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Cylindrical colloidal-silver-impregnated ceramic filters for
household (point-of-use) water treatment were manufactured
and tested for performance in the laboratory with respect to flow
rate and bacteria transport. Filters were manufactured by
combining clay-rich soil with water, grog (previously fired clay),
and flour, pressing them into cylinders, and firing them at
900 °C for 8 h. The pore-size distribution of the resulting ceramic
filters was quantified by mercury porosimetry. Colloidal silver
was applied to filters in different quantities and ways (dipping and
painting). Filters were also tested without any colloidal-silver
application. Hydraulic conductivity of the filters was quantified
using changing-head permeability tests. [3H]H2O water was
used as a conservative tracer to quantify advection velocities
and the coefficient of hydrodynamic dispersion. Escherichia
coli (E. coli) was used to quantify bacterial transport through the
filters. Hydraulic conductivity and pore-size distribution
varied with filter composition; hydraulic conductivities were
on the order of 10-5 cm/s and more than 50% of the pores for
each filter had diameters ranging from 0.02 to 15 µm. The
filters removed between 97.8% and 100% of the applied bacteria;
colloidal-silver treatments improved filter performance,
presumably by deactivation of bacteria. The quantity of colloidal
silver applied per filter was more important to bacteria
removal than the method of application. Silver concentrations
in effluent filter water were initially greater than 0.1 mg/L,
but dropped below this value after 200 min of continuous
operation. These results indicate that colloidal-silver-impregnated
ceramic filters, which can be made using primarily local
materials and labor, show promise as an effective and sustainable
point-of-use water treatment technology for the world’s
poorest communities.

Introduction
Untreated surface water or groundwater is often contami-
nated with pathogenic organisms of fecal origin. If not, it can
become contaminated during transport and storage (1–4).
Even water treated with a disinfectant often becomes
contaminated when collected from a public standpipe and
stored in the home. A recent review of the literature sponsored
by the WHO concludes that simple, socially acceptable,
and low-cost interventions at the household (point-of-use)

and community level have the potential to significantly
improve the microbial quality of household water and reduce
the risk of diarrheal disease, dehydration, and death,
particularly among children (5, 6).

Beginning in the late 1980s and early 1990s, ceramic filters
for point-of-use water treatment began appearing in third-
world marketplaces and their performance has been evalu-
ated in a small number of published studies (5, 7, 8). These
studies have evaluated filters that are typically produced
through an industrial design and manufacturing process (that
does not use local labor) with high-purity ingredients. This
often results in a filter price point that is beyond the reach
of many residents of developing global communities.

In this study, point-of-use water treatment using a
colloidal-silver-impregnated ceramic filter promoted by a
U.S.-based nongovernmental organization (NGO) called
Potters for Peace is investigated. Since 1998, Potters for Peace
has been teaching communities to manufacture and dis-
tribute their water filters that retail for $5–15 (U.S. $). The
filters look like simple ceramic pots. The filter pots are
suspended in 5-gallon plastic containers. Water is then
poured into the filter pot and flows by gravity through the
ceramic filter and into the lower plastic container where the
treated water can be accessed with a spigot.

The filters are typically made with local labor and materials
(clay, water, and a combustible organic material such as
sawdust, flour, or rice husks). The filter is formed using a
filter press, air-dried, and fired in a flat-top kiln, increasing
the temperature gradually to about 900 °C during an 8-h
period. This forms the ceramic material and combusts the
sawdust, flour, or rice husk in the filters, making it porous
and permeable to water. After firing, the filters are cooled
and impregnated with colloidal silver by either painting with,
or dipping in, a colloidal-silver solution. The colloidal silver
is hypothesized to act as a microbial disinfectant.

Each filter is tested by measuring the water flow rate to
ensure it is between 1 and 2 L/hr. This test is the sole design
criterion (other than the physical dimensions of the filter).
A typical filter lifetime is 2–3 years; it must be periodically
cleaned with a brush to maintain the design flow rate. Since
1998, Potters for Peace has aided NGOs in establishing filter
factories throughout the world. They estimate that about
100,000 filters have been manufactured and distributed for
use.

The Potters for Peace ceramic filter has many potential
advantages as a point-of-use water treatment technology. It
can be manufactured with mostly local materials and labor.
Since clay pots are often used as storage containers for water,
it is a socially acceptable technology that can work year round
in different climates. It does not impart an objectionable
taste to the treated water. It is designed to remove both
turbidity and pathogens and its retail cost is low. No refereed
journal publication has critically evaluated the performance
of this filter. Lantagne (9) has published the most compre-
hensive report on the filter to date.

There are several critical knowledge gaps related to filter
design and performance. There is no information available
on how the manufacturing process or the composition and
relative amounts of the raw materials used to make the filter
affect its physical pore structure and treatment performance.
The role of colloidal silver in the deactivation of pathogenic
bacteria as they pass through the filter is poorly understood.
It is uncertain if bacterial removal is caused by filtration/
sorption, deactivation by colloidal silver, or some combina-
tion of these processes. Potters for Peace has chosen a specific* Corresponding author e-mail: jas9e@virginia.edu.
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application rate of colloidal silver onto their filters, but they do
not have any data to indicate that it is, or is not, appropriate.

Herein, we provide the first critical and mechanistic
evaluation of the performance of ceramic filters manufac-
tured according to the design guidelines specified by Potters
for Peace. Using two well-characterized natural soils and
commercial pottery clay, ceramic filters were manufactured
and tested to quantify pore-size distributions, hydraulic
conductivity, and bacteria transport (for filters with and
without colloidal silver). The advection-dispersion-reaction
equation was used to simulate bacteria transport through
the filters and to quantify first-order bacterial decay coef-
ficients for filters treated with colloidal silver.

Materials and Methods
Ceramic filters for laboratory testing were manufactured from
soil, grog (previously fired clay), flour, and water. Three
different soil samples were studied: a commercial 200-mesh
Redart pottery clay (Resco Products, Inc.) and natural soil
samples (with significant clay contents) collected from San
Mateo Ixtatán, Guatemala and Ciudad Juarez, Mexico. Soil
samples from these two communities were chosen because
the communities either already have a ceramic filter factory
in operation (San Mateo Ixtatán) or they have a local brick-
making community and could likely sustain a locally operated
filter factory (Ciudad Juarez). The two natural soil samples
were dried, ground in a jar mill for 24 h, and passed through
a 60-mesh sieve. A commercial 48-mesh grog (Resco Products,
Inc.) was used to prevent shrinkage of the ceramic filters
during drying and firing and to improve the flow rate of water
through the final filters. Grog is clay that has previously been
fired and can be obtained by grinding clay bricks that were
damaged and/or discarded after primary manufacturing.
Flour was purchased from a local grocery store and was used
as received.

The percent silt (2–20 µm) and clay (<2 µm) subfractions
of each soil sample were quantified using a Micromeritics
SediGraph 5100. The samples (2-3 g) were dispersed in 0.05%
Calgon solution by shaking for 24 h prior to analysis. The
surface area of the soil samples was measured using a
multipoint BET method (Gemini 2360, Micromeritics) with
N2 as the adsorbate. X-ray diffraction analysis was performed
to determine the predominant clay mineral in each sample
using the procedure developed by Ohtsuba et al. (10). The
procedure employs a XDS Scintag 2000 diffractometer using
monochromatic Cu KR radiation at 40 kV and 40 mA over
oriented specimens. The scanning speed was 1.5° (2θ)/min.

Tritiated water ([3H]H2O) was used as a conservative tracer
for solute transport experiments to quantify advection
velocities and coefficients of hydrodynamic dispersion for
each filter. Tracer concentrations in water were quantified
with a Packard 1900CA Liquid Scintillation Analyzer.

A nonpathogenic wild strain of Escherichia coli provided
by IDEXX laboratories was used for bacteria transport
experiments. This organism was selected because of its
relatively small size (about 1 µm) and because it is a specific
indicator of fecal contamination in drinking water. Bacteria
were grown as described by Vigeant et al. (11). Cells were
resuspended in a sterilized phosphate buffer (ionic strength
) 0.2 M) to a concentration of (7 ( 2) × 109 MPN/100 mL.
Phosphate buffer solutions were prepared as described by
Sherwood et al. (12). The concentration of E. coli in water
was quantified using the Colilert Defined-Substrate Tech-
nology System (IDEXX Laboratories, Inc., Westbrook, Maine)
(13).

Stable suspensions of zerovalent silver particles (e.g.,
colloidal silver) are generated by the aqueous phase reduction
of silver nitrate by ascorbic acid (14, 15). In this investigation,
a commercial solution of 7–8% colloidal silver from Argenol

Laboratories, Spain was purchased and was used as received.
Filter factories established by Potters for Peace commonly
use this commercial supplier. Silver concentrations were
quantified using an acetylene-air flame atomic adsorption
spectrometer (Perkin-Elmer model 5100PC) with a multi-
element hollow cathode lamp.

Ceramic Filter Synthesis and Characterization. Ceramic
filters were manufactured by combining 40% soil, 10% flour,
and 50% grog on a weight basis. This combination of materials
was selected after testing several ceramic filters prepared
with different ratios of clay/flour/grog. Fired ceramic filters
with higher percentages of flour were weak and broke
easily, while those with a higher clay content presented a
relatively low value of hydraulic conductivity and, therefore,
an unacceptably low flow rate.

Clay, flour, and grog were combined and mixed until
homogeneous. The dry mix (244 g) was combined with 75
mL of deionized water. The mix was separated into four
portions and then molded by hand, placed in a 6.5-cm-
diameter polyvinylchloride cylindrical mold, and compressed
for 1 min at 1000 psi. The resulting cylindrical filters were
approximately 1.5-cm thick after compaction. A cylindrical
filter design was chosen to simplify the geometry (relative to
a pot shape) and thereby facilitate one-dimensional hydraulic
conductivity and bacteria transport experiments. The filters
were air-dried at room temperature for 3 d and then fired
in a muffle furnace. The temperature was increased at a rate
of 150 °C/h from room temperature to 600 °C, and then
increased at a rate of 300 °C/h to 900 °C, holding this final
temperature for 3 h.

After firing, the ceramic filters were treated with colloidal
silver using two different procedures. The first treatment
consisted of applying 6 mL of a 200 mg/L colloidal-silver
solution to the surface of each ceramic filter using a brush
(9). In the second method, the ceramic filters were submerged
for 45 s in an 800-mg/L colloidal-silver solution (16). These
silver application methods are currently being used or
recommended for use by Potters for Peace. To better compare
the effectiveness of the application method, a third 600-
mg/L colloidal-silver solution was prepared. Ceramic filters
manufactured with Redart clay were submerged in the 600
mg/L colloidal silver solution and the uptake volume of the
colloidal silver solution was recorded. Other specimens were
painted with the same amount of solution used in the
submersion process.

The hydraulic conductivity of the ceramic filters (prior to
colloidal-silver application) was measured in triplicate using
a changing-head flexible-wall permeameter test according
to ASTM method D5084 (17). The ceramic filters were placed
in flexible-wall permeameters and back-pressure saturated
with 0.005 N CaSO4 solution at 5 psi for 24 h. The confining
(cell) pressure was 5 psi. Following back-pressure saturation,
the pressure at one end of the specimen was decreased to
3.5 psi to initiate fluid flow. Influent and effluent hydraulic
heads were measured over time until the calculated hydraulic
conductivity was approximately constant over time, the
inflow rate was equal to the outflow rate, and at least three
pore volumes of flow passed through the ceramic filter.

Porosity and pore-size distribution of 1-g samples of
ceramic filters were characterized by low- and high- pressure
mercury intrusion (Autopore II, Micromeritics), with intrusion
pressures up to 8000 psi.

Tracer and E. coli Transport. Transport experiments were
performed with ceramic filters without colloidal silver and
after the two different colloidal-silver treatment procedures.
The ceramic filters were placed in flexible-wall permeameters
and a three-way stopcock was connected to the inflow valve
of the permeameter chamber. A high-performance liquid
chromatography (HPLC) pump (Acuflow series IV) and a
1-mL syringe were connected to the three-way stopcock. The
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HPLC pump maintained a 0.6-mL/min inflow rate to the
chamber corresponding approximately to a whole-filter flow
rate of 1.5 L/h (e.g., the average design flow of whole filters).
The inflow solution was the phosphate buffer solution
described in the bacteria preparation section. The effluent
valve of the permeameter chamber was open to the atmo-
sphere and used to collect effluent water samples for analysis
of tracer and bacteria. The ceramic filters were saturated
with the phosphate buffer solution prior to the transport
tests by pumping the solution through the filter for 12 h. If
the ceramic filters were treated with colloidal silver, effluent
samples were sampled and analyzed to quantify the silver
concentration as a function of time during the 12-h saturation
period.

After the saturation period, a 1.0-mL syringe was used to
inject a 0.6-mL pulse of 4.3 µCi [3H]H2O into the ceramic
filter and effluent samples were collected over time to define
the breakthrough of this conservative tracer. Transport of
bacteria through each filter was quantified by methods similar
to those used for the conservative tracer. A 0.6-mL pulse of
(7 ( 2) × 109 MPN/100 mL E. coli was passed through the
filter and effluent samples were collected over time to define
the breakthrough of the E. coli.

Transport Simulations. Effluent tracer and bacteria
concentrations over time for ceramic filters with and without
colloidal-silver treatments were simulated using the following
transient one-dimensional form of the advection-dispersion
equation with first-order decay:

R
∂c
∂t

)D
∂

2c

∂x2
- ν∂c

∂x
- µc

subject to the following initial and boundary conditions:

c(x, 0) ) 0

c(0, t) ) co for t < to

c(0, t) ) 0 for t > to

∂c(L, t)
∂x

) 0

where R is the retardation coefficient, c is the concentration
of [3H]H2O (counts per minute per mL) or E. coli (mpn/100
mL), t is time (min), to is the tracer or bacteria pulse injection
time, D is the dispersion coefficient (cm2 min-1), x is distance
(cm), v is the linear velocity (cm min-1), µ is the first-order
decay coefficient (min-1), and L is the thickness of the filter.
This model assumes local equilibrium sorption. The com-

puter program CXTFIT (18) was used to adjust the relevant
model parameters to provide the optimum fit of the model
to the experimental data. D and v for each column were
determined from the [3H]H2O transport experiments (with
R ) 1 and µ ) 0). R and µ were determined from the E. coli
transport experiments. For bacteria transport experiments
through ceramic filters untreated with colloidal silver, µ was
assumed to equal zero.

Results
Soil and Filter Characteristics. The three soil samples tested
had very different physical and mineralogic characteristics
(Table S2-S2 in the Supporting Information). The particle-
size distribution of the raw materials shows that the Redart
soil had a higher clay content (particles <2 µm) than the
soils from Guatemala and Mexico. The median grain sizes
(d50) for Redart, Guatemala, and Mexico soils were 6.3, 12.3,
and 44.7 µm, respectively. The values of the uniformity
coefficient (d60/d10) were 5.1, 7.1, and 28.4 for Redart,
Guatemala, and Mexico soils, respectively. The Redart clay
also had the highest specific surface area of the three sample
specimens.

The results of the XRD analysis are also summarized in
Table S2-S2. Illite and kaolinite are the predominant clay
minerals in the Redart soil, whereas illite is the predominant
clay mineral for the Guatemalan soil. It was not possible to
detect a predominant clay mineral for the Mexican soil; the
absence of peaks in a XRD reflection can imply the presence
of an amorphous material or a mixed-layer clay mineral base
material. A quartz peak was detected in all three samples
tested.

The hydraulic conductivities of the ceramic filters ranged
from 1.15 × 10-5 cm/s (Guatemalan filter) to 5.01 × 10-5

cm/s (Redart filter) (Table 1). If we assume a whole filter
constructed with these materials and a hydraulic head equal
to half the height of the filter pot, resulting calculated flow
rates are 0.5 (Guatemala), 1.3 (Mexico), and 2.1 L/hr (Redart).
These values are close to the design flow rate of 1–2 L/hr
specified by Potters for Peace. The porosities of the three
filters were similar. However, the median pore size for each
filter was distinctly different (Table 1). Figure 1 shows the
pore-size distribution for the three ceramic filters.

Tracer and Bacteria Transport Experiments. Figure S4-
S4 (Supporting Information) presents the results of tracer-
transport experiments for the three filters (without silver
impregnation) made from each soil type. Simulated con-
centrations of [3H]H2O agree well with experimentally

TABLE 1. Physical Properties and Bacteria-Transport Model Parameters for Ceramic Filters Fabricated Using
Guatemalan, Redart, and Mexican Soils

Guatemala Redart Mexico

hydraulic conductivity (cm/s) 1.15 × 10-5 5.01 × 10-5 3.26 × 10-5

porosity (%) 38.8 41.9 37.4
median pore diameter (µm) 8.21 2.03 14.3

tracer transport
linear velocity, v (cm/min) 0.058 0.050 0.068
coefficient of hydrodynamic

dispersion, D (cm2/min) 0.021 0.005 0.013

bacteria transport through filters without colloidal silver
rejection mass, Rmass

(dimensionless) 0.9867 0.9997 0.9786

retardation factor, R 1.04 0.68 0.79
bacteria transport through filters with colloidal silver

first-order decay coefficient for
painted filters, µ (min-1) 0.008 0.0008 0.008

first-order decay coefficient for
submerged filters, µ (min-1) 0.015 N.C.* 0.017

* N.C. - Not Calculated (since no bacteria were detected in effluent).
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observed effluent concentration data. The [3H]H2O was a
conservative tracer in all ceramic filters; greater than 95% of
all influent [3H]H2O was recovered during effluent sample
collection for each test. Table 1 shows the fitted values of the
linear velocity and dispersion coefficient for the three ceramic
filters based on analysis of the tracer experiments.

Figure 2 presents the results of the bacteria-transport
experiments for each filter type. A global measure of rejection
(Rmass) was calculated for each filter without colloidal silver
treatment. Rmass is based on the fractional mass of bacteria
injected that did not pass through the ceramic filter (Table
1). Rmass is commonly used to compare removal efficiencies
for microfiltration and ultrafiltration membranes (19). In all
cases, Rmass values are greater than 0.97 (2.6 log reduction).

As evidenced by the data in Figure 2 and the Rmass values
in Table 1, the application of colloidal silver to the filter
reduces bacteria transport, regardless of the application
method used. However, the ceramic filters submerged in the
colloidal-silver solution showed a higher level of bacteria
removal than those painted with the colloidal-silver solution.
For experiments with the Redart filter submerged in the
colloidal-silver solution, no effluent bacteria were quantified
at any time (e.g., Rmass ) 1.0)

Figure 2 also shows the results of model simulations of
the bacteria-transport experiments. For these simulations,
the mass of E. coli that did not pass through the ceramic
filters was subtracted from the injected mass. The linear
velocity and dispersion coefficients determined from the
tracer experiments were used as fixed parameters. For
transport experiments on filters without colloidal silver, the
retardation factor was the only fitting parameter. For bacteria-
transport experiments on filters with colloidal silver, the
retardation factor from experiments with untreated filters
was also used as a fixed parameter and the first-order bacterial
decay coefficient (µ) was the only fitting parameter. The
retardation factors and decay coefficients for these simula-
tions are shown in Table 1.

Simulated concentrations of bacteria agree well with the
observed experimental effluent concentration data. The
values of µ for painted ceramic filters are lower than those
obtained for submerged ceramic filters. For the Redart filter
submerged in the colloidal-silver solution, it was not possible
to quantify µ because no effluent bacteria were detected.
Figure 2 shows that the appearance of the peak effluent
bacteria concentration from the Redart and Mexican ceramic
filters consistently preceded the appearance of the concen-
tration peak for [3H]H2O. For the Guatemalan filter, the peak
effluent concentrations for the tracer and bacteria occur at
about the same time.

The concentration of colloidal silver in each ceramic filter
for each application method is presented in Table S3-S3.
Figure S5-S5 shows the effluent aqueous silver concentrations
from the painted filters as a function of time during the

saturation period; similar profiles were obtained for filters
submerged in the colloidal-silver solutions. The amount of
colloidal silver removed from the ceramic filters was between
20 and 22%. The mass of colloidal silver remaining in each
ceramic filter was calculated by subtracting the mass of
colloidal silver collected in the effluent from the initial
concentration of colloidal silver in the ceramic filter.

To compare the relative effects of the two colloidal-silver
application methods (e.g., painting and submerging), ad-
ditional bacteria transport experiments were carried out using
filters fabricated from the Redart soil. Afterward, one filter
was submerged in a 600 mg/L colloidal-silver solution. The
volume of solution taken up by this filter was 15 mL. Then,
the second filter was painted with 15 mL of a 600 mg/L
colloidal-silver solution. After the saturation period, a bacteria
transport test was performed on both filters using the same
testing conditions used in previous experiments. Figure 3
shows the bacteria concentration in the effluent as a function

FIGURE 1. Pore-size distribution for ceramic filters fabricated
using Redart, Guatemalan, and Mexican soils.

FIGURE 2. Effluent E. coli concentrations normalized to the
influent pulse concentration as a function of time for ceramic
filters fabricated with Redart, Guatemalan, and Mexican soils
without colloidal silver (b), pained with colloidal silver (O),
and submerged in colloidal silver (∆). Lines represent
optimized solute-transport model fits. Black vertical lines
represents the tracer breakthrough peak for each experiment.
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of time for both filters. The results are presented using a
logarithmic scale due to the low concentration of bacteria
obtained in the effluent after the colloidal-silver treatments.
Both application methods showed at least a five order-of-
magnitude reduction in bacteria concentrations compared
to the three order-of-magnitude reduction observed for
earlier colloidal-silver applications.

Discussion
The experiments and analyses performed herein show that
colloidal-silver-impregnated ceramic filters constructed from
relatively heterogeneous, natural materials can effectively
reduce the concentration of E. coli in water. Even without
application of colloidal silver and using a relatively hetero-
geneous soil to manufacture the filter, the filters were able
to remove between 97.86% and 99.97% of the total amount
of E. coli in the influent water (Table 1). Treatment of the
filters with colloidal silver further improved their perfor-
mance. For the case of the Redart filter submerged in the
colloidal silver solution, no effluent bacteria were detected
(e.g., 100% removal).

Filter performance is also affected by the characteristics
of the natural soil used in the manufacturing process. In this
work, filter performance (with regard to flow rate and bacteria
removal rate) increased in the order Mexico = Guatemala >
Redart. This also corresponds approximately to increasing
clay content and specific surface area for each soil type.
Additionally, the same approximate trend was observed for
the pore-size distribution of the filters and the coefficient of
hydrodynamic dispersion. Soil samples with relatively uni-
form and fine-grained particle-size distributions will likely
produce filters with better bacteria-removal efficiency,
smaller pores, and lower dispersion than comparatively
coarse-grained, heterogeneous soils. In our experiments, this
is supported by data for the two ceramic filters with the
highest and lowest performance. The Redart soil, with a d50

of 6.3 µm and a uniformity coefficient of 5.1, had 75% of its
pores with diameters smaller than 5 µm and had a Rmass of
0.997, while the Mexico soil, with a d50 of 44.7 µm and a
uniformity coefficient of 28.4, only had 12% if its pores with
diameters less than 5 µm and had a Rmass of only 0.979. Soil
samples with high clay contents also typically have a high
plasticity, which may facilitate the manufacturing process of
the filters (20).

The predominant clay mineral in the soil may also
influence filter performance. At firing temperatures below
1000 °C, a smaller amount of amorphous material is produced
from kaolinite relative to illite (21, 22). Amorphous material
developed at this temperature has a lower porosity than

crystalline material. This may partially explain the higher
hydraulic conductivity and porosity observed for the Redart
clay, which contains a significant amount of kaolinite as
determined by X-ray diffraction analysis.

Results of the solute- and bacteria-transport experiments
provide improved understanding of the relative affects of
filtration and colloidal-silver disinfection on bacteria removal
by the ceramic filters. Bacteria transport data for the three
filters prior to application of colloidal silver support the
hypothesis that steric rejection or size exclusion chroma-
tography is a significant mechanism of bacteria removal in
the ceramic filters. Filters with smaller pores caused higher
rejection of bacteria (Table 1 and Figure 1). It is also possible
that bacteria removal is caused by bacterial sorption to the
ceramic porous medium. However, if reversible sorption
occurs, effluent bacteria-concentration peaks should appear
after the effluent tracer peaks and bacteria retardation factors
would necessarily be greater than unity. Our results show
the peaks of bacteria breakthrough appeared before or
coincident with the tracer peaks, and the bacteria retardation
factors were less than or equal to one. Similar results have
been observed for bacteria transport through natural soils
(23–25). Although each filter has a significant percentage of
pores with diameters greater than 1 µm (the size of an E. coli
bacterium), it is unlikely that many of these pores extend
through the entire thickness of the filter. Therefore, most
bacteria or clusters of bacteria likely encounter a pore opening
that they cannot pass through and are removed from the
flow field. The small fraction of bacteria that exit the filter
are transported along the largest pore channels. These pore
channels likely have water velocities greater than the average
(linear) water velocity determined from the tracer experi-
ments. Therefore, it is not unreasonable that bacteria peak
concentrations occur at times less than tracer peak con-
centrations for a given filter. It is also possible that irreversible
sorption partially contributes to bacteria removal.

Colloidal silver treatments significantly improved the
quality of the ceramic filter effluent, and the experiments
performed herein are the first to specifically identify the
beneficial affects of colloidal silver (independent of physical
filtration or sorption) for a ceramic water filter. Sondi and
Salopek-Sondi (15) showed that silver nanoparticles were an
effective bactericide against E. coli. Other recent studies have
investigated the bactericidal properties of silver supported
by polyurethane foam (26), a zeolite (27), alumina (28), and
activated carbon (29, 30). Each of these studies demonstrated
a beneficial bactericidal effect although none of the studies
specifically elucidated the mechanism. Heinig (28) observed
that as the dissolved oxygen concentration in influent water
was increased, the bactericidal properties of silver-treated
alumina increased. They suggested that the silver had a
catalytic effect that promoted the oxidation of bacteria and
viruses. More recently, Schmidt et al. (31) studied the
interaction of oxygen and silver clusters. At temperatures
between 77 and 105 K, molecular oxygen chemisorbed to the
silver particles. At temperatures greater than 105 K, chemi-
sorption transformed into oxidation, invoking the dissocia-
tion of the oxygen molecule and the release of a highly reactive
oxygen atom (with a –2 oxidation state). These studies suggest
that oxygen is required for deactivation, and that other natural
organic matter may compete with bacteria for oxidation.
Further research on the disinfection mechanism of colloidal
silver is needed to better understand this process and its
potential limitations.

The disinfection efficiency of the colloidal-silver treat-
ments appears to depend primarily on the mass of colloidal
silver that remains in the filter after the saturation period
rather than the method of application (e.g., painting versus
submerging). The first-order bacteria decay coefficients for
filters submerged in the 800 mg/L colloidal-silver solution

FIGURE 3. Effluent E. coil concentrations normalized to the
influent pulse concentration as a funcation of time for ceramic
filters fabricated with Redart soils without colloidal silver ()
and O), and painted with (() and submerged in a 600-mg/L
colloidal silver soluation (b)
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are double (0.016 min-1) the value of decay coefficients for
filters painted with the 200 mg/L colloidal-silver solution
(0.008 min-1) (Table 1). However, when these decay coef-
ficients are normalized by the colloidal silver mass on the
filters (1.2 mg for painted and 12 mg for submerged filters)
the results are reversed. The specific first-order decay
coefficient obtained for painted filters was five times higher
(0.0067 min-1 g-1) compared to those filters submerged in
colloidal silver solution (0.0012 min-1 g-1). It is possible that
the disinfectant capacity of the colloidal silver increases up
to some threshold concentration, above which no additional
increase in disinfection can be obtained. When similar Redart
filters were painted and submerged in the same colloidal-
silver solution, similar levels of bacteria removal were
achieved (Figure 3).

It is possible that treatment of the ceramic filters by
colloidal-silver suspensions improves bacterial removal
efficiency by physically clogging pores that could be used by
bacteria for transport. However, tracer transport experiments
conducted on select filters before and after colloidal silver
application did not show any significant differences (data
not shown). Furthermore, the model formulation used to
simulate E. coli breakthrough employs a standard, first-order
decay coefficient as the only fitting parameter. This model
was able to effectively simulate the observed experimental
data (Figure 2). These observations, coupled with the
established disinfectant properties of colloidal silver, indicate
that colloidal silver treatments improve filter performance
by a disinfection mechanism.

Release of colloidal silver from the filters will likely depend
on water chemistry (32), the amount of colloidal silver applied,
and the pore structure of the filters. The regulatory limit for
silver in drinking water is 0.1 mg/L, and this level was not
exceeded for any of the filters tested after passing water
through the filter for about 200 min (Figure S5-S5).

Future studies need to extend the experiments and
analyses presented here to quantify removal rates of other
pathogens, including viruses and protozoa, for different
water-quality conditions. In addition, the long-term field
performance of locally produced filters and their effects on
human health must be quantified.
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Supporting Information Available
Table S2-S2 shows the particle size, specific surface area,
and predominant clay mineral for Guatemalan, Redart, and
Mexican soils used to fabricate ceramic filters; Table S3-S3
shows the colloidal silver masses applied to and retained by
ceramic filters manufactured using each of three types of
soil samples; Figure S4-S4 shows the effluent [3H]H2O
concentrations normalized to the influent pulse concentra-
tion as a function of time for ceramic filters, without silver
impregnation, fabricated with Redart, Guatemalan, and
Mexican soils; Figure S5-S5 shows the silver concentrations
in effluent water from painted ceramic filters as a function
of time. This material is available free of charge via the Internet
at http://pubs.acs.org.
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