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Abstract

Ceramic O6potd water filters (CWF) are widely wu
of drinking water at th@oint of use. CWFs are manufactured at >50 filter factories

worldwide by pressing a mixture of clay and a bau material into the filter shape,

which is then fired to a ceramic state. Silver is added during this process as a bactericide.

In 2011, the Ceamics Manufacturing Working Group (CMWG) developed
recommendations to, fAprovide guidanee to assis
cost mosef fective ceramic filters possibleod. The
further this aim. Specificj, to: 1) investigate the effects of silver type, silver

concentration, and iy materials on CWF performan@; evaluée filter distribution

programs3) develop a framework for evaluating manufacturing quality control

protocols and4) synthesize research findings through a systematic literature review.

Overall, results suggest that in households filtered water quality meets thiskow

guideline and filter use has been associated with a reduction in diarrheal disease.

However, lochcontext, including source water quality, time in use and supply chain

access, likely influence loAgrm filter use and can affeiet situtechnology performance

evaluation. Results from laboratory investigations and the systematic review demonstrate

flt ers can achieve 02 log reduction in bacteri a
aprincipal treatment mechanism for losigrm filter performance. Thus, it is

recommended that filters be tested for bacteria removal prior to silver application. Bur

out material particle size and clay content (<2um) are associated with bacteria removal

by the porous matrix. Lastly, with participation from factories, a framework for

evaluating quality control protocols was developed. CWFs are widely manufactured,

promoted and used; thus, there is a need to continue supporting factories in

manufacturing higiguality filters and to broadly disseminate research findings.
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1 Introduction

1.1 The global burden afiarrheal disease

Diarrheal disease is preventable and treatable, yet it remains a leading cause of morbidity
and mortality(Collaborators 2017)While death rates from diarrheal diseases have fallen

by nearly 21% from 2005 to 2015; in 2015, an estimated 1.3 million deaths were
attributed to diarrheal diseases and diarrheal diseases were estimated to cause 8.6% of
deaths in childne less than 5 years of affeeigin 2016) Diarrheal disease is also a

leading cause of morbidity, and contributed to an estimated 71.6 million disability

adjusted life years (DALYS) in 201(&ollaborators 2017)

Diarrheal diseases are primarily transmitted through theif@edlroute. Unsafe water
and sanitation is kading risk factor fodiarrhea(Collaborators 2017)Vorldwide in
2015, approximately 884 million people lack access to a basic drinking water service
(WHO and UNICEF 2017and an estimated 159 million people collect drinking water

from surface water sourc@8/HO and UNICEF 2017)

1.2 Household water treatment

Household water treatment (HWT) can be a cost effeatayeof improving the
microbiological quality of drinking watglClasen, Cairncross, et al. 20@#Ad reducing
diarrheal disease where access to safely managta and sanitation infrastructure is
limited (Clasen 2015, Fewtrell et al. 2005, Clasen, Schmidt, et al. 2007, VJsuiuet

al. 2009)and is thus recommended as part of a comprehensive strategy to prevent
diarrheal disease transmission through drinking waisiCEF/WHO 2011) An
estimated 1.1 billion people report treating their drinking water at the household level

(Rosa and Clasen 2010)



HWT methods have technological differences and practical aatyesiand

disadvantages. Differétreatment methods might be more or less suitable depending on
the pathogens of concefWWHO 2011b) water characteristics, technology availability,
personal preference, ease of use, Btethods for treating drinking water at the

household level apply similar processes to centralized water treatment and:ifiglude
chemical disinfection (e.g. chlorine); 2) filtration (e.g. ceramic, sand, or cloth filters); 3)
solar disinfection (e.g. SAB, which relies on heat andtraviolet UV) radiation); 4)
sedimentation/coagulation (e.g. simple sedimentatiadhrough the addition of a natural

or chemical coagulant to increase the rate of sedimentation); and, 5) thermal treatment

(e.g. boiling).

There are three main classes of pathogens that cause diarrheal disease: bacteria, viruses
andparasites, each with variable susceptibility to water treatment pro¢e@gidées

2011b) Both the mntrinsic resistance of microorganisms and environmental conditions

(e.g. water temperature) caffectwater treatment effectiveness. For example, chlorine is
not effective at inactivating oocysts of the proto@rgptosporidiumandahigher dosés
neededor turbid water. Many filtration methods on the other hand, are effective at
removing larger organisms (protozoa), but removal of viruses by gravity filtration is a
challenge due to their small size. Ideally, water treatment methods are combined, for

example filtration with subsequent disinfection.

1.3 HWT evaluation

HWT technologiesreassessed fdheir ability to inactivate or remove pathogens from
waterin laboratoryevaluationsinder controlled conditions using water spiked with high
concentrations afurrogates that represent the odgss pathogens of intereiVHO

2011a) Performance is then quantified by the:brgduction, which corresponds to the



difference between the test organism concentration in untreated and treated samples

calculated on a base 10 logamic scale.

The World Health Organization (WHO) has set hebliked performance targets for

evaluating HWT technologies based on quantitative microbial risk assessment (QMRA)

modeling. These performance targets are based on the predicted probalvifigtain

associated with pathogen exposure in drinking water and associated risk reduction with

regards to different classes of pathog@$lO 2011a) According to the WHO

classificationthe performance targetfarhi ghl yvpooH®tt t e@cthinrod® gi es
star 6 per ficatiomdsm4ley redttiandos badteria and protozeada 5-log

reduction for virusesTechnologies that meet thimrgethave the potentiab avert 1 x

10° DALYs per person per yedfablel). The performance target féprotectved

technologieg 6 tswoar 6 p elaskificationas mz:l@y redwction for bacteria and

protozoaanda 3log reduction for virused echnologies that meet this target have the

potentialto avert 1 x 1ODALYs per person per year. A third classification 6 o ni® st ar 6
included for temlhnelcigived tllratelmedtori at | east
pathogens (e.g. chlorine or some filtration technologieith), the recognitiorihat the use

of these techologies may result in substantial health g&div$1O 2011a)

Tablel: WHO healthbased performance targets for HWT technology performance classification

Performance | Bacteria Virus Protozoa Interpretation
classification | (0% reduction | (logioreduction | (logio reduction (assgmlng correct and
required) required) required) consistent use)
Comprehensive
* k k |04 05 04 protection (very high
pathogen removal)
Comprehensive
* % 02 03 02 protection (high
pathogen removal)
* Meets at least-8tar criteria for twalasses | Targeted protection
of pathogens
-- Fails to meet WHO performance criteria | Little or no protection

Figureadaptedrom (WHO 2011a)



1.4 Water quality monitoring

Drinking water quality calve monitoredht the point of usandHWT technologiesan

be evaluateduring useby testingwater quality before and after treatment. Due to the
difficulty of monitoring water for specific pathogens, wateoftentested for the
presence of indicator organisms. The bactérieoliis a widely accepted indicator of
fecal contaminatio (WHO 2011b) though the absence Bf colidoes not mean water is

free from pathogens.

Water quality can range widely over timdue to the use of alternate sources, an
emergency, or seasality (Kostyla et al. 2015)While the log reduction in test organisms

is easy to evaluate in a laboratory setting, this métiiimited for evaluationm situ

given the variable and sometimes low concentrations of indicator organisms in raw water
samplesThus the WHO has introduced a classification system to assess risk. While <1
E. coliCFU/100mL conforms to guideline vas, 210 E. coliCFU/100 mL isclassified

aslow risk, 1+100E. coliCFU/100mL isclassified asnedium risk, 1041000E. coli
CFU/100mL isclassified asigh risk and >100&. coli CFU/100mL isclassified avery

high risk Table2) (WHO 2011a)

Table2: WHO drinking water quality risk classification

E. coliCFU/100mL Classification
<1 Conforms
1-10 Low risk
11-100 Medium risk
101-1000 High risk
>1000 Very high risk

To maximizehealthgains, a technology that worksust also be used consistently to
improve drinking water qualitiBrown and Clasen 2012}etrics used to evaluate the
potential impact of HWTechnologiesnclude reported use, confirmed wswdeffective

use(Lantagne and Clasen 201Reported use is calculated as the percentage of the



surveyed population that pralds a drinking water sample and gelportsit wastreated.

Confirmed use is the percentage of the surveyed population that reports and demonstrates

use (i.e. technologig observedr disinfectant residual is measured in the treated water),

and effectivause is the percentage of the surveyed population that meets reported use
criteria and uses HWT t oE. cofigolifoorM@ming onitsr e at ed wa't
(CFU)/100mL to <I1E. coliCFU/100mL in treated drinking water. Effective use can also

be calclated using 1. coliCFU/100mL as a lowisk metric(WHO 2011a)Personal

preference and local supply chain characteristics arertant factors in HWT selection

and use

1.5 Ceramic water filters

Locally manufactured ceramipotdwater filters (CWFs) aran effectiveHWT
technology(Sobsey et al. 2008 hesuccess of CWFs is largely attributed to their being

an easy to use, durable product. CWFs amapeised of an ~10L capacity, silvaeated
ceramic filter element that suspends in a lidded receptacle. Water is poured into the filter,

gravityfedinto a safe storage contairerddispensed through a t@igurel).

Figurel: CWF shematiqPotters for Peace)
The technology was invented in 1981 by Lic. Fernando Mazariegos with the aim of

developing a household drinking water filter manufactured by local artisans and using

6



locally available materialshus, it was designed to accommodate variakilitmaterials
during manufactur@CAITI 1980). Or i gi nally thrown on a potterao
manufacturing process was mechanized and promoted worldwide hpith

governmental organizatidpPotters for Peace.

Filters are typically manufactured by pressing agbetermined ratio of localtgourced

clay and burrout material, such as sawdust or rice husk, into the filter shape. The burn
out material is sieved to control the particle size and during firing, it comitusss,

leaving a porous matrix. After filters are pressed, daiedfired to a ceramic state (~800
900°C) they are tested for quality contibhe primary quality control check is a falling
head flow rate test where the volume of water that filters fréull,avatersaturated

filter in the first hour is measured and expressed as liters per hour Hiltans that meet
factory established flow rate criteria are coated with silver, a known antimicrobial agent,

and pakaged for sale or distributidiFigure 2-Figure6, images taken by the author)

The filter mixture ratio is determined by manufacturing batches of filters with different
clay to burrout material ratios. The filters are tested for flow ratefdrets from the

batch that meet the factegstablished flow rate range (typically3iL/hr) are tested for
bacteria reduction. The specific recipe of the batch that meets both flow rate and bacteria
reduction criteria is then used in production. Sinde mot practical to test every filter for
bacteria reduction, flow rate ike most commonlysed indicator of production
consistencfCMWG 2011) Origindly, theflow rate guidelineof 1-2 L/hrwas

establisheds theoretically this would provide the r@gd contact time between the

water and silver for disinfection during filtratighantagne 2001b)rhe mnimum flow

rate istoachievea mi ni mum r ate of water treatment to me
water needCurrently, hemaximum flow rate is a topic of research and def@dwaG

2011)
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Figure3: Mixing and pressing
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Figure5: Firing and flow ratedsting
— ——

Figure6: Silver q)plicatic-:m and receptacle withstructions
In laboratory investigations, CWFs have demonsead O2 | og redaicti on val u
protozoa and protozoesized particlegLantagne 2001b, Van Halem et al. 208l 27

LRV of bacterial organisms from drinking waig&antagne 2001b, Brown and Sobsey

2010, Matthies et al. 2015, Van Halem et al. 200#us reduction remains a challenge,

with resultsranging from <12 LRV (Brown and Sobsey 2010, Matthies et al. 2015, Van

Halem et al. Q07). Thus, CWFs are expected to mietWHO HWT @ne stad

performancdargeta s t hey meet A prleadt teactassesefpatHogense | s f or a

I n situ, water treated by CWweskslassificationf t en i mpr ov
(60-93% of filtered samplegBrown, Sobsey, and Loomis 2008, Kallman, Oyanedel

Craver, and Smith 201bf <10 CFUE. coli/100 mL(WHO 1997)and filter use has



been associated with @D% reduction in diarrheal diseg® own, Sobsey, and Loomis

2008, Abebe et al. 2014)

Ceramic filters are thought to wotlrougha variety of mechanisms. Physical screening,
or pore size exclusioiis when the pores in the filter act as a physical barrier to
pathogens, organic materatdturbidity in the influent water. Filters with smaller pores
have a higher removal rate of bactdflyyanedéCraver and Smith 2008however,

filters have been successful at removing mimrganisms smaller than the measured

pores; therefore, in addition to screening, mechanisms such as, diffusion, sedimentation
and adsorption have been propofédn Halem et al. 2007 hese processes are
influenced by the morphology of the porous matrix, such as the relative distribution of
different pore typesHigure7) and t h ei thattcreates thecastualtpgttothe water

takes through the porous matri

Closed Pores  Blind Pores  Cross-linked Pores Through Pores

|

Figure7: Pore types
(Giesche 2006)

Additionally, silver added to ceramic filters contributes to the microbiological removal
effectivenesgVan Halem et al. 2007, Oyanedetaver and Sith 2008)by disinfection
(OyanedelCraver and Smith 2008nd may alsaonhibit biological growth from forming

on the filters and in thevater storage containefr®ceptacles(Bloem et al. 2009)

Over the past decades, locally produced CWFs have gained recognition and popularity as

an appropriate technology for HWT and are currently manufactured at >50 independently

1C



run factoriedRayner, Skinner, and Lantagne 2QId)e findingsof a survey of filter
factoriesfound that manufacturing and quality control protoaalsy widely both

between and within factories, including: 1) criteria for modifying filter mixture ratio; 2)

flow rate criteria and test protocols; 3) amount and type of silver applied; and, 4) bacteria

reduction test protocol®Rkayner, Skinner, and Lantagne 2QIR@)ese findings, in
combination with reports of poor quality filters reaching househ®diman, Oyanedel
Craver, and Smith 2011, Lemons et al. 2026y to concerns abotlte consistency of

filter quality.

The Ceramics Manufacturing Working Gro(@®@MWG), comprised ofnembers of
government, academia, ngovernmental organizatiomsdfilter marufacturers, was
formed in 2009 in response recommendations by attendees of the first International
Conference on Ceramic Pot Filters in Atlanta, GA, USA that minimum stanidafitisr

production be established. The overarching objective of the working groyp is to

Aiprovide guidance to assi st-codt mbsefieativef act or i

ceramic filters possi bl e-asedmanefdauongt p ut
guidelinesBest Practice Recommendations for Local Manufacturing of Ceramic Pot
Filters for Household Water Treatmgi@MWG 2011) In addition to manufacturing

guidelines, the CMWG identified needs for research to fill knowledge gaps.

1.6 Research objectives

The overarching objective of this research was to address previously ideesedah
needgCMWG 2011) to further guide manufacturing recommendations arfiddttate
andsupportthe consistenproduction ofhigh quality filters. To achieve this, five research
projects were carried guivhich comprise of chaptersg62of this dissertation, and are

described briefly below.
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Chapter 2 Laboratory investigation into thefett of silver application on the bacterial
removal efficacy of filter material for use on locafiypoduced ceramic water filters for

household drinking water treatment

This laboratory study evaluated the performance of different silver types and differen
silver concentrations applied to ceramic disks manufactured with different clays and

burn-out materials and with different influent water chemistries.

Chapter 3 The effects of input materials on ceramic water filter efficacy for household

drinking wate treatment

This laboratory study was an exploratory investigation into the influence of input
materials such as clay, buont type, burrout processingndfilter mixture ratio on filter

characteristics, flow ratendbacteria LRV.

Chapter 4 Evaluatian of household drinking water filter distributions in Haiti

This field research evaluated five programs that distributed biosand, ceramic, or Sawyer
filters in Haiti after the 2010 earthquake and cholera outbreak. Two of the filter programs

distributed CWB manufactured at different factories.

Chapter 5 Developing a Framework to Evaluate Quality Control Protocols of Ceramic

Filter Factories

A framework for evaluating quality control protocols in CWF manufacturing was
developedy developing assessment tools, visiting factonbserving and documenting

productionandtesting filters forflow rate ande. colilog:o reduction value.

12



Chapter6A Systematic Review of Ceramic 6Potdé Fi

WaterTreatment

A systematic review of the CWF literature was carriedtostynthesize research findings
on CWF effectiveness with regards to laboratory efficacy, effectivehessy useand
healthimpact with a specific focus omaterials and manufacturing preses during

production.

Each of these projects are presented irsthisequent chapters of the dissertation. The

dissertation concludes with a discussion and conclusions section.

13



2 Laboratory investigation into the effect of silver application on
the bacterial removal efficacy of filter material for use on
locally-produced ceramic water filters for household drinking

water treatment

14



2.1 Abstract

Locally produced ceramic water filters (CWF) are an effective technology to treat
pathogercontaminated drirkg water at the household level. CWF manufacturers apply
silver to filters during production; although the silver type and concentration vary and
evidencebased silver application guidelines have not been established. We evaluated the
effects of three carentrations of two silver species on effluent silver concentreion,

coli removalandviable bacteria retained on the surface and contained in the pores of
ceramic disks manufactured with clay imported from three CWF factories using sawdust
as the burrout material. Additionally, we evaluated performance using water with three
chemistry characteristics (N&laCl, C&"-CaCk andhumic acid as natural organic

matter) of disks made from the different clays using either sawdust or rice husk-as burn
out materal. Results showed: 1) silver desorption from disks coated with silver nitrate
(Ag®) was greater than desorption of silver nanoparticles (nAg) for all disks; 2) effluent
concentrationk. coliremovalandviable bacteria retained in disk formation inside t

disks were dosdependent on the amount of silver applied; and, 3) neither water
chemistry conditions (inorganic or organic compounds) nor-butmmaterial showed an
effect on any of the parameters evaluated at the silver concentration tested. The
recanmendation for filter manufacturers to use only nAg and at a higher concentration

than currently recommended is discussed.
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2.2 Introduction

Worldwide, an estimated 783 million people do not have access to an improved water
sourcelWHO/UNICEF 2012)and hundreds of millions more drink water that is
contaminated at the source or during collection, transport or st{Céagen and Bastable
2003) Drinking watercontaminated by pathogenic microorganisms causes
gastrointestinal infections, which account for 1.87 million childhood deaths each year,
mostly in developing countrigBoschiPinto, Velebit, and Shibuya 200®otters for
Peace (PP) style ceramic water filters (CWF) are a lowst technology produced at
independently owned factories in developing countries by pressing a mixturg ahdla
an organic (burout) material into the filter shape and then firing it to a ceramic state.
Combustion of the burout material during the firing process creates the porous
structure. CWFs remove pathogens from water by retaining them on the suirface

trapping them within the filter pores.

CWEFs are effective at removing more than 99% of protogbanmtagne 2001b, Van

Halem et al. 2007and 9699.99% of bacterial organisms from drinking wa@mown

and Sobkey 2010)however, the removal of visgs remains a challenge. In the field,

water treated by CWFs is often improved to the
low-risk classificatiofWHO 1997)of fewer than 10 CFE&. coli/100 mL,(Brown and

Sobsey 2010, Roberts 20GH)d filter use has been associated with a reduction in

diarrheal disease among us@sown, Sobsey, and Loomis 2008)

Silver nanoparticles (nAg) and silver nitrate (Agh@g*) are known antimicrobial
agents, andre added to filters at all factories, mostly after the firing prog@ganedel
Craver and Smith 2008ReportecE. colilog reduction values (LRVs) by CWFs coated

with nAg range from 2.5 to 4.5@Kallman, OyanedeCraver, and Smith 2011,
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OyanedelCraver and Smith 2008)RVs of 2.1 to 2.4 oE. colihave been measured
using fiters coated with Ag however, in the same studynilar LRVs were also

measured in CWFs without Agpplication(Brown and Sobsey 2010)

In production, 83% of factories use nAg and 17% usg(Rgyner, Skinner, and

Lantagne 2013)Some factories use A@pecause it is cheaper than nAg and/or it is

locally available. The concentration of silver applied at each factory varies. Reported nAg
concentations range from 107 to 288 pgRayner, Skinner, and Lantagne 2Q13)

excluding probable outlier§.he silver solution is applied to fired filters by brushing or
dipping. When applied with a brush, the volume and concentration of silver can be
measured, whereas when filters are dipped, the amount of silver absorbed by the filter is
not controlled. Fadries reported applying from 32 to 96 mg of nAg per filter when

applied by brushing. The current guideline, which is experiential rather than evidence

based, is 64 mg of nAg per fiteEMWG 2011)

A variety of water sources are used at factories to prepare silver solutions, from untreated

surface water to treated wa{®&ayner, Skinner, and Lantagne 2Q\¥pter
characteristics at the filter uepereddas home wi |l |
reduction in antibacterial properties of nAg with increased size of the nanopatrticle

clusters due to aggregation in the presence of divalent ions such@sdGaagnesium

ions (Md) (Zhang and Oyanedé&lraver 2011Zhang, Smith, and Oyaned@laver

2012) In addition, water can contain organic compounds, sublumic acid (HA)

These can rapidly coat the nanoparticle surfaces creating a physical barrier that prevents

interaction between nanoparticles and baa{@fiang and Oyaned€lraver 2011,

Zhang, Smith, and Oyaned@graver 2012, Fabrega et al. 2008}ile previous studies

have reported that different water chemistry conditions can impact the disinfection
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performance of nAg in the aqueous phase, these parameters have not been evaluated on

CWEFs either in the field or in laboratory tests.

Desorption of silver from coated CWFs has been reported during the first flushes of water
(OyanedelCraver and Smith 20087 study using phosphate buffer as influent solution
reported a decrease in silver concentration iluefit from nAgimpregnated CWFs to

below the United States Environmental Protection Agency (USEPA) maximum
contaminant level (MCL) for silver in drinking water (0.1 mg/L or 100 gRSEPA
2011)within a few flushegOyanedelCraver and Smith 2008) 0 our knowledge, no
comprehensive study has evaluated desorption of either nAg‘drohg CWFs using

different clays and water chéstry conditions.

This research aimed to address some of the gsidlated research needs outlined in the
Best Practice Recommendations for Local Manufacturing of Ceramic Pot Filters for
Household Water Treatmef@MWG 2011) The objective was to develop evidence

based recommendations for silver type, concentration and dilution water chistiaster

that take into consideration variation in local material characteristics and potential silver
exposure for filter users. In this study, we evaluated the performance of ceramic disks
manufactured with clays from three different factories and twestyh burrout

material, sawdust and rice husks. In Phase |, disks manufactured with the different clays
and sawdust were coated with three different concentrations of either nAg and\g
evaluated for: 1) effluent silver concentration and silver reian)E. coliremoval;

and, 3) viable bacteria retained in disks. In Phase Il, the influence of three water
chemistries (N&NaCl, C&*-CaCk andhumic acid as natural organic matter) on nAg and
Ag" were evaluated on disks manufactured with each of #ys @nd each of the burn

out materials against the same outcome parameters.
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2.3 Methods

2.3.1 Disk manufacturing and pretreatment

While PFRstyle filters are ~14iter capacity filter pots, in this study 4f®n diameter

disks were manufactured to simplifyanufacturing, transport and testing. Disks were
manufactured at Advanced Ceramics Manufacturing (Tucson, AZ) with clay imported
from filter factories in Indonesia (Indo), Tanzania (Tanz) and Nicaragua (Nica). Factories
were selected for geographical distition, variation in manufacturing methoaisd
willingness to ship clayRayner, Skinner, and Lantag2@13) The burrout material,

either saw dust or rice husk as they are the primary-duirmaterials used at factories
(Rayner, Skinner, and Lantagne 2Q18as purchased in Arizona and processed between
U.S. sieve numbers 16 and 30 (trhfh and 0.598nm openings, respectively). It

comprised 15%, burout to clay ratio by weight, of the filter mixit Disks were

pressed at 3.58 PSI and-dited. In order to achieve sufficient strength for testing, the
Indonesian clay disks were fired to 800°C peak firing temperature held for 180 minutes
(800°C/180min), Tanzanian to 950°C/60min and Nicaraguan t6°0380min. Fired

disk thickness was ~1.5 cm. Once fired, disks were boiled in water for one hour and the
percent porosity of each disk was calculated by dividing the difference between saturated

weight and dry weight by the geometric disk volume.

Disks wee shipped to the University of Rhode Island (URI) where they were cut to
3.8cm diameter to fit filter holders. To eliminate any possible microbiological
contamination, disks were heat treated to 550°C /30min, then allowed to cool at room
temperature. Theides of the disks were sealed with silicone, allowed t@ddghen

sealed in the filter holders with silicone. All tests were performed in duplicate.
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2.3.2 Disk characterization

Tracer experiments were conducted to determine the intrinsic characteristiesdigks

and to identify possible anomalies in the porous matrix. Tracer tests and the subsequent
determination of the advection and dispersion coefficients were performed using the
procedure described in Oyanerhver et al(2008)but with NaCl as conservative

tracer instead of tritiated water.

2.3.3 Study phases

This study was carried out in two phases. In both [ghassts were conducted in

duplicate, using two disks of each recipe. In Phase |, the effects of different
concentrations of each type of silver on disks manufactured with sawdust and each of the
clays was evaluated using a phosphate buffer solutionwetsiselected to minimize

natural decay of bacteria during the test period. Only disks manufactured with sawdust

were tested in Phase | due to limited availability of rice husk disks.

In Phase I, the influence of three water chemistries, selected to thinignic strength

and organic carbon content in natural water, was evaluated with each of the silver types
on disks manufactured with each of the clays and each of thebumaterialsTable

3). In Phase I, disks manufacturedivsawdust or rice husk and each of the clays were
tested. The silver concentration was selected to minimize the effect of residual silver, on

bacteria deactivation.
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Table3: Experimental coniéions

Stud Burn-out Silver (nAg* or Ag™** -

Phas):a Material concer(1tragon (mg/g’)‘**) Water characteristics
0.003

I Sawdust 0.03 10% phosphate buffer solutior
0.3
0.003 150 mg/L Na-NaCl

I Sawdust or | 0.003 150 mg/L C&*-NaCl

rice husk 0.003 5 mg/L humic acid as total
organiccarbon

*Silver nanoparticles, **ionic silver and *** milligrams of silver per gram of disk

2.3.4 Silver release and retention

Suspended silver nanopatrticles (nAg) (70 % silver) was purchased from Laboratorios
Argenol and dissolved silver (Agfrom SigmaAldrich. The majority of CWF factories
use Argenol silver nanoparticlEMWG 2011) The few factories that use Agpurchase

it from a variety of sources. Silver was applied by brushing each disk with a specific
concentration of either nAg or Agn the appropriate electrolyte solution according to the
procedure described in Oyaned&hver et h(OyanedelCraver and Smith 2008)
Physicochemical characterization details of nAg using the differat@rwehemistry
conditions are presentedsection2.6in the supporting information. These results are
similar to results from other studies performed by the authors and other researchers
(Huynh and Chen 2011, Thio, Zhand Keller 2011, Hotze, Phenrat, and Lowry 2010,
Zhang and Oyanedé€lraver 2011)and show the impact that divalent ions have on the
stability of nanoparticles suspensions. Whefi @as used as electrolyte solution the
nanoparticles aggregated, forming clusters with an average hydrodynamic diameter three

times greater than in the other solutions.

Disks were then flushed with a bactefriee solution for 24 hours. After preserving

sanples by adding 2% nitric acid, effluent silver concentration was measured using
inductively coupled plasma atomic emission spectroscopy-fIE®) after 100 minutes,

200 minutes, 300 minutes, and at 24 hours. Percent retention of silver was calculated by
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dividing the difference between the mass of silver applied and the mass of silver released
by the initial amount of silver added to the disk and then multiplying by 100 to obtain the

percent value.

2.3.5 Bacterial removal performance

After 24 hours of flushing wit a bacteria free solution, a concentration &f@BU/mL

E. coliwas prepared in water of the same chemical composition as used during the
flushing stage (i.e., deionized water with a buffer solution, electrolytes, or humic acid)
and continuously fed tdné disks at a flow rate of 0.5 mL/min using a peristaltic pump. A
fresh solution of bacteria was prepared daily for both Phase | and Phase Il testing.
Samples were taken daily for 10 dayslLRVs were calculated. The concentration of
bacteria in the inflant and effluent were measured using membrane separation followed
by an incubation period in+4RC, specific substrate media (Millipore, Inc) and colonies
were counted after 24 hrs. A more detailed description of the procatdgeant et al.

2002)is presented in the supporting information.

At a feed of 0.5 mL/min for 1@ays, the total throughput for each disk over the study
period was ~7.2 L, which equates to ~1300 L through asfedid filter. This was
calculated by multiplying the flow rate per of the filter disk by the area of a fidized
Nicaraguan filter usig filter dimensions presented in van Hal@/an Halem et al.
2007) Using this calculation, the 10 day test period simulated approximately four

months of a filter treating 10 L of water per day.

2.3.6 Bacteria retention

After completing the bacterial removal tests, tbaaentration of viable bacteria retained

on the surface and contained in the pores of the disks was determined. The disks were
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ground and 10 grams were transferred to-smbfask. The bacteria were dispersed in the
buffer solution by gentle sonicationrfb5 minutes to detach the bacteria from the
ceramic material. The concentration of bacteria was determined using Vigeant et al
(2002)as described above (additional method details are provided in the supporting

information).

2.4 Results

2.4.1 Disks characterization

A total of 144 disks were tested, including 30 eacmdé-sawdust, Tansawdustand
Nica-sawdustand 18 each of Indoce husk, Tanzice huskandNica-rice husk. The

average advection (v) (directly proportional to the fluid velocity) and dispersion (D)
(directly proportional to the effective porosity) coefficients and geometric porosity values
for the ceramic disks manufactured from the same reogpe similar Table4). Results

from disks manufactured with Indonesian and Tanzanian clays were also similar;
however, disks manufactured with the Nicaraguan clay had higher advection and
dispersion coefficients, indicating that thelute spread fastest through the Nicaraguan
disks. For each of the clay groups, disks manufactured with rice husk had slightly lower
porosities than disks manufactured with sawdust. This is likely because rice husk is

denser than sawdust, so the sana@s would result in a smaller volume ratio.
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Table4: Physical properties aferamic disks
Clay source& Burn-  Firing
out material temp.

& soak
(°C/min)

Advection
coefficient
(cm/min)

Dispersion
coefficient
(cm?min)

Geometric

Porosity
(%)

Indonesiasawdust 800/180 0.06+0.01 0.01+0.01 57%1.5
Tanzania-sawdust 950/60  0.06+0.01 0.01+0.00 59+1.8
Nicaragua-sawdust 1085/60 0.09+0.01 0.05+0.03 54£1.5
Indonesiarice husk ~ 800/180 0.05+0.01 0.01+0.00 54+0.5
Tanzania-rice husk 950/60  0.06+0.01 0.01+0.00 54+1.3
Nicaragua-rice husk  1085/60 0.10+0.01 0.09+0.05 49£1.6

2.4.2 Phase |

2.4.2.1 Silver release and retention

For both types of silver and regardless of clay type, a higher concentration of silver was
measured in efflueritom disks coated with higher concentrations of silegire8).

With the exception of 0.003 mg/g of silver, for each of the silver concentrations applied a
higher effluent concentration of Agvas measured in comparison with n&gver
concentration in the effluent reduced with solution throughput regardless of silver type.
Effluent silver concentration from nAgpated disks was below the USEPA MCL after 24
hours in all but one case (disks made with Nicaraguan clay and impregiitht€d3

mg/g nAg). After 24 hours, the effluent concentration from disks impregnated with 0.3
mg/g Ag exceeded the USEPA's MCL in all cases and ranged from 797 ppb to 2,697

ppb. Specific effluent values are preseritethe supporting informatioim sedion 2.6.
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Figure8: Silver mncentration in effluent from disks manufactured with Indonesian (a), Tanzanian
(b), or Nicaraguan (c) clay and sawdust (with standard bens), coated with different
concentrations (mg/g) of either nAg or A@porizontal line at 1.E+02 represents USEPA MCL for
silver)
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An increased concentration of silver resulted in increased silver retention in disks coated
with nAgregardless of clay typéigure9). nAg retention did not vary widely between

disks made with different clays. A greater percentage of nAg was retained in disks in
comparison with A most notably in disks made with Nicaraguan chagreater

difference in Ag retention between the different clays was observed. An increas€ in Ag
concentration from 0.003 mg/g to 0.03 mg/g resulted in increased retention; however, the

highest concentration of A@.3 mg/g resulted in the lowest percestention.
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Figure9: Percent silver retention and standard error over timesksdnanufactured with different
clays and sawdust coated with different silver species and concentrations (mg/g).
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2.4.2.2 Bacterial removal péormance

In all samples, a sharp reduction in LRV was observed from day one to four of continued
0.5 mL/min throughputRigure10), which would be the equivalent to 520L through a
full-sized filter; however, the LRV leveled off fronayfive. Thus, the LRV performance
comparison is based on an average of the results from the last six days10aygd 5

testing, the equivalent to an additional 780L-Rifled filter throughput.

Disks made with Indonesian and Tanzanian clays demornsaatmcreased LRV with
increased silver concentration, regardless of species appigdd€10). No change in

LRV was measured from Nicaraguan disks regardless of silver species or concentration
applied. LRVs were similar in termg$ evolution as a function of time and magnitude
between disks coated with nAg and*Agith the exception of 0.3 mg/g Awhich

achieved the highest LRV in both Tanzanian and Indonesian disks.

Disks made with either Indonesian or Tanzaniay and coated with 0.3 mg/g nAg
achieved >4 LRV on the 10th day of testingl(Z LRV improvement, respectively, over
control disks without silver). A less than 1 LRV improvement was measured over the
control disks with 0.03 mg/g of either silver. Disksated with 0.003 mg/g of silver

showed little or no improvement in LRV in comparison with the control disks by the 10th

day of testing.
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Ag*. Vertical lines indicate the 5th day of operation.
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2.4.2.3 Viable bacteria retention

The concentration of viable bacteria measurethfthe disks decreased with increased
silver concentration of either nAg or Adowever, disks made with Nicaraguan clay
showed little differenceNigure11). This could be a result of bacteria accumulation in the
possibly larger p@s in the Nicaraguan disks. Disks impregnated with either nAg br Ag
resulted in similar bacteria concentration reduction per silver concentration applied,
although disks coated with 0.3 mg/g of nAg had fewer viable bacteria than Ag
Negligible changes we detected between the amount of viable bacteria remaining in
disks coated with 0.003 mg/g of either silver spearadthe control groups (without

silver application) regardless of clay type.
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Figurell: Viable baceria detected in disks (with standard error bars) manufactured with sawdust
coated with varyig amounts of nAg (a) or Adb)
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2.4.3 Phase ll

2.4.3.1 Effect of water chemical composition and bt material

Effluent concentration of silver from disks manufactured with husk or sawdust with

0.003 mg/g of either silver was below the MCL value of 100 ppb after 300 minutes of
throughput with each water chemistBee supporting information in sectidsb.

Variation in influent water characteristics resulted in little difference in silver retention
among disks treated with nAgee supporting information in secti@drg). In disks coated

with Ag’, there was some variability in silvestention in disks manufactured with

Tanzanian and Nicaraguan clays when HA was used as the influent solution. A difference
in silver retention was not observed between disks manufactured with the same clay but

different burrout materials.

For each clayLRVs were in the same magnitude range regardless of influent water
chemistry applied, the silver type or the bonrt material usedsge supporting
information in sectior2.6). The amount of viable bacteria retained in disksezbatith
nAg or Ag" was within the same order of magnitude regardless of the influent water
chemistry conditions or burout material $ee supporting information in sectigr).

The amount of viable bacteria retained in disks mastufed with clay from Nicaragua
was almost an order of magnitude less than disks made with either Indonesian or

Tanzanian clays regardless of silver type or influent water chemistry.

2.5 Conclusions an®iscussion

In this study, nAg and Agperformance at vging concentrations in disks manufactured
with clays from different filter factories was evaluated. Additionally, silver was evaluated

using different water chemistries on disks manufactured with different clays and different
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burnout materials. Disks werused as a model for fidized filters due to space, time

and laboratory constraints. The continuous flow rate was controlled at 0.5 mL/min to
simulate four months of household use, which is possibly the longestdddmaterials
evaluation on CWFs tbe carried out to date. The main difference between our
manufacturing specifications and fslized filter manufacturing was the criteria used. At
CWEF factories, filter mixture recipes are established by selecting a ratio and firing
temperature that, usirige locally available materials, result in filters that meet specific
guality criteria such as flow rate, LRV and strength. In this study, rather than
manufacture filter disks that met factory quality criteria, the ratio of clay todutrn

material was &éld constant regardless of the clay origin or bowhtype in order to

control variables except for silver application. In order to achieve enough strength for
testing however, the firing temperature was adjusted for each clay. A protocol for
establishingr evaluating firing temperature at filter factories has not been developed and
peak firing temperature ranges from 80&F&D°C. Little research has been carried out on
the effects of firing temperature on filter characteristics and while its importance i
recognized, firing temperature evaluation was beyond the scope of this research. Disks
manufactured with the different clays likely varied in structure due to variability in the

clay, burnout material type and firing temperature.

Disks manufacturettom Indonesian and Tanzanian clays had comparable advection and
dispersion results and their porosity and strength were suitable for testing. The higher
advection and dispersion coefficients in disks manufactured with Nicaraguan clay
suggested the solugpread faster, possibly due to larger or more interconnected pores.
The Nicaraguan clay was exceptionally challenging to work with during manufacturing
and the firing temperature (1085°C) likely resulted in excessive vitrification-{med)

in comparisa with filters. A separate particle size analysis was carried out on samples of

32



the raw clays used in this research by taking periodic density measurements of a soil and
water suspension. The United States Department of Agriculture (USDA) particle size
classification system was used to ascertain the relative sand, silt and clay content. Results
showed that the material from Nicaragua had a very low clay (<2 micron) content
comparison with the Tanzanian and Indonesians clays (0.5%, 28.5% and 31%,
respectiely) (Duocastella and Morrill 2012Results from the Nicaraguan disks should

therefore be interpreted thicaution in this study.

The results of our study showed: 1) increased desorption‘afgkgpared with nAg; 2) a
difference between effectiveness of nAg and;A&) variation in LRV ofE. coli

depending upon silver concentration; 4) a difference in the amount of viable bacteria
remaining in disks depending upon silver concentration; and, 4) at the concentrations
tested, no impact of water chemistry on the efficacy of silver. These resulisargsdd

in the following paragraphs.

Using phosphate buffer influent, disks retained nAg more efficiently thatagorption

of nAg ranged from 5% to 10% for all disks tested, while for,A§% to 30% desorbed
from Tanzanian and Indonesian clay diaksl 30% to 40% from Nicaraguan clay disks.
This effect has been reported by other authors who evaluated sorption of silver species on
unfired clays using batch systems with equilibrium time of 24 h@ddessumura,

Yoshikata, and Tsuchido 2003g* can be displaced by cations with higher valence or
higher charge density, while nAg are trapped in the namd micre porous structure of

the filter allowing for a slow release of silver ions as the surface of the nanopatrticles is
oxidized by the dissolved oxygen in watkr, Lenhart, and Walker 2010With the
exception of disks manufactured with Nicaraguan clay, after 24 hours the concentration
of nAg in filter effluent was below the EPA MCL for each concentration tested, therefore

safer for users and cqimnt under the current drinking water recommendation. The
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concentrations released from nAg coated disks after 24 hrs of operation were similar to
results presented in other laboratetudies using fulsized CWFgVan Halem et al.

2007, Bielefeldt, Kowalski, and Summers 2009, Bielefeldt et al. 20ith) the

exception of the 0.3mg/g dose that would require more flushing to achieve acceptable

levels of siVer in treated water.

A rough projection of how long silver could potentially last in filters if the same amount

of silver measured in the effluent at 24 hours continued to release over time at the same
rate was calculated. Since the concentraticsileér after 24 hours of operation was used

as end point of concentration released, these estimations of the time needed to exhaust the
silver are conservative. Results are presented in the supporting informagemtion2.6.

At the application strength of 0.003 mg/g, nAg or &guld last for less than 4 years in

the filter regardless of influent characteristics. At 0.03 and 0.3 mg/g of nAg, the silver

could last in filters for more than 8 years; whereas, the application*aitAg03 and 0.3

mg/g could last for less than 1 ye@he @lculation methods and assumptiafshis

projection are presented in the supporting information.

While little change in LRV was measured regardless of the type or concentration of silver
appliedin Nicaraguan disks, with the Indonesian and Tanzanian clays, for either silver
species, a dosesponse relationship was observed: an increased concentration of silver
resulted in increased LRV &. coli. Disks coated with 0.3 mg/g Agesulted in the

highest LRV; however, this was likely the effect of the high concentration of silver in the
effluent (one order of magnitude above the EPA MCL) and therefore bacteria
deactivation was partially achieved by the high concentration of residual silver in the
effluent rather than contact with the silver sorbed/trapped in the porous structure of the
disks. With lower concentrations of silver, comparable bacterial reduction was achieved

between nAg and Aghowever, less silver was measured in the effluent of diskied
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with nAg. The application of high concentrations of Agfilters causes concern about:
1) the time that Agremains in the filter material, thus having implications on the length
of time silver can impact filter efficacy; and, 2) potential heatthsequences associated

with ingestion of elevated concentrations of Ay filter users.

The application of 0.003 mg/g of either silver did not demonstrate improved LRV over
the control disks (without silver) after 10 days of testing (equivalent to L3@@ughput

in a full-sized filter). This data is consistent with another study that compared CWF
performance with and without Agpplication(Brown and Sobsey 2010h disks
manufactured with Indonesian and Tanzanian clays, in comparison with the control
group,0.03 mg/g of nAg resulted inG4 and 1.0 LRVmprovement, and 0.3 mg/g of
nAgresulted in a 1 and 1.7 LRV by the 10th day of testing, respectively. Disks made
from Indonesian and Tanzanian clays coated with 0.3 mg/g achieved similar LRVs (>4)
on the 10th day of testing. The applicatiaf nAg resulted in a slightly greater

improvement in LRV for the Tanzanian disks than the Indonesian disks.

The viable bacteria quantification both on the surface and inside the disks supports and
expands upon the LRV results. An increase in silver atration resulted in reduced

viable bacteria retained in disks; and, disks with a higher concentration of nAg retained
fewer viable bacteria than disks with a higher concentration tf B results of this

study demonstrated that a silver coating reduzgsip to two orders of magnitude, the
viable bacteria retention in disks. To our knowledge this is the first study providing

guantitative information about viable bacteria retention inside ceramic filter material.

Phase Il focused on evaluating the irctpaf: 1) inorganic and organic compounds
present in natural water; and, 2) barut materials, on silver sorption, bacterial removal

andviable bacteria retained in disks. The silver concentration (0.003 mg/g) used in this
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phase was selected to minimibe teffect of residual silver (silver in the filtrate), either

nAg or Ag', on bacteria deactivation. At the selected test conditions, a difference was not
observed between the clays, bt material, or the silver species with the water
chemistries evaluad in terms of silver retention, LRV or concentration of viable bacteria
remaining in the disks. This could be due to the low concentration of silver used, as little
impact was seen at this concentration using phosphate buffered water, and several other
studies have shown the influence of the chemical characteristics of the solution on nAg
aggregate sizfLi, Lenhart, and Walker 2010, Zhang, Smith, and Oyan€daVe

2012) Based on current knowledge about the aggregation of nanoparticles in different
electrolyte solutions, water containing a low concentration of divalent ions (soft water)
should be used to prage the silver solution used to coat filters. Additionally, the

presence of natural organic matter, such as humic acids, can reduce the antimicrobial
properties of nAg as they can interact with the surface of the nanoparticles, reduce silver
ion releaseand prevent direct contact between the nanoparticles and the béGeadaet

al. 2009, Gao et al. 2012)

Recommendations resulting from this research include: 1) factories should usathmzkg

than Ag due to better silver retention. A not recommended for filter application as it

can lead to silver concentrations that exceed guideline values in filtered water; 2)
factories could increase the nAg concentratm 0.3 mg/g (approximaie640 mg/filter)

to achieve improved microbiological performance without compromising the quality of
filter effluent; and, 3) although this study did not show significant differences in terms of
performance with water chemistry, evidence from other stigliggest that organic and
inorganic compounds present in natural water can affect nAg performance and therefore,

soft water should be used in silver solution preparation.
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We recognize that these results and recommendations will have an impact on factories

Ag" is locally available and significantly cheaper in some countries (however, in some

cases information about quality or concentration may not be available); and, in some

cases importing nAg can be a challenge. Therefore, the recommendation to ugsgonly

and to increase nAg concentration by 10 times the current recommendation will add a

cost burden to the manufacturers. The cost of silver nanopatrticles from Argenol
Laboratorios has increased to ul, 400.00/Kkg
recoormadati on would result in an increase in
manufacture of high quality filter material will remain important in achieving high

performing filters and while silver application improves bacteriological removal

effectivenas, the lower concentrations showed little improvement over disks without

silver.

We also note that previous research has not always documented sufficient detail required
to compare research results including type of silver, silver concentration, déuation
throughput water characteristics. In some cases this may be attributable to a lack of
documentation or information about silver type or concentration. Previous research
should therefore be compared with caution, and future research should atteroipidi® in

these details.

The limitations in this study include the use of a controlled 5.4 L/hr flow rate, which is
about 23 times the flow rate used in the field. This flow rate was selected to achieve
throughput equivalent to represent letegm operation vthin a short period of time. The
results could underestimate microbiological performance and either under or
overestimate viable bacteria retentoture to faster water velocity, constant pressune

reduced contact time between silver and bacteria. dime $ilter material subject to a
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slower (23 L/hr) flow rate would likely result in similar trends and possibly improved

performance.

Extrapolation of results from disks to fidized filters may be influenced as throughput
per cn? of filter material mayary. While the volume of water fed through disk material
was consistent per érat the household level continuous exposure to water at different
heights in the filter will vary depending upon the pattern of use in each household.
Additionally, if structual or hydraulic differences exist between filter base and sides, the
disks are more likely similar to a filter base due to the amount and/or direction of
pressure applied during manufacture. The flow rate through filter walls and base;
however, is likelycomparable as approximately 83% more water flowed through the
sides than the bottom of two Nicaraguan experimental filtenstagne 2001band the
surface area distribution of a Nicaraguan filter is approximately 81% andsid¥s,and

base respectively.

This study identified several key parameters that require more detailed studies, such as
silver concentration, the effects of various influent water characteristics and the nature of
clay and other manufacturing variablestufa studies should include pressure and
hydraulic conductivity measurements of filter material. Further research
recommendations include: 1) evaluation of higher concentrations of nAg under a
selection of water chemistry conditions to evaluate nanogaeggregation and silver
particle size distribution in filter effluent; 2) evaluate effects of water characteristics both
on silver dilution and filter use (influent solutions); 3) evaluate physicochemical
interaction between clay and nAg or“Agn silversorption and LRV and the influence of
these properties and the pore size distribution of the porous matrix; 4) carry out a pore
size comparison between disks with and without silver application; 5) investigate the

influence of the amount and direction eépsure applied during manufacturing on pore
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structure and hydraulic properties to understand whether or how this may influence the
extrapolation of results from disks to fslized filters; 6) characterize the influence of
manufacturing variables on pastructure and hydraulic properties, including pore
formation resulting from firing temperature, bewat material size and type and clay
characteristics and the influence of these variables on filter criteria including flow rate,
microbiological removal ahstrength; and, 7) work towards the identification of

indicator(s) to classify and compare filter material.
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2.6 SupportingInformation

Table5: Physicochemical ppeerties of silver nanoparticled different water chemistrgonditions
Hydrodynamic thmeter  Zeta potential

(nm) (mV)
Ca’* | 156 + 16 92
Na“ | 35+ 3 -30+5
HA | 35+4 32+ 4
Buffer | 30 +7 -35+6

E. coligrowth procedure method description, as per Vigeaait (2002)

An aliquot of stock solution of Eoli was thawed and used to inoculate 50 ml of
autoclaved broth prepared with 10g of tryptone, 5g of NaCl and 1 liter of water. The
solution was incubated in a shaker table at 30°C at 150 rpm until thexpichential

phase of growth was reached. The ba&teere harvested in mielxponential phase

when the optical density of the culture was about 1.0, as measured at a wavelength of
590nm. The bacteria solution was rinsed with phosphate buffer three times. Then the
bacteria concentration was determined gsimembrane filtration method in order to

prepare the appropriate solutions at the different conditions tested in phase | and Il.
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Phase | Silver concentration in effluent

Table6: Silver concentration in effluent over time fradisks coated with different concentrations
of silver
Silver in effluent (ppb) over time (min) and

Disk Silver Concert estimated equivalent time (days) and
material type ration (mg/g) throughput (Liters) in fullsized filter
100 min 200 min 300 min 1440 min
<1 day <2 days ~2.5days ~12days
oL 18 L 27 L 130 L
Indonesia | nAg 0.003 86 73 4 ND
Sawdust 0.03 314 139 14 1
0.3 456 407 165 27
Ag* 0.003 223 36 2 ND
0.03 887 449 52 42
0.3 20935 3368 1063 797
Tanz | nAg 0.003 141 67 24 ND
Sawdust 0.03 198 78 28 ND
0.3 2377 634 59 46
Ag* 0.003 187 84 14 6
0.03 1816 209 127 51
0.3 27705 5404 1751 1414
Nica- | nAg 0.003 155 32 17 ND
Sawdust 0.03 236 130 75 31
0.3 2927 1517 946 198
Ag* 0.003 181 323 94 17
0.03 2842 1206 218 65
0.3 25528 22321 7688 2698

ND: not detecteq
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Phase Il Silver concentration in effluent

Table7: Silver concentration in effluent over time using different influent water characteristics

Disk Silver Water Silver in effluent (ppb) over time (min) and fsited
material type characteristic filter equivalent time (days) and throughput (L)
100 min 200 min 300 min 1440 min
<lday <2days ~2.5days ~12 days
9L 18 L 27 L 130 L
Indonesia | nAg NaCl 109 48 10 4
Sawdust CaCb 121 31 6 ND
HA 113 58 19 7
Ag* NaCl 138 34 29 26
CaCb 120 61 44 10
HA 196 44 22 8
Tanzania- | nAg NacCl 132 34 22 ND
Sawdust CaCb 124 35 18 ND
HA 171 49 22 2
Ag* NaCl 189 52 16 ND
CaCb 50 36 10 5
HA 173 82 27 5
Nicaragua | nAg NacCl 161 68 19 5
Sawdust CaCb 197 43 15 2
HA 184 52 23 6
Ag* NaCl 130 85 42 3
CaCb 184 63 32 13
HA 239 112 47 10
Indonesia | nAg NaCl 103 65 41 5
Rice husk CaCb 141 29 14 8
HA 160 33 26 3
Ag* NacCl 141 45 4 4
CaCb 118 66 10 8
HA 110 49 36 16
Tanzania | nAg NaCl 127 33 30 <1
Rice husk CaCb 103 54 46 9
HA 135 49 32 ND
Ag* NaCl 132 51 30 8
CaCb 193 46 23 ND
HA 234 114 40 5
Nicaragu | nAg NaCl 152 80 30 8
Rice husk CaCb 147 78 40 11
HA 133 90 57 ND
Ag* NaCl 194 65 39 5
CaCb 189 42 24 ND
HA 263 160 25 19

ND: not detecteq
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Figure12: Concentration of silver in effluent (ppb) as a functidtime (hours) from disks

manufactured with Indonesian clay and sawdust (a) or rice husk (b), Tanzanian clay and sawdust

(c) or rice husk (dandNicaraguan clay and sawdust (e) or rice husks (f) astutrmaterial
using different influent water chemigtconditions, with standard error bars.
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