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Abstract

:

Ceramic water filters (CWFs) are point-of-use drinking water treatment systems that are manufactured and used in under-served communities around the world. The clayey material (CM) used to manufacture CWFs is a locally sourced mixture of clay, sand, slit and amorphous material (usually dug near the CWF factory). CM varies in composition and purity depending on the geographical location and geological setting. In this study, a set of 13 CM samples collected from around the world were analyzed using grain size analysis, as well as liquid and plastic limit tests. Mineralogical composition was determined using X-ray diffraction. A selection of three CM samples (Guatemala, Canada, and Guinea Bissau) with a range of compositions were used to study biofilm growth on CM before and after firing. Biofilm coverage was studied on CM (before firing) and CWF material (after firing) using Pseudomonas fluorescens Migula. The average biofilm coverages for Guatemala, Canada, and Guinea Bissau CM were 20.03 ± 2.80%, 19.28 ± 0.91%, and 9.88 ± 4.02%, respectively. The average biofilm formation coverages for Guatemala, Canada, and Guinea Bissau CWF were 13.08 ± 1.74%, 10.36 ± 3.41%, and 8.66 ± 0.13%, respectively. The results presented here suggest that CM can be manipulated to manufacture better performing CWFs by engineering the soil characteristics, such as grain size, liquid and plastic limits, and mineralogy. This could improve the durability and biofilm resistance of CWFs.
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1. Introduction


An estimated 785 million people worldwide do not have access to an improved source of drinking water and 144 million are dependent on untreated surface water [1]. Contaminated water can lead to many different illnesses, including diarrheal diseases [1]. Ceramic water filters (CWFs) are a type of point-of-use drinking water treatment system used in under-served communities that do not have access to centralized drinking water treatment systems [2,3]. CWFs improve the microbiological quality of drinking water and reduce the burden of diarrheal diseases in under-served communities at the household level [4,5,6,7]. CWFs are also low cost, easy to use, and use local craftsmanship, making them socially acceptable for drinking water treatment [5,8,9,10].



The clay that is usually used in studies about CWF manufacturing is actually clayey material (CM) because the term “clay” refers to soil particles under 2 µm in diameter and these studies usually use soil with a larger particle size [2,8,11,12]. CWFs are made from locally sourced CM and burnout material, which is usually sawdust or rice husks [2,13]. CM utilized in CWF manufacturing is a mixture of clay, sand, silt, and amorphous material that is usually dug locally to the CWF factory. The CM varies in quality and composition depending on its source [8,13]. The maximum grain size for CM utilized in CWF production ranges between 177 and 2000 µm [2]. Soil with grain sizes between 2 and 2000 µm are classified as sand and silt, so the CM utilized in CWF manufacturing is a mixture of clay, silt, sand, and amorphous material [14,15]. After the CM is processed with sieving, the burnout material is added, typically at 5–25% by weight [2,16,17,18]. Water is added to the mixture of CM and burnout material and the resultant paste is pressed up to 1000 PSI using a hydraulic press to give the desired shape to the filter [19]. The molded filter is air dried and fired in a kiln to temperatures between 600 and 1000 °C [2,13,20]. During the firing process, the burnout material is incinerated, leaving pores in the ceramic [2]. These pores, which have a diameter between 1 and 5 µm, filter out microorganisms such as E. coli [17], Cryptosporidium parvum [18], and other water-borne pathogens [13,21]. After the filters are fired, they are coated in silver nanoparticles or silver nitrate [2,17,20]. The silver compounds prevent biofilm growth on the surface of the ceramic, which can interfere with the filtering process by reducing microbial removal [2,17,20,22,23,24]. CWFs manufactured using the described process have been successfully deployed in under-served communities around the world [4,5,25].



CMs are the main raw materials used in the manufacture of CWFs and are obtained from deposits local to CWF factories in order to reduce costs [17]. The physical and mineralogical properties of CM vary between locations, which creates variations in the quality of CWFs [8,26,27,28]. The variability in the physical properties of CM can be quantified using metrics in the Unified Soil Classification System (USCS). These metrics include: the liquid limit, plastic limit, plastic index, coefficient of uniformity (Cu), and coefficient of curvature (Cc). The liquid and plastic limits and the plastic index are related to the amount of moisture a soil sample can absorb [29]. The liquid limit is the smallest amount of moisture that can be added to soil to make it flow [29]. The plastic limit is the smallest amount of moisture that can be added to soil to allow it to be rolled into a tube [29]. The plastic index is the liquid limit minus the plastic limit; this value represents the range of moisture required to make the soil plastic [29]. The Cu and Cc of a soil sample measure the size range and shape of the grain size distribution curve, respectively [30]. The mineral composition of clays is studied using X-ray diffraction (XRD) [8]. XRD measures the angle at which X-rays are scattered by a lattice structure to create a spectrum characteristic of the sample [31]. The spectra are then compared to the reference spectra of known clays to determine the composition [31]. Variations in the mineral composition of the clays used to make CWFs can affect the plasticity of the clay and the strength of the CWFs [8].



The physical and mineralogical properties of clays have been reported to affect the performance and lifespan of CWFs, but this has yet to be systematically evaluated. In this study, we evaluate the properties of CM and discuss how manipulating these properties could improve the LRV of the CWFs. Previous studies have examined the effect of other manufacturing parameters, such as the silver coating or burnout material, on filter performance [2,11,16,32,33].



Our objective is to study the impact of physical and chemical properties of the CM used by CWF manufacturers on the CWF quality. Well-established geosciences, environmental, and geotechnical engineering methodologies were used to evaluate the CM studied. These techniques could eventually be applied by manufacturers to modify or manipulate the CM used in their CWFs production line. Implementing these techniques would be a low-cost approach to increasing the durability and pathogen removal performance of the filters. Biofilm growth on CM before and after firing was also evaluated on selected CMs utilized during this study. CM characterization and biofilm growth data were analyzed for their potential implications in CWF manufacturing.




2. Materials and Methods


CM samples (12) were provided by Potters without Borders (PWB), a Canadian nonprofit that assists in the setup of CWF factories, and 1 sample was obtained from the Ixtatan Foundation, Guatemala. The geographical information for all 13 samples is listed in Table 1. Of these 13 samples, three were used in the manufacture of CWF disks: Guinea Bissau Factory, Canada, and Guatemala. These samples were chosen because they represent a range of different geographies and there was enough sample available for the testing.




3. CM Characterization


The physical properties of the 13 clay samples were determined to understand their potential impact on the manufacturing process and the CWF performance. Grain size distribution analysis and liquid and plastic limit tests of the samples were selected to determine physical characteristics and classify the CM. Grain size distribution analysis quantifies the particles in a given size category and provides the information necessary for classifying the soil in accordance with the USCS (Table S1). This analysis was performed using the Standard Test Method for Particle-Size Analysis of Soils (ASTM D422) and Standard Test Method for Amount of Material in Soils Finer Than the No. 200 (75 µm) Sieve (ASTM D1140) [34]. Cu and Cm were calculated from the grain size distribution data based on Equations (1) and (2), presented below [30]:


   C u  =    D  60      D  10      



(1)






   C C  =     (  D  30   )  2     D  60   ×  D  10      



(2)







Of the particles in the soil sample of interest, 60%, 30%, and 10% are finer than the particle diameters defined as the D60, D30, and D10 (respectively). The units for these values in Equations (1) and (2) are usually millimeters.



The liquid and plastic limit tests describe the effect of water content on the mechanical properties of soil [29]. These characteristics were measured in accordance with Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils (ASTM D 4318) [34]. Samples were analyzed in triplicate for the determination of the liquid and plastic limits. The results of the liquid and plastic limit tests are expressed as water content in the CM on a mass percentage basis.



CM from Canada, Guinea Bissau, and Guatemala was used to make ceramic disks. Ceramic disks are commonly used as small-scale CWFs for laboratory scale testing [13,18,19,35]. CWF disks were manufactured with 80% CM (sieved with the 149-µm mesh) and 20% sawdust (retained between the 149-µm and 44-µm sieves). The 149-µm mesh was used to ensure a similar grain size of the CM used for the CWF disks and means that the CM is made of sand, silt, and clay particles [15]. Water was added to the clay/sawdust mixture until it reached the consistency of a stiff dough. The mixture was pressed up to 1000 PSI using a hydraulic press, to mold the clay into disks. The disks were 4.7 cm in diameter and 1.5 cm thick, which matches the thickness of CWFs manufactured in the field [13,17,19]. The disks were dried for 3 days at room temperature, then fired in a kiln. The disks were fired starting from room temperature, ramping 150 °C/h to 600 °C and then ramping 300 °C/h to 900 °C, holding this final temperature for 3 h [13].



X-ray diffraction (XRD) was used to identify the minerals present in the CM and CWF samples. The CWF samples were prepared using the method described above and crushed into a powder. The CM and CWF powders were finely ground, dried at 60 °C overnight, homogenized, sieved through a No. 100 (149 µm) sieve, and analyzed using an Olympus Terra Portable XRD [8], outfitted with a Co x-ray tube. Spectra were compiled from 100 exposures. Peaks were interpreted using XPowder, a peak-matching software [8].



In addition, the sawdust samples were fired to determine their composition. Sawdust that is incinerated during the firing process leaves behind ash containing metals that could have an effect on biofilm growth. Sawdust was fired according to the ceramic water filter firing process. The resultant ashes were suspended at a concentration of 1 g/L in a solution of deionized water and 2% nitric acid. This solution was left to digest overnight then filtered and analyzed by EPA Method 200.7 using a Thermo Fisher Scientific X Series II inductively coupled plasma-mass spectrometer (ICP-MS) [36]. The solution was measured in triplicate by the ICP-MS.




4. Biofilm Formation Analysis


Pseudomonas fluorescens Migula (ATCC 13525, American Type Culture Collection, USA) was selected for this study because it is a model organism commonly used in biofouling studies of membranes and known to form biofilms at the proposed testing conditions [37]. A single colony from a stock culture was inoculated in a 500 mL Erlenmeyer flask containing 100 mL of Lysogeny broth medium (LB medium: tryptone 10 g/L, sodium chloride 10 g/L, and yeast extract 5 g/L) [38]. Microorganisms in the LB medium grew aerobically on a rotary shaker for 16 h at 37 °C at 110 rpm and were harvested at the mid-exponential growth phase. The cells were pelleted by centrifugation for 15 min at 3000 g and 25 °C, and the supernatant was removed. The pellets were rinsed with phosphate-buffered saline solution (PBS; 1.12 g/L potassium phosphate dibasic, 0.48 g/L potassium phosphate monobasic, and 0.002 g/L EDTA) by centrifugation for 15 min at 3000 g and 25 °C three times [39]. The resulting pellets were re-suspended in 20 mL PBS and bacteria cell concentration was observed using optical density at 670 nm (OD670) using a Thermo Scientific Genesys 10S UV-Vis spectrophotometer. The optical density of the resultant solution was fixed to 1.0 absorbance units (AU) at 670 nm.



CM and CWF samples were used in the biofilm growth analysis. Each CM sample was sieved through a 149-µm mesh and suspended in deionized water at a concentration of 100 mg/L. The suspended CM was disaggregated in an ultrasound bath (L&R solid state/ultrasonic T-28B) for 10 min at room temperature. CWF samples were prepared by crushing CWF disks, before sieving and ultrasounds bath.



A modification of a previously published method was used to assess biofilm formation on the CM and CWF samples [40]. Briefly, coverslips (18 mm by 18 mm) were treated with a 7:3 (v/v) H2SO4:H2O2 solution for one hour, then rinsed with deionized water and sonicated for 15 min in a bath sonicator to remove organic contamination on the glass coverslips. The washed and sonicated coverslips were dried at 60 °C and stored in a desiccator. Cover slips were evenly coated with 2.4 mL prepared CM or CWF suspension (100 mg/L) and then transferred to an oven for 20 min at 120 °C. The coverslip with the bound clayey or CWF materials was rinsed with deionized water for 20 s and then dried at 60 °C. The CM- or CWF-coated coverslip was autoclaved at 121 °C for 20 min and placed in a sterile polystyrene 6-well plate with a total well volume of approximately 16 mL (Figure S1). Then, 0.25 mL of bacteria suspended in PBS with an OD 670 of 1.0 AU was added to each well. This solution was allowed to contact the samples for 10 min in the incubator at 37 °C. After that, 4.75 mL LB media was added to each well to completely cover the coverslip and the samples were placed in an incubator for 48 h at 37 °C. After the incubation period, the coverslip was removed and rinsed with deionized water three times, then dried by removing the liquid with a paper towel, which was placed at the edge of the coverslip on clean glass slides for 10 min. This process was performed in triplicate for biofilms grown on clayey and CWF materials.



Each sample-coated coverslip was stained in 10 or 11 spots with 10 µL of a solution with 3:500 (v/v) Invitrogen SYTO 9 green fluorescent nucleic acid stain in deionized water. After five minutes of contact with the dye, coverslips were examined using a Cytoviva Model V10E microscope under two channels analyzed by QCapture Pro 7 Software. The QCapture Pro 7 software was used to observe the Pseudomonas fluorescens biofilm (channel 1) and the mineral attachment on the coverslip (channel 2). Channel 1 captures fluorescence images and channel 2 is a brightfield camera. The percent coverage was calculated by dividing the biofilm area on clayey or CWF material measured with channel 1 by CM or CWF area measured by channel 2. ImageJ software Version 1.51h (National Institutes of Health) was used to quantify biofilm coverage on each coverslip. Statistical significance was determined using a t-test. An alpha value (α) of 0.05 was used to determine statistical difference between samples.




5. Results


Here, Atterberg testing and biofilm formation analysis were used to determine if the properties of CM used at CWF factories around the world significantly differ. These characteristics can have important effects on the performance of CWFs.



5.1. CM Characterization


The USCS soil classification uses grain size analysis, liquid limit, plastic limit, and plastic index to determine soil category [34]. The results for all the parameters and classification of the CM are listed in Table 2. The values for Cu and Cc, as well as the input diameter values, can be found in Table S2.



A summary of mineral compositions for the CMs and CWFs studied in this experiment can be found in Table 3. The raw data for all the XRD spectra acquired are provided in the Supplementary Materials. Both CM and CWF samples from Guinea Bissau, Canada, and Guatemala were analyzed using XRD. CWFs are the fired equivalents of the original CM and have been heated at temperatures of up to 1000 °C. This heat treatment can affect the mineralogical profile of the samples [41]. The CM from Guinea Bissau contained quartz, 7-Å clays (kaolinite and dickite), and montmorillonite (Table 3). After firing, the XRD spectrum of this material changed. Quartz and hematite were present in the spectrum for CWFs made with Guinea Bissau CM. Montmorillonite and 7-Å clays (kaolinite and dickite) were absent from the spectrum after firing (Table 3). Similar phenomena were seen in the XRD spectra for the Canada and Guatemala CM. The CM from Canada was made of quartz, muscovite, and 7-Å clay (kaolinite) (Table 3). Guatemalan CM contained four identifiable minerals: montmorillonite, quartz, muscovite, and albite (Table 2). After firing, the Canadian CWF XRD spectrum was quartz, 10Å clay (likely muscovite), and hematite (Table 2). The 7-Å clay group from the CM disappeared from the XRD spectrum of the Canadian CWF. The Guatemalan CWF had quartz, 10Å clay (likely muscovite), and albite signals. This sample was missing the montmorillonite signal that was present in the CM spectrum.




5.2. Biofilm Formation Analysis


Biofilm formation was measured using fluorescence microscopy. The samples were analyzed with two channels on the fluorescence microscope: channel 1 is specific for bacteria stained with SYTO 9 dye and channel 2 was used to detect the surfaces coated with clayey or CWF material. Figure 1 shows a selection of images from the Guinea Bissau Factory (A-D), Canada (E-H), and Guatemala (J-L) samples. Each set of samples (CM or CWF) has two columns that show CM or CWF coating (left) and biofilm growth (right). The green areas in Figure 1 show biofilm formation detected with channel 1. CM and CWF samples presented no fluorescence in channel 1 when stained with SYTO 9 green fluorescent dye without the presence of bacteria (Figure S3A,B). Bacteria without CM or CWF samples presented the expected fluorescence when stained with the SYTO 9 dye (Figure S3C,D).



A summary of the results obtained for all CM and CWF are shown in Figure 2. Every condition was measured with triplicate samples and ten or eleven spots were analyzed for each sample (this is 32 measurements per condition). The full data set used in the analysis can be found in Tables S3–S5. T-tests were used to determine statistical differences and the results are summarized in Table S6 (the α used to calculate the p values was 0.05). No significant differences were shown between the triplicate samples tested for each condition. This indicates that there was little sampling error between the triplicate tests. Guatemalan and Canadian CM had a similar biofilm coverage: 20.03 ± 2.80% and 19.28 ± 0.91%, respectively (p = 0.61). The biofilm coverage for these samples was statistically larger than Guinea Bissau CM, which had a biofilm coverage of 9.88 ± 4.02% (p < 0.05 for both). Similar results were obtained for the CWF materials. The Guatemalan and Canadian CWFs had similar biofilm coverage with 13.08 ± 1.74% and 10.36 ± 3.41% biofilm coverage, respectively, (p = 90). Both of these samples have statistically larger coverage than Guinea-Bissau, which had 8.66 ± 0.13% coverage (p = 0.02 for both comparisons). Biofilm growth on CM samples from Guatemala and Canada was significantly larger than growth on their respective CWF material (p < 0.05 for both). There was no significant difference in biofilm growth for CM and CWF samples produced using material from Guinea-Bissau (p = 0.20). The biofilm growth on the CM samples as a whole was significantly larger compared to biofilm growth on the CWF samples (p < 0.05).



ICP-MS analysis was used to quantify the concentration of metals released from the ashes of fired sawdust. In total, 11 metals were quantified with this analysis, the results of which can be found in Table S7. The major elements released by the sawdust were sodium (226.01 µg/g sawdust), potassium (53.47 µg/g sawdust), and iron (2.71 µg/g sawdust). Low levels of chromium (0.34 µg/g sawdust), zinc (0.31 µg/g sawdust), and copper (0.12 µg/g sawdust) were also detected.





6. Discussion


6.1. CM Characterization


The plasticity of the CM used in the construction of a CWF was the first set of characterization data measured here. CM plasticity can affect the performance of the final product, specifically the flow rate and durability of the final filter [2,20]. Generally, CMs with plasticity indices between 10 and 30% are appropriate for manufacturing CWFs [2]. CM with a plasticity lower than 10% can make the manufacturing process more difficult and the final filter more brittle [2]. Clay samples with a plasticity above the 10–30% range take too long to dry and shrink too much during the firing process [2]. Of the 13 samples characterized in Table 1, only six were within the acceptable range for CWF manufacturing.



The classification system applied to these CM samples has the potential to assist CWF manufacturers in utilizing higher quality CM in their CWFs. Classifying the CM in local mines could be used to identify sources with plasticity values in the acceptable range. If there is no mine with acceptably plastic clay, the CM can be adjusted to fall within the acceptable range by adding small amounts of pure clays [42]. Bentonite and montmorillonite can be added to mined CM to increase plasticity and sand can be added to decrease the plasticity [2]. Engineering the plasticity of the clay in this manner would improve the durability of the filters utilized in the field. Durability has been reported as an issue for CWFs. Previous studies have reported that 15–32% of CWFs in the field have broken within a period of 6 weeks to 6 months [4,9,43]. CWF manufacturers could use the soil classification system to select CM that would improve the durability of their product, which would lead to increased use and improved health in under-served communities. Based on the results obtained in Table 1, Indonesia, Nicaragua, Guayaquil, Biyo Mire (black), Guinea Bissau (red), Canada, and Guatemala CM have plasticity values outside of the recommended range. Factories who supplied these CM samples may wish to change their source of CM or engineer it to improve the properties. This could lead to an improvement in the workability of the clay and the durability of the CWFs produced at these locations.



XRD was used to determine the mineral composition of the CM and CWFs studied here. Minerals such as kaolinite, quartz, pyroxene, albite, illites, hematite, and smectite clays have been reported in CWFs in the literature [8,13,18,42,44,45]. The other minerals found in our CWF samples belong to the silicate and sulfate mineral groups that are commonly found in the Earth’s crust [46]. Quartz, muscovite, albite, montmorillonite, and 7-Å clays, such as chlorite, kaolinite and dickite, are typical minerals in clayey sand and clay [47,48]. The mineral composition of the CM utilized in the construction of CWFs has been shown to affect the performance. CWFs are often coated in silver nanoparticles, which are adsorbed to the ceramic matrix [13]. Smectite clays promote silver sorption, which increases the long-term performance of the CWF [8]. The mineralogy of the ceramic also affects the strength and plasticity of the CWF [8,42,45,49]. Characterizing the CM utilized by CWF manufacturers could be used to select mines that are rich in minerals that will improve the performance of the CWF. Filter factories could partner with local universities, Potters for Peace, or Potters without Borders in order to characterize the CM used in their filters. These organizations have contacts that could assist in the characterization of CM sources. Selecting an improved source of raw materials would improve the quality of the final CWF.



The XRD results also show a difference in the mineral compositions of unfired and fired CM. Clays from Guinea Bissau, Canada, and Guatemala were fired to create CWF disks. After firing, these samples had lost their 7-Å clay (such as kaolinite and dickite) and montmorillonite signals and gained peaks for hematite. The changes experienced by these minerals have been reported in the literature. Kaolinite goes through several changes during the firing process [50]. In this experiment, the maximum firing temperature was 1000 °C. Previous studies have reported that kaolinite fired to this temperature is converted to mullite crystals (which imparts some strength to the ceramic) and amorphous silica material [50,51]. Dickite is also a kaolin group clay (7-Å clay), so it likely undergoes a similar transformation after heating. The interlayer spaces of swelling clays, such as montmorillonite, tend to collapse when heated [52]. Quartz, albite, and (putative) muscovite survived the firing process because of their higher melting points [37,53,54,55]. Iron oxides can be formed from CM fired in an oxidative atmosphere [56]. The presence of iron oxides (hematite) can also promote the removal of viruses from drinking water [44].



The changes that occur during the firing process present a challenge for CWF manufacturers because clay composition before and after firing must be taken into account. Mineralogy can affect the plasticity of the CM, which could change the manufacturing process. After the filter has been fired, the mineral composition changes. The new mineralogy of the CWF must be taken into consideration as this can affect the durability and microbial removal of the filter.




6.2. Biofilm Formation Analysis


CM samples were shown to have statistically significant variations in biofilm growth depending on their origin and whether they had been fired. As mentioned in the results section, Guinea Bissau CM and CWF samples had the smallest amount of biofilm coverage and the CWF samples from Guatemala and Canada had less biofilm growth compared to their CM counterparts. The differences measured in the biofilm formation analysis could have an important impact on the CWF manufacturing process. These results demonstrate that the source of the CM and the firing process can have a statistically significant effect on biofilm formation. This is an important finding for CWF manufacturers. Biofilm growth on CWFs is discouraged because it leads to a reduction in microbial removal [22,23,24]. Our results indicate that biofilm growth on CM and CWF material can be mitigated by manipulating the CM used in filter production. CWF manufacturers may be able to use this to their advantage, selecting a CM source that could reduce biofilm growth on their final product. This would lead to an increase in the removal of microorganisms by the CWFs and an improvement in health in under-served communities.



While we have demonstrated statistically significant differences in biofilm coverage, the analyses performed here were unable to determine the causes of these differences. The measured differences in biofilm coverage have two possible sources: clay mineralogy and metal content from sawdust ash. The variations in mineralogical composition of the samples were not enough to explain the differences in biofilm growth measured here. XRD cannot be used to quantify the mineral composition of the CM or CWF samples, so changes in biofilm growth cannot be quantitatively linked to changes in mineral composition. The CWF samples analyzed were exposed to metals from sawdust ashes, in addition to having different mineral compositions. ICP-MS analysis demonstrated that the main metals in the sawdust were sodium, potassium, and iron. These metals have been shown to support biofilm growth [57,58,59]. Chromium, zinc, and copper, were also found in our analysis. These metals have been shown to be more toxic, reducing biofilm growth [60,61]. Biofilms (including those formed by Pseudomonas species) can develop resistance mechanisms for heavy metals over the long term [62,63]. In this study, the Pseudomonas were not exposed to the metals for long enough to develop resistance. The presence of metals from sawdust does not explain the differences seen between CM and CWF samples. If the metals were the cause of the differences in biofilm growth between CM and CWF samples, then it would be expected that all CWF samples would have a different biofilm coverage compared to the CM. The Guinea Bissau samples did not show the statistically significant difference, which would be expected if the sawdust was causing the differences. Our analysis showed that statistically significant differences in biofilm growth linked to CM origin and processing to make CWFs.



While we have demonstrated differences in biofilm growth on the CM and CWF material, future studies are required to demonstrate the causes of these differences. Elemental analysis using X-ray fluorescence could be used to demonstrate differences in composition related to biofilm growth. The nanotopography of a substrate can also play a role in cellular attachment and biofilm growth [64]. Atomic force microscopy can be applied to measure differences in nanotopography [64]. Future characterization studies are required to determine the origins of the differences in biofilm growth that are demonstrated in this study.





7. Conclusions


The CM utilized in the construction of CWFs varies widely between sources at different filter factories. This study is the first to demonstrate how manipulating the CM has the potential to improve the quality of CWFs. The plasticity of CM samples was analyzed using well-established techniques. The plasticity measurements can assist CWF manufacturers in choosing a source of CM that will lead to longer lasting and better performing filters. XRD spectra acquired before and after firing show the mineral composition of the CM and ceramic. This characterization can be used to select CM that will better adsorb silver nanoparticles or produce more durable CWFs. XRD was also used to demonstrate differences in mineral composition before and after firing. An understanding of the mineral composition before and after firing is crucial to improve the manufacturing process. The final analysis performed here demonstrates how CM can be manipulated to reduce biofilm growth. In order to improve CWF performance and reduce biofilm growth, the incorporation of CM that contains albite and muscovite should be minimized. These minerals can be identified in the CM and are present in the CWF after firing. Our results demonstrate that CWF factories should undertake similar studies to better understand the characteristics of their raw materials. Factories may not be able to choose the source, but they can engineer the CWF design to produce high-quality filters based on the properties of their raw materials.
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Figure 1. Biofilm growth on CM and CWF samples. CM and CWF samples from Guinea Bissau Factory (A–D); Canada (E–H); and Guatemala (I–L) were analyzed for their effect on biofilm growth. Each set of CM and CWF samples was analyzed with two channels on the microscope: the bacterial-specific channel (channel 1) and clay-specific channel (channel 2). The images in the left-hand columns of the CM and CWF sets were analyzed using channel 2 (Images A,C,E,G,I,K), and the right-hand columns are images from channel 1 (Images B,D,F,H,J,L). The green areas indicate bacterial growth. Positive and negative controls can be found in Figure S3. 
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Figure 2. Biofilm coverage on CM (solid bars) and CWFs (striped bars). Average biofilm coverage was determined by analyzing each condition in triplicate at 10 or 11 different locations on each sample. See Tables S3–S5 for the full data set. In the box and whisker plots, the solid gray boxes are the CM samples and the striped boxes are the CWF samples. The tops and bottoms of the boxes are the 25th percentile with the mean (dashed line) and median (solid line) marked inside the boxes. The whiskers mark the 95th percentile and the dots mark the outliers. Letters (a,b) indicate statistical significance between CM samples, and Roman numerals (i,ii) indicate statistical significance between CWF samples. 
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Table 1. Sources of clayey minerals.






Table 1. Sources of clayey minerals.





	Sample Name
	Source Country (City)
	Provider





	Indonesia
	Indonesia
	Potters Without Borders



	Tanzania
	Tanzania
	Potters Without Borders



	Nicaragua
	Nicaragua
	Potters Without Borders



	Mozambique
	Mozambique (Nampula)
	Potters Without Borders



	Guayaquil
	Ecuador (Guayaquil)
	Potters Without Borders



	Biyo Mire Black
	Somalia (Hargeisa)
	Potters Without Borders



	Biyo Mire Red
	Somalia (Hargeisa)
	Potters Without Borders



	Guinea Bissau Black
	Guinea Bissau (Safim)
	Potters Without Borders



	Guinea Bissau Red
	Guinea Bissau (Safim)
	Potters Without Borders



	Guinea Bissau Factory *
	Guinea Bissau (Safim)
	Potters Without Borders



	Nova Scotia
	Canada (Lantz)
	Potters Without Borders



	Canada *
	Canada (Bridgetown)
	Potters Without Borders



	Guatemala *
	Guatemala (San Mateo Ixtatan)
	Ixtatan Foundation







* Samples used to manufacture CWFs.
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Table 2. Liquid limit, plastic limit, plastic index, and classification of clayey material (CM).
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Sample Name

	
Liquid Limit (%)

	
Plastic Limit (%)

	
Plastic Index (%)

	
Grain Size Distribution




	
% Passing No. 4

	
% Passing No. 200

	
Cu ≥ 6 and 1 < Cc < 3

	
PI > 73% (LL-20%)

	
Classification






	
Indonesia

	
68.85

	
20.92

	
47.93

	
100.00

	
32.34

	
N/A

	
NO

	
Silt sand




	
Tanzania

	
42.98

	
21.74

	
21.23

	
100.00

	
23.32

	
N/A

	
NO

	
Silt sand




	
Nicaragua

	
32.69

	
0.00

	
32.69

	
100.00

	
25.37

	
NO

	
NO

	
Silt sand




	
Mozambique

	
42.72

	
20.17

	
22.54

	
100.00

	
9.80

	
YES

	
NO

	
Well-graded sand with silt




	
Guayaquil

	
51.07

	
34.94

	
33.68

	
100.00

	
2.51

	
NO

	
N/A

	
Poorly-graded sand




	
Biyo Mire Black

	
27.82

	
19.53

	
8.29

	
100.00

	
3.50

	
NO

	
N/A

	
Poorly-graded sand




	
Biyo Mire Red

	
49.47

	
30.49

	
18.98

	
100.00

	
3.07

	
NO

	
N/A

	
Poorly-graded sand




	
Guinea Bissau Black

	
32.87

	
20.92

	
11.95

	
100.00

	
5.05

	
NO

	
NO

	
Poorly-graded sand with silt




	
Guinea Bissau Red

	
29.01

	
21.30

	
7.71

	
100.00

	
15.34

	
N/A

	
NO

	
Silt sand




	
Guinea Bissau Factory

	
33.99

	
23.23

	
10.76

	
100.00

	
3.37

	
NO

	
N/A

	
Poorly-graded sand




	
Nova Scotia *

	
44.60

	
24.47

	
20.13

	
8.66

	
2.00

	
NO *

	
N/A

	
Poorly-graded gravel




	
Canada

	
28.91

	
19.60

	
9.31

	
100.00

	
4.92

	
NO

	
N/A

	
Poorly-graded sand




	
Guatemala

	
33.99

	
30.79

	
3.20

	
100.00

	
10.78

	
NO

	
NO

	
Poorly-graded sand with silt








* The Nova Scotia sample was the only one with less than 50% passing the No. 200 sieve, so the Cu and Cc comparisons were as follows: Cu > 4 and 1 < Cc < 3. N/A-not applicable based on the Unified Soil Classification System (USCS) classification scheme presented in Table S1.
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Table 3. Summary of X-ray diffraction (XRD) spectra collected for CM and ceramic water filter (CWF) samples *.






Table 3. Summary of X-ray diffraction (XRD) spectra collected for CM and ceramic water filter (CWF) samples *.





	Sample Name
	Minerals





	Indonesia
	7-Å clay (kaolinite or chlorite), quartz, montmorillonite, muscovite



	Tanzania
	7-Å clay (kaolinite or chlorite), quartz, vermiculite



	Nicaragua
	7-Å clay (kaolinite or chlorite), quartz, montmorillonite, muscovite



	Mozambique
	Phlogopite, 7-Å clay (kaolinite or chlorite), biotite, montmorillonite, quartz



	Guayaquil
	Quartz, montmorillonite, illite, albite



	Biyo Mire Black
	Quartz, montmorillonite, illite, albite, calcite, pyroxene



	Biyo Mire Red
	Quartz, montmorillonite, albite, calcite, 7-Å clay (kaolinite or chlorite), muscovite, vermiculite, palygorskite



	Guinea Bissau Black
	Quartz, 7-Å clay (kaolinite or chlorite)



	Guinea Bissau Red
	Quartz, 7-Å clay (kaolinite or chlorite)



	Nova Scotia
	Quartz, montmorillonite, 7-Å clay (kaolinite or chlorite), muscovite



	Guinea Bissau Factory
	Quartz, 7-Å clay (likely kaolinite, dickite), montmorillonite



	Guinea Bissau Factory-CWF
	Quartz, hematite



	Canada
	Quartz, muscovite, 7-Å clay (kaolinite or chlorite)



	Canada-CWF
	Quartz, muscovite, hematite



	Guatemala
	Montmorillonite, quartz, muscovite, and albite



	Guatemala-CWF
	Quartz, muscovite, albite







* Mineral identifications in parentheses were supported by XPowder peak evaluations but cannot be proven without further characterization that was not performed here.
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