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Executive Summary

Introduction

The World Health Organization (WHO)/UNICEF assessed in 2000 that 1.1 billion people do
not have access to ‘improved drinking-water sources’. Interventions in hygiene, sanitation
and water supply make proven contributors to controlling this disease burden. The ambitious
target established in the ‘Millennium Development Goal"’ (MDG # 7) is “halving the proportion
of people without sustainable access to safe water and basic sanitation by 2015". Providing
more than half a billion people with safe drinking water is a major task, especially because
most of them are living in rural areas. Despite major efforts to deliver safe, piped, community
water to the world’s population, the reality is that water supplies delivering safe water will not
be available to these people on such a short term. According to the WHO a short-term
solution to meet the basic need of safe drinking water can be found in household water
treatment and safe storage (HWTS).

Ceramic silver impregnated pot filters (CSF) is a HWTS system developed by the Non-
Governmental Organisation named Potters for Peace. After installing a production facility in
Nicaragua, Potters for Peace has begun to scale up the filter production in other countries.
This is done by involving local entrepreneurs to start their own CSF factories. Furthermore
CSF is implemented by emergency relief organisations including the International Red Cross
and Doctors without Borders. CSF is manufactured with local materials and skills and is
therefore an inexpensive product ranging from US$5 to US$12. A mixture of clay, sawdust
and water is pressed into a pot shape with press moulds. Once the filter element has its
shape it is fired in an oven and impregnated with a layer of colloidal silver. Potters for Peace
aims for the filter element to have a maximum pore size of 1 ym [PFP, 2001].

Since the introduction of the ceramic pot filters many reports have been published on the
performance of these filters. The focus of these investigations has been the performance of
CSF in the field and the improvement of the product and the manufacturing process. Brown
and Sobsey [2006] observed an estimated 46% reduction in diarrhoea in filter users versus
non filter users in a follow-up assessment in Cambodia. In the laboratory in Nicaragua, log;g
reduction values? between 1.8 and 4.9 of E.coli® are reported [Lantagne, 2001], but the

! The Millennium Development Goals are a blueprint agreed to by the member states of the United Nations and the
world’s leading development institutions, September 2000.

2 Logyo reduction values are computed as the logse(influent/effluent); 1 LRV=90% reduction, 2 LRV=99% reduction,
3 LRV=99.9% reduction, and so on



measurements of these laboratory investigations are not numerous enough to be statistically
reliable. In literature there is a lack of research on the application of colloidal silver on CSF. It
is unknown if the contact time and surface area is sufficient to enhance microbial inactivation.

Objective

The objective of this study is to provide reliable performance data under laboratory conditions
for ceramic silver impregnated pot filters to help speeding-up and scaling-up their
implementation by organisations worldwide. This overall objective has been specified in sub-
objectives to provide a base for the research approach: (i) determining the level of removal
efficiency of pathogenic micro organisms by CSF; (ii) determining the occurrence of leaching
and/or removal of metals; (iii) providing knowledge on the physical filter characteristics such
as pore size distribution; (iv) investigating the effect and role of colloidal silver in CSF; (v)
designing a test protocol to control the filter quality in the factories. This study is the first
phase to acquire a ‘Declaration of Performance’ of the Dutch drinking water laboratories

Research approach

To provide reliable performance data the removal efficiency of 24 filters is monitored during a
long-term study of 12 weeks in the laboratory of Sanitary Engineering. Ceramic silver
impregnated pot filters are imported from 3 production locations; Cambodia, Ghana and
Nicaragua. From Nicaragua also filters without the application of silver are imported. These
filters are daily loaded with canal water to simulate the demand of a small family. The
influent and effluent of the filters are measured weekly for: (i) pH, temperature and
conductivity; (ii) turbidity; (iii) total coliforms and £.coli; (iv) relevant metals.

The situation of highly contaminated waters in rural areas of developing countries is
translated to the laboratory by dosing high concentrations of indicator organisms:

i.  Sulphite reducing Clostridium spores as an indicator for oocysts* of protozoa;
ii. E.coli K12 as an indicator for pathogenic bacteria;
iii. MS2 bacteriophages as an indicator for viruses.

The demands and wishes of the consumers are considered during this study by monitoring
the operation, cleaning procedure and the flavour and colour of the effluent water.

The microstructure of the filter material is of interest to completely understand the
mechanisms of filtration in CSF. With mercury intrusion porosimetry, the direct method,
bubble-point test and analytical model the following physical filter characteristics are
determined: porosity, pore size distribution, total pore area, permeability, tortuosity, effective
pore size, and filter discharge.

Conclusions and recommendations

The major findings from the long-term study are: (i) in 93% of the 144 taken 300mL samples
no total coliforms were detected; (ii) logo reduction values between 4 and 7 were reached
for spikes with £.coli; (iii) sulphite reducing Clostridium spores (10°-10° n/100mL) are
successfully removed by all filters, with and without colloidal silver; (iv) MS2 bacteriophages
are partially removed by CSF (LRV 0.5-3.0).

The effective pore size diameters measured with the bubble-point test have a mean of 40
pMm. The data collected with mercury intrusion porosimetry show characteristic pore lengths in
the filter material between 16 and 25 pm. It is obvious that these measured pores are much

3 Escherichia coli, a member of the coliform group, are almost exclusively of faecal origin and their presence confirms
faecal contamination

* Protozoa form protective stages, known as oocysts, which allow them to survive for long periods in water

_iv_



larger than the maximum of 1 um pores aimed at by Potters for Peace. However, the effect
of these pores on the removal efficiency is not great, since micro organisms much smaller
than these pores are retained. It can therefore be concluded that the indicator organisms are
removed by other mechanisms than absolute screening, namely mechanism of sedimentation,
diffusion, inertia, turbulence and adsorption.

Filters manufactured in Nicaragua without the application of colloidal silver removed equally
successful coliforms from the canal water as the filters with colloidal silver. Furthermore, for
the retention of Clostridium spores colloidal silver proved not to be a necessity. High
concentrations of E.coli are better removed by filters with silver, but still the achieved log
removal is satisfactory for both filter types. Nevertheless, based on the results from this study
can be concluded that the application of colloidal silver on CSF has a positive effect on the
removal of £.coli K12. This is in contrast with MS2 bacteriophages, because these are
surprisingly better retained by filters without the application of silver; this is most likely due to
the reduced adsorptive pore (surface) area after coating with silver.

Metallic compounds are released from the filter material during filtration. Of all measured
metallic compounds, especially the concentrations of arsenic in the effluent water are
worrying. In the first week the mean concentration of the Cambodian filter reached almost
200 ug/L, and even after 12 weeks of usage the concentration was still slightly above the 10
Mg /L WHO guideline with a mean of 17 ug /L. Silver leaches from the filter element also,
visibly reducing the bacterial growth in the receptacle. But the concentrations of silver in the
effluent water are insufficient to cause the cosmetic skin condition of argyria [WHO, 2006].

The main deficiency of CSF is the low filter discharge; during the 12-week long-term study all
discharges reduce below 0.5 L/h. It must be taken into account that the reduction in flux
depends on the raw water quality. Scrubbing of the filter elements has a temporarily effect on
the discharge only. The measured fluxes are unacceptable; it is a basic requirement that CSF
provides sufficient reliable water for a family. It is recommended that future research is done
on the possibilities to increase the discharge. Furthermore the focus of the product
improvement should be the increase of discharge without losing effectiveness of the removal
of pathogenic micro organisms.

In this study filters were imported without specified information on the exact manufacturing
method. Additionally, the filters did not origin from the same batch and are therefore
probably not produced under the same conditions. These unknown variables have made it
impossible to determine the replicability of CSF in this study and thus come to a ‘Declaration
of Performance’ by the Dutch drinking water laboratories. Future research is therefore
recommended after standardisation and documentation at the production locations. Especially
the solid specification of the exact manufacturing method; type of clay, size of sawdust,
moisture and heating etc are of importance.

It is recommended that future research is done on the effect of the application of colloidal
silver: (i) at the production location to compare filters from the same batch with and without
colloidal silver; (ii) the effect of silver on the adsorptive properties of the filter material in
relation the adsorption of bacteriophages; (iii) the discussion on the need of colloidal silver in
CSF, for it to be a safe household water treatment system.

The final recommendation of this study is that in case arsenic is known to be present in a
region, the selected clay for the filter material is tested for the leaching of arsenic, before
choosing it as the main substance of CSF.
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1 Introduction

Access to safe drinking water is essential to a person’s health, a basic human right and a
component of effective policy for health protection [WHO, 2006]. In this context many
organisations have initiated the development of drinking water treatment systems suitable for
the tropical conditions in developing countries. Ceramic silver impregnated pot filters (CSF) is
such a system developed by the non-governmental organisation ‘Potters for Peace’ and
currently manufactured in many countries worldwide. The performance of CSF as a drinking
water treatment system is the subject of this Master’s Thesis.

In the first section (1.1) of this chapter an introduction is given into ceramic silver
impregnated pot filters. Section 1.2 overviews the literature on previous research regarding
CSF and silver. The problem description and objective of this Master’s Thesis are outlined in
section 1.3 and 1.4. Section 1.5 gives an overview of the restrictions of this study;
constraints, guidelines and assumptions. In section 1.6 the research approach is presented,
including the collection of performance data and experiments performed to determine the
porosity of the filter material. In the final section (1.7) the contents of this report is outlined.

1.1 Ceramic silver impregnated pot filter (CSF)

The need for household water treatment systems in developing countries has lead to the
introduction of ceramic silver impregnated pot filters. One of the advantages of CSF is that it
is produced with local materials and skills, as described in this section.

1.1.1 Household water treatment

The World Health Organization (WHO)/UNICEF assessed in 2000 that 1.1 billion people do
not have access to ‘improved drinking-water sources’. Consumption of unsafe water continues
to be one of the major causes of the 2.2 million diarrhoeal disease deaths occurring annually,
mostly children in developing countries [Sobsey, 2002]. Interventions in hygiene, sanitation
and water supply make proven contributors to controlling this disease burden. The ambitious
target established in the ‘Millennium Development Goal® (MDG # 7) is “halving the proportion
of people without sustainable access to safe water and basic sanitation by 2015".

® The Millennium Development Goals are a blueprint agreed to by the member states of the United Nations and the
world’s leading development institutions, September 2000.



Providing more than half a billion people with safe drinking water is a major task, especially
since most of them are living in rural areas. Despite major efforts to deliver safe, piped,
community water to the world’s population, the reality is that water supplies delivering safe
water will not be available to these people in such a short term. It is not an option to wait for
the long-term solution of microbiologically reliable drinking water through distribution
systems. According to WHO a short-term solution to meet the basic need of safe drinking
water can be found in household water treatment and safe storage (HWTS). Apart from the
advantage of a relatively rapid implementation of HWTS, recontamination can be prevented
by treating the water at home. Recontamination occurs between point of delivery and
consumption, both during transport and in the homes. During the past decades several point-
of-use treatment systems (Figure 1.1) have been developed and are in use all over the world.

An appropriate technology complies with WHO guidelines on the quality and quantity of
water. It ensures the guarantee that water for personal or domestic use is safe and therefore
free from micro organisms, chemical substances and hazards that constitute a threat to a
person's health.

SODIS UV-disinfection Biosand filtration Ceramic candle Ceramic silver
filter (with impregnated pot
activated carbon) filter

Figure 1.1 Household water treatment systems

1.1.2 Potters for Peace

Potters for Peace (PFP) “seeks to build an independent, non-profit, international network of
potters concerned with peace and justice issues. We will maintain this concern principally
through interchanges involving potters of the (overdeveloped) North and (underdeveloped)
South. PFP aims to provide socially responsible assistance to pottery groups and individuals in
their search for stability and improvement of ceramic production, and in the preservation of
their cultural inheritance” [PFP, 2001]. In this context PFP started to introduce ceramic
colloidal silver-impregnated pot filters (CSF) in developing countries.

After installing a production facility in Nicaragua, Potters for Peace has begun to scale up the
filter production in other countries. This is done by involving local entrepreneurs to start their
own factories. In the year 2000, factories were established in Mexico, Bangladesh and
Cambodia, followed by factories in Haiti, Guatemala, El Salvador, Nepal, Pakistan, Uzbekistan
and Ghana in 2001 and 2002. Furthermore CSF are implemented by emergency relief
organisations including the International Red Cross and Doctors without Borders.



1.1.3 Manufacturing CSF

The following section is roughly based on the brochure of IDEASS Nicaragua ‘FILTRON,
Ceramic filter for drinking water’. The manufacturing process of CSF begins by grinding dry
clay in a hammer mill and sieving it through a screen mesh (2 mm). Sieved sawdust (3 mm)
is added to the clay and mixed either by hand or in a mixer. Then, water is slowly added to
the mixture followed by another mixture period to obtain a homogenous consistency. The
clay/sawdust/water mixture is pressed into shape by a hydraulic press with purpose-built
moulds (appendix I.1). Now the shape of the filter is obtained and the filter is marked with a
unique code. Before the filters can be fired in an oven the filters have to dry for 4 to 21 days,
depending on the weather. Once the filters are completely dry they are fired in the oven at
approximately 900 °C for a period between 6 and 9 hours. Afterwards, the filters are left to
cool until they reach room temperature. Once cool, the filters are soaked in water for 24
hours and tested for their clean water flux, which must be between 1 and 2 litres per hour.
Filters that do not meet this requirement are destroyed. Next, a mixture of water and colloidal
silver is prepared; 2 mL of colloidal silver at 3.2% is added to 250 mL of water. When the
filter is dry it is dipped into the solution. Finally the filter is assembled (Figure 1.2) to a
complete water treatment system (filter pot, plastic receptacle, spigot and lid) and sold to
Non-Governmental Organisations for prices ranging from US$5 to US$12.

A in-ed

Clay filtering
A element

Plastic
faucet

Plastic /
A/receptacle

Figure 1.2 (a) Ceramic silver impregnated pot filters [Roberts, 2003] (b) CSF system

1.2 Previous research

A literature study is performed before formulating the objective of this research. Relevant
research on ceramic silver impregnated pot filters and the effect of silver on micro organisms
is presented in this section.

1.2.1 CSF research

Since the introduction of the ceramic pot filters many reports have been published on the
performance of these filters. Most reports are written on the subject of the performance of
CSF in the field. Some others discuss the porosity and removal efficiency of pathogenic micro
organisms and elements. This section covers a summary of relevant investigations
documented in the past.

Potters for Peace aims for the filter element to have a maximum pore size of 1 um [PFP,
2001]. Industrial Analystical Service, Inc. (IAS) investigated the pore size of a sample from
the PFP filter using a Scanning Electron Microscope (SEM) with X-ray elemental analysis. The
conclusion of these investigations is that the composition of the filter is not uniform, due to
both cracks and spaces within the filter. The cracks measure up to 150 um in length and the
spaces up to 500 pym (Figure 1.3). The pore size in areas not within a crack or space ranges
from 0.6 to 3 ym [Lantagne, 2001].



Figure 1.3 (a) Spaces and (b) cracks in CSF made by SEM [Lantagne, 2001]

Using the X-ray analysis the sample was positively scanned for the following chemical
components; silicon, oxygen, aluminium, iron, sodium, magnesium, sulphur and potassium.
Lantagne also investigated the removal efficiency of 8 of the first filters pressed by the new
hydraulic press mould in Nicaragua. She measured log;, reduction values® (LRV) between 1.8
and 4.9 of E.coli’.

Joe Brown [2004] wrote a preliminary study on the sorption of bacteriophages® by clay and
clay additives, by testing the adsorption of phages in a centrifuge experiment and in CSF.
One of his results was that clay material from the filters manufactured in Nicaragua with
colloidal silver reached an average LRV of 5.11, whilst the clay from the filters without
colloidal silver did not remove any phages. He suggests the mechanism of inactivation by
silver, but concludes that this has still not been satisfactorily characterised. The LRV of
bacteriophages by CSF (with colloidal silver) is not as high as in the centrifuge experiment,
namely 2.4. He has performed a longitudinal study also, and presented the results at a WHO
conference in 2004. The graph in Figure 1.4 shows that the log,, reduction value seems to
reduce in time, and it suggests that after scrubbing the LRV increases again.

Cleaning

- % ) I o
, :
v . %
»
0 100 200 j ] 433 &00

Time [hours]

Log{10) reduction of M52 and PhX-174
/g
L
JN
el d
L /
y
o
P ]
|
i
3

Figure 1.4 Longitudinal challenge test (bacteriophages) of Filtrdn filter [Brown, 2005]

In May 2006 Brown and Sobsey published a report on a field study of large-scale
implementations of CSF at 80 households in Cambodia. The study included independent

% Logy, reduction values are computed as the log;o(influent/effluent); 1 LRV=90% reduction, 2 LRV=99% reduction,
3 LRV=99.9% reduction, and so on

7 Escherichia coli, a member of the coliform group, are almost exclusively of faecal origin and their presence confirms
faecal contamination

8 Bacteriophages (bacterial viruses) are used as an indicator for pathogenic viruses



follow-up assessment after 2 and 4 years in use. Their major findings were that '(i), the rate
of filter disuse was approximately 2% per month after implementation, due largely to
breakages; (...) (iii), the filters reduced £.coli/100 mL counts by a mean of 95.1% in treated
versus untreated household water, although demonstrated filter field performance in some
cases exceeded 99.99%:; (iv) microbiological effectiveness of the filters was not observed to
be closely related to time in use; (v) the filters were associated with an estimated 46%
reduction in diarrhoea in filter users versus non users.

Roberts [2003] already performed a field test implementing CSF in Cambodia and observed
17% increase in diarrhoea-free households.

Many smaller research programmes have been a contribution to the improvement of the
manufacturing method and product. Most researches currently initiated are focussed on
improving CSF; prevention of recontamination in receptacle, strengthening of the lip and
additives to increase the removal of viruses.

1.2.2 Silver research

A mixture of colloidal silver (appendix I.2) and water® is applied on CSF by dipping the filters
completely in the mixture. PFP introduced the application of colloidal silver based on the
many papers discussing the microbial inactivation by silver. History is full of examples in
which silver has been used for its purification properties. According to Russell [1994],
Aristotle advised Alexander the Great to boil water and store it in silver vessels to prevent
waterborne diseases. Pioneers that crossed America placed silver coins in their water barrels.
Vikings would line the hull of their ships with strings of silver and copper to prevent growth of
algae [Niven, 2005].

Today’s use of silver is outlined by Silver [2003]; “Silver compounds are used widely as
effective antimicrobial agents to combat pathogens (bacteria, viruses and eukaryotic micro
organisms) in the clinic and for public health hygiene. Silver cations are microcidal at low
concentrations and used to treat burns, wounds and ulcers. Ag is used to coat catheters to
retard microbial biofilm development. Ag is used in hygiene products including face creams,
‘alternative medicine’ health supplements, supermarket products for washing vegetables, and
water filtration cartridges.” And he continues; “Silver-containing products are used in hospital
and hotel water distribution systems to control infectious agents (for example, Legionella).
Silver was used to sterilize recycled drinking water aboard the Russian MIR space station and
on the NASA space shuttle.”

Hence, silver compounds are added to products worldwide to control the growth of micro
organisms. Russell [1994] describes three main mechanisms responsible for the bacterial
inactivation with silver:

1. Silver reacts with thiol*® groups in the bacterial cell, (i) structural groups and (ii)

functional (enzymic) proteins;
2. Silver produces structural changes in bacterial cell membranes;

3. Silver interacts with nucleic acids*.

In a study by Pedahzur [1995] specific strains of £. coli were used as target micro organisms
and the inactivation efficiencies of silver were evaluated at different concentrations and
exposure durations. The inactivation of silver after half an hour of exposure ranged between

° 2 mL of colloidal silver at 3.2% is added to 250 mL of water
10 Thiol is a compound that contains the functional group composed of a sulfur atom and a hydrogen atom (SH)

1 The most common nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). Nucleic acids are
found in all living cells and viruses



0.32 and 2.21 logs for 5 and 30 ppb!? respectively. After one hour of exposure the log
reduction ranged between 0.54 and 2.87 for 5 and 30 ppb respectively.

Butkus [2004] states that; “given contact times on the order of hours, silver has been shown
to be somewhat effective as a disinfectant against coliforms and viruses”.

Nakatsugawa [2001] investigated the antibacterial activity of silver to four bacterial
pathogens'? of freshwater fish. Viable cell counts were made at 4 and 24 hours after
exposure. Three of the pathogens showed < 10 cfu/mL counts at 4 hours and one contained
< 10 cfu/mL at 24 hours. The initial concentrations were not specified in the article, but
Nakatsugawa concludes that ‘these results indicated that silver possessed the antibacterial
activity to four bacterial pathogens’.

The bacterial inactivation mechanism by silver is complex and the investigations on the silver
resistance of micro organisms continue. However, it is of no doubt that three parameters are
of influence on the effectiveness; contact time, contact surface area and concentration.

1.3 Problem description

Previous research provides sound information on the performance of CSF in the field in
Cambodia. Nevertheless, to speed and scale up the implementation of CSF it is undeniable
that reliable performance data under laboratory conditions are needed. Credibility of these
data is based on the accuracy of the measurements, the number of measurements and the
analysis of the results. Organisations, such as the WHO, need solid prove of the performance
of a treatment system before implementing it at a large scale.

The performance of the filters can be determined by monitoring several parameters. The
removal efficiency of pathogenic micro organisms is directly linked to the reduction in
diarrhoea victims and therefore an important parameter. In the last decennium also the
presence of metals has become more important, especially since the high occurrence of
arsenic poisoning in Bangladesh. Ceramic filters are manufactured out of clay which could
have an effect on the water quality. Leaching of metals can be expected, because of the
reddish colour (iron) that is said to be produced by the filters in the first few flushes. Another
water quality aspect is the turbidity and colour of the water. Turbid effluent could indicate
that large pores are present in the filter, but just as important, consumers preferably do not
want to drink turbid water.

The performance of CSF can be determined by the removal of substances, but another
approach is to understand why these substances are removed. Knowledge of the physical
filter characteristics is needed to completely understand the performance of CSF. The pore
size distribution is an important parameter which determines whether particles/micro
organisms are retained. But it also determines to what degree water passes the filter
element, thus an optimum between flux and removal has to be obtained. The microbial
removal is said to increase by soaking the filters in colloidal silver, but no evidence has been
given yet to prove the role of silver in CSF.

In the factories the filters are tested for their discharge and based on these measurements
the filters are sold or destroyed. It is assumed that the filter discharge gives an indication of
the quality of the filter and therefore the level of removal efficiency. Unfortunately, there is
no literature to support this assumption.

Breakage and recontamination are the most important reasons for malfunctioning of CSF in
the field [Brown, 2006]. A relation between the results in the laboratory and the field is
needed to improve the applicability of the results.

12 parts per billion (ppb): The "parts-per" notations are used to denote extremely low concentrations of chemical
elements

13 pathogens are biological agents that cause disease or illness to their host



The problem description of this Master’s Thesis is:

Unavailability of reliable performance data of ceramic silver impregnated pot filters as a
drinking water treatment system under laboratory conditions to provide a solid scientific base
for organisations to safely speed-up and scale-up the implementation of this system
worldwide.

This general problem description includes many parameters that influence the performance of
CSF as discussed before. In Figure 1.5 an overview is given of these relevant parameters.

Pore size
(distribution) Permeability and
Remaoval efficiency tortuosity
micro organisms

Role of colividal
Leaching/removal of silver

metals

CSF
performance

Filter discharge
Turbidity, colour,
taste and odour

Operation

PH, temperature (recontamination)

and conductivity

Figure 1.5 Parameters influencing performance of CSF

1.4 Objective
The problem description results in the following objective:

Provide reliable performance data under laboratory conditions for ceramic silver impregnated
pot filters to help speeding-up and scaling-up their implementation

This overall objective has been specified in sub-objectives to provide a base for the research
approach:

i Determining the level of removal efficiency of pathogenic micro organisms by CSF;
ii. Determining the occurrence of leaching and/or removal of metals;

iii.  Providing knowledge on the physical filter characteristics such as pore size
distribution;

iv.  Investigating the effect and role of colloidal silver in CSF;

V. Designing a test protocol to control the filter quality in the factories.

It should be noted that this research is the first phase in the CSF project to acquire a
‘Declaration of Performance’ of the Dutch drinking water laboratories. The phases following
this research are outlined in Table 1.1.



Table 1.1 Phases 2-4 of ‘Ceramic silver impregnated filters for low-cost point-of-use drinking
water treatment’ Project

Phase 2 Evaluate and classify the performance of CSF in relevant rural locations by carefully
examination and judging the efficacy of the CSF technology based on the testing data under conditions
of observation and analysis (similar to phase 1).

Phase 3 Verify all test/quality assurance regarding the level of environmental risk reduction that
occurs in the real world related to the level of performance and effectiveness of technologies purchased
or used. This evaluation preferably results in a ‘Declaration of Performance’ regarding the removal
efficiency of CSF.

Phase 4  1In the final phase of this project the declaration is presented to World Health Organisation.
Then CSF can hopefully be applied at many new locations in the world to contribute in reaching the
Millennium Development Goal # 7.

1.5 Restrictions

The restrictions of this study are divided into constraints, guidelines and assumptions.

1.5.1 Constraints

The constraints as listed below are the limitations to the research enforced by sources that
are outside the researcher’s reach.

i Filters are imported from 3 production locations; Cambodia, Ghana and Nicaragua;

ii.  The filters used for this study are randomly selected by the manufacturers and do not
come from one single batch;

iii. Parameters involving the manufacturing of CSF, such as type of clay, size of sawdust,
moisture and heating are not specified by the manufacturer.
1.5.2 Guidelines

Guidelines are formulated by the researcher in the early stage of the project. For explanations
of these guidelines the reader is referred to the corresponding sections.

i.  The performance of the ceramic filters is tested by investigating the complete water
treatment system (filter+bucket+tap);

ii.  The filters are handled according to the manufacturer’s manual (appendix 1.3),
without the dosing of chlorine, since this will not be available to most users in rural
areas;

iii.  The filters are daily loaded with the amount of water to provide sufficient drinking
water for 2 persons (total 6 litres/day);

iv.  The Guidelines for Drinking-Water Qualtiy, 3" edition published by the World Health
Organisation (WHO) in 2006 are the water quality guidelines used in this research.
1.5.3 Assumptions

The following assumptions are made in all stages of the research and explained in the
sections where they are introduced.

i For mercury intrusion porosimetry the Washburn equation is used and therefore the
pore is assumed cylindrical and the opening is assumed circular in cross-section;

i.  Initially the filter elements are assumed to be completely saturated after bathing in
water for 24 hours [Nederstigt, 2005].



1.6 Research approach

To provide reliable performance data the removal efficiency of 24 filters is monitored. In this
study ceramic silver impregnated pot filters are imported from 3 production locations;
Cambodia, Ghana and Nicaragua (Figure 1.6). From the latter also filters without colloidal
silver impregnation are imported. The filters are all manufactured according to the PFP
method, described in section 1.1.3. Since CSF is produced with local materials and skills,
variations in filter performance per production location can be expected. In appendix
I.4photos of CSF per production location are included.

Figure 1.6 Map of the world (f.l.t.r.) Nicaragua, Ghana and Cambodia

All 24 filters are daily loaded with canal water from the canal Schie, a water body passing
through the city of Delft. The initial plan was to load the filters daily with this canal water to
simulate the demand of a family. Unfortunately, as a result of widely varying filter discharges
it is in practice not possible to load all filters equally andfill all filters fully (water level=20cm)
at least once a day. Therefore the daily load is set on 6 litres per day which would provide
sufficient drinking water for 2 persons only.

The filters are lined up in an experimental set-up (Figure 1.7) with an automatic inlet of
influent water. During simulation the water produced by the filters is discharged into the
sewer.
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Figure 1.7 Experimental set-up for long-term study (appendix 1.5)



The filters are monitored over a period of 12 weeks to acquire sufficient measurements for a
solid scientific base of the CSF performance. The influent and effluent of the filters are
measured weekly for the following parameters:

i.  pH', temperature and conductivity';
ii.  Turbidity®;
iii.  Total coliforms and E.coli;

iv.  Relevant metals'’.

These data should provide sound evidence of the performance of CSF. Nevertheless it can be
expected that the raw canal water does not contain many contaminants compared to the
highly contaminated waters in rural areas of developing countries. This situation is copied to
the laboratory by dosing high concentrations of indicator organisms® on 8 filters:

iv.  Sulphite reducing Clostridium spores as an indicator for oocysts'® of protozoa;
v.  E.coli K12 as an indicator for pathogenic bacteria;

Vi. MS2 bacteriophages as an indicator for viruses.

This long-term study provides information on the water quality before and after filtration, but
some other factors also influence the performance. The demands and wishes of the
consumers are considered during this study by monitoring the operation, risk of
recontamination and cleaning procedure and by monitoring the odour, taste and colour of the
effluent water. It should be noted that the relevance of all measured parameters is explained
and discussed in the matching chapter.

To understand the mechanisms in CSF completely it is inevitable to investigate the physical
filter characteristics too. The following parameters are investigated:

i Porosity (direct method/mercury intrusion porosimetry);

ii. Pore size distribution and total pore area (mercury intrusion porosimetry);
iii. Material permeability and tortuosity (mercury intrusion porosimetry);
iv.  Effective pore size (bubble-point test);

V. Filter discharge (analytical model and measurements).

The importance of elaborating these results and the relations between experiments should
not be underestimated. The sub-objectives concerning the role of colloidal silver in CSF, the
relation between the performance and physical filter characteristics and designing a test
protocol cannot be reached without solid evaluation of the results.

“ WTW pH Electrode SenTix 41-3

5 WTW TetraCon 325

6 HACH 2100N Turbidmeter

7 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

18 Indicator organisms are whenever pathogens are present and do not multiply in the aquatic environment

19 protozoa form protective stages, known as oocysts, which allow them to survive for long periods in water
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1.7 Outline of this report

In chapter 2 the results of the experiments to determine the physical filter characteristics are
presented; porosity, pore size distribution, permeability, tortuosity, effective pore size and
filter discharge. In the final section of this chapter the conclusions concerning this topic are
summarised.

The results of the removal efficiency of pathogenic micro organisms are presented and
discussed in chapter 3. The presentation is divided into the removal of total coliforms from
canal water and extremely contaminated waters (Clostridium spores, £.coli and
bacteriophages).

Chapter 4 discusses the retention and leaching of (metallic) compounds in CSF. The results of
the most relevant elements; aluminium, arsenic, silver and zinc are presented in detail.

In chapter 5 the parameters directly visible by the consumer are discussed, such as turbidity,
colour and odour. Other consumer requirements such as operation and cleaning are included
in this chapter also.

In chapter 6 the results are analysed to meet the objectives; the mechanisms of filtration in
CSF, the reducing filter discharge in the course of time, the role of colloidal silver in CSF, and
the design of a test protocol to control the filter quality in the factories.

In the final chapter the conclusions and recommendations of this study are outlined.

Throughout the report the reader is referred to literature and appendices which can be found
in the back of this report. In many representations of the results, such as graphs and tables,
not all measurements and/or calculated values are included. In some cases only the relevant
values are depicted, in others the means of all measurements. In the caption of such a
representation the reader is referred to all values in the corresponding appendix.
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2 Physical filter characteristics

All material behaviour is determined by its properties. Therefore, as a first step in this
research, the filter material is characterised. The parameters chosen to characterise the
material are the material porosity, pore size distribution, permeability, tortuosity and total
pore area. It is thought that these parameters contribute to the understanding of the filter
discharge and the removal efficiency of pathogenic micro organisms.

The mechanism of filtration and the different types of pores present in the filter material are
described in section 2.1. The filter material is characterised by determining the pore size
distribution and total pore area (2.2), permeability and tortuosity (2.3), total porosity (2.4)
and effective pore size (section 2.5). The filter discharge (2.6) is measured and modelled with
varying water levels during the 12 weeks of the long-term study.

2.1 Mechanism of filtration

The porosity of the filter is the fraction of the volume that is occupied by pore or void space.
In the case of ceramic filters it is important to distinguish several types of void space; one
which forms a continuous phase within the porous medium, called ‘interconnected’ or
‘effective’ pore space, and another which consists of ‘isolated’ pores (Figure 2.1). The isolated
pores cannot contribute to the flux across the filter. ‘Dead-end’ pores are interconnected from
one side only; the contribution of these pores to the flux is temporarily. It should be noted
that the dead-end pores can also be connected to the interconnected pores, but as long as
the route of these pores is a dead-end it will not contribute to the flux. When the filter is filled
with water all pores connected to the inside will fill with water, including the ‘dead-end’ pores.
This will result in a delay before a steady-state discharge of the filter is reached.

,:,w/‘; 5 W ;.’r".r".-ﬁ;.-" e :}/F ey ] ":;'-IJ:'_{/ t:-'_:{/’.’-': ,ﬂ” =
U AN €
LYW @&

dead-end pores interconnected pores

Figure 2.1 Types of pores [Xiaolong, 2005]
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The overall removal of impurities associated with the process of filtration, is done by a
combination of different phenomena: (i) mechanical screening, (ii) sedimentation, (iii)
adsorption, (iv) chemical and (v) biological activity [Huisman, 1996].

Mechanical screening is the purifying process that includes removing the particles of
suspended matter that are too large to pass through the pores of the filter material. Clogging
of the filter element will reduce pore sizes and, theoretically at least, the screening efficiency
will increase in time.

Sedimentation removes particulate suspended matter of finer sizes than the pore openings by
precipitation upon the surface of the clay material. Due to the larger density of the
suspended matter than water it will follow a different path resulting from gravitational force.

Diffusion is the random motion of particles caused by collision with surrounding molecules,
which could eventually lead to adsorption to the filter material.

Sedimentation Diffusion

Screening

Figure 2.2 Mechanism of filtration (sedimentation, screening and diffusion)

Adsorption is an important purifying action, removing finely divided suspended matter as well
as colloidal and molecular dissolved impurities. The forces of adsorption, however, exert their
influence over extremely short distances only, not more than 0.01 to 1 ym, while the water
film surrounding the filter material has a much greater thickness. This means that purification
by adsorption is only possible in combination with a second mechanism to bring the particle
in the immediate vicinity of the clay surface. Many of these transport mechanisms are present
in the flowing water: gravity, inertia®®, diffusion, hydrodynamic forces and turbulence. The
forces responsible for the adsorption of suspended matter at a short distance from the filter
material are:

i physical attraction between two particles (Van der Waals' forces);

ii.  electrostatic attraction between opposite electrical charges (Coulomb forces).

Chemical activity is the process in which dissolved impurities are either broken down into
simpler, less harmful substances, or converted into insoluble compound after which straining,
sedimentation and adsorption may remove them from the flowing water. Biological activity is
the action of micro organisms, living in and on the filter element. The bacteria present in the
raw water are adsorbed on the filter material, where they multiply selectively, feeding on the
inorganic and organic matter deposited here. This food is partly oxidised to provide the

2 Inertia induces particles heavier than water to keep as much as possible their original direction of motion
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energy these bacteria need for their living processes (dissimilation) and partly converted into
cell material for their growth (assimilation).

2.2 Pore size distribution and total pore area

In this section two parameters measured and calculated with mercury intrusion porosimetry
are presented; pore size distribution and total pore area.

2.2.1 Mercury intrusion porosimetry

A mercury intrusion porosimeter is used to acquire specific information on the pore size
diameters in the filters. The diameters measured by porosimeters range from 0.003 pm to
360 um, depending on the pressure range of the porosimeter. To measure these pore
diameters it is a necessity to work with a non-wetting fluid, to ascertain that pressure is
needed to fill the pores with the fluid. The behaviour of a non-wetting fluid (Hg) differs from
a wetting fluid (H,O) as shown in Figure 2.3. A non-wetting fluid resists entering a capillary
(appendix I1.2) and to describe this intrusion three physical parameters are needed: (i) the
surface tension, (ii) the contact angle, and (iii) the geometry of the line of contact at the
solid-liquid-vapour boundary.

Contact Angle

45° 60" 90° 120° 135°

Figure 2.3 Contact angles of wetting and non-wetting fluids [Webb, 2001]

Washburn [1921] first suggested the measurement of pore size distribution by the use of
mercury injection. He derived an equation from the Laplace equation describing the
equilibrium of the internal and external forces on the solid-liquid-vapour system in terms of
the three parameters mentioned before. Washburn’s equation assumes that the pore is
cylindrical and the opening is circular in cross-section.

—27rycosd = P (2.1)

The relationship between applied pressure and the minimum pore size diameter into which
mercury will be forced to enter is:

_ —4ycosd

D 2.2
b (2.2)
D pore diameter [m]
surface tension of the liquid [485 N/m]
0 liquid-solid contact angle [135°]
P applied pressure [Pa]
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In short, a mercury intrusion porosimetry test involves placing a sample (approximately 1
cm?®) into a container (Figure 2.4). Air is evacuated from this container to remove
contaminant gases and vapours (usually water), subsequently mercury is allowed to enter.
This creates an environment consisting of solid, a non-wetting fluid and mercury vapour.
Next, pressure is built up and the volume of mercury entering larger openings is monitored.
Gradually the pressure is increased to the maximum pressure of, in case of the ‘Micrometrics
Mercury Intrusion Autopore IV Series’ (appendix I1.3) used in this experiment, 210 MPa to fill
pores as small as 0.006 um.

Fill with Apply
mercury pressure

I
1

Evacuate

I
¥

Figure 2.4 Principle of mercury intrusion to determine porosity

The volume of mercury that intrudes into the sample due to an increase in pressure from P;
to P, is equal to the volume of the pores in the associated size range D; to Di;;. The
measurements of a series of applied pressures and the cumulative volumes of mercury
intruded results in an intrusion curve (Figure 2.5). From this intrusion curve multiple material
characteristics can be derived, like pore size distribution, total pore area, porosity,
permeability and tortuosity.

Mercury intrusion curves
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Figure 2.5 Cumulative and incremental mercury intrusion curve
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The total pore area is calculated with the assumption that all pores are cylindrical. From a
cylindrical pore model the pore wall surface area is determined from the incremental pore
volume (Vy) by the equation:

Ay = —- (2.3)

The sum of all pore areas per representative diameter (D;) for the size class equals the total
pore (surface) area.

2.2.2 Homogeneous filter material

The samples measured by mercury porosimetry were taken from three locations in a filter
from Nicaragua; the bottom (H=0 cm), the middle of the filter wall (H=10 cm) and from the
lip. These tests should give an indication of how homogeneous the filter material is, since the
pressure used in the manufacturing process is not equal over the height of the filter. The
porosity is calculated from the difference in weight of the sample/container with and without
intruded mercury. A second parameter of interest is the total pore area, because this
influences the adsorption properties of the material.

Table 2.1 Porosity and total pore area of filter manufactured in Nicaragua

Sample Porosity Density Total pore area
[%] [g/mL] [m2/g]

Lip 32 1.34 0.20
== 32 1.40 3.51
. a Middle (H=10) 40 1.34 3.93
Dﬂ“ 45 1.36 3.63
4 Bottom (H=0) 33 1.36 0.19
= 43 1.37 1.78

In Table 2.1 is an overview given of the porosity, density and the total pore area of the
samples distributed over the height. At every height two samples were tested and,
unfortunately, the measurements of total pore area are not similar for matching samples.
This suggests that the total pore area varies widely per cm® (approximate size of sample) of
material and with this the total pore area is not similar throughout the filter.

The highest porosity is measured in the middle of the filter (45%) and the lowest porosity is
measured in the lip of the filter (32%). The mean porosity of all measurements is 38% with a
standard deviation of 6%.

A more important parameter to the quality of the filter is the pore size diameter. By applying
Washburn’s equation it is possible to calculate a pore size diameter distribution from the
incremental intrusion curve. In Figure 2.6 the percent pore volume distribution by pore size is
depicted for the same 6 samples from one filter. For the cumulative intrusion curves related
to the pressure is the reader referred to appendix I1.4. It should be noted that the
percentages on the vertical axe are calculated by multiplying the volume of intruded mercury
per representative diameter (D;) by the density of the sample (p+).
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Incremental intusion curves NICARAGUA
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Figure 2.6 Incremental intrusion curve of samples from one filter

The incremental intrusion curves of all samples show approximately the same trend with a
peak at a pore size diameter of 14 um. The variations are minor and no clear-cut variation
shows between the samples from different locations in the filter. It can therefore be
concluded that the variations in pressure during the manufacturing process do not result in
varying pore size diameters in the filter element, as previously assumed by the
manufacturers. Although a variation in porosity is not found within one filter element, the
temperature of the oven, duration of baking and rate of heating have an influence on the
density of the end product [Reed, 1988]. Since these parameters are difficult to control under

manufacturing circumstances a variation can be expected between the filters from different
batches.

2.2.3 Comparison of filters per production location

In the previous section the conclusion that the pore size distribution is homogeneous
throughout the filter leads to the possibility to compare material from different filters simply
by testing a sample from the lip. This is done with filters from the different production
locations. The results from the mercury intrusion porosimetry test are represented by the
cumulative and incremental intrusion curve in Figure 2.7.

Mercury intrusion curves
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Figure 2.7 Incremental intrusion curve per production location
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The overall trend of the distributions is more or less similar, large variations in the pore size
distribution are not visible between the samples from different production locations.
Nevertheless some small differences can be highlighted. The peaks in the incremental
distribution curves are not exactly identical: Cambodia (23 pm), Ghana (19 pm) and
Nicaragua (14 pm). From the cumulative intrusion curves it is possible to point out the
porosity of the sample: the sum of all incremental percentages equals the total porosity. The
porosities of the filters vary slightly; Cambodia = 43%, Ghana = 39% and Nicaragua 34%
(Table 2.2). The total pore area is calculated to be lower for the filters manufactured in
Cambodia; this can be explained due to the absence of pores smaller than 0.2 um.

Table 2.2 Porosity, density and total pore area of samples per production location

Country of origin Porosity Density Total pore area
[%] [9/mL] [m*/g]
Cambodia 43 1.35 0.67
Ghana 39 1.27 1.31
Nicaragua 37 1.30 1.22

2.2.4 Comparison of filters with and without colloidal silver

The filters are impregnated with colloidal silver by soaking them completely in a silver
solution. This means as much that the filters are impregnated from bottom to lip. By
comparing samples from the lip an indication of the variation between the filters from
Nicaragua with and without impregnation is given. The trends of the incremental curves from
the mercury intrusion porosimetry test of the samples do not show obvious variations. The
variations between the filters with and without colloidal silver are better visible when looking
at the cumulative intrusion curves (Figure 2.8).

Mercury intrusion curves
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Figure 2.8 Cumulative intrusion curves of Nicaraguan filters with and without silver

The intrusion curves for the filters with colloidal silver do not show pores as small as 0.01 pm,
while the filters without impregnation do. This should have a direct effect on the porosity and
total pore area. The measured porosities and pore areas are summarised in Table 2.3 and
indeed a variation is found between the two filter types. The filters with colloidal silver have
lower porosities and total pore areas, without decreasing densities.

Table 2.3 Porosity and total pore area of Nicaragua filters with and without silver

Filter type Porosity Density Total pore area
[%] [g/mL] [m*/q]

Colloidal silver 37 28 1.30 1.30 1.22 0.18

No colloidal silver 47 41 1.30 1.29 6.45 7.80
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2.3 Total porosity

The total porosity of the filter gives an indication of the build up of the microstructure. The
direct method is a simple procedure to determine the total porosity of the complete filter
element.

2.3.1 Direct method

The total porosity of the filters can be determined by the ‘direct method’ which includes
weighing the filter dry and saturated. Complete saturation is achieved after 24 hours, see
appendix IL.5 [Nederstigt, 2005]. After this period all air is released from the filter and the
interconnected and dead-end pores are filled with water. The isolated pores are taken into
account when weighing the filter dry, but this is not the case when weighing it saturated.
Although the isolated pores do not contribute to the flux, they do influence the outcome of
the direct method. The total porosity (P) can be calculated with the following formula:

m.—m
p— (M =Ms) 1009 (2.5)
,0 water filter
P total porosity [%)]
ms mass of saturated filter [g]

My mass of dry filter [g]
Pwater  density of water [1000 g/L]
Viier  Volume of filter [L]

The volume of the filter can be determined with the volume calculations for cones, by
measuring the dimensions of the filter before and after breakage. A more accurate method to
determine the volume of the filter is by weighing the filter under water. In that case the
upward force equals the displacement of water. Figure 2.9 shows the experimental set-up to
weight the filter element in water.

msaturated B mundervvater

p water

filter

Figure 2.9 Determination of the filter volume

The accuracy of the direct method is debatable, but can give an indication of the porosity.
Furthermore this method might prove useful as a testing method of the filter quality in the
factories, since it is simple and inexpensive.
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2.3.2 Results total porosity

The total porosity (P) of the filters is determined for 3 or 4 filters per production location. The
means and standard deviations (o) of these porosity calculations are summarised in Table
2.4.

Table 2.4 Determination total porosity (P) (appendix I1.6)

Country of origin My mg Vpores Viiter Pdry P g
[d] [a] [L] [L] [9/L] [%] [%]
Cambodia 4851 6209 1.36 3.79 1281 36 3
Ghana 3345 4376 1.03 2.75 1216 37 2
Nicaragua 4022 4929 0.91 3.00 1339 30 2
Nicaragua (without silver) 3908 4961 1.05 3.00 1301 35 2

When comparing the porosity of the filters from Nicaragua it shows that the porosity of the
filters without colloidal silver is slightly higher than the filters with silver. This implies the
same as with mercury intrusion; that by applying colloidal silver the pores are filled and/or
coated.

The filters from Ghana have the highest total porosity and the filters from Nicaragua the
lowest. It should be noted that the total porosities of all measured filters is between 30-38%,
thus the differences between the filters are small, especially when taking into account the
inaccuracy of the direct method.

When comparing the total porosities from the direct method with the porosities from the
mercury intrusion porosimetry test it shows some differences (Table 2.5).

Table 2.5 Direct method vs. mercury intrusion porosimetry

Country of origin Direct method Mercury intrusion porosimetry
Porosity [%)] Density [g/mL] Porosity [%] Density [g/mL]
Cambodia 36 1.28 43 1.35
Ghana 38 1.22 39 1.27
Nicaragua 30 1.34 34 1.30
Nicaragua (no silver) 35 1.30 44 1.30

An explanation for the slightly lower porosities measured with the direct method is that the
filter material is not completely saturated after 24 hours. Perhaps some of the smaller pores
are still filled with air and because the contribution of these pores to the discharge is very
small these pores were unnoticed in previous research by Nederstigt [2005].

2.4 Effective pore diameter

In the previous sections the pore sizes in CSF are measured, but the pore diameters in the
path travelled by particles determines whether they are retained or not. In this section the
effective pore size diameter is calculated by measuring the bubble-point of the filter.

2.4.1 Bubble-point test

The water travels through many paths in the filter, the pore diameters on these paths
determine which particles are retained in the filter. The smallest diameter on a path
determines what the largest passing particle is, also called the ‘effective diameter’ (Figure
2.10). The largest effective diameter in a filter element is the effective pore diameter of the
filter.
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APLaplace

Effective pore diameter

Figure 2.10(a) Effective pore (b) Solid-liquid contact angle

To determine the size of the effective pore a bubble-point test is performed. The bubble-point
test is based on the fact that, for a given fluid and pore size with a constant wetting, the
pressure required to force an air bubble through the pore is in inverse proportion to the size
of the hole. The theory of capillarity states that the height of a water column in a capillary is
inversely proportional to the capillary diameter. In practice this means that the largest
effective pore size of the filter can be determined by forcing air through the pores. By
gradually increasing the pressure in the filter the air is pushed through the pores. At a certain
pressure a steady stream of air bubbles will escape from the filter, this is called the bubble-
point. The bubble-point is the moment at which the air has passed the route with the largest
effective pore diameter. The relation between the air pressure at bubble-point and the
effective pore diameter is described by a modification of the Laplace equation (similar to the
Washburn equation):

Ap = 476050 2.7)
D

AP pressure difference over filter [N/m?]

Y surface tension of the liquid [72 N/m]

0 liquid-solid contact angle [°]

D pore diameter [m]

To successfully perform the bubble-point test it is most crucial that the filter is well sealed.
This can be done by using a latex ring and handscrews (Figure 2.11). Furthermore a
measuring device is needed to monitor the applied pressure.

[ |
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T Pressurised air

|
—r ——

Figure 2.11 Experimental set-up bubble-point test
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2.4.2 Bubble-points and diameters

The bubble-point is determined for 12 filters from different production locations. The filters
from Ghana did not have a smooth lip and it was therefore not possible to seal these filters
under water. Furthermore the force needed to seal the filters caused breakage of several
filters. This made it too risky to test all filters for their effective pore diameter. In Table 2.6
the diameters are calculated from the measured bubble-point pressures. The effective pore
diameters depend on the liquid-solid contact angle and since the tests are performed with
water it is uncertain what the exact contact angle is.

Table 2.6 Effective pore diameter [um]

Country of origin Pressure Contactangle
[bar] 6 =0° 6 = 30° 6 = 60°
Cambodia 0.076 37.89 32.82 18.95
0.088 32.73 28.34 16.36
0.086 33.49 29.0 16.74
Ghana 0.078 36.92 31.98 18.46
Nicaragua 0.102 28.24 24.45 14.12
0.078 36.92 31.98 18.46
0.076 37.89 32.82 18.95
0.082 35.12 30.42 17.56
0.094 30.64 26.53 15.32
Nicaragua (no silver) 0.064 45.0 38.97 22.50
0.068 42.35 36.68 21.18
0.068 42.35 36.68 21.18

The effective pore diameter decreases with approximately 15% when calculating with 8=30°
instead of 8=0°. To ascertain that the contact angle does not wrongly influence the outcome
of the calculations the bubble-point is checked in a dodecyl sulphate sodium salt solution.
This solution provides a zero contact angle. The control-filter tested a bubble-point at 0.076
bar with water and at 0.066 bar (44 um) with the solution. When calculating the effective
diameter the liquid-solid contact angle of water and filter material it is approximately 30°
(appendix I1.7). Hence, all filters have an effective pore diameter between 33-52 ym (Table
2.7), which is obviously much larger than the 1 um aimed at by Potters for Peace. The
question remains what the contribution is of these paths to the removal efficiency. Like in the
previous measurements, it shows in this table that the coating of silver influences the
microstructure; the effective pores are smaller after impregnation.

Table 2.7 Actual effective pore size diameters

Country of origin Bubble-point in water  Bubble-point in solution Effective pore diameter
[bar] [bar] [um]
Cambodia 0.076 0.066 43.75
0.088 0.076 37.79
0.086 0.074 38.67
Ghana 0.078 0.068 42.63
Nicaragua 0.102 0.088 32.61
0.078 0.068 42.63
0.076 0.066 43.75
0.082 0.071 40.55
0.094 0.081 35.38
Nicaragua (no silver) 0.064 0.055 51.96
0.068 0.059 48.90
0.068 0.059 48.90
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2.5 Material permeability and tortuosity

The pore size diameters and pore area of CSF are of importance to understand the removal
of substances from the raw water. At this stage two parameters are introduced to describe
the water flow through the filter element; permeability and tortuosity.

2.5.1 Permeability

Permeability is a basic permeable medium property that, unlike porosity, depends on fluid
flow. In order to calculate the permeability, the characteristic length, L., must be determined.
The characteristic length is determined from the threshold pressure (P;), using the Washburn
equation. The threshold pressure is the pressure at which the (cumulative) intrusion volume
versus pressure curve is steepest. This inflection point was determined experimentally by Katz
and Thompson to correspond closely to the pressure at which mercury first spans the sample
and the point at which percolation begins (Figure 2.12).
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Figure 2.12 Determination of the inflection point

The calculated characteristic pore length (diameter) is used to calculate the permeability of
the sample. Katz and Thompson [1986] introduced two expressions for calculating absolute
permeability (k) using data from a single mercury intrusion pressure curve:

1 , L
k=—0L_ ~—TgS(L
89 max LC ¢S( max)
and
1
k=—»L"Z (2.4)
226 o,
K permeability [darcy]
Lc characteristic length [um]
Limax pore length when conductance is maximum [um]
o bulk density [g/mL]
S(Lmax) ILmax/ Itotal [']
a/ 0o conductivity formation factor [-]
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The second equation is only useful if the conductivity formation factor (o/ oy) is
independently determined. This is not the case and therefore the first equation is used to
determine the material permeability. Ly is the pore length at which the conductance is
maximum. The conductance is maximum when (Ii-Ithres)Di3 vs. pore size diameter is maximum
(Figure 2.13). I; is the volume of mercury intruded for the corresponding pore size D; and Iiyres
is the cumulative volume intruded at the threshold pressure.
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Figure 2.13 Determination of L. at maximum conductance

Having determined L.« and the corresponding volume of intrusion, sufficient data are
available to calculate the permeability. Now it is also possible to determine the conductivity
formation factor from the second Katz-Thompson equation. The conductivity formation factor
consists of the rock conductivity at the characteristic length (o) and the conductance of brine
in the pore space (0p). The calculated characteristic length, conductivity formation factor and
permeability are depicted in table Table 2.8.

Table 2.8 Characteristic length, conductivity formation factor and permeability (k) of CSF

Country of origin Lc a/ 0 K
[um] [-] [mdarcy]

Cambodia (C1) 25.27 0.085 240.2
Ghana (G3) 22.67 0.108 245.6
Nicaragua (N3) 16.71 0.07 86.51
Nicaragua (N7) 16.61 0.069 84.23
Nicaragua no silver (WS1) 15.84 0.068 75.51
Nicaragua no silver (WS6) 16.0 0.105 118.9

From this table it clearly shows that the permeability of the filters from Cambodia and Ghana
is higher than the filters from Nicaragua. A distinction between the filter with and without
colloidal silver can not be found. In section 2.6.3 the permeability will be used to calculate the
hydraulic conductivity of Darcy’s law.

2.5.2 Tortuosity and Kozeny constant

The path the suspended matter in the raw water travels trough the filter gives an indication
of the chances of retention by screening, sedimentation or adsorption. The term to account
for this non-direct route through the microscopic pores within the filter is tortuosity. The
terms tortuosity and tortuosity factor are often used interchangeably in literature, in this
section the theory provided by the manufacturer of the “Micrometrics Mercury Intrusion
Autopore 1V Series” [2000] is chosen.
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Tortuosity is the ratio of the actual distance a particle must travel to get through the filter (L,)
divided by the thickness of filter (L):

. L
£ =tortuosity = %“"’“ (6.2)

Thus, the more tortuous the path, the more actual distance bacteria travel to get across the
filter element. In practice, the tortuosity can be determined after calculating the weighted
average pore size (Dayq) from the mercury intrusion porosimetry test (Table 2.9).

Table 2.9 Calculation of material tortuosity

2 1 2 2 1 2
D. =Y{§Ii0i +ZIiDi +E|non}

2
Davg Davg: Weighted average pore size (m)

96k (1-Yl,,) Y,: skeletal denisity (g/mL)

I intrusion volume for the i point [mL/g]

D;: pore diameter for the i point (m)
k: permeability (m?)

Iiot: total specific intrusion volume [mL/g]

The overview in Table 2.10 shows the values for tortuosity, L and L; calculated with data
obtained with mercury intrusion porosimetry.

Table 2.10 Tortuosity and L?* and L, calculated with M.L.P. data

Country of origin 3 L L,
[-] [mm] [mm]
Cambodia 7.83 15 117
Ghana 8.42 14 118
Nicaragua 13.24 15 199

It should be noted that the above lengths can be used to compare the tortuosity among the
filter elements. However, it is irresponsible to interpret the results as if the travelled length
through the filter element is in fact exactly L,. Nevertheless, the results do show that the
filters manufactured in Nicaragua are more tortuous than CSF from Cambodia and Nicaragua.

A second approach to determine the tortuosity of the filter material is the theory on packed
columns. In the theory on packed columns, the Blake-Kozeny equation is often used in
laminar flows. In this method the packed column is visualised as a bundle of tangled tubes of
weird cross-section; the theory is developed by applying the results for single straight tubes
to the collection of crooked tubes (Figure 2.14). In each capillary there is a Poiseuille velocity
distribution so the volume rate of flow can be calculated for one capillary.

21 In this case the average thickness of the filter element is used; L = (twai+toottom)/2
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Chapter 2: Physical Filter Characteristics

Figure 2.14 Cylindrical tube packed and 'tube bundle' model [Bird, 2002]

The theoretical capillary radius can be calculated from the pressure drop, filter discharge,
porosity and filter dimensions [Heijman, 1993]:

(= [SQ_, K
¢ eAPA £

re radius of capillary [m] AP Pressure drop over the column [m]
Q Filter discharge [m®/s] 3 Porosity [-]

n Viscosity [Ns/m?] K Permeability [m?]

L Thickness of the filter material [m] C Kozeny constant

A Surface area [m?]

This equation is generally good for materials with void fractions less than €=0.5, this is the
case for CSF material. All variables, expect the Kozeny constant (C), are known in the
equation. This constant is normally 4.2 for packed beds, but for CSF the calculated constants
are much higher, as depicted in the table below. The Kozeny constant is calculated with three
different pore radii; average pore size from the filter discharge (r., appendix I1.8),
characteristic pore length from the mercury intrusion porosimetry (L.) and the effective pore
size from the bubble-point test (re).

The major difference between the value of the Kozeny constant for packed beds (4.2) and
CSF can be explained by the two considerations: (i) the pores in CSF are not straight but
have narrow and wide passages, and (ii) the flow of the fluid through the pores is not straight
[Heijman, 1993]. The length of the capillaries is greater than the thickness of the filter
element, due to the previously discussed tortuosity of the material.

Table 2.11 Kozeny constants per pore radius

Country of origin re C | L. C | Fe C
[pm] [-] [pm] [-] [pm] [-]
Cambodia 16 113 13 70 20 179
Ghana 17 116 12 52 22 183
Nicaragua 12 139 9 72 20 380

Again, with this method it shows that the filters from Nicaragua are more tortuous than the
filters manufactured in Ghana and Cambodia.
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2.6 Filter discharge

The filter discharge is an important parameter of the operation of the filter. It is also currently
used as a test method to determine which filters are approved for selling. In this section the
flow pattern of the different filters is analysed.

2.6.1 Analytical model

The first step in understanding the flow through CSF is an analytical estimation of the
discharge through the filter. In a later stage this model is compared to measured discharges
at various water levels in the filter.

The analytical model of the discharge through the filter is based on Darcy's law, which
described laminar flow trough porous media with a linear relation. A modification is made to
include the changing water head over the height of the filter. The surface area of the bottom
of the filter is obviously equal to that of a circle and with a constant water head h,, the
discharge is formulated in Figure 2.15. The flow through the filter wall is more complex, since
the driving force (water head) and the surface area vary over the height of the filter. An
integral for the water head and the surface area is used to describe the discharge through
the filter wall.

Ah
Sl
Slant height = L Qoarey t
k
inlterbottom = t_ﬂrzzhw
L h M ~_ .
~
-
~
\_'\ k I']w
it Q fterwan = _Aj(hw —z)dz
te %
k. ¢
A _k _
, =2, [(h, - 2)dz
f 0
|’Z = M 7+ r2
L
k., "t (r,-r,)
Q fiterwan = EZﬂ_l.(hw - Z)(lT2 Z+r,)dz
> > k r,—r 1
r Q fiervan :_Zﬂ(gh ’ +Er2hw2)

t, 6L "

Figure 2.15 Surface area and discharge calculations
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Combining the two formulae derived in Figure 2.15 results in a description of the total
discharge through the filter:

1 k

Quier = %2;;(% h, + >l h,?)+ E7zr22hw (2.8)
Qrer  filter discharge [m?/s]

k hydraulic conductivity [m/s]

r radius at the top of the filter [m]

ry radius at the bottom of the filter [m]

hw water level in filter [m]

te thickness of the filter wall [m]

ty thickness of the bottom of the filter [m]

This analytical model can be used to approach the flow pattern through CSF and provides an
estimation of the discharge. The dimensions of the filter are known and vary slightly for the
filters from different production locations. The hydraulic conductivity can be calculated from
the intrinsic permeability found with mercury porosimetry (section 2.3):

k=2 (2.9)
U

k hydraulic conductivity [m/s]

K intrinsic permeability® [m?]

Y unit weight of water [N/m°]

¥ dynamic viscosity of water [Pa.s]

An overview of the filter dimensions and hydraulic conductivity is given in appendix 0. In
section 2.6.3 the output of this analytical model is compared to the measured discharges.

2.6.2 Clean water flux

The clean water flux is used at the production locations as a quality control. Filters with a flux
outside the range of 1 to 2 L/h are discarded. Laboratory measurements have shown that the
clean water flux increases within the first 24 hours of usage (20% to 80%). Therefore the
filters are bathed at location for a minimum of 24 hours before determining the flux.

In the factories the flux is measured by filling the filter with water (water head of 20 cm) and
determining the weight or volume of the filtrate on a balance after 1 hour. A second method
is measuring the lowered water head in the filter after 1 hour. In both methods the flux is
measured with a lowering, inconstant water head.

In the laboratory the filters are tested for their clean water (tap water, 12°C) flux with a
constant water head of 20 cm. The fluxes of filters from the same production location vary,
as shown in Table 2.12. These variations possibly give an indication of the quality differences

22 The most commonly used unit for intrinsic permeability is [mdarcy]: 1 mdarcy = 1 x 10® m?
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between the filters. Surprisingly the variations are not within the 1 to 2 L/h range, as
introduced by PFP as a rule of thumb and measured at the production location.

Table 2.12 Clean water fluxes per production location (appendix I1.10)

Country of origin CWFin CWFhax N X o
[L/h] [L/h] [-] [L/h] [L/h]
Cambodia 0.51 1.14 8 0.73 0.25
Ghana 1.05 4.29 7 2.41 1.42
Nicaragua 0.51 1.45 7 0.85 0.31

3 0 1 n —
Mean: X = %Z X; , Standard deviation: o = NZ(Xi - x)*
i=1 =1

It shows that the filters from Cambodia and Nicaragua have a much lower discharge than
expected. This difference can be explained by two factors; (i) the water temperature is lower
in the laboratory than at the (tropic) production location; and (ii) at the factory the filters are
tested before applying the colloidal silver. Lower water temperatures, in Dutch laboratory 14
°C, result in higher water viscosities (appendix II.11) and this directly results in lower filter
discharges. Water temperatures of approximately 30 °C during the tests in tropic regions
would result in filter discharge increases of approximately 30%. Given this, some of the filters
would reach above the 1 L/h boarder, but still some do not meet this requirement.

2.6.3 Filter discharges at varying water levels

A filter in operation will not be continuously filled with water, in practice the water flows
through the filter element and the water head is lowered. The lowering water head has a
direct effect on the discharge. In Figure 2.16 the mean measured filter discharges are
depicted for varying water levels.

Discharge vs. water level

Cambodia

—a— Nicaragua

Water level [cm]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Discharge [L/h]

Figure 2.16 Mean measured discharges at varying water levels (appendix II1.12)

Comparing the measured filter discharges at different water levels to the analytical model
(equation 2.8), with a constant hydraulic conductivity (k), provides a check of (i) the accuracy
of the mercury intrusion measurements, and (ii) the conclusion from the mercury intrusion
porosimetry test that the material is more or less homogenous over the height.
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Discharge measurements vs. Analytical model
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Figure 2.17 Discharge measurements vs. analytical model (appendix II1.13)

In Figure 2.17 both the measured discharges per production location and the analytical model
(M) are depicted. An overview of the variables used in the model, such as k, r and L is given
in appendix 0. The model for the Nicaraguan filters is almost identical to the measurements,
and since in the model only one k is used for the calculations it may be assumed that the
filter material has a consistent permeability. The model and measurements for the filters
manufactured in Ghana overlap also. Above findings underline the assumption that the
hydraulic conductivity (k) is constant throughout the filter material for the filters from Ghana
and Nicaragua. Secondly, these results show that the measured sample with mercury
intrusion porosimetry is representative for the concerning filter element.

The ceramic filters manufactured in Cambodia do not behave conform the model. The
hydraulic conductivity (k) of the Cambodian sample was calculated to be as high as the one
from Ghana, but the measured discharges are as low as the filters manufactured in
Nicaragua. These contradicting results could mean that the data measured and calculated
from the Cambodian sample with mercury porosimetry are not representative for the entire
filter element.

2.6.4 Time dependency of discharge

As described in the research approach the filters are loaded with canal water for a period of
12 weeks. During these weeks several parameters are monitored, one of them is the filter
discharge. In Figure 2.18 the average discharges per production location are depicted over a
period of 12 weeks. All discharges are measured with a constant water head at 20 cm.
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Figure 2.18 Average filter discharges per production location (appendix II.14)
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The graph shows that the filter discharge decreases over a period of 12 weeks. Scrubbing of
the filters results in a temporarily, sudden increase of the discharge (week 6 and 9). The
overall reduction in discharge seems to be slowed down by scrubbing regularly, but the effect
of scrubbing is already smaller the second time (week 9). It is therefore assumable that the
pores fill deeply with contaminants in the course of time and scrubbing has an effect on the
upper layer only. As mentioned before the water temperature has an effect on the filter
discharge, due to changing viscosities. The temperature varied during this long-term study
between 16 and 25 °C (appendix III.2), the measurements in Figure 2.18 are not
compensated for these varying temperatures.

2.7 Conclusions physical filter characteristics

In literature [Lantagne, 2001] it is suggested that the manufacturing method with the
hydraulic press mould influences the material structure of CSF. The mercury intrusion
porosimetry test is used to determine the porosity, pore size distribution, pore area and
material permeability. With this method the measured pore size distributions and porosities
are similar for all samples taken in one filter; bottom, middle and lip. From these results can
be concluded that the manufacturing method does not result in variations in pores sizes
throughout the filter material. This conclusion is checked by comparing an analytical model of
the filter discharge with a constant hydraulic conductivity and the actual measured
discharges.

The porosities of the filters from the different production locations measured with mercury
intrusion porosimetry vary slightly; Cambodia (43%), Ghana (39%) and Nicaragua (37%). A
second parameter derived from the mercury intrusion porosimetry data is the characteristic
pore length, the pore size at which percolation begins. These lengths were 25 pm, 22 pm and
17 um for respectively Cambodia, Ghana and Nicaragua. The effective pore size diameters
measured with the bubble-point test have a mean of 40 um. It is obvious that above pore
size diameters are larger than the 1 um aimed at by Potters for Peace. Nevertheless, in the
following chapters it is yet to determine the effect of the pore sizes on the removal efficiency.

The total porosity is determined using the direct method; weighing the filter dry, saturated
and under water. The porosities measured by the direct method are slightly lower than with
mercury porosimetry, but in the same order of magnitude with 30-39%.

A difference in porosity is visible for the filters from Nicaragua with and without silver; the
appliance of silver reduces the porosity of the filter. In the pore size distribution no pores
smaller than 0.1 um are measured for the filters with a silver coating. The effective pores
were measured to be slightly smaller after a coating of silver. Of influence on the adsorption
mechanism could be the parameter of total pore area. The pore area decreases after the
application of silver from approximately 7 to 0.7 m?%/q.

The actual path the water follows through the filter element gives an indication of the
chances for retention by screening, sedimentation and adsorption. Theory to calculate the
‘tortuosity’ of the material is presented based on the mercury intrusion porosimetry and the
Kozeny constant. From this analysis can be concluded that the filter material from Nicaragua
is more tortuous than the filters manufactured in Ghana and Cambodia.

The clean water flux of most filters is not within the 1-2 L/h range applied by PFP in the
factories. However, when compensating the viscosity for the lower temperatures in the Dutch
laboratory the fluxes are more in line with the expected values. By loading the filters with
polluted water the discharge naturally decreases, because the pores are gradually filled with
contaminants. The discharge increases when scrubbing the filter element. Unfortunately, this
increase is temporarily and the effect of scrubbing will probably not last throughout the 2-
year-lifetime of the filter element.
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3 Removal efficiency of pathogenic micro
organisms

The consumption of drinking water contaminated with human and animal excreta is the
greatest risk for infection from microbes in water. The pathogens that may be transmitted
through contaminated drinking water are diverse. Determining the removal of pathogenic
micro organisms in CSF is a time consuming and risky procedure and therefore indicator
organisms are introduced. The removal efficiency of these indicator organisms are monitored
during a 12-week long-term study with influent water from the canal Schie. The water quality
of this water body is not comparable to all influent waters present in developing countries.
Often a river is not only used as a source of drinking water, but also for washing and bathing.
The consequence of these activities is that the waters are often highly contaminated with
pathogens. Hence, extremely high concentrations of indicator organisms are dosed to CSF to
simulate these polluted water bodies.

In the first section (3.1) of this chapter a description is given of the pathogens present in
drinking water and the indicators used to simulate them. Section 3.2 presents the results of
the simulation with canal water. The removal of extremely high concentrations is presented in
section 3.3. In the final section (3.4) the conclusions regarding the removal efficiency of
pathogenic micro organisms by CSF are summarised.

3.1 Indicators of pathogenic micro organisms

As mentioned before it is complicated to measure pathogenic micro organisms in water. In
this section the pathogenic micro organisms in drinking water are described followed by the
indicators used to simulate these pathogens.

3.1.1 Pathogenic micro organisms in drinking water

Micro organisms present in drinking water which are commonly responsible for infectious
diseases in human beings can be divided into three groups; parasites (protozoa and
helminthes), bacteria and viruses.

There are two protozoa known to be responsible for outbreaks of diseases; Cryptosporidium
and Giardia lamblia. Protozoa form protective stages, known as oocysts, which allow them to
survive for long periods in water while waiting to be ingested by a host. Oocysts of
Cryptosporidium are round shaped with a size of 4-7 pm. Giardia lamblia is an oval organism,
8-14 um long and 7-10 pm wide. Protozoan pathogens of humans often occur in tropical and
subtropical areas, this makes it an important parameter when investigating the performance
of CSF.
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Bacteria are the most important group in terms of frequency of isolation in drinking water.
The size of bacteria varies from 0.3 to 100 um, depending on the shape. The most important
bacterial diseases are commonly associated with faecal contamination of water. In temperate
regions these include; Salmonella, Campylobacter, Shigella, Vibrio cholerae, pathogenic
Escherichia coli and Mycobacterium (tuberculosis). Salmonella causes acute gastroenteritis
with diarrhoea, often associated with abdominal cramps, fever, nausea, vomiting, headache
and, in severe cases, even collapse and possible death [Gray, 1994]. The number of
organisms that have to be ingested is 10°~10’ before illness is developed. Cholera is known
for the great outbreak in Europe in the past, but still a great number of people die of the
illness in developing countries. Up to 108-10° organisms are required to cause the disease;
sudden diarrhoea, vomiting, suppression of urine, rapid dehydration, lowered temperature
and complete collapse. Without treatment the disease has a 60% death rate, the patient
dying within a few hours of first showing the symptoms.

Viruses do not have the structure to reproduce themselves, this makes them the smallest of
all disease-causing organisms, at 0.02-0.2 um. Human enteric viruses are produced in very
large amounts by infected individuals and are faecally excreted. Infectious hepatitis,
enteroviruses, reovirus and adenovirus are thought to be transmitted via water.

In Figure 3.1 the pathogenic micro organisms are ordered by size. When looking at the
screening mechanism in CSF only, the figure shows what CSF would remove if the pore size
diameter is what Potters for Peace aims for (1 um). If the effective pores measured in the
previous chapter (averagely 40 um) have a significant contribution, the removal by CSF would
be considerably less. In that case, all small bacteria and some protozoa would pass the filter
element. In practice, the influence of mechanisms such as adsorption and sedimentation
must be taken into account. This could result in the retention of organisms much smaller than
the pores measured in the previous chapter.

Effective pores

0.01 pm 0.1 pm 1pm 10 pm 100 pm

[

Viruses

Bacteria ||>
ESkE
Protozoa b
Helminthes

Figure 3.1 Order of magnitude of pathogenic micro organisms
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Chapter 3: Removal Efficiency of Pathogenic Micro Organisms

3.1.2 Indicator organisms

Removing pathogenic micro organisms from the water is one of the main tasks of ceramic
silver impregnated filters. The organisms in the influent and effluent are measured to
determine the removal efficiency of the filters. Detecting pathogenic micro organisms is
complex and risky; therefore the use of ‘indicator’ organisms is introduced. Criteria for an
‘indicator’ organism in water bacteriology have been formulated as follows [Olivieri, 1982]:

i. It should always be present whenever a pathogen is present, and preferably in much
larger numbers;

ii. it should only be present in the same source as the pathogens and should not
multiply in the aquatic environment;

iii. its persistence in the natural environment or resistance to water treatment processes
should be similar to that of the pathogens of concern;

iv.  enumeration should be simple, accurate and inexpensive.

The non-pathogenic organisms that are always present in the intestines of humans and
animals are excreted along with the pathogens, but in far greater numbers. Several of these
coliforms are easily isolated and are ideal for use as indicators of faecal contamination.
Escherichia coli (Figure 3.2), a member of the coliform group, can survive for several weeks
under ideal conditions and are far more easily detectable than the other indicator bacteria.
The dimensions of £coli are 0.5 x 1.0-3.0 ym. E.coli are almost exclusively of faecal origin
and their presence confirms faecal contamination. The general coliform group also includes
coliforms found in aquatic environment, in soil and on vegetation. Coliforms are naturally
present in canal water and should give an indication of the removal of pathogenic bacteria.
The WHO guideline value for all water directly intended for dinking water is that the £.coli
concentration must not be detectable in any 100 mL sample.

Sulphite-reducing clostridium spores (Figure 3.2) are slightly larger than E.coli, with 1 x 1.5
pMm and can therefore be used as an indicator for protozoa oocysts.

The removal of viruses by CSF can be determined by spiking with MS2 bacteriophages
(bacterial viruses), with a size of 23-25 nm. As the name indicates these phages choose
bacteria as their host.

A i\

Figure 3.2 (a) Clostridium spores (1 x 1.5 pm), (b) E.coli (0.5 x 1.0-3.0 pm), and (c) MS2 bacteriophage
(23-25 nm)
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3.2 Coliforms from canal water

The removal of total coliforms is used as an indicator for the removal of pathogenic bacteria.
In this section the concentration in the influent and effluent is presented and the log;,
reduction values (LRV) are calculated.

3.2.1 Influent water quality

The filters are daily loaded with 6 litres of water from the canal Schie in Delft (Figure 3.3). A
pipeline provides this water to the laboratory of Sanitary Engineering.

Figure 3.3 Photo of the canal Schie in Delft, The Netherlands

The influent concentration of total coliforms and E.coli are monitored during 12-week long-
term study as depicted in Figure 3.4. The measurements from the last week (week 12) are
not included in the graph, because they are remarkably higher and would influence the
accuracy of the graph. In week 12 total coliforms of 2100 and 980 cfu/100mL and £.coli of
1300 and 980 cfu/100mL were measured. The graph shows varying coliform counts as can be
expected with surface water. The influent water is sampled twice per week on the same day,
once before and once after loading the filters. The influent samples are naturally taken
simultaneously with the effluent samples to be able to calculate the log;, reduction. During
the testing weeks the pH value, temperature and conductivity of the water were monitored
also. The temperature varied between 16-25 °C, the pH value influent water was averagely
7.6 and the effluent water 8.4. All physical-chemical measurements are included in appendix
II1.2.

Coliforms in canal water
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Figure 3.4 Concentration of coliforms in canal water (appendix III.1)
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3.2.2 Coliforms in effluent

As described in previous sections the removal of coliforms can be used as an indicator for the
removal of pathogenic bacteria. In Table 3.1 an overview is given of the concentrations of
total coliforms in the effluent related to time. The table shows the number of effluent samples
measured for a certain concentration per week, and the percentage within that cohort. It
should be noted that the filters from Nicaragua without colloidal silver are not included in this
overview.

Table 3.1 Number of samples with a certain concentration of total coliforms measured in effluent
(appendix II1.3)

Week <1 1-10 > 10
[cfu/300mL] [cfu/300mL] [cfu/300mL]
1 12 (100%) 0 0
2 10 (83%) 2 (17%) 0
3 12 (100%) 0 0
4 12 (100%) 0 0
5 11 (92%) 1 (8%) 0
6 12 (100%) 0 0
7 11 (92%) 1 (8%) 0
8 10 (83%) 2 (17%) 0
9 12 (100%) 0 0
10 10 (83%) 2 (17%) 0
11 12 (100%) 0 0
12 10 (83%) 2 (17%) 0

Per week the number of filters that produces an effluent with 0 cfu/300ml is between 83%-
100%. Although there is some variation throughout the weeks, a clear-cut relation cannot be
found. During the 12 weeks of the long-term study CSF does not seem to perform better or
worse in time. Overall, in only 7% of the 144 taken samples coliforms were detected. And all
these samples contained a lower concentration than 10 cfu/300mL.

Additional to the performance in time it is interesting what the variations are between the
filters from different production locations (Table 3.2). It shows that all filters manufactured in
Nicaragua with silver have produced effluents with 0 cfu/300ml over a period of 12 weeks.
The filters from Cambodia and Ghana were not able to perform at this level throughout the
long-term study, with respectively 3 and 7 samples with 1-10 cfu/300mL.

There is a difference between the filters with and without colloidal silver from Nicaragua also.
But still, 85% of the samples taken from the filters without colloidal silver did not contain any
coliforms per 300 mL.

Table 3.2 Concentrations of total coliforms in effluent per country of origin

Country of origin <1 1-10 > 10
[cfu/300mL] [cfu/300mL] [cfu/300mL]
Cambodia 45 (94%) 3 (6%) 0
Ghana 41 (85%) 7 (15%) 0
Nicaragua 48 (100%) 0 0
Nicaragua (no silver) 41 (85%) 7 (15%) 0

3.2.3 Logye reduction values (LRV)

In the previous sections the concentrations in the influent and effluent are outlined. Of
interest is the relation between these two measurements. In Table 3.3 an overview is given
of the percent removal per country of origin. Overall the table shows that the percent
removal for all filters is above 97%.

-37 -



Table 3.3 Percent removal of CSF per production location®

Country of origin Percent removal

< 97% 97-97.99% 98-98.99% 99-99.99% > 99.99%
Cambodia 0 0 3 (6%) 0 45 (94%)
Ghana 0 0 4 (8%) 3 (6%) 41 (85%)
Nicaragua 0 0 0 0 48 (100%)
Nicaragua (no silver) 0 3 (6%) 1 (2%) 3 (6%) 41 (85%)

The log,, reduction value (LRV) is used to describe the removal efficiency in case the removal
approaches 100%. The LRV can be calculated with:

LRV =

(3.1)

no.Coliformsinfluent
no.ColiformsEffluent 10

Thus, 1 LRV = 90% reduction, 2 LRV = 99%, 3 LRV = 99.9%, 4 LRV = 99.99%, and so on.
Reduction is a function of influent water; therefore, low LRV’s do not necessarily indicate poor
performance. In many cases, filters reduced canal water to 0 £.coli per 300mL; here the
calculated LRV potentially underestimates the performance. All samples (Table 3.4) were
measured with values between 1 and 4, which is comparable with the measurements in
previous research. The LRV increases if the influent concentration increases. In this overview
it shows that the differences between the filter types are hardly visible when looking at the
LRV. It can be concluded that the log;, reduction at low coliform concentrations is similar for
all filters. In the next section the removal of extremely contaminated water will be discussed
and perhaps higher reduction values will be achieved by CSF.

Table 3.4 Log;, Reduction Values?* per country of origin

Country of origin Log reduction value (LRV)

<0 0-0.99 1-1.99 2-2.99 3-3.99
Cambodia 0 0 12 (27%) 24 (55%) 8 (18%)
Ghana 0 0 12 (27%) 25 (57%) 7 (16%)
Nicaragua 0 0 12 (27%) 24 (55%) 8 (18%)
Nicaragua (no silver) 0 0 12 (27%) 24 (55%) 8 (18%)

3.3 Extremely contaminated waters

In many rural areas in developing countries the water is highly contaminated compared to
surface waters in The Netherlands. The canal water used in this research does not contain
sufficient indicator organisms such as Clostridium spores, £.coli and bacteriophages to
simulate these extremely contaminated waters. Furthermore, dosing high concentrations will
provide more accurate determination of the achievable log;o reduction values.

3.3.1 Sulphite reducing Clostridium spores

As mentioned in section 3.2 Sulphite reducing Clostridium spores are used to simulate the
removal of spore forming bacteria. High concentrations are dosed to ascertain that all pores
are loaded. The graph in Figure 3.5 shows the concentrations measured per filter, with the
country of origin depicted on the horizontal axe. The influent concentration varies between

2 Percentages may not add up to 100% due to rounding

LRV < 0 describes a negative removal (effluent concentration is higher than influent concentration)
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3500 and 190455 n/100ml, which can maximum result in log;o reduction values between 3.5
and 5.3.

Sulphite reducing Clostridium spores in effluent
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Figure 3.5 Concentration of Sulphite reducing Clostridium spores (appendix II1.4)

The effluent concentrations vary over the weeks, but nevertheless the differences between
the filters are obvious. The filters from Nicaragua perform extremely well with values of 1 or
less per 100 mL. The filters without impregnation of colloidal silver do well also, but once
breakthrough of 340 spores per 100 mL has occurred. This measurement is not included in
the graph, because; (i) it would reduce the accuracy of the graph, and (ii) it is an incidental
peak value. All Nicaraguan measurements, but this incident, are very good compared to the
filters of Cambodia and Ghana. Through the filters manufactured in Cambodia up to 40
Clostridium spores pass per 100 mL. And one of the filters from Ghana let up to 45 spores per
100 ml through. The other Ghana-filter does obviously perform better, with between < 1 and
5 n/100 mL. In this case there is a direct relation with the discharge, because the discharge
of this filter (G2) is lower than the other filter from Ghana (G3). The logy, reduction values
per country of origin are summarised in Table 3.5.

Table 3.5 Number of samples per log;o reduction values (Clostridium spores)

Country of origin Log reduction value (LRV) Total number
< 1.99 2-2.99 3-3.99 4-4.99 5-5.99 of samples
Cambodia 0 5 4 3 0 12
Ghana 0 3 4 4 1 12
Nicaragua 0 0 4 6 2 12
Nicaragua (without silver) 0 1 5 5 1 12

This table shows that by increasing the influent the LRV increases as well (influent
concentrations can be found in Figure 3.5). In other words, the effluent concentration seems
independent of the influent concentration. This fact makes it difficult to compare the filters
per production location from this table. Furthermore, the filters with a concentration < 1
n/100mL have a ‘larger than’ LRV, this is not included in this table. These two problems are
solved by depicting the removal efficiency in percentages (Table 3.6).
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Table 3.6 Number of samples per percent removal efficiency (Clostridium spores)

Country of origin 98.9-99.8 99.9-99.98 99.99-99.998 99.999-99.9998 > 99.9998
[%] [%] [%] [%] [%]
Cambodia 5 4 3 0 0
Ghana 3 4 3 1 1
Nicaragua 0 2 4 1 5
Nicaragua (no silver) 1 3 2 0 6

There is no doubt that the removal efficiency of Clostridium spores by the filters from
Cambodia and Ghana is lower than the Nicaraguan filters. The filters from Nicaragua both
with and without colloidal silver perform well under these conditions. It can therefore be
concluded that colloidal silver is not a necessity to ensure the removal of Clostridium spores.

3.3.2 E.coliK12

Surface waters are often extremely polluted in developing countries due to all kinds of
activities along the river, such as washing and bathing. £.coli is dosed in high concentrations
as an indicator for these pathogenic bacteria. This is done once every two weeks during the
12-week long-term study. Table 3.7 includes an overview of the concentrations of £.coli K12
in both the influent and effluent. The high influent concentrations were very difficult to
determine by the laboratory, and therefore there are no weekly results. Problems also
occurred if the effluent reached high concentrations. The E.coli cultures came from the same
source, and therefore it can be assumed that the influent concentration varies between
approximately 10°-10 cfu/mL.

Table 3.7 Concentrations of E.coli K12 [cfu/100mL]

Sample type week 2 week 4 week 6 week 8 week 10 week 12
[cfu/100mL] [cfu/100mL] [cfu/100mL] [cfu/100mL] [cfu/100mL] [cfu/100mL]
Influent > 266 1.39 x 1017 - > 1000 2.85x 1075 1.0x 10r7
Cambodia (C1) > 266 40 20 180 300 2
Cambodia (C6) > 266 12 78 31 66 74
Ghana (G2) 47 1 2 1 10 <1
Ghana (G3) 11 4 - 11 1 3
Nicaragua (N3) 1 <1 <1 <1 7 <1
Nicaragua (N7) <1 <1 1 <1 1 <1
Nicaragua without silver (WS1) > 266 29000 - 540 600 65
Nicaragua without silver (WS6) > 266 14000 - 300 10 24

The effluent concentrations vary greatly between the production locations. It shows that
E.coli is able to pass through the filters from Cambodia and, in fewer numbers, through the
filters manufactured in Ghana. Clearly the difference between the filters from Nicaragua with
and without the appliance of colloidal silver is far greater. The filters with silver are able to
reduce the concentration to < 1 or 1 cfu/100ml, only once a value of 7 cfu/100mL was
measured. It can be concluded that 67% of the samples taken from the filters manufactured
in Nicaragua with colloidal silver meet the WHO-guideline?. This is in contrast with the poor
performance of the filters without silver; concentrations of 10 to 29000 cfu/100ml are found
in the effluent waters.

The dosing of high concentrations indicates the possibilities of reaching high log;o reduction
values. The overview in Table 3.8 shows the number of samples per LRV per production
location. It should be noted that not all influent concentrations were measured, and therefore
these LRV’s were calculated with the mean influent concentration of £.coli in the weeks
without measurements. Although the variations between the production locations are similar
as in the previous table, it shows that all LRV are above 2, which is still considerably high.

> The WHO guideline value for all water directly intended for dinking water is that the £.coli concentration must not
be detectable in any 100 mL sample.
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Extremely high LRV of 7 are reached by the filters manufactured in Ghana and Nicaragua.
Again, these LRV are limited by the influent concentrations.

Table 3.8 Number of samples per log;o reduction values (E.coli)

Country of origin Log reduction value (LRV) Total number
2-2.99 3-3.99 4-4.99 5-5.99 6-6.99 7-7.99 of samples
Cambodia 1 1 1 5 2 0 10
Ghana 0 0 1 4 4 2 11
Nicaragua 0 0 1 1 6 4 12
Nicaragua (no silver) 2 1 3 2 0 0 8

The concentration of £.coli has been measured in between the spiking weeks also. In CSF
manufactured in Ghana and Nicaragua (with silver) no £.coli is detected in between the
spiking weeks. In the filters manufactured in Cambodia and the filters from Nicaragua
(without silver) breakthrough of £.coli is detected in the effluent (Figure 3.6). Note that a log-
scale is used for the concentration to cover the large variation. The graphs show a
concentration of 800 cfu/300mL in the 2" week, which is in practice > 800 cfu/300mL. High
concentrations were dosed every two weeks, in the even weeks (week 2, 4, 6, etc.). The
peaks in the concentrations are clearly visible in these weeks. The filters from Nicaragua
show a reducing trend after the extremely high concentration measured in week 4.

E.coli in effluent NICARAGUA (no silver) E.coliin effluent CAMBODIA
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Figure 3.6 E.coli in effluent from Nicaragua (no silver) and Cambodia (appendix III.5)

3.3.3 MS2 bacteriophages

Previous research [Brown, 2004] has shown that adding colloidal silver possibly has an effect
on the removal of bacteriophages. In a mixture of Nicaraguan clay without colloidal silver no
LRV was measured, but the clay with colloidal silver reached an average LRV of 5. This
adsorption experiment included placing the material in a test tube with the bacteriophages
(10%-107 pfu/ml) and shaking/centrifuging it for 2h25m. Brown tested the removal of
bacteriophages by CSF also, but only the filters from Nicaragua with colloidal silver. The
contact time in CSF is lower than in the adsorption experiment and the contact is less
intensive. It is therefore not surprisingly that the log removal by CSF is lower and measured
at averagely 2.43. MS2 bacteriophages are very small organisms (23-25 nm) and it is not
expected that they are retained by the sreening mechanism of CSF. Possibly sorption by the
clay surface causes retention and/or the inactivation mechanism of the applied silver.

A previous longitudinal test of a Nicaraguan filter (appendix III.6) indicates that the removal
of phages reduces in the course of time. This is the reason why is chosen to spike MS2
bacteriophages once in the beginning of the long-term study and once afterwards.
Unfortunately, it was logistically impossible to spike in the first week, therefore the spikes are
performed in the 5" and 13" week of implementation. The filters are loaded with
concentrations of 10*-10° pfu/ml.
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The results in Table 3.9 show that the LRV of MS2 bacteriophages varies between 0.51 and
1.39 in the 5" week. This is expectedly not very high, because the size of these phages is
much smaller than the pores of CSF. A remarkable thing is that the LRV of the filters from
Nicaragua without colloidal silver is consequently higher than the filters with silver. The
explanation for this might be that the application of colloidal silver reduces the adsorptive
surface area in the filter.

Table 3.9 LRV of MS2 bacteriophages in the 5" week and 13" week (appendix IIL.6)

Sample type week 5 week 13
[LRV MS2] [LRV MS2]
Cambodia (C2) 0.87 2.18
Cambodia (C3) 0.96 1.62
Cambodia (C7) 0.94 1.47
Ghana (G4) 0.69 1.20
Ghana (G5) 0.48 1.50
Ghana (G7) 1.08 3.00
Nicaragua (N1) 0.51 0.97
Nicaragua (N2) 0.65 0.85
Nicaragua (N11) 0.54 1.44
Nicaragua without silver (WS2) 1.39 1.81
Nicaragua without silver (WS4) 1.06 2.03
Nicaragua without silver (WS5) 1.25 231

The second experiment with phages (week 13) shows much higher LRV than in the first test.
This is unexpectedly when looking at the previous study by Brown, but this study was ended
after 20 days and the loading of the filters during this long-term study are unknown.

An explanation for the increment of the LRV is that the pores are filled with substances after
13 weeks of passing canal water. This has reduced the discharge significantly and therefore
expectedly reduced the pore size. Additionally a biofilm is formed inside the filter element
after 13 weeks in production, which, in case of low discharges, possibly realises a further
increase in the removal of phages.

3.4 Conclusions removal efficiency

During the long-term study of 12 weeks none of the effluents contained higher
concentrations than 10 cfu/300mL, and in 93% of the 144 samples (300 mL) taken no
coliforms were detected. The influent concentrations during this study varied between 7-2100
cfu/100mL. A relation in time has not been found, and the variations between CSF per
production location were minor.

To ascertain that extremely high concentrations are retained by CSF also, some of the filters
are loaded with high concentrations (10°-10” cfu/100mL) of £.coli K12. Under these extreme
conditions variations in performance between the filters are visible. It can be concluded that
the filters from Nicaragua are able to perform well under these conditions with mostly < 1 or
1 cfu/100mL. This is in contrast with the filters from Nicaragua without the application of
silver; the effluents of these filters contained 10 to 29000 cfu/100mL. Although these
differences are undeniable, it can be concluded that the log;, reduction values of £.coli per
100 mL counts are satisfactory for both filter types with LRV 2 to 7. It can also be concluded
that the filters from Ghana perform slightly less than the filters from Nicaragua, but still
better than the filters from Cambodia. But again, the log reduction of these filters is similarly
high as the filters from Nicaragua.

Sulphite reducing Clostridium spores are dosed (10°-10° n/100mL) as an indicator for
protozoa oocysts. Not all filters retain Clostridium spores as efficiently, but it can be
concluded that all filters reach acceptable log reductions between 2 and 6. Especially the
filters from Nicaragua perform well both with and without colloidal silver. Thus, it can be
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concluded that the application of silver is not a necessity to remove Clostridium spores from
drinking water.

The final micro organisms to which CSF is subjected are MS2 bacteriophages (10*-10°
pfu/mL) as an indicator for viruses. The experiments show varying results with LRV between
0.51-3.00. The main conclusions are; (i) the LRV increases when the filters are in operation
for longer periods, and (ii) the LRV is significantly higher for CSF without the application of
colloidal silver.

All micro organisms described and measured above are much smaller than the measured
effective pores in the previous chapter. It can therefore be concluded that the indicator
organisms are retained by other mechanisms than absolute screening, namely mechanism of
sedimentation, diffusion, inertia, turbulence and adsorption.
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4 Retention and release of metallic
compounds

Most chemicals arising in drinking-water are of health concern only after extended exposure
of years, rather than months [WHO, 2006]. In most household water treatment systems the
focus of research has been the microbial removal. Nevertheless, the removal of (heavy)
metals is an issue no longer deniable. Many waters in developing countries have been heavily
polluted over the years by industrial sources, human dwellings and agricultural activities. Not
only the removal of compounds is of interest, but also the leaching of harming substances. In
this chapter the retention and release of metallic compounds by CSF are presented. In the
first section (4.1) the properties of the clay material are described. Section 4.2 gives an
overview of the leaching compounds from the filter material. In section 4.3 the rise in pH
after filtration is discussed, and in the final section (4.4) the adsorption of zinc is dealt with.

4.1 Clay surface properties

The main possible factors that determine the leaching or retention of metals in CSF; (i)
changes in acidity of the system; (ii) changes of the systems ionic strength; (iii) changes in
the oxidation-reduction potential of the system; and (iv) formation of complexes [Yong,
2001].

Clay particle with Edge view
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Figure 4.1 Schematic diagram of clay mineral particle with cations and anions [Yong, 2001]

There are several types of adsorption phenomena, one due to electrostatic attraction to a
charged surface. Clay minerals have a negative surface charge that is relatively constant in
magnitude. When clay particles are brought into contact with an aqueous solution, the
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reactive surfaces of the clay particles will interact with the ions and molecules in the solution.
The interaction between a negatively charged clay particle surface and the cations in the pore
water will generate an electric double layer (Figure 4.1). Because the filter material has a
negatively charged surface, electrostatic attraction for cations to form the double layer is an
important phenomenon and this is usually described in terms of an ion exchange process. In
changing environments, these counterions can be replaced by others. The equilibrium of the
reaction depends on the nature of the clay surface, and also depends on the nature
(principally, charge density) and concentration of the dissolved species adjacent to the clay

particle.

A second mechanism of retention of metal ions on clay surfaces is associated with specific
adsorption. Here the adsorption depends on the degree of the chemical, as opposed to the
electrostatic, affinity between the surface and the adsorbed metal ions.

Under slightly alkaline conditions, precipitation of metals as hydroxides and carbonates can
occur. Many various sorption mechanisms and precipitation all result in the removal and
release of metals from the water, it is not easy to distinguish the various processes
responsible for the removal. The primary factors that influence formation of precipitates
include the pH of the clay and water, type and concentration of metals, availability of
inorganic and organic ligands, and precipitation pH of the metal. The effect of the pH is
shown in the solubility-precipitation diagram (Figure 4.2) for a metal hydroxide complex.
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Figure 4.2 Solubility-precipitation diagram for a metal hydroxide complex showing sorption of metals by
soil fractions in relation to pH [Yong, 2001]

To understand the principle of leaching of elements from the filter material it is of importance
to view the composition of clay. The schematic representation of a clay mineral indicates that
the basic unit cell consists of a stacking of a tetrahedron on top of the octahedral unit (Figure
4.3 and appendix IV.1). In general, the tetrahedral positions are occupied by silicon ions and
two thirds of the octahedral positions are occupied by aluminium ions. As mentioned in the
introduction of this report the clay in the filter material is build up primarily from silicon and
aluminium. Lantagne [2001] scanned a sample from a Nicaraguan filter, using X-ray analysis,
for the following chemical components; silicon, oxygen, aluminium, iron, sodium, magnesium,

sulphur and potassium.

In this research study a broad range of metallic compounds is measured in the canal water
and the effluent water during the first weeks of the long-term study (appendix 1V.2). Based
on these measurements a selection is made of the metals measured during the following

weeks
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Figure 4.3 Tetrahedral and octahedral structures as basic building blocks for clay minerals [Yong, 2001]

4.2 Leaching of compounds

In this research several metallic elements were found in higher concentrations in the effluent
than in the influent; aluminium, antimony, arsenic, barium, copper, manganese, silicon and
silver. Obviously, the concentrations varied per production location (type of clay). In this
section an overview is given of the measured concentrations.

4.2.1 Aluminium

Aluminium (Al) is the most abundant metallic element and constitutes about 8% of the
Earth’s crust. There is a little indication that orally ingested aluminium is acutely toxic to
humans despite the widespread occurrence of the element in foods and drinking water. It has
been hypothesised that Al exposure is a risk factor for the development or acceleration of
onset of Alzheimer disease in humans. No health-based guideline value is recommended, but
0.2 mg/L should be an achievable level for Al in small water treatment facilities [WHO, 2006].

Al is expected to be present in most clay material and it therefore no surprise that Al is
present in most effluents (Figure 4.4). It shows that Al is released from all filters but the ones
from Cambodia. The solubility of Al depends on the pH of the pore water (appendix III.2).
The WHO guideline is not reached in any of the effluent samples. At this stage it should be
noted that the Dutch drinking water companies use a guideline of 30 ug/L, which is lower
than the WHO guideline. This guideline is based on the fact that kidney dialysis must be
possible with the water, which is unlikely to be the case with the water produced by CSF.

Aluminium
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—=— Nicaragua
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Figure 4.4 Measured Al concentrations (appendix IV.3)
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4.2.2 Arsenic

Arsenic (As) in drinking water is a hazard to human health. It has attracted much attention
since recognition in the 1990’s of its wide occurrence in well water in Bangladesh. It occurs
less extensively in many other countries also. The main source of As in drinking water is As-
rich rocks through which the water has filtered. It may occur because of mining or industrial
activity in some areas. Long term exposure to As via drinking water causes cancer of the skin,
lungs, urinary bladder and kidneys. The relationship between As exposure and other health
effects is not clear-cut, some studies have reported hypertensive and cardiovascular disease,
diabetes and reproductive effects [WHO, 2006]. The provisional guideline value set by WHO
is 0.01 mg/L. Since cancer is a late phenomenon; it usually takes more than 10 years to
develop.

Arsenic is present in the Earth’s crust like aluminium and therefore apparently also in some of
the clay material in CSF. In Figure 4.5 the mean concentrations per production location are
depicted for As concentration in the effluent. High concentrations of As (up to 650 pg/L)
leach from the filters from Nicaragua en Cambodia in the first week of the long-term study.
Fortunately after using the filters for 4 weeks the As concentration is reduced to below 28
pg/L for all filters, but this is still above the WHO guideline. The influent concentration varies
between 1 and 7 ug/L, which contributes to the concentrations measured above the WHO
guideline during all weeks of the long-term study. After 12 weeks the concentration in the
effluent of filters from Ghana and Nicaragua has lowered to approximately 7-13 ug/L, but the
Cambodian filters are still above the guideline with 8-24 ug/L.
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Figure 4.5 Arsenic concentration in influent and effluent water (appendix 1V.4)

The risk assessment of the intake of As from CSF effluent is difficult with these
measurements, because the concentration will expectedly decrease even further.
Nevertheless the presence of As in the effluent water due to CSF is worrying especially in
areas with As-rich clays.

North [1997] states in his paper titled ‘Risk assessment and the need for further research’
that “so far there is no clear evidence of elevated health risk in the US from As exposures in
the range of the low-dose region (< 100 pg/day), although some recent studies might be
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cited as providing suggestive evidence. Many believe that even with large, carefully-designed
studies, there is scant chance to detect As-induced disease(s) over background.”

In Taiwan many risk analyses are executed on the effect of water consumption rates and
food arsenic levels. These risk assessments are interpreted for the US consumers by Brown
and Abernathy [1997]. The most likelihood estimate (MLE) of lifetime risk of skin cancer
versus the arsenic concentration in US water gives an indication of the impact of consuming
water with higher arsenic levels. The water consumption rate affects the slope of the dose-
response curve, and is in this case taken at 2.0 L/day as shown in Figure 4.6.
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Figure 4.6 Effect of changes in Taiwan water consumption (R) [Brown, 1997]

Given this background information it is obvious that the translation from measured
concentrations to impact/risk assessment is complex. However the measurements in this
study have proven that filtering raw water with clay material (CSF) enforces an additional risk
on the consumers for at least the first period of a newly used filter.

4.2.3 Silver

All leaching elements mentioned before were found in the natural clay material used to bake
the filters. A silver coating is artificially brought on the filters because it is said to have a
disinfecting function in CSF. Intake of silver is not threatening to a person’s health. The only
obvious sign of silver overload is argyria, a condition in which skin and hair are heavily
discoloured by silver in the tissues [WHO, 2006]. This permanent cosmetic condition is
undesirable to consumers, but the measurements (Figure 4.7) show lower concentrations in
all filters than the 100 pg/L WHO guideline.
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Figure 4.7 Silver concentration in effluent water (appendix IV.5)
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4.2.4 Other compounds leaching from filter material

Aluminium and arsenic are not the only compounds leaching from the filter material. Barium,
copper, manganese and silicon are found in the effluent also (Figure 4.8). The concentrations
of these elements are below the WHO guidelines® and do not pose a threat to a person’s
health. The graphs also show that most concentrations rapidly decrease in the course of time,
so only new filters will produce effluents with these elements, with the exception of silicon in
Cambodian filters. Naturally, the clay of which the filter element is composed determines
which elements are present in the material. For example, barium mainly leaches from the
filter manufactured in Ghana. At this stage it is important to note that in all taken samples the
iron measurements were below the 0.02 mg/L detection limit. Antimony is not included in the
following graph, but it was present in small concentrations in the effluent of Cambodian CSF
(appendix 1V.6).
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Figure 4.8 Effluent and influent concentrations of barium, copper, manganese and silicon (appendix
1vV.6)

4.3 pH value

The pH value is a measure for the active hydrogen ions (H*) in solutions, in other words the
acidity. The pH value can be calculated with:

S T

% WHO guideline for barium is 700 pg/L, for copper 2 mg/L and for manganese 0.4 mg/L [WHO, 2006]
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In practice this means that a shift in pH from, for example, 6 to 7 represents a decrease in
total concentration of 10 times H* concentration. The behaviour of the pH value in CSF during
the 12 week long-term study is depicted in Figure 4.9.
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Figure 4.9 pH values of influent and effluent

The graph shows an increase in pH after filtration, which is a result of a reduction of active
H* ions by CSF. This can be explained based on the leaching of the compounds from the clay
filter material as presented in the previous sections. The corrosion of the filter material is
described using the diffusion model for concrete and other cement bound materials.
Literature on this diffusion model is published by DHV? in 1983 and 1986.

Ca(OH), —> Ca® +20H "

Water:

Ca,SiO, +5H,0 — 3Ca? + H,SiO, + 60H -

/ Diffussion:
H30+, CO2

e

Ca,Sio, +4H,0 — 2Ca*" + H,SiO, +40H -

Ca2+, H4SI04, Al3+,

Cp

Fe3+, OH-
Ca,Al,O, +6H,0 — 3Ca*" +2AI*" +120H - *'—C°"°5‘°”devt%

Figure 4.10 (a) dissolving reactions (b) diagram of diffusion model [van Dijk, 1986]

The solid material consists of complexes of calcium silicates, calcium aluminates and calcium
ferrates. The most common are: C35(3Ca0.Si0,), C,S(2Ca0.Si0,), C:A(3Ca0.Al,05), and
C,AF(4Ca0.Al,05.Fe0s). The concentration of calcium is not documented by Lantagne [2001]
from the X-ray analysis. In this study the calcium concentration in the canal water was too
high (95 mg/L) to show if the clay material leaches calcium. Therefore, the exact mechanism

27 DHV raadgevend Ingenieursbureau BV
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of diffusion is unknown, but the diffusion model shows the mechanisms involved in the
increment of the pH value. The (simplified) dissolving reactions and products of the calcium
components are depicted in Figure 4.10 [DHV, 1983].

Dissolving of the clay material according to the above reactions results in the following effects
(as a function of the contact time):

i.  concentration of Ca, Al and Si increases in the aquatic phase;

ii.  pH of the aquatic phase increase due to the production of OH" ions
(H"+OH™ - H,0).

And, indeed, the results from the previous sections have shown leaching of aluminium and
silicon and an increase in pH after filtration with CSF.

A second phase occurs after the previous described reactions if sufficient C; (CO, + HCO3 ™+
CO5%) is present?®. Next to the diffusion of corrosion products also diffusion of CO,, HCO3,
CO5% occurs from the flowing water to the pore water. Due to the alkaline environment in the
pore water a shift of acidity occurs and CaCOs precipitates (Figure 4.11). The porosity of the
filter material will decrease, because the volume of CaCOs is larger than the volume of the
dissolved complexes.
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4.4 Sorption of zinc

In this research water from the canal Schie is used only. This means that sorption of metals
will only be observed if the concentration is adequate in the raw water. Zinc is the only
element occasionally present at higher concentrations (Table 4.1).

Table 4.1 Influent concentrations of zinc

week 2 week 4 week 6 week 8 week 10 week 12

Influent 2200 1100 225 3900 330 246

Zinc is an essential trace element found in virtually all food and potable water in the form of
salts or organic complexes. Although levels of Zn in surface water and groundwater do not
exceed 0.01-0.05 mg/L, drinking waters containing Zn at levels above 3 mg/L may not be
acceptable to consumers [WHO, 2006]. Excessive absorption of Zn can suppress the
absorption of iron and copper. Figure 4.12 shows that the mean Zn concentrations in all
effluents are reduced to a value much lower than the WHO-guideline.

2 Concentration of HCOs in raw Schie water was measured by Sheng [2006] at 5.8 mmol/L.
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Figure 4.12 Zinc concentrations in influent and effluent water (appendix IV.8)

The effect of pH on the retention of Zn is described by Farrah [1976]: ‘In the pH region in
which most of the Zn ion is precipitated and/or sorbed is 6.9 to 7.9" (appendix IV.8). This
indicates that the influent pH between 7.3-7.9 is perfect for the sorption of Zn. Subsequently
Bolt [1979] published the mechanisms responsible for retention of Cu, Co, Zn, Pb and Cd in
some clay minerals (appendix IV.8), concluding that Cu and Zn are retained by complex
adsorption. Based on these two observations it is not surprisingly that the concentration of Zn
is reduced by CSF.

In the 2" week of the long-term study the concentration of nickel is also sufficient to
measure a reduction; this measurement is included in appendix IV.9.

4.5 Conclusions retention and release of compounds

Aluminium leaches from the filter material, depending on the pH of the pore water.
Fortunately, the concentrations measured in the effluent were below the WHO guideline of
0.2 mg/L.

Arsenic however is found in the effluent water at higher concentrations than the 10 ug/L
provisional guideline of WHO. Especially in the first few weeks the concentrations are
worrying, but fortunately these seem to reduce exponentially. The risk assessment of the
intake of As from CSF effluent is difficult; however, it has been proven that filtering raw water
with clay material enforces an additional risk in regions with arsenic rich soils.

The intake of high concentrations of silver can cause argyria, discoloration of the skin, but the
concentrations released by CSF are below the WHO guideline. Other compounds are released
by the filter material also: barium, copper, manganese and silicon. All measured
concentrations were below the WHO guidelines and therefore not harmful to the consumers.

After filtration the pH is increased from approximately 7.6 to 8.4. This increase can be
described by the diffusion model developed for cement bound materials. In this model Ca*,
H,SiO,, A** and OH™ are released from the filter material and endorse an increment of pH.
Furthermore this shift in pH could result in the precipitation of calcium carbonate, eventually
resulting in lower porosities of the filter material.

The clay surface has the ability to retain compounds as well. In this study not many elements
are present in the raw water in concentrations sufficiently high to measure a decrease. Zinc is
present in the canal water at high concentrations, occasionally above the 3 mg/L guideline of
the WHO. In all measurements of the effluent the zinc concentration was lowered far below
this guideline.
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5 Consumer aspects

The parameters described in the previous chapters are the most important parameters to
classify the quality of CSF; the water quality of the effluent. Whilst this indicates how CSF
performs under laboratory conditions it should not be forgotten by whom the filters are used.
Although during the laboratory tests the filters have been used as if they were in the homes
of families in developing countries, it is undeniable that the conditions are not similar. The
tests in a Dutch laboratory is the first phase of this project to identify the performance of
CSF, but already in this early stage it is of great importance to acknowledge the influence of
tropical conditions and uneducated users. It is obvious that drinking water should meet the
guidelines for pathogenic micro organisms and metallic elements. Other parameters could be
just as important to consumers, such as colour and taste. In the first section (5.1) of this
chapter these water quality aspects are presented. In section 5.2 the operation of CSF during
the 12 weeks of loading and testing is described. The final section (5.3) outlines the action of
cleaning and discusses the high percentage of breakages.

5.1 Water quality

The prime reason to implement CSF is to reduce the diarrhoea cases in a region. This does
not remove the wish for pure, odour free, and tasteless water. Some of these parameters are
measured, others are more subjectively observed.

5.1.1 Turbidity

Turbidity is a visible indicator of the water quality, but unfortunately even if water looks pure
and clear it may by heavily polluted with invisible contaminants. As a consumer it is
impossible to test your water daily for these invisible pollutants, but you do look in your cup
before taking a sip. If the water looks turbid you may decide not to drink it, even if it is
possible removed of all harming substances.

The turbidity of canal water after filtration by CSF is monitored for a period of 12 weeks. In
Figure 5.1 the mean turbidity values per production location are depicted.
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Figure 5.1 Turbidity measurements (appendix V.1)

It shows that the initial turbidity is larger, probably due to substances flushing out of the
filter, such as the residual sawdust. In the 3™ week the turbidity is reduced to below 0.3
NTU? for all filters, from that week on the turbidity remains low. Turbidities below 0.5 NTU
are invisible to the naked eye. The turbidity of the influent (canal water) varies throughout
the 12 weeks between 0.8 and 31 NTU (appendix V.1), but this does not have a direct effect
on the effluent turbidity.

5.1.2 Colour

During the first 2 weeks of usage all filters produced effluents with an orange colour. This is
probably caused by released elements (iron) from the clay material, also visible in the section
on leaching of metallic elements. This colour diminishes after flushing the filter for
approximately 15 times.

Colour in the effluent water is not only caused by to the clay filter element, but also due to
the water quality of the raw canal water. The canal water has a yellowish colour throughout
the long-term study. The colour is most likely caused by dissolved organic carbon (DOC),
which is present in high concentrations in the canal water; averagely 15 mg/L [Sheng, 2006].
Ultraviolet (UV) light is used to measure the presence of DOC in the water, because a strong
correlation may exist between UV absorption and organic carbon content and colour [Clesceri,
1998]. UV-absorbing organic constituents in a sample absorb UV light in proportion to their
concentration. Historically, a wavelength of 254 nm is used to measure the adsorption of UV.
Interferences of the UV-absorption measurements are primarily from colloidal particles, UV-
absorbing organics other than those of interest, and UV-absorbing inorganics. A UV
absorption scan from 200 to 400 nm can be used to determine presence of interferences.
Typical absorption scans of natural organic matter are featureless curves of increasing
absorption with decreasing wavelength. Sharp peaks or irregularities in the absorption scan
may be indicative of inorganic interferences or unexpected organic contaminants.

The absorption scan is performed with a wavelength from 200 to 400 nm with a ‘UV/VIS
Spectrometer Lambda 16’ by Perkin Elmer with a light path of 1 cm. The graphs in Figure 5.2
show identical absorption scans for the influent and effluent samples. No irregularities are
visible in the graphs. The UV.s, result is 0.401 cm™ for all samples, both the raw water and
the effluents (all filters), this indicates that no changes in the absorption of UV occur during
filtration with CSF. The concentration of dissolved organic carbon is not lowered or increased
by filtration.

» Nephelometric Turbidity Units
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Figure 5.2 UV absorption scan of influent and effluent water

5.1.3 Odour and taste

Next to the visible water quality, sensing a neutral smell and taste is important to most
consumers. As mentioned in the previous section, the clay material gave an orange colour the
effluent during the first 2 weeks of filtration. This orange colour was accompanied by an
earthy smell, which will probably not necessarily be alarming to the consumer. And since it
decreases it is not of great concern.

The odour of the canal water was strong and unpleasant. After filtration this odour is
completely removed, no longer perceptible to the human nose. An explanation for the
removal of these smelly gasses is the aeration that occurs during the operation of CSF. Water
is poured into the filter with some force, which has a similar effect as a single cascade. Gas
exchange is set in motion and oxygen is added to the water (appendix V.2). The sensible,
unpleasant gasses are removed in this process.

The taste of the water after filtration is unfortunately not very pleasant. The water has an
organic taste, most likely due to the presence of organic substances, such as humus acids. In
case these dissolved organic carbon (DOC) are present in the raw water the CSF system will
not be able to remove discomforts such as the caused colour and taste.

5.2 Operation

CSF is a household water treatment system and is therefore most often operated by
uneducated people. In this section the operational steps and hazards are discussed.

5.2.1 Daily operation

The daily operation of CSF (Figure 5.3) does not consume much of a person’s time, collecting
raw water from a pond or river will most often be the hardest work. Although the filter
element is fragile, this will not have many consequences for the daily use, since the filter is
safely stored in the receptacle. Raw water is brought on the filter, directly or via a cloth in
case of highly turbid water. Through the spigot the water may be tapped into a cup or glass.
The filter element should remain in the receptacle at all times to prevent recontamination and
breakage, except when cleaning the system.
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Figure 5.3 Daily operation of CSF [Filtrdn, Potters for Peace]

After filling the filter element with water the filtration process is started. The initially
measured filtration rate in chapter 2 varies per production location, but after 12 weeks of
operation all discharges are below 0.5 L/h. The discharge aimed at by Potters for Peace is
between 1 and 2 L/h, but in the course of time the pores in the filter element are filled with
pollutants. These pollutants block the pathway for the water resulting in a reduction in flow
rate. By scrubbing the filter the discharge is temporarily increased, but this effect diminishes
after a few times. It can be concluded that with a filter discharge of approximately 0.5 L/h at
the maximum water head (H=20cm) it is difficult to produce sufficient water for a complete
family. Given a family size of 6 persons and they use the filtered water for drinking purposes
only they would need a minimum of 6 x 2 L of water per day. Even when the water level is
kept at a constant height at 20 cm for 16 hours per day, the yield would be 8 litres, this is
definitely insufficient.

The conditions under which the produced water quality by CSF is best guaranteed are dark,
cool and stable spots in the house. In many cultures there is already a traditional location in
the house for the storage of drinking water (Figure 5.4).

Figure 5.4 Placement of CSF system in a household in Dessou Condji, Benin

5.2.2 Recontamination

One of the findings of field studies in Cambodia, performed by Brown and Sobsey [2006] and
submitted to UNICEF, was that total coliform counts in effluent were often higher due to
recontamination. The samples were taken from the spigot, so recontamination must have
occurred in the receptacle or due to a dirty spigot. In the absence of reliable water and
cleaning products such as soap and chlorine it is difficult to completely clean the receptacle
and filter element. In case pathogens are present in the receptacle they can cause microbial
growth in the effluent water. Since the receptacle is sealed during operation it is impossible
for the user to notice this growth, providing that the contamination is visible, which will often
not be the case. A second possible cause of recontamination in the receptacle is intrusion of
contaminants through the unsealed edge of the filter element. The filter element is often not
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exactly circular resulting in an opening along the edge of the receptacle. This opening
enables any pollutant to enter the receptacle, especially when raw water is spilled during the
filling of the filter. At the production location in Ghana the receptacle is supplied with an extra
sealing ring (Figure 5.5). In Nicaragua the radius of the receptacle is small to seal it without
the use of the lip of the filter element. But since the lip is fragile and when handling the
element this lip is used for carrying etc., breakage of the lip is usually the case after several
cleaning sessions. This will even further enlarge the opening en increase the risk of
recontamination. An example of a simple additional ring to completely seal the bucket is
shown in Figure 5.5, also in case of breakages on the lip.

Figure 5.5 Sealing ring (a) Ghana (b) new design

Recontamination does not solely occur in the receptacle, because as soon as the water
passes a dirty spigot into a dirty cup it is no longer reliable. This underlines the importance of
supplying information on hygiene together with the implementation of CSF. The users should
be informed of the possible hazards of drinking contaminated water and the causes of these
contaminations. An information sticker is applied on the receptacles, with coloured pictures
and explanations in the local languages.

5.2.3 Breakage of filter element

Another major finding of Brown and Sobsey [2006] was that ‘the rate of filter disuse was
approximately 2% per month after implementation, due largely to breakages’. Taking into
account that the estimated lifetime of CSF should be approximately 1.5-2 years, the number
of filters in use after 2 years is approximately 100 x 0.98%* = 62%. It should be noted that
the chance that breakage occurs may increase when the filter ages, due to a thinner filter
element after each scrubbing session. An approximate 40% loss of all filters in a period of 2
years is a high percentage. This makes it inevitable that the non-governmental organisations
(NGO's) implementing the filters should be in reach of the users at all times. Replacement of
the filters is guaranteed by most production locations within the 2-year-lifetime.

As long as the filter element is secure in the receptacle the chances of breakage are minor,
but as soon as the element is taken out the chances increase. Carrying the filter through the
house is risky and the cleaning procedure is done with a rough brush using force to clean the
coarse clay surface. During operation/cleaning the filter element will be wet, which makes it
even more vulnerable than when dry.

Breakage of the filter reduces the lifetime, but as long as this is noticed and the filter is
replaced the risks for the person’s health are small. It is of much greater risk if the crack in
the filter remains unnoticed. Large cracks are not always visible and do not necessarily result
in turbid effluent water, but pathogenic micro organisms may pass the filter. Regular
thorough inspections might prevent this.
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5.3 Cleaning

After a certain period of time the filter element is clogged with substances and should be
cleaned. The frequency of cleaning naturally depends on the quality of the influent water.

5.3.1 Filter element

As outlined in chapter 2 the filter discharge is reduced heavily due to the blocking of the
pores in the filter element. Cleaning of the filter element includes scrubbing the inside
thoroughly with a (tooth)brush (Figure 5.6) and rinsing it with water. The first cleaning
session has a spectacular effect on the discharge, especially on the filters manufactured in
Cambodia; the filter discharge increased averagely from 0.5 to 2 L/h. This impact is
unfortunately temporarily and a second cleaning session has less impact. From these results
can be concluded that not all blocking substances remain on the surface of the filter material.
The pores deeper into the filter will get blocked in the course of time and cleaning will no
longer have an effect on the discharge.

Although after several times the filter discharge does no longer increase much when
scrubbing the filter, it prevents complete blocking of the filter. Additionally it has a positive
effect on the water quality in the filter. Large substances are retained at the surface of the
filter element and growth of algae can be expected in the filter. The climate in the laboratory
was not optimal for this growth, but under more tropical conditions it is more likely to occur,
but as long as the filter element is sealed with the lid, it is unlikely that algae will grow. The
filter manufactured in Nicaragua without the application of colloidal silver did show some sort
of white rash on the inside of the filter element. The filters with colloidal silver did not show
any signs of this (appendix V.3).

o 0w\ /

4

Figure 5.6(a) Cleaning procedure of filter element (b) discolouration of receptacle of filter from
Nicaragua with (left) en without (right) colloidal silver

5.3.2 Receptacle

When the filter element is lifted from the receptacle for cleaning it is advised by the
manufacturer that the receptacle is cleaned also. There is a chance of recontamination
resulting microbial growth, which can be prevented with regular cleaning of the receptacle. In
the manual it states that the receptacle should be cleaned once a month with chlorinated
water or soap. In some cases both chlorine and disinfecting soap will be unavailable to the
users. This possibly results in a chance of recontamination during the cleaning process. This
may be prevented by well organised supply of information on hygiene by the involved NGO.

During the laboratory tests the white, plastic receptacles of the filters with colloidal silver did
not show any bacterial growth or discolouration. The receptacles were flushed once a month
with tap water, simultaneously with cleaning of the filter element. The filters from Nicaragua
without colloidal silver did show discolouration and growth on the wall and bottom of the
receptacle (Figure 5.6). This slimy bacterial growth was yellowish with dark spots.
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5.4 Conclusions consumer aspects

Water quality aspects relevant to the consumers are not only the absence of pathogens and
metallic elements, but also turbidity, colour and taste. The turbidity of the canal water varies
during the long-term study between 0.8 and 31 NTU. After one month of operation the
turbidity of the effluent is constant at 0.3 NTU.

The first 2 weeks the effluent water has an orange colour, due to leaching of compounds out
of the filter material. After these two weeks the only colour visible in the effluent is equal to
the colour of the influent, caused by high concentrations of DOC in the canal water. The
UV,s4 result is similar for both the influent and the effluent, measured at 0.401 cm™. During
the first two weeks of use not only the colour of the water is affected by the filter material;
the odour and taste of the effluent is also earthy.

The operation of CSF is simple and does not take much time. However the risk of breakage
and recontamination is present and in field tests [Brown, 2006] in Cambodia these are
identified as important parameters. Breakage and recontamination can also occur during the
cleaning procedure, because the filter element is taken out of the receptacle.

The filters from Nicaragua without colloidal silver showed discolouration and growth on the
wall and bottom of the receptacle. This slimy bacterial growth was yellowish with dark spots,
the filters with the application of silver did not show this growth.
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6 Analysis of the results

The results of this research study are presented and discussed in the previous chapters.
However, the relation between the presented results is of interest to completely understand
the performance of CSF. In this chapter the objectives that require extra analysis are
overviewed: the mechanisms of filtration in CSF, the reduction in discharge during the long-
term study, the effect and role of colloidal silver in CSF and the design of a test protocol to
control the filter quality in the factories.

The first section (6.1) discusses the mechanisms of filtration responsible for the retention of
the indicator organisms. In section 6.2 the lowering filter discharge is approached. Section
6.3 deals with the role of colloidal silver in CSF. In the final section (6.4) the applicability of
test methods in the factories is discussed.

6.1 Mechanisms of filtration in CSF

The effective pore sizes measured in section 2.4 (33-52 um) are larger than the pore size (1
HUm) promoted by Potters for Peace. The pores are of another order of magnitude than the
indicator organisms removed in this study. Nevertheless when testing with canal water all
coliforms are removed by CSF in 93% of the 144 samples taken. Based on this fact it is
concluded that the indicator organisms are retained by other mechanisms than absolute
screening, hamely mechanism of sedimentation, diffusion, inertia, turbulence and adsorption.

A combination of these mechanisms has resulted in the successful removal of coliforms from
the canal water, high concentrations of Clostridium spores and £.coli K12. Even the MS2
bacteriophages of 23-25 nm are partially retained by CSF.

To understand the removal of these minuscule organisms by those relatively large pores the
parameter tortuosity is introduced. Figure 6.1 shows that when a particle moves across a
straight path it can travel fast without colliding to the wall. In case the path is croaked and
therefore longer the particle will be slowed down and the number of points of impact is
larger. Bends and broadened cross-sections enforce turbulence and sedimentation. In
summary, the more tortuous the path, the large the chance a particle is adsorbed by the filter
material.
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Figure 6.1 Tortuous route through filter material

The tortuosity was calculated with both the mercury intrusion porosimetry data (€) and the
Blake-Kozeny (C) equation. These two factors are depicted in Table 6.1 and it shows that the
filter manufactured in Nicaragua is far more tortuous than the other two filters. This could be
the explanation for the fact that the filters from Nicaragua were more successful in removing
high concentrations of Clostridium spores and £.coli from the influent water than the filters
manufactured in Cambodia and Ghana.

Table 6.1 Tortuosity and total pore area of CSF

Country of origin 3 C Total pore area
[-] [-] [m*/g]
Cambodia 7.83 384 0.67
Ghana 8.42 343 1.31
Nicaragua 13.24 1030 1.22

A second useful parameter to describe the adsorptive properties of the filter material is the
total pore area. The larger the area available for adsorption, the longer and better the
material is able to retain particles. This can be explained by viewing two cylinders with the
same volumes, but one of the cylinders contains many small cylinders (pores). In the second
case the total pore area is larger while the pores have the same volume.
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Figure 6.2 Total pore area of large volume and cumulative small volumes
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In chapter 2 it was found that the total pore area varied per cm® material, which makes it
difficult to compare results from mercury intrusion. The variations between the samples from
different production locations, as depicted in Table 6.1, are smaller than the variations
measured within one filter element. Therefore it is not possible to draw conclusions from
these pore area calculations. However the difference in total pore area between the filters
with and without colloidal silver is larger and this is discussed in section 6.3.

6.2 Reduction in filter discharge

The initial clean water flux produced by CSF is for many filters, especially the ones produced
in Cambodia and Nicaragua, below the guideline needed to provide for a 6-person-family.
This guideline is flexible and depends on the number of refills of the filter element, but should
be at least 1 L/h.

Not only is the low clean water flux worrying, even more is the reduction of the filter
discharge in the course of time. After 12 weeks of loading with canal water all filter
discharges are below 0.5 L/h (section 2.6). This reduction is caused by blocking of the pores
in the filter element. By scrubbing the element on the inside the flux is temporarily increased,
but the effect of scrubbing is smaller the second time already. From these measurements can
be concluded that initially the pores on the surface of the filter element are blocked, but in
the course of time constituents infiltrate further and further into the material (Figure 6.3).
This will eventually result in a zero L/h filter discharge. Obviously the rate of reduction in
discharge depends largely on the water quality: turbidity, size of particles and concentration
of organic compounds.

Figure 6.3 (a) Pores blocked on surface (b) Pores blocked within

The discharge measurements during the long-term study have shown a reduction for all
filters. The rate of decrease in flux varies per filter element and therefore also the reduction
in permeability. The analytical model (equation 6.1) shows that a loss in permeability (in this
case hydraulic conductivity) results in a reduction in discharge. A second changing variable is
the thickness of the filter element (wall and bottom), due to scrubbing. Decrease of the
thickness will result in an increased discharge. All other variables remain constant throughout
the lifetime of CSF.

k r,—r ;3 1 2 k 2
inlter =:2ﬂ(%hw +Er2hw )+a7zr2 hw (61)

It is safe to conclude that the influence of a decreasing thickness of the filter wall is negligible
compared to the decreasing hydraulic conductivity (k).

When implementing the measured discharge of week 12 into the analytical model the
changed hydraulic conductivity can be calculated. This relation between Q and k is linear and
thus the percent decrease is the same. The overview in Table 6.2 shows the mean reduction
in Q, and therefore the reduction in permeability.
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Table 6.2 Reduce in filter discharge

Country of origin Q [L/h] Decrease
week 1 week 12 [%]
Cambodia 0.73 0.21 71%
Ghana 2.41 0.47 81%
Nicaragua 0.85 0.25 70%

The measured filter discharges in the long-term study are insufficient to provide for a family.
This fact has not been reported in literature before, although it largely determines the quality
of CSF. A recent field study in Cambodia [Brown, 2006] showed that only 6% of all disuse
was due to a low flux (Figure 6.4). This follow up assessment was performed over a period of
4 years. This percentage is not alarmingly high, but this does not include the people still
using the filter element without sufficient discharge. No measurements of the actual
discharges were reported.

Broken (element, tap, container) -|

Fitter has passed its recommended lifespan

The fiiter is too slow or Insufficient

The water does not need 1o be filtened

Gawve the filler 1o a friend or relative

Other
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T T

Figure 6.4 Reasons given by respondents for filter disuse at follow up [Brown, 2006]

Nevertheless, by many involved parties worldwide it is known that ceramic filters in general
do not have a high discharge after a period of time. This CSF research underlines the
conclusion that the major deficiency of CSF is the low discharge. At this stage it must be
again noted that the reduction in discharge depends on the raw water quality. The pores are
blocked by three possible substances: (i) organic matter, (ii) particles, (iii) calcium carbonate,
or (iv) a combination of these substances. A solution to overcome the problem of low
discharges in not clear-cut, but suggestions to increase the discharge are:

i.  dosing of chlorine in case of organic matter in the pores;
ii. backwashing the filter element to force out blocking particles;
iii.  dosing (lemon) acid to dissolve calcium carbonate;

iv. a combination of the above solutions.

Option (i) will cost more, but can be executed by the consumers. The second option will
probably not be feasible to most users, but it is possible to provide it as a service, for
example by the regional NGO. Backwashing can be done by inversing the technique of the
bubble-point test (Figure 6.5). The filter is placed under water and by reducing the pressure
in the filter element the water is forced through. With this procedure the particles are forced
out of the pores. A combination of dosing chlorine and backwashing could give even better
results. In chapter 4 the precipitation of calcium carbonate is explained and this results in a
decrease of the filter porosity. If calcium carbonate indeed precipitates in large
concentrations, this could be the explanation for the reduced discharge. By dosing (lemon)
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acid, the calcium carbonate is dissolved and can be removed from the pores. It is
recommended that future research includes developing an effective method to increase the
filter discharge with different raw water qualities.

Figure 6.5 Backwashing of filter element

6.3 Role of colloidal silver in CSF

CSF manufactured in Nicaragua with and without colloidal silver are tested in the laboratory.
The results from these tests show differences between the two filter types, which are
discussed in this section.

6.3.1 Removal efficiency of Clostridium spores and coliforms

As mentioned before the effluent water should meet the WHO guideline that no £.coli are
detected in any 100 mL sample. In Table 6.3 an overview is given of the samples from
Nicaragua with and without silver for the various indicator organisms. The table depicts the
number of samples in which no indicator organisms are detected during the 12-week long-
term study.

Table 6.3 Number of samples with zero detection in filters manufactured in Nicaragua

Filter type Total coliforms Clostridium spores E.coli

< 1 cfu/300mL < 1 n/100mL < 1 cfu/100mL
Colloidal silver 48 (100%) 8 (67%) 8 (67%)
Without colloidal silver 41 (85%) 8 (67%) 0

The measurements for total coliforms show that in 15% of the samples without colloidal silver
coliforms have been detected. In the effluents of the filters with silver no coliforms were
detected. Clostridium spores were as frequently found in the filters with and without colloidal
silver. The spikes with high concentrations of £.coli show the largest variation between the
two filter types. 67% of the filters with silver met the WHO guideline and none of the filters
without the application of silver. Although this difference cannot be denied, it is also of
importance to review the achieved log;, reduction values in this discussion (Table 6.4).
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Table 6.4 LRV achieved in filters from Nicaragua with and without colloidal silver

Filter type Total coliforms Clostridium spores E.coli

[LRV] [LRV] [LRV]
Colloidal silver 1to4 2to5 4t07
Without colloidal silver 1to4 2to5 2to 6

The variation in log;o reduction values is similar for the measurements of total coliforms and
Clostridium spores in all filters. Again, the difference can be found in the filters with high
concentrations of £.coli. The filters without colloidal silver do not perform as well, but in
drinking water terms a LRV from 2 to 6 is still a great performance.

From these results can be concluded that to remove low concentrations of coliforms from the
water, like in canal water, it is not a necessity to apply silver on CSF. Furthermore the
removal of Clostridium spores is equally successful for the filter with and without colloidal
silver. Only when dosing high concentrations of £.coli K12, differences in performance
between the two filter types are noticed. Although the concentration of £.coli in the effluent
water of the filters without silver is really high, the log reduction is still satisfactory. This gives
arise to the question; is the removal of E£.coli in such high concentrations needed for CSF to
be a safe household water treatment system? This must be discussed with the
manufacturers, suppliers and consumers at the production locations, because not in all
countries silver is as easily available.

At this stage it must be noted that the comparison of the filters with and without colloidal
silver was done with filters from different batches. Although the production location and
manufacturing method are similar, the exact heating of the oven and moisturising of the raw
materials are unknown. Reed [1988] wrote in his ‘Introduction to the principles of ceramic
processing’ about the effect of the height of the temperature, the rate of heating and the
duration of heating on the density of the final product. Only small variations in these
parameters could result in clear differences in the quality of the filter material. This illustrates
that comparing filters from different batches could result in comparing other differences than
solely the application of silver or not. The uncertainties of firing and moisturising would be
minimised by testing filters from the same batch, while monitoring the parameters mentioned
before. By testing filters of this batch with and without silver it is possible to compare more
accurately, with minimisation of the influence of other varying characteristics.

Based on this study it can be carefully concluded that colloidal silver in CSF improves the
removal of £.coli. Testing CSF with £.coli only, however, results in more positive results, on
the account of CSF with silver, compared to other indicator organisms such as Clostridium
spores and MS2 bacteriophages. It must therefore not be forgotten that £.coli K12 is an
indicator organism and investigations to the effect of silver in CSF on real pathogens should
continue.

Additional to the colony count results, some other effects of silver were visible during the
long-term study. The colloidal silver reduced the growth of organisms in the filter element
and the receptacle. The visible, greenish biofilm in the filter element (appendix V.3) seemed
to be less in the filters with colloidal sliver. Even more obvious was the bacterial growth in the
receptacle of the filters without silver. This regrowth did not show in the receptacles of filters
with silver, which indicates that the released silver from the filter element, at least during the
first 3 months of use, is sufficient to prevent bacterial growth in the receptacle.

6.3.2 Removal of MS2 bacteriophages and total pore area

The removal of MS2 bacteriophages by CSF differs when comparing the filters from Nicaragua
with and without colloidal silver. The initial (week 5) log reduction by filters with colloidal
silver has a mean of only 0.6, while the filters without silver remove LRV 1.2. The second
measurements in week 13 of the long-term study show the same variation with means of 1.0
LRV and 2.1 LRV. An explanation for this difference is sought in the difference in adsorptive
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surface area. With mercury porosimetry it is possible to calculate the total pore area of the
filter material. The results from these calculations (Table 6.5) show that the adsorptive
surface area is indeed reduced by a coating of colloidal silver. Although the reduction of
phages by CSF is not very high, the filters without colloidal silver did manage to remove 10
times more phages (in week 13) than the filters with silver. It can be concluded that the
appliance of colloidal silver on CSF does not have a positive effect on the removal of viruses

Table 6.5 Means of total pore area and LRV for Nicaraguan filters with and without silver

Filter type Total pore area MS2 LRV MS2 LRV
[mz/g] week 5 week 13

Colloidal silver 0.7 0.57 1.08

Without colloidal silver 7.1 1.23 2.05

The exact reason for the reduced adsorptive surface area after the application of silver is
complex. Figure 6.6 shows the pore size distribution curves from the mercury intrusion
porosimetry test. The filters with colloidal silver clearly do not have the same volume of pores
in the smaller regions (< 1 ym) than the filter without silver. As mentioned in the previous
section the contribution of the smaller pores to the total pore area is relatively larger than for
the large pores.

In the figure below two suggestions are done (a and b) to explain the absence of small pores
after applying silver. Both suggestions would result in a lower total pore area when
measuring with mercury intrusion porosimetry.
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Figure 6.6 Possible influences of the silver coating

In total two filters were tested with mercury porosimetry per filter type (with and without
colloidal silver). Although the measurements are unambiguous, testing 4 filters only is not
very reliable. Future research is therefore recommended to provide more solid prove that
colloidal silver influences the total pore area.
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6.4 Filter quality control

Currently the manufacturers test the filter elements before they leave the factory. This filter
quality control is needed to provide a constant quality of CSF to the consumers. The testing
method should be simple and inexpensive, only then it is of use in the factories. In the first
sections of this chapter three possible testing methods are presented; filter discharge, direct
method and bubble-point test. The final section discusses the effectiveness of these methods
and suggests the optimal filter quality control method.

6.4.1 Filter discharge

Testing the filter quality by measuring the filter discharge is the traditional protocol followed
by many factories worldwide. The PFP guideline includes that if the discharge is between 1 -
2 L/h the filter is sold. At some locations the guideline has been stretched to 2.5 or 3 L/h.
Method of determining the filter discharge varies per production location, measuring the
amount that has passed the filter element or by measuring the lowering water level.

The accuracy of measuring the amount of water passing the filter element depends on: (i)
the accuracy of scale or cylinder, (ii) constant or varying water level, and (iii) duration of the
test. In most factories the filter elements are first soaked in water for at least 24 hours. Then,
the filters are placed in a receptacle and completely filled with water. After 1 hour the filter is
taken out of the receptacle and the volume of the effluent water is measured in a cylinder.
Note that with this method the water level in the filter varies. Although this is a reasonably
accurate method, it does have some disadvantages. The water must be collected in a
receptacle and determining the volume does cost some time.

A more convenient method that is frequently used in factories is the so called dip stick. This
method does not deal with collecting the water; the amount of water in the filter which has
left the filter is determined by measuring the draw down of the water. Accuracy of this
method though is generally lower than measuring a volume of collected water, so the design
of a draw down measuring tool should enable for accurate measurements and should exclude
the possibility of incorrect use as much as possible.

An improved design of the dip stick is developed by Nederstigt and Lam [2005] for the Lotus
Ceramics factory in Colombo, Sri Lanka. This design suggests hanging a ruler on the filter rim
on one side of the filter pot, instead of strait in the middle. Using a rim hanging ruler (Figure
6.7) has the main advantage that the ruler can be calibrated to the point where the water
level is up to the rim, compensating for any tilt in the surface where the filter is put on.

VTSR o c ,
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Figure 6.7 (a) Dip stick to measure filter discharge (b) Improved dip stick (rim hanging ruler) by
Nederstigt and Lam [2005]
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6.4.2 Direct method

The direct method, as demonstrated before in section 2.3.1, is based on the fact that by
weighing a filter wet and dry the volume of water present in the pores can be calculated
(Figure 6.8).
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Figure 6.8 Direct method: weighing sample dry and saturated

Once the volume of the pores is calculated, all is left to determine is the volume of the
complete filter element. Determination of the filter element can be done by weighing the
saturated filter under water. The upward force of the water equals the volume of the filter.
Now the volume can be calculated by:

msaturated - munderwater = Vfilter 'pwater (7- 1)

If the manufacturing method is standardised, the volume of the filter can be determined once
and assumed constant throughout the production. With the above values it is possible to
calculate the density (prirer) Of the filter element and the total porosity (Piota):

mdry
Prier =, (7.3)
" Vfilter
V
P = 2 .100% (7.4)

filter

To what degree the determination of porosity with the direct method is effective as a filter
quality protocol is discussed in section 6.4.4.

6.4.3 Bubble-point test

In section 2.4.1 the bubble-point test is performed to determine the effective pore diameter.
This method is not very complicated and the materials are available worldwide (large bucket,
sealing ring, handscrews and handpump). The relation between the removal efficiency and
the size of the effective pore is not clear-cut. However, it is possible to trace large cracks in
the filter element. The bubble-point test is determined by bringing the filter element under
water and gradually increasing the air pressure inside (Figure 6.9). At a certain pressure a
stream of bubbles will escape from the filter element, this is called the bubble-point. The pore
diameter can be calculated with a formula using the Laplace theory. In practice all variables,
but the pressure, are constant and therefore a sheet with outcomes can be used in the
factories.
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D Pressurised air
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Figure 6.9 Principle of the bubble-point test

Unfortunately there is one major disadvantage of the bubble-point test; the risk of filter
breakage is great. This is mainly due to the high pressure of the handscrews on the filter
wall. These handscrews are needed to properly seal the filter element to the underlying
structure. Perhaps the design of a modified experimental set-up could reduce this risk, for
example by introducing rings that spread the force of the handscrews more evenly over the
element.

6.4.4 Effectiveness of the testing methods

Before discussing the effectiveness of these methods it is a necessity to determine what the
test must prove. At this point two important parameters are distinguished which are vital for
a successful testing method:

i.  The filter discharge must be sufficient to provide for a family (6 persons x 3 litres per
day);

ii.  The test method should give an indication of the removal efficiency of pathogenic
micro organisms by the filter element.

In other words, the filter pores should be small enough to retain micro organisms and large
enough to ensure sufficient discharge. Furthermore, to retain pathogenic micro organisms no
large, incidental cracks should be present in the filter.

Obviously the best method to determine whether the filter discharge is sufficient is by testing
it with water. When testing it for the first time it must be taken into account that the
discharges reduces in the course of time due to blocked pores. Although an initial higher
discharge will not last for two years, it does provide sufficient water for a longer period of
time.

The downside of testing the filter discharge only, is that a filter with homogeneous filter
material and small pores might give the same discharge as a filter with only one very large
crack.

The direct method does provide some information on the porosity, but the total porosity only.
This has the same disadvantage as the filter discharge; many small pores can give the same
outcome as a few large pores. Additionally it is unknown if the measured pore voids
contribute to the flow or not (dead-end pores). So it can be concluded that the direct method
does not provide reliable information on both (i) and (ii).

Finally, the bubble-point test is the only testing method that provides information on the size
of the pores. With this method large, invisible cracks/large pores in the filter material are
easily traced. The bubble-point test is however more time consuming than the other
methods, and the risk of filter breakage is present (2 of the 14 broke in the laboratory).

A combination of two testing methods is proposed; filter discharge and bubble-point test. In
this research is proven that low discharges do not necessarily mean higher removal
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efficiencies. Especially once the manufacturing process is standardised (clay type, size of
sawdust, heating process) it is not likely that large variations in pore size distributions are
found between the filters. Knowing this, it is safe to use the filter discharge as a testing
protocol. The bubble-point test could be used as an extra control only, to check if the filters
with extremely high discharges contain a large crack or pore. In practice, the filters are tested
by tapping the filter element and in case no clear sound is heard the filter has a large crack
(audio check). A combination of the bubble-point test and audio check is proposed.

Based on the experiments in this research it can be concluded that the guideline of 1 to 2 L/h
of Potters for Peace is rather low. This initial flux does not provide sufficient water for a
family for a long period. Furthermore, the removal of micro organisms by filters with high
discharges (Ghana) has not been proven to be less than filters with low discharges
(Cambodia). The exact height of this boundary should be experimentally determined at the
production location together with standardisation of the production process. Standardisation
should include: (i) sieving mesh of saw dust, both upper and bottom limit, (ii) sieving of the
clay material, (iii) quantities of raw materials, (iv) moisture of the clay/sawdust/water
mixture, (v) heating of the oven, (vi) duration of heating, and (vii) rate of heating.

The diagram in Figure 6.10 shows the route of filters within the factory, in this case filters
with a flux higher than 4 L/h are tested for possible large cracks. But as mentioned before,
this level should be carefully determined in the factories.

Discharge
1to4L/h

Soaked for
24 hours

Discharge
=>4 L/h

Testing for
filter discharge

Audio check Bubble-point test

Discharge
<1Ll/h

Figure 6.10 Schematic overview of test protocol in the factory
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7 Conclusions and recommendations

7.1 Conclusions

The objective of this study is to provide reliable performance data under laboratory conditions
for ceramic silver impregnated pot filters to help speeding-up and scaling-up their
implementation by organisations worldwide. This study is the first phase to acquire a
‘Declaration of Performance’ of the Dutch drinking water laboratories. To reach this
declaration, the replicablity of CSF must be determined. In this study filters were imported
without specified information on the exact manufacturing method; type of clay, size of
sawdust, moisture and heating etc. Additionally, the filters did not origin from the same batch
and are therefore probably not produced under the same conditions. These unknown
variables have made it impossible to determine the replicability of CSF in this stage of the CSF
project.

During the 12-week long-term study all 24 selected filters from Cambodia, Ghana and
Nicaragua have successfully removed total coliforms; coliforms are detected in only 7% of the
144 taken 300mL samples. The log;, reduction values (LRV) reached in this study vary
simultaneously with the influent concentration, between LRV 1 and 4.

High concentrations of Clostridium spores and £.coli K12 are retained by ceramic silver
impregnated pot filters. The removal efficiency of Clostridium spores is between LRV 2 and 5
and the log reduction of £.coli reached up to 4 and 7.The removal efficiency of coliforms and
Clostridium spores was not observed to be related to time. The log removal of MS2
bacteriophages, indicator organisms for viruses, is measured between LRV 0.5 to 3.0.

The effective pore size diameters measured with the bubble-point test have a mean of 40
pMm. The data collected with mercury intrusion porosimetry show characteristic pore lengths in
the filter material between 16 and 25 um. It is obvious that these measured pores are much
larger than the maximum of 1 um pores aimed at by Potters for Peace. However, the effect
of these pores to the removal efficiency is not great, since micro organisms much smaller
than these pores are retained. It can therefore be concluded that the indicator organisms are
removed by other mechanisms than absolute screening, namely mechanism of sedimentation,
diffusion, inertia, turbulence and adsorption.
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Filters manufactured in Nicaragua without the application of colloidal silver removed equally
successful coliforms from the canal water as the filters with colloidal silver. Furthermore, for
the retention of Clostridium spores colloidal silver proved not to be a necessity. High
concentrations of £.coli are better removed by filter with silver, but the achieved log removal
is satisfactory for both filter types. Nevertheless, based on the results from this study can be
concluded that the application of colloidal silver on CSF has a positive effect on the removal
of £.coli K12. MS2 bacteriophages are surprisingly better retained by filters without the
application of silver; this is most likely due the reduced adsorptive pore (surface) area after
coating with silver.

Metallic compounds are released from the filter material during filtration. Especially the
concentrations of arsenic in the effluent water are worrying. In the first week the mean
concentration of the Cambodian filter reached almost 200 ug/L, and even after 12 weeks of
usage the concentration was still slightly above the 10 pug /L WHO guideline with a mean of
17 pg /L. Silver leaches from the filter element also, visibly reducing the bacterial growth in
the receptacle. But the concentrations of silver in the effluent water are insufficient to cause
the cosmetic skin condition of argyria [WHO, 2006]. Zinc is the only metallic element present
in the influent water in concentrations high enough to measure a reduction throughout the 12
weeks of the long-term study. Sorption of zinc occurs in all filters to values way below the
WHO guideline of 3 mg/L.

The main deficiency of CSF is the low filter discharge; initially the filters have a higher
discharge, but after 12 weeks all discharges are reduced below 0.5 L/h. This means that the
filters produce insufficient drinking water to provide for an average sized family. It must be
taken into account that the reduction in flux depends on the raw water quality. Scrubbing of
the filter elements has a positive effect on the discharge. Unfortunately, this sudden increase
in discharge is only temporarily and does not seem to slow down the overall reduction in flux.
The measured fluxes are unacceptable; it is a basic requirement that CSF provides sufficient
reliable water for a family. Although this is a major weakness, it should not be forgotten that
the positive impact of CSF in the field is enormous; an estimated 46% reduction in diarrhoea
in filter users versus non users [Brown, 2006].

At the production locations the filters are tested for their clean water flux before being sold;
fluxes outside the 1-2 L/h range are destroyed. From this research can be concluded that
filters with higher initial fluxes should be considered to be included in the selection range
also; filters with high fluxes proved to perform equally well as filters with lower fluxes.

7.2 Recommendations

To come to a ‘Declaration of Performance’ by the Dutch drinking water laboratories for
ceramic silver impregnated pot filters it is a necessity to determine the replicability. Future
research is therefore recommended affer standardisation and documentation at the
production locations. Especially the solid specification of the exact manufacturing method;
type of clay, size of sawdust, moisture and heating etc. are of importance.

It is recommended that future research is done at the production location to compare filters
from the same batch with and without colloidal silver. Research on filters from the same
batch is essential to reduce the variation in other influencing variables on the removal
efficiency. It is furthermore recommended that the discussion on the need of colloidal silver in
CSF, for it to be a safe household water treatment system must continue among the
manufacturers, suppliers and consumers. This study has proven colloidal silver is not needed
in regions with high concentrations of protozoa oocysts and viruses. However, there seems to
be an effect of silver on £.coli, although the log removal measured in this study is satisfactory
for E£.coli in filters without colloidal silver also. In future research the measured data with
E.coli must be carefully translated to real pathogenic bacteria.
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Future research on the effect of the application of colloidal silver on the adsorptive properties
of the filter material is recommended. This study has shown that MS2 bacteriophages are
more effectively retained by filters without colloidal silver.

It is recommended that in case arsenic is known to be present in a region, the selected clay
for the filter material is tested for the leaching of arsenic, before choosing it as the main
substance of CSF.

It is recommended that future research is done on the possibilities to increase the discharge.
Furthermore the focus of the product improvement should be the increase of discharge
without losing effectiveness of the removal of pathogenic micro organisms.
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Appendix |

1.1  Hydraulic press with purpose-built moulds

The mixture of clay, sawdust and water is placed in the lower mould (Figure 7.1) before
applying force. The material is pressed in the pot shape desired for CSF.

Figure 7.1 (a) Diagram [IDEASS] and (b) photo of CSF press

1.2  Properties of silver colloids

This appendix on the properties of silver colloids is roughly based on an article published by
Key in 2001. While a colloid can have many forms, colloidal silver is one type of colloid that
consists of solid particles suspended in a liquid. The solid is very small particles of metallic
silver and the liquid is water. A silver colloid then must have silver particles in suspension.
Colloidal silver also contains another form of silver called ions. The difference between
solutions, colloids, and suspensions is defined by the size of the particles: (i) Solutions < 10
m (less than 1 nm); (i) Colloids are 10° m to 10® m (1 nm to 1000 nm); (iii)Suspensions >
10" m (larger than 1000 nm). Silver colloids must contain suspended particles of silver and
usually also contain dissolved silver ions. Solutions that contain only dissolved silver ions are
not colloids. Silver ions are positively charged and silver particles in colloidal suspension are
negatively charged [Key, 2001].
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1.3

This manual sticker (Figure 7.2) is given to all users together with the CSF system.
Information in the local language is of great importance to ensure understanding of the
product.

Manual sticker

HOW TO USE YOUR FILTRON

1. Washing the RECEPTACLE

Plastic top

Wash your hands with soap .

Altach the spigot (faucet) to the plastic receptacle.

Fill the receptacle one quarter full with water and add two
tablespoons of chlorine bleach.

Leave this for thirty minutes to disinfect the plastic receptacle.
Use this water to wash the entire inside of the plastic receptacle
and the lid with a brush or cloth.

Drain the water out through the spigot to disinfect.

If you do not have bleach, wash the receptacle and lid with soap
and water as described above.

You can use either filtered or boiled water to rinse.

Clay filtering
| &~ element

Plastic
receptacle

5) Keep your filter
filled and covered

4) If your water is

2) Place the plastic
receptacle in a location
that is stable and out of
the way of activity.

Using both hands on the

clay

3) To get rid of the

taste of the new

filter, fill it with water and

turbid, strain it through
a clean piece of fine
cloth. Tie the cloth
in place around the
outside of the plastic

at all times.

The filter will flow more
rapidly (one to two liters
per hour) if it is kept full.

Remember: Before

edge of the clay filter,
place it on the mouth
of the receptacle.

drain through the
spigot. Repeat until all
taste is gone.

receptacle. serving water wash your
hands and cups with

soap.

HOW TO CLEAN YOUR FILTRON

3) Washing the
PLASTIC RECEPTACLE

Cleaning your CLAY FILTER 3

Pour a few inches of filtered

waler back into the filter.
Scrub the filter with a stiff
laundry brush on the inside
and outside to remove any
debris or particles.

Do not worry if some of the
clay comes off. It means
you are scrubbing well.
Rinse with filtered water
until the water is clear.

1) When the flow rate decreases, | .
it is a signal that the pores of the
clay filter are clogged.

To wash:

* Do not lift the clay filter .
when it is full of water Wait
until the clay filter is empty
and there is filtered water in *
the plastic receptacle.

= Wash your hands with soap.

* Remove the clay filter from
the plastic receptacle and
put it on a plate that has been
washed with filtered water.

Wash the plastic receptacle

each month with chlorinated

water or with soap as explained

in part 1. Once you have finished
washing, return the clay filter to
the plastic receptacle to begin use.

Attention: The Filtron filter
generally functions well for a
year and a half or more. If you
have problems, contact the
organization that distributed
your filter for advice on what to
do.

Attention! Never use
chlorinated water or
soap to wash the clay filter.

Figure 7.2 English manual sticker
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1.4  Photos of CSF per production location

The ceramic silver impregnated filters are produced according to the same manufacturing
method, developed by Potters for Peace. Nevertheless, the filters are baked with different
ingredients (type of clay and sawdust) and by different people. These differences are visible
when looking at the filters. CSF from Cambodia (Figure 7.3) is smoothly made; the filters look
flawless and are all similar. Compared to the other filters, these filters are yellowish and
probably do not contain as much iron as the other clay types. The receptacle is a simple
plastic bucket with lid and tap.

Figure 7.3 CSF system and element manufactured in Cambodia

The filters from Ghana are rougher than the other filters, because a rough, protective layer is
used in the pressing mould when pressing the filter element. The shape of the filters is not
alike; especially the lip is not always straight. This could result in openings between the
bucket and lid, but fortunately the bucket is provided with a sealing ring. The receptacle is
safely seals by the ring and filter element so the risk of recontamination is reduced.

Figure 7.4 CSF system and element manufactured in Ghana

The filters manufactured in Nicaragua (Figure 7.5) are smooth like the Cambodian filters, but
much lighter in weight. The filters are all similar and exactly fit in the blue bucket. The bucket
is accompanied with a large lid that seals to complete filter element perfectly. The manual is
glued to the back of this bucket, on the front contact information is given.

Figure 7.5 CSF system and element manufactured in Nicaragua



1.5 Experimental set-up

The experimental set-up (Figure 7.6) consists of a total of 24 buckets with filter elements.
Insufficient plastic receptacles were received from abroad, therefore is chosen to use white
buckets for all filter elements. The filter elements are daily loaded with 6 litres of canal water.
Electric valves and timers are used to control the inlet of the raw water. Once a valve is open
water flows through a distribution network to 8 filter elements.

The raw water is filtered by CSF and collected in the white receptacles. When the water is not
sampled it flows through the open spigots into a small gutter and via a collecting bucket into
the sewer.

Side view B-B’

N
Sewage
[T \S

lcm water
—

L
Side view A-A’

|
I
T

Figure 7.6 Experimental set-up
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Every week samples are taken from CSF (Figure 7.7) and the spigots are closed overnight to
collect water in the receptacle. In case high concentrations are dosed this is done in the
evening and in the early morning sufficient water is collected for sampling.

The gutter is sectional to have free access to the spigots when sampling. Before sampling,
the spigots are disinfected with ethanol and flushed for several seconds.

Figure 7.7 Sampling of effluent water
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I1.1 Mercury intrusion curve

The output of a mercury intrusion porosimetry test is an intrusion curve as depicted in Figure
7.1. On the horizontal axe shows the pressure and the vertical axes the respectively
cumulative and incremental intrusion of mercury. With the Washburn equation it is possible to
calculate the pore size diameter from the pressure.

Mercury Intrusion porosimetry test
0,35 0,03

z 93 10025 3
— -
£.0,25 | E
< 1002 ¢
5 02 —e— Cumulative | | @
s / Incremental| + 0,015 £
© 0,15 -
S pr®® ®
> =
= ) +001 §
= 0,1 g
5 0,005 2
© 0,05 - T 50 £

0 o T T T T | 0

0,001 0,01 0,1 1 10 100 1000

Pressure [MPa]

Figure 7.1 Example of a mercury intrusion curve
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11.2 Capillary action of a wetting and non-wetting liquid

A wetting liquid, like water, does not have the same characteristics as a non-wetting liquid,
such as mercury. Mercury is used to ensure the liquid has to be forced into the pores. Unlike
water, mercury will not enter the pores without force (Figure 1.2).

|
Noﬂwgﬁ‘;t; liguid

Figure 1.2 Capillary action of a wetting and non-wetting liquid relative to the walls of a capillary [Webb,
2001]

11.3 Micrometrics Mercury Intrusion Autopore IV Series

The mercury intrusion porosimetry test is performed with the *‘Micrometrics Mercury Intrusion
Autopore 1V Series’ porisimeter (Figure 1.3). In this high-tech instrument the measurements
are done in a low and high pressure chamber. The instrument contains two low pressure
chambers using almost only atmospheric pressure. Qil pressure is used to reach 210 MPa in
the single high pressure chamber. The pressure is automatically increased and the total time
to measure one sample is approximately 3 hours.

Low pressure

High pressure

Figure 1.3 Micrometrics Mercury Intrusion Autopore IV Series



11.4 Cumulative intrusion curves

The output of a mercury intrusion test is a cumulative mercury intrusion curve. The volume of
mercury entered the pores per gram versus the pressure. These tests are done (i) to test if
the filter material is homogeneous (Figure 1.4), (ii) to compare filter material per production
location (Figure 1.5), and (iii) to compare filters with and without colloidal silver (Figure 1.6).

Cumelative intrusion curve NICARAGUA
0.35
3 /;-"”«M
._El 0.25 e RN —e— Bottom (i)
5 Bottom(ii)
7 027 —— Middle(i)
_g —s— Middle(ii)
> 0.15 - Lip(i)
g Lip(Gi)
()
= 0.1
0.05 A
0 T T
0.001 10 100 1000
Pressure [MPa]
Figure 1.4 Cumulative intrusion curves of Nicaraguan filter
Cumulative intrusion curve
0.35
0.3
=
= 0.25
E
S 02 Cambodia
(%2}
I~ ——Ghana
c i -
= 0.15 —=— Nicaragua
g
o 0.1
=
0.05 1
0
0.001 0.01 0.1 1 10 100 1000
Pressure [MPa]

Figure 1.5 Cumulative intrusion curves per production location



Cumulative intrusion curve

0.4
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| o
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Nicaragua
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0.05 J
0 =T T T T T
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Mercury intrusion [mL/g]
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Figure 1.6 Cumulative intrusion curves with and without silver NICARAGUA

11.5 Flow rate vs soaking time

In 2005 Nederstigt and Lam studied the effect of the soaking time on the filter discharge
(Figure 1.7). They used dry filters with different initial fluxes and measured the clean water
flux after varying soaking times. The graph shows that after 24 hours all discharges are
constant. The conclusions of this study were: (i) when testing the filters at the factory, by
measuring the discharge, this must be done after at least a 24 hours soaking time, and (ii)
after 24 hours of soaking all pores in the filter element are filled with water.

Based on this study the filters are soaked for 24 hours before determining the total porosity
with the direct method.

Flow rate vs soaking time
— 6
5
251 S
24 a Filter 1
£ 4 Ry = Filter 2
= y A 4 a4 A s Filter 3
L2 m & - = - :
® m m Filter 4
2 14
o
LL O T T T T

0 20 40 60 80 100
Soaking time [h]

Figure 1.7 Flow rate vs. soaking time study [Nederstigt, 2005]
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11.6 Total porosity

The total porosity is measured for 14 filters in total (Table 1.1). The filter codes used in the
table are based on the first letter of the country of origin. Thus, C=Cambodia, G=Ghana,
N=Nicaragua and WS=without silver. It shows in the table that the measured porosities for
the Cambodian filters are the highest and the ones from Nicaragua the lowest. The standard
deviation of the measurements per production location varies between 0.6% and 1.4%.

Table 1.1 Measurements of total porosity

Filter code My mg Vpores Viiter Pary P
[9] [9] [L] [L] [9/L] [%]

C1 4950 6411 1.461 3.787 1307 38.58
Cc4 4801 6033 1.232 3.787 1268 32.53
C6 4850 6139 1.289 3.787 1281 34.04
C8 4803 6251 1.448 3.787 1268 38.24
G2 3448 4451 1.003 2.750 1254 36.47
G3 3196 4290 1.094 2.750 1162 39.78
G7 3391 4386 0.995 2.750 1233 36.18
N2 4046 4973 0.927 3.003 1347 30.87
N3 4172 4983 0.811 3.003 1389 27.01
N6 4005 4949 0.944 3.003 1334 31.44
N7 3863 4810 0.947 3.003 1286 31.54
WsS1 3957 4969 1.012 3.003 1318 33.70
WS6 3910 5011 1.101 3.003 1302 36.66
WS7 3858 4902 1.044 3.003 1285 34.77

11.7 Calculating actual contact angle

Determining the liquid-solid contact angle is important to ensure an accurate calculation of
the effective pore size diameter. When calculating with a zero contact angle the cosines
function is 1, but when calculating with, for example, 60° the function is 0.5 (Figure 1.8).

The bubble-point of a control-filter is determined in water and in a dodecyl sulphate sodium
salt solution. This solution provides a zero contact angle. The control-filter tested a bubble-
point at 0.076 bar with water and at 0.066 bar (44 um) with the solution.

Cos function
4y cosd 2
AP =127
D
AP: pressure difference over filter [N/m?] - / o o
-180 -150 -12 90 -60 -30 30 60 90 120 150 180

y: surface tension of the liquid [72 N/m]

0: liquid-solid contact angle [°]

D: pore diameter [m]

)

Figure 1.8 Cosinus function in the modified Laplace equation

With these two measurements it is possible to calculate the actual liquid-solid contact angle in
the experiments with water. From this experiment the contact angle between water and
ceramic has been calculated at 30° (Table 1.2). With this knowledge it is also possible to
calculate the correct pore size diameter for other filters of which the bubble-point has only
been determined in water.
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Table 1.2 Calculating the liquid-solid contact angle of CSF in water

Pressure [bar] 8 =0° 6 =30° 0 = 60°

Solution (0,066 43.64 < 37.79 21.82
‘
Water 37.89 - 32.82 18.95

11.8 Calculating Kozeny constant

The Kozeny constant can be calculated from the discharge. The discharge through the
bottom of the filter element is easily calculated with Darcy’s formula:

Table 1.3 Discharge calculated from permeability of filter bottom

Country of origin AP L k Q
[m[ [m] m/s [m?/s]
Cambodia 0.20 0.01 1.29E-07 7.01E-08
Ghana 0.20 0.02 1.32E-07 7.04E-08
Nicaragua 0.20 0.02 4.64E-08 2.64E-08

The average radius of the pores can now be calculated with:

(= [OQ _, [KC
¢ eAPA £

Finally the Kozeny constant is calculated with this average radius, see the table below.

Table 1.4 Variables to calculated Kozeny constant from discharge

Country of origin A € n rc K C
[m’] [-] [Pa.s] [m] [m’] [-]
Cambodia 0.29 0.43 0.0008 1.59E-05 2.40E-13 113
Ghana 0.30 0.39 0.0008 1.71E-05 2.46E-13 116
Nicaragua 0.30 0.34 0.0008 1.18E-05 8.50E-14 139
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11.9 Filter dimensions and hydraulic conductivity

The filter dimensions (Figure 1.9) are measured for several filters per production location.
The filters did not show significant variations between these locations and therefore is

calculated with the means (Table 1.5).

rl

tb

Figure 1.9 Schematic drawing of the filter dimensions

Table 1.5 CSF dimensions per production location

Country of origin ri r2 L tf tb
[cm] [cm] [cm] [cm] [cm]
Cambodia 26.5 19.5 23.5 1.6 1.4
Ghana 27.0 20.0 23.5 1.3 1.5
Nicaragua 26.5 22.0 22.0 1.3 1.7

The hydraulic conductivity (k) is calculated from the intrinsic permeability (mercury intrusion
porosimetry). In a later stage the hydraulic conductivity (Table 1.6) is used in the analytical

discharge model.
Table 1.6 Hydraulic conductivity (k) for Darcy's law

Country of origin K K y 1 k
[mdarcy] [m*] [kg/m*] [Pa.s] [m/s]
Cambodia 240.18 2.40 x 10~-13 1000 1.14 x 10~-3  1.29 x 10n-7
Ghana 245.57  2.46 X 10°-13 1000 1.14 x 10~-3  1.32 x 10~-7
Nicaragua 86.51 8.65 x 10”~-14 1000 1.14 x 10~-3  4.64 x 10"-8

11.10 Clean water flux measurements

The clean water fluxes are measured of 22 filters as depicted in Table 1.7. The flux is higher
when measuring after a soaking period, according to the study by Nederstigt [2005] a
soaking period of 24 hours is sufficient to achieve a constant water flux. The clean water flux
was measured after a soaking period of 24 hours in the factories also.
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Table 1.7 Clean water fluxes with and without 24h soaking

Filter code CWF without soaking  CWF after 24h soaking
[L/h] [L/h]
C1 0.62 1.03
(7] 0.40 0.55
C3 0.45 0.56
C4 0.39 0.53
c5 0.48 0.51
C6 - 0.88
Cc7 0.63 1.14
C8 - 0.66
Gl - 1.71
G2 1.03 1.41
G3 2.97 3.74
G4 4.29 4.76
G5 0.76 1.05
G6 2.45 2.88
G7 1.05 1.32
N1 - 0.90
N2 0.38 0.51
N3 0.58 0.79
N6 - 0.77
N7 0.37 0.56
N10 - 1.45
N11 0.65 0.98
WS5 0.63 0.79

11.11 Viscosity

Fluids and gasses are characterised by the fact that shearing stress enforces the substance to
flow. The shearing stress between the layers of non turbulent fluid moving in straight parallel
lines can be defined for a Newtonian fluid as depicted in Figure 1.10.

¢ + dc -
¢ g

‘l-p + :‘-

A—

Figure 1.10 Shearing stress between the layers in straight parallel lines

The proportional factor between shearing stress and deformation velocity is called dynamic
velocity (p). However, in practice kinetic viscosity is used also to include the exchange of
impulse divided by the density:

V==
o,

The values of the dynamic and kinetic viscosity vary widely per type of fluid and per
temperature. The values for water are given in Table 1.8.
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Table 1.8 Density and viscosity of water

Temperature Density Dynamic viscosity
[°C] [kg/m’] [Pa.s x 10/-3]
0 999.87 1.787

10 999.73 1.307

20 998.23 1.002

40 992.25 0.630

60 983.24 0.467

80 971.83 0.355

100 958.38 0.282

The linear correlation of shear stress and velocity gradient, characteristic of Newtonian fluids,
prevails only in the absence of turbulence in the flow field. This type of flow environment is
described as laminar flow and, for Newtonian fluids, is confined to situations where random
bulk fluid movement is suppressed as, for example flow in small-bore pipes or through porous
media [Casey, 1992].

When implementing permeability (k) instead of the hydraulic conductivity (k) in Darcy’s
formula it clearly shows the linear relation between discharge and viscosity:

_ KAAP

QUL

11.12 Filter discharges at varying water levels

The filter discharge is measured for 4 filters per production location at various (constant)
water levels. The mean of the measurements is used to compare with the analytical discharge
model. One of the Ghanaian filters (G3) has an extremely high discharge and is therefore
excluded from the calculations. It should be noted that the initial flux (H=20cm) varies
slightly per time. Therefore the measured initial flux in this experiment is not identical to the
ones in the previous table.

Table 1.9 Filter discharge at varying water levels

Waterlevel (H) Filter discharge [L/h]
[em] C1 C4 C6 C8 MEAN
20 1.03 0.88 0.88 0.66 0.86
15 0.63 0.56 0.52 0.41 0.53
10 0.34 0.31 0.29 0.25 0.30
5 0.14 0.12 0.11 0.12 0.12
0 0.00 0.00 0.00 0.00 0.00
G1 G2 G3 G7 MEAN
20 1.71 1.51 3.74 1.32 1.51
15 0.98 0.99 2.36 0.80 0.92
10 0.56 0.55 1.40 0.46 0.52
5 0.22 0.20 0.56 0.18 0.20
0 0.00 0.00 0.00 0.00 0.00
N2 N3 N6 N7 MEAN
20 0.51 0.79 0.77 0.56 0.66
15 0.36 0.50 0.48 0.41 0.44
10 0.16 0.32 0.27 0.22 0.24
5 0.10 0.15 0.12 0.11 0.12
0 0.00 0.00 0.00 0.00 0.00
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11.13 Measured discharges vs. analytical model

The means calculated above are used for a comparison with the analytical model. In Table
1.10 the measured and modelled values per water level are depicted.

Table 1.10 Measurements and modelled filter discharges

Water head [cm] Cambodia Ghana Nicaragua
measurement model measurement model measurement model
[L/h] [L/h] [L/h] [L/h] [L/h] [L/h]
20 0.86 1.58 1.51 1.80 0.66 0.68
15 0.53 1.02 0.92 1.15 0.44 0.43
10 0.30 0.58 0.52 0.64 0.24 0.24
5 0.12 0.24 0.20 0.26 0.12 0.10
0 0 0 0 0 0 0

11.14 Time dependency of discharge

The means of the filter discharges are based on the measurements of 6 filters per production
location. The discharges are measured over a period of 12 weeks as depicted in the graphs
below. All filters show a peak after scrubbing the filter (week 6 and 9). The filters from Ghana
show a peak also, but some filters have a remarkably higher peak than others. This variation
is not visible at the other production locations.

Filter discharge Cambodia
3
2.5
= 5 —e—C1
E —a—C2
®15 i~
2 c6
g ——C7
a 1
g ——(8
0.5 ¢
0 T T T
0 1 2
Time [days]

Figure 1.11 Discharge of filters manufactured in Cambodia
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Filter discharge Ghana
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Figure 1.12 Discharge of filters manufactured in Ghana
Filter discharge Nicaragua
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Figure 1.13 Discharge of filters manufactured in Nicaragua
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Figure 1.14 Discharge of filters manufactured in Nicaragua without silver
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Master Thesis: Ceramic Silver Impregnated Pot Filters

Table 1.11 Discharge measurements in week 0 to 6

Country of origin week 0 week 2 week 3 week 5 week 6  week 6
[L/h] [L/h] [L/h] [L/h] [L/h] [L/h]
C1 0.62 0.82 0.69 0.45 0.32 2.46
Cc2 0.40 0.80 0.45 0.35 0.30 1.37
C3 0.45 0.91 0.46 0.38 0.35 1.46
C6 0.39 1.00 0.60 0.62 0.63 1.90
C7 0.63 1.10 0.54 0.55 0.56 2.58
C8 0.49 0.82 0.46 0.71 0.83 1.87
G2 1.03 1.24 1.13 1.10 1.09 2.49
G3 2.97 3.30 2.21 1.20 0.70 7.08
G4 4.29 3.91 4.06 3.65 3.44 6.30
G5 0.76 1.06 1.00 0.92 0.88 1.12
G7 1.05 1.34 1.34 1.19 1.11 1.53
G8 - 3.76 3.10 2.47 2.16 6.75
N1 0.87 0.90 0.97 0.84 0.77 1.52
N2 0.38 0.63 0.65 0.51 0.43 0.80
N3 0.58 1.06 0.65 0.39 0.26 1.03
N7 0.37 0.85 0.64 0.67 0.68 1.09
N10 0.85 1.45 1.36 0.69 0.35 1.52
N11 0.65 1.23 1.38 0.87 0.62 1.62
Ws1 0.69 1.11 0.72 0.62 0.57 1.26
WS2 0.68 0.98 0.50 0.74 0.86 1.42
WS4 0.50 0.87 0.49 0.73 0.84 1.04
WS5 0.63 0.86 0.50 0.76 0.89 1.43
WS6 0.44 0.87 0.62 0.53 0.48 0.92
WS7 0.58 0.83 0.46 0.71 0.84 1.45

Table 1.12 Discharge measurements in week 7 to 12

Country of origin week 7 week 8 week 9 week 9  week 10 week 11  week 12
[L/h] [L/h] [L/h] [L/h] [L/h] [L/h] [L/h]
C1 0.92 0.59 0.53 2.24 0.50 0.34 0.27
c2 0.65 0.50 0.44 1.10 0.37 0.35 0.15
C3 0.62 0.41 0.42 1.40 0.38 0.35 0.17
cé6 0.96 0.63 0.52 1.75 0.51 0.35 0.23
c7 0.86 0.74 0.64 1.99 0.47 0.49 0.23
C8 1.03 0.65 0.65 1.20 0.60 0.59 0.39
G2 1.18 0.65 0.59 1.12 0.42 0.35 0.31
G3 1.32 0.70 0.78 1.33 0.41 0.60 0.57
G4 2.74 1.72 1.43 2.54 1.59 0.39 0.72
G5 0.79 0.51 0.57 0.71 0.59 0.22 0.25
G7 1.01 0.78 0.79 1.04 0.74 0.48 0.34
G8 2.22 1.48 1.18 2.10 1.14 0.41 0.62
N1 0.77 0.35 0.45 0.74 0.44 0.71 0.25
N2 0.45 0.40 0.36 0.48 0.21 0.38 0.28
N3 0.67 0.33 0.35 0.82 0.36 0.23 0.18
N7 0.68 0.31 0.33 0.99 0.29 0.16 0.12
N10 0.86 0.47 0.54 0.87 0.47 0.52 0.33
N11 0.92 0.45 0.63 0.91 0.61 0.90 0.36
WsS1 0.78 0.41 0.29 0.95 0.37 0.18 0.16
WS2 0.51 0.42 0.40 1.06 0.40 0.30 0.20
Ws4 0.60 0.56 0.35 0.83 0.38 0.30 0.17
WS5 0.74 0.22 0.52 1.00 0.45 0.33 0.22
WS6 0.61 0.28 0.41 0.72 0.27 0.21 0.19
Ws7 0.59 0.60 0.41 0.90 0.35 0.21 0.14
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Appendix 111

I11.1 Coliforms in canal water

Concentrations of total coliforms and £.coli are measured in the canal water during the
longitudinal study. All measurements are depicted in Table 7.1, except the unknown values
from week 9. The influent water is sampled twice per week and therefore two values are
included in the table weekly.

Table 7.1 Total coliforms and E.coli in canal water

Influent Weeks

[cfu/100mL] 1 2 3 4 5 6 7 8 9 10 11 12

Total coliforms 160 15 50 34 74 17 280 25 - 30 7 2100
34 50 32 34 54 10 270 36 - 20 40 980

E.coli 96 0 30 34 19 0 280 25 - 18 7 1300
0 0 38 20 36 10 270 36 - 16 40 980

Figure 1.1 Photos of coliforms in water
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111.2 Physical-chemical parameters

Weekly the pH value, temperature and conductivity is measured of all effluent waters. The
influent water is measured twice on the same day.

pH value
The pH is monitored by using a WTW pH Electrode SenTix 41-3.

pH value
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Figure 1.2 Graph of mean pH value of effluent water per production location and influent water

As depicted in the graph the pH is increases when filtering the water with CSF. The pH value
of the effluent water is constant in time until the 10" week of this study. All measurements
are included in Table 1.2.

Table 1.2 All measured pH values during the 12 week longitudinal study

Country of origin week1 week2 week3 week4 week5 week6 week7 week8 week9 week10 week 11 week 12
[-] [-] [-] [-] [] (-] [-] [-] [-] [] (-] [-]
C1 8.4 7.82 8.41 8.4 8.39 8.35 8.48 8.17 8.36 8.14 8.09 8.19
c2 8.24 8.34 8.34 8.24 8.26 8.28 8.44 8.38 8.37 8.12 8.07 8.08
C3 8.39 8.52 8.46 8.48 8.46 8.46 8.6 8.53 8.56 8.28 8.26 8.22
C6 8.26 8.38 8.41 8.42 8.56 8.4 8.54 8.46 8.41 8.22 8.21 8.29
c7 8.42 8.51 8.51 8.52 8.51 8.49 8.56 8.51 8.53 8.25 8.2 8.15
c8 8.43 8.48 8.45 8.45 8.39 8.45 8.48 8.47 8.45 8.15 8.09 8.07
G2 8.4 8.5 8.51 8.41 8.52 8.49 8.64 8.53 8.55 8.22 8.2 8.2
G3 8.28 8.36 8.48 8.32 8.39 8.38 8.57 8.48 8.45 8.14 8.17 8.23
G4 8.24 8.28 8.31 8.38 8.45 8.33 8.57 8.36 8.37 8.13 8.16 8.02
G5 8.35 8.43 8.5 8.45 8.44 8.52 8.57 8.52 8.52 8.21 8.21 8.08
G7 8.33 8.44 8.45 8.44 8.42 8.48 8.57 8.48 8.51 8.21 8.2 8.11
G8 8.35 8.34 8.45 8.4 8.41 8.23 8.46 8.34 8.4 8.14 8.1 8.01
N1 8.48 8.48 8.51 8.54 8.53 8.52 8.6 8.56 8.6 8.3 8.25 8.16
N2 8.44 8.49 8.55 8.58 8.62 8.54 8.62 8.59 8.62 8.33 8.29 8.19
N3 8.43 8.5 8.52 8.45 8.53 8.51 8.56 8.55 8.57 8.27 8.24 8.27
N7 8.46 8.43 8.52 8.5 8.56 8.57 8.6 8.56 8.55 8.27 8.2 8.26
N10 8.4 8.46 8.51 8.55 8.58 8.58 8.63 8.59 8.61 8.33 8.28 8.18
N11 8.43 8.49 8.51 8.57 8.54 8.57 8.63 8.58 8.62 8.32 8.29 8.17
WS1 8.34 8.45 8.48 8.44 8.48 8.49 8.56 8.5 8.49 8.18 8.19 8.25
WS2 8.43 8.48 8.52 8.49 8.5 8.45 8.51 8.48 8.5 8.28 8.24 8.17
Ws4 8.42 8.47 8.41 8.44 8.48 8.46 8.54 8.49 8.49 8.28 8.19 8.13
WS5 8.46 8.51 8.5 8.46 8.47 8.43 8.51 8.48 8.5 8.26 8.2 8.12
WS6 8.38 8.41 8.49 8.44 8.45 8.48 8.56 8.53 8.49 8.28 8.28 8.26
WS7 8.44 8.45 8.46 8.44 8.45 8.44 8.5 8.47 8.47 8.22 8.21 8.15
IN1 7.82 7.14 7.89 7.14 7.59 7.82 7.69 7.98 7.74 7.15 7.64 7.29
IN2 7.7 7.61 - 7.59 7.4 7.82 7.84 7.8 7.7 7.44 7.56 7.23
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Temperature

The duration test is performed during the summer months in the Netherlands (June-August).
From the 8" to the 10™ week of the duration test a heat wave passed over Europe and
therefore the measured temperature of both influent and effluent were high. The
temperature is measured with the pH device: WTW pH Electrode SenTix 41-3.

Temperature
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Figure 1.3 Mean temperature of influent and effluent

Although all measured effluent temperatures are similar, an overview is given in the table
below.

Table 1.3 All measured temperatures during the 12 week longitudinal study

Country of origin week1  week2 week3 week4 week5 week6 week7 week8 week9 week10 week 11 week 12 week 13
[°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C]
C1 18.3 17.2 18.7 21.2 20.4 19 22.2 21.6 22.7 24.2 22.7 21.5 20.4
Cc2 18.1 17.1 18.4 21.1 20.5 19 22.2 21.6 22.7 24 22.8 21.4 20.5
C3 18.4 17.1 18.4 21.1 20.6 19 22.2 21.5 22.7 23.9 22.8 21.6 20.4
Cé6 18.6 17.3 18.5 21.2 20.4 19.1 22.2 21.6 22.7 24 22.7 21.4 20.4
c7 17.8 16.9 18.4 21.2 20.6 19 22.2 21.6 22.7 24 22.7 21.4 20.4
Cc8 18.3 17.1 18.4 21.2 20.6 19 22.2 21.4 22.6 23.9 22.7 21.5 20.4
G2 17.2 17.1 18.3 21.1 20.5 19.1 22.1 21.6 22.7 24 22.7 21.5 20.4
G3 17.8 16.9 18.6 21.2 20.6 19.1 22.2 21.6 22.7 24 22.8 21.3 20.4
G4 17.7 16.9 18.4 21.1 20.6 19 22.2 21.5 22.7 24 22.7 21.3 20.4
G5 17.5 17 18.3 21 20.6 19 22 21.4 22.5 24 22.6 21.3 20.4
G7 17.6 17.1 18.2 21.1 20.6 19 22.1 21.4 22.7 23.9 22.6 21.3 20.3
G8 17.1 17 18.4 21.2 20.7 18.9 22.2 21.5 22.7 24 22.7 21.4 20.4
N1 17.9 17.4 18.5 21.2 20.7 18.9 22.2 21.6 22.7 24 22.6 21.3 20.3
N2 17.7 17.3 18.4 21.2 20.7 18.9 22.2 21.6 22.6 23.9 22,5 21.4 20.4
N3 17.2 17.1 18.5 211 20.6 19 22.2 21.6 22.8 24 22.7 12,5 20.3
N7 17.8 17.2 18.5 21.1 20.6 19.1 22.1 21.6 22.7 23.9 22.7 21.5 20.3
N10 17.3 17.4 18.3 21.2 20.7 19 22.2 21.6 22.6 23.9 22.4 21.4 20.4
N11 18.3 17.1 18.3 21.2 20.6 18.9 22.1 21.6 22.6 23.9 22.5 21.4 20.3
Ws1 18.2 17.1 18.5 21.1 20.6 19.1 22.1 21.6 22.7 239 22.8 21.5 20.3
WS2 17.1 17.2 18.4 21.2 20.7 19 22.1 21.5 22.7 23.9 22.6 21.4 20.4
Ws4 18.3 17.2 18.4 21.1 20.7 19.1 22.1 21.6 22.6 24 22,5 21.4 20.3
WS5 17.6 17.3 18.4 21.1 20.7 19.1 22.2 21.5 22.7 23.9 22.7 21.4 20.4
WS6 18.4 17.1 18.5 21 20.5 19.1 22.2 21.6 22.7 23 22.8 21.3 20.3
WS7 17.4 17.2 18.5 21.1 20.6 19.1 22.2 21.6 22.6 23.9 22.6 21.4 20.3
IN1 18.2 15.7 17.2 21.7 20.8 19.6 22.4 22.6 23.2 25.3 24.1 22.1 19.6
IN2 16 17 - 20.9 19.5 229 22.5 23.6 25.3 24 21 19.3
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Conductivity

Electrical conductivity is a measure of a material's ability to conduct an electric current. In
this study the conductivity is measured with the "‘WTW TetraCon 32'. Every week the
conductivity is slightly lowered by CSF, except in the last (12™") week.
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Figure 1.4 Graph of mean conductivity of effluent water per production location and influent water
The means in the above graph are calculated with the measurements depicted in Table 1.4.

Table 1.4 All measured conductivities during the 12 week longitudinal study

Country of origin week 1 week2 week3 week4 week5 week6 week7 week8 week9 week 10 week 11 week 12
[pS/em]  [pS/em] [pS/cm]  [pS/em]  [pS/cm] [pS/cm]  [pS/em]  [uS/cm]  [pS/cm] [pS/cm]  [pS/cm]  [uS/cm]

C1 933 1016 980 981 1027 1047 1040 1077 1187 1147 1155 988
c2 905 1008 977 977 1019 1050 1040 1078 1169 1147 1147 1026
c3 919 1014 977 976 1020 1049 1039 1082 1174 1141 1140 1012
C6 925 1017 982 987 1024 1050 1040 1080 1182 1146 1150 997
Cc7 966 1016 981 979 1019 1047 1041 1082 1179 1142 1141 1005
C8 936 1017 978 975 1025 1047 1039 1080 1189 1139 1145 987
G2 991 1014 978 978 1026 1042 1037 1083 1192 1140 1143 984
G3 999 1019 980 982 1028 1045 1037 1082 1198 1138 1145 944
G4 1002 1016 984 979 1041 1050 1036 1091 1208 1136 1146 933
G5 984 1017 976 975 1028 1044 1038 1082 1195 1136 1136 946
G7 977 1009 978 978 1032 1044 1040 1088 1203 1136 1145 973
G8 999 1022 983 981 1029 1049 1040 1089 1200 1139 1141 958
N1 990 1016 979 975 1025 1046 1037 1083 1190 1136 1135 950
N2 967 1014 975 970 1019 1048 1036 1074 1177 1139 1136 969
N3 985 1019 977 973 1019 1044 1034 1078 1182 1138 1140 957
N7 973 1013 976 974 1020 1046 1039 1076 1183 1134 1137 957
N10 980 1017 977 967 1025 1048 1035 1079 1189 1139 1134 950
N11 991 1015 979 976 1031 1046 1036 1081 1196 1138 1141 950
Ws1 996 1017 976 979 1022 1048 1036 1079 1185 1139 1138 957
Ws2 999 1017 981 975 1024 1048 1041 1082 1193 1137 1134 967
Ws4 968 1013 977 971 1023 1048 1041 1079 1193 1136 1136 975
WS5 984 1017 976 976 1022 1052 1039 1082 1191 1138 1135 976
WSs6 945 1012 975 980 1021 1047 1038 1078 1187 1138 1134 963
WS7 989 1018 977 974 1027 1048 1040 1083 1193 1136 1135 957
IN1 1040 1022 991 995 1051 1052 1050 1085 1225 1138 1156 874
IN2 1054 1023 - 991 1056 1056 1045 1098 1216 1139 1151 840
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Appendix III

111.3 Concentrations of total coliforms in effluent

Total coliforms are used as indicators for pathogenic bacteria. The measured concentrations
are summarised in the report, but this appendix contains all measured values (Table 1.5 and

Table 1.6).

Table 1.5 Measured concentrations of total coliforms in week 1 to 6

Sample code week 1 week 2 week 3 week 4 week 5 week 6
[cfu/300mI] [cfu/300ml] [cfu/300ml] [cfu/300mI] [cfu/300mlI] [cfu/300ml]
IN1 480 46 150 102 222 51
IN2 103 150 96 102 162 30
C2 <1 1 <1 <1 <1 <1
C3 <1 <1 <1 <1 <1 <1
c7 <1 <1 <1 <1 <1 <1
C8 <1 <1 <1 <1 3 <1
G4 <1 <1 <1 <1 <1 <1
G5 <1 <1 <1 <1 <1 <1
G7 <1 1 <1 <1 <1 <1
G8 <1 <1 <1 <1 <1 <1
N1 <1 <1 <1 <1 <1 <1
N2 <1 <1 <1 <1 <1 <1
N10 <1 <1 <1 <1 <1 <1
N11 <1 <1 <1 <1 <1 <1
WS2 <1 <1 1 <1 <1 <1
WS4 <1 <1 <1 <1 <1 <1
WS5 <1 <1 <1 <1 <1 1
WS7 1 2 1 <1 <1 1
Table 1.6 Measured concentrations of total coliforms in week 7 to 12
Sample code week 7 week 8 week 9 week 10 week 11 week 12
[cfu/300ml] [cfu/300ml] [cfu/300ml] [cfu/300ml] [cfu/300mlI] [cfu/300ml]
IN1 840 75 - 90 21 6300
IN2 810 108 - 60 120 2940
C2 <1 <1 <1 <1 <1 <1
C3 <1 <1 <1 <1 <1 <
c7 <1 1 <1 <1 <1 <1
C8 <1 <1 <1 <1 <1 <1
G4 <1 <1 <1 <1 <1 <1
G5 <1 <1 <1 <1 <1 1
G7 <1 <1 <1 1 <1 <1
G8 3 1 <1 1 <1 1
N1 <1 <1 <1 <1 <1 <1
N2 <1 <1 <1 <1 <1 <1
N10 <1 <1 <1 <1 <1 <1
N11 <1 <1 <1 <1 <1 <1
WS2 <1 <1 <1 <1 1 <1
WS4 <1 <1 <1 <1 <1 <1
WS5 <1 <1 <1 <1 <1 <1
WS7 <1 <1 <1 <1 <1 <1
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Master Thesis: Ceramic Silver Impregnated Pot Filters

111.4 Concentrations of sulphite reducing Clostridium spores

Since the exact values are difficult to read from the graph in the report a table is included
with all measurements (Table 1.7). The value of 340 n/100mL of filter WS6 is not included in
the graph and the discussion of the results.

Table 1.7 Measurements of sulphite reducing Clostridium spores in effluent waters

Sample type week 2 week 4 week 6 week 8 week 10 week 12
[n/100mL]  [n/100mL]  [n/100mL]  [n/100mL]  [n/100mL]  [n/100mL]
Influent 7000 3500 22000 16550 190455 134090
Cambodia (C1) 2 15 40 7 6 10
Cambodia (C6) 2 21 15 17 13 17
Ghana (G2) 1 3 5 <1 1 2
Ghana (G3) 12 12 45 16 7 7
Nicaragua (N3) <1 1 1 1 2 2
Nicaragua (N7) <1 1 <1 <1 <1 1
Nicaragua without silver (WS1) 4 3 2 <1 <1 2
Nicaragua without silver (WS6) <1 <1 <1 <1 340 2

111.5 Concentrations of E.coli in spike-filters

In the weeks that £.coli is dosed on the filters the concentrations in the effluent are higher in
all filters but the ones from Nicaragua. Especially the filters from Cambodia and Nicaragua
without silver are interesting to take a look at, because these filters also measure £.coli
outside the spike-weeks. All measurements of the influent and effluent concentrations on the
filters loaded with high concentrations £.coli (2 filters per type) are depicted in Table 1.8 and
Table 1.9.

Table 1.8 Measured concentrations of E.coli in week 1 to 6

Sample type week 1 week 2 week 2* week 3 week 4 week 4* week 5 week 6 week 6*
[cfu/300mI] [cfu/300ml] [cfu/100ml] [cfu/300ml] [cfu/300ml] [cfu/100mL] [cfu/300ml] [cfu/300mlI] [cfu/100ml]
IN1 480 46 1.39 x 10"7 150 102 1.39 x 10°7 222 51 -
IN2 103 150 96 102 162 30
Cc1 <1 <1 > 266 450 92 40 45 6 20
C6 <1 1 > 266 500 11 12 8 <1 78
G2 <1 <1 47 <1 <1 1 <1 <1 2
G3 <1 <1 11 <1 <1 4 <1 <1 -
N3 <1 <1 1 <1 <1 <1 <1 < <1
N7 <1 <1 <1 <1 <1 <1 <1 <1 1
WS1 <1 3 > 266 <1 <1 29000 4800 4200 -
WS6 <1 <1 > 266 <1 <1 14000 9600 3100 -

Table 1.9 Measured concentrations of E.coli in week 7 to 12

Sample type week 7 week 8 week 8* week 9 week 10  week 10* week 11 week 12 week 12*
[cfu/300mlI] [cfu/300ml] [cfu/100mL] [cfu/300ml] [cfu/300ml] [cfu/100mL] [cfu/300mI] [cfu/300mlI] [cfu/100mL]

IN1 840 75 > 1000 - 90 2.85 x 10n5 21 6300 1.0 x 1017

IN2 810 108 - 60 120 2940

C1 26 <1 180 2 <1 300 1 1 2

C6 10 <1 31 1 <1 66 2 <1 74

G2 <1 <1 1 <1 <1 10 <1 <1 <1

G3 <1 <1 11 <1 <1 1 2 <1 3

N3 <1 <1 <1 <1 <1 7 <1 <1 <1

N7 <1 <1 <1 <1 <1 1 2 <1 <1

WS1 3600 660 540 240 18 600 24 2 65

WS6 2100 300 300 120 4 10 18 10 24

*High concentrations of £.coli K12 were dosed in these weeks
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111.6 Removal of MS2 bacteriophages

Brown [2004] studied the removal of bacteriophages by CSF over a period of approximately
500 hours (Figure 1.5). The graph shows a decreasing log;o reduction value in the course of

time and suggests an increase after cleaning (scrubbing) the filter element.

-] ==

Time [hours]

Figure 1.5 Longitudinal challenge test of Filtrdn filter [Brown, 2005]

In this research the removal of MS2 bacteriophages is measured in the 5% and 13" week of
the longitudinal study. The concentrations of the influent and effluent are included in Table

1.10, together with the log reduction (LRV).

Table 1.10 Measurements of MS2 bacteriophages in week 5 and 13
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WEEK 5
Country of origin Influent Effluent LRV
[pfu/ml] [pfu/ml]
Cambodia (C2) 7,20E+05 9,70E+04 0,87
Cambodia (C3) 1,00E+06 1,10E+05 0,96
Cambodia (C7) 8,40E+05 9,70E+04 0,94
Ghana (G4) 9,20E+05 1,90E+05 0,69
Ghana (G5) 6,30E+05 2,10E+05 0,48
Ghana (G7) 7,50E+05 6,20E+04 1,08
Nicaragua (N1) 7,70E+05 2,40E+05 0,51
Nicaragua (N2) 8,50E+05 1,90E+05 0,65
Nicaragua (N11) 9,80E+05 2,80E+05 0,54
Nicaragua without silver (WS2) 1,10E+06 4,50E+04 1,39
Nicaragua without silver (WS4) 7,40E+05 6,50E+04 1,06
Nicaragua without silver (WS5) 6,90E+05 3,90E+04 1,25
WEEK 13
Country of origin Influent Effluent LRV
[pfu/mi] [pfu/ml]
Cambodia (C2) 1,50E+04 1,00E+02 2,18
Cambodia (C3) 1,20E+04 2,90E+02 1,62
Cambodia (C7) 1,10E+04 3,70E+02 1,47
Ghana (G4) 1,30E+04 8,20E+02 1,20
Ghana (G5) 1,40E+04 4,40E+02 1,50
Ghana (G7) 1,30E+04 1,30E+01 3,00
Nicaragua (N1) 1,20E+04 1,30E+03 0,97
Nicaragua (N2) 1,20E+04 1,70E+03 0,85
Nicaragua (N11) 1,60E+04 5,80E+02 1,44
Nicaragua without silver (WS2) 1,30E+04 2,00E+02 1,81
Nicaragua without silver (WS4) 1,40E+04 1,30E+02 2,03
Nicaragua without silver (WS5) 1,30E+04 6,40E+01 2,31
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Appendix 1V

IV.1 Structure of clay minerals

The schematic representation of a clay mineral indicates that the basic unit cell consists of a
stacking of a tetrahedron on top of the octahedral unit. The stacking of these cells are

schematically illustrated in Figure 1.9.
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iiinnsaniiin

Octahedral sheet

Basic unit layer; thickness = 0.723 nm

Repeating
unit layers

Repeating

Figure 1.6 Basic unit cell and unit sheets forming the unit layer of kaolinite mineral
[Yong,2001]
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IV.2 Overview of a broad range of metallic elements

In the 2™ and 4™ week of the longitudinal study the influent and effluent of some filters is
tested for a broad range of metallic elements. The concentrations are determined using
‘Inductively Coupled Plasma Mass Spectrometry’ (ICP-MS). In Table 1.11 and Table 1.12 the
concentrations of metals are depicted. From these measurements 11 metallic elements are
chosen to monitor during the 12 week longitudinal study: aluminium, antimony, arsenic,
barium, copper, manganese, nickel, iron, silicon, silver and zinc. Zinc and nickel seem to be
adsorbed by the filter material, all other elements are released from the filter material.

Table 1.11 Overview of broad range of metallic elements in week 2 and 4 of longitudinal study (I)

Parameter Unit Influent Cambodia Ghana
week 2  week4 week2 week4 week2 week4
silicon mg/L 3.1 1 25 22 4.1 1.7
aluminium Mg/L 13 13 <5 <5 32 83
antimony Mg/L <1 <1 8 5 <1 <1
arsenic Hg/L 4 6 37 14 12 7
barium Mg/L 22 19 58 29 320 160
beryllium Mg/L <1 <1 <1 <1 <1 <1
boron Mg/L 190 170 200 190 190 190
cadmium Mg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
calcium mg/L 98.2 94.1 98.4 94.2 97.2 93.5
chrome Hg/L <1 <1 <1 <1 <1 <1
cobalt Mg/L 1 <1 1 <1 1 <1
potassium mg/L 16.8 17.4 16.1 17.3 16.2 17.2
copper Hg/L <5 <5 60 21 100 35
mercury Mg/L <0.02 < 0.02 0.02 < 0.02 0.04 < 0.02
lead Mg/L 2 <1 <1 <1 <1 -
magnesium mg/L 21.8 21.3 21.7 21.2 21.4 21.1
mangenese mg/L 0.493 0.041 1.16 0.064 0.841 0.047
molybdeen Mg/L 5 5 5 5 5 -
sodium mg/L 83.7 80.7 81.9 80 81.8 -
nickel Hg/L 48 13 10 11 10 10
selenium Mg/L <1 <1 1 <1 <1 <1
strontium Mg/L 490 480 460 480 470 480
tin Mg/L <1 <1 <1 <1 <1 <1
iron mg/L 0.06 0.03 <0.02 < 0.02 <0.02 < 0.02
silver Mg/L <1 <1 13 12 17 13
zinc Hg/L 2200 1100 <10 12 11 60
total hardness mmol/L 3.35 3.22 3.35 3.22 3.31 3.2
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Table 1.12 Overview of broad range of metallic elements in week 2 and 4 of longitudinal study (II)

Parameter Unit Nicaragua Nicaragua (no silver)
week 2  week4  week2  week 4
silicon mg/L 5.4 2 6.2 2.3
aluminium Mg/L 11 66 <5 17
antimony pg/L 1 <1 <1 <1
arsenic Mg/L 63 14 52 15
barium pg/L 65 37 51 26
beryllium Mg/L <1 <1 <1 <1
boron pg/L 220 190 200 180
cadmium Mg/L <0.1 <0.1 <0.1 <0.1
calcium mg/L 97.2 93.5 97.7 91.7
chrome Mg/L <1 <1 <1 <1
cobalt Mg/L <1 <1 1 <1
potassium mg/L 15.9 17.1 16 19.9
copper Mg/L 41 22 54 20
mercury Hg/L 0.04 <0.02 <0.02 <0.02
lead Mg/L <1 1 <1 <1
magnesium mg/L 21.1 21.2 21.3 20.7
mangenese mg/L 0.341 0.057 0.746 0.016
molybdeen pg/L 6 5 6 5
sodium mg/L 80.6 80.4 80.9 79.1
nickel pg/L 8 11 8 10
selenium Mg/L 1 <1 <1 <1
strontium pg/L 480 490 480 490
tin Hg/L <1 <1 <1 <1
iron mg/L <0.02 < 0.02 <0.02 <0.02
silver Mg/L 15 11 <1 <1
zinc Mg/L <10 17 <10 54
total hardness mmol/L 3.29 3.2 3.31 3.14

1V.3 Aluminium measurements

Aluminium leaches from the filter material from Ghana and Nicaragua as shown in Table 1.13.

Table 1.13 Aluminium concentrations in influent and effluent waters

Country of origin week 1 week 2 week 4 week 6 week 8 week 10 week 12
[Hg/L] [pg/L] [pg/L] [pg/L] [pg/L] [Hg/L] [po/L]
C1 <5 <5 <5 <5 <5 <5 <5
c2 <5 <5 <5 <5 <5 <5 <5
Cc3 <5 <5 <5 <5 <5 <5 <5
c6 <5 <5 <5 <5 <5 <5 <5
c7 <5 <5 <5 <5 <5 <5 <5
C8 <5 <5 <5 <5 <5 <5 <5
G2 18 32 83 110 150 97 85
G3 14 24 70 90 110 87 78
G4 12 32 13 120 160 120 54
G5 6 7 8 93 140 110 56
G7 7 19 71 95 120 110 75
G8 23 23 78 110 140 110 63
N1 <5 6 55 81 120 89 50
N2 <5 6 31 52 85 65 40
N3 <5 11 66 110 160 110 84
N7 <5 6 31 53 85 61 52
N10 7 18 74 98 140 110 60
N11 <5 5 19 36 59 47 29
WS1 <5 5 17 29 44 37 33
WS2 <5 5 23 40 58 49 33
WS4 <5 5 21 31 47 42 29
WS5 <5 6 37 56 79 62 42
WSs6 <5 12 43 68 90 83 77
WS7 <5 5 22 39 55 46 31
IN1 <5 13 13 14 20 88 54
IN2 <5 9 10 15 - 42 21
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The leaching of Al from CSF is directly related to the pH of the pore water. A diagram
showing the solubility of aluminium species versus pH is given in Figure 1.7.

AIOH);

Log Cy

-
Al(OH),

Figure 1.7 Solubility of individual aluminium species and total aluminium in water as a function of pH
[vanLoon, 2005]

IV.4 Arsenic measurements

The arsenic concentrations in the effluent water are extremely high the first week of use
(Table 1.14). Fortunately this is only temporarily, but still the filters from Cambodia produce
waters above the 10 pg/L in the 12" week of implementation. It must be noted that the
influent concentration contributes to this concentration with 6 ug/L.

Table 1.14 Arsenic concentrations in influent and effluent waters

Country of origin week1 week 2 week 4 week 6 week 8 week 10 week 12
[Mg/L] [pg/L] [pg/L] [pg/L] [pg/L] [pg/L] [Hg/L]
C1 96 37 14 10 12 10 17
c2 180 100 28 20 24 21 19
(oc] 240 94 24 15 20 17 15
C6 190 60 21 13 14 13 20
c7 140 60 30 13 17 13 14
C8 270 80 19 13 15 15 12
G2 23 12 7 7 7 7 9
G3 14 8 7 7 7 6 8
G4 9 7 7 7 7 6 6
G5 17 9 8 7 7 6 6
G7 11 10 7 8 7 7 8
G8 27 14 8 7 8 7 8
N1 310 50 12 9 9 8 8
N2 100 40 12 9 10 8 8
N3 200 63 14 11 10 9 12
N7 180 44 12 9 9 8 10
N10 260 99 19 14 13 10 10
N11 380 55 12 9 9 8 10
WS1 230 52 15 9 9 7 11
WS2 650 85 12 9 9 7 8
Wws4 360 63 11 9 8 7 8
WS5 630 72 16 10 10 8 9
WS6 220 72 17 15 13 11 15
WS7 580 69 14 10 9 7 8
IN1 <1 4 6 7 7 7 6
IN2 <1 5 6 7 - 6 5
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IV.5 Silver measurements

Colloidal silver is applied on the filter material and therefore it is no surprise that this metal
leaches into the effluent water. The concentration reduces in time and is far below the WHO
guideline value of 100 pg/L. All measurements throughout the longitudinal study are included
in Table 1.15.

Table 1.15 Silver concentrations in influent and effluent waters

Country of origin week 1 week 2 week 4 week 6 week 8 week 10 week 12
[hg/L] [ug/L] [ug/L] [ug/L] [ug/L] [Wg/L] [ug/L]

Ci 16 13 12 7 9 4 3
(07 18 14 9 7 10 5 5
Cc3 22 14 13 7 9 4 3
Ccé6 9 15 10 8 10 4 3
c7 22 20 10 8 9 5 3
C8 24 15 9 9 10 5 3
G2 24 17 13 9 14 6 5
G3 23 23 18 9 15 7 5
G4 33 25 18 11 16 4 4
G5 2 4 5 4 3 2 1
G7 3 <1 <1 <1 <1 <1 <1
G8 7 13 7 3 2 <1 <1
N1 8 12 9 9 13 5 5
N2 23 14 12 10 11 7 7
N3 22 15 11 8 10 4 6
N7 22 13 11 8 11 4 4
N10 7 16 17 10 14 4 6
Ni1 9 14 10 8 11 5 5
WS1 <1 <1 <1 <1 <1 <1 <1
WS2 <1 <1 <1 <1 <1 <1 <1
WS4 <1 <1 <1 <1 <1 <1 <1
WS5 <1 <1 <1 <1 <1 <1 <1
WS6 <1 <1 <1 <1 <1 <1 <1
WS7 <1 <1 <1 <1 <1 <1 <1
IN1 <1 <1 <1 <1 <1 <1 <1
IN2 <1 <1 <1 <1 - <1 <1

IV.6 Measurements of other leaching metallic compounds

The measurements of the compounds in this appendix are all below the WHO guidelines.
Some of the measurements are significant in the first week, but reduce in the course of the
12 weeks.

Antimony

The toxicological review in the WHO drinking water guidelines indicates toxicity varies for
different forms of antimony. There is some evidence for the carcinogenicity of certain
antimony compounds by inhaling, but there are no data to indicate carcinogenicity by the oral
route. Nevertheless the WHO has set the guideline value at 0.02 mg/L. The measured values
(Table 1.16) are all way below this guideline.

Table 1.16 Antimony concentrations (means) in influent and effluent waters

Country of origin week 2 week 4 week 6 week 8 week 10 week 12
[pg/L] [pg/L] [pg/L] [pg/L] [pg/L] [pg/L]
Influent <1 <1 <1 <1 <1 <1
Cambodia 8 5 2 2 3 3
Ghana <1 <1 <1 <1 <1 <1
Nicaragua <1 <1 <1 <1 <1 <1
Nicaragua (no silver) <1 <1 <1 <1 <1 <1
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Barium

The WHO guidelines for drinking water quality [2006] states: “There is no evidence that
barium is carcinogenic or mutagenic. Barium has been shown to cause nephropathy® in
laboratory animals, but the toxicological end-point of greatest concern to humans appears to
be its potential to cause hypertension®®”. The guideline value is set on 0.7 mg/L, which is
higher than all measurements (Table 1.17).

Table 1.17 Barium concentrations (means) in influent and effluent waters

Country of origin week 2 week 4 week 6 week 8 week 10 week 12

[bg/L] [bg/L] [bg/L] [bg/L] [bg/L] [bg/L]
Influent 22.0 19.0 16.0 21.0 26.0 18.0
Cambodia 58.0 29.0 31.2 27.7 28.8 24.8
Ghana 320.0 160.0 76.3 80.3 68.2 54.5
Nicaragua 65.0 37.0 24.8 22.8 23.5 19.7
Nicaragua (no silver) 51.0 26.0 27.5 24.8 23.0 20.3

Copper

Copper is both an essential nutrient and a drinking water contaminant. When water is treated
and distributed through pipes the concentration of copper often increases in the distribution
network. The WHO guideline is 2 mg/L to protect against acute gastrointestinal effects of
copper. Again, all measurements after filtration with CSF are below this guideline.

Table 1.18 Copper concentrations (means) in influent and effluent waters

Country of origin week 2 week 4 week 6 week 8 week 10 week 12
[Hg/L] [Hg/L] [Hg/L] [bg/L] [bg/L] [Ho/L]
Influent <5 <5 6 <5 <5 <5
Cambodia 60 21 12 9 10 8
Ghana 100 35 13 11 9 8
Nicaragua 41 22 14 10 8 8
Nicaragua (no silver) 54 20 13 9 7 9
Manganese

Manganese is one of the most abundant metals in the Earth’s crust, usually occurring with
iron. Manganese is an essential element for humans and other animals and occurs naturally in
many food sources. It is also naturally occurring in many surface water and groundwater
sources, particularly in anaerobic or low oxidation conditions. There have been
epidemiological studies that report adverse neurological effects following extended exposure
to very high levels in drinking water. However, a number of other studies have failed to
observe adverse effects following exposure through drinking water. A guideline of 0.4 mg/L is
advised by WHO. Although the influent water shows concentrations above this guideline, the
effluent waters show this the first week only (Table 1.19).

4 Nephropathy refers to damage to or disease of the kidney

¢ Hypertension or high blood pressure is a medical condition where the blood pressure is chronically elevated
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Table 1.19 Manganese concentrations (means) in influent and effluent waters

Country of origin week 2 week 4 week 6 week 8 week 10 week 12

[ma/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
Influent 0.493 0.041 0.034 0.417 0.214 0.396
Cambodia 1.160 0.064 0.037 0.014 0.018 0.199
Ghana 0.841 0.047 0.009 < 0.005 0.006 0.088
Nicaragua 0.341 0.057 0.014 0.007 0.015 0.125
Nicaragua (no silver) 0.746 0.016 0.008 0.007 < 0.005 0.054

Silicon

As mentioned before, the tetrahedral layers in the clay material are mainly composed of
silicon (Si) and oxygen. Obviously leaching of Si can be expected from CSF and Table 1.20
shows that indeed Si leaches from the filter material. The concentration of silicon in the
effluent water does not seem to decrease in time, but when taken into account the varying
influent concentration all filters but the ones from Cambodia have a reducing concentration.
CSF manufactured in Cambodia constantly has an effluent concentration above 20 mg/L, but
silicon is not known to have an effect on a person’s health at these concentrations.

Table 1.20 Silicon concentrations (means) in influent and effluent waters

Country of origin week 2 week 4 week 6 week 8 week 10 week 12
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
Influent 3.1 1.0 0.4 1.6 2.8 3.8
Cambodia 25.0 22.0 21.3 27.5 26.5 24.8
Ghana 4.1 1.7 1.2 1.4 3.0 3.8
Nicaragua 5.4 2.0 1.5 1.5 3.1 3.9
Nicaragua (no silver) 6.2 2.3 1.9 1.8 3.2 4.0

IV.7 Equilibrium pH, CO,, HCO3 and CO3*

The figure below gives an overview of the equilibrium between CO,, HCO5 and CO;* related
to pH. The pH value of the water rises from a approximately 7.6 to 8.4 after filtration with
CSF.
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IV.8 Zinc measurements

Zinc was selected after the measurements in week 2 and 4 showed significant reductions in
concentration by CSF. In week 8 the concentration was reduced from above the WHO
guideline value (3 mg/L). All measurements of this study are depicted in Table 1.21.

Table 1.21 Zinc concentrations in influent and effluent waters

Country of origin week 2 week 4 week 6 week 8 week 10 week 12
[Ho/L] [pg/L] [po/L] [Ho/L] [po/L] [Ho/L]

IN1 2200 1100 330 3900 520 410
IN2 - - 120 - 140 82
C1 <10 12 <10 <10 14 36
Cc2 - - <10 <10 <10 <10
C3 - - <10 <10 <10 <10
(3 - - <10 <10 27 43
c7 - - <10 <10 <10 <10
C8 - - <10 < 10 < 10 15
G2 11 60 61 53 110 97
G3 - - 76 120 130 120
G4 - - 31 30 38 150
G5 - - 23 24 34 120
G7 - - <10 <10 <10 <10
G8 - - <10 <10 14 40
N1 - - 18 16 26 120
N2 - - <10 11 13 73
N3 <10 17 20 23 51 71
N7 - - 35 35 86 94
N10 - - <10 <10 <10 29
N11 - - 20 19 28 130
WS1 <10 54 44 59 90 110
WS2 - - 21 21 23 79
WS4 - - <10 <10 13 66
WS5 - - <10 <10 12 61
WS6 - - <10 <10 18 28
WS7 - - 13 16 20 68

Effect of pH on the concentration of heavy metal ions in solution

The effect of pH on the concentration of zinc and copper ions in the presence of clay is

shown in Figure 1.8.
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Figure 1.8 Effect of pH on the concentration of heavy metal ions in solution, in presence of clay

suspensions. B, clay absent; K, kaolinite; I, illite; M, montmorillonite [Farrah, 1976]
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Metal retention by clay minerals
Bolt [1979] studied the metal retention by some clay minerals as depicted in Table 1.22.
Table 1.22 Metal retension by some clay minerals [Bolt, 1979]

Clay Mineral Chemisorption Chemisorption at edges =~ Complex adsorption
Montmorillonite Co, Cu, Zn Co, Cu, Zn
Kaolinite Cu, Zn
Hectorite Zn

Brucite Zn
Vermiculite Co, Zn

Tllite Zn Zn, Cd

IV.9 Nickel measurements

Nickel is used mainly in the production of stainless steel and nickel alloys. The concentrations
of Ni in drinking water is normally less than 0.02 mg/L, in special cases of release from
natural of industrial nickel deposits in the ground it may be higher. The WHO guideline value
is set on 0.07 mg/L however there is a lack of evidence of carcinogenic risk from oral
exposure to nickel.

Table 1.23 Nickel concentrations (means) in influent and effluent waters

Country of origin week 2 week 4 week 6 week 8 week 10 week 12
[Hg/L] [Ma/L] [Hg/L] [Mg/L] [pa/L] [Ma/L]
Influent 48 13 14 13 9 11
Cambodia 10 11 10 13 9 11
Ghana 10 10 10 12 9 9
Nicaragua 8 11 10 13 8 9
Nicaragua (no silver) 8 10 10 12 8 12
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Appendix V

V.1 Turbidity measurements

The means of the measured turbidity per production location is calculated from 6 values per
production location. The turbidity is measured weekly for all effluent waters (Figure 1.9 and
Table 1.24).
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Figure 1.9 Graph of the measured turbidity in effluent waters

All filters show a reducing trend of the turbidity in the effluent water, so the means give an
accurate overview of the actual measurements. In Table 1.24 the influent concentrations are
depicted also.
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Table 1.24 All turbidity measurements during the longitudinal study

Country of origin -~ week1  week2 week3 week4 week5 week6 week7 week8 week9 week10 week 11 week 12
[NTU] [NTU] [NTU] [NTU] [NTU] [NTU] [NTU] [NTU] [NTU] [NTU] [NTU] [NTU]

C1 0.52 0.56 0.25 0.16 0.16 0.30 0.24 0.22 0.23 0.15 0.15 0.17
C2 1.16 0.94 0.25 0.17 0.17 0.30 0.23 0.21 0.20 0.12 0.16 0.16
c3 0.74 1.06 0.23 0.18 0.15 0.36 0.17 0.21 0.26 0.14 0.16 0.13
C6 0.37 0.80 0.25 0.21 0.20 0.35 0.22 0.27 0.30 0.22 0.18 0.18
c7 1.37 0.87 - 0.16 0.16 0.35 0.27 0.25 0.24 0.15 0.20 0.15
Cc8 0.56 1.11 - 0.18 0.18 0.25 0.25 0.25 0.27 0.14 0.17 0.14
G2 1.05 0.45 0.37 0.22 0.52 0.30 0.26 0.23 0.24 0.14 0.14 0.23
G3 1.24 0.98 0.39 0.22 0.17 0.31 0.18 0.22 0.28 0.14 0.18 0.21
G4 1.26 1.21 0.28 0.22 0.22 0.33 0.30 0.27 0.28 0.17 0.19 0.20
G5 1.20 1.07 0.30 0.23 0.19 0.23 0.19 0.25 0.28 0.16 0.17 0.16
G7 0.94 1.21 0.35 0.26 0.17 0.27 0.20 0.20 0.24 0.13 0.15 0.14
G8 1.13 1.46 0.38 0.23 0.19 0.30 0.22 0.27 0.28 0.14 0.15 0.15
N1 1.17 0.92 0.28 0.14 0.13 0.24 0.19 0.29 0.24 0.12 0.16 0.13
N2 0.96 1.34 0.20 0.14 0.13 0.18 0.16 0.22 0.25 0.12 0.13 0.13
N3 0.84 0.73 0.24 0.15 0.13 0.24 0.19 0.28 0.21 0.12 0.13 0.17
N7 0.99 0.92 0.23 0.14 0.16 0.18 0.16 0.22 0.25 0.14 0.15 0.18
N10 1.40 1.12 0.36 0.18 0.14 0.22 0.20 0.20 0.23 0.14 0.15 0.14
N11 1.20 1.43 0.28 0.21 0.16 0.23 0.17 0.22 0.26 0.16 0.15 0.15
WS1 0.88 0.65 0.31 0.21 0.14 0.23 0.20 0.18 0.21 0.11 0.13 0.15
WS2 3.09 1.06 0.28 0.29 0.18 0.26 0.21 0.20 0.24 0.13 0.15 0.14
Ws4 0.64 1.24 0.24 0.15 0.15 0.25 0.20 0.17 0.23 0.13 0.14 0.15
WS5 1.34 1.46 0.36 0.21 0.16 0.19 0.15 0.21 0.26 0.12 0.15 0.18
WS6 0.76 1.20 0.20 0.16 0.15 0.18 0.13 0.20 0.24 0.12 0.14 0.18
WS7 1.63 1.18 0.25 0.15 0.19 0.17 0.15 0.22 0.23 0.14 0.14 0.15
IN1 293 1.45 1.06 0.83 1.68 1.27 30.90 3.33 3.80 7.52 22.30 10.80
IN2 4.22 1.76 1.01 0.84 1.55 1.28 30.40 2.63 2.45 10.50 7.20 2.89

V.2 Oxygen concentration

The oxygen concentration is increased after filtration with CSF as shown in Table 1.25. These
values are the means of 6 measurements per filter type.

Table 1.25 Oxygen concentrations in influent and effluent waters

Country of origin Oxygen concentration
[mg/L]

Influent 2.2

Cambodia 7.5

Ghana 7.4

Nicaragua 7.1

Nicaragua (no silver) 7.3

V.3 Growth in filter element

Although the effect of silver in CSF is not characterised in this study, a visible impact is there
indeed. The growth in the filter element is clearly visible for the filters without silver: a white
rash and formation of biofilm. This is not visible for all the filters with colloidal silver. The
pictures in Figure 1.10 and Figure 1.11 show the difference in white rash and biofilm in the
filter elements from Nicaragua with and without the application of colloidal silver.
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Figure 1.10 (a) No white 'rash' on filter with silver and (b) rash on filter without silver
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Figure 1.11 Biofilm on (a) filter with silver and (b) filter without silver
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