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Inadequate access to clean water is an ongoing problem in many developing areas of the world. 

In developed nations, it is important to plan for access to clean water following natural disasters. In 

situations without reliable access to electricity and chemical treatment methods, there is a need for an 

inexpensive water treatment solution that can be used in a wide range of environmental conditions. The 

Puralytics SolarBag aims to meet these needs by providing a product that can purify water through the 

use of solar activated nanotechnology. The SolarBag contains a titanium dioxide nanoparticle laced 

mesh that reacts under sunlight to help inactivate potential microbial contaminants. This work aims to 

evaluate the effectiveness of the SolarBag and a new prototype, the SolarBag Plus, to treat 3L of surface 

water in 3 hours of exposure to sunlight. Tests were conducted using two synthetic test waters, a 

general test water and a challenge test water, which contained higher levels of salts, humic acids, and 

higher turbidity. To evaluate inactivation of microbial contaminants, synthetic test waters included 

representative bacteria (Escherichia coli), viruses (bacteriophages MS2 and ΦΧ174) and protozoa 

(Cryptosporidium parvum). This work additionally aimed to characterize the contributions of various 

photochemical and thermal processes to the overall treatment of the water. The results from this study 

indicate that E. coli is primarily inactivated by UV photoinactivation and suggest that inactivation is 



greatly increased at temperatures above 45˚C. Bacteriophage MS2 appears resistant to treatment by 

solar irradiation, but shows consistent removal under different environmental conditions. It is 

hypothesized that this removal is the result of the synergistic treatment by heat and light or a physical 

removal process like adsorption. Bacteriophage ΦΧ174 is inactivated by a combination of UV light and 

heat. Finally, C. parvum removal was generally low in the SolarBag under all conditions. Physical removal 

by filtration contributed to the greatest removal of oocysts in the treatment process, though 

improvement in inactivation was noted with higher UV intensity. The addition of ClO2 to the water 

treatment process removed all detectable microorganisms within 2 hours. Some data suggests that the 

use of ClO2 enhances the activity TiO2, but it was determined that chemical disinfection was the 

predominant mechanisms of disinfection when present. 
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Examination of Photochemical Water Treatment by SolarBags 

1 Introduction 

Though there have been recent efforts to improve the world population’s access to improved 

drinking water sources, over 600 million people still rely on unimproved water sources [1]. The World 

Health Organization has stated that although these sources may be classified as “improved,” over 1.8 

billion people use a drinking-water source contaminated with feces, and roughly 842 thousand people 

are estimated to die each year from diarrhea as a result of contaminated drinking-water.  

Water supply systems face increasing challenges as populations grow and the climate changes. It is 

estimated that by 2025, half of the world’s population will be living in areas that are water-stressed [1]. 

Even in developed countries with improved drinking water sources, natural disasters present a potential 

challenge that may disrupt access to or the operation of these facilities. It is evident that there is a need 

for people to have access to purified water that is free of pathogens and contaminants in these harsh 

conditions.  

This work evaluates the treatment potential of Puralytic’s SolarBag Plus under various 

environmental conditions. Puralytics is an Oregon based company which specializes in the use of 

photochemical technology for water purification. Puralytic’s products utilize the photocatalytic activity 

of TiO2 under LEDs or sunlight to treat a broad range of contaminants without the production of waste. 

The SolarBag is a sunlight-activated water treatment device that claims to reduce a broad range of 

contaminants without pumping, electricity, chemicals or replaceable components [2]. The SolarBag Plus 

is the next generation of the SolarBag, aiming to reduce the required treatment time with a new TiO2 

coated insert. In hopes of delivering a technology that is robust, providing safe drinking water in many  

environmental conditions, Puralytics is interested in finding a chemical disinfectant to use in times of 

very little solar irradiation or with highly contaminated waters. In this work, ClO2 will be used as a 

chemical disinfectant. 

1.1  Hypothesis and Objectives 

After conducting an initial literature review, the potential for a TiO2 coated insert to improve the 

treatment of various photochemical processes to the treatment of microbes in surface waters was 

evident [3]–[6]. Considering the structure and TiO2 concentration of the SolarBag Plus, it was 

hypothesized that the SolarBag Plus would exceed the capability of the SolarBag to treat synthetic test 
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waters. The performance of the SolarBag Plus was evaluated based on its ability to remove PurBlue, a 

dye indicator used to measure photocatalytic activity, and four representative microorganisms, 

Escherichia coli, bacteriophages MS2 and ΦΧ174, and Cryptosporidium parvum. 

The goals of this project were: 

1. To validate the ability of the SolarBag and the SolarBag Plus to meet WHO and EPA standards for a 

personal water treatment device. 

2. To determine the contributions of various mechanisms in the removal of PurBlue and the treatment 

of four microbial organisms within the SolarBag and the SolarBag Plus. 

3. To determine the impact of adding ClO2 to the treatment processes on the removal of PurBlue and 

the treatment of four microbial organisms within the SolarBag Plus. 

1.2  Approach 

To achieve the first goal, performance tests were conducted in triplicate under twelve different 

conditions. The SolarBag and the SolarBag Plus were each tested using both general and challenge test 

water at three different testing conditions, including full solar intensity, low solar intensity, and full solar 

intensity in an ice bath. To assess performance, each sample was analyzed for the log removal of 

Escherichia coli, bacteriophage MS2, bacteriophage ΦΧ174, Cryptosporidium parvum and PurBlue dye at 

five time points throughout the treatment process. Each test was additionally evaluated for various 

water quality parameters including temperature, turbidity, pH, alkalinity, total dissolved solids, and 

dissolved organic carbon.  

The second goal was completed by running various control test designed to isolate given 

mechanisms. Several SolarBags were modified to eliminate any potential photocatalysis and the tests 

conducted in ice bath tests were used to assess the contribution of thermal inactivation. Each condition 

was tested with general and challenge test waters at different light intensities when applicable. In these 

tests, samples were taken at the same time intervals as in the first twelve tests, and the same 

parameters were measured. 

The third goal was achieved using a SolarBag Plus with an added chemical disinfectant. Six total tests 

were conducted using the SolarBag Plus and chemical additive. Tests were conducted with general and 

challenge test waters at full solar intensity, low solar intensity, and full solar intensity in a 25˚C water 

bath.  
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2 Literature Review and Background 

2.1  Personal-Use Water Treatment 

With over 1.8 billion people use a drinking-water source contaminated with feces, there is a 

widespread effort to provide simple, low-cost technologies for water treatment around the world. 

Point-of-use technologies are used to improve water quality at the location of consumption, by reducing 

microbial contaminants by means of chemical additives, filtration, boiling or solar disinfection [7].  

The SolarBag claims to utilize TiO2 photocatalysis to enhance solar disinfection. The aim is to 

provide a reusable device that can provide safer water in a shorter amount of time without the need of 

additives. 

2.1.1 Solar Disinfection (SODIS) 

In the last 30 years, water treatment by solar irradiation has been gaining popularity. Solar 

disinfection (SODIS) provides an inexpensive and simple method of water disinfection that uses a 

combination of heat and UV light to treat bacteria, viruses, and protozoa. By placing a clear plastic bottle 

of untreated water in sunlight for 6-48 hours, the SODIS method is able to reduce microbial populations 

in drinking water for millions of people worldwide [8]. 

Bacteria tend to be the most amenable microorganism under the SODIS method. Wegelin et al. [9] 

and Boyle et al. [10] both observed at least a 3-log removal of E. coli within the equivalent of 6 hours 

exposure to natural sunlight. In using solar disinfection, studies have found that the bacterial 

inactivation rate in contaminated waters is proportional to the intensity of sunlight and atmospheric 

temperature [10], [11].  

Virus treatment by the SODIS method varies widely from species to species.  

Due to a thick cell wall, the infective oocyst stage of protozoan pathogens has been shown to be 

resistant to many forms of disinfection.  

2.1.2 Photoinactivaiton 



4 
 

Ultraviolet light can directly inactivate 

microorganisms by directly damaging DNA. When high 

energy photons hit DNA, there is a possibility for adjacent 

nucleic acids to form dimers, a bridge between two similar 

subunits. These mutations generally form between 

pyrimidine bases (thymine and cytosine) with the most 

common dimers forming between adjacent thymine bases 

[12]. This mutation can prevent the organisms from 

reproducing or may prevent an essential function that 

leads to its death.  

2.1.3 Heat Inactivation 

The use of heat to reduce microbial contamination in drinking water is well known and the boiling of 

water is a practice still used in times of contamination [7]. At high temperatures, proteins become 

denatured and cell membranes can be disrupted, decreasing the ability of an organism to function and 

thereby rendering it less harmful to human health. Boiling and pasteurization hope to capitalize on this 

inactivation mechanism, but require significant energy input to maintain the increased temperature. 

2.2  TiO2 Photocatalytic Nanotechnology 

Photocatalysis describes the acceleration of a light reaction in the presence of a catalyst. Though 

initially investigated as a catalyst for hydrolysis, in the 1980’s, research into the use of titanium dioxide 

(TiO2) began in an effort to utilize its photocatalytic properties in environmental applications, including 

waste water treatment and polluted air purification [3].  

Figure 2-1 DNA damage by ultraviolet radiation 
[60] 
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Photocatalysis is an advanced oxidation process that involves the production of both reductive 

electrons and oxidizing species. When a TiO2 photocatalyst receives more UV light energy than its 

material band gap as shown in Figure 2, an electron 

(e-) is excited, leaving a hole (h+) in its place and an 

electron-hole pair is created [13], as shown in 

equation 1.  

TiO2 + hν → e- + h+     (Equation 1)  

These electron-hole pairs go on to react with 

other substances and generate free radicals that are 

able to oxidize organic compounds [14]. The 

electron-hole pair and the free radicals it creates are 

highly reactive and only likely to react with nearby substances. 

For a microorganism in contact with the titanium dioxide surface, there may also be direct transfer 

of the electron or hole to the organism or one of its components. This may cause damage to the cell 

membrane or envelope causing the intermembrane fluid to spill out of the organisms.   

The efficiency of photocatalysis is dependent upon the surface area available to react with 

surrounding contaminants. In point-of-use technologies it is desirable to utilize this photocatalytic 

process without the need to add the photocatalyst upon each use. However, according to Byrne et al. 

[15], there is an observed loss in efficiency when a catalyst is immobilized. This is caused by a 

combination of a decrease in the surface area available for reaction due to UV blockage by the substrate 

to which the catalyst adheres and UV blockage by the adhering material. 

2.2.1 PurBlue Dye 

The PurBlue dye is an organic dye molecule broken down by photocatalysis. It serves as a visual 

indicator regarding how well the SolarBag is performing. Since treatment time varies depending on 

differences in sun exposure, number of bag uses, and water quality, PurBlue is an important addition to 

ensure the recommended treatment level has been met. 

 

 

Figure 2-2 Schematic of photocatalyst [2] 
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2.2.2 Chlorine Dioxide 

The use of chemical additives as a disinfectant in untreated water is very common in municipal 

and personal settings. According to WHO, chlorine is the most commonly used chemical disinfect in 

water treatment [16]. However, the use of chlorine to treat water has come under scrutiny, due to the 

potential for chlorine to react with natural organic matter and form chlorinated disinfection by-products 

[17]. Chemicals such as chloramines, chlorine dioxide, and ozone show promise as alternative to 

chlorine.  

In this study, chlorine dioxide was selected by Puralytics as a chemical additive to aid in the 

disinfection of microbial contaminants by preventing the recombination of the electron-hole pair. Jung 

et al. [18] observed that the addition of hydrogen peroxide, another oxidant that produces free radicals, 

enhanced the degradation efficiency of humic acids under UV light. The addition of chlorine dioxide is 

predicted to behave in a similar manner. 

The tablets used in this study to generate chlorine dioxide contain sodium chlorite and sodium 

bisulfate [19]. Sodium bisulfate is a strong acid that, in solution, can react with sodium chlorite to form 

chlorine dioxide [20], [21], as shown in equation 2.  

4ClO2
– + 2H+ → 2ClO2 + ClO3

– + Cl– + 2H2O    Equation 2 

In solution, chlorine dioxide exists almost entirely as a free radical [17]. This free radical will 

readily oxidize nearby species, eventually becoming reduced to form a chlorite ion.  

The production of chlorite and chlorate ions in waters with low levels of oxidizable materials is 

of concern when using chlorine dioxide [17]. Chlorite has been shown to result in changes in red blood 

cells, but has not been observed in humans at concentrations of 36ug/kg body weight per day [22]. In 

the United States, provisional guideline values of 0.7 mg/L are given for both chlorite and chlorate ions 

[22]. 
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2.3  WHO/EPA Test Criteria for Household Water Treatment Technologies  

Household water treatment devices are evaluated based on standards developed by the World 

Health Organization [23]. The protocol defines a standardized method to evaluate the performance of 

various treatment technologies based on their approach to water treatment. Two types of test waters 

are used to represent different environmental samples in the evaluation process. A general test water 

represents high quality groundwater or rainwater, while a challenge test water is used to represent low 

quality surface waters. When prepared, test waters are required to meet various water quality 

parameters (including pH, turbidity, temperature, total dissolved solids (TDS), and alkalinity) and are 

reported during testing. 

In addition to these chemical parameters, various microorganisms are added to the synthetic test 

waters to gauge the performance of the treatment devices. It is impractical to determine the 

performance of any treatment device for all potential waterborne pathogens. Instead, select organisms 

listed in Table 2-1 are defined by the World Health Organization [23] as representative of different 

groups of pathogens in water. 

Table 2-1 Microbial Organisms and Reduction Requirements 

Organism 
Pretreatment 

Challenge 

Minimum Required Reduction (log and %) 

Highly Protective 
Protective or Limited 

Protection 

Bacteria: E. coli (ATCC 11229) ≥105/100 mL ≥4 ≥99.99 ≥2 ≥99 

Virus1: MS-2 Coliphage (ATCC 
15597-B1) and ΦΧ-174 (ATCC 

13706-B1) 
≥108/L ≥5 ≥99.999 ≥3 ≥99.9 

Protozoan Cyst: Cryptosporidium 
parvum 

≥5x105/L ≥4 ≥99.99 ≥2 ≥99 

1 Virus performance claim will be based on the poorest log reduction of the two phages. 

2.3.1 Escherichia coli 

Escherichia coli (E. coli) is a gram-negative bacteria commonly found in the digestive tracts of 

healthy warm-blooded animals. It is a typical indicator organism for total coliform bacteria that are 

frequently found in contaminated surface waters [23]. Some strains of E. coli are known to cause severe 

abdominal pain and diarrhea by the production of Shiga-toxin [24].  
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The use of titanium dioxide (TiO2) as means of increasing the rate of bacterial inactivation has 

been shown in many studies [25]–[27]. When introduced as free nanoparticles in a “slurry” of bacteria 

and TiO2 nanoparticles, bacterial inactivation takes place within minutes [27]. Maness et al. have shown 

that as bacteria are exposed to reactive oxygen species produced by the photocatalyst, lipids in the cell 

wall and membrane undergo peroxidation, which ultimately lead to conformational changes in 

membrane bound proteins [28]. These changes in the membrane can lead to leakage of internal ions 

[29] and cause the loss of cell respiration by oxidizing Coenzyme A, an important molecule in energy 

synthesis [30]. 

Studies have also shown the ability of chlorine dioxide (ClO2) to effectively disinfect bacteria. At 

a CT value of less than 1mg-min/L to achieve a 2-log removal [31]. A CT value is the product of 

disinfectant concentration (C in mg/L) and contact time (T in min). In other words, if given a CT value of 

10 mg-min/L to reach 2-log removal, a solution with a 2 mg/L concentration of ClO2 would take 5 

minutes to achieve a 2-log removal. Chlorine dioxide should easily achieve a 6-log bacteria inactivation 

when chlorine dioxide is used to disinfect viruses or oocysts, as they are much more resistant [32].  

2.3.2 Viruses – Bacteriophages MS2 and ΦΧ174 

Two surrogate bacteriophages, MS2 and ΦΧ174, are used to evaluate the effectiveness of 

treatment systems to treat viruses in place of more dangerous human viruses like norovirus. Among the 

many known viruses, there is a wide variety of different characteristics, including size, isoelectric points, 

structure and response to treatment methods. The two selected bacteriophages that are used to assess 

the treatment of viruses have varying characteristics and responses to treatment processes [23]. 

Bacteriophage MS2 is an F-specific RNA virus that infects E. coli with F-pili or sex-pili [33]. A 

typical bacteriophage is 25 nm wide, and thereby difficult to remove by filtration [34].  Bacteriophage 

ΦΧ174 is a single stranded DNA virus that infects E. coli. Bacteriophage ΦΧ174 is more susceptible to 

photodisinfective methods than bacteriophage MS2, but less drastically to photocatalysis by TiO2.  

A CT value of 8.4 mg-min/L is given to achieve a 4-log removal of viruses using ClO2 at 25˚C [35]. 

Research suggests that bacteriophage ΦΧ174 is more resistant to halogen disinfectants like iodine and 

chlorine dioxide than bacteriophage MS2. 
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2.3.3 Cryptosporidium parvum 

Cryptosporidium are a group of parasitic protozoan that infect the digestive and respiratory 

tracts of vertebrates. Cryptosporidium parvum is known to specifically target mammals, and is almost 

exclusively the cause of human infection by Cryptosporidium [36]. The infection known as 

cryptosporidiosis, generally begins an average of 7 days after being infected with the parasite and most 

commonly causes watery diarrhea in humans [37]. 

In the environment, C. parvum exist as an oocyst, the spherical, thick-walled, environmentally 

resistant stage of its life cycle [38]. The oocysts are able to tolerate a wide range of environmental 

conditions and are among some of the most persistent organisms in water supplies [39]. Additionally, C. 

parvum oocysts have been found to be highly resistant to common disinfection methods commonly 

used in water treatment [40]. C. parvum oocysts are highly infective at low concentrations, with a 20% 

probability of infection at a dose of 30 oocysts, and a 100% probability at a dose of 1000 oocysts [41]. 

In general, C. parvum is highly resistant to chemical disinfection. Common disinfectants like chlorine 

and chloramines have very little effect on decreasing the infectivity of the oocysts, but Korich et al. 

showed that chlorine dioxide can effectively treat C. parvum [40]. A CT value of 226 mg-min/L is given to 

achieve a 4-log removal of viruses using ClO2 at 25˚C [42]. 
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2.4  Puralytics SolarBag 

2.4.1 SolarBag 

The SolarBag (Figure 2-3) is a sunlight-activated water purification device built to purify 3 L of 

drinking water in 3-6 hours, depending on solar intensity. The SolarBag consists of three components, 

the outer bag, the TiO2 coated insert and a sock filter that fits over the neck of the spout. The bag is 

made of a tough colorless polymer able to hold up to 3.5 L of water. The system utilizes a nanomaterial 

insert coated with titanium dioxide nanoparticles to facilitate various photochemical processes in the 

treatment of a broad range of microorganisms. The SolarBag contains a dense coating of TiO2 coated 

onto the 391 cm2 surface. The accompanying sock filter used as a pretreatment step, has a pore size of 

~100µm.  

 

Figure 2-3 SolarBag (left) and SolarBag Plus (right) 

2.4.2 SolarBag Plus 

The SolarBag Plus (Figure 2-3) is a prototype of the next generation of the SolarBag. The aim of 

SolarBag Plus is to be able to reduce the time it takes to treat contaminated water and increase the 

durability of the product while still meeting WHO/EPA treatment guidelines. The SolarBag Plus 

incorporates a new TiO2 coated insert. According to measures and estimates by Puralytics the insert 

used in most of the performance testing contained around one quarter of the TiO2 as in a SolarBag; the 

insert used in the Low Intensity test and the remainder of the research contained the target amount: 

around half the TiO2 as in a SolarBag. In both cases that TiO2 is spread over nearly three times the area 

of material as in a SolarBag. This higher area and significant proprietary coating differences more than 

make up for the lower TiO2 masses. Puralytics estimates that in the case of the performance testing, 

approximately the same amount of TiO2 is available for water contact as in the SolarBag; in the Low 
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Intensity test and remainder of testing likely twice the TiO2 is actually available for water contact. Unlike 

the SolarBag insert, which floats near the surface, portions of the insert’s layers in the SolarBag Plus sit 

significantly below the surface of the water, providing more exposure of the water directly to the UV 

light. Additionally, the accompanying sock filter has been redesigned and now has a significantly smaller 

effective pore size of ~5µm.  
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3 Materials and Methods 

3.1  SolarBag 

The SolarBag and SolarBag Plus were previously described in the Literature Review and Background. 

Empty Bag controls were created by removing the mesh insert from SolarBag Pluses, leaving only the 

outer plastic bag. 

3.2  Solar Simulator Designs 

Constant solar irradiance was provided using an enclosure 

that housed a large solar simulator lamp (Figure 3-1). A Gentex 

SolarConstant 400 Single Control lamp was mounted atop a 

shelving unit to provide solar intensity during testing 

comparable to natural solar irradiation approximating a CIE85T4 

standard (Figure 3-2). The housing consisted of a 4 ft. x 4 ft. x 8 

ft. plywood box to shield surrounding work areas from the high 

intensity light. Two Upgr8 Universal High Performance 12V Slim 

Electric Cooling Radiator Fans were installed into the housing to 

provide adequate ventilation during testing, keeping average 

ambient temperatures down within a range of 20˚C-25˚C.  

 

Figure 3-2 Manufacturer’s comparison of spectra obtained from the solar simulator (SolarConstant) and the natural 
sun (CIE85T4). 

Figure 3-1 Solar Simulator 
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3.3  Water Sample Preparation 

3.3.1 General Test Water 

General test water was created in 10L batches using the parameters and adjustment materials described 

in Table 3-1 within one day of the test run. Contents were well mixed by shaking and the pH of the 10L batch was 

rechecked immediately before testing. 

Table 3-1 General Test Water Characteristics 

Constituent Specification Adjustment Materials (CAS#) 

Chlorine (mg/L) < 0.05 None 

pH  7.0 ± 0.5 HCl or NaOH 

TOC (mg/L) 1.05 ± 0.95 mg/L Tannic acid 

Turbidity (NTU) < 1 NTU None 

Temperature (°C) 20 ± 3 °C None 

Total Dissolved Solids (mg/L) 275 ± 225 mg/L Sea Salts (Sigma 7732-18-5) 

Alkalinity (mg/L as CaCO3) 100 ± 20 mg/L Sodium Bicarbonate 

Bacteria (count/100 mL) ≥ 105 E. coli (ATCC 11229) 

Virus (count/L) ≥ 108 
Bacteriophage MS-2 (ATCC 
15597-B1) and Bacteriophage 
ΦΧ174 (ATCC 13706-B1) 

Protozoa (count/L) ≥ 5x105 Cryptosporidium parvum oocysts 

 

3.3.2 Challenge Test Water 

Challenge test water was created in 10L batches using the parameters and adjustment materials 

described in Table 3-2 within one day of the test run. Contents were well mixed by shaking and the pH of the 10L 

batch was rechecked immediately before testing. 
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Table 3-2 Challenge Test Water Characteristics 

Constituent Specification Adjustment Materials (CAS#) 

Chlorine (mg/L) < 0.05 None 

pH 7.0 ± 0.5 HCl or NaOH 

TOC (mg/L) 15 ± 5 mg/L Humic acid (6813-04-4, Alfa Aesar) 

Turbidity (NTU) 40 ± 10 NTU ISO spec. 12103-A2 fine test dust 

Temperature (°C) 4 ± 1 °C None 

Total Dissolved Solids (mg/L) 1500 ± 150 mg/L Sea Salts (Sigma 7732-18-5) 

Alkalinity (mg/L as CaCO3) 100 ± 20 mg/L Sodium Bicarbonate 

Bacteria (count/100 mL) ≥ 105 E. coli (ATCC 11229) (WHO) 

Virus (count/L) ≥ 108 
Bacteriophage MS-2 (ATCC 15597-
B1) and Bacteriophage ΦΧ174 (ATCC 
13706-B1) 

Protozoa (count/L) ≥ 5x105 Cryptosporidium parvum oocysts 

 

3.4  Chemical and Physical Analysis 

3.4.1 Temperature 

Temperature measurements were made throughout the testing period using temperature 

probes installed into the caps of the SolarBags. Temperature was monitored using a program provided 

by Puralytics. 

3.4.2 Irradiation 

UV flux was measured using a handheld UV-340A meter (Lutron; Coopersburg, Pennsylvania). 

Total irradiance was measured at the height where the bottom of each SolarBag sat. 

3.4.3 Turbidity 

Turbidity was measured using a Portable Turbidimeter 2100P ISO (Hach; Loveland, Colorado) as 

per manufacturer’s instructions. The meter was calibrated using formazin standards provided with the 

instrument. 

3.4.4 Sample Filtration 

To safely measure pH, alkalinity, total dissolved solids, absorption and dissolved organic carbon, 

all samples were filtered through a 0.45 µm Cellulose Nitrate MicroPlus Membranes (GE Healthcare; 
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Chicago, Illinois). 200 ml of distilled water was first passed through each filter to prevent leaching of 

carbon from the filters. Filtrate was collected and stored in the dark at 4°C. Filtered samples were 

analyzed or frozen at -20°C within 24 hours. 

3.4.5 pH 

pH was measured using a VWR B40PCID panel (VWR; Radnor, Pennsylvania) with an Orion 

9156BNWP pH probe (Thermo Fisher; Waltham, Massachusetts). The pH probe was calibrated using a 

pH 4 and 7 standardized buffers. 

3.4.6 Alkalinity 

Alkalinity was measured using titration with an Orion 9156BNWP pH probe following Method 

2320 B [43]. 50 mL of the filtered sample was titrated using 0.02 N H2SO4 to an endpoint pH of 4.6. 

Alkalinity was calculated using the following equation [43]: 

𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦,
𝑚𝑔 𝐶𝑎𝐶𝑂3

𝐿
=

(𝑚𝐿 𝑎𝑐𝑖𝑑 𝑢𝑠𝑒𝑑)(𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑐𝑖𝑑)(50000)

𝑚𝑙 𝑠𝑎𝑚𝑝𝑙𝑒
   Equation 3 

3.4.7 Total Dissolved Solids 

Total dissolved solids were measured following method 2540 B (APHA, 2005). Crucibles were 

cleaned and rinsed with deionized water and baked in a 550°C furnace for 1 hour before use. 

3.4.8 PurBlue Absorbance 

PurBlue degradation was measured using an Orion AquaMate Spectrophotometer (Thermo 

Fisher; Massachusetts). To determine the absorbance of filtered samples at 629 nm, absorbance was 

measured from 600 nm to 800 nm.  Corrected 629 nm values were determined by subtracting the 

baseline average of wavelengths in the IR range (750 nm – 800 nm) of the blank from the sample values. 

An example of this calculation can be found in Appendix C. 

3.4.9 Dissolved Organic Carbon 

Total organic carbon was measured on a TOC-VCSH Combustion Analyzer (Shimadzu; Kyoto, Japan), 

following Method 5310 B (APHA, 2005). Filtered samples were diluted using Nano pure water and 

compared to a standard curve that was prepared using a standard organic carbon series. A second 

source check standard was run every ten samples to monitor drift and recovery. Additionally, a separate 

analysis from the same samples were run for one out of every ten samples. 
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3.5  Biological Analysis 

3.5.1 Dilution Series 

Samples at high concentrations were serially diluted using peptone saline solution (Appendix A). 

3.5.2 Enumeration of Bacteria 

3.5.2.1 Bacterial Culture 

Overnight cultures of E. coli (ATCC 11229) were grown by adding 1 ml of frozen stock bacteria to 

50 ml of TYGB (Appendix A) in a conical flask. Flasks were then incubated overnight at 37°C and 100 rpm 

in an orbital shaker. 2 ml of the overnight sample were then used to inoculate the test waters. 

3.5.2.2 Evaluation of Bacterial Cell Viability 

The most probable number (MPN) of E. coli in samples and dilutions was determined by spread 

plate method and the use of IDEXX kits. In samples where the expected concentration of bacteria was 

greater than 104 cfu/100 ml, 100 µl of sample or dilution was placed directly on a TYGA plate and spread 

using a sterile glass rod. Plates were then incubated at 37°C overnight and the number of individual 

colonies were counted on each plate. In samples with an expected concentration of less than 104 

cfu/100ml, Colilert test kits (IDEXX; Westbrook, Maine) were used to enumerate total coliforms. In both 

scenarios, samples were tested in triplicate. The MPN of E. coli in samples and dilutions was then 

calculated by using equation 4. 

𝑀𝑃𝑁,
𝑐𝑓𝑢

100𝑚𝑙
= (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑙𝑜𝑛𝑖𝑒𝑠)(𝑅𝑒𝑐𝑖𝑝𝑟𝑖𝑐𝑎𝑙 𝑜𝑓 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟)(100) 

Equation 4 

3.5.3 Enumeration of Viruses 

3.5.3.1 Bacteriophage Culture 

Stock solutions of two representative bacteriophages were prepared for use in SolarBag 

performance tests. Two host E. coli strains, ATCC 15597 and ATCC 13706, were grown in 50 ml of 

tryptone yeast glucose broth and Modified Scholten’s broth, respectively overnight at 37°C and 100 

rpm. 500 µl of the overnight culture was transferred to 25 ml of the appropriate broth and incubated for 
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90 min. 1 ml of the appropriate stock bacteriophage, ATCC 15597-B1 or ATCC 13706-B1, was then added 

to the host and incubated for another 3-4 hours. 2.5 ml of chloroform was then added to each flask to 

induce cell lysis and stored in at 4°C overnight. The aqueous phase was the decanted and centrifuged at 

3000g for 20 min. The supernatant was stored at 4°C until use. 

3.5.3.2 Evaluation of Viral Titer 

The most probable number of two viruses in samples and dilutions was determined by the soft 

agar overlay method. 0.5 ml of the appropriate phage host was added to 3.5 ml of the appropriate 6-8% 

agar at 48°C in a warmed glass culture tube before adding 100 µl – 100 ml of the sample or dilution. The 

tube was mixed by rolling before being poured over a hard-agar plate. Plates were then incubated at 

37°C overnight until clear plaques were visible. The MPN of each virus in samples and dilutions was then 

calculated by using the equation 5. 

𝑀𝑃𝑁,
𝑝𝑓𝑢

𝐿
= (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑙𝑎𝑞𝑢𝑒𝑠)(𝑅𝑒𝑐𝑖𝑝𝑟𝑖𝑐𝑎𝑙 𝑜𝑓 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟)(1000) 

Equation 5 

3.5.4 Enumeration of Cryptosporidium parvum 

3.5.4.1 Cryptosporidium parvum Oocyst Concentration 

The standard operating protocol is provided in Appendix A.4. Samples were filtered through a 

0.45 µm filter to concentrate C. parvum oocysts for enumeration. Generally, 100 ml of sample was 

filtered, but for 3 hour samples in the bridge tests and accelerant test, 1 L of sample was filtered. After 

filtration, the filter was placed in a Whirl-a-pack (Nasco, Fort Atkinson, WI) bag and eluted with 15 ml of 

phosphate buffered saline with Tween 20 (PBST). The membrane filter was then massaged for 2-3 

minutes to physically remove all particles. The resulting eluent was then centrifuged and stored in 1 ml 

of Hank’s balanced salt solution (HBSS) until enumeration. 

3.5.4.2 Salt Floatation 

A salt flotation method was used to separate oocysts from fine dust and other debris as 

described by Kuczynska [44]. Stored samples were vortexed and added to 8 ml of a saturated salt 

solution. After brief centrifugation, 400 µl was pipetted off of the top and added to 600 µl of DI water. 

Samples were the vortexed and centrifuged at 500 rpm for 10 minutes. 800 µl of the supernatant was 
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then removed and replaced with new DI water. Samples were then centrifuged at 1500 rpm for 3 

minutes, aspirated, and then resuspended in 100 µl of DI water. 

3.5.4.3 Enumeration by Vital Dye Exclusion 

To enumerate total and viable C. parvum oocysts, concentrated oocysts were subject to a vital 

dye inclusion test as described by Campell [45]. Purified oocysts were suspended in 100 µl of HBSS 

(Appendix A) and were incubated with 10 µl of DAPI working solution (2mg/ml) and 10 µl of PI working 

solution (1 mg/ml) for 4 hours at 37°C. Oocysts were then washed twice in HBSS before being viewed 

under by an epifluorescence microscope. This method was used as the total concentration of C. parvum 

oocysts present, both viable and non-viable. 

Microscopy was completed using a Leica DM 2500 microscope equipped with filter cubes 

appropriate for the stains used. 10 µl of stained sample was placed on a Neubauer Hemocytometer. 

Total oocysts were counted by locating any DAPI positive, PI Negative cells with a diameter of 3-5 µm. 

Equation 6 was used to determine total oocysts present. 

Total 𝐶. 𝑝𝑎𝑟𝑣𝑢𝑚 MPN,
oocysts

L
=

(Counted oocysts)

(Volume Counted)
(Dilution Factor)  Equation 6 

After initial enumeration, purified oocyst viability was assessed by excystation. 200 µl of bile 

solution (1% bovine bile in HBSS) and 50 µl of sodium bicarbonate solution (0.44% sodium bicarbonate 

in distilled water) was added to the remaining oocyst suspension and incubated for 4 hours at 37°C. 

Oocysts were then washed twice in HBSS before being viewed under by an epifluorescence microscope. 

The concentration of active oocysts was determined using equation 7. 

Active 𝐶. 𝑝𝑎𝑟𝑣𝑢𝑚 MPN,
oocysts

L
= (𝐶. 𝑝𝑎𝑟𝑣𝑢𝑚 MPN)𝑝𝑟𝑒−𝑒𝑥𝑐𝑦𝑠𝑡𝑎𝑡𝑖𝑜𝑛 − (𝐶. 𝑝𝑎𝑟𝑣𝑢𝑚 MPN)𝑝𝑜𝑠𝑡−𝑒𝑥𝑐𝑦𝑠𝑡𝑎𝑡𝑖𝑜𝑛  

Equation 7 

3.6  SolarBag Performance Tests 

3.6.1 General Testing Procedure 

Sock filters provided by Puralytics were placed over the necks of three SolarBags and 3L of test 

water was poured into each of three bags. Sock filters were then removed and the remaining air was 

removed before bags were closed with a cap fitted with a temperature probe. Each bag was placed 
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label-side down on a shelf under the solar simulator. 150 mL samples were collected before and after 

sock filtration and from each bag after each hour of exposure for 3 consecutive hours. After each hour, 

the position of the bags was rotated to account for any differences in light exposure on the shelf. 

Collected samples were stored at 4°C until analyzed. 

3.6.2 Full Intensity Tests 

Full intensity tests aimed to replicate SolarBag performance under optimal solar conditions. A 

shelf was placed 39 inches from the solar simulator, where irradiation was measured to be 5.7 mW/cm2 

with a UV-340A meter. Three trials were conducted following the general testing procedure under full 

intensity conditions. The first two trials tested the performance of the SolarBag and SolarBag Plus under 

optimal conditions. The third trial tested empty bags to help determine the contribution of 

photocatalysis to the treatment process. 

3.6.3 Low Intensity Tests 

Low intensity tests aimed to replicate SolarBag performance under suboptimal solar conditions, 

representing 60% of the solar intensity delivered in the full intensity tests. . A shelf was placed 55 inches 

from the solar simulator, where irradiation was measured to be 3.0mW/cm2 with a UV-340A meter. As 

with the full intensity tests, three trials were conducted under low intensity conditions, testing the 

SolarBag, SolarBag Plus, and empty bags. 

3.6.4 Ice Bath Tests 

Experiments with each type of bag were 

conducted following the general testing procedure at 

full intensity within an ice bath so that the internal 

temperature of the bags remained around 10°C. 

Temperature was monitored using the temperature 

probes imbedded into the caps and ice was added to 

the bath whenever the temperature increased over 

11°C. 

  

Figure 3-3 SolarBag placement in ice bath 
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3.6.5 Bridge Tests 

Four tests were run to establish a correlation between the tests conducted using the two solar 

simulators. In addition to the use of a different lamp, the new procedure also included ~500ml of air into 

the bag and a higher (target) concentration of TiO2 on the SolarBag Plus. These tests isolated each of the 

three main variables that were changed from the first setup so that a correlation could be made 

between older data and any tests run under the new setup. Descriptions of test parameters and results 

can be found in Appendix D. 

3.6.6 Chlorine Dioxide Tests 

The effect of chlorine dioxide tablets on the treatment of general and challenge test waters in the 

SolarBag Plus were tested using the newest solar simulator at full intensity, low intensity, and full 

intensity in a 25˚C water bath. Under full intensity, a shelf was placed 42 inches from the second solar 

simulator, where UVA irradiation was measured to be 4 mW/cm2.  

Under low intensity conditions, a shelf was placed 54 

inches from the solar simulator. Though UVA irradiation was 

measured in the desired range, it was found that the IR 

intensity decreased beyond a realistic value. To resolve this 

issue, two 12” by 48” copper foil lined shelves were placed 

vertically next to the testing area (Figure 3-4). UVA irradiation 

was measured at the desired level of 2.75 mW/cm2. 

After filtration of 3L by the provided sock filter, two 0.42 

oz. Chlorine dioxide (ClO2) tablets (6.4% NaClO2) were added 

to each SolarBag Plus. Bags were mixed by inversion until 

tablets had completely dissolved. The water was filtered and 

testing started within 1 minute of dissolving the tablets. 150 

ml samples before and after filtration and after 30, 90, and 

120 minutes of exposure under the solar simulator. Upon 

sampling, Sodium Thiosulfate was added to each sample to 

stop the treatment of the water by chlorine dioxide. Collected samples were stored at 4°C until 

analyzed.  

Figure 3-4 Copper foil-lined shelf placement for low 
Intensity, chlorine dioxide tests 
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4 Results and Discussion 

The data presented in this section represent data surrounding the project goals. Additional data not 

directly relevant to these goals can be found in Appendix B. The goals of this project were to (1) 

determine if the SolarBag Plus was able to meet the WHO and EPA treatment guidelines, (2) determine 

the contribution of various photodisinfective mechanisms to the overall treatment of water in the 

SolarBag Plus, and (3) determine the effect of adding ClO2 to the treatment process. Though the ability 

of the SolarBag Plus to meet WHO and EPA criteria will be mentioned, the discussion will focus on the 

mechanisms involved in the treatment of microbial contaminants. 

4.1  Solar Bag Results 

4.1.1 SolarBag Temperature 

Temperature was measured throughout each experiment with the SolarBags. Figure 4-1 shows 

that though challenge test water had a lower initial temperature (<10˚C), a faster temperature increase 

was observed than in general test water, likely due to the higher turbidity and darker color of the water. 

4.1.2 SolarBag PurBlue Removal 

Removal of PurBlue dye was tested in each condition using an empty bag as a control. PurBlue is 

used by Puralytics as an indicator of the performance of the TiO2-coated insert. It is common practice to 

use the photocatalytic degradation of dyes to assess the degree of photocatalysis [46]. 

In general test water, the SolarBag was able to remove 57.3% of PurBlue after 3 hours of full 

intensity irradiation compared to a 6.24% removal in an empty bag (Figures 4-2 A and B). The difference 

in performance is attributed to the photocatalytic degradation of the dye molecules. In challenge test 

water, there was a much lower difference in performance observed. The SolarBag was able to remove 

Figure 4-1 SolarBag Temperatures 
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20.6% of PurBlue after 3 hours while the empty bag was able to remove an average of 24.1% of PurBlue 

(Figures 4-2 A and B). Actual removal is difficult to confirm due to the challenge test water color. 

Regardless, removal is lower and this is likely due to the increased turbidity in challenge test waters. 

In Figures 4-2 C and D, a similar pattern is observed when the temperature is held below 10˚C. In 

general test water, the SolarBag was able to remove 59.3% of PurBlue after 3 hours of full intensity 

irradiation compared to a 7.5% removal in the empty bag. In challenge test water, the SolarBag was able 

to remove 20.2% of PurBlue compared to a 3.3% removal in an empty bag. The similar performance of 

the SolarBag under both temperature conditions suggests that this photocatalytic process is not 

significantly depressed by low temperature (within the observed temperature range) and is mainly 

dependent on the presence of the TiO2 catalyst and the turbidity of the water. As noted before, 

Puralytics instructs use of PurBlue as a process timer to indicate completeness of treatment. A bag 

appears clear (and is thus considered treated) when the PurBlue removal is around 0.9 LRV. Three hours 

was chosen as a consistent (although arbitrary) stopping point. In these cases (especially for low 

intensity) 3 hours is short of the time that would typically be required following Puralytic’s instructions. 

 

Figure 4-2 Purblue Removal in a) SolarBag at full solar simulator intensity, b) an empty bag at full solar simulator 
intensity, c) SolarBag at full solar simulator intensity in an ice bath, and d) an empty bag at full solar simulator 
intensity in an ice bath  

A B 

C D 
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4.1.3 SolarBag Inactivation of Bacteria 

  Rapid removal of E. coli was observed under full intensity conditions in the SolarBag and empty 

bag, achieving “Highly Protective” status within the 3 hour test with both general and challenge test 

waters. Figures 4-3 A and B show that E. coli was effectively removed under full solar intensity 

conditions, reaching detection limits in both general and challenge test water within the 3 hour test for 

both the SolarBag and the empty bag. Figure 4-3 E shows that under low solar intensity, the SolarBag did 

not meet the EPA/WHO protective guidelines within the 3 hour test. Puralytics suggests longer exposure 

times in low intensity conditions to resolve this issue (see Section 4.1.2). 

Since there is little difference between the removals of E. coli with or without the TiO2 present, 

these results suggest that photocatalysis is not the dominant removal process of E. coli. This notion is 

further supported when comparing E. coli removal in the ice bath conditions (Figures 4-3 C and D) and 

the low intensity conditions (Figures 4-3 E and F). In each of these cases, performance was better in the 

empty bag than in the SolarBag. This difference is likely due to the shading created by the floating mesh 

insert in the SolarBag. A subsequent test using a SolarBag with an insert without TiO2 could be 

performed to confirm this hypothesis. One possibly confounding variable is that test water used in the 

SolarBag (but not empty bag) low intensity condition contained higher than specified DOC; that may 

have slowed inactivation in the SolarBag. 

Under full solar intensity ice bath conditions, E. coli removal in the SolarBag was significantly 

decreased when compared to full solar intensity conditions. E. coli removal decreased by 99.96% in 

general test water and 99.995% in challenge test water when the SolarBag was placed in the ice bath. 

This suggests that the temperature of the water is an important factor in the inactivation of E. coli. 

Additionally, in figure 4-3 D, there is significant removal of E. coli without temperatures above optimal 

growth conditions of 37˚C, suggesting that UV lysis an important removal mechanism.  

There is little evidence to indicate that heat inactivation in bacteria occurs at temperatures 

observed in solar disinfection, as E. coli species are able to grow in temperature conditions between 7 °C 

and 50 °C [24]. Fotadar et al [47] have shown that E. coli incubated at 49˚C without any light exposure 

show a net growth over an eight hour period, suggesting that temperature is not the lone mechanism 

involved in bacterial removal. However, several groups have observed that at temperatures over 45°C, 

there is a significant increase in the inactivation of E. coli by solar irradiation [48], [49]. This claim is well 

supported by figure 4-3, in that the removal rates are greatest when temperatures exceed 45˚C (around 
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2 hours at full intensity), suggesting a synergistic relationship between heat and light in the disinfection 

process. Ultimately, a heated control test is needed to verify these conclusions with the SolarBag Plus 

system. 

 

Figure 4-3 E. coli removal in a) SolarBag at full solar simulator intensity, b) an empty bag at full solar simulator 
intensity, c) SolarBag at full solar simulator intensity in an ice bath, d) an empty bag at full solar simulator intensity 
in an ice bath, e) S SolarBag at low solar simulator intensity, and f) an empty bag at low solar simulator intensity. 

4.1.4 SolarBag Inactivation of Viruses 

The removal of two bacteriophages, MS2 and ΦΧ174, was tested under each condition using an 

empty bag as the control. For bacteriophage MS2 removal, the SolarBag was able to reach “protective” 

guidelines set by the EPA/WHO in a three hour period at all conditions (Figure 4-4), and “highly 

protective” in general test water under low solar intensity (Figure 4-4 E). For bacteriophage ΦΧ174, the 
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SolarBag was able to reach “highly protective” guidelines set by the EPA/WHO in a three hour period at 

full solar intensity in general and challenge test waters (Figure 4-5 A), but did not meet the “protective” 

guidelines in low solar intensity and ice bath conditions (Figure 4-5 C and E). 

MS2 showed similar removal across all tests (Figures 4-4 A-F). Misstear and Gill [50] 

demonstrate a rapid increase in MS2 inactivation with the addition of TiO2. Since similar removal rates 

were observed despite changes in solar intensity, temperature, and TiO2 presence, it is hypothesizes 

that the bacteriophage MS2 is not treated by TiO2 photocatalysis but by the synergistic contributions of 

heat and light or physical processes such as adsorption.  

Bacteriophage MS2 has shown to be more resistant to the SODIS method than bacteria, showing 

only a 2- log removal after 3 hours exposure to natural sunlight [51].  Fisher et al. [52] showed that when 

using a UV-B transparent material, the time required to achieve a 3-log reduction of bacteriophage MS2 

was cut in half when compared to PET bottles used in the SODIS method. Additionally, bacteriophage 

MS2 has been shown to be highly susceptible to photocatalysis, reducing the time required to reach 1-

log inactivation in over 1.75 hours to reaching a 3-log removal in under 10 minutes with the addition of 

50 mg/L of TiO2 [50]. Since these drastic removal rates were not observed in the SolarBag, it is likely that 

the “available” TiO2 is lower than the values initially estimated. 

Bacteriophage ΦΧ174 removal was decreased in both low solar intensity and ice bath conditions 

compared to full intensity conditions. Given that there was little difference in the removal of ΦΧ174 in 

the SolarBag and the empty bag (Figure 4-5 A and B, C and D, and E and F respectively), it can be 

concluded that ΦΧ174 removal is not controlled by TiO2 photocatalytic activity in these bags. While it is 

difficult to determine the exact contributions of heat and UV lysis in bacteriophage ΦΧ174, both seem to 

play an equal role in the removal process.  When both high UV and elevated temperatures are present 

(Figure 4-5 A), a 99.99993% (6.15-log) removal was achieved in general test water.  When only high UV 

was present, removal was reduced to 99.8% (2.7-log) removal. Under low intensity light with lower UV 

and moderate heat, a 99.76% (2.63-log) reduction was achieved. Misstear and Gill  [50] have 

demonstrated that a 3-log inactivation of bacteriophage ΦΧ174 occurs in 2.5 hours under natural 

sunlight without TiO2 and in under 20 minutes with the addition of 50 mg/L of TiO2. As stated with 

bacteriophage MS2, the lack of a difference in rates between the SolarBag and the empty bag suggest a 

lower than expected “available” TiO2 concentration. 
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Figure 4-4 Bacteriophage MS2 Removal in a) SolarBag at full solar simulator intensity, b) an empty bag at full solar 
simulator intensity, c) SolarBag at full solar simulator intensity in an ice bath, d) an empty bag at full solar 
simulator intensity in an ice bath, e)  SolarBag at low solar simulator intensity, and f) an empty bag at low solar 
simulator intensity. 
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Figure 4-5 Bacteriophage ΦΧ174 removal in a) SolarBag at full solar simulator intensity, b) an empty bag at full 
solar simulator intensity, c) SolarBag at full solar simulator intensity in an ice bath, d) an empty bag at full solar 
simulator intensity in an ice bath, e) S SolarBag at low solar simulator intensity, and f) an empty bag at low 

 

4.1.5 SolarBag Inactivation of Protozoan Oocysts 

Cryptosporidium removal was generally low under all conditions tested with the highest removal 

occurring during the sock filtration step, represented in Figure 4-5 as the log removal value at time 0. 

Physical removal was variable but seemed highest in challenge test water conditions, possibly due to the 

association of the oocysts with the suspended solids removed via filtration or the agglomeration of the 

oocysts under the high slat concentrations present.  
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When looking strictly at post-filtration inactivation (Figure 4-7), the low removal observed was 

primarily due to UV light inactivation. This is observed by the equal removal of Cryptosporidium with and 

without the TiO2 being present under all conditions tested. Additionally, Cryptosporidium removal under 

full intensity ice bath conditions was extremely low even though TiO2 activity and UV light was present 

(Figure 4-7 C), further indicating the role of heat in the removal of Cryptosporidium.  The exact 

mechanism of inactivation under solar irradiation is still unknown and requires further study. 

Though inactivation of C. parvum oocysts has been observed under UV lamps [53], Heaselgrave 

and Kilvington [54] have demonstrated that inactivation is not achieved by the SODIS method, observing 

a non-significant removal after a 6 hour exposure to 550W/m2 irradiance. However, Mendez-Hermida et 

al. observed an increase in oocyst inactivation after 8 hours exposure to natural sunlight, from a 0.2-log 

removal to a 0.97-log removal with the addition of the TiO2 on an immobilized surface [55]. 
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Figure 4-6 C. parvum removal in a) SolarBag at full solar simulator intensity, b) an empty bag at full solar simulator 
intensity, c) SolarBag at full solar simulator intensity in an ice bath, d) an empty bag at full solar simulator intensity 
in an ice bath, e) S SolarBag at low solar simulator intensity, and f) an empty bag at low solar simulator intensity. 
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Figure 4-7 C. parvum inactivation in a) SolarBag at full solar simulator intensity, b) an empty bag at full solar 
simulator intensity, c) SolarBag at full solar simulator intensity in an ice bath, d) an empty bag at full solar 
simulator intensity in an ice bath, e) S SolarBag at low solar simulator intensity, and f) an empty bag at low solar 
simulator intensity. 
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4.2  SolarBag Plus Results 

Note that the SolarBag Plus samples used in the full intensity and ice bath conditions had 

around half of their target TiO2 mass. 

4.2.1 SolarBag Plus Temperature 

Temperature was measured throughout each experiment with the SolarBag Pluses (Figure 4-8). 

As was observed in the SolarBag, challenge test water had a greater increase in temperature in non-ice 

bath conditions. The observed temperature profiles indicate that the main factors controlling 

temperature increases in the water are the light intensity and the type of water used. The type of bag, 

had little effect on the rate that temperature increased. 

4.2.2 SolarBag Plus PurBlue Removal 

Removal of PurBlue dye was tested in each condition using an empty bag as a control. As 

indicated in Figure 4-9, 80.5% of PurBlue was removed from the SolarBag Plus at full solar intensity 

compared to 57.3% removal in the SolarBag. This indicates that the TiO2-coated polymer in the SolarBag 

Plus is nearly twice as active in the creation of reactive oxygen species that break down the blue dye, 

despite having only a fraction of the concentration of TiO2 present per liter of water. Additional 

measurements, such as oxygen species concentrations, should be performed, before drawing any 

definitive conclusions. The importance of solar intensity is further strengthened by the comparison of 

PurBlue removal at low intensity.  

A comparison of the three bags is displayed in Figure 4-9 B and D, showing that the SolarBag 

Plus is best able to remove PurBlue from both general and challenge test waters in a 3 hour period 

under full intensity regardless of temperature conditions. According to Puralytics, the TiO2 coating 

process used with the SolarBag resulted in a portion of the nanoparticles being “covered,” blocking 

Figure 4-8 SolarBag Plus Temperatures 
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photons from interacting with the photocatalyst or making some of the TiO2 inaccessible to water.  In 

the SolarBag Plus, this was minimized by using a thinner and more uniform coating method. 

Consequently, even though the SolarBag Plus has a lower mass of TiO2 on the insert than the SolarBag, 

more of the TiO2 is likely available to react in the SolarBag Plus resulting in higher PurBlue removal. As 

was noted with the SolarBag, one possibly confounding variable is that the general test water used in 

the SolarBag Plus full intensity and low intensity conditions contained higher than specified DOC; that 

may have slowed removal. 

 

Figure 4-9 PurBlue Removal in a) SolarBag Plus at full solar simulator intensity, b) all three bag types at full solar 
intensity, c) SolarBag Plus at full solar simulator intensity in an ice bath d) all three bag types at full solar intensity 
in an ice bathy, e) SolarBag Plus at low solar simulator intensity, and f) all three bag types with both test waters at 
low solar intensity.  
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4.2.3 SolarBag Plus Inactivation of Bacteria 

The SolarBag Plus was able to achieve “Highly Protective” status within 3 hours in full solar 

intensity in both general and challenge test waters. Again, E. coli removal is most prevalent at 

temperatures above 45˚C. This further supports a synergistic effect between heat and light inactivation.  

 

Figure 4-10 E. coli removal in a) SolarBag Plus at full solar simulator intensity, b) all three bag types at full solar 
intensity, c) SolarBag Plus at full solar simulator intensity in an ice bath d) all three bag types at full solar intensity 
in an ice bathy, e) SolarBag Plus at low solar simulator intensity, and f) all three bag types with both test waters at 
low solar intensity. 

Figure 4-10 B shows that E. coli are effectively removed in both general and challenge test water 

equally well under full solar intensity in each of the three bag types, showing that TiO2 photocatalysis is 

not the dominant removal mechanism for E coli. As indicated in the discussion on E coli inactivation in 
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the SolarBag, the data presented in Figure 4-10 suggest that the removal of E. coli is the result of a 

synergistic treatment by heat and light, and is most effective at temperatures exceeding 45˚C. As was 

noted with the SolarBag, one possibly confounding variable is that the general test water used in the 

SolarBag Plus full intensity and low intensity conditions contained higher than specified DOC; that may 

have slowed removal. 

4.2.4 SolarBag Plus Inactivation of Viruses 

For bacteriophage MS2, the SolarBag Plus was able to achieve “Highly Protective” status in 

general test water and “Protective” status in challenge test waters within 3 hours in all conditions (figure 

4-11 A, C, and E). It is not evident that bacteriophage MS2 removal is enhanced by TiO2 photocatalysis as 

the removal in the empty bag exceeds the SolarBag (Figure 4-11 B). It is possible that the activity of TiO2 

in the SolarBag is not sufficient to overcome any shading produced by the floating insert. A test with an 

insert without TiO2 would help resolve this notion. When comparing the empty bag to the SolarBag Plus, 

the addition of the TiO2-coated insert improves MS2 removal under all conditions as suggested by 

Misstear and Gill [50]. In the general test water the removal could have been even higher for the 

SolarBag Plus if the water used in the SolarBag Plus full intensity and low intensity conditions had not 

contained higher than specified DOC (making it more like challenge test water). 

By looking at the empty bag data (Figure 4-11 B, D, and F), it is apparent that heat, and not 

photoinactivation is the primary removal mechanism in the absence of the TiO2 photocatalysis. This is 

shown by the poor removal under full solar intensity, ice bath conditions. This is also shown by the 

effective bacteriophage MS2 removal observed under low intensity UV, where the test waters still 

achieved reasonable temperature gains. 
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Figure 4-11 Bacteriophage MS2 removal in a) SolarBag Plus at full solar simulator intensity, b) all three bag types at 
full solar intensity, c) SolarBag Plus at full solar simulator intensity in an ice bath d) all three bag types at full solar 
intensity in an ice bathy, e) SolarBag Plus at low solar simulator intensity, and f) all three bag types with both test 
waters at low solar intensity. 

For bacteriophage ΦΧ174, the SolarBag Plus was able to achieve “Highly Protective” status in 

general and challenge test water under full solar intensity (Figure 4-12 A) and “Protective” status in 

general and challenge test waters under low solar intensity and full solar intensity, ice bath conditions 

within 3 hours (figure 4-12 C and E). Bacteriophage ΦΧ174 removal was not significantly enhanced by 

TiO2 photocatalytic activity as the empty bags performed as well as the SolarBag and SolarBag Plus 

under full solar intensity conditions (Figure 4-12 B). However a small improvement was observed 

between empty and SolarBag Pluses in full intensity, ice bath conditions (Figure 4-12 D). 
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The collected data makes it difficult to determine the exact contributions of heat and UV 

photoinactivation in bacteriophage ΦΧ174, but it appears that both play an equal role. A test conducted 

at a similar temperature profile observed in the full intensity test (Figure 4-8) without the presence of 

light would help determine the contribution of each mechanism. When both high UV and temperatures 

are present, a 5.68-log removal was achieved in general test water. When only high UV was present, 

removal was reduced to 3.46-log removal. Under low intensity light with lower UV and modest heat, a 

3.78-log reduction was achieved. Several groups have shown that although not as susceptible to TiO2 

photocatalysis as MS2, removal rates should increase when TiO2 is introduced [50], [56]. As was noted 

with the SolarBag, one possibly confounding variable is that the general test water used in the SolarBag 

Plus full intensity and low intensity conditions contained higher than specified DOC; that may have 

slowed removal. 
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Figure 4-12 ΦΧ174 Bacteriophage removal in a) SolarBag Plus at full solar simulator intensity, b) all three bag types 
at full solar intensity, c) SolarBag Plus at full solar simulator intensity in an ice bath d) all three bag types at full 
solar intensity in an ice bathy, e) SolarBag Plus at low solar simulator intensity, and f) all three bag types with both 
test waters at low solar intensity.  
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4.2.5 SolarBag Plus Inactivation of Protozoan Oocysts 

As was observed in the SolarBag, C. parvum removal was low under all conditions tested with the 

highest removal occurring during the sock filtration step in most cases (Figure 4-13 A-C). Under full solar 

intensity and ice bath conditions, “Protective” status was achieved within 3 hours. Under low solar 

intensity “Protective” status was not achieved in general test water within 3 hours. 

  Figure 4-13 D shows that the total removal of C. parvum in each of the three tested bags is 

similar. Figure 4-14 A-C displays the inactivation achieved in the SolarBag Plus after sock filtration by 

setting the initial removal equal to 0. In this form, it is evident that the solar intensity plays an important 

role in the inactivation of C. parvum. Additionally, Figure 4-14 D suggests that, photocatalysis is the 

dominant mechanism in the inactivation of C. parvum oocysts since removal in the SolarBag Plus is 

greater than in the SolarBag and empty bags. These results are in agreement with Mendez-Hermida et 

al. [55] which showed a low inactivation of C. parvum under natural light, and a >1-log inactivation with 

the addition of an immobilized TiO2 photocatalyst. In the general test water the removal could have 

been even higher for the SolarBag Plus if the water used in the SolarBag Plus full intensity and low 

intensity conditions had not contained higher than specified DOC (making it more like challenge test 

water). 
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Figure 4-13 C. parvum removal in a) SolarBag Plus at full solar simulator intensity, b) all three bag types at full solar 
intensity, c) SolarBag Plus at full solar simulator intensity in an ice bath d) all three bag types at full solar intensity 
in an ice bathy, e) SolarBag Plus at low solar simulator intensity, and f) all three bag types with both test waters at 
low solar intensity. 
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Figure 4-14 C. parvum inactivation in a) SolarBag Plus at full solar simulator intensity, b) all three bag types at full 
solar intensity, c) SolarBag Plus at full solar simulator intensity in an ice bath d) all three bag types at full solar 
intensity in an ice bathy, e) SolarBag Plus at low solar simulator intensity, and f) all three bag types with both test 
waters at low solar intensity. 

4.3  SolarBag Plus with ClO2 Additions Results 

4.3.1 PurBlue Removal 

 The addition of 2.6 ppm ClO2 (2 tablets/3L) to the SolarBag Plus increased the PurBlue removal 

from 0.36-log to 0.7-log removal after 2 hours. Figure 4-15 D shows that some PurBlue is broken down 

by the ClO2, but not enough to account for the difference between the SolarBag performance with and 

without the ClO2. When compared to Figure 4-8, Figure 4-15 suggests that the ClO2 is significantly 

increasing the removal of PurBlue. Neppolian et al. [57] have shown that the presence of H2O2 can serve 
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as an electron acceptor, thereby enhancing the photocatalytic activity of TiO2 preventing the excited 

electrons from recombining with the associated holes. It is likely that ClO2 is able to act in a similar 

fashion, enhancing the ability of the photocatalyst to degrade the PurBlue dye. 

The addition of ClO2 also resulted in a dramatic decrease in the brown color of the challenge test 

water over a 2-hour period in the SolarBag Plus at each intensity. With an average loss of 0.076 mg/L 

dissolved organic carbon (Appendix B) observed, it is likely that this color change is due to the 

breakdown of larger humic acid molecules into smaller, colorless carbon chains.  

 

Figure 4-15 PurBlue removal in a) SolarBag Plus with ClO2 at full solar simulator intensity, b) SolarBag Plus with ClO2 
at low solar simulator intensity, c) SolarBag Plus at full solar simulator intensity with ClO2 at constant temperature, 
and d) Empty bag with ClO2 at full solar intensity. 

4.3.2 Inactivation of Bacteria 

The addition of 2.6 ppm ClO2 resulted in the rapid removal of E. coli, achieving “Highly 

Protective” status within 2 hours under all conditions. A comparison of Figure 4-10 and Figure 4-16 

suggests that the removal is dominated by chemical disinfection and not by photodisinfective methods. 

In general test water, only 58.7% of bacteria were removed in full intensity conditions in the SolarBag 

Plus without the addition of chlorine dioxide in 2 hours. With the addition of ClO2, 99.98% of bacteria 

were inactivated within 30 minutes. Clarke and Bettin indicate that the CT value for a 3-log removal of 

bacteria by ClO2 without the influence of solar irradiation is less than 1 mg-min/L for demand free 
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waters [31]. In the SolarBag Plus, this would imply that a 99.9% removal would be achieved in under a 

minute, suggesting that there are other species (such as the DOC) reacting with the chlorine dioxide or 

that some of the chemical disinfectant is being broken down in the presence of light [58]. A test run in 

the dark in otherwise similar conditions could provide insight into the differences in observed CT values 

and literature. It is important to note that the data points at 1.5 hours for challenge test water in Figure 

4-16 A, and both test waters in Figure 4-16 B and C, are at the detection limit for the plating method 

used and are expected to be at a higher removal if analyzed with more precise methods.  

When comparing removal of E. coli at 30 minutes, it is evident that the removal of bacteria is 

increased by the presence of UV light. Decreased E. coli removal is observed in the presence of the TiO2 

catalyst, possibly due to shading created by the mesh inserts. Additionally, since temperatures did not 

reach 45˚C within the first hour of each test, the synergistic removal between heat and light inactivation 

was not observed between the two full intensity conditions (Figure 4-16 A and C). 

 

Figure 4-16 E.coli removal in a) SolarBag Plus with ClO2 at full solar simulator intensity, b) SolarBag Plus with ClO2 
at low solar simulator intensity, c) SolarBag Plus at full solar simulator intensity with ClO2 at constant temperature, 
and d) Empty bag with ClO2 at full solar 
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4.3.3 Inactivation of Viruses 

The CT value for a 4-log removal of viruses using ClO2 is 8.4 mg-min/L at 25˚C [59]. It is 

estimated that a 4-log removal would be achieved in under 4 minutes in a demand free water using a 

ClO2 concentration of 2.6 ppm. This rapid removal is supported by Figure 4-15 and Figure 4-16, though 

removal may take longer due to the presence of natural organic materials and other microorganism. 

Additionally, ClO2 is known to break down in light [58], thereby reducing its ability to disinfect and 

increased the time necessary to reach 4-log removal. 

The addition of 2.6 ppm ClO2 resulted in the rapid removal of MS2 bacteriophage achieving 

“Highly Protective” status within 1.5 hours, under all conditions except for the test with challenge test 

water under low solar intensity (Figure 4-17).  Under the low solar intensity condition only, “Protective” 

status was achieved in challenge water. The lower removal of the MS2 bacteriophage at 30 minutes in 

the low solar intensity conditions suggest that UV light is contributing to the removal process in addition 

to the chemical disinfection process.  

 

Figure 4-17 Bacteriophage MS2 removal in a) SolarBag Plus with ClO2 at full solar simulator intensity, b) SolarBag 
Plus with ClO2 at low solar simulator intensity, c) SolarBag Plus at full solar simulator intensity with ClO2 at constant 
temperature,  and d) Empty bag with ClO2 at full solar simulator intensity.  
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The addition of 2.6 ppm ClO2 also resulted in the rapid removal of bacteriophage ΦΧ174 

achieving “Highly Protective” status within 30 minutes under full intensity conditions and 1.5 hours 

under low solar intensity.  When looking at the log removal of bacteriophage ΦΧ174 at 30 minutes in 

Figure 4-18 at 30 minutes under each condition, it is evident that the presence of the TiO2 catalyst is 

enhancing the removal process. In both tests at full solar intensity with the TiO2 present, removal was 

better in the first 30 minutes than at low intensity or without TiO2 present. As stated previously, it has 

demonstrated that bacteriophage ΦΧ174 removal is increased in the presence of reactive oxygen 

species [50], supporting that photocatalysis is occurring. 

 

Figure 4-18 Bacteriophage ΦΧ174 removal in a) SolarBag Plus with ClO2 at full solar simulator intensity, b) SolarBag 
Plus with ClO2 at low solar simulator intensity, c) SolarBag Plus at full solar simulator intensity with ClO2 at constant 
temperature,  and d) Empty bag with ClO2 at full solar simulator intensity. 

4.3.4 Inactivation of Protozoan Oocysts 

The addition of 2.6 ppm ClO2 significantly increased the removal rates of C. parvum inactivation.  

Under both full intensity and low intensity light conditions, “Highly Protective” status was achieved 

within 2 hours in all conditions and “Protective” within around 30 minutes. In disinfection experiments 

without exposure to solar irradiation, Korich et al [40] observed that in the presence of 1.3 ppm chlorine 

dioxide, a 90% decrease in infectivity of C. parvum oocysts was observed after 1 hour. These findings 
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suggest that the inactivation of C. parvum oocysts in the SolarBag Plus is mainly due to chemical 

disinfection, as similar removal rates were observed in each of the four test conditions (Figure 4-17). 

 

Figure 4-19 C. parvum removal in a) SolarBag Plus with ClO2 at full solar simulator intensity, b) SolarBag Plus with 
ClO2 at low solar simulator intensity, c) SolarBag Plus at full solar simulator intensity with ClO2 at constant 
temperature,  and d) Empty bag with ClO2 at full solar simulator intensity. 
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4.4  Conclusions 

The proposed dominant removal mechanism of each microorganism and PurBlue in the SolarBag 

system are summarized in Table 4-1. The results from this study indicate that E. coli is primarily 

inactivated by UV photoinactivation. This process is greatly increased at temperatures above 45˚C. 

Bacteriophage MS2 appears resistant to treatment by solar irradiation, but shows consistent removal 

under different environmental conditions. It is hypothesized that this removal is the result of the 

synergistic treatment by heat and light or a physical removal process like adsorption. Bacteriophage 

ΦΧ174 is inactivated by a combination of UV light and heat. Finally, C. parvum removal was generally 

moderate in the SolarBag under all conditions. Although the greatest total inactivation occurred after 

filtration, physical removal by filtration contributed to the fastest jump in the removal of active oocysts 

in the treatment process. Improvement of inactivation rate was noted with higher UV intensity and 

higher photocatalytic activity of the SolarBag Plus pointing to photoinactivation and photocatalysis as 

the dominant mechanisms.  

The addition of ClO2 to the water treatment process provides a means by which EPA/WHO 

“Highly Protective” standards are met within 2 hours and “Protective” within 30 minutes in most cases. 

Some data suggests that the use of ClO2 enhances the activity TiO2, but it was determined that chemical 

disinfection was the predominant mechanism of disinfection when ClO2 was present. 

Table 4-1 Summary of proposed removal mechanisms 

Contaminant 
Proposed Dominant Removal 

Mechanism without ClO2 
Proposed Dominant Removal 
Mechanism with 2.6 ppm ClO2 

PurBlue Photocatalysis Photocatalysis 

E. coli 
Photoinactivation, enhanced above 

45˚C 
Chemical Disinfection 

Bacteriophage MS2 
Synergistic removal by both thermal 

and photoinactivation 
Chemical Disinfection 

Bacteriophage ΦΧ174 
Synergistic removal by both thermal 

and photoinactivation 
Chemical Disinfection 

C. parvum Filtration, photoinactivation Chemical Disinfection 

 

The SolarBag Plus is able to meet EPA/WHO “Highly Protective” status for bacteria and viruses 

and “Protective” status for protozoan oocysts under full intensity condition in challenge test water. 

Under low intensity and ice bath conditions, the SolarBag Plus requires greater than 3 hours to achieve 

the “Highly Protective” status. PurBlue removal data indicates that the SolarBag Plus is more 
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photoreactive than the SolarBag Plus. The WHO/EPA status at 3 hours under each condition are 

summarized in Tables 4-2 – 4-4. Additionally, the time it would take to reach the “Highly Protective” 

status was calculated using first order rate kinetics. 

Table 4-2 SolarBag Plus Performance Summary at Full Intensity 

 General Test Water Challenge Test Water 

 
WHO/EPA Status 

at 3 hours 
Time to “Highly 

Protective” status 
WHO/EPA Status 

at 3 hours 
Time to “Highly 

Protective” status 
E. coli Highly Protective 2.02 h Highly Protective 2.62 h 

Bacteriophage 
MS2 

Highly Protective 1.98 h Protective 3.1 h 

Bacteriophage 
ΦΧ174 

Highly Protective 2.73 h Highly Protective 2.47 h 

C. parvum Interim 7.27 h Protective 10.13 h 

 

Table 4-3 SolarBag Plus Performance Summary at Full Intensity in an ice bath 

 General Test Water Challenge Test Water 

 
WHO/EPA Status 

at 3 hours 
Time to “Highly 

Protective” status 
WHO/EPA Status 

at 3 hours 
Time to “Highly 

Protective” status 
E. coli Interim 7.41 h Interim 11.79 h 

Bacteriophage 
MS2 

Highly Protective 2.21 h Protective 3.26 h 

Bacteriophage 
ΦΧ174 

Protective 4.35 h Protective 5.09 h 

C. parvum Protective 6.51 h Protective 9.89 h 
 

Table 4-4 SolarBag Plus Performance Summary at Low Intensity 

 General Test Water Challenge Test Water 

 
WHO/EPA Status 

at 3 hours 
Time to “Highly 

Protective” status 
WHO/EPA Status 

at 3 hours 
Time to “Highly 

Protective” status 
E. coli Protective 5.17 h Interim 18.97 h 

Bacteriophage 
MS2 

Highly Protective 2.21 h Protective 3.05 h 

Bacteriophage 
ΦΧ174 

Protective 3.86 h Protective 3.97 h 

C. parvum Interim 24.7 h Protective 17.77 h 

*As noted in the description of the SolarBag Plus, the SolarBag Plus prototypes used in the full intensity 

and full intensity in ice bath tests contained only half the target mass of TiO2. Although not discussed 

above, note that an analysis of bridge data in Appendix D indicates that the high (target) mass of TiO2 

used in other testing indicates a significant performance boost from the higher mass for at least E.coli 

inactivation and PurBlue removal.  
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6 Appendices 

A. Standard Operating Protocols  

A.1 Bacteria Enumeration by Spread Plate Method  

1. PURPOSE 
This protocol describes the process to determine the most probable number of bacteria in a 
given water sample. 

 

2. MATERIALS 
2.1 E. coli (ATCC 11229) 
2.2 Nutrient Agar 
2.3 Peptone 
2.4 Sodium Chloride 
2.5 Deionized Water 
2.6 Ethanol 

 

3. REAGENT PREPARATION 
 

3.1 Nutrient Agar 
23g Nutrient Agar 
1000mL DI Water 

Dissolve ingredients in boiling water. Distribute the broth into 500ml bottles in volumes 
of 200 ml (larger if used immediately). Autoclave at 121˚C. 
 

3.2 Peptone Saline Solution 
1g Peptone 
8.5g Sodium chloride 
1000mL Deionized Water 

Dissolve ingredients in boiling water. Distribute into 500ml bottles in volumes. 
Autoclave at 121˚C. 

 
4. PROCEDURES 
 

4.1 Preparation of nutrient agar plates 
 

4.1.1 Allow molten agar to cool until it can be held by hand. 
 

4.1.2 Label plates with the type of medium being used. 
 

4.1.3 Aseptically pour 10-20ml of agar into each plate (enough to just cover the 
bottom). 
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4.1.4 Allow plates to cool for 30 minutes, leaving the lids at an angle on the 
plates. 

 
4.1.5 Wrap stacks of plates in Para-film wax and store at 4˚C. 

 
4.2 Spread Plating  

 
4.2.1 Aseptically create serial dilutions of sample using peptone saline solution. 

Choose a dilution that will produce 10 to 300 colonies on an agar plate. Each 
sample should be completed in triplicate. 
 

4.2.2 Label each agar plate with the amount and dilution factor to be plated. 
 

4.2.3 Using a pipette, transfer 10-100µl of the sample or dilution onto the surface 
of the agar plate.  

 
4.2.4 Dip a bent glass rod into ethanol. Pass the rod through an open flame to 

burn off the remaining ethanol. Wait 5-10 seconds for the rod to cool. 
 

4.2.5 Spread the liquid evenly across the surface of the agar using the glass rod.  
 

4.2.6 Incubate plates upside-down overnight at 37˚C. 
 

To calculate the MPN of the sample multiply the average number of colonies formed by the dilution 
factor. Then, divide the product by the volume of sample or dilution plated. 
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A.2 Bacteriophage MS2 Enumeration by Soft Agar Overlay Method  

1. PURPOSE 
This protocol describes the process to determine the most probable number of 
bacteriophage MS2 in a given water sample. 
 

2. MATERIALS 
2.1 E. coli host (ATCC 15597) 
2.2 Bacteriophage (ATCC 15597B1) 
2.3 Trypticase Peptone 
2.4 Yeast Extract 
2.5 Sodium Chloride 
2.6 Deionized Water 
2.7 Calcium Chloride 
2.8 Glucose  
2.9 Agar 
2.10 Peptone 

 
3. REAGENT PREPARATION 

3.1 Tryptone-yeast extract-glucose broth (TYGB) basal medium 
10g Trypticase Peptone 
1g Yeast Extract 
8g NaCl 
1000mL DI Water 

Dissolve ingredients in hot water. Adjust pH to 7.2. Autoclave at 121˚C. Store in the dark 
at 4˚C. 
 

3.2 Calcium-glucose solution 
3g CaCl2 2H2O 
10g Glucose 
100ml DI Water 

Dissolve the ingredients in the water while heating gently. Cool to room temperature 
and filter-sterilize through a 0.22µm membrane filter. Store in the dark at 4˚C. 

  
3.3 Complete TYGB Medium 

200ml basal medium (reagent 3.1) 
2ml calcium-glucose solution (reagent 3.2) 

Aseptically add calcium-glucose solution to basal medium and mix well. Store in the dark 
at 4˚C. 
 
 
 

3.4 Tryptone-yeast extract-glucose agar (TYGA) basal medium 
10g Trypticase Peptone 
1g Yeast Extract 
8g NaCl 
12g to 20g Agar 
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1000mL DI Water 
Dissolve ingredients in boiling water. Adjust pH to 7.2. Autoclave at 121˚C. Store in the 
dark at 4˚C. 
 

3.5 Complete TYGA medium 
200ml basal medium (reagent 3.1) 
2ml calcium-glucose solution (reagent 3.2) 

Aseptically add calcium-glucose solution to basal medium and mix well. Pour into 10cm 
Petri Dishes. Allow to solidify, wrap stacks of plates in Parafilm wax, and store in the 
dark at 4˚C. 
 

3.6 Semi-solid tryptone-yeast extract-glucose agar (ssTYGA) 
Prepare basal medium according to 3.4 but use half of the mass of agar (6 to 10g). 
Distributes into 100ml bottles and store in the dark at 4˚C. 
 

3.7 Peptone Saline Solution 
1g Peptone 
8.5g Sodium chloride 
1000mL Deionized Water 

Dissolve ingredients in boiling water. Distribute into 500ml bottles in volumes. 
Autoclave at 121˚C. 

 
4. PROCEDURES 
 

4.1 Preparation of host culture 
 

4.1.1 Take one vial of working culture from the freezer and thaw it at room 
temperature. 
 

4.1.2 Add 50 ml of room temperature TYGB to a conical flask. 
 

4.1.3 Inoculate 0.5ml of working culture. 
 

4.1.4 Incubate at 37˚C while shaking at 100rpm for 3-4h. 
 

4.1.5 Quickly cool on melting ice. Use within 2h. 
  
 

4.2 Soft Agar Overlay 
 

4.2.1 Aseptically create serial dilutions of sample using peptone saline solution. 
Choose a dilution that will produce 10 to 300 plaques on an agar plate. Each 
sample should be completed in triplicate. 
 

4.2.2 Label each agar plate with the amount and dilution factor to be plated. 
 

4.2.3 Melt bottles of ssTYGA in a hot water bath (~95˚C), cool to 48˚C. 
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4.2.4 Aseptically add calcium-glucose solution (1ml/100ml) and distribute 3.5ml 

into culture tubes with caps, placed in a heat block (or water bath) at 48˚C. 
 

4.2.5 Add 1ml of exponential phase inoculum culture to each culture tube. 
 

4.2.6 Add 0.1-1ml of sample (or dilution) to a tube, mix carefully and pour the 
contents over the surface of a 10cm TYGA plate. 

 
4.2.7 Distribute evenly, allow semi-solid agar to solidify on a perfectly horizontal, 

cool surface. 
 

4.2.8 Incubate plates upside-down overnight at 37˚C. 
 

4.2.9 To calculate the MPN of the sample multiply the average number of plaques 
formed by the dilution factor. Then, divide the product by the volume of 
sample or dilution plated. 
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A.3 Bacteriophage ΦΧ174 Enumeration by Soft Agar Overlay Method  

1. PURPOSE 
This protocol describes the process to determine the most probable number of 
bacteriophage ΦΧ174 in a given water sample. 

 
2. MATERIALS 

2.1 E. coli host (ATCC 13706) 
2.2 Bacteriophage (ATCC 13706-B1) 
2.3 Peptone 
2.4 Yeast Extract 
2.5 Meat Extract 
2.6 Sodium Chloride 
2.7 Na2CO3 solution (150g/l) 
2.8 MgCl2 solution (100g MgCl2 6H2O/50ml water) 
2.9 Deionized Water 
2.10 Calcium Chloride 
2.11 Agar 

 
3. REAGENT PREPARATION 

 
3.1 Modified Scholten’s’ broth (MSB) 

10g Peptone 
3g Yeast Extract 
12g Meat Extract 
3g NaCl 
5ml Na2CO3 solution 
0.3ml MgCl2 solution 
1000mL DI Water 

Dissolve ingredients in hot water. Adjust pH to 7.2. Autoclave at 121˚C. Store in the dark 
at 4˚C. 
 

3.2 Modified Scholten’s’ agar (MSA) basal medium 
10g Peptone 
3g Yeast Extract 
12g Meat Extract 
3g NaCl 
5ml Na2CO3 solution 
10 to 20g Agar 
0.3ml MgCl2 solution 
1000mL DI Water 

Dissolve ingredients in boiling water. Adjust pH to 7.2. Autoclave at 121˚C. Store in the 
dark at 4˚C. 
 

3.3 Calcium chloride solution 
14.6g CaCl2 2H2O 
100ml DI Water 



60 
 

Dissolve the ingredients in the water while heating gently. Cool to room temperature 
and filter-sterilize through a 0.22µm membrane filter. Store in the dark at 4˚C. 

  
3.4 Complete MSA medium 

200ml basal medium (reagent 3.2) 
1.2ml calcium chloride solution (reagent 3.3) 

Aseptically add calcium chloride solution to basal medium and mix well. Pour into 10cm 
Petri Dishes. Allow to solidify, wrap stacks of plates in Parafilm wax, and store in the 
dark at 4˚C. 
 

3.5 Semi-solid Modified Scholten’s’ agar (ssMSA) 
Prepare basal medium according to 3.2 but use half of the mass of agar (5 to 10g). 
Distributes into 100ml bottles and store in the dark at 4˚C. 
 

3.6 Peptone Saline Solution 
1g Peptone 
8.5g Sodium chloride 
1000mL Deionized Water 

Dissolve ingredients in boiling water. Distribute into 500ml bottles in volumes. 
Autoclave at 121˚C. 

 
4. PROCEDURES 
 

4.1 Preparation of host culture 
 

4.1.1 Take one vial of working culture from the freezer and thaw it at room 
temperature. 
 

4.1.2 Add 50 ml of room temperature TYGB to a conical flask. 
 

4.1.3 Inoculate 0.5ml of working culture. 
 

4.1.4 Incubate at 37˚C while shaking at 100rpm for 3-4h. 
 

4.1.5 Take the inoculum culture and quickly cool on melting ice. Use within 2h. 
  
 
 

4.2 Soft Agar Overlay 
 

4.2.1 Aseptically create serial dilutions of sample using peptone saline solution. 
Choose a dilution that will produce 10 to 300 plaques on an agar plate. Each 
sample should be completed in triplicate. 
 

4.2.2 Label each agar plate with the amount and dilution factor to be plated. 
 

4.2.3 Melt bottles of ssMSA in a hot water bath (~95˚C), cool to 48˚C. 
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4.2.4 Aseptically add calcium chloride solution (0.6ml/100ml) and distribute 3.5ml 

into culture tubes with caps, placed in a heat block (or water bath) at 48C. 
 

4.2.5 Add 1ml of exponential phase inoculum culture to each culture tube. 
 

4.2.6 Add 0.1-1ml of sample (or dilution) to a tube, mix carefully and pour the 
contents over the surface of a 10cm MSA plate. 

 
4.2.7 Distribute evenly, allow semi-solid agar to solidify on a perfectly horizontal, 

cool surface. 
 

4.2.8 Incubate plates upside-down overnight at room temperature. 
 

To calculate the MPN of the sample multiply the average number of plaques formed by the dilution 
factor. Then, divide the product by the volume of sample or dilution plated. 
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A.4 C. parvum Enumeration by Vital Dye Inclusion 

1. PURPOSE 
This protocol describes the process to determine the most probable number of C. parvum in 
a given water sample. 

 
2. MATERIALS 

2.1 C. parvum oocyst stock solution 
2.2 NaCl  
2.3 KCl 
2.4 Na2HPO4 
2.5 KH2PO4 
2.6 Tween 20 
2.7 Na2CO3  
2.8 DAPI 
2.9 Propidium Iodide 
2.10 Deionized Water 
2.11 Agar 

 
3. REAGENT PREPARATION 

3.1 Phosphate buffered saline + 0.01% Tween 20 solution (PBST): 

1 L Deionized Water 

8 g NaCl 

.2 g KCl 

1.44 g Na2HPO4 

0.24 g KH2PO4 

Adjust pH to 7.4 and autoclave for 20 minutes at 121˚C. 

Add 100 µl Tween 20. 

 

3.2 Saturated Salt Solution   

1 L Deionized Water 

360 g NaCl 

 

3.3 Hank’s Balanced Salt Solution 

1 L Deionized Water 
48 mg Na2HPO4 

    400 mg KCl 
   60 mg KH2PO4 

350 mg Na2CO3 
8 g NaCl 

  Adjust pH to 7.4 and autoclave for 20 minutes at 121˚C. 
1 g D-Glucose 
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4. PROCEDURES 
 

4.1 Concentration of Cryptosporidium parvum oocysts from test waters. 
4.1.1 Mix 100 ml of water sample vigorously and vacuum filter through 0.45 µm 

membrane. 
 

4.1.2 Set aside filtrate to test TDS (25ml), alkalinity/pH, (50ml), and absorbance 
@629 nm (<5ml) 

 
4.1.3 Elute the membrane with 15 mL of phosphate buffered saline +0.01% 

Tween 20 solution (PBST) after placing the membrane in a sterile 
Whirlpack™ bag. Encourage oocyst detachment by rubbing the filter for 2-3 
minutes. 

 
4.1.4 Pour the eluent into a 15ml falcon tube. 

 
4.1.5 Centrifuge eluent at 2500g for 15 min, to reduce eluent to 1.5 ml and 

transfer to a 1.5 ml centrifuge tube. 
 

4.1.6 Centrifuge at 3000g in the micro-centrifuge until volume is below 300 µl. 
 

4.2 Purification of Cryptosporidium parvum oocysts from test waters. 
 

4.2.1  Vortex samples and add to 10 ml saturated NaCl solution. 

 

4.2.2 Vortex sample and centrifuge at 2300g for 10min in the large centrifuge. 

 

4.2.3 Transfer top (200-400 µl) of salt solution into a new 1.5 ml tube and add 

~800 µl of dH2O. (cut the tip off of a 200 µl tip to produce a wider opening) 

 

4.2.4 Vortex sample and centrifuge at 1400 rpm for 10min in the microcentrifuge. 

 

4.2.5 Remove supernatant, being careful not to disrupt the pellet. 

 

4.2.6 Resuspend in 200 µl of dH2O. 

 

4.3 Viability Test 

 

4.3.1 Add 10 µl PI and 10 µl DAPI solutions to 100 µl of sample. 

 

4.3.2 Vortex and incubate at 37 ◦C for three hours. 

 

4.3.3 Wash samples twice in HBSS by centrifuging the cell suspension (2000 g for 

3 min). Remove the supernatant of the media, and resuspend in 100 µl 

HBSS. 
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4.3.4 Measure concentration of stained oocysts by placing 10 µl of solution onto a 

hemocytometer under a fluorescent microscope with an appropriate filter. 

 

4.3.5 Add 200 µl of bile solution (.1 g bovine bile /10ml Hanks minimal essential 

medium) and 50 µl of sodium hydrogen carbonate solution (0.44 g sodium 

hydrogen carbonate /100 ml RO water). 

 

4.3.6 Incubate at 37◦C for 3-4 hours. 

 

4.3.7 Measure concentration of stained oocysts by placing 10 µl of solution onto a 

hemocytometer under a fluorescent microscope with an appropriate filter.  
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B. Water Quality Data 

Table 6-1 SolarBag, Full Intensity, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SB19 7.71 7.69 7.22 7.25 7.42 

 SB20 7.71 7.69 7.24 7.23 7.43 

 SB21 7.71 7.69 7.18 7.19 7.41 

DOC (mg/L) SB19 1.4 1.17 1.29 1.03 1.55 

 SB20 1.4 1.17 0.91 1.04 1.41 

 SB21 1.4 1.17 1.5 1.08 1.19 

Turbidity (NTU) SB19 1.35 1.49   8.03 

 SB20 1.35 1.49   5.86 

 SB21 1.35 1.49   1.64 

TDS  (mg/L) SB19 324 304   416 

 SB20 324 304   416 

 SB21 324 304   416 

Alkalinity (mg CaCO3) SB19 82 82   74 

 SB20 82 82   74 

 SB21 82 82   72 

 

Table 6-2 SolarBag, Full Intensity, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SB15 7.68 7.58 7.2 7.18 7.3 

 SB16 7.68 7.58 7.38 7.42 7.57 

 SB17 7.68 7.58 7.48 7.42 7.51 

DOC (mg/L) SB15 10.82 10.05 9.68 11.89 9.77 

 SB16 10.82 10.05 9.68 9.62 9.52 

 SB17 10.82 10.05 10.93 11.06 11.49 

Turbidity (NTU) SB15 36.8 38.7   34.3 

 SB16 36.8 38.7   54.9 

 SB17 36.8 38.7   38.4 

TDS  (mg/L) SB15 1436 1448   1536 

 SB16 1436 1448   1468 

 SB17 1436 1448   1480 

Alkalinity (mg CaCO3) SB15 74 74   64 

 SB16 74 74   68 

 SB17 74 74   72 
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Table 6-3 SolarBag, Low Intensity, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SB19 7.53 7.57 7.4 7.41 7.3 

 SB20 7.53 7.57 7.38 7.42 7.46 

 SB21 7.53 7.57 7.34 7.36 7.41 

DOC (mg/L) SB19 7.32 7.49 7.72 9.51 8.69 

 SB20 7.32 7.49 7.9 10.49 11.26 

 SB21 7.32 7.49 9.42 8.84 7.22 

Turbidity (NTU) SB19 0.49 0.59   5.73 

 SB20 0.49 0.59   7.01 

 SB21 0.49 0.59   3.84 

TDS  (mg/L) SB19 384 392   400 

 SB20 384 392   408 

 SB21 384 392   420 

Alkalinity (mg CaCO3) SB19 84 86   82 

 SB20 84 86   80 

 SB21 84 86   80 

 

Table 6-4 SolarBag, Low Intensity, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SB10 8.1 8.06 7.69 7.56 7.52 

 SB11 8.1 8.06 7.86 7.84 7.74 

 SB12 8.1 8.06 7.59 7.55 7.54 

DOC (mg/L) SB10 9.08 9.83 9.43 11.32 10.97 

 SB11 9.08 9.83 9.94 8.12 8.57 

 SB12 9.08 9.83 9.9 9.98 10.55 

Turbidity (NTU) SB10 49.7 51.4   47.7 

 SB11 49.7 51.4   53.1 

 SB12 49.7 51.4   53.7 

TDS  (mg/L) SB10 1512 1516   1592 

 SB11 1512 1516   1504 

 SB12 1512 1516   1576 

Alkalinity (mg CaCO3) SB10 86 88   74 

 SB11 86 88   80 

 SB12 86 88   78 
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Table 6-5 SolarBag, Full Intensity/Ice Bath, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SB2 7.8 7.88 7.76 7.77 7.62 

 SB3 7.8 7.88 7.7 7.82 7.71 

 SB4 7.8 7.88 7.58 7.81 7.79 

DOC (mg/L) SB2 0.87 0.59 0.79 1 1.47 

 SB3 0.87 0.59 0.9 1.06 1.3 

 SB4 0.87 0.59 1.23 1.05 1.36 

Turbidity (NTU) SB2 0.97 1.12   1.34 

 SB3 0.97 1.12   1.6 

 SB4 0.97 1.12   0.98 

TDS  (mg/L) SB2 384 344   316 

 SB3 384 344   292 

 SB4 384 344   336 

Alkalinity (mg CaCO3) SB2 90 90   86 

 SB3 90 90   88 

 SB4 90 90   86 

 

Table 6-6 SolarBag, Full Intensity/Ice Bath, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SB2 7.81 7.71 7.53 7.67 7.6 

 SB3 7.81 7.71 7.72 7.59 7.56 

 SB4 7.81 7.71 7.61 7.56 7.56 

DOC (mg/L) SB2 9.52 9.78 8.74 9.31 9.22 

 SB3 9.52 9.78 9.12 8.65 8.7 

 SB4 9.52 9.78 9.21 8.91 8.78 

Turbidity (NTU) SB2 30 30.1   31.2 

 SB3 30 30.1   30.2 

 SB4 30 30.1   28.7 

TDS  (mg/L) SB2 1460 1412   1364 

 SB3 1460 1412   1300 

 SB4 1460 1412   1396 

Alkalinity (mg CaCO3) SB2 69.36 67   64.48 

 SB3 69.36 67   65.36 

 SB4 69.36 67   68.8 
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Table 6-7 SolarBag Plus, Full Intensity, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SBP30 7.6 7.62 7.36 7.22 7.41 

 SBP31 7.6 7.62 7.41 7.44 7.47 

 SBP32 7.6 7.62 7.45 7.43 7.51 

DOC (mg/L) SBP30 9.6 10.22 11.73 13.4 17.57 

 SBP31 9.6 10.22 11.89 12.72 19.04 

 SBP32 9.6 10.22 10.66 13.01 19.04 

Turbidity (NTU) SBP30 0.013 4.07   2.52 

 SBP31 0.013 4.07   2.18 

 SBP32 0.013 4.07   1.48 

TDS  (mg/L) SBP30 464 452   432 

 SBP31 464 452   404 

 SBP32 464 452   420 

Alkalinity (mg CaCO3) SBP30 86 88   86 

 SBP31 86 88   86 

 SBP32 86 88   84 

 

Table 6-8 SolarBag Plus, Full Intensity, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SBP30 7.67 7.68 7.31 7.33 7.32 

 SBP31 7.67 7.68 7.37 7.31 7.43 

 SBP32 7.67 7.68 7.36 7.3 7.33 

DOC (mg/L) SBP30 11.12 10.34 9.88 9.31 10.87 

 SBP31 11.12 10.34 10.12 9.5 10.58 

 SBP32 11.12 10.34 10.15 10.43 9.77 

Turbidity (NTU) SBP30 38.6 42.5   32.5 

 SBP31 38.6 42.5   46.4 

 SBP32 38.6 42.5   36.8 

TDS  (mg/L) SBP30 1516 1456   1464 

 SBP31 1516 1456   1472 

 SBP32 1516 1456   1452 

Alkalinity (mg CaCO3) SBP30 74 72   66 

 SBP31 74 72   66 

 SBP32 74 72   64 
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Table 6-9 SolarBag Plus, Low Intensity, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SBP26 7.57 7.58 7.38 7.35 7.49 

 SBP27 7.57 7.58 7.33 7.28 7.43 

 SBP28 7.57 7.58 7.38 7.3 7.4 

DOC (mg/L) SBP26 6.77 7.26 7.03 8.36 10.97 

 SBP27 6.77 7.26 8.29 11.99 13.59 

 SBP28 6.77 7.26 7.31 10.91 12.16 

Turbidity (NTU) SBP26 0.57 2.18   6.84 

 SBP27 0.57 2.18   2.48 

 SBP28 0.57 2.18   8.62 

TDS  (mg/L) SBP26 300 328   356 

 SBP27 300 328   356 

 SBP28 300 328   340 

Alkalinity (mg CaCO3) SBP26 82 84   80 

 SBP27 82 84   80 

 SBP28 82 84   80 

 

Table 6-10 SolarBag Plus, Low Intensity, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SBP26 7.53 7.6 7.51 7.41 7.37 

 SBP27 7.53 7.6 7.54 7.5 7.57 

 SBP28 7.53 7.6 7.63 7.61 7.58 

DOC (mg/L) SBP26 13.72 14.14 14.02 13.81 13.7 

 SBP27 13.72 14.14 15.03 14.79 14.16 

 SBP28 13.72 14.14 13.88 14.65 14.59 

Turbidity (NTU) SBP26 36.9 41.1   41.5 

 SBP27 36.9 41.1   49.2 

 SBP28 36.9 41.1   60.3 

TDS  (mg/L) SBP26 1492 1476   1436 

 SBP27 1492 1476   1404 

 SBP28 1492 1476   1388 

Alkalinity (mg CaCO3) SBP26 76 76   70 

 SBP27 76 76   72 

 SBP28 76 76   72 
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Table 6-11 SolarBag Plus, Full Intensity/Ice Bath, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SBP34 7.53 7.43 7.43 7.34 7.31 

 SBP35 7.53 7.43 7.32 7.38 7.32 

 SBP36 7.53 7.43 7.4 7.26 7.34 

DOC (mg/L) SBP34 0.94 0.69 2.33 2.58 3.02 

 SBP35 0.94 0.69 2.43 2.19 2.9 

 SBP36 0.94 0.69 1.91 2.13 3.88 

Turbidity (NTU) SBP34 0.16 1.95   1.95 

 SBP35 0.16 1.95   1.82 

 SBP36 0.16 1.95   1.41 

TDS  (mg/L) SBP34 372 448   404 

 SBP35 372 448   400 

 SBP36 372 448   420 

Alkalinity (mg CaCO3) SBP34 76 76   74 

 SBP35 76 76   76 

 SBP36 76 76   74 

 

Table 6-12 SolarBag Plus, Full Intensity/Ice Bath, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH SBP34 7.61 7.65 7.71 7.65 7.73 

 SBP35 7.61 7.65 7.77 7.69 7.73 

 SBP36 7.61 7.65 7.83 7.72 7.62 

DOC (mg/L) SBP34 9.02 10.15 8.78 8.95 8.72 

 SBP35 9.02 10.15 9.13 8.87 9.08 

 SBP36 9.02 10.15 9.51 9.21 8.94 

Turbidity (NTU) SBP34 44.2 39.9 
  

44.1 

 SBP35 44.2 39.9   37.6 

 SBP36 44.2 39.9   47.8 

TDS  (mg/L) SBP34 1480 1488 
  

1412 

 SBP35 1480 1488   1448 

 SBP36 1480 1488   1436 

Alkalinity (mg CaCO3) SBP34 74 72   74 

 SBP35 74 72   74 

 SBP36 74 72   76 
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Table 6-13 Empty Bag, Full Intensity, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH E4 7.58 7.59 8.07 8.15 7.85 

 E5 7.58 7.59 8.04 8.09 7.78 

 E6 7.58 7.59 8.07 8.12 7.85 

DOC (mg/L) E4 1.63 1.22 1.25 0.93 1.2 

 E5 1.63 1.22 1.28 1.1 1.16 

 E6 1.63 1.22 1.42 1.08 1.01 

Turbidity (NTU) E4 0.24 0.33     0.43 

 E5 0.24 0.33     0.49 

 E6 0.24 0.33     0.49 

TDS  (mg/L) E4 405 413     404 

 E5 405 413     380 

 E6 405 413     358 

Alkalinity (mg CaCO3) E4 80 86     86 

 E5 80 86     86 

 E6 80 86     88 

 

Table 6-14 Empty Bag, Full Intensity, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH E3 8.03 7.96 7.95 7.9 8.06 

 E4 8.03 7.96 7.93 7.89 8.02 

 E5 8.03 7.96 7.89 7.91 8.03 

DOC (mg/L) E3 14.93 14.91 15.31 15.43 15.2 

 E4 14.93 14.91 14.94 15.03 15.77 

 E5 14.93 14.91 15.29 15.31 15.64 

Turbidity (NTU) E3 44.3 46.4     42.7 

 E4 44.3 46.4     43.3 

 E5 44.3 46.4     40.3 

TDS  (mg/L) E3 1560 1528     1592 

 E4 1560 1528     1548 

 E5 1560 1528     1544 

Alkalinity (mg CaCO3) E3 90 90     92 

 E4 90 90     92 

 E5 90 90     90 
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Table 6-15 Empty Bag, Low Intensity, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH E3 7.47 7.52 7.51 7.6 7.63 

 E4 7.47 7.52 7.48 7.57 7.59 

 E5 7.47 7.52 7.5 7.58 7.6 

DOC (mg/L) E3 1.56 1.12 2.78 3.18 2.34 

 E4 1.56 1.12 1.67 2.7 3.73 

 E5 1.56 1.12 2.59 3.32 1.98 

Turbidity (NTU) E3 0.64 0.88     0.66 

 E4 0.64 0.88     0.67 

 E5 0.64 0.88     0.69 

TDS  (mg/L) E3 308 272     260 

 E4 308 272     300 

 E5 308 272     268 

Alkalinity (mg CaCO3) E3 70 72     70 

 E4 70 72     70 

 E5 70 72     70 

 

Table 6-16 Empty Bag, Low Intensity, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH E3 8.03 7.98 7.97 7.9 7.98 

 E4 8.03 7.98 7.96 7.94 8 

 E6 8.03 7.98 7.51 7.53 8.04 

DOC (mg/L) E3 11.25 11.16 12.86 13.21 13.62 

 E4 11.25 11.16 13.04 12.93 13.28 

 E6 11.25 11.16 12.18 12.4 13.08 

Turbidity (NTU) E3 43.7 44.1     37.3 

 E4 43.7 44.1     37.6 

 E6 43.7 44.1     34.9 

TDS  (mg/L) E3 1500 1468     1456 

 E4 1500 1468     1492 

 E6 1500 1468     1468 

Alkalinity (mg CaCO3) E3 88 88     86 

 E4 88 88     84 

 E6 88 88     88 
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Table 6-17 Empty Bag, Full Intensity/Ice Bath, General Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH E4 7.77 7.77 7.81 7.62 7.65 

 E5 7.77 7.77 7.72 7.63 7.64 

 E6 7.77 7.77 7.73 7.74 7.75 

DOC (mg/L) E4 1.04 1.29 0.88 0.98 1.31 

 E5 1.04 1.29 0.93 0.96 0.83 

 E6 1.04 1.29 2.31 2.08 2.13 

Turbidity (NTU) E4 0.2 0.21     0.36 

 E5 0.2 0.21     0.22 

 E6 0.2 0.21     0.32 

TDS  (mg/L) E4 312 360     312 

 E5 312 360     240 

 E6 312 360     296 

Alkalinity (mg CaCO3) E4 73.6 74     71.2 

 E5 73.6 74     73.9 

 E6 73.6 74     72.8 

 

Table 6-18 Empty Bag, Full Intensity/Ice Bath, Challenge Test Water 

  Bag Pre 
Filter 

Post 
Filter 

Hour 1 Hour 2 Hour 3 

pH E4 7.65 7.64 7.4 7.42 7.58 

 E5 7.65 7.64 7.44 7.4 7.56 

 E6 7.65 7.64 7.38 7.5 7.68 

DOC (mg/L) E4 8.48 8.56 7.58 7.77 8.04 

 E5 8.48 8.56 8.36 7.84 8.04 

 E6 8.48 8.56 7.25 8.09 8.47 

Turbidity (NTU) E4 34.5 37.4     30.5 

 E5 34.5 37.4     31.5 

 E6 34.5 37.4     32.3 

TDS  (mg/L) E4 1552 1541     1510 

 E5 1552 1541     1539 

 E6 1552 1541     1566 

Alkalinity (mg CaCO3) E4 76 78     82 

 E5 76 78     84 

 E6 76 78     76 
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C. Sample Calculation of PurBlue Absorbance 

 PurBlue absorbance was measured from 600 nm to 800 nm.  Corrected 629 nm values were 

determined by subtracting the baseline average of wavelengths in the IR range (750 nm – 800 nm) of the 

blank (general test water with no microorganisms or PurBlue) from the sample values. 

 

Figure 6-1 Sample absorbance between 600 and 800 nm 

Figure 5-1 shows a shift in baseline absorbance above 700 nm as the test proceeded. To correct 

for this, the difference in average IR absorbance between 750 nm and 800 nm was calculated. The 

difference between the average IR absorbance of each sample and the starting sample (PRE) was 

applied to the entire range of measurements. An example calculation is shown below. 

Sample PRE: 

Uncorrected 629 nm Peak = 0.079 

 IR Average = 0.0428 

Sample 46-90:  

Uncorrected 629 nm Peak = 0.0605 

 IR Average = 0.0535 

 Corrected 629 nm Peak = Difference in 629 nm Peaks – Difference in IR Average 

= (0.0605 – 0.079) – (0.0535 – 0.0428) = 0.0145  
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D. Bridge Data 

Table 6-19 Bridge Test 1: Low TiO2 SolarBag Plus with air bubble 

  Bag Pre Filter Post Filter Hour 1 Hour 2 Hour 3 

Absorbance 

SBP72 0.046 0.045 0.036 0.025 0.013 

SBP73 0.046 0.045 0.035 0.022 0.011 

SBP74 0.046 0.045 0.034 0.021 0.010 

Temperature (˚C) 

SBP72 19.92 19.92 32.51 43.49 48.14 

SBP73 19.92 19.92 35.6 41.61 48.56 

SBP74 20.51 20.51 34.35 42.96 47.8 

E. coli (cfu/100 ml) 

SBP72 4.50E+06 4.00E+06 4.00E+05 3.43E+05 1.10E+04 

SBP73 4.50E+06 4.00E+06 1.00E+06 2.06E+05 1.00E+04 

SBP74 4.50E+06 4.00E+06 1.40E+06 9.60E+04 4.00E+03 

Bacteriophage MS2 
(pfu/L) 

SBP72 4.20E+08 3.80E+08 2.40E+07 1.30E+06 5.10E+04 

SBP73 4.20E+08 3.80E+08 2.90E+07 2.20E+06 6.20E+04 

SBP74 4.20E+08 3.80E+08 2.50E+06 1.20E+06 3.70E+04 

Bacteriophage ΦΧ174 
(pfu/L) 

SBP72 5.00E+07 2.66E+07 1.00E+06 3.00E+05 1.00E+03 

SBP73 5.00E+07 2.66E+07 4.00E+06 1.00E+03 1.00E+03 

SBP74 5.00E+07 2.66E+07 4.00E+06 1.00E+03 1.00E+03 

C. parvum (count/L) 

SBP72 4.49E+05 1.98E+04 1.20E+04 6.50E+03 4.50E+03 

SBP73 4.49E+05 1.98E+04 1.05E+04 8.00E+03 4.25E+03 

SBP74 4.49E+05 1.98E+04 1.55E+04 8.00E+03 3.00E+03 
 

Table 6-20 Bridge Test 2: Low TiO2 SolarBag Plus without air bubble 

  Bag Pre Filter Post Filter Hour 1 Hour 2 Hour 3 

Absorbance 

SBP78 0.041 0.041 0.031 0.017 0.007 

SBP79 0.041 0.041 0.029 0.016 0.006 

SBP80 0.041 0.041 0.028 0.013 0.006 

Temperature (˚C) 

SBP78 21 21 36.4 45.5 49.29 

SBP79 20.61 20.61 36.17 43.36 48.7 

SBP80 20.43 20.43 36.22 44.89 49.15 

E. coli (cfu/100 ml) 

SBP78 5.90E+06 5.50E+06 8.60E+05 5.40E+04 7.50E+00 

SBP79 5.90E+06 5.50E+06 7.70E+05 6.70E+04 2.00E+00 

SBP80 5.90E+06 5.50E+06 5.76E+05 5.90E+04 1.00E+00 

Bacteriophage MS2 
(pfu/L) 

SBP78 7.70E+09 6.80E+09 7.70E+07 4.50E+05 1.00E+03 

SBP79 7.70E+09 6.80E+09 6.70E+07 4.80E+05 1.00E+03 

SBP80 7.70E+09 6.80E+09 8.10E+07 3.43E+05 1.00E+03 

Bacteriophage ΦΧ174 
(pfu/L) 

SBP78 2.30E+08 2.00E+08 8.30E+07 9.10E+05 1.00E+03 

SBP79 2.30E+08 2.00E+08 7.76E+07 8.33E+05 1.00E+03 

SBP80 2.30E+08 2.00E+08 8.40E+07 7.70E+05 1.00E+03 

C. parvum (count/L) 

SBP78 4.90E+05 2.48E+04 7.50E+03 2.50E+03 3.75E+03 

SBP79 4.90E+05 2.48E+04 6.50E+03 2.75E+03 1.25E+03 

SBP80 4.90E+05 2.48E+04 5.50E+03 2.25E+03 1.25E+03 
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Table 6-21 Bridge Test 3: High TiO2 SolarBag Plus with air bubble 

  Bag Pre Filter Post Filter Hour 1 Hour 2 Hour 3 

Absorbance 

SBP54 0.042 0.042 0.031 0.020 0.008 

SBP55 0.042 0.042 0.030 0.016 0.005 

SBP56 0.042 0.042 0.028 0.013 0.005 

Temperature (˚C) 

SBP54 21.39 21.39 33.6 45.96 49.12 

SBP55 21.29 21.29 35.94 44 50.26 

SBP56 20.83 20.83 34.62 44.61 49.77 

E. coli (cfu/100 ml) 

SBP54 2.37E+07 2.05E+07 9.00E+06 1.81E+06 2.46E+03 

SBP55 2.37E+07 2.05E+07 6.60E+05 6.00E+04 1.00E+02 

SBP56 2.37E+07 2.05E+07 5.30E+05 1.00E+04 1.00E+02 

Bacteriophage MS2 
(pfu/L) 

SBP54 3.80E+08 2.80E+08 7.00E+07 4.60E+06 2.24E+04 

SBP55 3.80E+08 2.80E+08 2.40E+07 7.00E+05 1.10E+04 

SBP56 3.80E+08 2.80E+08 2.60E+07 6.70E+05 3.00E+03 

Bacteriophage ΦΧ174 
(pfu/L) 

SBP54 1.80E+08 1.40E+08 2.10E+07 7.60E+04 8.00E+03 

SBP55 1.80E+07 1.40E+07 8.00E+05 3.00E+03 1.00E+03 

SBP56 1.80E+07 1.40E+07 2.00E+05 2.00E+03 1.00E+03 

C. parvum (count/L) 

SBP54 5.20E+05 2.18E+04 7.00E+03 5.00E+03 2.50E+03 

SBP55 5.20E+05 2.18E+04 1.00E+04 7.00E+03 3.75E+03 

SBP56 5.20E+05 2.18E+04 1.38E+04 6.75E+03 4.00E+03 
 

Table 6-22  Bridge Test 4: SolarBag with air bubble 

  Bag Pre Filter Post Filter Hour 1 Hour 2 Hour 3 

Absorbance 

SBP54 0.036 0.036 0.029 0.020 0.008 

SBP55 0.036 0.036 0.026 0.019 0.011 

SBP56 0.036 0.036 0.024 0.016 0.005 

Temperature (˚C) 

SBP54 20.51 20.51 34.38 45.3 49.97 

SBP55 20.31 20.31 37.08 44.65 51.29 

SBP56 21.22 21.22 35.81 46.52 50.11 

E. coli (cfu/100 ml) 

SBP54 1.03E+07 9.40E+06 6.40E+05 1.20E+04 1.70E+03 

SBP55 1.03E+07 9.40E+06 5.10E+05 1.70E+04 2.10E+03 

SBP56 1.03E+07 9.40E+06 6.20E+05 2.10E+04 2.40E+03 

Bacteriophage MS2 
(pfu/L) 

SBP54 8.33E+08 5.00E+08 1.30E+07 5.30E+06 8.00E+04 

SBP55 8.33E+08 5.00E+08 6.00E+06 1.10E+06 2.20E+05 

SBP56 8.33E+08 5.00E+08 2.66E+06 2.07E+06 1.30E+05 

Bacteriophage ΦΧ174 
(pfu/L) 

SBP54 1.20E+07 9.00E+06 8.70E+05 9.40E+04 1.40E+04 

SBP55 1.20E+07 9.00E+06 6.70E+05 2.90E+05 1.70E+04 

SBP56 1.20E+07 9.00E+06 7.20E+05 1.13E+05 2.10E+04 

C. parvum (count/L) 

SBP54 4.80E+05 9.93E+04 5.75E+04 1.70E+04 7.25E+03 

SBP55 4.80E+05 9.93E+04 6.00E+04 1.20E+04 4.75E+03 

SBP56 4.80E+05 9.93E+04 4.25E+04 2.25E+04 1.13E+04 

 


