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Summary

This paper briefly reviews the production and use of ceramic water filters (CWF) as an
appropriate technology for point-of-use (POU) household water treatment. The efficacy
of CWFs is traditionally quantified through removal efficiency (i.e. log-reduction) of
pathogenic or indicator bacteria. However, depending on specific production factors
(source clay material, kiln firing temperature, input water source) CWFs may also
produce water contaminated with arsenic, fluoride, or other inorganic contaminants.
The policy questions that arise concern how to properly regulate and manage total
water quality in a household POU water treatment context inclusive of both pathogens
and inorganic contaminants. This policy brief reviews the often-overlooked inorganic
contaminant water quality issue by focusing on the mechanism that leads to arsenic
leaching from CWFs. Estimates of total arsenic burden are provided, and
recommendations for assessing and mitigating arsenic leaching from existing CWF
manufacturing facilities are developed. Finally, the policy brief provides
recommendations for how to predict arsenic leaching prior to siting and construction of
new CWF manufacturing facilities and advocates that inorganic contaminant leaching
should be included in assessing the overall efficacy of CWFs in providing safe drinking
water.

Abstract

The ceramic production process involves mineralogical changes to arsenic (As) and iron
(Fe) induced by firing typically at temperatures of 800-900 °C. Ceramic firing at 800-900
°C causes mineralogical changes to arsenic (As) and iron (Fe) that increase As leaching
from CWF material compared to source clay. We present wet chemical extraction data
combined with X-ray diffraction and X-ray absorption spectroscopy to show that firing
converts As primarily associated with Fe-oxides to ~30% As in a phase similar to arsenate
evaporite minerals. The higher solubility of evaporite As phases combined with increased
As-Fe bond distance and Fe incorporation into the ceramic matrix are each consistent
with the observed increase in As leaching. Improved understanding of molecular-scale
processes governing increased As leaching from CWFs provides a basis for assessing
arsenic leaching potential prior to CWF factory capital investment as well as engineered
solutions (e.g. modified firing temperature, material amendments, enhanced leaching
prior to distribution) to mitigate As exposure from CWFs.



Introduction

Point of use (POU) water filtration is an essential step in removing pathogens from
drinking water in regions with poor source water quality or where water quantity
limitations require storage under aseptic conditions!. An effective POU option is the
ceramic water filter (CWF), which can be produced using locally available clay, water,
andburnoutmaterial (e.g. rice husk, saw dust)?2. Unlike typical ceramic materials, CWFs
are designed to be porous. This is achieved by controlling the ratio of burnout material,
where more saw dust or rice husk creates additional pore spaces in the ceramic.
Pathogens areremoved fromwater whenthe pore sizeis small enough that wateris able
to pass through the pores but bacteria are not. However, pore size must be optimized
sothatflowrates are high enoughto be practical useful while pores remain small enough
to effectively filter out pathogens. Silver has antimicrobial properties and is often added
to CWFs to provide an additional layer of safety. CWFs are typically integrated into a
safe water storage container to avoid recontamination between filtration and
consumption (Figure 1).
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Figure 1. Conceptual representation of a ceramic water filter integrated into a safe
storage container. Image courtesy of Potters for Peace (pottersforpeace.org).

Previous studies of CWF performance have indicated up to 4-log (99.99%) reduction in
bacteria and 2-log (99%) reduction in viruses*which, combined with low production cost,
widespread availability of source materials, and ease of operation, have made CWFs an
attractive POU water treatment option globally (Figure 2). In Cambodia two known
factories currently produce and distribute a combined 5000-6000 CWFs per month.



However, it is increasingly recognized that CWF materials have the potential to leach
arsenic (As) especially during the initial stages of use®’ leading to a tradeoff in
biologically and chemically safe water.

Figure 2. Highlighted countries have at least one ceramic water filter (CWF) production
facility that is either currently operating or operated in the past. Data were compiled
from peer-reviewed literature, the Potters for Peace CWEF filter production facility
database (https://pottersforpeace.org/?page_id=360), and personal communication
with filter factories. This list is likely not exhaustive.

Arsenic is toxic and causes systemic adverse health effects when consumed above
recommended health guidelines®® including increased rate of cancers'®*3, cardiovascular
disease'4, and susceptibility to infectious disease*®. In addition, As exposure is correlated
with increased incidence of type 2 diabetes!®. The World Health Organization
recommended limit for safe drinking water is 10 parts per billion (ppb), although some
countries including Cambodia continue to use an older standard of 50 ppb for regulatory
purposes. Despite official guideline values there is no safe level of As consumption.
Because of the potent toxicity of As, it is imperative to understand the mechanisms
leading to As leaching from CWFs so that human exposure to As can be minimized.
Improved mechanistic understanding of As release provides a pathway for developing
both screening protocols to avoid siting production facilities near source clays prone to
significant As leaching as well as developing engineered solutions to mitigate As
exposure from CWFs at existing facilities.



In this study we documented As leaching from CWFs and compared iron (Fe) and As
solubilization and chemistry from unfired source clay and fired CWF material from a CWF
production facility in Kandal Province, Cambodia. Using a combination of wet chemical
extractions and X-ray techniques, we identified changes in Fe and As mineralogy and
chemical binding before and after firing. Understanding of chemical mechanisms
responsible for As leaching provides a framework for how to avoid clay sources with the
potential to create As-producing ceramic and how to modify existing CWF production
processes to reduce human exposure to As from CWFs.

Materials and Methods

Source clay and CWF sample collection

Samples of source clay and CWF were taken from the production facility at Resource
Development International (RDI) in Kandal Province, Cambodia. The clay sample was
collected prior to mixing with water and rice husk?, and the CWF sample was collected
immediately following firing, prior to flowrate testing. The entire CWF (~4.3 kg) was
crushed and homogenized prior to further analyses.

Water and Acid Extraction

Water extractable As was determined from clay and CWF suspended in deionized
water at a solids concentration of ~10 g/L. Suspensions were agitated on a shaker table
operating at 120 rpm. Aqueous samples were removed and filtered (0.22 micron) after
1 hour (typical for water residence time in an operational filter) and 37 days prior to
determination of aqueous As and Fe concentrations using inductively coupled plasma
optical emission spectroscopy (ICP-OES). Water extractions were performed in
triplicate. Hydrochloric acid (HCI) extractable As and Fe was determined by mixing 1 g
of sample with 30 mL of 2 N HCI (trace metal grade). Suspensions were shaken for 23
hours on a shaker table at 120 rpm and then filtered (0.22 micron) prior to analysis
using ICP-OES. HCI extractions were performed in triplicate.

Solid phase characterization

X-ray Fluorescence

Bulk elemental concentrations of solid samples were determined using a Spectro Xepos
energy dispersive X-ray Fluorescence (ED-XRF) spectrometer with a 50 watt X-ray tube
operating at 60 kV. Approximately five grams of each sample was ground with an agate
mortar and pestle and placed in a plastic cup fitted with Prolene polypropylene film
(Chemplex). Reported concentrations and errors result from analysis of five distinct
locations on each sample.



X-ray diffraction

Samples were finely ground with an agate mortar and pestle and then mounted as a
randomly oriented powder on an aluminum holder. Data were collected between 2-60°
20 with a 0.01° step size and dwell time of 4 s using a Siemens D500 XRD with a Cu Ka
X-ray source operating at 40 kV. Alignment was calibrated using a quartz slide, and
guartz in the samples was used as an internal calibration check. Background removal was
performed using JADE software (MDI). Peak positions and intensities were assigned
using reference diffraction data from the Joint Committee on Powder Diffraction
Standards mineral database.

X-ray absorption spectroscopy data collection

X-ray absorption spectroscopy data were collected at the Stanford Synchrotron
Radiation Lightsource (SSRL). Arsenic data were collected on Beamline 9-3 in a He
cryostat environment at 15K, and fluorescence signal was measured using a 30-element
Ge detector (Canberra). Energy selection was achieved using a Si(220) double
monochromator and calibrated to the white line position of sodium arsenate set at 11875
eV. Samples were scanned from 11635 to 11835 eV in 5 eV steps, from 11835 to 11900
in 0.35 eV steps, and to k = 15 A+ in 0.05 A+ steps.

Iron K-edge data were collected on Beamline 4-1 in liquid N. cryostat (77K) and
fluorescence signal was measured using a PIPS detector. Energy was selected using a
Si(220) double monochromator and in-line calibration was achieved using an Fe foil and
setting the inflection point to 7112 eV. Samples were scanned from 6800 to 7090 eV in
5 eV steps, from 7090 to 7142 eV in 0.25 eV steps, and to k = 13 A+ in 0.05 A+ steps.

XAS data analysis
Arsenic XAS analysis

The X-ray absorption near edge structure (XANES) portion of As K-edge data was
analyzed using a linear combination fit (LCF) approach to determine dominant As
oxidation state in each sample. Data reduction and analysis for LCF fitting were
performed in Athena'’. Replicate scans were merged and linear and cubic functions were
fit to the pre- and post-edge regions of the spectrum, respectively. The edge jump was
then normalized to one. Reference standards of arsenite [As(lll)] and arsenate [As(V)]
adsorbed on ferrihydrite were used as standards, and data were fit between 11,842-
11,892 eV. The inclusion of additional standards did not improve LCF fits of the XANES
region. Arsenic extended X-ray absorption fine structure (EXAFS) data were also



analyzed using LCF with As(V)- and As(lll)-ferrihydrite, sodium arsenate, and arsenian
pyrite as reference standards. Fits were performed on k>-weighted data over the range
of 3-12 A+,

Multi-shell fitting of As EXAFS spectra was performed using FEFF 6 and IFEFFIT
implemented in the Demeter software package.'’ The CWF spectrum was fit over a k
range of 5-12.5 A+ to minimize contributions from multiple scattering within the AsO.
tetrahedron, while the source clay was fit over the k range of 4-12.5 A+. The lower limit
of this range was chosen to exclude contributions from As-O-O-As multiple scattering
paths in the Fourier transform. The data was Fourier transformed using a Hanning
window function. Least-squares, shell-by-shell fitting of the k=-weighted spectra were
then calculated over the R range of 1-4 A. Theoretical phase-shift and amplitude
parameters were then calculated using Artemis as an interface to the ab initio FEFF 6
code!®, Scattering paths were generated using Na,AsO, *7H.O°, nontronite?®, and
Yurmarinite??2 as initial input structures. Scattering paths describing the As-O
contributions from the As' tetrahedron for both samples were obtained from Na.AsO.
*7H.0. The Fe single scattering paths describing the second shell of the CWF spectrum
and Fe and Si in the second shell of the source clay spectrum were constrained by
assigning S2=1, and the coordination number of each scattering species was also fixed.
Parameters describing E,, AR and o2 were allowed to vary with the fit.

Iron XAS analysis

The XANES region of Fe XAS spectra was analyzed qualitatively by comparing the pre-
edge peak intensity of clay and ceramic samples at ~7114 eV.

Multi-shellfitting of the Fe EXAFS was performed similarly tothe As EXAFS analysis. For
the clay, 6-line ferrinydrite®> was used as an initial input structure. The coordination
number was fixed over the course of the fits, as were the o2 values for scattering atoms
in the 2~ shell. Fitting was performed in R-space from 1.2-3.7 A, and in K-space from 3.5-
12 A+. For the CWF, magnetite?* and hematite?® were used as input structures to provide
both octahedral and tetrahedral initial paths. Coordination numbers were fixed at the
values generated by FEFF, and the amplitude-reduction factor for Fe scatterers in the 2
shell was fixed at 0.8. All other parameters were allowed to vary freely.

Results and Discussion

Mineralogy and chemical composition



X-ray diffraction patterns of the source clay and CWF material show that firing induces
changes in source clay mineralogy typical of vitrification and conversion to ceramic
material (Figure 3).2° Low-angle peaks (<20° 20, large d-spacing) in the source clay are
indicative of layer silicates including illite, kaolinite, and phyllosilicates. After firing at 866
°C low angle peaks are not present in the CWF material due to dehydroxylation of
kaolinite at ~450 °C and illite decomposition which begins at 800-850 °C%*?2’, Peaks
indicative of quartz are present in both samples, but the intensity of quartz peaks is
higher in the source clay than in the CWF. a-quartz begins to transition to B-quartz at
~750 °C?. Some layer silicates such as muscovite have overlapping peak positions with
guartz and the presence and transformation of these phases during firing may also lead
to changes in peak intensity.
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Figure 3. Powder X-ray diffraction patterns of source clay (red) and CWF (black). The y-
axis is scaled so that the main quartz peak is cut off in each pattern for clarity. The
normalized intensity of the quartz peaks is lower after firing, and low-angle peaks are
present only in the source clay.

Elemental abundance was similar between source clay and CWF based on XRF
measurements. Arsenic content was 14 and 16 ppm for clay and CWF, respectively, and
Fe content was 4.4% and 5%. Loss of structural water during firing may have
concentrated elements other than oxygen.



Water and HCI Extractions

Firing increases water soluble arsenic by a factor of 41 compared to the source clay, but
no significant Fe is water soluble in either sample (Figure 4). Similarly, HCl-extractable
As is 18 times higher in CWF than source clay but HCl-extractable Fe exhibits the
opposite result, where HCl-extractable Fe from source clay is 8 times higher than from
CWEF (Figure 4). Both conversion of less stable Fe oxides in the source clay to more stable
forms such as hematite and/or incorporation of Fe into the ceramic framework would
decrease Fe solubility. Changes in As and Fe solubility indicate an apparent decoupling
of As and Fe, whereby CWF firing increased As solubility and decreased Fe solubility.
Arsenic therefore appears to transition from being primarily associated with Fe oxides in
the source clay to a discrete phase following firing. To probe the chemical changes that
result from firing we utilized Fe and As X-ray absorption spectroscopy.



Arsenic lron

- 12+ 4+
e A B

"6 10-

@© 31

| -

H Fl|'_|

L>IJ< 2

(@) -
é 2

| -

o <

H —

g 1

- T 1 0 T =
CWF Clay CWF Clay

- 12- 4 -

s - c D

*5‘ 104

@© ] 31

b F||—| 8_' H,_|

X 2 . ' g

LL] g’ 6 £ 24

@) < 4- {

L ] 14

= &

= —

CWF Clay CWF Clay

Figure 4. Water (A, B) and 2 M HCI (C, D) extractable arsenic (mg kg+) and iron (mg g+
for CWF and source clay. Water extractable arsenic (A) is 41 times higher in CWF than
clay and water extractable iron (B) is near detection in both samples. HCI extractable
arsenic (C) is 18 times greater in CWF while HCI extractable iron (D) is 8 times greater in
source clay. Error bars represent standard error (n=3).

Mineral Transformation
Firing results in conversion of Fe in soils (Fe in clay minerals and oxides) to a phase
consistent with observations of Fe(lll) in Fe-rich glass and ceramic materials.?® Conversion



of Fe (oxyhydr)oxides initially present in the source clay to Fe(lll) consistent with a silicate
matrix is also consistent with the decrease in HCI-soluble Fe after firing (Figure 4).
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Figure 5. Iron K-edge X-ray absorption spectra. (A) XANES spectra of raw clay and fired
ceramic materials. Gray vertical line indicates 7114 eV highlighting the pre-edge feature
that forms following firing. Fe K-edge EXAFS data (solid black lines) and results of multi-
shell fitting (dashed lines) of clay and CWF samples. (B) Fe EXAFS data weighted by k2
and (C) Fourier transform uncorrected for phase shift.

Arsenic XANES spectra indicated that the raw clay contained 80% As(V) and 20% As(l11)
while CWF material contained 94% As(V) and 6% As(lll). The value of As(lll) for CWF is
close to or within the detection limit using LCF XANES analysis, and therefore it is
possible that As(V) is the only As species in CWF material.

Modeling of As EXAFS data showed that the contribution of As-Fe backscattering
decreased following firing (Figure 6), consistent with a partial transition to an arsenate
phase not associated with Fe-oxides. In addition, the As-Fe distance increased from 2.77
A to 3.27 A after firing. Formation of 28% As(V) represented by Na.HAsO. may at least
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partially explain the rapid initial leaching and high aqueous concentrations (>1,000 ug L-

1) observed during CWF flushing and initial use’.

We propose that under the conditions in the kiln (>866 °C, near atmospheric pressure,
oxygenated atmosphere) arsenate initially associated with Fe-oxides and clay minerals
undergoes reactions similar to fumarolic arsenate formation. Fumarolic arsenates form
under conditions of high temperature, low (near atmospheric) pressure, high oxygen
fugacity, and gaseous transport of constituents#, conditions similar to kiln firing of CWFs.
Under these conditions fumarolic arsenates form below 1000 °C either through
homogeneous gas-phase reactions or gas-rock interactions at temperatures >450 °C and

most likely in the range of 500-750 °C?%.
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Figure 6. Arsenic K-edge XAS data of CWF and clay samples. (A) Linear combination
fitting (LCF) analysis of the XANES region shows that As(V) is the dominant species in
both samples. (B) Shell-by-shell fitting of the k>-weighted EXAFS spectra and (C) Fourier
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transform indicate the presence of Fe in the second shell in the clay sample, but this
spectral feature disappears following firing. Distances in (C) are uncorrected for phase
shift. In all plots, solid black lines indicate data and dashed color lines indicate model
fits.

The As solid-phase concentration in both clay and CWF is too low to detect fumarolic
arsenate minerals using X-ray diffraction, and we are currently unable to isolate or purify
the As mineral phase for mineral-specific identification. However, shell-by-shell modeling
of As EXAFS data in general supports As coordination similar to fumarolic arsenate
minerals at least through the decrease in Fe backscattered intensity observed in As
EXAFS spectra.

Implications for CWF Production and Use

Household use of CWFs combined with safe water storage remains an effective, low-cost
technology for point-of-use pathogen removal from drinking water. However, during
ceramic firing changes in Fe mineralogy from octahedrally-dominated Fe to
tetrahedrally-dominated Fe limit available sorption sites for As in the CWF material. This
important change in mineralogy in part increases the solubility of As in CWFs, leading to
As contamination of otherwise-safe drinking water. Arsenic phase changes further
increase overall As solubility in CWFs. Together these processes increase As leaching
into product water during initial CWF use, resulting in As hazard associated with CWF
production and use (Figure 7).
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Figure 7. Schematic overview of the processes leading to increased arsenic leaching from
ceramic water filters.

Fortunately, As exposure is limited to the soluble mass of As contained within a filter,
and once the soluble mass is leached additional human exposure only occurs following
filter replacement. In terms of limiting overall As exposure in a region with groundwater
As contamination, this provides an advantage for CWFs. Whereas groundwater As can
be approximated as an “infinite” source of As (i.e. the As concentration does not change
significantly as a function of use or how much water is consumed), the As leached from
CWEFs is finite and “washes out” as more water is passed through the filter. A major
component to limiting As exposure from CWFs is therefore the design life or
replacement period for CWFs. The longer the interval between CWF replacement, the
less As exposure from CWFs (Figure 8).
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Figure 8. Relationship of total mass of arsenic leached (based on 43 mg of leachable
arsenic per filter’) as a function of time of filter use (x-axis) for different replacement
periods ranging from 6 months to 10 years.

CWEFs are not used solely in regions with groundwater As contamination because the
purpose of CWFsis for pathogenremoval. Inthe case that CWFs leach As and are used
in a region with no other significant As exposure pathway, the problem may be viewed
differently in terms of risk analysis because CWFs introduce a potentially significant
source of As rather than offsetting another existing source. Care should be taken to
quantify and include the risk associated with As exposure, including estimates oftotal As
exposure, filter replacement period, and number of household users sharing a filter to
determine whether overall risk of negative outcomes associated with drinking water is
improved.
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Figure 9. Example of arsenic export from CWF production facility (red star) to regions
with low groundwater arsenic risk. Base map and arsenic risk data taken from Berg et al.
2007 where lighter regions have lower arsenic risk°.

The mechanistic insight provided in this study through a combination of chemical
extractions and X-ray techniques aids in (1) predicting or identifying locations where CWF
production with local clay may pose a risk of As exposure and (2) providing mechanistic
understanding for designing controlled leaching systems for use prior to end-user
distribution. Importantly, clay solid-phase As concentrations do not need to be
extraordinary to result in release of significant (i.e. hazardous) amounts of As after firing,
so “low” solid-phase As concentrations in clay do not predict As leaching a priori.
Adjustments to firing protocol (e.g. temperature) or addition of amendments to the CWF
mix may provide potential mitigation strategies that should be evaluated further.
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