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ABSTRACT

Diarrheal illnesses claim the lives
of hundreds of thousands of chil-
dren each year, most of whom
live in rural and low-income com-
munities. Ceramic Water Filters
(CWF) are widely regarded as one
water treatment technology with
the potential to increase access
to safe drinking water. While

physical filtration mechanisms are #‘ B '
2 key contributor to Improving Filtration Silver Elution V" Silver Disinfection

the water safety, silver is com-

monly added to improve disinfection performance. Therefore, a thorough review of sil-
ver disinfection efficacy and disinfection mechanisms in relation to CWFs are critically
important. This paper reviews filter mechanisms and efficacy for bacteria removal for
cases with and without silver addition. Method of silver application (dipping, painting,
or co-firing) is assessed. Silver release and retention is discussed. The findings from this
paper illustrate that eluted silver contributes to filter bacterial disinfection. However,
more research is needed on the impact of silver on preventing a “slime layer” on the
filter surface and receptacle. Silver application method, water quality and particle char-
acteristics were demonstrated to impact release. For instance, co-firing results in the
most consistent elution over time but at lower concentrations than other methods.
Finally, research into alternative metals to silver for enhanced disinfection present
emerging opportunities within the CWF field.

KEYWORDS Ceramic water filters; disinfection; silver

1. Introduction

Access to safe water is not a universal challenge, but is concentrated among
the world’s poorest and most vulnerable who are often disadvantaged by
compounding economic, social, geographic, ethnic and gender-based mar-
ginalization (UNESCO, 2015). Low-income communities are thus
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disproportionately burdened by water-related illness and child mortality
rates. Furthermore, water-related illnesses can lead to a feedback loop
where regular and/or chronic diarrhea can cause malnutrition and child
stunting, which causes more diarrhea and hampers the child’s long term
development, subsequently impairing socioeconomic development within
that community (Brown, 2003; Heltberg, 2009). Therefore, as diarrhea is
typically caused by a viral, parasitic or bacterial infection in the intestinal
tract, which is spread through contact with food or water that has been
contaminated by fecal matter (World Health Organization, 2017), increas-
ing access to safe water is integral to mitigating this pervasive challenge
(World Health Organization; UNICEF, 2014).

Methods of addressing such needs require alternative approaches than
are typical in Western Nations though. Specifically, centralized treatment
and distribution infrastructure have practical and economic challenges asso-
ciated with short-term capital investment and long-term maintenance costs,
as well as geographic limitations in the rural environment where safe water
access is most limited. Therefore, implementation and use of decentralized,
point-of-use water treatment solutions (POUWTS) to increase access to
improved drinking water is in many cases, a more practical treatment
option (Sobsey et al., 2008; World Health Organization; UNICEF, 2014).

Many POUWTS, such as biosand filters, chemical disinfectants, natural
and chemical coagulants, solar disinfection technologies (SoDIS), and
others exist (see Murphy et al., 2009; Pagsuyoin et al., 2015; Santos et al.,
2016), however this article is focused on ceramic water filters (CWF).
Importantly, the objective of the work presented herein is not to proclaim
the value of this technology over the others, as each possesses benefits and
drawbacks which make them appropriate for different contexts. Rather, the
intention is to review the literature for the CWF, for which there were
approximately 700,000 CWFs estimated to be in use in 2014, serving 4 mil-
lion people (van der Laan et al., 2014). This review is therefore intended to
facilitate and improve upon CWF applications to ensure its long-term
robustness and sustainable use.

Ceramic Water Filters, which utilize a filtration mechanism to treat the
water that passes through them, are a widely recommended POUWTS for
implementation in Low- and Low-Middle Income contexts (World Health
Organization; UNICEF, 2017). CWFs are easily manufacturable in the coun-
tries of intended use, as they are comprised primarily of a mixture of clay,
firing material (FM; most commonly sawdust, rice husks or flour), water and
often, a silver additive. The silver additive is the only component which may
need to be imported. The wet mixture is typically pressed into a mold to
form a pot shape, and after air drying, is heated to a high temperature in a
kiln. During the heating process, the firing material burns away and leaves a
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porous network through which water may pass and subsequently be treated
by size exclusion (Rayner, 2009; van Halem et al., 2009).

The Ceramics Manufacturing Working Group (CMWG), a long-stand-
ing supporter of, and respected authority on CWFs, highlights silver as a
key feature of the technology for the purpose of improving microbial dis-
infection performance and inhibiting bacterial growth along the interior
filter barrier (Ceramics Manufacturing Working Group, 2010). Due, in
part, to silver’s high cost of approximately $3 USD per gram (Argenol
Laboratories, 2017), CWFs have been notably more expensive than the
financial means of its target market (Burt et al, 2017; Francis, 2015;
Luoto et al., 2012), indicating a thorough understanding of its disinfection
contribution within a CWF context, as well as its mode of action, is
imperative for the field.

This review paper focuses on the impact of silver as an additive to CWFs
to highlight areas of interest for CWF manufacturers and researchers. The
paper examines filter material ratio and particle size and discusses firing
temperatures. In all areas, the paper attempts to highlight where further
research is also needed. In particular, the paper addresses the state of
understanding regarding microbial removal resulting from silver introduc-
tion into contaminated water, silver elution from a CWF into a filtrate
receptacle during use, and how water quality influences both of those proc-
esses. A final section notes alternative emerging metal technologies with
potential to progress the field.

2. Methods

Searches on SCOPUS and Web of Science were conducted independently
for the three core themes reviewed in this article: Ceramic Water Filters,
Silver Disinfection and Non-Silver Disinfection. For Ceramic Water Filters,
the search string was (“Ceramic Filt*” OR “Ceramic Water Filt*” OR
“CWEF”). For Silver Disinfection, the search string was (Silver AND (dis-
infect* OR Bacteri*) AND Nanoparticle AND Water). For Non-Silver
Disinfection, the string was (“Nanoparticle” AND (Disinfect® OR Bacteri*)
AND Water). The results procured a total 1227, 3187 and 8068 documents,
respectively, from the two databases combined; upon review the list was
narrowed to the 134 references in this paper. These searches were originally
conducted in Spring 2019, meaning articles published after this time were
excluded. Some later papers were, however, included later in the writing
process when authors felt appropriate. Moreover, titles were then reviewed
for relevance, as per the exclusion criteria for each category shown in
Table 1. Any paper written in a language other than English was excluded
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Table 1. Exclusion criteria for review.

Ceramic Water Filters Silver Disinfection Non-Silver Disinfection
(1) Community User-based Field Studies (1) Non-drinking-water- (1) Non-drinking-water-treatment
(2) Studies that do not evaluate bacteria treatment applications applications
removal as part of the study (2) Non-nanoparticle silver (2) Non-nanoparticles
(3) Photocatalytic research  (3) Photocatalytic research
(4) Studies that do not (4) Studies that do not evaluate
evaluate bacteria removal bacteria removal as part of the study
as part of the study (5) Silver-related nanoparticle research

from all categories, and duplicate papers were ignored during this
review process.

3. Microbial removal mechanisms

As the primary aim of a POUWTS is to reduce the prevalence and impacts
of diarrheal illnesses, the microbial removal efficiency of a CWF is of
utmost importance. The removal of pathogenic microorganisms is mostly
facilitated through filtration, which can be defined as “any process for the
removal of solid particles from a suspension by passage of the suspension
through a porous medium” (Crittenden, 2012a). Furthermore, it is well
established that size-exclusion plays a fundamental role in CWF effective-
ness (Bielefeldt et al., 2009; Clark & Elmore, 2011; Panasewicz, 2011).
CMWG and other CWF manufacturing authorities also suggest silver sig-
nificantly improves filter microbe removal efficacy (Innovation for
Development and South-South Cooperation, n.d.; Murray et al, 2011;
Ceramics Manufacturing Working Group, 2010; van Halem et al., 2009).
However, as will be demonstrated, the literature supporting the efficacy of
the silver addition in both field and laboratory studies is quite variable and
indicates that the understanding of how the silver acts with regards to dis-
infection requires more attention (Bielefeldt et al., 2009; Brown, 2007;
Kowalski, 2008; Lucier et al., 2017). For instance, van der Laan et al. (2014)
conducted a study to examine bacterial and virus removal from filters
painted with colloidal silver, as well as ones without any added metals. The
study results found that there was no statistically significant difference
between filters with and without silver, as they yielded LRVs between 0.6
and 2.5 for filters with no silver and between 0.5 and 3.1 for filters with sil-
ver, when evaluating E. coli. The study also found LRVs between 0.2 and 1
for filters without silver and between 0 and 1.4 for filters with silver, when
evaluating MS2 Bacteriophages (van der Laan et al, 2014). The removals
were thus associated with the physical removal mechanisms of the CWF
itself versus any disinfection action from the silver. An earlier study by
Lantagne et al. (2010) also found that when silver was painted on the CWF
surface, coliform removals were similar to filters with no silver addition
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(Lantagne et al., 2010). Finally, Rayner et al. (2013) even found both sig-
nificant and negligible changes to CWF microbe removal between disk fil-
ters with no silver, with 0.003 mg/g of silver, and 0.3 mg/g, depending on
the clay and firing materials (Rayner et al., 2013). A comprehensive discus-
sion of CWF microbe removal mechanisms may therefore assist in under-
standing why such discrepancies in data are being observed (see Section
3.2). This section reviews literature on CWF microbial removal behavior
when absent of silver, followed by silver disinfection mechanisms and water
quality impacts when acting independently in an aqueous environment.

3.1. Physical microbe removal

Size exclusion is the dominant mechanism for bacterial removal in a CWF,
meaning filter performance is closely tied with pore size and porosity
(Rayner et al., 2017). Therefore, differences in the material parameters that
lead to filter pore size and porosity also greatly impact filter performance.
This section breaks down the bacterial removal in CWF relying on physical
removal alone by examining the most commonly discussed CWF character-
istics that impact microbe removal: material ratios, firing material particle
size, filter thickness and final firing temperature.

From Tables 2 and 3, one may see that pots without silver addition have
LRVs ranging from 0.4 to 8.17 (n=25), pots with silver have LRVs ranging
from 0.5 to 6.7 (n=12), disks without silver have LRVs ranging from 0.3
to 5.9 (n=36) and disks with silver have LRVs ranging from 2.2 to 6.3
(n=4). Thus, from a broad overview perspective it appears as though there
is no significant difference between filters with and without silver. Disk fil-
ters also appear to act as representative samples for lab-scale experimenta-
tion. And finally, it appears that the variety of input material parameters
used across the literature may create the observed ranges in filter perform-
ance; this concept is examined further in Sections 3.1.1 to 3.1.4.

3.1.1. Filtration theory

CWFs operate through a combination of media layer surface removal
(dominant) and depth filtration (secondary). Specifically, the majority of
contaminants/microbes within the influent water are removed along the fil-
ter surface, as the majority are larger than the pore matrix throughout the
ceramic filter body. However, removal also occurs through a combination
of straining within the randomly oriented pathways throughout the filter
matrix, and by getting caught within small “dead-end” pores. Thus, con-
taminants, are either blocked entry into the CWF body, or if able to enter,
adhere to the ceramic pore walls or get trapped within pores that do not
connect to the outer filter surface.
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As contaminants are removed at the filter surface or trapped within the
filter body, the water flowrate through the filter declines over time, while
the contaminant removal increases. How much change is observed thus
acts as a proxy for measuring how much of the contaminant load has
been removed. Van Halem et al. (2017) demonstrated that in high flow-
rate filters without silver (approx. 12-20 L/h initially), in both falling head
filtration and continuous loading experiments, initial E. coli LRV values
increased over filtration time as the filter became clogged with contami-
nants; specifically at initial water collection volumes of 60-85L E. coli
LRV was <1, while at filter volumes of 240-320 L for the falling head fil-
tration experiments and >1700 L for the continuous loading experiments,
the E. coli LRV improved to approximately 2 in all cases. It was further
noted that flowrates dropped upwards of 78% over the duration of filtered
water collection, even with the inner surface of the filter having been
scrubbed 5 times intermittently (van Halem et al., 2017). These results
together illustrate that the vast majority of contaminants are either cap-
tured on the filter surface or trapped within the filter matrix itself and
accumulate over time. The functioning of a CWF may thereby be defined
by the physical properties and component parts that dictate water’s ability
to pass through the filter matrix.

Filter size influences flowrate and antibacterial performance by governing
hydraulic head, and thus the pressure exerted by the water on the filters.
Flow conditions through the pores, as well as the resulting shear force
between the water and the pores, are therefore functions of the filter height,
and by extension, size (Annan et al., 2014; Schweitzer et al.,, 2013), among
other parameters. CWF shape, however, has shown no significant impact
on filter performance, as observed when comparing rounded- and frustum-
bottomed filters, the most commonly utilized designs (Schweitzer et al.,
2013). Clay minerology influences CWF performance by both dictating the
proclivity of bacteria to attach to pore walls (Asadishad et al, 2013;
Unuabonah et al., 2018), and by governing the amount of shrinkage experi-
enced during the firing process (Oyanedel-Craver & Smith, 2008). Further
discussion of these parameters is, however, excluded from this article, as
the impacts of optimizing it are believed to be superseded by the import-
ance of using local materials/resources to the sustainability of the product
(Ceramics Manufacturing Working Group, 2010).

Other manufacturing parameters are, however, easier to manipulate, and
have been shown to closely relate with pore size and porosity (Rayner
et al.,, 2017; Yakub et al., 2013). Specifically, the most commonly discussed
CWF characteristics that impact microbe removal are material ratios, firing
material particle size, filter thickness and final firing temperature, which
are further discussed in this section.
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3.1.2. Impact of material ratios

CWFs (without silver) are fabricated by first creating a homogeneous clay-
FM mixture, where the clay is the ingredient which allows for the filter to
be molded and subsequently maintain its shape after firing, and the FM
burns away during the firing process to create a porous network through-
out the clay matrix. Therefore, the ratio of these ingredients theoretically
influences both bacterial removal and flowrate, as with more firing material
added to the mixture, the more space is available for water, and conse-
quently, bacteria to pass. A reduction in removal and an increase in filtra-
tion rate are thus anticipated. However, as may be observed in Tables 2
and 3, there is significant variability in the data within the literature, raising
uncertainty in such theory.

Yakub et al. (2013) tested filter pots with the same sawdust particle size
and material ratios of 35% and 50% (by volume). The study found that
permeability increased, and tortuosity decreased as the percentage of saw-
dust content was increased, which corresponded to average Log Removal
Values (LRV) of 6.36 +0.54 and 5.67 £2.50 for filters with 35% and 50%
sawdust, respectively (Yakub et al., 2013). The high level of variance for the
filter with 50% sawdust, however, indicates that filters with this material
ratio were more heterogeneous, making the data difficult to compare.

Rayner et al (2017) conducted a comprehensive study on the impacts of
tiring material ratios, and their data was also inconclusive as to its
impacts on bacteria removal. For example, disks with a sawdust particle
size range of 0.250 mm - 0.595 mm and material ratios of 13.7%, 17% and
24% sawdust (by weight) yielded average LRV of 2.06 +1.33, 4.00 £ 0.285
and 2.78+0.156 which shows no trend (Rayner et al., 2017). Similarly
variable results are found when the researchers tested filters with material
ratios (by weight) of 18%, 19% and 25% milled rice husks of the same
size range, vyielding average LRVs of 1.93+0.110, 1.26+0.166 and
1.26 £0.097 (Rayner et al., 2017). These findings illustrate that material
ratios, regardless of the FM, are not controlling this filter performance
metric. It is also noteworthy that variability decreased in the study con-
ducted by Rayner et al (2017), which sits contrary to the findings by
Yakub et al. (2013). This point suggests compounding factors contribute
to CWF bacteria removal by size exclusion.

In a third study, Soppe et al. (2015) reported no significant differences in
LRV between filters with 24% and 31% rice husks (by weight), which
yielded mean LRVs of 2.1 and 2.2, respectively (Soppe et al, 2015).
Interestingly, however, these researchers found weather influenced their
results. For instance, the same filters made with 31% rice husks yielded an
interquartile range for LRV of 3.6-3.9 in the dry season and 1.3-2.9 in the
wet season, showing more variance and a lower average LRV during the
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wet season when compared with the dry. Thus, humidity or moisture con-
tent may need to be factored into the CWF production process.

Furthermore, the data presented herein suggests material ratios do not
contribute to average LRV, and thus should not be considered a key par-
ameter for this performance measure. Having said that, the same studies
presented all demonstrate that there is indeed a linear relationship between
material ratios and flowrate (Rayner et al., 2017; Soppe et al., 2015), how-
ever analysis of this data lies beyond the scope of this review. These find-
ings suggest that CWF flowrate may be increased without compromising
microbe removal, though more research is necessary.

3.1.3. Impact of firing material particle size

From Tables 2 and 3, only 5 of 21 studies investigated FM particle size,
even though it is considered a key design parameter by leading organiza-
tions in the field (Rayner, 2009). As such, more research is certainly neces-
sary in this domain to improve the field’s understanding of this input
parameter’s impact.

Soppe et al. (2015) found a significant decrease in LRV with increasing
particle size, with a median of 2.8 +0.7 (with an average flow rate of 3 L/h)
for filters with <Imm FM size and 0.7 +0.2 (with an average flowrate of
10.1L/h) for filters with 0.5-lmm FM size (Soppe et al., 2015). A less con-
trolled particle range thus led to a higher LRV because smaller particles
were included within the mixture, but it yielded larger variance.
Conversely, the controlled, larger particle sizes had a smaller LRV with less
variance, and a larger flowrate. Such results importantly indicate smaller
particles may improve bacteria removal, but also highlight the challenges
with reproducibility in the field.

Servi et al. (2013) also observed particle sizes of 388, 505 and 650 um
had very similar bacteria removal performances of 3.05+ 0.8, 2.04 £ 0.5, and
2.77 £0.8, respectively, while a steep drop-off in LRV was observed after
average size was increased to 780 um and 925um, with average LRVs of
0.59+0.2 and 0.83+0.1, respectively (Servi et al., 2013). Rayner et al.
(2017), conversely, found that filters with 13.7% sawdust (by weight)
and sawdust particle size ranges of 0.250-0.595mm, 0.595-1.19 mm
and 1.19-2.38 mm yielded average LRVs of 2.06+1.33, 4.43+0.402 and
1.87£0.261, respectively, showing no discernable relationship between FM
size and LRV (Rayner et al, 2017). Research from Varkey and Dlamini
(2012) and Scannell (2016) also found no discernable trend in LRV with
changing FM size (see Tables 2 and 3, respectively) (Scannell, 2016; Varkey
& Dlamini, 2012), demonstrating the need for more detailed analyses into
its contribution to microbe removal by size exclusion.
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3.1.4. Filter thickness and firing temperature

Two other parameters that are considered to contribute to LRV are filter
thickness and kiln firing temperature. Although multiple studies were
found to discuss the importance of thickness as a design parameter
(Ceramics Manufacturing Working Group, 2010; Rayner et al., 2017;
Schweitzer et al., 2013; Yakub et al., 2013), only Servi et al. (2013) investi-
gated its impact on LRV. The researchers found that LRV increased linearly
from 0 to 0.6 as filter thickness increased from 3 to 20 mm with a particle
size range of 500-1000 pm, and 0 to 2.1 when made with a particle size
range of 400-500 um (Servi et al., 2013). The parameter interaction is logic-
ally consistent, as a thicker matrix provides more space for bacteria to be
trapped within the pores, and smaller pores reduce space available for
which the bacteria may pass, creating a compounding effect; a significant
interaction between FM size and material ratios may also be expected as
per the same reasoning, though such an investigation was not discovered in
the literature.

Similarly, though many studies report the maximum firing temperature
reached during filter fabrication (see Tables 2 and 3), Soppe et al. (2015) is
the only study to investigate an impact of firing temperature on LRV. In
their study, the researchers found the mean LRV of filters fired at 800, 885
and 950 °C were 2.3, 2.1 and 1.9, respectively, demonstrating a slight
decrease with increasing temperature (Soppe et al., 2015). In addition, the
mean pore diameters were reported to marginally increase from 27.8 pm to
289um to 30.6um with respective increases firing temperature (Soppe
et al., 2015). The interquartile LRV range (1.7-2.2, 1.5-2.6 and 1.1-2.8 with
respective increased firing temperature) demonstrated an increase in data
variability that also makes it difficult to confirm any significant difference
between filters. Further to that end, the clay is vitrified at the peak tem-
perature of the firing process, but sawdust burns away much earlier in the
tiring process; the final temperature reached is thus not the best measure
of firing’s influence on pore sizes, and consequently, LRV (Ceramics
Manufacturing Working Group, 2010). Research into the firing process
itself, and specifically the rate of temperature increase, is therefore needed
to fully elucidate this design parameter’s influence on filter performance.

3.2. Silver disinfection

To understand the impact of silver on bactericidal/bacteriostatic effective-
ness in a CWF system, one must first elucidate the mechanisms by which
silver inhibits bacterial growth, or further causes cell lysis. This section
reviews the disinfection mechanisms discussed in literature, followed by a
discussion of the impacts that various nanoparticle and water quality



CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 13

characteristics have on bactericidal efficacy. Results on silver’s disinfection
efficacy from literature are also presented.

Silver disinfection is theorized to occur through two possible mecha-
nisms, namely (1) Ag - Bacterial Interaction, and (2) Reactive Oxygen
Species (ROS) generation (Fauss et al., 2014; Le Ouay & Stellacci, 2015;
Lemire et al., 2013). Both mechanisms have demonstrated toxicity effects,
as well as DNA replication inhibition (Duran, 2016). However, the respect-
ive individual contributions or potential synergistic impacts are still under
investigation.

3.2.1. Ag - bacteria interaction

One of the most commonly sourced mechanisms for silver-induced bacteri-
cide is the interaction between silver and the bacterial species, seen both in
ionic (Ag") and nanoparticle (Ag-NP) forms. This interaction is hypothe-
sized to result from electrostatic interactions and/or ionic bonding with sul-
fur or phosphate containing groups on the cell wall and within the
membrane, resulting in bactericidal and bacteriostatic effects (Dror-Ehre
et al., 2009; Le Ouay & Stellacci, 2015). However, there is a lack of consen-
sus on their respective roles. Please note that bactericidal effects are defined
here as effects which entirely kill the bacteria cell, whereas bacteriostatic
effects are those which inhibit a cells ability to replicate DNA.

3.2.1.1. Silver and cell attachment. In terms of ionic silver, studies by
Yamanaka et al. (2005) and others suggested that a monovalent cation like
Ag" attaches to the negatively charged cell walls of the bacterium by elec-
trostatic attraction, which leads to cell death as per the mechanisms
explained in Section 3.2.1.2 (Dror-Ehre et al., 2009; Stoimenov et al., 2002;
Yamanaka et al,, 2005). Other researchers, however, have reported nega-
tively charged Ag-NPs attachment to the cell walls, suggesting electrostatic
attraction is not necessarily the governing mechanism (Morones et al.,
2005; Sondi & Salopek-Sondi, 2004; Yakub & Soboyejo, 2012). Rather,
attachment of this nature is generally attributed to the bonding between sil-
ver nanoparticles and the sulfuric thiol groups on the cell membrane,
which subsequently leads to toxicity effects or ROS generation and eventual
cell death (Matsumura et al,, 2003; Shuang et al.,, 2014). Therefore it may
be understood at the current juncture that electrostatic forces may play a
role in silver-bacteria attachment, however silver bonding with sulfuric
groups (primarily thiols (-SH)) on the cell wall is also central to initiating
cell degradation or death (Shuang et al., 2014).

3.2.1.2. Cell lysis. After bonding has occurred and Ag" and/or Ag-NP accu-
mulation develops along the cell wall, bacteriostatic and bactericidal
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processes ensue (Feng et al, 2000; Morones et al,, 2005). Bacteriostasis
results from a clustering of DNA in the center of the cell known as the
electron light region, which creates stress within the cell and inhibits its
replication (Feng et al.,, 2000). For E. coli, Ruparelia et al. (2008) found a
minimum of 40-180 pg/mL of Ag-NPs (strain dependent) was required to
inhibit growth of 99.9% of cells after 24h depending on size and morph-
ology (Ruparelia et al., 2008). Bactericidal processes occur upon greater
accumulation of Ag™ or Ag-NPs, which can both form pits in the cell wall,
allowing for silver to infiltrate the cytoplasm and exhibit toxicity effects by
bonding with DNA directly (Dror-Ehre et al., 2009), deactivating cellular
enzymes (Choi et al, 2008) and releasing cytoplasm from within the cell,
leading to degradation (El-Badawy, 2011). For complete bactericide to
occur in 99.9% of E. coli cells, Ruparelia et al. (2008) found a minimum
concentration of 60-220ug/mL of silver nanoparticles was required
depending on the E. coli strain (Ruparelia et al., 2008). Wu et al. (2018)
found the same definitions of bacteriostasis and bactericide as outlined by
Ruparelia et al. (2008) for E. coli required 10-60pg/L and 20-140 pg/L,
though the nanoparticles used by these researchers were of different size
and morphology than Ruparelia et al. (2008), possibly explaining the
observed differences (Wu et al., 2018).

3.2.1.3 Reactive Oxygen Species (ROS) generation. Although Ag-NP can con-
tribute directly to bactericidal impacts, they can also react with oxygen in
the water and release Reactive Oxygen species (ROS) as well as silver ions,
as shown in Reaction 1 (Duran, 2016; Fauss et al.,, 2014; Lemire et al,,
2013). Both silver ions and ROS also contribute to disinfection efficacy,
though the relative contribution of Ag-NP, Ag+ and ROS is still unclear.

AgNP + O, — Ag™ + *O; [Reaction 1]

In this case, ROS generation occurs before the nanoparticles interact
with the cell, and thus ROS-based bacterial toxicity of this variety is an
indirect result of silver presence. Other ROS, however, may be generated
via electrochemical interactions with silver (McEvoy & Zhang, 2014; Slavin
et al., 2017). For example, under photocatalytic conditions, the influx of
energy from the light displaces one or more electrons from the valence
band, which are subsequently pushed to the conductor band below (i.e.
closer to the molecule). Resulting from this change, a positive hole (h™) is
created in the valence band and a free electron (e’) in the conductor band,
which makes the molecule subject to interactions with the aquatic environ-
ment as per Reactions 2-6 (McEvoy & Zhang, 2014; Padmavathy &
Vijayaraghavan, 2008; Sirelkhatim et al., 2015):

AgNP+ hv — ht + e [Reaction 2]
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Interestingly, these reactions have been shown to occur under dark con-
ditions as well, however the instigation of the electron transfer and subse-
quent generation of ROS is still not well understood due to the fast rate at
which the reactions occur (Fauss et al., 2014). Having said that, both gram-
positive and gram-negative bacteria have been shown to export electrons
through their membrane when in contact with metals, suggesting the nano-
particles may be reduced by electrons on the bacterial surface, as per
Reaction 7 (Ehrlich, 2008):

AgNP + e (membrane) — ht + e~ [Reaction 7]

This particle-cell reaction is believed to occur because of silver bonding
with sulfuric thiol groups and phosphoric DNA, which act as electron
donors to initiate the reaction series of Reactions 3-6 (Choi et al., 2008;
Kashida, 2003; Matsumura et al., 2003). The kinetics with which silver and
thiols/DNA react to form ROS has not been entirely elucidated, however
Shuang et al. (2014) posit that ROS result as intermediates in the process
of ionic silver bonding with thiols, eventually becoming Ag,S (Shuang
et al., 2014). Silver-thiol bonding can lead to disinfection resulting from
both ROS (Shuang et al., 2014) and silver directly (Le Ouay & Stellacci,
2015), although it is still unclear which mechanism dominates (Fauss
et al., 2014).

Furthermore, it has been observed that the small size and unstable nature
of ROS allows them to penetrate the bacterial cell wall and enter the cyto-
plasm, accumulating inside and destroying DNA and stopping it from rep-
licating cells from within (Choi et al., 2008). Carlson et al. (2008) found
that Ag-NPs in concentrations of 10, 25 and 50pug/mL generated an
increase in ROS concentration, measured as fluorescence intensity fold
increase (unitless), from 4 to 7 to 15, respectively, after 24h of incubation,
which led to approximately 38, 65 and 80% reductions in cell viability,
respectively (Carlson et al., 2008). Park et al. (2009) even found that 40
and 60 min after AgNO; was added to water at 0.5mg/L, a total LRV of
1.4 and 2.2 was achieved, respectively, to which ROS contributed 78% and
77% of the removal relative to Ag", respectively. Further, at a concentra-
tion of 1 mg/L, ROS contributed to 61% and 42% of total LRVs of 2.3 and
3.3 after 40 and 60 min, respectively. These findings suggest that concentra-
tion impacts the mechanics of disinfection (Park et al., 2009).
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3.2.2. Impacts of water quality parameters

As is expected for any water treatment application, water quality parame-
ters play a fundamental role in the efficacy of a given system. With CWFs
in particular, researchers must be conscious of water quality to ensure the
results will translate from laboratory waters into the field. This section
therefore reviews the impact of pH, dissolved oxygen content (DO),
charged species, and organic matter on silver disinfection.

3.2.2.1. pH Effect. The pH of water has a variety of effects on Ag-NP bacteri-
cide and/or bacteriostasis. Specifically, Ag™ and ROS generation increase as
pH decreases (Fabrega et al., 2009; Fauss et al., 2014; He et al., 2012), which
leads to a subsequent improvement in the silver’s bacterial disinfection effi-
cacy. In terms of ion generation, Liu and Hurt (2010) demonstrated that ion
release results primarily from Reaction 8 (Liu & Hurt, 2010), which indicates
that with a lower pH (4-6), greater Ag' generation is observed than at more
neutral pH (7-9) values. Specifically, as may be observed in Table 4, Ag"
release increases from approximately 0.05-0.6 mg/L when pH decreases from
pH of 9 to 4 (Liu & Hurt, 2010). ROS was not measured within this study,
and thus its rate of generation under their study conditions is unknown.

Further, the impact of pH on Ag" release is hypothesized to improve
bactericide as per two mechanisms. First, as the Ag-NP becomes oxidized,
the oxide layer surrounding the nanoparticle becomes more soluble, thus
making Ag™ more available for disinfection. Second, nanoparticles are often
stabilized with negatively charged capping agents, which when undissolved,
aggregate Ag" ions. The resulting positively charged surface is consequently
more attracted toward bacteria, improving disinfection (Lok et al., 2007).

2AgNP +%Oz(aq) + 2H(+aq) — 2Ag(+aq) + H,O [Reaction 8]

At the current juncture, no studies have been found to date that detail
the mechanisms behind the increase in ROS generation in the lower end of
the environmental pH range (i.e. pH of 4-6). However, it is believed that
this improvement results from an increase in Ag-NP oxidation, similar to
the increase in Ag" generation (Fauss et al., 2014). Moreover, as water
chemistry, and particularly pH, inevitably differs across geographies and
with changes in climate, it is important for CWF researchers and practi-
tioners to understand how and why such changes may influence filter
performance.

3.2.2.2. Dissolved oxygen content. Dissolved Oxygen (DO) has been proven to
be a critical parameter in the disinfection properties of Ag-NP. Table 4,
adapted from Liu and Hurt (2010), shows how the researchers demon-
strated that the Ag" concentration in water was nearly ten times greater in
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Table 4. Dissolved silver (Ag+) concentration resulting from Ag-NP conversion at various pH
and dissolved oxygen levels. (Data adapted from Liu and Hurt (2010)).

pH Incubation Time (hours) Dissolved Silver Concentration (mg/L)
Dissolved Oxygen Concentration: 9.1 mg/L

9 24 0.03
8 24 0.085
7.4 24 0.12
5.68 24 0.29
5.6 24 0.315
5 24 0.39
4 24 0.58
5.68 3 0.055
5.68 6 0.115
5.68 12 0.17
Dissolved Oxygen Concentration: <0.1 mg/L

5.68 3 0.005
5.68 6 0.002
5.68 12 0.002
5.68 24 0.002
4 24 0.05

natural water than “deoxygenated” water at a pH of 4 (Liu & Hurt, 2010).
Further, their study found almost no Ag" generation in “deoxygenated”
water, even after 24h of incubation (Liu & Hurt, 2010). Fauss et al. (2014)
also found that both Ag" and ROS generation dropped to zero after their
test water was deoxygenated with a nitrogen purge, further reinforcing the
necessity of DO in Ag-NP bactericidal effectiveness (Fauss et al., 2014).
The importance of oxygen in disinfection is understood from Reactions 1
and 8, where Ag-NP reacts directly with oxygen to release Ag" and/or
ROS, which attack bacteria. More oxygen in the water therefore leads to
faster conversion of nanoparticles into Ag"™ and/or ROS, increasing the
concentration of these species and thereby improving the rate at which bac-
teria is killed (Xiu et al., 2011).

In terms of application to CWFs, these observations are important because
DO concentrations will vary depending on the water source. For example,
heavily fecal-contaminated surface waters or groundwaters may have very low
concentrations of DO, which could lead to a reduction in CWF effectiveness
or ineffectiveness in terms of silver disinfection (Shwarzenbach et al., 2003).
DO is also known to fluctuate with temperature and at different periods of
the year, meaning CWF behavior may change depending on a certain geog-
raphy. To date, no specific oxygen concentration has been established as the
cutoff point when silver becomes ineffective, and no CWF studies have directly
investigated the impacts of oxygen on removal performance, demonstrating a
need for more research.

3.2.2.3. Charged species. Research has demonstrated that divalent cations and
halide ions can significantly impact silver bactericidal effectiveness, and are
therefore the topics of discussion herein (Bielefeldt et al., 2013; Jin et al., 2010).
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Zhang et al. (2012) illustrated that water containing 1000 mg/L of divalent
cations (Mg”* or Ca®") and 11.5mg/L of Ag-NPs led to an ionic silver release
of 12-17 ug/L, whereas water containing silver and monovalent cations (Na™)
in the same concentrations saw an ionic silver release of 22-25ug/L. These
conditions correspond with disinfection performances of 72-73% and 81-82%
after 20h of incubation, respectively (Zhang et al, 2012). Jin et al. (2010)
found similar results, with the cell viability for the gram-negative bacterial spe-
cies Pseudomonas Putida (p. putida), which has similar size and biological
characteristics to E. coli, increasing from 45% to 90% once the cations were
added to the water (Jin et al, 2010). These reductions in effectiveness have
been attributed to the aggregation of the positive ions on the surface of Ag-
NPs, increasing the hydrodynamic diameter of the nanoparticles and reducing
their ability to penetrate the cell wall of the bacterium (See Section 3.1.3) (Jin
et al., 2010; Zhang et al., 2012). Thus, it is important to recognize that bacter-
ial disinfection may be reduced in groundwaters or other waters with high
divalent ions concentrations.

Chloride (CI') is the most commonly discussed anionic species due to its
high prevalence in nature and its common presence in water resulting
from the use of chlorine as a disinfectant in municipal-scale water treat-
ment facilities (Bielefeldt et al., 2013; Crittenden, 2012b). As such, ClI" may
be expected in influent water for a CWF if one is used in an urban envir-
onment or receives groundwater (Crittenden, 2012b). Moreover, due to the
high affinity of silver nanoparticles and silver ions to CI" (pKy, = 9.75) (Jin
et al, 2010), AgCl forms in an aqueous environment quite quickly. Choi
et al. (2008) found this reaction and the formation of AgCl decreased the
silver’s disinfection effectiveness, as AgCl colloids inhibited E. coli growth
by 66% compared with 100% by Ag* when added to water in a concentra-
tion of 4.2 ug/L (Choi et al., 2008). Similar results were also exhibited by
Levard et al. (2013), who found molar Cl/Ag ratios of 535 resulted in solid
precipitates of AgCl to form, which, after 30h, resulted in the proportion
of silver within their sample to decreased to 2% from approximately 8%
when Ag-NPs were released into DI water only. Interestingly however,
when the Cl/Ag ratio was increased to 2675 and further, 26750, Ag™ release
exponentially increased to approximately 6.5% and 17% dissolved content,
respectively. These results also correlate closely with bacteriostatic efficacy,
as the authors showed complete bacterial growth inhibition after 24h with
2x 10°mol/L of Ag", Ag-NPs and Ag-NPs added to a 0.5M NaCl solu-
tion, and only approximately 10% and 5% inhibition when the same con-
centrations were added to 0.1M and 0.01 M NaCl solutions, respectively
(Levard et al., 2013). The reductions in bactericidal efficacy are therefore
understood to occur as a result of the amount of dissolved species that are
able to form. In other words, when CI" concentration is less than 3 orders
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of magnitude greater than the Ag" concentration (Levard et al., 2013), Ag*
and Cl™ form AgCl and this compound aggregates onto Ag-NPs to form a
solid precipitate which inhibits bactericide by increasing the particle size,
reducing its affinity toward the cell wall, and reducing the amount of
release of Ag" from the AgNP (Baalousha et al., 2013; Liu & Hurt, 2010).
However, at much higher concentrations of Cl~, solid AgCl no longer
forms, but rather Ag"™ and Cl~ form dissolved AgCl,” or AgCl,’~, which
do not as significantly reduce disinfection efficacy (Levard et al, 2013).
Similar effects have been found with other monovalent anions like hydrox-
ide (OH"), however the impacts are not as significant as those of Cl™ (Jin
et al,, 2010).

3.2.2.4 Organic matter. Organic matter is very commonly found in surface
waters and has demonstrated to have a profound influence on silver nano-
particle disinfection (Zhang et al., 2012). Fabrega et al. (2009) showed that
at a pH of 9, 2000 ppb of Ag-NP led to 85% bacterial growth inhibition,
however essentially no growth inhibition was observed after 10 mg/L of
Suwanee River humic acid was added to the water (Fabrega et al., 2009).
The reduction in efficacy is understood to result from the Ag-NP being
unable to release Ag", as was clearly demonstrated by Liu and Hurt (2010).
The researchers showed that at the same concentration of humic acid used
by Fabrega et al. (2009), Ag™ release dropped by 50%, and it continued to
decrease along an exponential trend as natural organic matter (NOM)
increased to 50 mg/L, at which point it was enumerated at nearly 0 mg/L of
Ag" (Liu & Hurt, 2010). The reduction in ion release has been ascribed to
NOM sorption onto the nanoparticle, which creates a physical barrier
through which the ionic silver cannot pass (Fabrega et al., 2009). No litera-
ture was discovered on the impact of organic matter on ROS generation,
however the complete failure of bacterial growth inhibition resulting from
the presence of humic acid in the feed water demonstrated by Fabrega
et al. (2009) suggests similar effects likely occur (Fabrega et al., 2009). This
impact is of particular importance to the CWF field, as the technology is
often implemented in rural and remote communities that rely on surface
water sources for drinking. As such, NOM can be expected in water sour-
ces, potentially impacting filter effectiveness in terms of silver disinfection.

3.2.3. Ag-NP size and shape

Physical nanoparticle characteristics have also been shown to impact disin-
fection efficacy; specifically, their size and shape are demonstrably import-
ant (Duran, 2016; Morones et al., 2005), because of the vastly increased
specific surface area (i.e. surface area to mass/volume ratio) of particles
sized on the nanometer scale, relative to those of larger size (Lok et al.,
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2007; Rai et al., 2009). Furthermore, Lok et al. (2007) found that 9.2 nm
and 62 nm Ag-NP achieved the same bactericidal effectiveness (values unre-
ported) when in concentrations of 12pug/L and 108 pg/L, respectively. The
researchers explained that the larger specific surface area of the smaller nano-
particle provided greater space for Ag" to be chemisorbed, which increased
the nanoparticles’ affinity toward the cell and therefore its bactericidal and
bacteriostatic effectiveness in a lower concentration than its larger-sized coun-
terpart (Lok et al., 2007). Additionally, Helmlinger et al. (2016) found a direct
correlation between specific surface area and nanoparticle dissolution, where
after approximately 100h, particles of different shapes/morphologies with spe-
cific surface areas of 0.234, 0.100, 0.040 and 0.038 nm™" dissolved such that the
silver ion concentration was, on average, 40%, 27%, 15% and 10% of the sil-
ver-ultrapure water solution, respectively (Helmlinger et al., 2016). These find-
ings indicate that smaller particles with greater surface areas produce and
adsorb more Ag", compounding to improve disinfection (Helmlinger et al,,
2016; Lok et al., 2007).

Carlson et al. (2008) also showed that in a concentration of 25pug/L,
fluorescence intensity increased as sizes decreased, with reported values of
(measured as fold increases) 2, 3 and 7.5 for Ag-NPs sized 55nm, 30 nm
and 15nm, respectively. Smaller particles are therefore more easily oxidized
by constituents in the aqueous environment than larger ones, leading to
greater reductions of oxygen and subsequently vast differences in ROS gen-
eration (Carlson et al., 2008).

Aside from size, nanoparticle morphology has also been shown to con-
tribute significantly to disinfection efficacy. For example, Pal et al. (2007)
showed that truncated-triangular nanoparticles achieved complete bacterial
growth inhibition with only 10 ug/100 mL of silver in the culture medium
after 26 h, while after the same time period, spherical particles of the same
size in a concentration of 12 ng/100 mL achieved only 40% growth inhib-
ition (Pal et al., 2007). This result is particularly relevant because Collargol
nanoparticles produced and sold by Argenol Laboratories, the most com-
monly used AgNPs in CWF manufacturing and research, are primarily
spherical in shape (Oyanedel-Craver & Smith, 2008; Panasewicz, 2011;
Rayner, 2009). Further research into differently shaped AgNPs may there-
fore offer an opportunity to reduce the number of particles needed per fil-
ter, ultimately reducing the cost per unit.

3.3. Combined physical and silver disinfection for bacterial removal in CWF

Within CWF research, the traditional understanding of the silver’s effect-
iveness has been based largely on studies such as Oyanedel-Craver and
Smith (2008), where after 75-85min of filtration, filters painted with, and
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submerged in, a 600 mg/L colloidal silver solution yielded LRVs of 6 and
6.5, respectively, whereas filters without any silver yielded LRVs of 4.6 and
5.5 (Oyanedel-Craver & Smith, 2008). And because of findings like these,
Potters-for-Peace (PfP; the largest organization in this domain) states that
“Silver is applied to the filter to achieve two objectives: (1) to take advan-
tage of the bactericidal quality of silver in the purification of water as it is
filtered; and (2) to prevent the growth of the “slime layer” of bacteria that
can form on the filter wall” (p. 91) (Ceramics Manufacturing Working
Group, 2010). This section therefore addresses both of these assertations,
beginning with the latter.

3.3.1. Silver impacts on “slime layer” growth

Larimer’s (2013) PhD thesis was the only document found to directly
investigate this phenomenon, even though it is touted as one of two pri-
mary reasons to add silver to a filter (Ceramics Manufacturing Working
Group, 2010; Larimer, 2013). In it, the author shows that only 0.03% and
0.003% of Mpycobacterium smegmatis remained on microporous track
etched polycarbonate membranes (used to simulate a CWF surface) that
were coated with an Ag-NP solution of 1.1 or 2.2 g/L, respectively, whereas
the species grew by 1000% when no silver was deposited. Similarly, he
found that 84% and 60% of Mycobacterium avium remained on the same
membranes when 1.1 and 2.2 g/L of Ag-NP solution was deposited, respect-
ively, whereas the species grew by 637% without any silver presence
(Larimer, 2013). The silver concentrations selected, however, are orders of
magnitude greater than what is typically added to a CWF. Additionally,
Ag-NPs have been shown to disinfect gram-positive Actinobacteria
(the phylum of the Mycobacteria genus) more than gram-negative
Enterobacteriaceae (the phylum of the Escherichia genus) like E. coli (Yoon
et al.,, 2007), which makes these results difficult to generalize. This point is
of particular importance as well, as diseases like cholera and typhoid are
quite common causes of diarrhea in rural LIC and LMIC communities,
which are gram-negative bacterial species. Thus, additional research that
considers gram-negative bacterial species and at silver concentration more
reflective of field conditions is necessary.

3.3.2. Silver impacts during the filtering process

With filters, on average, flowing at a rate of approximately 1-4L/hr
through, on average, about 2.5cm (1inch) of filter material, the actual con-
tact time between any single silver nanoparticle and bacterium is very brief.
However, previous research (see Section 3.2.1.1) clearly indicates that silver
disinfection is a somewhat slow process that requires time upwards of
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hours to inhibit DNA replication or exhibit toxicity effects (Pal et al., 2007;
Rai et al., 2009; Yoon et al., 2007). Therefore, the generalized hypothesis
that that silver disinfects during filtration is questionable. Rather, it seems
like a more likely that silver disinfects bacteria in the receptacle after filtra-
tion has already occurred.

Furthermore, Oyanedel-Craver and Smith (2008) reported initial differen-
ces in LRV between filters with and without silver of approximately 0.8.
However, after about 20 min of filtration, the LRV difference between filter
types became more prevalent, increasing to approximately 2 after 84 min
(Oyanedel-Craver & Smith, 2008). Figure S5 in their Supplementary
Materials shows an initial flush of 0.5mg/L of silver in the effluent after
20 min, which explains why the growing difference in LRV is observed
(Oyanedel-Craver & Smith, 2008). That is, impregnated filters introduced a
lot of silver into the effluent initially, which reduced the bacterial concen-
tration over time through disinfection action. Comparatively, the filter with
no metal maintained a relatively constant effluent bacterial concentration,
leading to an increasing difference between the two types of filters
with time.

Abebe et al. (2015) reached a similar conundrum when attempting to
remove Cryptosporidium from a variety of source waters — though silver
was shown to effectively deactivate the oocysts in a batch reactor system, as
observed through High-Resolution Differential Interference Contrast
Imagery, the researchers were not able to identify whether it was filtration
or disinfection that was responsible for their removal after passage through
a ceramic disk in a separate experiment (Abebe, et al., 2015).

Direct evidence demonstrating the prevalence of postfiltration disinfec-
tion has also been reported by van der Laan et al. (2014). The researchers
found that E. coli LRV values taken less than 5min after filtration were
approximately 0.75+0.25 for filters with no silver, 1.10+0.4 with silver
painted on the outside and 1.15+ 0.5 for filters painted with silver both on
the inside and outside, showing no significant difference from silver add-
ition. Conversely, filters painted with silver on both sides (in a separate
experiment as above) yielded LRVs of 1.3 +£0.7 after less than 5min of stor-
age compared with 3.8+1.0 after 660min of storage (van der Laan
et al., 2014).

4, Silver elution

Silver elution is a significant feature of CWF performance, as it is necessary
to ensure the concentration in the effluent remains below the WHO’s rec-
ommended limit of 0.1 mg/L (World Health Organization, 2006). Daily
ingestion of silver above this concentration may lead a lifetime
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accumulation greater than 10g (WHO, 2011), which can lead to negative
health outcomes such as Argyria or even DNA damage (Fewtrell et al,
2017). Guidelines developed by The Canadian Council of Ministers of the
Environment (CCME) also stipulate total silver directly released into fresh-
water and marine environments should be in quantities no greater than
0.25 and 7.5pg/L, respectively, to ensure the protection of aquatic life
(CCME, 2015). Conversely, as indicated in Section 3, silver elution also
helps ensure sufficient microbe disinfection (van der Laan et al., 2014). The
release of ions and nanoparticles into the effluent initiates the interaction
with bacteria that pass through the ceramic matrix, which improves
removal with time (van der Laan et al., 2014). Therefore, it is important to
illuminate how silver attaches to, and is released from, ceramic to control
for its impact in CWF performance.

Silver elution is a function of the particle characteristics, water chemistry
and application method of the silver. Furthermore, subsequent disinfection
is additionally impacted by whether particulate or dissolved silver is eluted.
Thus, it is important to differentiate between particle release and ion
release, as they occur via different mechanisms and the different forms of
silver will contribute to disinfection differently. As is seen herein however,
a significantly greater quantity of research is required to better understand
the mechanisms by which these processes occur, as limited studies have
investigated elution (see Table 5). This section discusses application
method, particle characteristics and water chemistry impacts on elution,
and how each may contribute to disinfection.

4.1. Impacts of application method

While the addition of silver to CWF via painting and submerging methods
are the most widespread in local manufacturing facilities (Ceramics
Manufacturing Working Group, 2010; Rayner, 2009), it appears, as seen in
Table 5, that the co-firing (addition of a silver solution to the dry mixture
before firing) leads to a more consistent and sustained release of silver into
the effluent at quantities up to 1000 times less than the alternatives men-
tioned (Ehdaie et al., 2017; Nunnelley et al., 2016; Ren & Smith, 2013)

Ren and Smith (2013) were the first to study this phenomenon, showing
that over 180min of filtration with synthetic water, filters impregnated
with 2.76 mg/disk and 27.6 mg/disk released a consistent amount of total
silver averaging 0.004 mg/L and 0.009 mg/L, respectively. When the influent
water flowrate doubled, the disks impregnated with 2.76 mg/disk released
between 0.003-0.007 mg/L, and those with 27.6 mg/disk released 0.015 mg/L
consistently. Furthermore, after 360min of filtration, the filters lost
approximately 0.0045% and 0.001% of the initial silver content, respectively
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(Ren & Smith, 2013). Lyon-Marion et al. (2018) found similar results for
the co-firing method, where after 20 pore volumes of filtration with water
containing an ionic strength (IS) of 10mM (NaNOs;), co-fired filters
released an average of 0.5% of the silver applied, compared with 11.8% and
8.7% for filters painted with AgNO; and Ag-NPs, respectively (Lyon-
Marion et al., 2018). These results, as well as others, illustrate the compara-
tively low-level and consistent release of silver realized when filters are
impregnated with the co-firing method (Ehdaie et al., 2017; Kahler et al.,
2016; Lyon-Marion et al., 2018; Nunnelley et al., 2016; Ren & Smith, 2013).

Conversely, studies that have investigated painting and dipping methods
illustrate much higher releases, particularly at the beginning of filtration.
For example, Ren and Smith (2013) show that disk filters painted and
dipped to have an impregnated concentration of 2.76 mg/disk both initially
released 11 mg/L of silver, decreasing to 0.4 mg/L and 1mg/L, respectively,
after 180 min of filtration. These values corresponded to a loss of approxi-
mately 1.20% and 1.25% of the initial silver content added for painted and
submerged filters, respectively (Ren & Smith, 2013). Mittelman et al. (2015)
found agreeing results with disk filters painted with AgNOj initially releas-
ing 1 mg/L, averaging just below 0.1 mg/L after about 50 pore volumes of
filtration. Filters painted with Ag-NP had an initial release of approximately
0.5mg/L, decreasing to 0.1 mg/L after 20 pore volumes, and then linearly
decreasing to 0.03mg/L after 160 pore volumes (Mittelman et al.,, 2015).
Lyon-Marion et al. (2018) found almost identical results to those of
Mittelman et al (2016) (Lyon-Marion et al, 2018). Furthermore, when
scaled to full filters, Mikelonis et al. (2016) saw initial releases of 0.7 mg/L,
0.12mg/L, 0.4mg/L and 0.325mg/L for filters painted with Ccitrate-,
polyvinylpyrollidine- (PVP), branched polyethylenimine- (BPEI) and
Casein-stabilized nanoparticles, respectively, after exposure to a real surface
water (Mikelonis et al., 2016).

When taken together, all of these results, as well as the results presented
in Table 5, highlight a trend where much more silver is lost when filters
are painted with, or submerged in, a silver solution, than when co-fired.
These results align with the findings from Yakub and Soboyejo (2012), who
enumerated the attachment force between silver and CWF material to be
only 125+32 nN after painting/submerging, which was attributed to van
der Waals forces (Yakub & Soboyejo, 2012). As such, the interfacial energy
between the materials is low, which is why co-firing has exhibited more
consistent release and less vulnerability to the impacts of water chemistry
(Ren & Smith, 2013; Lyon-Marion et al., 2018). Because the energy between
two interfaces (y; i.e. silver and ceramic) is a function of enthalpy (Hy),
temperature (T), and entropy (S;), as shown in Equation (1) (Howe, 1997).
So, as temperature increases, the interfacial energy also decreases as per the
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second law of thermodynamics, explaining the stronger attachment of silver
when filters are co-fired.

Y =H =TS, [1]

4.2. Impacts of silver characteristics

Mittelman et al. (2015) demonstrated that between 0.008 and 1mg/L of
total silver from disk filters painted with AgNO; was released into the
effluent, depending on variable water quality characteristics. Comparatively,
disk filters painted with the same quantity of silver nanoparticles released
between 0.006 and 0.4mg/L of total silver under the same variable water
quality conditions. With 10 mM of ionic strength background and after 10
pore volumes of filtration, AgNOj;-painted disks released 0.15mg/L,
whereas Ag-NP painted disks released 0.04 mg/L; after approximately 90
pore volumes of filtration though, the difference became negligible
(Mittelman et al., 2015). This observation may be due to the faster conver-
sion of AgNO; into Ag™, and the subsequent displacement of silver ions
via cation exchange with ions in the influent, especially since painted silver
is more vulnerable to removal (Mittelman et al., 2015). No other literature
was found to evaluate the difference between Ag-NP and AgNO;.
Mikelonis et al. (2016) demonstrated that negatively charged, electrostati-
cally stabilized nanoparticles had greater attachment to an anodisc when
positively charged than when negatively charged, whereas sterically stabi-
lized nanoparticles exhibited the same amount of attachment to the ano-
disc, regardless of charge (Mikelonis et al., 2016). Having said that,
Mikelonis et al. (2020) and Sullivan et al (2017) illustrated that elution is
impacted by stabilizing agent, as electrostatically stabilized Ag-NPs were
eluted from ceramic surfaces in higher quantities than sterically stabilized
ones, even if their charges were the same (Mikelonis et al., 2020; Sullivan
et al., 2017) The stabilizing agent of the silver nanoparticle was therefore
found to impact elution from a CWF but not initial attachment.
Electrostatically stabilized silver nanoparticles, meaning by ion associated
adsorption onto the silver particle creating an electric charge that facilitates
repulsion, are consequently more influenced by oppositely charged constit-
uents in the surrounding environment. By contrast, sterically stabilized,
meaning by polymer associated adsorption onto the silver particles that
results in particle-particle repulsion, Ag-NP mobility is less influence by
charged constituents in the environment. Surface functionalization is there-
fore closely related with application method, as certain particle stabiliza-
tions may yield more desirable elution levels if the CWF is painted or
submerged, versus co-fired; further research into this relationship is highly
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recommended. Finally, Fauss et al. (2014) further reported improved disin-
fection with electrostatically stabilized Ag-NPs over steric stabilized par-
ticles (Fauss et al., 2014), demonstrating the importance of considerations
regarding consideration for what type of nanoparticle is utilized in a CWF
for disinfection.

4.3. Impacts of water chemistry on elution

Ionic strength was shown by Ren and Smith (2013) to improve silver reten-
tion when silver-spiked influent water (10 mg/L) was passed through a filter
disk without silver impregnation for 100min (6 pore volumes). The
researchers found that with 50 nm diameter particles in the feed, 21%, 40%
and 76% of the silver was retained when the water had a 1 mM, 10 mM
and 50 mM IS, established using MgSQO,, respectively (pH not reported).
More silver was also retained as the particle sizes increased, illustrating a
compounding impact of ionic strength and size on retention (Ren &
Smith, 2013).

Interestingly Mittelman et al. (2015) demonstrated opposing results when
disks were painted with a 200 mg/L silver solution and flushed with clear
water for 12-15h, where they released approximately 0.006 mg/L, 0.08 mg/L
and 0.8mg/L with an influent water IS of 1mM, 10mM and 50 mM
NaNOjs, respectively (Mittelman et al., 2015). Similar results were reported
by Lyon-Marion et al. (2018), where approximately 0.1 mg/L and 0.25 mg/L
of silver was released from disk filters exposed to 1 mM and 10mM IS of
NaNOs, respectively (Lyon-Marion et al., 2018). The reason for the differ-
ence in observations is uncertain (Lyon-Marion et al., 2018; Mittelman
et al., 2015), however is most likely due to MgSO, releasing divalent cations
into the water, which cannot exchange with the monovalent Ag™, relative
to NaNOj releasing monovalent cations into the water, which can engage
in ion exchange processes (Crittenden, 2012c). It may also be because the
former study injected ions and silver into the feed, whereas the silver was
only in the disks in the latter. As shown by Huynh and Chen (2011), a
higher ionic strength leads to greater conversion of Ag-NPs to Ag" and
divalent cations increase the rate of aggregation regardless of nanoparticle
charge (Huynh & Chen, 2011). It is thus most likely that the silver nano-
particles in the feed were quickly converted into Ag™, which then aggre-
gated to form neutral agglomerates that were larger in size than the
original nanoparticles, explaining why less than 1% ionic silver was enum-
erated by the researchers (Ren & Smith, 2013). These larger agglomerates
were therefore more retained because of their size, which is why more of
the larger nanoparticles were retained with higher background IS, but size
was irrelevant at a lower IS.
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Changes in pH consistently created notable changes in silver leaching as
well, however the nature of this impact is not completely understood. One
explanation is that higher concentrations of hydrogen ions (e.g. pH = 5)
creates a greater potential for cation exchange and thus displaces a greater
quantity of silver, in comparison to higher pH levels (e.g. pH = 9)
(Bielefeldt et al., 2013; Mittelman et al., 2015). An alternative perspective
however is that a step-wise reaction occurs, as shown in Reaction 8,
whereby silver solid particles bond with oxygen in the water or on the cer-
amic surface, forming AgO or Ag,O, which subsequently reacts with
hydrogen and dissociates into dissolved silver ions and water (Bielefeldt
et al., 2013; Fauss et al, 2014; Hong et al, 1995; Liu & Hurt, 2010;
Nguyen, 2014). Consequently, Mittelman et al. (2015), reported silver
release to decrease from 0.6 mg/L to 0.1 mg/L and then 0.008 mg/L as pH
increased from 5 to 7 to 9 sequentially (Mittelman et al., 2015), demon-
strating a clear relationship.

Chlorine concentration has a similar effect as well, as chlorine in the
influent water can lead to silver chloride (AgCl) compounds forming as a
precipitate (under conditions explained in Section 3.2.2.3), which detach
the silver from the ceramic and can limit disinfection in the receptacle
(Baalousha et al., 2013; Bielefeldt et al., 2013; Huynh & Chen, 2011; Le
Ouay & Stellacci, 2015). For example, Lyon-Marion et al. (2018) found
essentially no impact of 2mg/L Cl, on elution of painted disks over 36
pore volumes, however they did find that when the influent concentration
was subsequently increased to 4mg/L of Cl,, a decrease in elution from
0.1 mg/L to 0.06 mg/L was observed over 24 pore volumes (Lyon-Marion
et al., 2018).This effect is likely due to the retention of AgCl within the
CWF matrix. No literature was discovered that discusses the influence of
other monovalent anions (such as fluoride) on silver elution, which high-
lights an important research gap. Fluoride is, however, of concern, as it is
abundant in natural waters, particularly in areas where water is exposed to
volcanic rock and soil (Crittenden, 2012b). Unlike AgCl, however, AgF
does not precipitate (Salt Lake Metals, 2017), meaning it is unlikely to be
retained within the CWF matrix, and thus more likely to appear in the
effluent. As limited literature investigating AgF bactericidal efficacy is avail-
able, the impact of fluoride on subsequent disinfection potential remains
uncertain. Further research into such effects would therefore be beneficial
to the field.

5. Other disinfection enhancing additives

While silver is the most common metal additive to CWFs for disinfection
control, research on other metal species has also demonstrated some
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promise; most notably titanium dioxide (TiO,), cupric oxide (CuO), and
zinc oxide (ZnO) (Dimapilis et al., 2018; Foster et al., 2011; Grass
et al,, 2011).

Like silver, these other metal species are suspected to release ions or
ROS as mechanisms for disinfection, however TiO2 seldom releases Ti2+
and is only efficient as a source of ROS generation after photocatalysis
(Foster et al., 2011), so it is excluded from this discussion. CuO has dem-
onstrated good levels of microbe removal as both ionic copper and as a
source of ROS generation (Pandey et al., 2012), and has also shown prom-
ise within a ceramic system (Drelich et al., 2017; Ehdaie et al., 2020;
Varkey & Dlamini, 2012; Yakub & Soboyejo, 2012). Copper also has a
higher recommended ingestion level of 2 mg/L (10 mg/day) which thus has
lower longer term health risks than silver (World Health Organization,
2004). CCME, however, stipulates a maximum of 4 ug/L of total copper
should be released directly into a receiving waterbody to ensure the protec-
tion of aquatic life (CCME, 1987), which poses some environmental risk
associated with its inclusion in a CWF system. This quantity is, however,
significantly higher than the absolute minimum allowable concentration for
silver release (see Section 4), suggesting its imposed risk is indeed lower
than the current methods employed in the field.

ZnO has also shown to achieve bactericide under both dark and light condi-
tions (Sirelkhatim et al., 2015) and there is no WHO recommended limit for
consumption of zinc (World Health Organization, 1996), unlike the silver limit
of 0.1 mg/L (World Health Organization, 1996). Zinc has even demonstrated
to substantially reduce the incidence and severity of diarrheal episodes when
ingested (Gitanjali & Weerasuriya, 2011; Malik et al, 2013) making it an
attractive option to CWF application. CCME, however, states total zinc con-
centrations released directly into a waterbody with aquatic life should not
exceed 9.1 pug/L, though that concentration may increase as water hardness,
pH and dissolved organic carbon concentrations increase beyond 13.8 mg/L,
6.5 and 0.3 mg/L, respectively (CCME, 2018). Furthermore, though environ-
mental risks associated with zinc do indeed exist, they are significantly lower
than those posed by the inclusion of silver or copper in a CWF.

No literature was discovered that discusses a ZnO composite CWEF; only
an unpublished study by van Halem showed it was retained within a filter
(Rayner, 2009). The value of using ZnO as a replacement or supplement
for AgNPs is therefore unexplored.

5.1. CuO disinfection

CuO disinfection has been a recognized phenomenon dating back to
ancient civilizations using copper vessels to ensure safe storage of water
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(Grass et al., 2011). Following a similar mechanistic pathway as both silver
and zinc, CuO has shown to generate ROS via Reaction 9 or 10, as well as
release copper ions, which also have bactericidal impacts (Grass et al.,
2011; Thurman et al, 1989). Though far less studied within the CWF
research field, CuO has demonstrated comparable, and sometimes even
greater, bactericidal effectiveness than AgNP, highlighting an area of great
potential for manufacturing adjustments. For example, Yoon et al. (2007)
found 33.5 pug/mL (0.421 pmol/mL) of CuO nanoparticles were required to
achieve an E.coli LRV of 1 after 24h of incubation compared with 58.4 pg/
mL (0.541 pmol/mL) of Ag-NPs (Yoon et al., 2007). Conversely, Ananth
et al. (2015) found the minimum inhibitory concentration for E. coli after
12h was 6.25 pg/mL (0.079 pmol/mL) for CuO compared with 1.56 pg/mL
(0.014 pmol/mL) of Ag, illustrating opposite results (Ananth et al.,, 2015).
Pandey et al. (2012) found LRVs of 2.5 and 4.3 with CuO concentrations
of 10 ug/mL (0.126 pmol/mL) and 25 pg/mL (0.314 pmol/mL), respectively,
against E. coli, however they did not compare effects with silver (Pandey
et al,, 2012).

Cu" + H,0, — Cu’" + OH™ + OH" [Reaction 9]
2Cu™ +2H" + 0y — 2Cu*T + H,0, [Reaction 10]

In terms of application to the CWF field, only three studies were found
within the literature that specifically studied copper addition to a CWF,
which were Varkey and Dlamini (2012), Lucier et al (2017) and Jackson
et al. (2019). The lattermost researchers found that filters co-fired with 2
and 4g of Cu(NOs), both yielded LRVs of 3.54 and released 3.5 and
9.5ng/L of copper, respectively, whereas filters painted with 0.4g AgNP
achieved an LRV of 3.76 and released 21.5ug/L of silver (Jackson et al.,
2019). Lucier et al. (2017) found that filters without any metals yielded
interquartile LRV ranges of 3 to 6, whereas filters co-fired with CuO and
Ag (concentrations not reported) yielded LRVs ranging from 3 to 6 and
3.2 to 6, respectively (Lucier et al., 2017). The former results indicate better
disinfection for AgNP-impregnated filters, whereas the latter illustrates no
discernable difference between any of the filters evaluated. Varkey and
Dlamini (2012) reported a marginal difference in bacteria removal when
adding a copper mesh directly into the receiving receptacle and no copper
in the CWF itself; Removals were reported as 100% and 99.4% removal of
E. coli with and without the copper mesh, respectively (Varkey & Dlamini,
2012). Additional research on copper disinfection within a CWF system
would benefit the field, as this alternative metal may offer CWF manufac-
turers more diversity in their supply chain so there does not have to be
such a great reliance on silver for enhanced disinfection.
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5.2. ZnO disinfection

As discussed, ZnO nanoparticles (ZnO-NP) disinfect bacteria with similar
mechanisms to silver and copper, where zinc ions (Zn*") and/or ROS
inhibit DNA replication within the cell organism or exhibit toxic effects
(Dimapilis et al., 2018; Yoon et al., 2007). Most literature on this com-
pound cites UV and visible light activation as the source of ROS generation
via electron-hole pairs, as shown through Reaction 11 and Reaction 3-6.
For example, Padmavathy and Vijayaraghavan (2008) found that under
these conditions, ZnO had a 90% bactericidal efficiency after 24 h of incu-
bation, which was reportedly due to ROS generation on the nanoparticle
surface (Padmavathy & Vijayaraghavan, 2008). Hirota et al. (2010) and
others, however, have found ROS generated under dark conditions as well
(Adams et al., 2006; Hirota et al., 2010; Sirelkhatim et al., 2015). Song et al.
(2010) found under these conditions, the nanoparticle interacts with the
cell and causes damage to the mitochondria, which releases oxygen that
then quickly reacts to become ROS and improve disinfection efficacy over
time (Song et al., 2010).

Zn0O+hv—e +h' [Reaction 11]
h" +H,0 — OH®* +H" [Reaction 3]
e +0,— 05 [Reaction 4]

05" +H" — HOS [Reaction 5]

HOS + H" — H,0, [Reaction 6]

The same researchers, however, found that ROS was not as impactful as
dissolved, ionic zinc (Zn*") in disinfection under dark conditions, as they
found ionic zinc resulted in a 55% reduction in cell viability, and a zinc
oxide suspension resulted in a 65% reduction with “fine-ZnO” particles at a
concentration of 100 ug/mL (Song et al., 2010). Ionic zinc is believed to dis-
infect the bacterial cell by attaching to the cell outer membrane by either
electrostatic forces or by bonding with the sulfuric thiol- or phosphoric
protein groups, causing damage to the cellular wall and eventually infiltrat-
ing the cytoplasm, destroying the cell from within (Maret, 2004; Qu et al.,
2013). Contrary to those findings, Joe et al. (2017) found an 87% reduction
in cell viability after 6h of exposure to 2.85mg/L of ZnO-NPs with only
11% of that solution in ionic form. The researchers therefore concluded
that Zn*" was not in a high enough concentration to be toxic to the cell,
and therefore could not control bacterial disinfection. Rather, they hypothe-
size that ZnO-NPs attach to the cell membrane and initiate the bactericidal
process, and in so doing, release Zn®>" onto the cell itself, which improves
bactericide even further over time (Joe et al., 2017). Regardless of which
antibacterial pathway is dominant, the fact that disinfection is observed
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under both light and dark conditions is important to the CWF field, as fil-
trate is most often kept under dark conditions. And as discussed in Section
3.3.1.2, metal-based disinfection is predominantly active in the receptacle
(i.e. after filtration), meaning those conditions are of particular importance
to the field for further research. These findings further highlight the
importance of studying the impact of ZnO within a CWF system, as no
research has been discovered that studies zinc-impregnated filters.

6. Conclusion

Diarrheal illnesses claim the lives of hundreds of thousands of children
each year, meaning access to safe drinking water is a key element of a glo-
bal strategy to eradicate this challenge. Its disruptive impacts, though, are
clearly observed along socioeconomic lines, where those most significantly
afflicted are most often low-income groups living in a rural setting.
POUWTS are therefore widely regarded as useful technological solutions
that may be implemented with immediacy in rural environments, Ceramic
Water Filters being one of the most common.

Silver is typically added to a CWF as an antimicrobial agent to improve
the bactericidal efficacy of the technology. However, the contribution of sil-
ver to the CWF has been, at times, unclear. Importantly, in this review of
the literature, it was demonstrated that when evaluating filter bacteria
removal immediately after filtration, those with silver do not perform sig-
nificantly better than those without. Only after storage time do filters with
silver reduce the bacterial concentration significantly more than those with-
out, illustrating that silver nanoparticles add to the overall filter perform-
ance primarily in the receptacle. Thus, user behavior will impact the level
of safety from the CWF - does the user consume water immediately after
filtration or wait a certain amount of time?

Furthermore, this review highlights that silver elution is thus critical to
the realization of safe drinking water for the technology’s users. Its rela-
tionship with disinfection kinetics in the receptacle, however, remains
understudied, demonstrating an important research gap. Specific attention
should be placed on co-fired filters, as results from literature suggest it is a
superior silver application method to painting and submerging in terms of
release consistency, concentration, and robustness of performance across
diverse water qualities. Considerations of influent water quality, physical fil-
ter characteristics and silver type are also critical. Further research is also
still required to elucidate the metallic influence on the formation of a
microbial “slime” layer along the inner part of the filter, and how the filter
performs over its expected lifespan.



CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 33

Review of literature regarding alternative metals to silver for enhanced
disinfection, such as zinc oxide (ZnO) and cupric oxide (CuO), also present
emerging opportunities for new areas of research with the potential of
reducing cost and increasing metal nanoparticle options without compro-
mising the effectiveness of a CWEF. Greater attention to this research area
could expand the potential reach and effectiveness of this technology,
importantly increasing access for more marginalized individuals and
communities.
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