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Supplementary Figures 

 
 
Supplementary Fig. 1| Mechanism of ethanol-based dry preservation (data reported with 1 cm diameter, 0.25-inch thick Eastern 
white pine filters, unless otherwise specified). a, Variation of the filter cross-section that is permeable to flow (i.e., connected to the 
top face) along filter thickness for different pit aspiration probabilities (probability values are color-coded and specified next to the 
corresponding curves). b, Permeance of fresh filters (n = 260 different filters) and ethanol-dried filters  (n = 47 different filters) 
measured over a two-year period. Permeance of 95% of the filters exceeded 0.005 L/h.cm2.kPa  (shown by dotted line). Different 
colors denote different trees. Individual data points and their mean values are shown. Each data point represents a different filter (one 
measurement per filter).  c, Presence of ethanol during drying is essential to recovery permeance on re-wetting, as seen from 
experiments where the filters were sequentially flushed with two fluids before drying. Individual data points  and mean±s.d. are shown. 
n = 3, 4, 3, 4 different filters from left to right d, High permeance of ethanol-dried filters to air confirms that pit membranes pores are 
left open after ethanol treatment. Individual data points and mean± s.d. are shown. n = 3 different filters. e, Re-wetting water-dried 
filters with ethanol and then re-drying fails to improve permeance recovery (on wetting again with water). Individual data points and 
mean± s.d. are shown. n = 3 different filters. See Methods sub-section ‘Rewetting of water-dried filters with ethanol’ for experimental 
details. f, Effect of varying ethanol concentration and using isopropanol (IPA) on permeance recovery and rejection of xylem filters 
(filter thickness of 0.50 inches was used because the effect of alcohol treatment is more pronounced for thicker filters, facilitating 
comparison). Small, filled circles show individual data points while the large, open circles denote mean values. n = 3 different filters. 
Ethanol-water mixtures with concentration below 90% are ineffective in preserving permeance and rejection.  
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Supplementary Fig. 2| Mechanism of self-fouling and its mitigation (data reported with 1 cm diameter, 0.25-inch thick Eastern 
white pine filters, unless otherwise specified). a, Use of smaller gravitational head to drive flow fails to prevent permeance from 
declining to zero, suggesting that cavitation does not play a major role in filter blockage. Each data set corresponds to measurements 
with a single filter. b, Effect of addition of Ca2+ and K+ ions in DI water on volumetric (vol.) capacity. Mean±s.d.; n = 4, 4, 3, 3 
different filters for DI water, 50 mM KCl, 1000 mg/L CaCl2, and 10 mg/L KCl and 100 mg/L CaCl2, respectively. Addition of ions to 
does not improve volumetric capacity.  c, Extended soaking in DI or tap water does not result in blocking of filters. Mean±s.d., n = 3 
independent measurements. d, Permeance decreases over time for DI water filtered under a 1 m gravitational head. e, Variation in 
volumetric (vol.) capacity with duration of soaking in hot water at 60-65°C. Mean±s.d., n = 3 different filters.  f, Filters operated 
intermittently show a qualitatively similar trend as those operated continuously with values in the same range for both permeance and 
permeate filtered. Data for continuous operation were taken as is from Fig. 3f for filters treated with hot water soaking and ethanol 
drying. For intermittent operation, ginkgo filters (4 cm diameter, 0.375 inch thickness) were used (details in Methods sub-section 
‘Water flow rate and volumetric capacity measurements’). Different colors denote different filters. g, Flow rate normalized by area 
varies linearly with pressure for ethanol-dried filters with diameters 1 cm  (n = 295 different filters; one measurement per filter) and 
5 cm (n = 20 different filters; one measurement per filter). Dotted line shows a linear fit. 
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Supplementary Fig. 3| Fouling behavior of xylem filters. a, Composition of General Test Water (GTW) and Challenge Test Water 
(CTW). b,c, Complete blocking model (b) and cake filtration model (c) fits (dashed lines) to experimentally observed variation of 
permeance with volume filtered  (symbols) for CTW (red) and GTW (blue). Each graph corresponds to measurements with a single 
filter. All measurement were performed under 1 m gravitational head with Eastern white pine filters (1 cm diameter, 0.375 inch 
thickness) except for plot (vi) where a ginkgo filter (4 cm diameter, 0.375 inch thickness) was used.    d, Humic acid removal by 
coconut shell-based and coal-based GAC.  e,f,g Variation of flow rate with volume filtered for 4 cm diameter, 0.375-inch thick ginkgo 
filters for GTW (e), CTW (f) and CTW with cloth and GAC pre-filtration (g). Different colors denote different filters.  
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Supplementary Fig. 4| Field validation of xylem filters. a-d Variation of flow rate with capacity for (a) chir pine filters with water 
from two natural springs in Uttarakhand, with cloth + Granular Activated Carbon (GAC) pre-filtration (GAC design details in 
Supplementary Note 6), (b) chir pine filters with groundwater (obtained from tubewells) in Delhi with cloth and cloth + GAC pre-
filtration, (c) ginkgo filters with municipal tap water in urban slums in Delhi with cloth pre-filtration, and (d) ginkgo filters with 
municipal tap water in urban slums in Delhi with cloth + GAC pre-filtration. Data is reported with 4 cm diameter, 0.375-inch thick 
filters processed using hot water soaking and ethanol treatment and operated under 1 m gravity head. e-g Removal of coliform bacteria 
by ethanol-preserved xylem filters (1 cm diameter, 0.25 inch thickness) operated under 1 m gravity head with water from a natural 
spring in Kith village, Uttarakhand. Filters were made from e) Eastern white pine, f) ginkgo and g) chir pine.   
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Supplementary Fig. 5| Xylem filter device prototypes a, Device prototype with which lab-based rejection tests and field-based 
capacity and flow rate tests were conducted. The filter holder is the same as the one shown in Fig. 6a, b and incorporates filters with 
4 cm diameter and 0.375 inch thickness. b,c, Second version of a device prototype with a wall-mounted container for the feed water 
and a stainless steel receptacle for the filtered water. The xylem filter is inserted into a hole in a thick gasket, which seals the filter 
from the side. The gasket is clamped between a holder plate that rests on four mounting supports within the receptacle and the lid of 
the receptacle. Scale bar, 4 cm. d-f, Different filter holder mechanisms tested with users in addition to the screw-on mechanism shown 
in Fig. 6a,b. These include a holder with a latch on the side, a holder with a three-part union mechanism, and a holder with a hose 
clamp for sealing the filter from the side. See Supplementary Note 1 for details. Scale bar, 4 cm.   
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Supplementary Fig. 6| a, Cost comparison of xylem filters with commercial filters belonging to four major brands (denoted by 
different colors) in India shows the potential to offer unprecedentedly low cartridge replacement cost for a comparable or lower cost 
of cartridge per liter water filtered. Product names are included. INR stands for Indian Rupee. Capacity ratings for xylem filter are 
based on data obtained for ginkgo filters with World Health Organization (WHO)-prescribed General Test Water (GTW) (Fig. 4a, f); 
capacity for Hindustan Unilever (HUL) Pureit Series is rated at Total Dissolved Solids (TDS) of 300±10 ppm, pH of 7.5± 0.5, Total 
Organic Content (TOC)  < 1 ppm, turbidity < 1 NTU. Capacity ratings for other filters are based on manufacturer-specific ‘standard 
testing conditions’; in some cases, filter lifetime can be an order of magnitude lower if the water quality resembles WHO-prescribed 
Challenge Test Water (CTW). b, Xylem filter cartridge cost per liter water filtered for CTW is greater than that for GTW; use of cloth 
and Granular Activated Carbon (GAC) pre-filtration can reduce this cost substantially for a marginal increase in recurring cost. 
Capacity ranges and average (avg.) values corresponding to different water qualities and pre-filtration methods have been specified 
in the legend and are based on volumetric capacity measured for ginkgo filters in Fig. 4a, f (details of cost and capacity estimation 
have been provided in Supplementary Note 7). The horizontal lines indicate average estimated cartridge cost per liter (calculated as 
ratio of average filter price (INR 5.5) and average volumetric capacity specified in the legend).  
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Supplementary Notes 
 
Supplementary Note 1: Criteria for practically useful filters 
The criteria for practically useful water filters were formulated based on existing literature on design of point-of-
use water treatment devices1 and user research studies in the rural villages of Uttarakhand state and urban slums of 
New Delhi and Bengaluru in India conducted over a period of two years. In the user research studies, we engaged 
with over 1000 potential users, water filter manufacturers, and NGOs that distribute water filters through semi-
structured/key informant interviews, focus group discussions, and design workshops to gather information on user 
preferences and response to xylem filters. The key findings from literature and user studies have been summarized 
below:   

1. Although targets for microbiological performance of water filters and minimum flow rates for practical use 
of water filters have been well-documented in literature2,3, filter lifetimes are relatively non-standardized 
and vary from 3-6 months for membrane-based filter cartridges to 1-2 years for ceramic filters4–12.  Since 
xylem filters (in their present form) have a finite lifetime and require daily to weekly replacement that is 
very different from existing water treatment products, literature reports were not helpful in assessing user 
reception or setting filter lifetime targets for xylem filters. Consequently, we relied on data gathered from 
user studies (focus group discussions and individual household interviews) in India for developing a target 
filter lifetime. The preferred filter replacement frequency was found to be closely tied to other product 
attributes such as cost, ease of filter replacement, ease of availability of replacements, etc., but a minimum 
lifetime of one day was found to be critical for uptake. The filter capacity was thus determined based on a 
daily filter replacement frequency and estimates on the daily drinking water need for an average household.  
An average household in low-income countries of Asia and Africa comprises 4–5 members13. Given a 
recommended daily water intake for an individual of 2–3.5 L14, the drinking water requirement for such 
households is 8-17 L per day. Xylem filters operated overnight (8–10 h) could meet this requirement if they 
have flow rates of at least 1–2 L/h; this flow rate is also the minimum useful flow rate reported in literature3.  

2. Household water treatment systems in resource-constrained areas should preferably be independent of 
electricity or tap pressure1, which makes gravity-driven devices well-suited for such settings. The water 
head in these devices should be sufficient to achieve the desired flow rate, but not so high that it is 
inconvenient for users to fill the device with untreated water. 79 of the 100 participants in our user 
interviews reported that they would be comfortable with a total device height of 0.9–1 m.  

3. Potential users in villages as well as slums mentioned that the natural appeal and the simplicity of xylem 
filters distinguished them from other products in the market. 40% of the 300 respondents cited these as the 
primary attributes they liked about xylem filter devices. 

4. Consistent with literature15,16, preliminary interactions with low-income households suggested that they 
prefer cheaper, frequent replacements to more expensive, long-term replacements. Of the 120 respondents 
in the urban slums of New Delhi, 50–60% reported an average household spending of $3 (INR 200) per 
week for purchasing reverse osmosis water cans and strongly indicated a willingness to switch to cheaper 
devices if they are available.  

5. Users cited aesthetic appeal, ease of usage, and availability of devices at local shops as key factors for 
adoption of water filters.  

6. Co-design workshops and interviews were conducted to identify holder designs that enable easy 
replacement of filter cartridges and are simple to use. Four different holder designs were tested: a) a holder 
for rectangular filters with an O-ring-based face-seal mechanism and side latch for clamping the filter in 
place (Supplementary Fig. 5d), b) a holder for circular filters with a union design comprising of three parts: 
a lower part for filter insertion, an upper part that connects to tubing and water reservoir from one end and 
face-seals against the filter using an O-ring insert on the other, and a sleeve that couples the upper and lower 
parts; this design allows for rotation of the lower part for inserting/removing the filter cartridge while 
maintaining the upper part and the associated tubing in a stationary position (Supplementary Fig. 5e) and 
prevents tube twisting, c) a holder for circular filters comprising of a plastic tubing for filter insertion and 
a hose clamp that seals against the sides of the filter; this mechanism enables utilization of the entire filter 
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surface area (Supplementary Fig. 5f), d) a two-part screw-on holder for circular filters where the filter is 
inserted into the lower part, and both parts containing O-rings inserts thread onto one another to face seal 
against the filter (Fig. 6b). Of the different holder mechanisms tested with 175 potential users, 64% of the 
respondents preferred the screw-on mechanism (design shown in Fig. 6b)) to other designs due to its relative 
ease of usage.  

 
Supplementary Note 2: Simulation of percolation effects in xylem filters 
A 2-D simulation model was constructed in MATLAB (Version R2017b 9.3.0) for 1 cm diameter, 1.5-inch thick 
xylem filters made from Eastern white pine. Assuming that, on average, the tracheids are 4-mm long and 40 μm in 
diameter17,18, and that 80% of the filter cross section area is sapwood (typical for our filters), the model comprised 
a square lattice of 10×200 tracheids along the filter thickness and cross-section, respectively. For simplicity, we 
assumed that each tracheid was connected to four other tracheids (Fig. 2c) and that all tracheid-tracheid connections 
were either permeable (open) or aspirated (closed) with each tracheid-tracheid connection having an equal 
aspiration probability during drying. In general, the pit aspiration probability will depend on the condition of the 
neighboring tracheids and pit membranes, and may vary along the filter thickness depending on how the drying 
front propagates within the filter; such effects are not captured in the model.  
 
This xylem structure was modeled using a 3-d matrix with the x and y indices representing the relative location of 
tracheids and the z indices representing the ‘open’ or ‘closed’ state (denoted by ‘1’ and ‘0’) of the four tracheid-
tracheid connections after drying. A 10×100×4 matrix representing alternate tracheid columns accounted for all the 
tracheid-tracheid connections. To assign open/closed status to the tracheid-tracheid connections, uniform random 
numbers in the range of 0 to 1 were generated for each connection, and connections with numbers higher than the 
aspiration probability were designated to be open while the rest were designated closed. Depending on which 
tracheid-tracheid connections were open, tracheids that were connected to at least one tracheid in the top row of the 
filter through one or more open pathways were identified. To generate the graph in Fig. 2e, the fraction of such 
tracheids in the last row (row 10) was computed for different pit aspiration probabilities and averaged over 100 
simulations. The insets in Fig. 2e were generated for one simulation at a given pit aspiration probability using the 
‘imagesc(xmap)’ function in MATLAB. For Supplementary Fig. 1a, the fraction of tracheids in each row connected 
to the top row of the filter were computed and plotted against the row number on the x-axis (averaged over 100 
simulations).  
 
Supplementary Note 3: Ethanol treatment of xylem filters  
Previous studies indicate that replacing water in xylem with non-aqueous liquids such as ethanol inhibits water-
mediated adhesion between the pit membrane and cell wall, preventing pit aspiration during drying19. However, 
whether ethanol plays a role in deactivating any live processes critical for preventing adhesion is unknown. To 
investigate this possibility, ~1 cm diameter, 0.25-inch thick xylem filters made from Eastern white pine were flushed 
with ethanol and subsequently flushed with water and then dried. Their permeance (measured at 10 psi as described 
in Methods sub-section ‘Water flow rate and volumetric capacity measurements’) was compared to water-dried and 
ethanol-dried filters. The permeance recovery (ratio of permeance after and before drying) of these filters was 
comparable to ‘water-dried’ filters and significantly lower than ‘ethanol-dried’ filters (Supplementary Fig. 1c), 
demonstrating the absence of any residual effects of exposure to ethanol and discounting the possibility that live 
processes are involved in preventing pit aspiration.  
 
SEM imaging and air flow rate measurements (see Methods sub-sections ‘SEM imaging’ and ‘Air flow 
measurements’) of ~1 cm diameter, 0.25-inch thick ‘ethanol-dried’ filters made from eastern white pine confirmed 
that the pit membranes remain suspended after ethanol treatment (Fig. 2g, Supplementary Fig. 1d), consistent with 
literature suggesting that ethanol prevents pit aspiration19, as opposed to permitting pit aspiration with a weaker, 
reversible adhesion. The air permeance measurements were performed at low pressure (1 psi), where the mechanical 
force exerted on pit membranes is on the order of 1 µN, and given that 10 psi air pressure does not lead to recovery 
of permeance, it is insufficient to dislodge weakly adhered pit membranes from the cell wall. Furthermore, soaking 
‘water-dried’ filters in ethanol failed to restore permeance (see Methods sub-section ‘Rewetting of water-dried 
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filters with ethanol’, Supplementary Fig. 1e), indicating that the adhesion between pit membrane and the cell wall 
was not reversed by exposure to ethanol. 
 
Instead of ethanol, other alcohols like isopropanol can also be used for dry preservation, as they have similar effects 
on the drying mechanics of pit membranes (see Methods sub-section ‘Treatment of xylem filters’, Supplementary 
Fig. 1f). Ethanol-dried and isopropanol-dried eastern white pine filters (1 cm diameter, 0.50 inch thickness) showed 
similar permeance and rejection performance. To reduce costs, alcohols can be recycled and alcohol-water mixtures 
can be used. However, lowering alcohol concentration below 90% rendered the protocol ineffective (Supplementary 
Fig. 1f), presumably because the faster evaporation rate of alcohol relative to water results in an increase in the 
concentration of water as drying proceeds. The permeance and rejection performance of Eastern white pine filters 
(1 cm diameter, 0.50 inch thickness) treated with 70% ethanol was comparable to water-dried filters.  
 
 
Supplementary Note 4: Alternate hypotheses for drop in permeance of xylem filters in the absence of 
contaminants 
In addition to cellulosic material deposition, we considered the following hypotheses to explain the drop in 
permeance of xylem filters in the absence of external contaminants: 

1. Filters could get blocked due to pit aspiration induced by the nucleation of gas bubbles (i.e., cavitation) at 
the low-pressure end of the filter, where gas solubility is lower than the high-pressure end. However, 
operating ethanol-dried Eastern white pine filters (1 cm diameter, 0.25-inch thickness) at lower pressures 
to reduce the variation in solubility across the filter thickness failed to preserve permeance (Supplementary 
Fig. 2a), suggesting that the underlying mechanism is not cavitation-driven.  

2. Previous studies have reported that the fibrils in the pit membranes swell to form a gel in the absence of 
Ca2+ and K+ ions normally present in sap20,21, which could result in a loss of permeable membrane area 
leading to a drop in permeance. However, addition of Ca2+ and K+ salts to DI water at physiological 
concentrations found in plants failed to improve the capacity of ethanol-dried eastern white pine filters (1 
cm diameter, 0.25 inch thickness), ruling out this hypothesis (Supplementary Fig. 2b).  

 
 
Supplementary Note 5: Fouling model for xylem filters 
We considered three different mechanisms that are conventionally used to model fouling in micro- and ultra-
filtration membranes22:  
 
Complete blocking model: In the complete blocking model, each foulant particle blocks a pore completely without 
depositing over previously deposited particles. The number of open pores, 𝑝, therefore decreases linearly with the 
filtrate volume, 𝒱, as follows22: 
  
𝑝 = 𝑝! −	𝜌"𝒱                (Supplementary Equation 1) 
 
where, 𝑝! is the number of initially open pores in the filter, and 𝜌" is the number density of foulant particles per 
unit volume of the feed. As the flux through the filters is directly proportional to the number of open pores, the 
expression above can be written as follows:  
 
𝐽 = 𝐽!	(1 −	𝐾#$𝒱)                                         (Supplementary Equation 2) 
 
where, 𝐽 and 𝐽! represent the flux through filter in the fouled and initial state, respectively, and 𝐾#$ is called the 
blocking constant for the complete blocking model. 
 
Intermediate blocking model: Here, the foulant particles deposit directly on the pores blocking them completely, or 
land on previously deposited foulant particles22. The number of open pores therefore decays exponentially with the 
filtered volume23:  
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𝑝 = 𝑝!𝑒%&!"𝒱               ( Supplementary Equation 3) 
 
where, 𝐾($	is the intermediate blocking constant. The flux can be written as follows:  
 
𝐽 = 𝐽!𝑒%&!"𝒱                (Supplementary Equation 4) 
 
Cake filtration model: In cake filtration, the foulant particles deposit on the pores forming a permeable cake. The 
hydraulic resistance of this cake layer is in series with the resistance of the pores and increases linearly with the 
amount of foulant deposited (and hence with the filtered volume). The total resistance of each pore, 𝑅 is then 
represented by the following equation: 
 
𝑅 = 𝑅*+,- + 𝑅./0- = 𝑅*+,- + 𝑟

𝒱
1#
=	𝑅*+,- 	01 +	

2
3$%&'
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1#
1 = 	𝑅*+,-	21 +	𝐾#4𝒱3	    (Supplementary Equation 5) 

 
where, 𝑅1526 is the resistance of the pores in the absence of fouling, 𝑅./0- is the resistance of the cake layer, and 𝑟 
is the resistance added by foulant deposition on the pore per unit volume of fluid filtered.  
The flux, 𝐽, can then be written as follows: 
 
𝐽 = 	 ∆8

3
= ∆8

3$%&'	9:;	
(

)$%&'
𝒱
+#
<
=	 =#

	>:;	&,-𝒱?
             (Supplementary Equation 6) 

 
where, ∆𝑃 is the pressure difference applied across the filter.  
 
Of the three models, the intermediate fouling model provided the best fit to experimental data for Challenge Test 
Water and General Test Water (Fig. 4d, Supplementary Fig. 3b,c). The models differed primarily near the filters’ 
end-of-life, where the permeance gradually tailed-off in alignment with the intermediate blocking model whereas 
the complete blocking model predicted a much sharper, linear decline in permeance to zero, and the predictions of 
cake filtration model overshot experimentally observed values. These findings were further validated by SEM 
images of partially fouled Ginkgo biloba filters, where the pattern of foulant deposition was consistent with what 
would be expected in case of the intermediate fouling model (Fig. 4e).  
 
Supplementary Note 6: Design of Granular Activated Carbon (GAC) column  
GAC is a porous carbon-based material that removes contaminants (organic, as well as some inorganic compounds) 
by adsorption24,25. GAC is commonly used in municipal wastewater treatment plants as well as in household 
drinking water treatment24,25. The efficacy of contaminant removal depends on a) the carbon source, which 
determines the pore size and specific area and thus, the types of contaminant that can be removed, b) the size of 
GAC granules, which governs adsorption kinetics, and c) the contact time of feed water with GAC, which 
determines the time available for adsorption to take place24.  
 
To design an effective GAC pre-filtration column, we studied the adsorption characteristics of different 
commercially available GACs using humic acid as a model organic contaminant. Coal-based and coconut shell-
based GACs with grain sizes of 0.6–2.4 mm, 0.4–1.7 mm, and 0.4–0.6 mm (characterized by sieving meshes of size 
8×30, 12×40, and 30×40 respectively; 8×30 denotes granule sizes that pass through a mesh of size 8 but not through 
a mesh of size 30) were studied. GAC granules were packed in a 5 cm diameter, 15 cm long cylindrical pre-filtration 
column and humic acid removal from DI water at the same alkalinity and salinity as CTW was measured for 
different empty bed contact times (time for which the water is nominally in contact with the GAC; calculated by 
dividing the volume of the column by flow rate). Coal-based GAC was able to adsorb more humic acid for the same 
contact time than coconut shell-based GAC, and grains with a mesh size of 30×40 showed 20× faster adsorption 
than those with a mesh size of 12×40 (Supplementary Fig. 3d). Based on these results, we designed a coal-based 
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GAC column (5 cm diameter, 15 cm length) consisting of 30×40 granules that could be operated at flow rates of ~2 
L/h (flow rates controlled by a valve) to reduce humic acid concentration in CTW to < 1 mg/L (details on cost and 
replacement frequency of GAC are provided in Supplementary Note 7). 
 
Supplementary Note 7: Cost of manufacturing xylem filters  
The manufacturing costs of xylem filters (5 cm diameter and 0.375-inch thickness) are divided into four categories: 
raw material, wood processing, packaging, and transportation. 
 
1. Raw material: Globally, the typical price of commercial softwood ranges from 40-140 USD per cubic meter26. 
Assuming that a filter uses ~20 cm3 of wood, the cost of wood required for fabricating a filter is 0.08-0.30¢. It is to 
be noted that the sapwood used for making the filters is a waste by-product of the timber industry due to its low 
mechanical strength and durability, and may be available at lower cost.  
 
2. Processing: The processing of xylem filters involves cutting the wood into desired sizes, soaking the filter in hot 
water, soaking the filters in alcohol and drying the filters. Assuming that filters are fabricated in batches of 500, the 
cost estimates for each of these steps has been provided below:  
a. Wood cutting cost: This comprises of three components: 

- Equipment cost for cutting each filter calculated at a band saw cost of 900 USD27,28, equipment lifetime of 
5 years, duration of operation of 8 hours/day for 5 days a week, and a processing time of 10 s per filter:  
0.03¢  

- Utilities cost calculated for a band saw with a power rating of ~1 kW28 at an electricity tariff of 10¢ per 
kWh29: 0.03¢ 

- Labor cost calculated at $5 per day (cost based on field visits in India; could vary with geography) and a 
processing time of 5 s per filter: 0.09¢ 

- Total wood cutting cost per filter: 0.15¢ 
b. Hot water soaking:  

- Cost of water calculated based on a water requirement of 0.5 L for every filter (can be further optimized) 
and an average water tariff of 1.98 USD per cubic meter30: 0.1¢ 

- Cost of utilities for hot water treatment assuming a heat consumption of 100 kJ, gas stove energy efficiency 
of 10%, and charges of 8 ¢/h for a gas stove with a standard capacity of 10,000 kJ/h:  0.8¢ 

- Labor cost assuming a labor charge of $5 per day and time requirement of ~3 s for handling: 0.05¢ 
- Total cost of hot water treatment: 0.95¢ 

c. Alcohol treatment: While filters were manufactured primarily using ethanol in this study, other alcohols like 
methanol and isopropanol may also be used. Methanol is less expensive than ethanol. However, since methanol is 
toxic, appropriate food safety standards should be consulted to determine the grade of methanol that can be used, 
and the level of residual methanol in the dried filters should be maintained within the permissible limits for human 
consumption as prescribed by safety standards31. 

- Cost of methanol treatment calculated at as requirement of 0.1 L per filter at a price of $0.6-1/kg32: 5-8¢ 
- Labor charge for alcohol treatment estimated based on a labor charge of  $5 per day and processing time of 

3 s per filter: 0.05¢ 
- Cost of alcohol treatment for 1 filter: 5.05-8.05¢ 
- The cost for alcohol treatment can be substantially reduced if the alcohol is reused/recycled. Compared to 

immersion in a single alcohol bath, the alcohol consumption may be reduced by immersing the filters 
successively in multiple alcohol baths of smaller volumes.  

Total processing cost: ~6-9¢ 
 
3. Packaging: Cost of packaging filters individually in heat-sealed HDPE (high density polythene) pouches are 
estimated as follows: 

- Cost of plastic required for packaging calculated using HDPE price of $2-5/kg33, HDPE density of 930-970  
kg/m3 34, plastic requirement of ~1 cm3 per filter (200 cm2 area, 50 µm thickness): 0.19-0.5¢ 

- Cost of heat-sealing the plastic around the filter calculated based on a cost estimate of $40 for the heat 
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sealer35, equipment lifetime of 1 year, operation duration of 8 h/day for 5 days a week and packaging time 
of 5 s per filter: 0.008¢ 

- Labor cost for filter packaging estimated based on a labor wage of $5 per day and processing time of 5 s 
per filter: 0.09¢ 

Total packaging cost: 0.3-0.6¢ 
 
4. Transportation: Assuming no infrastructure for transportation, the filters can be sent by post from the 
manufacturing location to the customer base. The postal charges for sending filters as a package of 200 is 0.03–
0.07¢ (based on field visits in India, will vary with geography).  
 
The total estimated cost of the xylem filters is therefore 6.5-10¢ (INR 4.5–7). As evidenced by the performance 
studies on the field, the capacity of each filter could range anywhere between 10–100 L, depending on the water 
quality and nature of pre-filtration.  
  
If used, a cloth filter would add $1 to the cost (taken from report of surveys conducted in India36) and could be 
washed or replaced once it is dirty.  
 
The GAC needs replacement after its adsorption capacity is expended, the frequency of which depends on the 
amount of GAC used, water quality, and adsorption capacity of the GAC. A GAC column for pre-filtration is 
expected to cost USD 0.67–5 per 1000 L of water filtered and require a replacement every 1.5-6 months based on 
the following estimates:  

- Cost of coal-based GAC in a column measuring 5 cm in diameter, 15 cm length (as described in 
Supplementary Note 6) calculated using the following estimates: 

o (In the US) Price and density of USD 7-10.5 per kg and 0.5 g/cm3 respectively for coal-based 
GAC37: USD 2-3 

o (In India) Price and density of INR 100 per kg and 0.5 g/cm3 respectively for coal-based GAC38: 
INR 15 

- Adsorption capacity of GAC for organic matter (estimated based on equilibrium adsorption data for 
dissolved organic matter (DOM) and humic acids on coal-based GAC (granule size 0.3-0.4 mm) reported 
in literature; input concentrations of DOM/humic acid were in the range of 5.5-12 mg/L; adsorption 
capacity of GAC was determined based on the amount of humic acid adsorbed per unit mass of GAC at 
saturation, i.e., when the residual concentration in the treated solution equaled initial concentration39): 30-
100 mg (DOM or humic acid)/ g GAC  

- Total amount of organic matter that can be adsorbed by a coal-based GAC column with aforementioned 
dimensions: 4.5-12 g for DOM/humic acid  

- Volumetric capacity of GAC column (total volume of water the GAC column can process while effectively 
removing organic contaminants) estimated based on adsorption capacity at different DOM/humic acid 
concentrations in water ranging from 5.5 mg/L to 12 mg/L39:  ~500 – 2000 L 

- Cost of GAC column per 1000 liters of water: USD 0.5-3 or INR 0.008-0.03 
- Replacement frequency of GAC columns assuming each household comprises of 4 members, each 

consuming 3 L of drinking water per day13,14: 1.5-6 months 
 

 
In Supplementary Fig. 6, the recurring (cartridge) cost of a xylem filter is compared with different commercial 
filters in the Indian market. The rated capacity and the costs of filtration units and replacement cartridges was 
obtained from product websites4–11. The cartridge cost was normalized by the rated capacity to obtain the cost per 
liter of filtered water. The recurring cost for xylem filters was estimated using the above xylem filter cost (INR 4.5–
7). Cost of cartridge per liter water filtered was obtained by dividing the recurring cost with the filter capacity for 
different water qualities. Capacity was estimated by using the data presented for ginkgo filters in Fig. 4a, f to obtain 
the permeate filtered per unit area for different water qualities and pre-filtration methods and then scaling the 
permeate per unit area for filters with 5 cm diameter; capacity ranges and average values for different scenarios 
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have been specified in the legend. The average cartridge cost per liter water filtered for each scenario was estimated 
by dividing the average filter price (INR 5.5) with the corresponding average volumetric capacity. The cost of the 
GAC column was evenly amortized across the cartridge replacement costs as follows:  

- Assuming that the daily drinking water requirement for an average household is 8-17 L per day (as 
estimated in Supplementary Note 1), the replacement frequency of the xylem filter cartridge was estimated 
for different water qualities based on the corresponding filter capacity (as specified in the legend for 
Supplementary Fig. 6, based on data presented in Fig. 4a, f).  

- The total number of xylem filter cartridge replacements required over the lifetime of the GAC column (1.5-
6 months) was estimated. 

- The cost of the GAC column was evenly amortized across the total number of replacements and added to 
the filter cartridge cost.     

 
 

Supplementary Note 8: Resource requirement for fabricating xylem filters and filtration devices  
 

Task Resources needed  
Xylem filter cartridge 
Extraction of branches A pruner or sickle could be used for cutting branches. A chain saw might be 

used for cutting trunks. 
Peeling of bark  The bark in the branches can be usually peeled by hand. Gloves should be used 

to avoid contact with resin. Band saws/hand saws might be needed for 
removing the bark from trunks.  

Cutting the wood to desired sizes Wood can be cut using a band saw, cold saw or hand saw. The surface 
roughness of the filter will vary with the equipment used. Smooth surfaces are 
required to prevent leaks while using filters with a face seal holder (as shown 
in Fig. 6a, b), but surface roughness might be a cause of lesser concern when 
a side sealing mechanism is used (Fig. 5c). To obtain a smooth surface, filters 
should be cut with a cold saw.  

Hot water treatment Clean (tap) water, vessels for soaking the filters in water, stove 
(gas/electric/induction) or just fuel wood for heating the water to 60 °C, and a 
thermometer for monitoring temperature. 

Alcohol treatment Certified, food-grade alcohol (methanol, ethanol, etc.) with >99% purity and 
alcohol-compatible vessels for soaking the filters. The level of residual 
alcohol in dried filters should be maintained within the permissible limits for 
human consumption as prescribed by food safety standards31.  

Drying Filters could be dried at room/ambient temperatures of 25–40°C or using an 
oven. 

Filtration device (The table below enlists the resource requirement for the filter designs depicted in Fig. 6a, b and 
Supplementary Fig. 5a. Although these device were fabricated in the US, they are amenable to local manufacture in 
India. The containers, O-rings, valves, tubing, dispenser and metal rods used in the device are commonly available items 
and can be sourced locally. The processes necessary for device fabrication (cutting, drilling, injection molding, etc.) are 
also well-established in the manufacturing industry.  The device design could also be tuned as per the local availability 
of resources. For example, the filtration device shown in Supplementary Fig. 5b, c was fabricated in India. The steel and 
plastic containers used in the device were purchased from a local shop whereas the rubber gasket used for mounting the 
filter was fabricated using a custom-designed mold at a local medium-scale machine shop. The cost of the device 
(purchase price of containers, cost of mold fabrication, rubber cost) was INR 800 (USD 11), which could be reduced 
substantially when manufacturing at scale.) 
Storing unfiltered water Food-grade container with appropriate capacity should be used. In Fig. 6a and 

Supplementary Fig. 5a, the container capacity is 5 L. 
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Providing gravitational head The container with the unfiltered water has to be placed at a suitable height to 
provide the gravitational head to drive the water through the filter (lower head 
may be compensated for by larger filter area). While this could be achieved in 
different ways, a couple of mechanisms have been illustrated in Fig. 6a, where 
the container is placed on a sturdy stand, and in Supplementary Fig. 5a, where 
the container is mounted on the wall using a bracket.  
Food-grade tubing is needed to connect the container at the top to the filter 
holder. 

Holding the filter in the device Potential users in India highly preferred a holder with a screw-on mechanism 
(shown in Fig. 6a, b). The particular holder, designed for 5 cm diameter, 0.375-
inch thick filters, was machined from High Density Polypropylene, but the 
design is amenable to mass manufacture using injection molding. The CAD 
files of the holder will be made available to readers upon reasonable request 
to the corresponding authors. The key criteria that determine the successful 
functioning of the holder include: 
a) An O-ring of appropriate hardness, such that it conforms to the wood surface 
to seal it effectively. For the holder in Fig. 6a, b, silicone O-rings with a shore 
hardness of 70 (procured from The Hope Group in Massachusetts, USA) were 
used.  
b) Appropriate depth and width of the O-ring grooves is critical. Excessively 
deep grooves compromise the ability of the O-ring to conform to the wood 
surface, while shallow grooves may cause the O-ring to fall out, making user 
handling difficult. Further, O-rings that are smaller than the holder diameter 
reduce the effective cross-section area available for filtration (while 
accommodating a larger size range of filters), but larger O-rings increase the 
chance of leakage (when variations in filter shape cause the O-ring to sit on or 
beyond the filter edge). For the holder in Fig. 6b, the depth and width of the 
O-rings was 76% and 124% of their thickness respectively (conventional 
design values are 80% and 120%) and the O-ring diameter was 25% smaller 
than that of the nominal diameter of the filter (as shown in the inset in Fig. 6c). 
The inner diameter of the holder was 4.3 cm and the O-ring was designed to 
seal a filter with a diameter 4 cm or more.   
c) Preventing entrapment of air bubbles. Air trapped in the tubes and 
connectors can disrupt water flow. Using tubes and connectors with 
sufficiently large diameters and avoiding narrow constrictions in the flow 
pathway can avoid trapping of air. In Fig. 6a, 0.25 inch diameter tubes and the 
connectors were used, and a vent consisting of a small hole plugged with an 
insert made of styrene butadiene rubber (SBR) procured from McMaster Carr 
(part number 9545K38) was also provided to release any air trapped within the 
holder. 

Controlling water flow from the top 
container 

A valve may be used between the top container and the filter, such that users 
can turn off the water supply when the device is not in use or while replacing 
the xylem filter cartridge.  

Storing the filtered water Food-grade container with appropriate capacity and a lid to prevent re-
contamination should be used. The container should also have a dispenser to 
access the filtered water. This container should be placed at a height of at least 
10-15 cm above the floor such that glasses, bottles, or other utensils can be 
placed below the dispenser.  

Filter stand The filter stand in Fig. 6a was fabricated using 0.25-inch thick aluminum angle 
rods (90°). However, stands could be fabricated in several other ways. 
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Supplementary Note 9: Behavior change interventions for HWT adoption 
 
Through field visits (see Methods sub-section ‘Field Studies’ for further details on sampling, data collection and 
analysis methods), we have identified that the following factors affect behavior change and sustained adoption of 
HWT methods amongst low-income communities in India (these factors are in alignment with existing literature on 
HWT adoption in developing countries and low-income population40–46):  

• Perceived quality of water source 
• Perceived health risk of consuming contaminated drinking water  
• Prior history of practicing HWT  
• Cultural practices associated with water collection, storage, and consumption  
• Affordability  
• Accessibility to HWT products 
• Convenience of use of HWT products 
• Level of social support from peers  
• Level of positive, ongoing contact with local healthcare workers 
• Incentive structure for HWT adoption 
• Extent of information dissemination about the effectiveness of HWT methods and their local 

accessibility/availability 
 
Based on the aforementioned factors, which are broadly applicable to HWT methods, we have identified specific 
behavior change interventions that could facilitate the adoption of xylem filters:  

• Community-level WASH education and awareness campaigns (would involve educating users on indicators 
of water quality, health effects of consuming contaminated drinking water, and testing local water quality 
with potential users to determine whether water is safe for consumption; could be conducted in 
collaboration with local NGOs or healthcare workers). 

• School-level education and awareness programs (could use xylem filters as effective educational tools for 
designing science experiments and engineering projects that capture the interest of students and raise 
awareness of WASH issues at a very early age, which could be a powerful way to drive behavior change).  

• Effective marketing strategies and promotional programs to facilitate uptake of xylem filters 
(demonstrations, free/discounted product trials, incentive programs such as providing cell phone minutes, 
cash, engagement of local community leaders for product endorsement, etc.). 

• Ensuring availability of filter devices and cartridges in local shops to enable easy access. 
• Appropriate pricing of xylem filters (involves gathering data on user willingness to pay, benchmarking 

against locally available HWT methods, and analyzing costs for filter production and distribution).  
• Designing filtration device for maximal ease of usage and gathering user feedback to identify 

improvements.   
• Regular monitoring and engagement with households to encourage sustained usage (visits could be 

conducted in partnership with local NGO staff and health care workers).  
 
Supplementary Note 10: Improvement in rejection ability due to fouling 
Deposition of foulants on the pit membranes over the course of filter operation is likely to further improve rejection. 
We observed that Ginkgo biloba filters rejected 94.01±3.31% of 100 nm particles, and that the deposition of merely 
0.13 mg of foulant (humic acid) per cubic centimeter of the filter volume improved the rejection to 98.73±0.41%.  
 
Supplementary Note 11: Design guide for selecting tree species for making xylem filters 
Gymnosperm xylem exhibits great morphological variability across and within species, and even within the same 
tree. A description of how the filter performance (i.e., permeance and rejection) may vary with the structural 
characteristics of the xylem is provided below. Supplementary Data 1 list these characteristics in detail17,18,47–58 and 
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also provides information on geographic availability, pricing, and decay resistance for a wide range of 
gymnosperms.  

1. Flow rate: In general, for a given xylem structure without significant pit aspiration, the flow rate is expected 
to be proportional to sapwood area and driving pressure, and inversely proportional to filter thickness. In 
the absence of fouling, the flow rate through a xylem filter depends on: 

a. Fraction of xylem-containing sapwood present in the filter cross-section: Flow rate increases with 
sapwood area. Inclusion of impermeable heartwood in filters (e.g., when a filter is made from a 
branch cross-section) can reduce the sapwood area available for filtration. Sections of branches 
used for filtration tend to have less effective area for filtration due to the impermeable heartwood 
present in the center. Filters made exclusively from the sapwood in trunks have their entire area 
available for filtration but are limited in size by the width of the sapwood in the trunk. Some tree 
species, like ponderosa pine (Pinus ponderosa), ocote pine (Pinus oocarpa), Douglas fir 
(Pseudotsuga menziesii), pond pine (Pinus serotina), red pine (Pinus resinosa), spruce pine 
(Pinus glabra), Virginia pine (Pinus virginiana), and sitka/yellow/western/silver spruce (Picea 
sitchensis) have a wider sapwood and are well-suited for creating large area filters59.  

b. Tracheid and pit membrane properties:  Wider and longer tracheids can yield higher flow rates52.  
A high fraction of the tracheid wall area covered by pit membranes and higher pit membrane 
porosity increase fluidic conductivity. The tracheid conductivity for some tree species is provided 
in Supplementary Data 1. The tracheid length plays a key role in determining filter thickness. Filters 
should ideally comprise not more than 2-3 tracheids along their thickness to minimize flow 
resistance without compromising rejection ability. Tracheid lengths could vary significantly within 
a tree. For example, tracheids in trunks are typically longer than those in stems, and tracheid length 
also decreases with tree height. However, tracheid lengths are typically less than 5.6 mm60.   

2. Rejection:  The rejection of the pit membranes depends on the following parameters: 
a. Pore size of pit membranes: Smaller pores have better rejection performance. The pit membrane 

pore size varies considerably across and within a plant. The pores in latewood (summerwood) are 
typically smaller than those in earlywood (spring wood)61. Intra-species variability is most 
prevalent amongst pines61, where reported pore size measurements vary from 200-400 nm17,18,61. 
The pit membranes in ancient gymnosperms (belonging to genus Cycas and Welwitschia), Ginkgo, 
and cedars (which belong to genus Thuja in the cypress family), are very dense and are expected 
to be capable of excellent rejection61.  

b. Resin canals/ducts: Resin canals/ducts are cylindrical intercellular spaces in the xylem oriented in 
the axial (longitudinal) direction62. Their inner surface is lined by epithelial cells, which secrete 
resins for defense against pests and pathogens63. If not filled with resin, these canals could act as 
leakage pathways in xylem filters and hence, attention should be paid to their presence. They could 
be several centimeters in length and are typically longer in the trunks than branches64,65. Resin 
canals are generally present in Picea (spruce), Larix (larch), Pseudotsuga (Douglas fir), and Pinus 
(pine); those in pines being numerous, large and evenly spaced while the ones in spruces, larches, 
and firs are few, small, and evenly spaced66,67. These canals are generally absent in Abies (fir), 
Tsuga (hemlock), Pseudolarix (golden larch), Cedrus (cedar), Taxus (yew, caution: yews are toxic), 
Juniperus (juniper), Cupressus (cypress) and Ginkgo (ginkgo) unless formed in response to external 
stimuli or stress66,68,69.  

3. Preservation of xylem filters:  Filters made from tree species whose pit membranes are more resistant to 
cavitation may be less susceptible to drying-induced loss of performance during operation. Prior studies 
suggest that the resistance to cavitation depends on tracheid properties, the thickness or the rigidity of the 
torus, and ratio of the torus diameter to that of the cell wall aperture51. Junipers and cypress-pines tend to 
have high resistance to cavitation51. 

 
In addition to the aforementioned characteristics, the following notes could be useful for filter manufacture across 
species: 
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1. Selection of branches: Branches that do not have leaves undergo inactivation of the xylem through a 
process called compartmentalization70 and have lower permeance. Junctions (where branches connect to 
one another) have a bent xylem vasculature and a lower hydraulic conductivity71. The wood from such 
branches and junctions should preferably not be used for manufacturing filters. Further, branches or trunks 
that show signs of decay (black marks, spots, etc.) should also be avoided.  

2. Standardization of filter size: Xylem filters made from branches suffer from variability in shape and size, 
presenting challenges for designing compatible filter holders that can house these filters and enable their 
practical use. Coring out fixed-diameter circular discs from branches could enable standardization; but such 
a process can result in wastage of the xylem-containing sapwood present in the periphery while preserving 
the impermeable heartwood in the center, thereby reducing the effective area available for filtration. 
Standardized filters with a high fraction of sapwood area can be manufactured by cutting rectangular or 
circular sections from the peripheral sapwood in tree trunks. Certain species like Ponderosa pine, which 
have wider sapwood in the trunk cross-section, are more suited for the creation of such filters59. It is to be 
noted that the length of xylem conduits could vary across trunks and branches; as a result, the filter thickness 
may need to be adjusted to maintain rejection performance72. 0.375-inch thick filters made from branches 
of Eastern White Pine showed 98.8±1.2% rejection of 1 μm microspheres. However, 0.5-inch thick filters 
made from partly-dried trunks (procured after two weeks of felling) also showed comparable rejection 
(98.57±0.86%), whereas 0.75-inch thick filters showed a rejection of 99.21%±0.73%.  

3. Safety: Selection of tree species for filter fabrication should be preceded by a thorough investigation of the 
potential toxic effects of its sap and methods to eliminate them (if any). Sap of some trees is consumed by 
humans73,74, and sapwood occurs naturally in surface waters. Plants belonging to genus Pinus (pine), Tsuga 
(hemlock), and Picea (spruce) have been characterized as non-toxic75,76, though the needles of Pinus 
ponderosa (ponderosa pine) and Pinus contorta (lodgepole pine) and  can be toxic to cattle during 
gestation77,78. The oil extract of genus Juniperus (juniper) are commonly used in cosmetics76. Plants that 
are known to be non-toxic include Norfolk pine (Australia hemlocks). All parts of plants belonging to genus 
Taxus (yews) and Cycas (cycads) are known to be poisonous79. Abies balsamia (balsam fir) is known to be 
a skin irritant, and the seeds of Ginkgo biloba (ginkgo) are known to be poisonous79. Confirming that the 
sapwood is nontoxic is essential for use of the filters for filtering drinking water for human 
consumption. In addition, appropriate safety certifications and approvals may be procured before 
distributing the filters for human use. International NSF/ANSI standards are commonly employed to certify 
point-of-use drinking water filters. Although not required, the following certifications could be useful 
before marketing the product:  

a. NSF/ANSI 53: This standard is used to certify health-related microbiological contaminant 
reduction claims. 

b. NSF/ANSI 42: This standard is used to certify the chemical and material safety of filters. We note 
that drinking water standards typically do not have health-related constraints on natural organic 
matter in water (although there are constraints related to aesthetics, such as color). 

In the future, it may be useful to develop certifications specifically for xylem filters.  
 
Supplementary Note 12: HWT for emergency use 
During disasters and emergency situations such as floods, disease outbreaks, contamination of public water supply 
network, etc., access to safe drinking water is a major cause of concern. Some common methods employed to 
provide safe drinking water to the affected population under such situations include distribution of bottled/packaged 
water procured from government agencies or commercial vendors, delivering water through water tankers, using 
neighboring water systems and using water treatment systems at point-of-entry or point-of-use80. Point-of-use, 
household water treatment (HWT) methods can be useful during the acute phase of an emergency when responders 
cannot reach the affected population and in the recovery phase when longer term solutions are still under 
development81. Effective use of HWT treatment methods, including water filtration, has been shown to effectively 
reduce the incidence of water-borne diseases during emergencies81. Examples of studies where filtration methods 
were evaluated during emergencies include the following: use of ceramic filters after the 2004 tsunami in Sri 
Lanka82 and 2003 floods in Dominican Republic83, distribution of ceramic/biosand after the 2010 earthquake in 
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Haiti84,85, and use of membrane/ceramic filters during an emergency in Pakistan in 200786. The key learnings from 
these studies, in conjunction with guidelines enlisted in the Sphere handbook (the primary reference tool for NGOs, 
UN agencies, and governments to respond to emergencies and disasters) that can help guide filter design and its 
implementation for emergency use include the following: a) the device should be able to meet minimum drinking 
water requirement for survival, which is 2.5-3 liters per person per day87 and meet the minimum drinking water 
quality requirements during emergencies (< 10 CFU/100 mL, turbidity < 5 NTU)87, b) the target price for emergency 
filters can be benchmarked against reported costs of filtration devices distributed during emergencies;  during the 
2003 floods in Dominican Republic, ceramic filters had an upfront cost of $15 (though they were distributed free 
of charge)  with $4.50 recurring cost every 6 months for candle replacement83,  c) major factors affecting HWT 
usage rates amongst the affected population included quality of source water, prior experience with using HWT 
methods, need for training associated with device use, availability of replacement parts, level of programmatic 
support, ease of portability of device, and the living environment (usage rates varied between people living in 
permanent shelters and those moving between temporary shelters)82–84,86,88. Based on findings presented in the 
manuscript, xylem filters could be designed to meet the performance and cost targets specified above and due to 
their light weight, could be easy to transport and distribute. Other factors which could affect product adoption such 
as user training, filter lifetime, supply and distribution strategy, and user-perceived need for product would need to 
be further investigated.  
 
The plastic bag design depicted in Fig. 7b is a conceptual sketch. Plastic containers have often been distributed for 
safe water storage and bucket chlorination during disasters and emergencies89–92. Several membrane filters designed 
for emergency use are available commercially86,93,94, and some of these are membranes are housed in a plastic 
bag/container86,94. The robustness and longevity of the plastic bags would depend on the use case; filters could be 
designed to last for a single use or for a few days, weeks or months with provisions for cartridge replacement.  
 
Supplementary Note 13: Potential avenues for engagement of micro-enterprises and local communities in 
xylem filter manufacture and distribution    
The key raw materials required for xylem filter manufacture include gymnosperm sapwood and food-grade alcohol, 
which are available in several locations across the globe. In contrast to conventional membrane-based filter 
cartridges, the manufacturing process for filter fabrication is relatively simple and has not been patented for ease of 
dissemination of the technology. Accessibility to raw materials, simplicity of the manufacturing process, and the 
open source nature of the technology can facilitate its uptake by entrepreneurs and NGOs interested in taking it to 
the users and create an opportunity for business models where local communities can be engaged in filter 
manufacture and distribution. For example, communities could be involved to source the right kind of wood, or to 
process discarded branches, and bring them to a manufacturing facility, to distribute manufactured filters within 
rural/slum communities (the strategy of training local community members in retail and marketing for product sales 
and last-mile delivery is commonly employed by several fast moving consumer goods companies95,96), collect used 
filters to make charcoal, etc., and in some cases to fabricate filters in manufacturing facilities. The involvement of 
local communities in filter production and distribution could also help raise awareness about the safe importance of 
drinking water and encourage adoption of water treatment methods.  
 
An example of an NGO that has implemented a micro-enterprise based model for water filters is Potters for Peace. 
Potters for Peace is a non-profit organization that has facilitated the dissemination of ceramic filters across the globe 
by training potters in several low-income communities to make these filters in their local facility in a sustainable 
manner97. The organization has established best practices for ceramic filter manufacture, offers training programs 
for potters and also provides ground assistance with factory set-up worldwide. Such a model could serve as an 
inspiration and an example template for xylem filter dissemination.  
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Supplementary Table 1: Microbiological performance data for xylem filters* 
 

E. coli rejection 

Sample Point 

Influent 
concentration 

(CFU/L) 

Effluent concentration (CFU/L) Log removal  

Filter-I Filter-II Filter-III Filter-I Filter-II Filter-III 
Start 3.60×109 1.02×106 2.40×105 3.65×105 3.548 4.177 3.995 
75% permeance 3.85×109 2.14×106 3.10×105 2.60×105 3.256 3.095 4.171 
50% permeance 4.10×109 3.50×105 4.80×105 1.45×106 4.069 3.932 3.452 
25% permeance 5.20×109 4.20×105 5.60×105 2.70×105 4.093 3.968 4.285 

MS-2 phage rejection 

Sample Point 

Influent 
concentration 

(PFU/L) 

Effluent concentration (PFU/L) Log removal  

Filter-I Filter-II Filter-III Filter-I Filter-II Filter-III 
Start 4.25×108 2.52×105 3.78×105 1.87×105 3.227 3.051 3.357 
75% permeance 5.30×108 1.88×105 4.56×104 2.45×105 3.451 4.066 3.336 
50% permeance 6.22×108 2.40×105 2.60×104 3.86×104 3.414 4.379 4.208 
25% permeance 3.52×108 3.65×104 1.96×104 4.56×104 3.985 4.255 3.888 

Rotavirus rejection 

Sample Point 

Influent 
concentration 

(PFU/L) 

Effluent concentration (PFU/L) Log removal  

Filter-I Filter-II Filter-III Filter-I Filter-II Filter-III 
Start 1.03×107 1.00×102 1.50×102 1.70×102 5.011 4.835 4.781 
75% permeance 1.03×107 2.50×102 3.20×102 3.40×102 4.613 4.506 4.48 
50% permeance 1.02×107 5.00×102 6.70×102 7.50×102 4.308 4.181 4.132 
25% permeance 1.02×107 7.50×102 8.50×102 9.20×102 4.132 4.078 4.044 

 
*Xylem filters (4 cm diameter, 0.375-inch thickness) made from ginkgo were operated under a 1.2 meter gravity head with 
General Test Water containing WHO-prescribed concentrations of E. coli (³106 CFU/mL) and MS-2 phage (³105 PFU/mL)98 
and NSF-prescribed concentrations of rotavirus (³104 PFU/mL)99. E. coli and MS-2 phage were dosed simultaneously in the 
same test solution while rotavirus removal was tested separately. The bacterial and virus removal was tested at the start of filter 
operation and when permeance declined to 75%, 50%, and 25% of the initial value. After the first sampling point at the start 
of filter operation, dust was added to the test solution to accelerate clogging100,101 (refer to Methods section M20 for further 
details on test procedure). Flow rates corresponding to different sampling points have been specified in the table below.  
 

Sample Point 

Flow rates (mL/min) 

E. coli and MS-2 rejection experiment Rotavirus rejection experiment 

Filter-I Filter-II Filter-III Filter-I Filter-II Filter-III 
Start 24.50 25.00 26.00 25.00 26.00 26.00 

75% permeance 18.40 18.80 19.50 18.80 19.50 19.50 
50% permeance 12.30 12.50 13.00 12.50 13.00 13.00 
25% permeance 6.10 6.30 6.50 6.30 6.50 6.50 
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Supplementary Table 2: Water quality parameters for field tests 
 

Parameter Water  Source Desirable  
Test  Limit  
(BIS) 

Permissible  
limit  (BIS) 

Standard  test  
method Spring  A  (Kith  

village,  
Uttarakhand)* 

Groundwater  
(Delhi) 

Municipal  
tap  water  
(Delhi) 

pH 8.03       6.5-8.5 No  
relaxation 

IS  3025  (Part  11,  
2002) 

Total  Dissolved  Solids  (TDS),  
mg/L 

49.1       500 2000 IS  3025  (Part  16,  
2006) 

Turbidity  (NTU) 5.02 <2    1 5 IS  3025  (Part  10,  
2006) 

Total  alkalinity  (as  CaCO3),  
mg/L 

50       200 600 IS  3025  (Part  23,  
2003) 

Total  hardness  (as  CaCO3),  
mg/L 

40       200 600 IS  3025  (Part  21,  
2002) 

Fluoride,  mg/L 0.9       1 1.5 APHA  22nd  Ed.-
4500-F-D 

Nitrate,  mg/L 0.5       45 No  
relaxation 

APHA  22nd  Ed.-
4500-NO3-B 

Sulfate,  mg/L Not  detected       200 400 APHA  22nd  Ed.-
4500-SO42-E 

Residual  free  chlorine,  mg/L Not  detected       0.2 1 APHA  22nd  Ed.-
4500-CI-G 

Taste Agreeable       Agreeable Agreeable APHA  22nd  Ed.-
2160-C 

Color Not  detected       1 5 APHA  22nd  Ed.-
2120-C 

Conductivity,  uS/cm 81.3       - - APHA  22nd  Ed.-
2510-B 

Chloride,  mg/L 8.3       250 1000 APHA  22nd  Ed.-
4500-Cl-B 

Iron  (as  Fe),  mg/L 0.5       0.3 No  
relaxation 

APHA  22nd  Ed.-
3500-Fe-B 

COD    246.01 7.71       IS  3025  (Part  58) 
Associated  figures   Fig.  5f,  

Supplementary  
Fig.  4a 

Fig.  5f,  
Supplementary  
Fig.  4b 

Fig.  5g,  h,  
Supplementary  
Fig.  4c,  d   

         

       

*Spring  A  is  depicted  by  a  red  circle  in  Fig.  5f.  Water  quality  data  for  Spring  B  (Bhainswari  village,  Uttarakhand)  denoted  by  the  
orange  circle  in  Fig.  5f  is  unavailable.  Data  for  Supplementary  Fig.  4e-g  was  obtained  using  the  water  from  Spring  A  (Kith,  
Uttarakhand)  but  water  quality  parameters  other  than  fecal  and  total  coliform  were  not  tested  when  the  experiments  were  conducted.   
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Supplementary Data 1. Geographic  availability,  structural  and  degradation  characteristics,  
and  pricing  of  gymnosperms : Data  provided  separately as  Excel  file. 
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