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Environmental Science: Water Research & Technology
Inactivation of bacteria from contaminated streams in Limpopo, South Africa by silver- or
copper-nanoparticle paper filters
Theresa A. Dankovich*, Jonathan S. Levine , Natasha Potgieter, Rebecca Dillingham, James A.

Smith

Water Impact Statement

Microbial-contaminated water causes the spread of preventable water-borne diseases, such as
giardiasis, cholera, cryptosporidiosis, etc. For the first time in the field, we demonstrate a novel
and affordable technology: nano-enabled paper filters effectively inactivated coliform bacteria
from contaminated water sources in Limpopo, South Africa. This technology has great potential
for purifying drinking water in the developing world.
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Abstract

There is an urgent need for inexpensive point-of-use methods to purify drinking water in
developing countries to reduce the incidence of illnesses caused by waterborne pathogens.
Previously, our work showed the deactivation of laboratory-cultured bacteria by percolation
through a thick paper sheet containing either silver (Ag) or copper (Cu) nanoparticles (NP). In
this study, these paper filters containing AgNPs or CuNPs have been tested with water sourced
from contaminated streams in Limpopo, South Africa. Following the percolation of the

contaminated stream water through the metal nanoparticle (MNP) papers, the water quality of the
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filtered effluent was evaluated with respect to the colony counts of total coliform and E. coli
bacteria, turbidity, and either silver or copper ions. Influent total coliform bacteria concentrations
from the stream water in Limpopo ranged from 250 CFU/100 mL to 1,750,000 CFU/100 mL.
With the less contaminated stream water (250 - 15,000 CFU/100 mL), both AgNP and CuNP
papers showed complete inactivation of the coliform bacteria. With the surface water with
higher coliform bacteria levels (500,000 - 1,000,000 CFU/100 mL), both the AgNP and CuNP
papers showed similar results with a slightly higher bacteria reduction of logjo 5.1 for the AgNP
papers than the log;o 4.8 reduction for the CuNP papers. E. coli results followed similar trends.
For most water purification experiments, the metal release from the sheets was minimal, with
values under 0.1 ppm for Ag and 1.0 ppm for Cu (the current US EPA and WHO drinking water
limits for Ag and Cu, respectively). These results show good potential for the use of paper

embedded with silver and/or copper nanoparticles as effective point-of-use water purifiers.

Keywords: Point-of-use water purification, copper nanoparticles, silver nanoparticles,

antibacterial filtration, Escherichia coli.

Introduction

The lack of access to clean, potable water sources has contributed to the spread of
preventable water-borne diseases by microbial contaminants, such as giardiasis, cholera,
cryptosporidiosis, viral gastroenteritis, etc.' Point-of-use (POU) water treatment produces clean
drinking water by eliminating pathogenic microbial pollutants through filtration and/or chemical
disinfection. POU systems are typically used in the household for improving water quality.

Antimicrobial nanotechnology, e.g. silver and copper nanoparticles, are commonly used as the
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sole disinfectant agent in POU water treatment.>” A novel and affordable technology for
eliminating bacteria from contaminated water is a thick filter paper embedded with silver or
copper nanop.e11~‘[icle:s.2’6’7

Silver and copper nanoparticles are well known to be broad spectrum, potent
antimicrobial agents® '’ and are easily incorporated into cellulosic materials.'"'* Our previous
work demonstrated that thick paper sheets embedded with silver or copper nanoparticles are
bactericidal by passing model bacterial suspensions through a MNP paper sheet, and analyzing
the effluent water for viable bacteria.>®’ These MNP paper sheets are used in a manner similar
to a filter paper ,and, for convenience’s sake, they are referred to as “filters”. However, their
primary function is not sieving. Rather the paper ensures that the bacteria come into contact with
silver or copper ions released from the nanoparticles on the paper fiber surfaces. As the bacteria
absorb the lethal silver or copper ions from the nanoparticles, the bacteria cells are inactivated
and dead bacteria are passed through the “filter” into the effluent.” However, the MNP papers do
act to filter out larger dirt particles and protozoan organisms based on size exclusion, as the
smallest particle retention size of these filters is typically 3 to 10 microns.

Both the AgNP and CuNP paper filters have showed successful reduction of E. coli by
log 9 under ideal laboratory conditions,”®’ but overall bactericidal performance under field
conditions has not previously been presented. The primary objective of this paper is to examine
the effectiveness of bacterial inactivation by papers containing AgNPs or CuNPs for bacteria
from surface water sources in the largely rural province of Limpopo, South Africa. Past research
from this field site has indicated a high risk of coliform bacteria contamination in surface water
sources and an ineffective water supply and distribution system."? Due to the poor reliability of

the municipal water supply system, community members often use surface water, i.e. local
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streams, as their primary source for drinking water; furthermore, recontamination of purified

water often occurs due to lengthy storage times."**

In this study, we examined the antibacterial
performance of AgNP and CuNP paper sheets with two different surface water sources, which
contained differing levels of total coliform and E. coli bacteria. The surface water samples were
passed through the AgNP and CuNP paper sheets in a simple gravity-flow percolation

267 In this work, for the first time, the

experiment, which has been described previously.
bactericidal performance of AgNP and CuNP sheets is evaluated with natural water sources with
substantial bacterial contamination.

Although previous proof-of-concept experiments demonstrated high levels of bacterial
inactivation with these metal nanoparticle papers, the transition from the lab bench to a field trial
is not a trivial step. Many aspects of natural water sources can reduce the effectiveness of water
filters and chemical disinfectants, e.g. turbidity, dissolved organic matter, various ions, etc.
Researchers have demonstrated changes in silver ion release and chemical transformations with
models of silver nanoparticles in harsh environmental exposures, and some chemical species,
such as chlorides and carbonates, enhance the silver ion release, while others such as sulfides,

inhibit the release.'>'®

Typically, the levels of these ions are fairly low in natural water sources;
however, the long-term effectiveness of filters containing silver nanoparticles may be impacted.
Another important consideration for this study is variation of the paper void space, i.e., porosity,
to achieve an acceptable flow rate with highly turbid waters. To evaluate for this, our study used
four different papers with varying thicknesses and porosities. The same filter holder design was

used for all experiments allowing for direct comparison of the flow rates and thus effective

permeabilities of the filter papers.
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This study aims to evaluate the effectiveness of the AgNP and CuNP paper filter
materials with more complex and challenging field-sampled waters relative to previous
laboratory experiments that used well-controlled synthesized dirty water.” Therefore, for
consistency, the filter holder used in previous laboratory research studies was used for filter
paper testing. This study does not aim to evaluate the effectiveness of the filter holder system,
which requires additional design work incorporating human centered design principles and
evaluated through user feedback and more complex user testing. This study represents some of
the early challenges in moving an inexpensive and appropriate technology for providing clean
drinking water for developing countries out of the research laboratory and into the field for

practical use.

Materials and Methods
Materials

Three types of absorbent blotting papers made from bleached softwood kraft pulp (made
by Domtar Inc. and kindly supplied by FP Innovations, Pointe-Claire, QC), high viscosity
cellulose ether pulp, and cotton linter pulp, grade 512 (supplied by GP Cellulose, Memphis, TN)
were used. The sheets are free from sizing agents, fluorescent agents and chemical additives.
The sheets were chosen due to their differences in the type of cellulose, thickness, and basis
weight (grammage), which are reported in Table 1. Silver nitrate (AgNO3), B-D-glucose, copper
sulfate (CuSOy), 30% hydrogen peroxide (H,0,), concentrated nitric acid (HNO3), sodium
hydroxide (NaOH), ascorbic acid, and M-coliblue culture media were purchased from Fisher
Scientific and used as received. For the filter paper preparation and atomic absorption analyses,

ultra pure water (18.2 MQ-cm) treated with a Barnstead Nanopure system was used. For all
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other analyses, water purified by reverse osmosis, UV, and ozonation was obtained from Oasis

Water, South Africa'’ and sterilized in an autoclave at 121°C for 15 minutes prior to use.

Filter Paper Preparation

Filter papers containing either silver nanoparticles (AgNP) or copper nanoparticles
(CuNP) were prepared in the laboratory at the University of Virginia. As previously described,
the AgNP papers were prepared by an in situ reduction of silver nitrate using glucose in an oven
at 70°C.° Similarly, the CuNP papers were prepared by paper saturation with a copper hydroxide
solution followed by an in situ reduction of the copper ions absorbed into fibers using a hot bath
(85°C) of ascorbic acid.’

The metal content of the NP papers was determined via Flame Atomic Absorption
(Perkin Elmer, AAnalyst 200) following an acid digestion of the papers and is reported in Table
1. The acid digestion method is as follows: ~0.05 grams of MNP paper was added to 2 mL
concentrated sulfuric acid (CuNP papers) or 2 mL concentrated nitric acid (AgNP papers) and
heated in a sand bath to between 50°C and 60°C and was followed by the addition of 2 mL 30%
hydrogen peroxide. The metal content is reported for four replicates per sample concentration
with standard error reported.

Paper thickness measurements were completed using a micrometer caliper. Grammage
was reported by the supplier. Filter paper porosities were determined indirectly from the dry
paper volume, calculated from the measured area and thickness, and the density of cellulose
(1.52 g/cm3)18. This method is only approximate, as the apparent thickness measurements using
a caliper can be inaccurate, potentially overestimating the thickness by 10-20% as compared to

the average surface profile of the paper.19 However, these approximations are held constant for
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the various papers in this study, and can provide some insight into how the nanoparticle synthesis
steps and the filtration processes affect the porosity of the papers. That is, the measurement
process errors should be identical between all samples and thus while absolute error is on the

order of 10-20%, relative changes should have minimal errors.

Field Study Setting

In South Africa, 95% of the population is reported to have access to potable drinking
water as of 2012. In the last twenty years, the drinking water quality has greatly improved in
South Africa, with 6.9 million people without access in 1990 declining to 2.6 million people in
2012. Despite major gains in access to potable water in South Africa, 12% of rural residents do
not have reliable access to potable water.”’ Limpopo province, the setting for this field study, is
the most rural province in South Africa (90% of its people live in rural areas), and is one of the
most affected by the lack of access to potable water in South Africa.”! Rates of diarrhea cases
are 1.7 times higher in Limpopo province than the national average.”

Water samples were collected from two streams in the Luvuvhu stream catchment in the
Venda region of Limpopo province, South Africa. Land use in this region is both agricultural
and residential. The first water source was a cement-lined irrigation canal diverted from the
Tshala stream in a rural village, designated as “rural”. Community members use this irrigation

13,14
" The second water source was a wastewater-

canal as a primary source for drinking water.
impacted stream near the University of Venda campus in Thohoyondou, which ultimately flows

into the Nandoni Dam Reservoir, the main municipal source for drinking water in the

Thohoyandou area. This stream was polluted with raw sewage from a nursery school upstream
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of our sample collection poin‘[,18 and is designated as “urban”. The data from the urban water
source is subdivided into “urban high” and “urban medium” due to drop in the coliform bacteria
count in the stream of a factor of about 160 (2.2 log;o) in the middle of the field sampling study.
This drop was due to an abrupt change in the level of raw sewage discharged into the stream.*
Surface water samples were collected twice a week for a period of five weeks in the dry
season of July and August 2013. Water samples were collected aseptically into sterile 532 mL
(18 0z) Whirlpak plastic collection bags and transported on ice to the laboratory at the University
of Venda for water purification tests, which were performed within 2-3 h of collection. Surface
water collection occurred at 11AM and was analyzed between 1PM-2PM. The turbidity of the

surface water and effluent water was determined using a turbidimeter (Hach, 2100A Laboratory

Turbidimeter).

Water purification tests

The AgNP and CuNP papers were evaluated for bactericidal effectiveness by a simple
water filter test, which has previously been reported.” New fresh sheets of AgNP or CuNP
papers were used for each test. Typically, the papers were cut into 6.5 cm by 6.5 cm squares. In
the Microbiology laboratory at the University of Venda, South Africa, the collected surface
water was dripped through the horizontal paper held in a simple plastic filter unit supported by a
plastic grid, i.e. gravity-fed filtration (Figure 2).° About 2-3 liters of water were typically filtered
through each paper, with collected samples diverted into different beakers at discrete intervals,
typically 500, 750, 1000 mL, etc. The influent and permeate water samples at a given filtered
volume were analyzed for the presence of viable total coliform and E. coli bacteria by the

membrane filtration method. Briefly, the water samples were filtered either as an undiluted or
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diluted sample through a 47-mm diameter, 0.45 um pore size cellulose ester membrane in sterile
membrane filter funnels. Following this, the membranes were incubated on M-coliblue media
soaked absorbent pads at 35°C for 24 h, and colonies were counted visually. A total of 250
filtered water samples were evaluated, approximately evenly divided between the rural and urban
water sources. For each paper type, approximately 55-70 filtered water samples were evaluated.
Periodic blank samples testing for contamination due to procedural errors all showed zero
colonies.

During the water purification tests, filtration times were recorded to determine flow rates
and paper permeabilities. In a typical filtration test, the filter head of 9 cm of water was kept
close to constant by continuously adding contaminated water to keep the filter holder full. Filter

paper permeabilities were calculated using Darcy’s equation for a hydrostatic constant head:

k= _QOul (1)
A(pgh)

where £ is the permeability of the filter material, O is the flow rate, 1 and p are the dynamic
viscosity and density of water respectively, L and A4 are the thickness and area of the paper

respectively, g is the local gravitational acceleration, and /4 is the height of the filter head.

Metal release and retention

After filtration through the AgNP or CuNP paper, the permeate water samples were
analyzed for metal content by graphite furnace atomic absorption spectrometry (GF-AA, Perkin
Elmer AAnalyst 200 with HGA 900, Charlottesville, VA). This value was expressed as a
percentage of the total metal mass contained in the papers, as determined by the flame atomic

absorption measurements. The total metal release from each paper type was determined through
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integration of the metal leachate data with respect to the volume filtered. The metal release rate
was found to asymptote to an approximately steady-state value after the first 500 mL of filtered
water and this steady-state value was used to calculate the approximate maximum capacity in
liters of a single sheet of NP-containing paper. Other factors, such as water composition variation
and nanoparticle size, could potentially alter the overall metal release and are not accounted for

with this approximation.

Results

Filter paper characterization

A total of 110 paper filters were evaluated, including 23 thin AgNP, 22 medium AgNP,
28 thick AgNP, 28 CuNP, and 9 untreated papers. Thicknesses, varying from 0.472—1.667 mm,
and porosities, varying from 65-73%, of the AgNP and CuNP paper filters were chosen to
explore the impact of the filter void space on the filtration speed and subsequent retention time
necessary for bacterial inactivation (Table 1). Measured porosities are similar to typical paper
grades (70%), though filter papers typically have higher porosities, as high as 87%.% Porosity
measured in this manner varied by only ~3% (absolute) between samples, significantly less than
the ~10% error of the method. The permeabilities of the filter papers ranged from 7.4x10™* —
9.7x10™"* m?, which falls in the range of fibrous filter media with similar solid volume fractions,
0.27-0.35, (1-porosity)>. Permeability varied by 1-1.5 orders of magnitude despite relatively
small differences in porosity; this is because differences in permeability between paper samples
are due to the geometrical arrangement of cellulose fibers, not their relative amount as would be

typical of granular media. For example, for the AgNP papers, flow rates were fastest for the
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thick AgNP filters. Its higher permeability more than compensated for the increased path length.
Compared to granular filter media, which are typically 60-70% solids, the solid volume fractions
of fibrous materials can vary by a few orders of magnitude from as low as 0.01% to 50%.%
Relative to many fibrous filter media, the papers evaluated in this study have a higher fibrous
concentration, resulting in relatively lower permeabilities. The NP-containing papers have higher
permeabilities relative to the untreated filter papers, indicating an effect from material
processing. The NP synthesis methods require additional rewetting and re-drying processing
steps, and the permeability increase is therefore likely due to hornification: the shrinking of intra-
fiber pores and resulting expansion of the inter-fiber pores that control flow.”® Despite similar
porosities, the AgNP paper filters generally filtered faster and thus had higher effective
permeabilities than the CuNP papers. The lower effective permeability is (by definition) caused
by either physical modifications changing flow paths or residual air blocking flow paths due to
increased capillarity caused by the higher hydrophobicity of CuNP papers.”

The average turbidity level of influent water samples was 8.1 NTUs, with 45% of the
influent samples being less than 5 NTUs, the World Health Organization recommendation for
turbidity in drinking water.' After filtration, the average turbidity level dropped to 4.9 NTUs,
with 65% of the filtered samples being less than 5 NTUs. The rural irrigation canal had lower
influent turbidity levels, an average of 0.73 NTUs, and a reduction of 27% was observed after
filtering. The urban stream had higher influent turbidity, an average of 13.1 NTUs, and a
reduction of 43% was observed after filtering. The average pH values for the water sources was

6.8, where the rural stream’s average pH was 6.3 and the urban stream’s average pH was 7.3.
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Surface Water Purification with AgNP and CulNP papers

The microbiological water quality was improved by passing contaminated surface water
from rural South Africa through silver or copper nanoparticle papers: 90% of AgNP paper filtrate
samples were under 10 E. coli per 100 mL, and 72% of AgNP paper filtrate samples were under
10 total coliform per 100 mL (Table 3; Figures 3 and 4). Eighty-four percent (84%) of CuNP
paper filtrate samples were under 10 E. coli per 100 mL, and 64% of filtrate samples were under
10 total coliform per 100 mL (Table 3; Figures 3 and 4). In Figures 3(a,c) and 4(a,c), the
cumulative frequency of the bacteria counts of water pre- and post-filtration to show all the data
from these studies were plotted on a log; scale. From these figures, it is clearly evident that
filtered water samples have much lower levels of bacteria than influent water samples. To
further support these cumulative frequency plots, more standard logarithmic reduction values for
each of the different paper filters tested was reported (Figures 3 (b,d) and 4 (b,d)).

A summary of the microbiological water quality data for untreated surface water and
AgNP and CuNP paper effluent samples including mean total coliform and E. coli bacteria is
presented in Table 2. Control experiments performed by filtering the surface water through
untreated thin and thick papers indicated that paper alone does not eliminate bacteria from
contaminated water: bacteria passing through the untreated paper filters were still viable, with
counts ranging from 28,000 to 640,000 CFU per 100 mL for the urban stream and 2 to 60 CFU
per 100 mL for the rural irrigation canal (Table 2). These bacterial counts are somewhat lower
than the untreated surface water, indicating that some bacteria were retained in the filter,

demonstrating physical filtration removal.
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All of the AgNP and CuNP paper filters greatly reduced total coliform and E. coli as
compared to the untreated influent water, as nearly all of the total coliform and E. coli bacteria
were eliminated for the rural and urban medium samples (Table 3). The urban high influent had
the highest initial mean bacteria count, 800,000 CFU/100mL, and had a mean log;, reduction
value (LRV) of 4.6 for total coliform bacteria after passing through the NP papers (Figure 4b).
The urban medium water had LRVs of 3.2 for total coliform bacteria (Figure 4b). Both total
coliform and E. coli bacteria showed similar reductions in viable bacteria count (Figure 4d). No
statistical differences in microbiological reduction were observed between the MNP paper filters.
In Figures 3 and 4, the order of magnitude between the influent and filtered bacteria counts is a
graphical representation of the bacterial log;o reduction due to the bacterial inactivation from the
AgNP and CuNP papers. In addition to presenting the complete dataset rather than just the more
typical summary statistics, the graphical presentation of bacterial reduction also enables the
presentation of several features common in water treatment of field samples: (1) log;o reduction
of water samples is limited to- and is typically proportional to- influent bacterial concentrations;
(2) the majority of samples are below or near a meaningful limit of quantification, i.e. the
difference between CFU counts of 0—10 or even slightly higher are not substantively meaningful;
and (3) summary statistics such as the mean or log;o reduction blend a handful of larger bacterial
counts with many negative or near-negative samples (CFU<10), and thus hide the salient results:

that most samples were cleaned while a handful were not.
Metal release and retention

Due to possible human health effects from silver or copper exposure,”’* we analyzed the

silver and copper contents of the permeate water. Figures 5a and 5b show that the general trends
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of silver and copper release are initially high values that drop to nearly steady state values after
the first 1 L of water filtered. No significant variation is detectable between the different water
sources or paper types. From all AgNP paper types tested, the average silver content in the
permeate water was 55.59 (£ 31.76) ppb, as measured by graphite furnace atomic absorption,
which measures total silver content including both silver ions and nanoparticles. The average
amount of silver leaching from the filter papers thus meets the US-EPA guideline for drinking
water of less than 100 ppb (Figure 5a).’ The average copper content in the permeate water from
the rural surface water was 562 (+ 100) ppb, which meets the US-EPA guideline for drinking
water of less than 1000 ppb.** Problematically, the average copper in the permeate from the
urban surface water was over the limit with an average of 1,497 (+ 242) ppb. However all of the
excessive copper release occurred over the initial 0.5 L of stream water filtered, after which
copper levels were consistently less than the 1000 ppb limit (Figure 5b).

The papers’ antimicrobial functionality requires MNP release, thus below some level the
papers will cease to perform satisfactorily. The theoretical filter paper lifetime can therefore be
estimated from the metal leaching rate. For the purposes of a preliminary estimate, we assume

the antibacterial activity of paper filters declines at around 50% of the metal ma

M. = M+ MV )

The metal leaching rate is calculated from Equation 2:where M., is the total metal released (ng);
M; is the initially-elevated metal release (ug) (Table 4, column 3), determined by integration of
the curve in Figure 5 from 0.1 to 0.5 L of water filtered; M is the steady state metal release per
volume filtered (pg/L), determined from the slope of the line for filtration volumes 20.5L; and V
is the volume of water filtered (L). The initial metal release is small relative to the total metal

content, on the order of 1%; thus, the steady metal release per volume filtered determines the
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theoretical paper lifetime. The AgNP and CuNP papers released 0.4—0.9% and 0.3—0.6% of their
initial metal content per liter respectively (Table 4). Based on the silver and copper release rates,
the estimated capacity of the AgNP and CuNP filter papers are 50-130 and 80-180 liters

respectively. Recall, these filter squares contain only milligrams of silver or copper and are only

6.5 cm on a side (Figure 1).

Discussion

Here we describe a simple POU filter paper to purify drinking water that is not dependent
upon energy and is simple to use. The filter papers require only a plastic support and a vessel to
collect the filtered water. This is the first field trial of such a filter paper, and our results show
that these AgNP and CuNP papers are highly effective at reducing bacterial contamination from
filtering natural water sources. This work represents a first step from a laboratory demonstration
to a potential new alternative purifier for providing clean drinking water in developing-world
communities.

The stream water sources used are typical of those found in other parts of Africa and
other developing regions. In these sets of experiments, we observed significant variations in
microbial concentrations in the stream water sources, ranging from the tens to millions
CFU/100mL. Other researchers have previously reported total coliform values to be an average
of 938 CFUs/100 mL for rural stream water sources in the same general area of the rural

R 13,30
irrigation canal. >

In the larger geographic area of the Venda region of Limpopo province in
South Africa, where both the urban and rural surface water sources are located, studies have

reported total coliform and fecal coliform bacteria levels to be 600 — 3.7 x 10* CFU/100 mL and

18 — 6.3 x 10* CFU/100 mL, respectively.’' The bacteria levels we report in this article are
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comparable with the exception of the “urban high” samples, and are representative of this region
of South Africa and can be generalized to other similar settings in the developing world.

In comparison to typical stress tests in laboratories to evaluate antibacterial filtration
capabilities, these natural water sources tended to have lower levels of bacteria. For laboratory
testing of novel antibacterial water filters, bacterial concentrations are typically cultured to be
10° CFU/mL or higher, chosen to be represent worst-case levels of coliform bacteria in highly
polluted stream waters.”> Our previous laboratory research demonstrated the thin AgNP papers
showed 100% inactivation of ~10° lab-cultured E. coli bacteria per mL (LRV=8.7).° Due to
these natural water sources having lower concentrations of coliform bacteria (the highest E. coli
count was 1.8x10° CFU/100 mL), and with such high antibacterial effectiveness in laboratory
experiments, one would expect these filter papers to show complete inactivation of E. coli
bacteria in all samples. In this field study, the same thin AgNP papers from the previous
laboratory study showed high levels of E. coli inactivation, 99.994%, for natural waters with an
average of 3.8x10° E. coli per 100 mL (LRV=5.1), representing data for the "urban high”.
While these are still high levels of antibacterial inactivation, it suggests than some complications
may arise with the increased variability of the source water. For example, laboratory studies of
antibacterial agents generally limit the number of variables to the influent bacteria concentration,
species of microbe, disinfection concentration, filtration time, and specific dissolved salts (i.e.
phosphate buffers to maintain osmotic pressure). This performance trend is not unique to these
filter papers; typically, all point-of-use water purifiers, including ceramic water filters, biosand
filtration, solar disinfection, free chlorine, and coagulation/chlorination, fail to perform to their

maximum performance in field settings.”> Some of the environmental challenges that arise from
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the complexity of local stream water sources include variability in microbial levels and species,
temperature, pH, dissolved solids, organic matter, and turbidity.

In this field study, the specific water chemistry was not analyzed, but certain dissolved
solids and types of organic matter may impact the bactericidal effectiveness of the AgNP and
CuNP papers. For the rural irrigation canal, based on the very low values of influent bacteria,
turbidity, and metal release in the effluent water (Tables 2 and 4 and Figure 5), it can be assumed
that other contaminants such as dissolved solids and organic matter have a minimal impact.
However, the urban stream had higher variability of influent bacteria, turbidity, and metal
release, which is likely due to chemical contaminants in the highly-polluted water. For the urban
stream, the total coliform bacteria concentration ranged from 7,300 to 1,000,000 CFU/100mL
(Table 2), which falls in the bacterial concentration range of “weak” sewage water.** Based on
this estimation, we can assume that the other water pollutants are comparable to what is reported
for “weak” sewage water. Potentially interfering chemicals found in sewage water include
divalent cations, humic acids, and sulfide containing compounds such as proteinaceous materials.
These chemical pollutants could reduce the bactericidal effectiveness of silver or copper by
binding to or complexing with the metal ions, which limits bacterial absorption of the given
metal ion. For example, the high levels of copper release with urban water samples could be due
copper chelation with various compounds present in sewage water.>> However, it is not clear to
what degree these added substances could affect the bactericidal effectiveness of the AgNP and
CuNP papers; e.g., it has recently been shown that typical dissolved solids and organic matter did
not have an impact on the bactericidal effectiveness of a silver nanoparticle ceramic disc filter.*®
In our previous laboratory research, various contaminant proxies, including proteins, salts, and

natural organic matter, were spiked into the influent water along with high levels of E. coli, and
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showed a reduced effectiveness of the AgNP paper in bacteria elimination with high levels of
proteinaceous contaminants.® However, the effectiveness of bacteria elimination by the AgNP
paper was not affected by fulvic acid (a type of natural organic material) or dissolved salts
(NaCl). Although the present study did not evaluate the influent water for chemical
contaminants, it is possible the modest decline in bacterial reduction in the urban stream (Figure
4) is due to high levels of proteinaceous material dissolved in the stream. The pollution of
natural streams with untreated sewage increases not only coliform bacteria, but also dissolved
organic materials, of which about half are proteins.”* To ensure eminant long-term effectiveness
of these MNP filter papers, a pre-filteration step to remove proteinaceous material may be
necessary, such as a coagulation or settling step.

This study shows that the vast majority of non-sewage samples have CFU<10 or slightly
higher, indicating successful treatment, while a handful of samples had significant bacterial
reductions but were not entirely successful. This indicates that NP papers can achieve complete
bacterial inactivation, but the laboratory filter holder design needs improvement. By comparison,
the weak sewage samples (despite much higher LRVs) were not completely treated, and the
effluent remained weakly contaminated though bacterial counts of 10-200 are still a vast
improvement over 10°-10°. This indicates the need for a filter design that incorporates a pre-
filter to remove confounding organic or inorganic materials and may point to the need for serial
NP paper filtration for extremely dirty waters, i.e. a filter design that allows for stacking multiple
papers. Future research must focus on the engineering and applied development necessary to
move from a prototype to a practical implementation, with a particular emphasis on determining
and avoiding failure modes whether due to the filter papers or the filter holder.

The levels of silver and copper released into the filtered effluent water were below the
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World Health Organization’s recommendations for the majority of samples, including all
samples taken after the initial 0.5 L. Ill health effects are rare from exposure to silver or copper
ions, and if health effects are observed, they result from very high levels during occupational
exposures. The analysis method for determining silver or copper concentration in the filtrate
effluent does not distinguish between dissolved ionic metals or nano-sized metal particles, and
the ratio of released nanomaterials to ionic silver or copper from these filters has not been
specifically evaluated. Other researchers have examined the release of silver nanoparticles from
silver containing textiles (some nano-silver, others silver salts or zeolites) into laundry washing
liquids, where most fabrics showed less than 5% of the silver released was in nano-form (1-100
nm). Additionally, nano-silver textiles showed lower total silver releases than AgCl or Ag-
zeolite fabrics and less than 1% of the silver released was in the nano-form.”” If these AgNP-
containing filter papers have similar release behavior, then the overall risk of exposure to people

from drinking water purified with silver nanoparticles is very low.

t.= -l (3)
‘ AL k (pgh)
0

An additional requirement for a practical point of use water filter is a sufficiently high
flow rate of purified water to appeal to the end user. In the case of a filter paper containing a
chemical biocidal such as silver or copper NPs, the filtration flow rate must allow for sufficient
contact time between influent bacteria and the metal ions. In this study, using a constant filter
head height of 9 cm, filtration flow rates varied from 1 to 4 L/hr, depending upon the
permeability of the papers (Table 3). Filtration flow rates may need to be limited by the contact

time required for silver uptake by direct contact with the bacterial cells.
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The contact time, ¢, for Darcy flow (Equation 1) through a filter paper perpendicular to the flow
is the inverse of volumetric flow rate O [m?/s] through the area A4 [m?] of a paper of thickness L
[m], i.e.:Table 1 shows the measured average times to filter 1 liter of water for the four MNP
papers in this study. Filtration flow rate and thus the time to filter 1 L are proportional to filter
head and area as well as paper permeability and thickness (Equation 3). Thus, while the filter
holder design or choice of paper can be modified to improve flow rates, antimicrobial
effectiveness of the filter papers at shorter contact times must be verified in further studies.
Furthermore, the relationship between filtration time, MNP-microbial contact time, and
microbial death, needs to be further explored in future research.

Filter failure or equivalently a lack of acceptance and usage may ultimately be due to
slow filtration flow rates, e.g. due to sediment clogging. In this field study, the turbidity levels
were typical for streams, and did not detectably change filtration speeds. However, higher
turbidity levels would be expected to slow filtration rates and interfere with the release of metal
ions and thus the disinfection process. Potential filter failure from turbidity is the same as with
other filters — some level of suspended sediments will lead to filter clogging, i.e. a decrease in
the effective permeability of the filter. This failure mechanism is complicated by the paper-
based filter media, which will undergo hornification processes due to wetting and drying cycles
during repeated use. Paper hornification will provide some small increase in permeability,”*’, as
seen in Table 1, where the untreated papers showed slower filtration times than their modified
nanoparticle embedded paper, and possibly, hornification effects might be able to offset low
levels of turbidity-induced clogging. However, the more significant effect will be that ever-larger
diameter clay particles will be able to pass through the filter paper with repeated use. While clay

is not pleasant to drink per se, in such a scenario it is already present in the water and filtering
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out pathogens without removing the clays is still a marked improvement. On the other hand, the
filter papers have also been selected to achieve physical filtration of larger pathogenic protozoa
such as Cryptosporidium, as well as species transported on clay particles such as cholera, which
must still occur post-hornification. Future efforts on filter design and paper selection need to
identify the optimal choice of paper, including pore size, to achieve acceptable flow rates and
resilience to turbidity for both fresh papers as well as used papers that have undergone
hornification. Other potential failure mechanisms include decreased tensile strength of paper due
to hornification or paper damage as well as the exhaustion of MNPs.

This study was intended as a proof-of-concept study for natural water sources and
necessarily has several important limitations. First, only 2-3 liters of water was filtered through
each filter paper; greater volumes must be tested to determination longevity and filter failure
modes. Typically, POU water filters are used to purify thousands of liters of water before filter
replacements.*” However, if ongoing efforts to develop a cost-effective and reliable paper-based
microbial live/dead test prove successful*', the technology could be incorporated in the MNP
filter papers, providing users an indicator of when to swap out filter papers. Another limitation
is the lack of an evaluation of user preferences for the filter papers and a field-practical filter
design, which will need to be addressed in future work.

Finally, development testing must determine failure modes to determine filter longevity.
A single sheet of a silver or copper nanoparticle paper with a 42.25 cm’ cross-sectional area has
been projected to produce tens to hundreds of liters of clean water before the metal content of the
sheet has been exhausted. These projections are solely determined from the mass balance of
metal ion release with respect to the volume of water filtered for relatively small volumes of

water. These calculated filter capacities are meant to illustrate a potential filter capacity in order
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to design future experiments to elucidate the actual capacity. Various detrimental factors that are
not taken into account include: chemical changes to the nanoparticles altering metal ion release
rate, nanoparticle aggregation, insufficient antimicrobial activity of nanoparticles below some
threshold concentration, and various other functional complications associated with field use.
Based on MNP release calculations of filter paper capacities, if an individual drank 3 liters of
water per day, these filters have the potential to last for about a month, while a family would
need to replace the filter paper every few days. The filter capacity for household usage will
depend upon the final filter design which could be selected to minimize up-front cost or to
maximize filter capacity, e.g. by including multiple sheets of MNP paper in series or choosing
larger filter paper cross-sectional areas.

These silver and copper nanoparticle papers present yet another option in the crowded
point-of-use water purification field. The primary advantage of these papers may be due to their
affordability - the material costs of each sheet is only a few pennies to produce at lab scale. At
an industrial scale, filter paper media cost 0.22—0.37 USD/m*.* The addition of MNPs are
expected to increase the cost <20% because silver concentrations are 0.1-1% of the mass of the
AgNP papers, while copper is added at 5-10% by mass but copper costs significantly less than
silver. The processing required for the addition of the MNPs is in both cases similar to existing
processes: application of an aqueous solution, rinsing, and drying. The driver of the cost of either
the AgNP or CuNP paper filters is thus the paper filter itself, with a small increase for the MNP
raw materials and treatment. Typically, the initial upfront costs for POU devices are high relative
to local incomes, e.g. ceramic water filters are ~$15-30 USD* and the Life Straw is ~$20
USD.* The life-spans of both ceramic water filters and the Life Straw are much longer than

these filter papers, and as a result, the projected overall costs per unit of water processed are
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likely to be more similar than the upfront initial costs. However, the fact still remains that the
relatively high upfront cost of one of these other filters is too expensive for many people who do
not have access to clean drinking water. For example, other researchers are exploring ways to
reduce this initial costs for existing filters, by evaluating a pilot project in Kenya where ceramic
water filters are being purchased on an installment plan through mobile technology™. Other
advantages of a disposable paper filter include: ease of distribution and portability, lower
potential for biofilm growth on the filter media, and, unlike similarly cheap and transportable
chlorine, treated water has no off-taste. The main drawback to using a paper filter is the limited
lifespan, which would require frequent filter replacement compared to many other types of filters

and therefore a reliable supply chain.

Conclusions

Metal nanoparticle-containing filter papers have been demonstrated to purify drinking
water from stream water sources in South Africa, the first time these papers have been
demonstrated in a field setting. The silver and copper nanoparticle filter papers studied show
great promise as a new point-of-use water purification option for resource-limited countries and
other places where drinking water becomes contaminated. The microbial contamination of water,
turbidity, and other pollutants from the natural water sources studied are representative of many
similar settings in the developing world. This work was limited to analysis of filter paper
performance, and not the filter holder design. Future work will need to include evaluation of
MNP paper performance over a greater quantity of water, optimization of paper characteristics
with respect to filtration flow rates and antimicrobial effectiveness, and most importantly, the

design of a practical and user-friendly filter holder. Future studies will also need to address the
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practical challenges of implementing this technology in rural households and emergency/disaster

relief settings.
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Tables and Figures

Table 1. Paper characterization and filter properties.

Metal Filtration
content  Paper tim‘:‘ Liters
Paper Metal in paper Thickness Grammage* Porosity Permeability for 1 liter per
Label Type (mg/g) (mm) (9/m?) (%) (m?) (min)** hour
Thin - - 0.472 250 65% 1.5E-14 270 0.2
Thick - - 1.462 732 67% 3.5E-13 36 1.7
Thin Ag 3.21 0.473 250 65% 7.4E-14 55 1.1
Thin Cu 64.9 0.625 250 73% 2.0E-13 27 2.2
Medium Ag 1.39 1.139 569.5 67% 4.5E-13 22 2.8
Thick Ag 1.89 1.667 732 71% 9.7E-13 15 41

* As indicated by the supplier.

**Filtration times are for 1 L of water passing through a 4.7 cm x 4.7 cm filter paper with the indicated
thickness. Filter head height was 9 cm.
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TABLE 2 - Microbiological Water Quality data, mean (95% CI*)

Urban stream - High Urban stream - Moderate = Rural Irrigation Canal
Total Coliform (CFU/100mL)
Untreated water 800,000 (500,000 - 11,000 (7,300 - 15,000) 250 (195-300)
1,000,000)
Control Paper Thin 110,000 (50,000-175,000) — 18 (0-46)
Control Paper Thick 640,000 — 60 (50-70)
CuNP Thin 40 (0-80) 18 (6-26) 7 (3-11)
AgNP Thin 100 (10-200) 14 (4-22) 1 (0-3)
AgNP Med 155 (40-260) 20 (4-24) 1(0-2)
AgNP Thick 110 (0-260) 14 (5-24) 2 (0-3)
E. coli (CFU/100mL)
Untreated water 375,000 (85,000 - 5,000 (100 - 10,000) 13 (8-16)
665,000)
Control Paper Thin 28,000 (2,400 - 53,000) — 2 (0-2)
Control Paper Thick 310,000%* — 5(1-8)
CuNP Thin 70 (0-140) 6 (0-9) 0
AgNP Thin 8 (0-20) 4 (0-8) 0
AgNP Med 70 (15-120) 4 (0-7) 0
AgNP Thick 60 (0-130) 4 (0-9) 0

* 95% confidence intervals

** Only one sample evaluated.
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Table 3. Measured levels of total coliform and E. coli (CFU/100mL) in filtered effluent

Environmental Science: Water Research & Technology

Number and percentage of ALL samples by bacteria concentration of filtered water

11-100 101-1000 Total

Filter Paper 0 CFU/100 mL 1-10 CFU/100 mL  CFU/100 mL CFU/100 mL samples

Total Coliform
AgNP Thin 31 51% 12 20% 17 28% 1 2% 61
AgNP Med 27 48% 11 20% 13 23% 5 9% 56
AgNP Thick 36 51% 18 26% 14 20% 2 3% 70
CuNP Thin 22 34% 19 30% 22 34% 1 2% 64
TOTAL 116 46% 60 24% 66 26% 9 4% 251

E. coli
AgNP Thin 51 85% 6 10% 3 5% 0 0% 60
AgNP Med 39 71% 9 16% 5 9% 3 5% 55
AgNP Thick 57 81% 6 9% 3 4% 1 1% 70
CuNP Thin 46 73% 7 11% 7 1% 2 3% 63
TOTAL 193 78% 28 11% 18 7% 6 2% 248

3of 12
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Table 4. Metal release into effluent and estimated filter capacity

Metal release Percent
Initial Metal per volume Estimated metal loss
Paper Source release,* (ug) filtered* (ug/L) capacity (L) per L
AgNP Thin Urban 7 30 70 0.7%
Rural 20 33 63 0.8%
AgNP Medium  Urban 13 35 56 0.9%
Rural 33 31 63 0.8%
AgNP Thick Urban 7 34 97 0.5%
Rural 35 26 127 0.4%
CuNP Thin Urban 1,116 488 80 0.6%
Rural 235 222 176 0.3%

*The First 0.5 L filtered through the MNP papers

** Slope of the graph for x > 0.5 L.

Estimated capacity assumes each sheet to contain the metal content listed in the paper details table.
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Figure 1. Blotter papers (a) untreated, (b) with silver nanoparticles, and (c) with copper nanopar-

ticles. Note the scale: each paper is 6.5 cm by 6.5 cm and the filter cross section is 4.7cm by 4.7

cm.
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Figure 2. Filter unit with cross-sectional area (22.1 cm?) and head height (9 cm).
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paper filtrate, and AgNP thin paper filtrate from water sources in Limpopo, South Africa. Loga-

rithmic reduction values are shown for total coliform bacteria in (b) and E. coli in (d).
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Figure 4. Cumulative frequency of total coliform counts (a) and E. coli counts (c) for the urban
stream influent water (unfiltered), CuNP paper filtrate, AgNP thick paper filtrate, AgNP medium
paper filtrate, and AgNP thin paper filtrate from water sources in Limpopo, South Africa. Loga-

rithmic reduction values are shown for total coliform bacteria in (b) and E. coli in (d).
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Figure 5. (a) Silver release from AgNP papers and (b) copper release from CuNP papers with
respect to volume of water filtered for the two water sources.
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