

ABSTRACT
According to the World Health Organization (WHO), 1.8 billion people use fecally contaminated drinking-water sources worldwide. Although there has been increased attention to drinking-water quality and treatment, the WHO still estimates over two million annual deaths are due to diarrheal disease caused by consumption of fecally contaminated water. Cloth is often used in many South Asian communities as a water filtration method. Since the cloth is composed of tightly woven threads, some contaminants are prevented from passing through the filter, making the cloth a potentially effective way to improve water sanitization. Many pathogenic viruses, however, are too small to be sufficiently filtered out. Chitosan is a biodegradable polymer derived from treatment of chitin, found in the exoskeletons of crustaceans. When added to water, chitosan acts as a coagulant to accumulate and agglomerate particles in the water and thereby facilitate the filtration of viruses and other contaminants. Chitosan precipitates the microbes, forming large particles that can then be readily filtered out. The goal of this project is to determine the extent to which the combination of cloth as a filtration device and chitosan as a coagulant will improve water quality. Although there was an increase in microbial reduction resulting from the use of both pre-treatment with 35mg/L of chitosan acetate as a coagulant and 12 layers of a 100% cotton cloth filter compared to the microbial reduction that resulted from filtration alone, it was not enough to meet even the lowest target level of protection (one-star) set by WHO. Filtration in combination with 35 mg/L of chitosan acetate also was not able to remove turbidity to levels below 1 NTU, which is the turbidity standard for US EPA and the guideline value set by the World Health Organization (See raw turbidity and pH levels in Tables 3-8 in appendix). The use of other filtration media such as microporous ceramic filters along with chitosan coagulation is more effective for virus removal from water, based on previous studies.
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INTRODUCTION
Background
According to the World Health Organization, 2.1 billion people lacked safely managed drinking water in 2015 (WHO, 2017). Contaminated water can spread infectious diseases, including gastrointestinal illnesses such as diarrhea, caused by a many different enteric pathogens, including the protozoan parasite Cryptosporidium, bacteria such as Escherichia coli, Salmonella spp, Salmonella typhi, the cause of typhoid fever, Vibrio cholerae, the cause of cholera and viruses such as hepatitis A and E viruses (Kotloff et al., 2012). Additionally, estimates predict that half of the world’s population will be living in water-stressed areas by 2025 (WHO, 2017). Disadvantaged and developing communities are less likely to have access to improved drinking water sources. This includes household connections, public standpipes, boreholes, protected dug wells, protected springs, and collected rainwater. Among developed countries, 95% of rural populations have access to improved drinking water sources, of which 72% is piped (WHO, UNICEF, 2015).  Among developing countries, however, only 83% of rural populations have access to improved drinking water sources, with only 28% of those sources being piped water (WHO, UNICEF, 2015). The lack of water-treatment infrastructure and insufficient fecal waste-management practices puts disadvantaged and developing communities at a greater risk of being exposed to waterborne diseases (WHO, UNICEF, 2015).
 Successful public health campaigns such as the efforts of the Millennium Development Goals resulted in 2.3 billion people gaining access to improved drinking-water sources from 1990 to 2012 (WHO, 2014). Despite increased attention given to drinking-water quality and treatment, according to the World Health Organization, an estimated 748 million children, women, and men still do not have access to improved drinking-water sources (WHO, 2014).
Many developing countries face challenges with access to clean water. Studies in Cambodia and Vietnam have observed that water sources, although improved, still have microbial contaminations with levels of E. coli ranging from 1 to more than 103 CFU/100 mL (Shaheed et al., 2014). This included piped water as well as stored rain water. Although the Joint Monitoring Program (JMP) considers piped water and rainwater as improved drinking water sources, field studies from rural Thailand observed that “improved” drinking water sources do not always also meet the standards for the definition of safe drinking water when considering microbial contamination (JMP, 2013). To further improve these sources, expensive and resource consuming measures would be needed; however, these measures are not affordable for most developing countries, especially in rural areas, and a timely, achievable, and economical solution is required (JMP, 2013). An alternative approach to gain access to safe water in disadvantaged and developing communities, particularly rural communities, is by point-of-use treatment technologies such as chlorination, UV disinfection, ceramic filtration and biosand filtration.

Household Water Treatment and Point-of-use Water Treatment
Household water treatment concerns technologies or processes that can physically, chemically and sometimes biologically remove microbial contamination from water. These technologies are particularly crucial in developing and rural areas. More specifically, point-of-use technologies as types of household water treatments are quick, feasible, and affordable processes that are effective for decreasing microbial contamination in these regions of the world. Although these technologies can be effective, not all point-of-use drinking water technologies deliver the same degree of water quality improvement. The World Health Organization (WHO) has established quantitative performance levels for household water treatment technologies by specifying the Log10 reduction of bacteria, viruses and protozoa (WHO 2011a). These Log10 reduction recommended performance levels consist of a 3-tiered approach for the reduction of bacterial, viruses, and protozoa. Three stars indicates highly protective, two stars indicates protective, and one star which indicates minimal protection against only 2 of the 3 classes of microbial pathogens in water (bacteria, viruses and protozoan parasites).  Zero stars means little or no protection. For very high pathogen removal, ≥4, ≥5, and ≥4 Log10 reductions must be met for bacteria, viruses, and protozoa respectively. For high pathogen removal (2 stars), ≥2, ≥3, and ≥2 Log10 must be achieved for bacteria, viruses, and protozoa respectively. For targeted protection (1 star), technologies must meet at least 2-star criteria for two of the three classes of pathogens (WHO, 2016). 
Although many of these treatment technologies are often simple in principle and some are innovative, a common obstacle faced is that many of the single barrier point-of-use (POU) technologies do not always achieve these protective and highly protective performance targets. Therefore, there is a need for multi-barrier technologies to improve the efficacy of drinking water treatment at point of use. Multi-barrier treatment methods in the form of add-ons to or combinations of existing technologies offer a reliable and cost-effective option that complement and potentially improve currently existing technologies. An example of such a combination POU technology is the combination of a chemical coagulant, such as ferric salts, with a chemical disinfectant, such as free chlorine, that is provided as a sachet of dry granular material to add to specified volumes of water for simultaneous coagulation to physically capture and remove particles by sedimentation and also provide disinfection by free chlorine to kill microorganisms.

Coagulation as a Form of Point-of-Use Water Treatment 
In conventional water treatment plants, untreated source water goes typically through four stages: 1) coagulation and flocculation 2) sedimentation 3) filtration and 4) disinfection. Treatment is generally carried out on an industrial scale. Coagulation as a form of water treatment has been used throughout history from the Egyptians in 2000 B.C. and the Romans in 77A.D. to the English using alum as a coagulant in municipal water treatment in England (IWA, 2017). Coagulation occurs when positively charged chemicals are added to water and bind with negatively charged particles such as clays, natural organic matter colloids and microorganisms. Coagulation and flocculation are critical and standard steps of water treatment to this day. Limits for turbidity of treated water have dropped recently to 0.3 NTU from the 1989 standard of 1.0 NTU. To protect against pathogenic contaminants, however, many water utilities have opted to produce treated water effluent with turbidity levels of 0.1 NTU (IWA, 2017). Coagulants can decrease turbidity, the amount of organic material, microorganisms, and even some metals and is considered one of the most important steps in the physical removal of contaminants by many treatment facilities (Matilainen et al., 2010). Coagulation is also an important step in water clarification because the resulting decreases in suspended particulates and organics not only improves overall treatment, but also disinfection performance (IWA, 2011). 
Inorganic coagulants, the ones most commonly used, are generally categorized into those that are aluminum based such as aluminum sulfate, aluminum chloride, and sodium aluminate and those that are iron based such as ferric sulfate, ferrous sulfate, ferric chloride and ferric chloride sulfate. Hydrate lime and magnesium carbonate are also often used, especially to treat hard water.  Iron and aluminum coagulants form charged poly-nuclear complexes and the ions hydrolyze quickly and uncontrollably; the mixing pace, pH, and coagulant dosage all play a role in determining which hydrolysis species is effective (IWA, 2017). Inorganic coagulants are effective at removing turbidity and particulates, however, these coagulants are highly sensitive to changes in pH and temperature and must be accurately dosed to achieve maximum microbial reductions. Furthermore, sludge by-products from inorganic coagulants can result in disposal issues and can accumulate in the environment. Studies have reported that these floc solids residuals from aluminum salts and other inorganic coagulants pose a health risk and may induce Alzheimer’s disease (Matilainen et al., 2010). Although these coagulants can achieve high microbial reductions, their need for precise dosing, performance sensitivities to non-optimal dosing and potential toxicity make them an unfavorable choice for household and point-of-use water treatment where there is a need for technology that is simple, practical and easy to use.  Some synthetic polymers also have been used as effective coagulants and flocculants. These polymer coagulants are available as solutions and powders.
Coagulation describes the process by which particles come together through chemical processes, whereas flocculation describes the formation of flocs as increasingly growing particles and is a mechanical process. There are two main chemical coagulation mechanisms regarding synthetic polymeric as well as other chemical coagulants: charge neutralization and particle bridging. Generally, the larger the charge and the particle size, the better the coagulant (Shammas, 2015). Charge neutralization occurs when the charge of the coagulant interacts with the opposing charge of various colloids. Because many of the contaminant particles have a negative surface charge, such as clay or viruses that have negatively charged surfaces or bacteria that have negatively charged outer cell layers, positively charged coagulants are able to react quickly, resulting in a near net-zero surface charge. Particle bridging, on the other hand, occurs when polymeric coagulants combine with colloidal particles forming a large, polymer-colloid structure. After the coagulant adsorbs to the surface of multiple colloids, the structure can precipitate out. Polymeric coagulants can branch out to multiple colloids because there are multiple points of attachment available. This allows for bridging among particulates and structures, further facilitating floc formation and settling (Shammas, 2005). Inter-particle bridging can be broken down into four stages: 1) dispersion, 2) adsorption, 3) compression and settling, and 4) collision (IWA, 2011).

Chitosan 
	Chitosan is an organic, biodegradable polymer derived from chemical treatment of chitin, found in the exoskeletons (shells) of crustaceans and some other animals as well as some plants. The coagulant is non-toxic and biodegradable and has been tested and used in a wide variety of fields including food, nutrition, cosmetics, drug therapy and delivery, and wastewater treatment (Kumar, 2000). Chitin is the second most abundant polysaccharide in the world and is derived from fungal species or the exoskeletons crayfish, lobsters, prawns, crabs, shrimp, and other crustaceans. The chitin is de-acetylated chemically by alkaline treatment to form chitosan biopolymers. Although chitosan does not dissolve well in water, it is dissolvable in various acids. Acid salts of chitosan are more soluble in water and easy to derive chemically from chitin. Acetyl-glucosamine (GlcNAc) and glucosamine (GlcN) units are constituents of chitin polymers; they contain amino (-NH2) groups that are influenced by the de-acetylation processes in aqueous solutions along the glucosamine structure. The amino groups will protonate when dissolved, which leads to increased solubility and a positive charge that is a critical property of effective coagulants. A higher positive charge density in water engenders effective removal of microbes and the particulate matter that cause turbidity that are negatively charged particles (Rinaudo, 2006). 
Most contaminants and colloidal particles, such as bacteria, viruses, protozoans, clay, and silt, are negatively charged in natural waters that range in pH from 5 to 9 (Crittenden, 2012). Prior studies indicate that chitosan's ability to achieve microbial reductions is not strongly affected by pH or dosage. These characteristics make chitosan a biopolymer readily available for particle capture and removal from water the two main mechanisms that occur during the coagulation stage: 1) inter-particle bridging which forms chitosan colloids that form bridges with other colloidal particles and 2) charge neutralization between the negatively charged particles and the positively charged chitosan which causes a near zero net charge (WHO, 2017). These unique traits also make the coagulant a strong candidate for use in water treatment, specifically for point-of-use treatment.
When added to water, chitosan acts as a coagulant to facilitate the physical removal by filtration of viruses and other pathogens by first capturing them into large particles. The precipitate or floc that is formed with the microbes are larger particles that can then be readily settled or filtered out. Current point-of-use filtration treatment practices, such as bio-sand filters, ceramic pot filters, or cloth filters may be improved with the addition of chitosan as a coagulation step prior to filtration. 

Filtration for Point-of Use Household Water Treatment
There are various types of point-of-use technologies available, including physical, chemical and even biological methods. Physical methods include boiling, solar heating, settling, UV radiation from sunlight, UV lamp disinfection, and filtering.  Chemical methods include chemical disinfection or a series of removal processes including coagulation-flocculation and precipitation or adsorption. Filtration technologies for POU household water treatment have become more accepted and are becoming more widespread in application, specifically in developing and rural communities. While boiling the water supply is an effective way to destroy microbial contaminants and pathogens, fire wood or charcoal to boil water is often expensive and in short supply in developing communities or is often dampened and not easily flammable in areas, such as South Asia, where the monsoon season lasts for months (Colwell and Huq et al., 2003). Chemical disinfectants may also be an effective way to treat water, but they do not reduce the turbidity of the water, can be expensive and produce harmful byproducts (WHO, 2011b). While traditional membrane technologies, like reverse osmosis and nanofilters, and biofilters such as membrane bioreactors, are common in developed countries, they are costly and not usually a desirable or available technology in developing and rural communities (WHO, 2011b).
Granular media filters contain sand, diatomaceous earth and other particulates in packed, yet porous, layers. These filters retain microbial contaminants by physical straining, sedimentation, and adsorption. Some filters use chemical agents to further capture and possibly inactivate microbes. Other filters develop a biologically active layer that retains microbes and results in the inactivation of microbial contaminants.  At a household level; these filters are called BioSand filters and are similar to the slow sand filters used in conventional community treatment systems, except that water application to the filter is intermittent and not continuous. Studies have suggested that these filters can potentially be effective at reducing microbial and particulate contamination (WHO, 2011c).
Ceramic pot filters (CPFs) are a popular form of point-of-use filtration technology, especially in South and Southeast Asia as well as Africa. This water purification technology is effective at removing cellular microbial contaminants as well as reducing turbidity (Abebe et al., 2016). These pots are often made from clay that is mixed with combustible material, such as sawdust and rice or coffee husks, prior to firing to form a microporous filter matrix once fired in a kiln. To enhance pathogen inactivation, colloidal silver is sometimes added after the ceramic pots are fired. The contaminated influent water is poured into the ceramic pot filters and after the filtration process, clarified effluent is produced (CAWST). The typical flow rate for these ceramic pot filters is around 1-3 L/hr. (CAWST). Although the filters alone are able to decrease turbidity to levels as low as 0.2 NTU, which meets the US EPA standard and WHO guideline of <1 NTU, virus removal is not as successful, achieving Log10 reductions below 0.4 (Abebe et al., 2016; Brown and Sobsey; 2009; 2010).

Cloth Filtration
While the four successive stages of water treatment, namely chemical coagulation-flocculation, sedimentation, filtration and disinfection, are often carried out at community scale, in household and point-of-use water treatment, only one stage of treatment, such as filtration is typically used for household POU treatment. Although turbidity removal through filtration does not specifically target microbial particles that are responsible for gastrointestinal illnesses, it is a valuable step for physical removal of microbes and other particles when considering water treatment options to increase the quality of water, including some degree of microbial reduction, especially for cellular microorganisms. 
Saree cloth is often used in many South Asian communities as a water filtration method at household level. Saree cloth, a type of garment typically worn by South Asian women, is composed of tightly woven threads that are typically made of cotton or silk but can also be made from nylon or other threads. A field study done in rural parts of Bangladesh reported a 2 log reduction in cholera bacteria by using saree cloth filters as a point-of-use treatment practice. Roughly 4-8 layers of saree cloth were used, resulting in a pore size of about 20µm. Best results were achieved by using old, worn out saree cloth that had frayed and agitated threads and fibers. Because the cloth is composed of tightly woven threads, some contaminants are prevented from passing through the filter, making the cloth an effective way to improve water quality (Colwell and Huq et al., 2003). In the Bangladesh field study, using simple saree cloth filtration as a way to remove microbial contaminants, specifically V. cholerae, copepods, small crustaceans of about 1-2 mm in size, were found to play an important role in the microbial reduction value observed.  It was reported that V. cholerae specifically, has preferential attachment to the surface of copepods as well as egg cases, and oral areas of the copepods (Huq et al., 1983). The attachment of V. cholerae to copepods and the removal of these bacteria-laden copepod particulates via filtration by size exclusion parallels at least superficially the mechanisms of bacterial removal with the use of chitosan as a coagulant prior to filtration.

Filtration and Chitosan
In a lab study in buffered water, the jar test method was utilized to evaluate the effects of chitosan on the removal of clay turbidity, E. coli bacteria, and bacteriophage MS2. The results suggested chitosan was an effective natural coagulant for household water treatment. With an optimal dose of 3 mg/L, chitosan was able to efficiently remove turbidity from a buffered model water while also producing a 3-5 Log10 removal of E. coli and bacteriophage MS2 with a dose of 3-10 mg/L (Soros, 2015). In another study, the coagulating effects of various chemically modified water soluble chitosans followed by filtration using ceramic pot filters were evaluated for bacterial, viral, and turbidity removal. Chemically defined test waters supplemented with kaolinite clay, E. coli K011 bacteria and MS2 coliphage were coagulated with a range of chitosan salt types, specifically, chitosan hydrochloride (HCl), chitosan acetate (CH3COO-), and chitosan lactate (CH3CH(OH)CO2-)) and doses ranging from 5mg/L to 30mg/L. After the coagulation, flocculation, and sedimentation stages, the supernatant water was poured into the ceramic pot filters for further filtration treatment and clarification. The combined effects of the chitosan and ceramic pot filters resulted in a mean of 4-7.5 Log10 reductions for E. coli K011 and 3-4.5 Log10 reduction for MS2. Turbidity was consistently reduced to <1 NTU which meets the turbidity requirements set by US EPA and WHO. Based on the three level WHO household water treatment performance targets, the combined treatment technology of chitosan and ceramic pot filters resulted in a 2 star level of health protection performance (Abebe et al., 2016). The greatest Log10 reduction of MS2 was achieved with 30 mg/L of chitosan acetate, resulting in 4.5 (±1.04) Log10 reduction and was the basis for justifying the type and dosage of chitosan used in the this current study (Abebe et al., 2016). 

Objective of the Present Study
Many viruses and some other pathogens are too small to be sufficiently filtered out by microporous filter technologies. The use of chitosan as a water pre-treatment has been shown to increase microbial reduction when combined with filtration, as illustrated with ceramic pot filters (Abebe et al., 2016). The goal of this project is to determine the extent to which the combination of saree cloth or a similar cloth material as a filtration device and chitosan as a coagulant will improve water quality. Additionally, the use of saree cloth or a similar fine mesh cloth in combination with chitosan coagulants will be tested to determine the optimal levels of chitosan required to reduce contamination by a specific extent, based on log10 reduction values. After a few rounds of preliminary experiments, various different cloths including numerous saree cloth samples, cotton strips, paper towels, as well as cotton shirts, were examined under a light microscope to measure pore size of one layer of cloth as well as multiple layers. One-hundred percent cotton T-shirt cloth material was observed to have the smallest pore size of roughly 250µm. Additionally, preliminary experiments showed twelve layers of T-shirt cloth to be the optimal and most robust cloth type and layer count that was readily available for use in this study.

METHODS
Chitosan: Chitosan acetate (CH3COO-) (Chitosan Product Number 43001 Chitoscience Heppe Medical Chitosan GmbH Germany) was used in this experiment. This type of modified chitosan was selected based on the results of previous studies comparing chitosan hydrochloride, chitosan acetate, and chitosan lactate (Abebe et al., 2016).
Cloth Filtration: The 100% cotton T-shirt was layered twelve times and used as a filtration device. Twelve layers of T-shirt were chosen based on preliminary experiments, which evaluated various layers and cloth types, to maximize the removal of microbial particles (Colwell and Huq et al., 2003). Each layer was a cut square piece of 100% cotton T-shirt cloth; 12 layers of the square material was stacked to create a filter.
Overview of evaluation: A 10% bleach solution from an 87,000 mg/L solution of available sodium hypochlorite was made, resulting in an 8,700 mg/L solution of available sodium hypochlorite. The cloth filters were soaked in this 10% bleach solution for 30 minutes, rinsed with deionized water, and air dried for 24 hours. The effluent collection containers were also soaked in a bleach solution for 30 minutes and rinsed out with deionized water before being scrubbed and washed with soap and finally rinsed again with deionized water. Additionally, the containers were sterilized with 70% ethanol. After the cloth filters were pre-soaked in deionized water, they were fixed onto a PVC column using rubber bands to fasten the cloth to the columns. Four to five rubber bands were tightly wrapped around the filters that were then wrapped around the column. This set-up ensured a tight seal that prevented unfiltered influent water from entering the effluent-catching container. The filter-column apparatus was placed over a 4L beaker used to collect the filtrate. 
Water Source: Natural lake water was obtained from University Lake; samples of this water source were tested for background microbial presence as a control. The natural waters were spiked with pre-determined amounts of test microorganisms at a specified level to create influent challenge waters. 
Chitosan Treatment and Filtration: Prior to treatment of chitosan, a sample of influent water was taken for microbial, physical, and chemical testing. Two liters of influent challenge waters were prepared for each filter. To make a chitosan concentration of 35 mg/L per two liters of challenge water, a specific volume of 2mg/mL of chitosan acetate stock solution was measured and added to each 2 L of challenge water. Directly after the addition of chitosan, the challenge water was stirred continuously for 1 minute. The solution was then allowed to coagulate, flocculate, and precipitate for 30 minutes without agitation. After the allotted time had passed, a sample of the post-treatment influent water was taken from the middle of the influent bucket, without further agitation, for microbial, physical and chemical testing. All two liters of challenge water, supernatant water and flocs, were then passed through the filter apparatus. Each experiment was run in triplicate. A sample of the effluent was then taken for microbial, physical, and chemical testing. These experiments were conducted in triplicate. Log10 microbial reductions were calculated based on the differences between pre-treatment and treated water log10 microbial concentrations. 
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Figure 1: Schematic of the cloth filtration experimental setup for the evaluation of chitosan acetate coagulation enhancement of cloth filtration.

	Experiment
	1
	2
	3
	4

	Cloth layers
	12

	Challenge Waters
	-Lake water
-Microbes (E. coli B, MS2)

	-Lake water
-Microbes (E. coli B, MS2)
-Pasteurized Sewage 
	-Lake water
-Microbes (E. coli B, MS2)

	-Lake water
-Microbes (E. coli B, MS2)
-Pasteurized Sewage 

	Chitosan Concentration
	0 mg/L
	0 mg/L
	35 mg/L
	35 mg/L



	Experiment
	5
	6
	7
	8

	Cloth layers
	12

	Challenge Waters
	-Lake water
-Microbes (E. coli KO11, V. cholerae, serogroup O1, serotype Ogawa, biotype El Tor

	-Lake water
-Microbes (E. coli KO11, V. cholerae, serogroup O1, serotype Ogawa, biotype El Tor)
-Pasteurized Sewage 
	-Lake water
-Microbes (E. coli KO11, V. cholerae, serogroup O1, serotype Ogawa, biotype El Tor

	-Lake water
-Microbes (E. coli KO11, V. cholerae, serogroup O1, serotype Ogawa, biotype El Tor)
-Pasteurized Sewage 

	Chitosan Concentration
	0 mg/L
	0 mg/L
	35 mg/L
	35 mg/L



Table 1: Experimental parameters with chitosan acetate. Each experiment was run in triplicate.
	Cloth Decontamination: A 10% bleach solution from an 87,000 mg/L solution of available sodium hypochlorite was prepared, resulting in an 8,700 mg/L solution of available sodium hypochlorite. After filtration was complete and all samples were properly collected, each cloth filter was soaked in this 10% bleach solution for 30 minutes, rinsed with deionized water, and then air dried for 24 hours. For experiments that tested the removal of V. cholerae, the cloth filters were autoclaved at 121°C for 15 minutes prior to decontamination procedures. The clothes were reused for experiments. 
Challenge Waters: Two types of challenge waters were used: 1) lake water spiked with microbes and 2) lake water spiked with microbes and 1% pasteurized raw sewage. The lake water was collected from Orange Water and Sewer Authority (OWASA). Escherichia coli B, Escherichia coli KO11, and V. cholerae, serogroup O1, serotype Ogawa, biotype El Tor were the bacteria used as the test microbes. Coliphage MS2 was used as the model virus because its molecular characteristics, composition and physical properties are similar to that of other human enteric viruses.  Escherichia coli Famp was used as the host for MS2. A 1 mL volume of E. coli B and a culture of frozen E. coli KO11 culture of 109 colony forming units (CFU) were dispensed separately into two different flasks of 50 mL of tryptic soy broth (TSB) and incubated on a shaker (at 100 rpm) for 24 hours at 37°C to create the overnight suspension. A 0.5 ml volume of chloramphenicol was added to the E. coli KO11 overnight culture broth prior to incubation to prevent the growth of other competing organisms in order to create a pure culture of E. coli KO11. A 100 mL volume of alkaline peptone water (10.0 g peptone and 10.0 g NaCl per liter of deionized water) was incubated with a culture of V. cholerae serogroup O1 El Tor Ogawa frozen stock and incubated for 24 hours at 37°C. After the incubation period, each culture was centrifuged at 3000x gravity for 10 minutes at 4 oC and the sedimented cells were washed again with phosphate buffer for three successive rounds. The phosphate buffer was made by autoclaving and cooling a solutions of 1.25 mL/L stock buffer (34.0 g of KH2PO4 in 500 mL distilled water, adjusted to a pH of 7.2 with a 1 M NaOH solution, and then diluted to 1 L with distilled water), 5 mL/L of 0.4 M MgCl2, and 1 L of deionized water. About 15 mL of the E. coli suspension and 45 mL of the V. cholerae suspension were added per 10 liters of challenge water. This produced about 106 cfu/mL of E. coli B, E. coli KO11, and V. cholerae.  A 1 mL frozen stock sample of coliphage MS2 was thawed and spiked into the challenge waters. This produced about 106-108 PFU/mL of MS2. The 1% pasteurized sewage challenge water was prepared by using the same microbial methods with the addition of raw sewage (collected from OWASA each time per experimental day) that had been pasteurized at 70 oC for 30 minutes in a water bath. For every 10 L of challenge water, 100 mL of the pasteurize sewage was added. This included the settled and suspended particles. Two liters of challenge water were used for each filter with different concentrations of chitosan.
	Sampling Points: Log10 reductions were calculated from 2) influent challenge waters to 4) filtration alone, 2) influent challenge water to 3) chitosan pre-treatment Alone, 3) chitosan pre-treatment to filtration of treated water, and 2) influent challenge water with 3) chitosan pre-treatment and 4) post-filtration.
[image: ]4
3
2
1

Figure 2: Schematic of sampling points throughout experimental run.
Microbiological Methods (Bacteria growth and enumeration): Dilutions were made of the pre-treatment influent, post-chitosan treatment influent, and post-filtration effluent for all chitosan concentrations. The enumeration of the E. coli and V. cholerae strains for influent and effluent samples were done by spread plating the samples onto a 100x15mm Petri dish of Tryptic Soy Agar (TSA) and taurocholate-tellurite-gelatin agar (TTGA), respectively. A 0.5 mL volume of chloramphenicol was added per 500 mL of TSA media for plates used to culture E. coli KO11, after the media cooled from autoclaving and prior to plating. This prevented the growth of other organisms. A 100 µL sample was spread onto the plates. The plates were then inverted and incubated for 18-24 hours at 37°C. After the incubation period, the colonies on each plate were observed, counted and recorded. 
Microbiological Methods (Virus propagation and enumeration): For the influent and effluent samples, double agar layer plaque assays were used. The bottom 1.5x TSA was prepared by adding 60 g of TSA per 1 L of deionized water. After autoclaving, the agar was cooled to 50°C in the water bath and 10 mL of Strep/Amp 100x antibiotic stock concentrate and 2.5 mL of 4 M MgCl2 were added per liter of 1.5x TSA solution. Then, 12-15 mL of molten agar was plated into 100x15mm Petri dishes. The top 0.7x TSA was prepared by autoclaving a mixture of 28 g of TSA per liter of deionized water. After the mixture was brought down to about 50°C in the water bath, 2.5 mL of 4 M MgCl2 were added. Serial 10-fold dilutions from -2 to -6 were made of the pre-treatment influent, post-chitosan treatment influent, and post filtration effluent in phosphate buffer. The E. coli Famp host for MS2 infectivity assay was prepared by inoculating a culture of frozen E. coli Famp sample into 50 mL of TSB and 0.5 mL of Strep/Amp 100x antibiotic and incubating the suspension for 18-24 hours at 37°C. A log-phase suspension was made by adding 0.5 mL of the E. coli Famp overnight and 0.5 mL of Strep/Amp 100x stock concentrate to 50 mL of TBS and incubating it on a shaker (at 100 rpm) for 2 hours at 37°C. After the allotted time had passed, the log-phase culture was removed from the incubator and the OD520 was measured using the spectrometer (SmartSpec Plus, Bio-Rad). The log-phase culture of E. coli Famp should have an OD reading between 0.2 and 0.8. Once this level was reached, the log-phase was ready to use. A 5% volume (250 µL) of the log phase E. coli Famp broth culture and a 1% volume (50 µL) of the Strep/Amp 100x antibiotic stock concentrate solution was added per 5 mL of molten agar medium in each 10 mL glass tube. A 100 µL volume of the sample dilution was added to the 5 mL volume of the agar solution, hovered over a sterilization flame, swirled, and poured onto the bottom agar layer. After the agar set, the plates were inverted and incubated at 37°C for 18-24 hours. After the allotted time had passed, the MS2 plaques that formed were observed, counted and recorded.
Physical-Chemical Parameters: Both turbidity (in NTU) and pH were tested for pre-treatment influent, post-treatment/pre-filtration, and post-filtration effluent for various concentrations of chitosan for both challenge waters. Differences in Log10 reductions of test microbes were calculated. Turbidity was measured with a turbidimeter (Hach 2100AN Turbidimeter, Hach, Loveland CO) and pH was measured with a pH meter (pH Meter Model 215 Denver Instrument Company) and a combination electrode.
Statistical Analysis: The concentrations of E. coli, V. cholerae, and MS2 were calculated using the duplicates per dilutions and then transformed to log10 concentrations.  Log10 reductions were calculated for the pre-treatment, post-chitosan treatment, and post filtration processes by subtracting the log10 remaining concentrations from the initial log10 concentrations in the spiked test water and/or from the log10 concentrations in the water prior to the subsequent treatment step. R software was used to conduct the statistical analysis; non-parametric tests were used for the non-normal distributions and significance level of α = .05 was used. For statistical analysis, the Kruskal-Wallis one-way analysis of variance was used for nonparametric analysis to determine the difference among reductions within sampling points of the various parameters. To account for the multiple comparisons made among different sampling points, the alpha value of .05 was divided by the number of comparisons. In the presence of a significant difference (p < .00833), a step-down Wilcoxon rank sum tests across the pairs of sampling points was conducted to have an analysis between group results.








RESULTS

 ↑ WHO Log10 Reduction Target for Protective Bacteria Performance ↑ ↑ ↑↑
 ↑ WHO Log10 Reduction Target for Protective Virus Performance ↑ ↑↑

Figure 3: Log10 Microbial and Viral Reductions by 35mg/L of Chitosan Acetate among Various Sampling Points with Means for 3 Replicates per Experimental Condition with Standard Errors. 

Table 2: Average Log10 Reduction Values for MS2, E. coli B, V. cholerae, and E. coli KO11 of both Sewage and non-Sewage Amended Samples for Various Sampling Points.

	
	No Chitosan; 12-Layers
	35mg/L Chitosan Pre-filter
	Post-Chitosan to Effluent
	Influent to Effluent

	MS2 (No Sewage)
	0.27 ± 0.15
	0.72 ± 0.059
	0.58 ± 0.037
	1.23 ± 0.19

	MS2 (Sewage)
	0.12 ± 0.013
	0.63 ± 0.11
	0.59 ± 0.10
	1.30 ± 0.090

	E. coli B (No Sewage)
	0.25 ± 0.032
	0.35 ± 0.10
	0.93 ± 0.16
	1.35 ± 0.12

	E. coli B (Sewage)
	0.23 ± 0.070
	0.36 ± 0.13
	0.43 ± 0.10
	0.92 ± 0.26

	V. cholerae (No Sewage)
	0.12 ± 0.056
	0.34 ± 0.22
	0.57 ± 0.33
	1.34 ± 0.33

	V. cholerae (Sewage)
	0.24 ± 0.071
	0.51 ± 0.12
	0.80 ± 0.11
	1.077 ± 0.11

	E. coli KO11 (No Sewage)
	0.39 ± 0.062
	0.25 ± 0.056
	0.40 ± 0.061
	0.57 ± 0.061

	E. coli KO11 (Sewage)
	0.27 ± 0.023
	0.21 ± 0.064
	1.32 ± 0.25
	1.23 ± 0.25




Figure 3 presents Log10 reductions for samples of filtration alone, pre-treatment in absence of filtration, and pre-treatment partnered with filtration for MS2, E. coli B, V. cholera, and E. coli K011 with both 1% pasteurized sewage amended and non-amended test waters. Filtration alone for MS2 showed less than 0.3 Log10 reduction with filtration alone in both sewage amended and non-amended samples. Pre-treatment alone resulted in less than 0.8 Log10 reduction of MS2 for both sewage amended and non-amended samples. The effects of chitosan acetate coagulation-flocculation followed by filtration resulted in MS2 Log10 reductions of 1.23 (0.19) and 1.3 (0.09) for non-sewage-amended and sewage-amended samples, respectively. Similarly, filtration alone and pre-treatment alone were only able to achieve less than half a Log10 reduction of E. coli B in both types of test water. Filtration in combination with 35 mg/L of chitosan acetate coagulation-flocculation resulted in E. coli B Log10 reductions of 1.35 (0.12) and 0.92 (0.26) in non-sewage-amended and sewage-amended test waters, respectively. Both V. cholerae and E. coli K011 showed similar trends as well, with filtration alone resulting in less than a half Log10 reduction and chitosan pre-treatment alone resulting in a half a Log10 reduction or less. Chitosan pre-treatment partnered with filtration resulted in Log10 reductions of 1.34 (0.33) and 1.08 (0.11) for V. cholerae in non-amended and sewage-amended test water, respectively, and Log10 reductions of 0.57 (0.06) and 1.23 (0.25) for E. coli KO11 in non-amended and sewage-amended test waters, respectively. No pairs of Log10 reductions for sewage-amended and non-amended waters were found to be statistically significantly different (p < .0083). Absolute values of pH found in appendix.


Figure 4: Percent Change in pH and Turbidity for E. coli B and MS2 Experiments by 35mg/L of Chitosan Acetate among Various Sampling Points with Means for 3 Replicates per Experimental Condition. Absolute/raw values of pH and turbidity (NTU) can be found in the appendix.

Figure 4 presents findings on percent change in pH and turbidity (measured in NTU) from filtration alone, pre-treatment of 35 mg/L of chitosan acetate alone, and pre-treatment partnered with filtration for experiments with MS2 and E. coli B. Turbidity decreased with filtration alone roughly 38.2% (1.97) (from 9.01 ± 0.11 NTU to 5.57 ± 0.16 NTU) for sewage amended samples and 50.7% (0.23%) (from 7.90 ± 0.03 NTU to 3.90 ± 0.03 NTU) for non-sewage amended samples. Turbidity increased slightly (from 10.92 ± 1.66 NTU to 10.78 ± 2.56 NTU for sewage amended and from 8.95 ± 0.93 to 9.32 ± 0.92 NTU for non-sewage amended samples) with the addition of chitosan acetate prior to filtration but decreased after filtration by 45.6% (3.11%) (from 8.89 ±  0.08 NTU to 4.83 ±  0.28 NTU) and 58.9% (2.1%) (from 7.89 ± 0.02 NTU to 3.24 ± 0.16 NTU) for sewage and non-sewage amended test waters, respectively. General trends showed that pH remained relatively constant throughout experiments, at pH values between pH 6.5 and pH 8, with a decrease in pH by about 2%-3% from filtration alone, 4%-7% from pre-treatment alone, and about 7%-8% from pre-treatment and filtration together.

Figure 5: Percent Change in pH and Turbidity for E. coli K011 and V. cholerae, serogroup O1, serotype Ogawa, biotype El Tor Experiments by 35mg/L of Chitosan Acetate among Various Sampling Points with Means for 3 Replicates per Experimental Condition. Absolute/raw values of pH and turbidity (NTU) can be found in the appendix.

Figure 5 presents findings on percent change in pH and turbidity (measured in NTU) from filtration alone, pre-treatment of 35 mg/L of chitosan acetate alone, and pre-treatment partnered with filtration for runs with V. cholerae and E. coli KO11. Turbidity decreased with filtration alone by about 53.1% (2.7%) (from 12.10 NTU to 5.67 ± 0.33 NTU) for sewage amended samples and 64.3% (2.6%) (from 3.84 NTU to 1.37 ± 0.10 NTU) for non-sewage amended samples. Turbidity increased slightly with the addition of chitosan acetate prior to filtration but decreased after filtration with pre-treatment by 62.4%  (0.9%) (from 8.58 NTU to 3.23 ± 0.074 NTU) and 79.4% (1.6%) (from 6.97 NTU to 1.43 ± 0.11 NTU) for sewage and non-sewage amended test waters, respectively. The general trend was that pH remained relatively constant throughout experiments at between pH 6.5 and pH 8, with a decrease in pH by about 5%-12% from filtration alone, 1%-5% from pre-treatment alone, and about 9%-11% from pre-treatment and filtration together. 
Statistical analysis of the relationship between turbidity and microbial reduction showed that there was no correlation among percent turbidity change and microbial Log10 reduction with a correlation coefficient of 0.028 and a p-value of 0.83.
Figure 6: 100% Cotton T-shirt pore size at 32x[image: ] of One Layer

Figure 6 shows one layer of t-shirt cloth under a light microscope taken at the UNC Microscopy Services Laboratory (MSL) Light Microscopy Lab at the UNC School of Medicine. Images were taken of various cloth to determine the optimal material to use. As indicted by the figure, the pore size of one 100% T-shirt cloth layer was roughly 0.25 mm (250 µm). It was not possible to get an accurate pore-size reading of multiple layers of T-shirt cloth with the microscope used.
DISCUSSION
	In this study, the effectiveness of 35 mg/L of chitosan acetate dose for coagulation-flocculation in combination with 12 layers of cotton cloth for filtration on the removal of various microbial and colloidal contaminants was evaluated in two different modeled drinking water sources: 1% pasteurized sewage-amended and non-amended surface water. The test microbes used in the test waters included E. coli B, E. coli K011, V. cholerae, and Coliphage MS2. 
The objective of this study was to evaluate the effects of pre-treatment of two different types of test water with chitosan coagulation-flocculation to improve not only reduction in turbidity but microbial contaminants as well, specifically viral particles, by cloth filters. WHO has developed targets for household water treatment technology performance for the Log10 reduction of bacteria, viruses and protozoa. These performance targets have been categorized into three levels. Three stars indicates comprehensive protection with very high log10 pathogen removal of 5 for viruses and 4 for bacteria and protozoans., Two stars indicates effective protection, with high pathogen removals of 3 log10 for viruses and 2 log10 for bacteria and protozoans and one star performance which indicates minimal target protection, based on effective (two star) reduction for 2 of the 3 pathogen classes. Although there was an increase in microbial reduction from filtration alone to both coagulation and filtration, it was not enough to meet even the target protection level of one-star. Upon inspection of individual cotton cloth layers under a light microscope, as seen in Figure 6, pore sizes were observed to be roughly 250 µm in diameter. Typically bacteria range from about 1 µm to 5 µm in size and viruses, which are even smaller, ranging from about 25 to 90 nm in diameter. Although the specific mechanisms chitosan undergoes to coagulate-flocculate and sediment out microbial particles was not investigated in this study, evidence from literature suggests the two main mechanisms: 1) interparticle bridging and 2) charge neutralization.  However, the floc particles that form needed to be large enough to be removed physically by filtration or both large and dense enough to be removed by sedimentation. The poor removals observed for both bacteria and viruses suggest that floc particle sizes were still too small and not sufficiently dense for efficient removal by either sedimentation or cloth filtration. 
The Bangladesh case study that observed cholera hospital cases before and after simple saree cloth filtration of drinking water saw a 38% decrease in hospital cases with a Log10 reduction of about 2.0. However, Chitosan did not reach even a one-star level of protection for WHO’s performance targets in this current study.  Based on the Bangladesh study and due to the absence of reported data on reductions of both viruses as well as bacteria, with a reported bacteria reduction only 2 log10, even the 1 star performance level could not be documented. However, positive health effects may still be achieved by saree cloth filtration as reported in the Bangladesh study. Nevertheless, the use of cloth filters, even with the addition of chitosan acetate as a coagulant is not a sufficient protective measure with regards to improving the quality of drinking water sources to meet WHO performance targets. 
Some limitations of this study include assumptions made about the generalizability of the test waters used. Although test waters were amended with a 1% pasteurized-sewage to increase the organic content and to better mimic fecally contaminated waters, the specific organic and microbial content of international waters were not known and the findings of this study may not be generalizable to waters of different quality. Additionally, model bacteria and viruses were used to provide microbial contamination in the test waters.  However, different microbes may not always behave similarly when interacting with chitosan. Varying sizes in microbes would also impact the filter’s ability to remove the microbial contaminants. Protozoans were not used in the study with the rational of size exclusion likely being greater due to the larger size of .these microbes compared to viruses and bacteria  
A research study conducted by Dr. Ampai Soros looked at the efficacy of a range of chitosan types and doses at removing microbes as well as reducing turbidity. In this study, a jar test method of coagulation was used with synthetic test waters. After the addition of chitosan, the pre-treated challenge waters were stirred for 1 minute at 100 revolutions per minute (rpm) and then 15 minutes at 25 rpm before being set aside for 30 minutes to allow for settling. Samples were taken 2 cm from the top of the containers to avoid disturbing the flocs. Filtration was not a part of this study. 
It was found that 10 mg/L of chitosan was most effective at removing turbidity, with 87%-99% removal in turbidity observed. A dose of >10mg/L was found to be less effective at turbidity removal. Dr. Soros was able to achieve ~3.5 Log10 reduction of E. coli with 10 mg/L of chitosan acetate whereas 30 mg/L of chitosan acetate was only able to achieve ~2 Log10 reduction of E. coli. However 10 mg/L and 30 mg/L of chitosan acetate was able achieve roughly the same reduction (~3.5 Log10) of MS2. These reductions are higher than the reductions seen in this study and may be attributed to the variation in agitation, sampling methods, and dosage of chitosan. Agitation/stirring time after the addition of chitosan was much longer, with 1 minute of stirring at 100 rpm and 15 minutes of stirring at 25 rpm, followed by a 30 minute settling period; whereas, only 1 minute of vigorous stirring and 30 minutes of settling time was used in this study. This variation in methods may have contributed to the increased turbidity and microbial removal in Dr. Soros’ study. Additionally, Dr. Soros sampled from the supernatant solely after the 30-minute settling time and used artificial test waters created based on the recommended parameters for efficacy testing of point-of-use technologies from USEPA, NSF, and WHO: 300 mg/L of total dissolved solids (TDS), 3 mg/L of total organic carbon (TOC) and ≥ 30 NTU of turbidity. In this study however, natural lake water from University Lake with and without 1% pasteurized-sewage was used as the test waters. Differences in the test water quality and characteristics studied could have been a factor responsible for the differences in Log10 reduction results. This contrasted with the methods used in this study since all pre-treated water was poured over the cloth filters, including the flocs that had settled out. Perhaps pouring the settled flocs in addition to the supernatant waters contributed to the decrease in observed turbidity and microbial removal because it could have allowed for floc disturbance. Studies, such as Abebe et al., have found the optimal chitosan dosage to be around 30 mg/L. However, this differs from Dr. Soros’ findings of 10mg/L of chitosan being the optimal dosage and anything above decreasing the effectiveness of the coagulant. Further studies could be conducted on dosage and floc size to better understand the effects of varying amounts of chitosan on flocculation. 
In Abebe et al., E. coli KO11 and coliphage MS2 reductions reached 6.8 and 1.9 Log10, respectively, through the combined efforts of both chitosan acetate as a coagulant and ceramic pot filters. The ceramic pot filters have a pore size of ~.2 µm which is considerably smaller than the pore size of the cloth filters which have a pore size of ~250 µm as indicated in Figure 6 (Brown and Sobsey, 2009). The flow rate of the pot filters is also much slower and ranges from 1.4 to 2.3 liters per hour which contrasts with the flow rate of the cloth filter of about 5 to 10 minutes per liter (Abebe et al., 2015). Both filter pore size and flow rate differences could have contributed to the observed discrepancies in the observed microbial and turbidity removals of the previous studies compared to this current study. 
The acidity of the test water is often considered when deciding the type and dose of coagulants to use. In her dissertation, Dr. Soros concluded that water quality parameters have minimal impact on chitosan’s performance as a coagulant. In her study, turbidity was still removed by over 85% and bacteria and viruses saw a 3-5 Log10 reduction with 10mg/L of chitosan. She also found that E. coli bacteria could be effectively removed by 3-5 Log10 reductions with a dose as high as 10 mg/L. Because chitosan was less protonated at higher pH (9), a higher chitosan dose was needed for optimum reduction than at lower pH levels.
CONCLUSIONS

The reported reductions for both E. coli and Vibrio cholerae bacteria and for MS2 as a fecal indicator of virus pathogens were not able to meet the performance targets of 3 log10 for viruses and 2 log10 for bacteria set by WHO for household water treatment technologies. The 35mg/L chitosan acetate dose was able to achieve the greatest Log10 reduction in non-sewage amended test waters for E. coli B with a Log10 reduction of 1.35 (0.01) and a Log10 1.3 (0.09) reduction for MS2 in sewage-amended test waters. Although there was no statistically significant increase in reductions from filtration alone to the combined effects of chitosan acetate coagulation and cloth filtration under the conditions used, there was an observed increase in microbial reduction from filtration alone to the reductions from coagulation and filtration, going from less than 0.4 Log10 reduction to more than 1 Log10 reduction for many model microbes, as illustrated in Figure 3.
Twelve layers of cotton T-shirts alone as filters only removed both bacterial and viral particles by <0.3 Log10 for both sewage and non-sewage amended samples. The combination of chitosan acetate and the 12 cotton cloth layer filters removed bacteria by <1.4 Log10 in test surface without sewage and <1.0 Log10 in the same water with sewage and removed viruses by <1.3 Log10 for both sewage and non-sewage amended water samples. 
[bookmark: _GoBack]For E. coli B and MS2 samples, turbidity was decreased from 7.9 ± 0.02 NTU to 3.2 ± 0.16 NTU and 8.9 ± 0.08 NTU to 4.8 ± 0.28 NTU for non-sewage amended and sewage amended samples respectively when pre-treated with 35 mg/L of chitosan acetate and filtered through 12 layers of T-shirt cloth; this resulted in a 59.1 ± 1.90 and 47.4 ± 3.02 percent decrease respectively. For the E. coli KO11 and V. choerae samples, turbidity was decreased from 7.0 NTU to 1.4 ± 0.11 NTU and 8.6 NTU to 3.2 ± 0.074 NTU for non-sewage amended and sewage amended samples respectively when pre-treated with 35 mg/L of chitosan acetate and filtered through 12 layers of T-shirt cloth; this resulted in a 79.6 ± 1.55 and 62.8 ± 0.86 percent decrease respectively. Therefore, cloth filtration in combination with 35 mg/L of chitosan acetate for coagulation-flocculation was not able to remove turbidity to levels below 1 NTU, which is the turbidity standard for US EPA and the guideline value set by the World Health Organization (see raw turbidity and pH data in Tables 3-8 in appendix). Overall, the use of Chitosan Acetate, in conjunction with cloth filters, did not achieve extensive reductions in bacteria or viruses to meet WHO performance targets for Household Water Treatment technologies under the performance evaluation conditions used in this study.4 
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APPENDIX

Filtration Alone

Table 3: Raw data of turbidity (NTU) and pH of E. coli B and MS2 bacteriophage samples with just filtration (no chitosan acetate pre-treatment) through 12 layers of 100% cotton T-shirts including average percent changes, sample size, and calculated standard error. 
	Sewage Amended
	no
	yes

	Parameter
	pH
	Turbidity (NTU)
	pH
	Turbidity (NTU)

	Sampling Point
	IN
	EF
	% Δ
	IN
	EF
	% Δ
	IN
	EF
	% Δ
	IN
	EF
	% Δ

	
	7.5
	7.26
	-3.2
	7.91
	3.91
	-50.6
	7.41
	7.33
	-1.08
	8.81
	5.5
	-37.6

	
	7.6
	7.37
	-3.03
	7.85
	3.84
	-51.1
	7.6
	7.24
	-4.74
	9.04
	5.87
	-35.1

	
	7.3
	7.12
	-2.47
	7.95
	3.95
	-50.3
	7.54
	7.37
	-2.25
	9.18
	5.34
	-41.8

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	Average
	7.47
	7.25
	-2.90
	7.90
	3.90
	-50.66
	7.52
	7.31
	-2.69
	9.01
	5.57
	-38.16

	Sample Size
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	Standard Error
	0.09
	0.07
	0.22
	0.03
	0.03
	0.23
	0.06
	0.04
	1.08
	0.11
	0.16
	1.97



Table 4: Raw data of turbidity (NTU) and pH of E. coli KO11 and V. cholerae samples with just filtration through 12 layers of 100% cotton T-shirts including average percent changes, sample size, and calculated standard error.
	Past. Sewage
	no
	yes

	Parameter
	pH
	Turbidity (NTU)
	pH
	Turbidity (NTU)

	Sampling Point
	IN
	EF
	% Δ
	IN
	EF
	% Δ
	IN
	EF
	% Δ
	IN
	EF
	% Δ

	
	8.05
	7.06
	-12.30
	3.84
	1.57
	-59.11
	7.49
	7.09
	-5.34
	12.10
	6.20
	-48.76

	
	8.05
	7.05
	-12.42
	3.84
	1.30
	-66.15
	7.49
	7.05
	-5.87
	12.10
	5.75
	-52.48

	
	8.05
	7.05
	-12.42
	3.84
	1.24
	-67.71
	7.49
	6.99
	-6.68
	12.10
	5.06
	-58.18

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Average
	8.05
	7.05
	-12.38
	3.84
	1.37
	-64.32
	7.49
	7.04
	-5.96
	12.10
	5.67
	-53.14

	Sample Size
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	Standard Error
	0.00
	0.00
	0.041
	0.00
	0.10
	2.64
	0.00
	0.029
	0.39
	0.00
	0.33
	2.74



PRE-TREATMENT ALONE

Table 5: Raw data of turbidity (NTU) and pH of E. coli B and MS2 bacteriophage samples with just 35 mg/L of chitosan acetate pre-treatment including average percent changes, sample size, and calculated standard error. 
	Past. Sewage
	no
	yes

	Parameter
	pH
	Turbidity (NTU)
	pH
	Turbidity (NTU)

	Sampling Point
	IN
	Post CH.
	% Δ
	IN
	Post CH.
	% Δ
	IN
	Post CH.
	% Δ
	IN
	Post CH.
	% Δ

	
	7.73
	7.06
	-8.67
	10.4
	11.3
	8.654
	7.41
	6.85
	-7.56
	8.81
	9.16
	3.973

	
	7.23
	6.81
	-5.81
	7.32
	9
	22.95
	7.18
	6.75
	-5.99
	14.2
	15.8
	11.27

	
	7.24
	6.87
	-5.11
	7.24
	6.87
	-5.11
	7.25
	7.36
	1.517
	9.75
	7.37
	-24.4

	
	7.31
	6.82
	-6.7
	11.9
	11.5
	-3.36
	
	
	
	
	
	

	
	7.50
	6.83
	-8.93
	7.91
	7.91
	0
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	Average
	7.40
	6.88
	-7.04
	8.95
	9.32
	4.63
	7.28
	6.99
	-4.01
	10.92
	10.78
	-3.06

	Sample Size
	5
	5
	5
	5
	5
	5
	3
	3
	3
	3
	3
	3

	Standard Error
	0.10
	0.05
	0.76
	0.93
	0.92
	5.16
	0.07
	0.19
	2.80
	1.66
	2.56
	10.88



Table 6: Raw data of turbidity (NTU) and pH of E. coli KO11 and V. cholerae samples with just 35 mg/L of chitosan acetate pre-treatment including average percent changes, sample size, and calculated standard error. 
	Past. Sewage
	no
	yes

	Parameter
	pH
	Turbidity (NTU)
	pH
	Turbidity (NTU)

	Sampling
Point
	IN
	Post CH.
	% Δ
	IN
	Post CH.
	% Δ
	IN
	Post CH.
	% Δ
	IN
	Post CH.
	% Δ

	
	7.95
	8.01
	0.75
	3.97
	4.12
	3.78
	8.29
	7.97
	3.86
	8.58
	8.67
	1.05

	
	7.84
	7.66
	2.30
	5.62
	5.84
	3.91
	8.34
	7.84
	6.00
	10.30
	10.42
	1.17

	
	7.91
	7.72
	2.40
	7.12
	7.37
	3.51
	8.01
	7.68
	4.12
	7.37
	7.63
	3.53

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Average
	7.90
	7.80
	-1.31
	5.57
	5.78
	3.73
	8.21
	7.83
	4.66
	8.75
	8.91
	1.91

	Sample Size
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	Standard Error
	0.03
	0.11
	1.04
	0.91
	0.94
	0.12
	0.10
	0.084
	0.67
	0.85
	0.81
	0.81



CHITOSAN AND FILTRATION
	
Table 7: Raw data of turbidity (NTU) and pH of E. coli B and MS2 bacteriophage samples with 35 mg/L of chitosan acetate pre-treatment followed by filtration through 12 layers of 100% cotton T-shirts including average percent changes, sample size, and calculated standard error. 
	Past. Sewage
	no

	Parameter
	pH
	Turbidity (NTU)

	Sampling Point
	IN
	CH
	EF
	% Δ    (CH-EF)
	% Δ       (IN-EF)
	IN
	CH
	EF
	% Δ    (CH-EF)
	% Δ       (IN-EF)

	
	7.50
	6.83
	6.98
	2.20
	-6.93
	7.91
	7.91
	3.11
	-60.68
	-60.68

	
	7.50
	6.83
	6.90
	1.02
	-8.00
	7.91
	7.91
	3.06
	-61.31
	-61.31

	
	7.60
	6.50
	6.95
	6.92
	-8.55
	7.85
	7.97
	3.56
	-55.33
	-54.65

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	Average
	7.53
	6.72
	6.94
	3.38
	-7.83
	7.89
	7.93
	3.24
	-59.11
	-58.88

	Sample Size
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	Standard Error
	0.03
	0.11
	0.02
	1.80
	0.48
	0.02
	0.02
	0.16
	1.90
	2.12



	Past. Sewage
	yes

	Parameter
	pH
	Turbidity (NTU)

	Sampling Point
	IN
	CH
	EF
	% Δ    (CH-EF)
	% Δ       (IN-EF)
	IN
	CH
	EF
	% Δ    (CH-EF)
	% Δ         (IN-EF)

	
	7.40
	6.85
	6.95
	1.46
	-6.08
	8.81
	9.16
	4.31
	-52.95
	-51.08

	
	7.40
	6.85
	6.99
	2.04
	-5.54
	8.81
	9.16
	5.26
	-42.58
	-40.30

	
	7.60
	6.75
	6.82
	1.04
	-10.26
	9.04
	9.23
	4.93
	-46.59
	-45.46

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	Average
	7.47
	6.82
	6.92
	1.51
	-7.29
	8.89
	9.18
	4.83
	-47.37
	-45.61

	Sample Size
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	Standard Error
	0.07
	0.03
	0.05
	0.29
	1.49
	0.08
	0.02
	0.28
	3.02
	3.11



Table 8: Raw data of turbidity (NTU) and pH of E. coli KO11 and V. cholerae samples with 35 mg/L of chitosan acetate pre-treatment followed by filtration through 12 layers of 100% cotton T-shirts including average percent changes, sample size, and calculated standard error. 

	Past. Sewage
	no

	Parameter
	pH
	Turbidity (NTU)

	Sampling Point
	IN
	CH
	EF
	% Δ    (CH-EF)
	% Δ       (IN-EF)
	IN
	CH
	EF
	% Δ    (CH-EF)
	% Δ       (IN-EF)

	
	7.95
	8.01
	7.09
	-11.49
	10.82
	6.97
	7.02
	1.64
	-76.64
	76.47

	
	7.95
	8.01
	7.01
	-12.48
	11.82
	6.97
	7.02
	1.27
	-81.91
	81.78

	
	7.95
	8.01
	7.05
	-11.99
	11.32
	6.97
	7.02
	1.39
	-80.20
	80.06

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Average
	7.95
	8.01
	7.05
	-11.99
	11.32
	6.97
	7.02
	1.43
	-79.58
	79.44

	Sample Size
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	Standard Error
	0.00
	0.00
	0.023
	0.29
	0.29
	0.00
	0.00
	0.11
	1.55
	1.56



	Past. Sewage
	yes

	Parameter
	pH
	Turbidity (NTU)

	Sampling Point
	IN
	CH
	EF
	% Δ    (CH-EF)
	% Δ       (IN-EF)
	IN
	CH
	EF
	% Δ    (CH-EF)
	% Δ       (IN-EF)

	
	8.29
	7.97
	7.56
	-5.14
	-8.81
	8.58
	8.67
	3.37
	-61.13
	60.72

	
	8.29
	7.97
	7.43
	-6.78
	10.37
	8.58
	8.67
	3.12
	-64.01
	63.64

	
	8.29
	7.97
	7.44
	-6.65
	10.25
	8.58
	8.67
	3.19
	-63.21
	62.82

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Average
	8.29
	7.97
	7.48
	-6.19
	-9.81
	8.58
	8.67
	3.23
	-62.78
	62.39

	Sample Size
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	Standard Error
	0.00
	0.00
	0.042
	0.52
	0.50
	0.00
	0.00
	0.074
	0.86
	0.87












Table 9: p-values of different microbial parameters from Kruskal-Wallis one-way analysis of variance for non-parametric data. Significance is indicated by a p-value less than .00833.
	Kruskal Wallis test

	Parameters
	p-value

	MS2-S
	0.01454

	MS2+S
	0.0182

	ECB-S
	0.01308

	ECB+S
	0.134

	VS-S
	0.1207

	VC+S
	0.02607

	ECK-S
	0.08293

	ECK+S
	0.0361



Table 10: p-values of different pH and turbidity from Kruskal-Wallis one-way analysis of variance for non-parametric data. Significance is indicated by a p-value less than .00833.
	Kruskal Wallis test

	Parameters
	p-value

	1turb_ns
	0.009867

	1turb_s
	0.03069

	1pH_ns
	0.01517

	1pH_s
	0.09223

	2turb_ns
	0.02374

	2turb_s
	0.02374

	2pH_ns
	0.03025

	2pH_s
	0.05343





 
E. coli B & MS2 Log10 Reduction with 12 layers of T-shirt

MS2 (No Sewage)	0.1328589715897904	5.8729600995406833E-2	3.6610388864114919E-2	0.18764394046082383	0.1328589715897904	5.8729600995406833E-2	3.6610388864114919E-2	0.18764394046082383	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	0.27167640707874635	0.7176235752924276	0.57547956526952149	1.2259277265553357	MS2 (Sewage)	1.2515440522682164E-2	0.11463621838184861	0.10244118459148085	8.9577611992185113E-2	1.2515440522682164E-2	0.11463621838184861	0.10244118459148085	8.9577611992185113E-2	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	0.11939640753418541	0.6256597088717184	0.59096625173249639	1.2990139558455809	E. Coli B (No Sewage)	3.2091575361339594E-2	0.10168592162037238	0.16393468800617772	0.124966789635279	3.2091575361339594E-2	0.10168592162037238	0.16393468800617772	0.124966789635279	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	0.25058746732601644	0.34494106842375905	0.9259504256033354	1.3488394117236959	E. Coli B (Sewage)	6.9680656231998803E-2	0.13452670244467541	9.9242002074150487E-2	0.25625363542918134	1.2515440522682164E-2	0.11463621838184861	6.9680656231998803E-2	0.13452670244467541	9.9242002074150487E-2	0.25625363542918134	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	0.22504292298075276	0.36323051611687429	0.43154610990594772	0.92029433561604945	V. cholerae (No Sewage)	5.6205480643543783E-2	0.22477333310231251	0.32773587830326278	0.3277358783032629	5.6205480643543783E-2	0.22477333310231251	0.32773587830326278	0.3277358783032629	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	0.12130123921409493	0.34251685414268113	0.57141672237727459	1.3433401088110033	V. cholerae (Sewage)	7.0887343729164373E-2	0.12051026835090466	0.10668218583196416	0.10668218583196416	7.0887343729164373E-2	0.12051026835090466	0.10668218583196416	0.10668218583196416	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	0.23643441483134264	0.51224525373825802	0.80141917621323644	1.0767132971889704	E. Coli K011 (No Sewage)	6.2492871981418507E-2	5.6288964526468824E-2	6.1309034631072158E-2	6.1309034631072533E-2	6.2492871981418507E-2	5.6288964526468824E-2	6.1309034631072158E-2	6.1309034631072533E-2	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	0.39434129094771286	0.24853310719245503	0.40275369549582357	0.56601979933072444	E. Coli K011 (Sewage)	2.2966807685508656E-2	6.4129703192474505E-2	0.24767539590151774	0.24767539590151774	2.2966807685508656E-2	6.4129703192474505E-2	0.24767539590151774	0.24767539590151774	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	0.26638149172423969	0.20935223091089128	1.3173258360585509	1.2337950339801982	
Log10 (Nt/No) C&PFU/1 mL




% Change in pH and Turbidity in E. coli B and MS2 

Turbdity % Reduction (No Sewage)	0.22597623809579495	5.157613238131959	1.8975404229115966	2.1242034671958914	0.22597623809579495	5.157613238131959	1.8975404229115966	2.1242034671958914	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	-50.655389360999322	4.6265648101186212	-59.109989472743614	-58.882384361218698	Turbidity % Change (Sewage)	1.9742868762089756	10.882504202001742	3.019403084913908	3.1137223653165815	1.9742868762089756	10.882504202001742	3.019403084913908	3.1137223653165815	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	-38.155793050710088	-3.0566308490562277	-47.37041102284968	-45.612680347821431	% Change in pH (No Sewage)	0.22154939294239609	0.76108297805078806	1.8028370657865644	0.47523714829056818	0.22154939294239609	0.76108297805078806	1.8028370657865644	0.47523714829056818	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	-2.8973564047104037	-7.0447269367621344	3.3813867928070018	-7.8286549707602289	% Change in pH (Sewage)	1.0779931771306437	2.8002976813070939	0.29186420365909149	1.4922962400542505	1.0779931771306437	2.8002976813070939	0.29186420365909149	1.4922962400542505	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	-2.6903687157770619	-4.0096571617280992	1.5135622240245177	-7.2949265054528185	
% Change




% Change in pH and Turbidity in E. coli KO11 and V. cholerae 

% Change in Turbidity (No Sewage)	2.6429405117427671	0.1184631399330735	1.5524959852110018	1.5636329721924229	2.6429405117427671	0.1184631399330735	1.5524959852110018	1.5636329721924229	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	-64.322916666666671	3.7347214112910936	-79.582146248812919	-79.435676709708275	% Change in Turbidity (Sewage)	2.7397660254959959	0.80763423294457903	0.85883536730829602	0.86784412990243465	2.7397660254959959	0.80763423294457903	0.85883536730829602	0.86784412990243465	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	-53.1404958677686	1.9139383535847776	-62.783544790465214	-62.393162393162392	% Change in pH (No Sewage)	4.140786749482276E-2	1.0350158329090309	0.28831474116835265	0.29049070147905748	4.140786749482276E-2	1.0350158329090309	0.28831474116835265	0.29049070147905748	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	-12.380952380952392	-1.3144080474066422	-11.985018726591761	-11.320754716981135	% Change in pH (Sewage)	0.38797498384874546	0.67260778468258353	0.52404701322214919	0.50381841922563886	0.38797498384874546	0.67260778468258353	0.52404701322214919	0.50381841922563886	No Chitosan 12 Layers	35 mg/L Chitosan Pre-filter	Post-Chitosan to Effluent 	Influent to Effluent 	-5.9635068980863402	-4.6583754668511412	-6.1898787118360508	-9.811017289907511	
% Change
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