study can be due to the relatively high concentration of Ag.
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5.3.3.3 Virus inactivation in the stored filtrate by leached ions

Over the 5.5 hours of storage, no inactivation was observed in the filtrate of blank
CFDs. In the filtrate of the metal-coated CFDs inactivation of MS2 and PhiX 174 was
observed and followed first order Chick Watson kinetics. For the filtrate of Cu-
coated CFD, a dose response was observed for both phages. In the presence of 0.17
mg Cu/L, slightly faster inactivation of MS2 (Kops= 0.32 h, 0.8 logs over 5.5 h)
occurred than for PhiX 174 (Kops= 0.27 h, 0.6 logs over 5.5 h) (Fig. 5-3). Faster
inactivation was observed in the receptacles containing 0.36 mg Cu/L of MS2 (Kops=
0.46 h, 1.1 logs over 5.5 h) and PhiX 174 (Kops= 0.53 h?, 1.3 logs over 5.5 h).
Although improved, neither reached the required removal of 3 logs by the WHO to
qualify as a protective household water treatment. Other studies have also
reported sensitivity of virus inactivation rate to Cu dosage %7163,
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Figure 5-3. Logio inactivation of (a) MS2 and (b) PhiX 174 in stored filtrate of blank and Cu painted
CFDs (pH= 7, T=25°C and dark conditions). Values indicated next to the filter name (F,) refer to Cu
concentration measured from the stored water.

The measured TOC in the filtrate was approximately 2 mg C/L (supplementary Table
5-4), hence in the same range as the low natural organic matter (NOM) experiments
in the previous chapter. In the previous chapter, MS2 was significantly more
sensitive to Cu (1 mg/L) than PhiX 174. Here, PhiX 174 showed similar sensitivity to
Cu as MS2. The comparison between Kops in this chapter and in chapter 4, showed
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that Kops of PhiX 174 is relatively higher than expected (supplementary Table 5-5).
However, for MS2, lower Kqps corresponded to lower Cu concentration.

The available data does not provide a direct explanation for higher inactivation of
PhiX 174 observed here. One difference from the water matrix used in Chapter 4,
is the high concentrations of silica leached from CFDs in the filtrate (supplementary
Table 5-4) which can affect the chemical speciation of Cu??8. However, this remains
speculative and cannot be confirmed through available measurements.
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Figure 5-4 Logy inactivation of (a) MS2 and (b) PhiX 174 in stored filtrate of blank and Ag painted
CFDs (pH= 7, T= 25°C and dark conditions). Values indicated next to the filter name (F,) refer to Cu
concentration measured from the stored water. Limit of detection (LOD) was 1 pfu/ml.

For the filtrate of the Ag-coated CFDs, Kobs Was calculated based on only a few data
points (1-2), hence they should be considered only as indicative and not definitive.
As depicted in (Fig. 5-4), faster Ag inactivation was observed for PhiX 174 than MS2.
For F4 (1.3 mg Ag/L), after 2.5 hours, MS2 was inactivated by 3 logs (Kobs = 1.75 h
1). However, PhiX 174 reduction exceeded 3.8 Logs (Kobs = 2.55 h?) after 0.5-hour
storage time of F4 filtrate.

The comparison between log inactivation in the stored receptacles (with Ag) and
LRVs by direct filtration highlighted the value of contact time between metals and
viruses. Although Ag concentrations are higher than applicable safe drinking water
conditions, the results shed the light on the role storage time plays in enhancing
inactivation kinetics of MS2 and PhiX 174 by leached ions. Moreover, it should be
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considered that initial adsorption values of viruses (LRVs by direct filtration) are
expected to decline with time due to saturation. Hence, aiming for inactivation in
the receptacles has more long-term impact than removal by attachment to the
filter.

Overall, development of a post treatment method to steadily leach Cu or Agionsin
CPFs receptacles would further utilize metals applied to increase virus inactivation.
Future research is needed to develop and examine the sustainability of Cu and Ag
application in CPF’s receptacles. Moreover, future studies should investigate the
inactivation kinetics of RNA and DNA viruses using more representative water
matrices.

5.4 Conclusions

e The extensive disinfection of MS2 and PhiX 174 attributed to leached ions
and extended retention time in the filtered water receptacle suggests a
great potential for improving safe storage of filtered water by Cu and Ag
ions.

e Cu application in CFDs had minor contribution to enhancing virus removal
by direct filtration compared to inactivation of viruses in the stored filtered
water containing leached Cu ions.

e The high Cu and Ag concentrations measured in filtered water, especially
within the first 5 PVs shows the poor retention of metals in CFDs using
painting as the application method.

e Applying metals, especially Cu, by painting is costly and unsustainable
because it leaches out rapidly once the filter is used.

e Although Ag enhanced LRVs by direct filtration, the high concentration of
Ag in the filtrate calls for further examination with concentrations in
compliance with the WHO drinking water guidelines.
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5.5 SUPPLEMENTARY

Table 5-4 Full ions measurement in the stored filtrate of CFDs

mg/ L Cu Ag K Na Cl PO4 SO4 | Si K Ca TOC*
F1 0.17 | - 0.40 | 423 | 0.33 | 83.88 | 0.16 | 40.33 | 0.40 | 0.1 2.1
F2 036 | - 0.34 | 356 | 0.36 | 80.59 | 1.35 | 70.77 | 0.34 | - 2.4
F3 - 1 036 | 476 | 04 86.6 0.11 | 39.3 0.36 | 0.66 | 2.3
F4 - 1.3 0.46 | 476 | 0.3 89 0.07 | 44.7 049 | 118 | 2.1

* TOC was measured in the filtrate prior to the challenge test with bacteriophages.
Unfortunately, measurements of TOC of the stored filtrate are unavailable.
However, we assumed it to be the same leached organics as during the challenge
test.

Table 5-5 Inactivation rate constant (Kops, h™?) of MS2 and PhiX 174 by different Cu concentrations in
water with 2 mg C/L.

Cu (mg/L) 0.17 (036 |1
MS2; Kops (h) 0.320.46 |23
PhiX 174; Kops (h?) | 0.27 | 0.53 | 0.29
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6 GENERAL DISCUSSION,
CONCLUSIONS AND FUTURE
RESEARCH
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The development of HHWT had greatly contributed to reducing the global burden
of waterborne disease?* L. CPFs were reported to be one of the most sustainable,
promising, and protective HHWT technologies. There are multiple aspects that
made CPFs popular and widely used. Their low cost, simple operation requirements
(filling with water), simple maintenance (scrub with hand brush), accessible supply
chain due to local production and long-term usage (unless broken, it can be used
for years). Although the recommended lifespan of CPFs is around 2 years, filters can
be in use for as long as 7 years, based on our experience in the field (Fig. 6-1).

Figure 6-1 Left: CPF aged 7 years in use in a restaurant in Saint louis, middle and right are CPFs in
use in consumer houses in Nicaragua (2018)

Despite the advantages of CPFs, failure to remove viruses remains a major
drawback. Therefore, enhancing virus removal in CPFs was the focus of this thesis
work.

6.1 Biofilms

Through simulating user conditions by continuously using the filter, it was found
that over time biofilms grow inside the filter. The growth of biofilms in CFDs
enhanced virus removal, as observed for MS2 bacteriophages. Nutrient levels in
water- high (HN), medium (MN) or low (LN)- had direct impact on the amount of
biofilm and more biofilm resulted in higher LRV of MS2. After 5 operational weeks,
MS2 LRVs in CFDs ranged between: 0.9 £ 0.2 for LN, 1.6 £ 0.2 LRV for MN and 2.4
0.5 LRV for HN biofilms. Although biofilms contributed to improvement in MS2
LRVs, it came at a cost of reduced flow rate. Cleaning the filters restored flow rate
to some extent, but led to a loss in MS2 LRVs due to the removal of the grown
biofilm.
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Only CFDs with HN grown biofilm achieved MS2 LRVs that qualify as WHO
protective (2 2 LRV). However, HN CFDs had extremely low flow rates, making the
filters unusable for consumers. In contrast, filters receiving LN or MN water would
be usable in terms of flow rate, but won’t provide enough protection from
waterborne viruses even after biofilm growth.

Hence, consumers delaying filter cleaning will benefit from increased virus
protection, but not significant enough for biofilm-grown systems to qualify as WHO
protective under applied conditions. Furthermore, filters must be cleaned
eventually, resulting in a loss of LRV. Hence, biofilm growth in CPFs cannot be
advised as the (sole) method to enhance virus removal in CPFs due to its temporary
protection and variable extent of growth depending on water quality, and low LRVs.

6.2 CuandAg

Experiments showed that the combination of Cu and Ag is very efficient for the
inactivation of both RNA and DNA viruses, as shown for MS2 and PhiX 174. The
highlight of the metal-ion examinations was the observed synergy of the Cu and Ag
combination, and the interaction with NOM. Synergy of Cu and Ag was observed
for PhiX 174 when water contained low (2 mg C/L) or high NOM (20 mg C/L). For
MS2, when water contained low or no NOM, the synergy was mainly attributable
to NOM in water and secondarily to water pH. For MS2, in water without NOM,
synergy was observed only at pH 27. In water without NOM, no synergy of Cu and
Ag was observed for PhiX 174, regardless of the pH.

Depending on the water source, NOM content would vary. Ground water typically
has low NOM (<3 mg C/L)?*2%, Fresh surface water can have NOM between 0.1 to
20 mg C/L or more, depending on its level of contamination>?2%23%  Hence
presence of low or high NOM can be anticipated in source waters of ceramic filters,
and it is unlikely that filtration through the ceramic filters would completely remove
the NOMZ%232, Hence, the filtrates of ceramic filters (or similar HHWT filtration
processes) are expected to contain low levels of NOM. In the low NOM water, the
combination of Cu and Ag reached the highly protective WHO requirements (= 4
logs) over 3 hours for both MS2 and PhiX 174. In the high NOM water matrix, PhiX
174 reached the WHO highly protective (> 4 logs) and MS2 the WHO protective (>
2 logs) inactivation over 3 hours. Hence, usage of Cu (1 mg/L) and Ag (0.1 mg/L) in
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combination would be advised, along with low NOM water to benefit from the
added synergy of Cu and Ag in combination to inactivate both DNA and RNA viruses.

Although application of Agin CPFs improved virus removal by direct filtration, LRVs
observed were < 1 log. Ag was only a potent disinfectant as free ionic Ag* at water
pH = 7. Ag" binding to NOM resulted in slower inactivation of MS2 and PhiX 174.
Hence, presence of NOM or other ions in water, such as Cl or S, which binds Ag*

90-93,215-217 Moreover, the observed

would further reduce its antiviral efficiency
virus inactivation kinetics by Ag (0.1 mg/L) were relatively slow, unless higher
concentrations of Ag were used. But, exceeding an Ag concentration of 0.1 mg/L of
is not advised by WHO due to the associated health hazards such as Argyria disease
13233 Qverall, it can be concluded that relying on Ag alone to provide protection
from waterborne viruses would not lead to sufficient protection at concentration

levels below 0.1 mg Ag/L.

Cu ions were found to bind to NOM in water as well. However, this binding led to
production of ROS which accelerated the inactivation of MS2 and PhiX 174. In fact,
inactivation of MS2 by Cu in water with 20 mg C/L NOM was the highest LRV (higher
than Cu and Ag as well). However, Cu alone provided slower inactivation than Cu
and Ag combination for MS2 in low NOM water and water without NOM. Cu alone
was also inert towards PhiX 174, in water without NOM, and provided slower
inactivation than Cu and Ag combination in water with low or high NOM. Hence, in
all studied scenarios except one, the synergy of Cu and Ag led to a faster
inactivation of MS2 and PhiX 174 than Cu alone. Moreover, the addition of Cu to
CPFs had negligible impact on LRVs of MS2 and PhiX 174 by direct filtration.

Nonetheless, application of Cu in CPFs by painting resulted in rapid leaching of Cu
into the filtered water. As a result, initial filtrate contained very high concentrations
of Cu which diminished rapidly after filtering a few liters of water. Jackson et al.
(2019)%* applied Cu to CPFs by mixing Cu(NOs), with clay prior to the pots firing.
This resulted in consistent release of Cu ions in the filtrate but with lower
concentrations (10 pg Cu/L) than desired (1 mg Cu/L). Similarly, Jackson et al.
(2019)%* reported that mixing AgNOs with clay prior to firing resulted in more
sustainable and slow release of Ag compared to painting with Ag solution. However,
this method of application resulted into the formation of Cu or Ag nanoparticles®*
which might leach in the filtrate. Hence, the optimal method of Cu and Ag
application in CPFs needs further investigation.
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Overall, application of Cu and Ag in combination is recommended to provide
protection from waterborne viruses. Application method of Cu and Ag to the filters
should allow for long contact time (> 3 hours) to ensure effective inactivation of
waterborne DNA and RNA viruses. The application of Cu and Ag can also be
expanded to other systems which allows for long contact time such as rain water
harvesting tanks or safe water storage units.

Finally, since the presence of NOM in water is to be expected, biofilm growth in
CPFs is inevitable. Biofilm growth can provide some additional protection against
waterborne viruses. However, it shouldn’t be prioritized over the usability of the
filter (i.e., allowing for acceptable flow rate).

6.3 Future research

The work presented in this thesis has highlighted the role Cu and Ag ions could play
in providing consumers with protection from waterborne DNA and RNA viruses.
Leaching of Cu and/or Ag from CPFs should be investigated in long term studies
allowing to pass the initial stage of rapid metal leaching to reach a low but stable
metal concentration in water. Then, determine how much it might add to virus
inactivation in filtered water that is stored over time. Leaching of Cu and Ag from
CPFs should be investigated for consistency of metal ions release and it's associated
virus removal/ inactivation.

Alternatively, the development of a simple approach to incorporate Cu and Ag in
the receptacles of CPFs could allow for new methods of metal application as a post-
treatment option independently. For example, through electrochemical dosing
where the dosing can be controlled through phone as demonstrated by Zhou et al.
(2020)%. This can allow for Cu and Ag application in other HHWT filters or systems.
It is important to provide an inexpensive and simple application system with
sustainable slow release for long term applications.

Moreover, building on the findings presented here, future research should
investigate the impact of ionic strength, composition of organics, and other ions
(such as Cl or S) on virus inactivation kinetics by Cu and Ag. Presence of Cl ions can
reduce the antiviral efficiency of Ag due to the loss in free Ag* ions and formation
of AgCl; solids. In case of Cu, presence of Cl ions has been shown by Xing et al.
(2020)%° to change ionic strength of water and thereby impact Cu binding to
organics and production of ROS. Hence, it is important to examine the antiviral
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efficiency of Cu and Ag in presence of other ions. This would increase the current
understanding of factors impacting Cu and Ag antiviral efficiency and help expand
their application to community scale or more centralized systems for water
treatment.

Finally, it is important to evaluate possible health risks associated with biofilm
growth in CPFs. Biofilms can provide protection and breeding ground for harmful
pathogenic organisms®" 1?4125 |n our study, we observed biofilm growth on the
inner side of CFDs (in contact with untreated water) and not on the outer side of
the filter (in contact with treated water). Hence it is possible that CPFs would
provide microbially clean water with improved virus LRVs in the presence of
biofilms. Yet, it is important to have dedicated field studies for risk assessment of
biofilm growth in CPFs. This observation is not only limited to CPFs but extends to
other HHWT technologies, especially other single stage treatment units.
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