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1 INTRODUCTION
Unsafe water, sanitation, and hygiene (WASH) is known to contribute to many negative
impacts on health and quality of life, most commonly diarrheal disease (Mills and Cumming,
2016). Diarrheal disease is caused primarily by infectious agents, including bacteria, viruses, and
protozoa, with the majority of single-cause cases of severe and moderate diarrhea attributed to
rotavirus across all age groups (Mills and Cumming, 2016). Generally, children are the most
affected by diarrheal disease, with the highest number of associated deaths among children under
five. In 2012, approximately 1.5 million children under five died from diarrheal disease (Mills
and Cumming, 2016). Most of these cases are children in developing countries, where many
people lack access to adequate sources of water and sanitation, thus leading to the transmission
of waterborne pathogens (WHO, 2002). Waterborne diarrheal diseases, when not lethal, can also
lead to a decrease in food intake and nutrient absorption, thus causing malnutrition and
impairment of growth and cognitive development (Mills and Cumming, 2016). Poor access to
WASH has also been shown to be a potential barrier to school attendance, especially for girls
(Mills and Cumming, 2016). Waterborne disease transmission and associated impacts are
exacerbated by urbanization, population growth, and emergency settings, such as extreme
weather events or disease outbreaks (WHO, 2002; Mills and Cumming, 2016). The impact of
WASH is therefore far-reaching, and there is a high priority placed on improving WASH status
in developing countries.
The SDGs are a set of 17 global goals created by the United Nations to cover social and
economic development issues, including poverty, health, education, and climate change, among
others (UN, 2017). Several of the Sustainable Development Goals (SDG) address the need for
adequate WASH services. This includes achieving universal access to “safe and affordable
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drinking water” (Goal 6.1), and to “adequate and equitable sanitation and hygiene” (Goal 6.2).
As of 2015, 2.3 billion people still lacked access to basic sanitation services, including latrines,
with 892 million people still practicing open defecation (JMP, 2017). Coverage is lowest in SubSaharan Africa and Central and Southern Asia. Hygiene is similarly limited in Sub-Saharan
Africa, with less than 50% coverage of basic handwashing facilities in most countries of the
region in 2015 (JMP, 2017).
The SDGs define five categories of drinking water service, with the lowest category
surface water, which indicates water taken directly from a surface water source, including rivers,
lakes, or ponds. The next category is unimproved, which indicates water taken from unprotected
dug wells or springs. Next is limited, describing water taken from an improved source for which
the time taken round-trip to get the water is over 30 minutes. Improved sources are considered to
be piped water, boreholes, protected dug wells, protected springs, rainwater, or delivered water.
Basic drinking water service indicates water collected from an improved source, with a roundtrip collection time of 30 minutes or under. Ideally, this will lead to water that is accessible from
the home, available when needed, and is relatively free from contamination. Finally, safely
managed water is water taken from an improved source located on the premises, available when
needed, and free from contamination (JMP, 2017).
Table 1. Service Level Definitions for Drinking Water
Service Level

Definition

Safely Managed

Drinking water from an improved water source that is available when needed,
accessible on premises, and free from contamination

Basic

Drinking water from an improved water source that is not more than 30 minutes
round trip from the home

Limited

Drinking water from an improved water source with collection time over 30
minutes round trip from home

Unimproved

Drinking water from unprotected dug well or spring

Surface Water

Drinking water from a direct surface water source
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The long-term goal for water provision is universal access to safe, piped water to the
home or near the home, but this is currently not feasible to immediately achieve. Thus, it is also
important to improve microbiological quality of water that is already accessible (WHO, 2013).
For most people without access to piped water, water must be collected and stored in the home
(JMP, 2017). Even when the water is from an improved source, there are often high levels of
microbiological contaminants because the need to collect, transport, and store the water increases
contamination. It was reported in a paper by Wright et al. (2004) that stored water had
significantly higher microbiological contamination than the source water from which it was
collected across many different countries studied. The result of some of these studies is shown in
Figure 1.

Figure 1. Odds ratios derived from the proportion of samples at source and point-of-use testing positive
for indicator bacteria in terms of fecal coliforms. Values less than 1 indicate better water quality at pointof use and values greater than 1 indicate better water quality at source. The size of black squares
indicates the weight given to the study by the authors when calculating averages. (Wright et al., 2004)
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The figure demonstrates that in most cases, there is higher contamination at point-of-use than at
the source, meaning that while the quality of source water is an ongoing issue, transportation and
storage are also main contributors to contamination. Household water treatment and storage
(HWTS) is a critical strategy for decreasing diarrheal disease and deaths from waterborne
diseases in general by the treatment of collected water to ensure it is microbiologically safe at the
point of consumption, rather than just at the point of collection.
The most common threats to drinking water supplies are pathogens contained in the feces
of humans and animals, including bacteria, viruses, and protozoa (EPA, 2011). These are the
targets of HWTS options, which include three primary categories of technology: sedimentation,
filtration, and disinfection (WHO, 2013). Sedimentation technologies include settling and
coagulation to remove large particles or organisms from the water. Filtration has many different
forms, including biosand, ceramic, and membrane filters, which range in cost and effectiveness.
However, filters are often locally available and can be very effective for water treatment. Finally,
several methods of disinfection exist, and involve the inactivation of pathogenic organisms. This
can include solar disinfection, ultraviolet disinfection, boiling, or chlorine. In general, HWTS has
been shown to reduce diarrheal disease by up to 50%, without any changes to hygiene or
sanitation practices (WHO, 2002). Additionally, disinfection at point-of-use costs, on average,
0.33 USD, 0.26 USD, and 0.58 USD per person per year in Africa, Asia, and Latin America and
the Caribbean respectively. This can be compared to getting a household water connection,
which was 12.75 USD, 9.95 USD, and 15.29 USD per person per year for the same regions in
2004 (Hutton, 2004). HWTS is therefore a generally low-cost intervention that can dramatically
improve water quality and health status for populations at risk when implemented successfully.
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For any given HWTS method it is important to assess its effectiveness, appropriateness,
acceptability, and cost for the given context (WHO, 2013). Chlorine is often chosen due to its
high efficacy, ease of use, and cost-effectiveness for many situations. The efficacy of
chlorination lies in its ability to inactivate microorganisms by transforming them so they are
unable to cause disease (Howe, 2012). Chlorination is effective against many bacteria, including
Salmonella spp, Shigella spp, and Escherichia coli, as well as many viruses such as Rotavirus
and Norovirus (EPA, 2011). It is also effective against some protozoa, however Cryptosporidium
spp are strongly resistant to most forms of chlorine (EPA, 2011). Chlorination is therefore
effective against a wide range of bacteria, viruses, and some protozoa that cause diarrheal
disease, including five of the six top causes of childhood diarrhea (Crider et al., 2018). Overall, it
was found that the use of chlorination in HWTS led to a rate ratio of 0.61 (CI of 0.46 to 0.81),
indicating a factor of 0.61 decrease in new cases of diarrheal disease, and a risk ratio of 0.41 (CI
of 0.26 to 0.65), indicating a factor of 0.41 decrease in prevalence of diarrhea for all ages of
people across 8 studies (Clasen et al., 2007c).
Chlorination is unique within HWTS products, because of the retention of free chlorine
residual (FCR) after initial disinfection. This confers residual protection to the water during
storage. This FCR is chlorine that remains unreacted in solution, available for reaction with any
contaminants that may enter the water after treatment but before use. The Centers for Disease
Control and Prevention (CDC) recommends a residual concentration of 0.2 mg/L 24 hours after
disinfection, however depending on the properties of water, the chlorine may decay at different
rates (CDC SWS). An example of these guidelines is shown in a sample decay curve, Figure 2.
This figure is based on the WHO recommendations for maximum, minimum, and taste threshold.
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Figure 2. Sample Decay Curve of Free Chlorine based on WHO Recommendations over 24 hours (CDC
SWS)

Thus, chlorination is of interest for improving the quality of drinking water and reducing
associated diarrheal disease. The choice of chlorine disinfectant can affect many elements of an
intervention, as chlorine disinfectants differ in efficacy, method of use, and chlorine decay. This
is explored further in the thesis through two different topics: chlorine decay modelling, and the
distribution of Aquatabs™ in emergency settings.
There are several different forms of chlorine-based disinfectant, however, including
hypochlorite salts, sodium dichloroisocyanurate (NaDCC), chlorine dioxide, chloramines, and
others. Each of these will have different chlorine decay kinetics, which it is important to examine
to enable the most appropriate dosing and choice of chlorine-based disinfectant. The second
chapter of this thesis will discuss the chemical structures and properties of four different
chlorine-based disinfectants: hypochlorite salts, NaDCC, chlorine dioxide, and chloramines. It
will also include information regarding their production and availability. This will be followed
by a discussion of the chemical reactions that occur when each compound is dissolved in water.
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Finally, the effect of these factors on residual maintenance in HWTS will be estimated and
related to existing models for chlorine decay.
The third chapter will focus on a specific chlorine-based disinfectant, Aquatabs™, which
is a tablet containing NaDCC sold and marketed by Medentech®. The effectiveness of these
tablets in emergencies is discussed, as opposed to the efficacy of the tablet for water treatment.
Several issues have been raised with regard to Aquatabs, but one of interest is the large number
of tablets of different dosages available. There are 10 different tablets sold for 5 quantities of
water: 1L, 4-5L, 10L, 20-25L, and 200-400L. For each of these, there are tablets for emergency
settings, and for non-emergency household water treatment for a total of ten tablet doses. For
emergency treatment these quantities are 8.5mg, 33mg, 67mg, 167mg, and 1.67g respectively.
For non-emergency settings they are 3.5mg, 17mg, 33mg, 67mg, and 1.67g respectively
(Medentech, 2011). This has been observed to cause confusion among users, especially in
settings where multiple doses of tablet are available from different aid organizations (Branz et
al., 2017). Therefore, the potential issues with the high number of tablets available as
Aquatabs™ from Medentech® and solutions to these issues are explored through key informant
interviews.
The thesis consists of four chapters: Introduction, Chlorine Degradation Chemistry and
Modelling, The Distribution of Aquatabs in Emergency Settings, and the Conclusion, which will
act to summarize the findings of the previous chapters and connect them thematically.
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2 CHLORINE DEGRADATION CHEMISTRY AND
MODELLING
Chlorination has been used since the early 1900s, when it, along with the adoption of
filtration techniques, led to a dramatic decrease in waterborne disease in the US (Cutler and
Miller, 2005). It was first used in drinking water supply networks and has since become the most
commonly used form of disinfectant for these purposes (WHO, 2002). It has also been used more
recently for HWTS. This is because chlorination has demonstrated effectiveness at increasing
positive health outcomes and was shown to be the most cost-effective over other water
disinfection technologies including flocculation/disinfection by significant margins, and filtration
and solar disinfection (SODIS) to a lesser degree (Clasen et al., 2007a). Overall, there are many
advantages to the use of chlorination for HWTS compared to other available water treatment
methods. These are detailed in Table 2.

Table 2. Strengths and Weaknesses of the Use of Chlorination for Household Water Disinfection
(Adapted from CDC, 2014b)

Strengths
Residual protection

Weaknesses
Consumer rejection due to taste and smell

Low cost and high availability

Formation of disinfection by-products

Reduction of most bacteria, viruses, and
protozoa

Effect of water quality and characteristics on
disinfection efficacy

Documented health improvements

Lack of visible change in water quality

One of the primary advantages to chlorination is the ability to retain a disinfection residual,
often termed free chlorine residual (FCR). This is an amount of the disinfectant left in the water
that can protect from recontamination for the duration of storage until the water is used (CDC
SWS). However, this is affected by the chlorine demand of the water, which is the organic
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material, metals, or other compounds in the water prior to disinfection that can react with
chlorine-based compounds to decrease the available chlorine for disinfection of microorganisms.
This can be seen in Figure 3.

Figure 3. Diagram of Chlorine Use in Water Systems (CDC SWS)

Current recommendations from the World Health Organization (WHO, 2008) include a
maximum dose of chlorine of 5 mg/L and a recommended dose of 2 mg/L, with a minimum
target value of 0.2 mg/L for FCR after 24 hours under normal circumstances. This increases to
0.5 mg/L for high risk situations (WHO, 2017). The exact dosage required for a given chlorinebased disinfectant is influenced by several factors. Some of these include reactions with organic
matter in the water, often approximated by turbidity, reactions with inorganic material, or natural
decay (Crider et al., 2018).
When comparing different chlorine compounds, there are several properties of concern.
Desirable properties include high biocidal activity, low hazard or toxicity, low cost, high
11

availability, and residual maintenance. The purpose of this chapter is to describe the chemical
properties of four different forms of chlorine disinfectants and their potential impact on residual
maintenance. However, the other properties will also be discussed briefly. The four forms of
chlorine discussed in this thesis are:
1. Hypochlorite salts (sodium and calcium hypochlorite),
2. Sodium dichloroisocyanurate (NaDCC),
3. Chlorine dioxide, and
4. Chloramines.
These were chosen because they are the most commonly used and promoted for HWTS. The
distinct chemical properties, uses, and pathways of each disinfectant will be discussed to
determine the effect of each on residual maintenance and the potential utility of chlorine decay
modelling for representing the systems.

2.1 BACKGROUND INFORMATION FOR MULTIPLE CHLORINE-BASED
DISINFECTANTS
Most of the differences between the chlorine-based disinfectants lie in their chemical
composition and the properties that follow. Thus, this section will detail several important
aspects of each of the four chlorine-based disinfectants of interest including:
1. Chemical composition and properties,
2. Formation and Availability, and
3. Biocidal Activity.
Through this information, it will be possible to better understand the reasons for choosing a
specific disinfectant and the potential effect of their properties on the kinetics of residual
maintenance.
12

2.1.1 CHEMICAL COMPOSITION AND PROPERTIES
2.1.1.1 HYPOCHLORITE SALTS
Sodium hypochlorite and calcium hypochlorite are two commonly used disinfectants that
are similar in structure. They are both hypochlorite salts, with a one to one ratio of sodium to
hypochlorite and a one to two ratio of calcium to hypochlorite, respectively. This is shown
below, with the chemical formulas of each compound.

Both compounds are salts, and thus in their pure form are crystalline solids. Both compounds are
also skin irritants at high enough concentrations, as well as potentially orally toxic. Additionally,
calcium hypochlorite can be explosive in powder form. Sodium hypochlorite is commonly called
bleach. The toxicity of these compounds generally, however, is considered to be low, as –
despite perception on the risk of bleach – at the concentrations for which they are used, ingestion
does not pose a risk of irritation or internal damage (Racioppi et al., 1994).

2.1.1.2 NADCC
NaDCC is a white, crystalline powder formed as a sodium salt of chlorinated
hydroxytriazine (Kuznesof, 2004; WHO, 2008). This is a form of cyanurate, a class of chemical
compounds used in a range of applications, including for pool cleaning, large scale water
treatment, and water treatment in emergency response situations. It is a relatively new compound
compared to sodium and calcium hypochlorite, approved for drinking water treatment only in the
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early 2000s, and is being used increasingly for water treatment (Kuznesof, 2004). The molecular
structure is shown below in Figure 4.

Figure 4. Chemical Structure of Sodium Dichloroisocyanurate

Several of the chemical properties of NaDCC are not well-documented, including the melting
and boiling points. The safety of NaDCC is similar to the hypochlorite salts, with low to medium
toxicity upon skin contact, ingestion, or inhalation (Wiel 2012). It can also enhance the
combustion of other substances and thus should not be stored with flammable substances (CDC,
2014A).

2.1.1.3 CHLORINE DIOXIDE
Chlorine dioxide is a greenish-yellow gas with an odor similar to chlorine gas but with
otherwise very different properties. Its molecular structure is shown below in Figure 5.

Figure 5. Chemical Structure of Chlorine Dioxide

Chlorine dioxide is an unstable gas and will decompose rapidly into chlorine gas and oxygen gas.
However, it is stable in solution, meaning it will not spontaneously decompose at any
appreciable rate, and thus, as described below, it must be generated in solution on-site (Sohn and
Sharma, 2012). The solubility of chlorine dioxide is dependent on temperature and pressure, as it
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forms an equilibrium state with gaseous chlorine dioxide, however it has high solubility for a
gas. However, the gas can be readily expelled from the water if vigorous stirring occurs or if air
is passed through the solution. It is a relatively safe gas to handle, however it can irritate the
eyes, nose and throat if inhaled (Jonnalagadda and Nadupalli, 2014).

2.1.1.4 CHLORAMINES
The final compounds, chloramines, are a group of chemical compounds formed when
free chlorine reacts with ammonia, as discussed in detail in the following section (WHO). There
are three different compounds, each with sequentially higher numbers of chlorine substituted for
the hydrogens on ammonia. These are called monochloramine, dichloramine, and nitrogen
trichloride. Monochloramine is the compound targeted for water treatment purposes, while
nitrogen trichloride is a rarely occurring byproduct. The chemical structures are shown in Figure
6.

Figure 6. Chemical Structure of Monochloramine, Dichloramine, and Nitrogen Trichloride (left to right)

Each of these is a colorless to yellow liquid with strong odors. They have varying
properties, however monochloramine is the most relevant to water disinfection as it is the most
reactive with microorganisms. It is unstable, however, and will decompose via reaction pathways
discussed later. The safety information for monochloramine is very similar to the other
compounds of interest, and includes reports of mild skin, eye, and respiratory irritation.
The chemical properties of these four compounds has been summarized in Table 3.
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Table 3. Summary of Chemical Properties of Chlorine-Based Disinfectants
Molecular
Weight
(g/mol)

Density
(g/cm3)

Solubility
in Water
(g/L)

Melting
Point

Boiling
Point

74.44

1.11

23.9*

101˚C

--

142.98

2.35

21.0*

175˚C

--

NaDCC

219.95

1.97

236.8**

--

--

Chlorine Dioxide

67.45

1.64*

70***

-59˚C

11˚C

Monochloramine

51.47

--

High

-66˚C

24˚C

Compound
Sodium
Hypochlorite
Calcium
Hypochlorite

Other
Crystalline Solid;
Moderate Toxicity
Crystalline Solid;
Moderate Toxicity
Crystalline Solid;
Moderate Toxicity;
Decomposes at 140˚C
Unstable Gas; Stable
in Solution; Mild
Irritant
Yellow liquid; Mild
Irritant

* At 0˚C and sea level
**At 25˚C and sea level
***At 20˚C and sea level

2.1.2 FORMATION AND AVAILABILITY
2.1.2.1 HYPOCHLORITE SALTS
Sodium and calcium hypochlorite are distributed in different forms, despite their chemical
similarities. Sodium hypochlorite is available as a yellowish liquid solution, either sold stabilized
and pre-prepared or generated on-site via electrolysis. Electrolysis is a method of using an
electrical current to create the sodium hypochlorite compound from a mixture of clean water and
table salt, which has the chemical formula NaCl. When produced in this way, the concentration
is usually between 0.1% and 0.6%, whereas when purchased ready-made it can range from 1% to
15%, depending on its intended use. The higher concentration solutions are sold as bleach, which
is used as a household cleaner and is traditionally not directly by consumers used for water
treatment (Solsona and Méndez, 2003). When not produced on site, hypochlorite salts are sold
by several different manufacturers under different names. One common brand name for sodium
16

hypochlorite is WaterGuard, which is a 1.25% solution (Mengistie et al., 2013). Other brands
may have different concentrations of solution available. Most commonly, instructions are based
on filling the bottle cap and adding the measured amount to clear water. For example, a common
set of instructions for sodium hypochlorite may read: “Add a full bottle cap to clear water or two
caps to turbid water in a standard-sized container. Agitate, then wait 30 minutes before drinking”
(CDC SWS). Alternatively, for high concentration solutions there may be a number of “drops” to
add to the solution, however as this is more difficult to quantify, it is less commonly used for
interventions (Lantagne, 2008).
Calcium hypochlorite is sold in several different solid forms and is typically referred to by
the brand name high test hypochlorite (HTH). These forms are powder, granules, or tablets, each
of which would be added to water in specified amounts, similarly to the instructions for sodium
hypochlorite. The powder form has the lowest active chlorine, at only 20% to 35%, however the
granular and tablet forms have 65% to 70% active chlorine. These are typically sold in 1.5 kg
cans or large 45 to 135kg drums (Solsona and Méndez, 2003). While HTH cannot be
manufactured on-site like sodium hypochlorite can, it is widely available and used often in
developing countries for long-term interventions or emergency response.

2.1.2.2 NADCC
NaDCC is being used increasingly, as it was approved by the WHO and US EPA for
routine treatment in 2007 and was previously only used for short-term emergency response
(Clasen et al., 2007b). The largest producer is Medentech®, who, through partners, treated 11
billion liters of water in 2016 (Medentech, 2017). The tablets are sold as Aquatabs, in a solid
tablet form. The instructions are similar to those for HTH tablets, where one tablet should be
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added to a certain quantity of water and agitated, then the water is safe to use after waiting 30
minutes (Mohamed 2015). The tablets are manufactured in a multi-step process from urea
molecules. They are first processed into crude cyanuric acid, followed by exposure to elemental
chlorine and a strong base. This forms dichloroisocyanuric acid, which is again treated with a
strong base to recover NaDCC as a product. There are several different doses available, with
different percentages of deliverable free available chlorine (Kuznesof, 2004). It is notable that
tablets like NaDCC and calcium hypochlorite have significantly lower transportation costs than
liquid sodium hypochlorite. Therefore, while sodium hypochlorite can be made locally, when it
is not, there are lower transportation fees for the solid products (Loo et al., 2012).

2.1.2.3 CHLORINE DIOXIDE
Chlorine dioxide is unique, as it must be generated on-site in solution or it will decompose.
There is therefore work underway to determine methods for its use in household water treatment,
as it has several advantages over hypochlorite salts and NaDCC, especially with regard to byproduct formation, as discussed later. However, it is currently unstable when compressed, and
thus cannot be easily transported (Gan et al., 2016). This means it is usually used in water
distribution systems, and is not recommended for small communities where technical expertise
may be lacking (Solsona and Méndez, 2003). The process for making chlorine dioxide utilizes
sodium chlorite, hydrogen peroxide, and sulphuric acid. However, there are several different
processes that can be used. The most common methods for production in water treatment
applications are as follows in Reactions 1 through 3. Which is chosen would depend on available
reactants and reaction vessels (Jonnalagadda and Nadupalli, 2014).
2"#$%&' + $%'

)

→ 2$%&'

)

+ 2"#$%

Reaction 1
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2"#$%&' + +&$% → "#$% + "#&+ + 2$%&'
5"#$%&' + 4+$% → 4$%&'

)

)

+ 2+' & + 5"#$%

Reaction 2
Reaction 3

2.1.2.4 CHLORAMINES
Chloramines, similarly to chlorine dioxide, are most often used in community settings
rather than for single households. This is because it is formed using a free chlorine source and an
ammonia source, which react to form a series of chloramine compounds, thus requiring skill and
adequate knowledge of the reaction process (WHO, 2002). The reactions to form
monochloramine, dichloramine, and nitrogen trichloride are shown below as Reactions 4 through
6 (Howe, 2012).
"+. + +&$% → "+' $% + +' &

Reaction 4

"+' $% + +&$% → "+$%' + +' &

Reaction 5

"+$%' + +&$% → "$%. + +' &

Reaction 6

This series of bimolecular reactions are dependent on pH and the ratio of chlorine to nitrogen
compounds in the solution. It is also moderately dependent on the contact time and temperature.
Thus, the reaction process is highly complex and is very important for ensuring the highest
disinfection efficacy possible. Monochloramine is the primary disinfectant, as discussed
previously, and is best formed at neutral pH and a weight ratio of chlorine to nitrogen of 5:1 or
less (LeChavallier 2004).

2.1.3 BIOCIDAL ACTIVITY
For any disinfectant there are multiple parameters that can impact disinfection efficacy.
This includes concentration of disinfectant, microbial sensitivity, temperature, pH, and contact
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time (LeChevallier and Au, 2004). Contact time is the length of time a disinfectant is in contact
with microorganisms and is used to calculate Ct factor as defined by Equation 1 below.
$/ 1#2/34 = 67879:;2/#9/ $392;9/4#/739 ∗ $39/#2/ =7>;

Equation 1

This factor can be specific to the disinfectant and microorganism of interest, defining how long
and at what concentration a disinfectant must be applied to effectively kill the microorganism
(LeChevallier and Au, 2004). When discussing biocidal activity, we discuss the amount of
microorganism killed as log inactivation. This is dependent both on the activity of the
disinfectant and the initial concentration of microorganisms, as shown in Equation 2.
?3@ A9#2/7B#/739 = ?3@10

EFGHFIFJK LM NOPQRJFSFJK HQPLMQ TFUFOPQRJFLO
EFGHFIFJK LM NOPQRJFSFJK GPJQM TFUFOPQRJFLO

Equation 2

Therefore, 90% removal would give a 1 log reduction, while 99.9% removal will give a 3 log
reduction (EPA, 2011). The biocidal activity of the four chlorine compounds is discussed below.

2.1.3.1 HYPOCHLORITE SALTS AND NADCC
Free chlorine sources, which include sodium hypochlorite, calcium hypochlorite, and
NaDCC, are considered to be highly effective at inactivating bacteria and viruses (Kuznesof,
2004). Free chlorine is, however, less effective against protozoa and endospores (Howe, 2012).
The active agent, hypochlorous acid, reacts via oxidation, hydrolysis, and deamination pathways
depending on the chemical substrates. This can cause physiological lesions, affecting the cellular
processes of the organisms (LeChevallier and Au, 2004). For example, bacteria are often
inactivated by attacks on the cell wall as well as disruptions of respiratory and nucleic acid
activity. Conversely, viruses are inactivated by destruction of nucleic acids or the protein coat
(Arevalo, 2007). The exact reactions that occur are dependent on the chlorine concentrations and
pH as well (LeChevallier and Au, 2004). Free chlorine has demonstrated reductions in disease
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and, with a contact time of 30 minutes, can typically achieve a 4 log reduction in waterborne
pathogens under optimal conditions (WHO, 2002). For example, the distribution of NaDCC in
Mohammadpur, Dhaka led to a decrease in water samples in the home in high or very high risk
categories for microbial contamination from 81.2% in the control group to 0% in the intervention
group (Clasen et al., 2007b). Similarly, a study in rural Ethiopia where sodium hypochlorite was
distributed in the form of WaterGuard led to a 58% reduction in diarrhea (Mengistie et al., 2013).
Significantly, interventions of this kind are dependent on compliance as well, however it
indicates the high biocidal activity of free chlorine. Additionally, the effectiveness of free
chlorine is dependent on pH, as discussed in the following section, as well as the amount of
additional organic material in the water source. Due to their high biocidal activity, free chlorine
sources are often used for primary disinfection of water networks or for household water
treatment (HICPAC, 2005).

2.1.3.2 CHLORINE DIOXIDE
Chlorine dioxide does not react in the same way as free chlorine sources, as it doesn’t
dissociate in water. Rather, it is a stable free radical which reacts directly with the
microorganisms of concern through one electron transfer reactions, as discussed in the following
section (Huber et al., 2005). It is a very powerful oxidant in water, reacting with a large variety
of organics (Jonnalagadda and Nadupalli, 2014). Due to this, chlorine dioxide has a stronger
biocidal capacity than free chlorine (Solsona and Méndez, 2003). This is especially true at high
pH, when free chlorine has lowered activity. At low pH, chlorine dioxide is similar or potentially
poorer, depending on the organism (EPA, 2011). The effective pH range is generally considered
to be between 5 and 10, which is a broader range than free chlorine (LeChevallier and Au, 2004).
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Additionally, it has high selectivity, meaning it only reacts with certain substances. This leads to
improvements in the organoleptic qualities of the water, including odor and taste, because it is
able to select for these compounds and react with them. The properties of chlorine dioxide make
it preferable for use as a primary disinfectant, often used before free chlorine sources due to
more rapid dissipation and high biocidal activity (Solsona and Méndez, 2003).

2.1.3.3 CHLORAMINES
Chloramines have the lowest biocidal activity of the disinfectants discussed. It can take
10 to 100 times more chloramine to inactivate an equivalent amount of microorganisms (WHO,
2002). This is because the chlorine is complexed with nitrogen, making it less readily available
for activity. For example, at 10˚C, the Ct factor of monochloramine is as high as 1850 mg*min/L
for a 3-log inactivation of Giardia. This can be compared to the typical Ct factor for free chlorine
compounds of around 15 mg*min/L, with a 30-minute contact time and concentration of 0.5
mg/L (EPA, 2011). Therefore, chloramines are typically used to maintain residuals in water
networks, rather than for primary disinfection (WHO, 2017).

2.1.3.4 OVERVIEW
A comparison of the biocidal activity for a variety of pathogens for the three main
categories of disinfectants discussed is shown in Figure 7. This demonstrates a similar
conclusion to that already discussed, that under optimal conditions chlorine dioxide is highly
effective for most pathogens. For some pathogens, however, free chlorine has a higher activity.
Finally, chloramines are able to inactivate most pathogens, but require a significantly higher Ct
factor, indicating a need for higher concentration or contact time.
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Figure 7. Disinfection requirements for 2-log reduction of microorganisms in terms of the Ct factor
(Adapted from Howe, 2012)

2.1.4

SUMMARY OF BACKGROUND INFORMATION
The factors discussed are relevant to chlorine usage and selection, as they all have the

potential to impact residual decay over time. The physical and chemical properties of each,
including solubility, state of matter, and original form, can impact what reactions occur and how
likely they are to stay in the solution after initial disinfection. Notably, the low boiling point of
chlorine dioxide means it has the potential to escape the solution as a gas. Gas transfer reactions
are presented later. Based on physical properties, therefore, chlorine dioxide is likely to have the
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fastest decay. This is because chlorine dioxide can escape more readily from solution, especially
in pipe networks with high turbulence. The other disinfectants studied are all originally in solid
or liquid form, and therefore they are equally likely to stay in solution. The biocidal activity of
each also has important implications for residual decay. The rapidity of reaction, as well as the
different substances that each will react with, will impact the length of time before the residual
has been depleted. Therefore, while it is desirable to have high biocidal activity for disinfection,
it may also correlate strongly with residual decay. The compound with the highest biocidal
activity is chlorine dioxide, followed by hypochlorite salts and NaDCC, and finally chloramines.
However, while hypochlorite salts and NaDCC are highly reactive with other compounds,
chlorine dioxide has a high specificity. Therefore, it is possible that chlorine dioxide and free
chlorine compounds will have similar decay rates based only on biocidal activity, while
chloramine will have the slowest. The specific reaction pathways and potential models for each
compound are presented below.

2.2 CHEMICAL REACTION PATHWAYS OF DISINFECTION
To understand the ability of disinfectants to retain a residual, it is crucial to examine the
chemical reactions that occur in solution. For each disinfectant respectively, the relevant
reactions will be discussed for:
1. Dissolution and Equilibrium Formation,
2. Microorganism Inactivation,
3. Natural Decomposition, and
4. Additional Reactions in Solution and By-Product Formation.
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There are varying degrees of information available for each of these areas as well as each
disinfectant. Therefore, a comparison will be made to the best extent possible.

2.2.1 DISSOLUTION AND EQUILIBRIUM FORMATION
2.2.1.1 HYPOCHLORITE SALTS
Sodium hypochlorite and calcium hypochlorite behave the same once dissolved in water.
This is because they both immediately dissociate to form hypochlorous acid. Therefore, the first
reactions of relevance are Reactions 7 and 8 below (EPA, 2011).
"#&$% + +' & → +&$% GV + "#WGV + &+XGV
$# &$%

'

X
+ 2+' & → 2+&$% GV + $#'W
GV + 2&+ GV

Reaction 7
Reaction 8

Once hypochlorous acid is formed in solution, the disinfection potential becomes dependent on
the pH of the water as an equilibrium reaction occurs to convert hypochlorous acid to the
hypochlorite ion. This reaction is shown as Reaction 9 below (LeChevallier and Au, 2004).
+&$% ↔ +W + &$% X

Reaction 9

Due to the presence of a hydrogen ion in the reaction, there is a strong dependence on pH. At
higher pH, the equilibrium will be pushed to the right, forming hypochlorite ions. Conversely, at
low pH, the equilibrium will favor the undissociated hypochlorous acid, which is the disinfectant
desired (WHO). Because hypochlorous acid is a weak acid, it can be characterized by its pKa
value, which describes the preference of the reaction toward reactions or products. It can be
further defined using Equation 3 below.
Z[G = log_` [G = log_`

a b cdI e
acdI

Equation 3

The pKa for hypochlorous acid is 7.6 at 20˚C (Howe, 2012). This gives an approximate
distribution at pH 3.5 to 5.5 where hypochlorous acid is the dominant species. However, at pH
5.5 to 9.5, both hypochlorous acid and the hypochlorite ion are present in solution, and above pH
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8, the hypochlorite ion is predominant. Therefore, above pH 8, the disinfection ability of free
chlorine is severely limited. The pH of water sources is variable, and often ranges from 6.5 to 8.5
for surface water and 6 to 8.5 for groundwater (LeChevallier and Au, 2004). The effect of pH on
the dissolution of hypochlorous acid is depicted in Figure 8 below.

Figure 8. Distribution of Species at Various Temperatures for Equilibrium of Hypochlorous Acid
Dissolution (EPA, 2011, p. 42)

2.2.1.2 NADCC
As previously discussed, NaDCC forms hypochlorous acid upon dissolution in water.
Therefore, once dissolved, all of the above information for calcium and sodium hypochlorite are
applicable to NaDCC as well. However, the dissolution of NaDCC is potentially different due to
a “reservoir” system. It is claimed that there exists a series of complex equilibria that allows for
only about half of the available free chlorine to be released from NaDCC upon first dissolution
(Clasen and Edmondson, 2006). Therefore, it is proposed that when the chlorine is used up, the
equilibrium is shifted to release more chlorine. The overall dissolution reaction can be written as
Reaction 10 (Clasen and Edmondson, 2006).
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"#$%' "$&

.

+ 2+' & ↔ 2+&$% + "#+' "$&

.

Reaction 10

The complex equilibria in solution, however, involves four non-chlorinated and six chlorinated
isocyanurates. The equilibrium reactions are shown below in Figure 9.

Figure 9. Equilibrium Reaction for NaDCC Dissolved in Water (Kuznesof, 2004)

Figure 8 was cited in Kuznesof (2004), with the original source material being a document
produced by OxyChem, a producer of NaDCC. The author was unable to locate the OxyChem
document and therefore the methods employed nor the findings could not be verified. The
equilibrium shown forms within seconds and is dependent on the concentration of free chlorine,
the total isocyanurates in solution, and the pH. The “reservoir” chlorine is bound to the
compounds, protecting it from being consumed in reactions with organics or other molecules in
solution. For example, at pH 7 and 1.0 mg/L of NaDCC in solution, there is approximately
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48.1% hypochlorous acid, 26.8% monochlorocyanurate, 11.8% dichlorocyanurate, 12.8%
hypochlorite, and less than 1% other chlorocyanurates and chlorocyanuric acids (Kuznesof,
2004). If this is true, NaDCC would be able to operate at a wider range of pH than sodium and
calcium hypochlorite as well. Additionally, NaDCC is acidic in solution and thus does not
increase the pH of solution, which is a possible effect of using hypochlorite salts. While this is
unlikely to create any meaningful change in pH at the concentrations used for drinking water
treatment, it has the potential to favor the formation of hypochlorous acid, rather than pushing
the equilibrium towards the, less active hypochlorite (Clasen and Edmondson, 2006). However,
most of this information comes primarily from the companies producing NaDCC, and has not
been externally verified as to the pathway or its effect.

2.2.1.3 CHLORINE DIOXIDE
Chlorine dioxide does not hydrolyze in water, meaning it retains its gaseous form upon
dissolution. Therefore, while there are complex equilibria or dissolution equations for free
chlorine compounds, chlorine dioxide does not have any of relevance (EVOQUA). However, the
dissolution itself can be modeled in the simplest form via Henry’s Law. Henry’s Law relates the
vapor pressure of a gas to its concentration in solution by Equation 4 below, where c is the
concentration of chlorine dioxide in solution and p is the partial pressure of chlorine dioxide
above the solution.
+=

R
f

Equation 4

The Henry’s Law constant for chlorine dioxide is approximately 1.0 M/atm. Therefore, for a
dose of 0.5 mg/L, the partial pressure can be determined as below.
0.5>@ 1 >3%
1@
×
×
= 7.41×10Xk >3%/?
?
67.45 @ 1000>@
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1.0m 7.41×10Xk m
=
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Z
n = o. pq×qrXs tuv
Therefore, for the approximate amount of chlorine dioxide necessary in solution, the partial
pressure of chlorine dioxide above the solution will be extremely low. Thus, while chlorine
dioxide is different than the other disinfectants of interest, as a gas that can escape from solution,
it will escape slowly enough that it may not have an effect on the residual maintenance within
the recommended time for keeping disinfected water. This is, however, assuming minimal
turbulence in the water, as any severe motion of the water can lead to the escape of the gas.
Therefore, while it may not maintain residual in a pipe network, it is possible for it to maintain
residual in a well-controlled HWTS setting, where users are not agitating the containment vessel.
This is, additionally, affected by the fact that it must be generated on-site, and therefore may be
dissipated in the distribution process of water for the household anyways. Finally, because
chlorine dioxide does not hydrolyze, it is unaffected by pH for disinfection activity (EVOQUA).

2.2.1.4 CHLORAMINES
The dissolution reactions of chloramines are slightly different to those of the other
chemicals because chloramines are formed in solution by the reaction of hypochlorous acid and
ammonia, as discussed previously. Additionally, there is a sequence of equilibrium reactions that
can lead to the formation of dichloramine from monochloramine. The reactions of relevance are
Reaction 11 and 12. These occur primarily below pH 7, due to the interaction of a hydrogen ion
(Howe, 2012).
"+' $% + +W ↔ "+. $% W

Reaction 11

"+. $% W + "+' $% ↔ "+$%' + "+wW

Reaction 12
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Therefore, the amount of monochloramine in solution is dependent on the pH of the solution.
However, it is also dependent on the ratio of chlorine to nitrogen. This is because once a certain
amount of chlorine is added to solution, it can oxidize the ammonia compounds in solution. This
can lead to Reactions 13 and 14 below, producing nitrogen gas or nitrate (Howe, 2012).
2"+. + 3+&$% → "' ()) + 3+' & + 3+$%

Reaction 13

"+. + 4+&$% → +W + "&.X + +' & + 4+$%

Reaction 14

Therefore, the nitrogen can be dispersed from solution via nitrogen gas, escaping and decreasing
the disinfection potential of the solution. The chemistry that occurs through addition of chlorine
to a chlorine-ammonia system can be seen in Figure 10.

Figure 10. Breakpoint Chemistry for Combined Chlorine Solution (Howe, 2012, p. 535)

The figure above demonstrates the importance of ensuring accurate quantities of chlorine are
added to the solution, as the total chlorine residual can decrease rapidly in the presence of the
incorrect amount of hypochlorous acid due to ammonia using up the oxidation potential.
However, at the correct concentrations of each, it is possible to have a stable residual solution.
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2.2.2 MICROORGANISM INACTIVATION
2.2.2.1 HYPOCHLORITE SALTS
The disinfection of microorganisms via hypochlorous acid and the hypochlorite ion can
occur via several different pathways, depending on the microorganism. Some examples of effects
include the conversion of alpha amino acids via an oxidation pathway to nitriles and aldehydes,
making them ineffective. It can also affect sulfhydryl groups on amino acids. This suggests that
chlorine affects bacterial cell membranes, causing a decrease in respiration, glucose transport,
and adenosine triphosphate (ATP) levels in bacteria (LeChevallier and Au, 2004). Alternatively,
free chlorine can kill other microbes, such as protozoa and viruses, via disruption of metabolism
and protein synthesis (LeChevallier and Au, 2004). Viruses are often non-culturable, however,
and therefore there is only minimal information about the differences in their inactivation. It is
predicted that the inactivation is based on interaction with viral proteins, leading to changes in
the genome and capsid (Wigginton and Kohn, 2012). Therefore, there are similar pathways, but
only inactivation of bacteria is well-understood and documented. The reaction pathways can be
described generally by Reactions 15 and 16 for hypochlorous acid and the hypochlorite ion
respectively (Howe, 2012).
+&$% +

fGJ{L)QOFR
|FRMLLM)GOFU|

+ +W + 2; X → +' & + $% X +

FOGRJFSGJQT
|FRMLLM)GOFU|

Reaction 15

&$% X +

fGJ{L)QOFR
|FRMLLM)GOFU|

+ +W + 2; X → &+X + $% X +

FOGRJFSGJQT
|FRMLLM)GOFU|

Reaction 16

Therefore, if there are pathogenic microorganisms in the water to be treated, the chlorine
available in solution will react rapidly with them. However, it is possible for organisms to have
heightened protection from reaction, including attachment to surfaces, aggregation, or
encapsulation (LeChevallier and Au, 2004).
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2.2.2.2 NADCC
While the reaction pathways for NaDCC, which also forms hypochlorous acid in
solution, are the same as those for sodium and calcium hypochlorite, it has been suggested, as
previously discussed, that the effects may differ due to the “reservoir” effect (Clasen and
Edmondson, 2006). This, however, is not consistently shown in practice. For example, a study by
Coates (1985) found that solutions of the same FAC for NaDCC and sodium hypochlorite had
very similar biocidal activity against Staphylococcus aureus even when varying the pH.
Alternatively, Bloomfield and Uso (1985) found that in the presence of organic matter, NaDCC
was far superior in inactivation of vegetative bacteria than sodium hypochlorite. Therefore, it is
likely that, once dissociated to hypochlorous acid, NaDCC reacts very similarly in solution with
microorganisms and other substances to hypochlorite salts.

2.2.2.3 CHLORINE DIOXIDE
Chlorine dioxide has a slightly different mechanism of action on microorganisms than
free chlorine due to the fact that it does not dissociate in solution. Instead, it acts via a single
electron transfer (Sohn and Sharma, 2012). The overall reaction for complete reduction of
chlorine dioxide, which often does not occur, is shown as Reaction 17 (LeChevallier and Au,
2004, p. 52).
$%&' + 5; X → $% X + 2&'X

Reaction 17

While hypochlorous acid diffuses into bacterial cells to interfere with cellular activity, chlorine
dioxide can also cause the rupture of cell walls via oxidation. This therefore causes cellular
disintegration, an additional mechanism of action (Jonnalagadda and Nadupalli, 2014). For these
pathways, chlorine dioxide typically inactivates microorganisms by direct oxidation of tyrosine,
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methionyl, or cysteine. This can be to damage the structural regions of enzymes or the membrane
proteins (LeChevallier and Au, 2004). Chlorine dioxide is able to attack at phenolic and tertiary
amino group-containing compounds. It was determined that sulfur-containing compounds and
aromatic rings were most reactive with chlorine dioxide of the amino acids and peptides studied.
For all of these, second-order models adequately described the reaction kinetics – first order with
respect to chlorine dioxide and the compound of interest (Sohn and Sharma, 2012). Similar to
hypochlorite salts, similar pathways are expected for viruses and protozoa, but they are poorly
characterized.

2.2.2.4 CHLORAMINES
Microorganism disinfection for chloramines is much slower than for the other
disinfectants studied, as previously discussed. Additionally, inactivation is not well
characterized, and is heavily dependent on the organism and water quality (Howe, 2012). Some
possible mechanisms of action center on the reaction of chloramines with amino acids and
tripeptides. Additionally, it can oxidize sulfhydryl groups to disulfides. The most reactive amino
acids for chloramine treatment are sulfur-containing, and it reacts significantly slower with
nucleic acids than amino acids. This further supports the reason behind slower activity in
inactivation of viruses compared to bacterial cells (LeChevallier and Au, 2004). There is little
additional information available about the specifics of reaction with microorganisms for
chloramines.
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2.2.3 NATURAL DECOMPOSITION
2.2.3.1 HYPOCHLORITE SALTS AND NADCC
Hypochlorous acid is chemically unstable, and therefore will gradually decompose
naturally to sodium chlorate if given sufficient time. For this reason, commercial bleach products
often contain additives to increase stability and shelf-life (by increasing pH) (EPA, 2011). The
disproportionation reaction is given by Reaction 18.
+&$% → +$% + +$%&.

Reaction 18

This reaction is highly dependent on the temperature and pH of the solution. At normal
temperatures and higher pH, the degradation occurs very slowly (Lantagne et al., 2011). Several
factors can increase degradation, including exposure to UV light, high temperatures, and the
presence of certain metals, including copper, nickel, and iron (EPA, 2011). The impact of
transition metals on the decomposition of sodium hypochlorite is shown in Figure 11.

Figure 11. Second-Order Plot of NaOCl Decomposition with 1 mg/L of transition metals ions added
(Gordon et al., 1995)
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While the stability of solutions is important for shelf-life considerations, it is only nominally of
interest when considering residual maintenance. This is because the process of decomposition is
exceedingly slow compared to the time that water should be stored for once treated. For
example, one experiment showed that within 12 months at 25˚C there was only a 10%
degradation in pH-stabilized hypochlorite, that which is commonly sold (Lantagne et al., 2011).
Therefore, natural decomposition is not of concern regarding sodium and calcium hypochlorite
for residual maintenance when it is pH-stabilized. This, however, is not necessarily true for nonpH-stabilized sodium hypochlorite, that made on site, which may have faster decay pathways.

2.2.3.2 CHLORINE DIOXIDE
Chlorine dioxide naturally decomposes slowly in a neutral aqueous environment;
however this can be accelerated in basic solution. There are several different reaction pathways
currently known, which form either chlorite or chlorate ions. The first and second are first order
with respect to chlorine dioxide and form chlorate and chlorite respectively. The third is second
order with respect to chlorine dioxide and forms equal concentrations of chlorite and chlorate. If
the hydroxide ion is present it can expedite the process (Sohn and Sharma, 2012). These are
illustrated in Figure 12.

Figure 12. Pathways for Decomposition of Chlorine Dioxide in Basic Solution (Sohn and Sharma, 2012)
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In typical drinking water treatment, most of the chlorine dioxide, approximately 50% to 70%, is
reduced to chlorite, while only about 30% is reduced to chlorate and chloride ions (Sohn and
Sharma, 2012). Another study showed a 68% conversion to chlorate and 9% conversion to
chlorite when reacted, with the remainder forming chloride and chlorine dioxide. The factors that
affected the amount of chlorine dioxide consumed and conversion to chlorate and chlorite were
found to be the chlorine dioxide concentration and UV light (Korn et al., 2002).

2.2.3.3 CHLORAMINES
While monochloramines are considered to be highly stable in water, they still decay
naturally via auto-decomposition (Arevalo, 2007). The auto-decomposition reaction is a
hydrolysis reaction, producing free chlorine and ammonia. The free chlorine then reacts again
with monochloramine to form dichloramine, which decomposes rapidly to chloride and
ammonia. The overall reaction for this process is shown below as Reaction 19 (Arevalo, 2007).
"+' $% → "+wW + $% X + "'

)

Reaction 19

Monochloramines are most stable at increasing pH, due to the reaction pathway described by
reactions 19 and 20, forming dichloramine. Since dichloramine is less stable, this leads to an
increase in decomposition.

2.2.4 ADDITIONAL REACTIONS IN SOLUTION AND BY-PRODUCT FORMATION
2.2.4.1 HYPOCHLORITE SALTS AND NADCC
The final consideration is undesired reactions with other compounds in solution. This is
a significant issue for sodium and calcium hypochlorite, as well as NaDCC, which form free
chlorine in solution. Free chlorine reacts readily with NOM in solution. Free chlorine acts as an
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electrophile and thus reacts with electron-rich sites such as activated aromatic rings and amino
nitrogen. The reaction with nitrogen is the method through which chloramines are formed, which
can be intentional or unintentional, as they have lower biocidal activity (Harrington et al., 1996).
It was found that the best indicator of reactivity for natural organic matter (NOM) and chlorine is
the phenolic carbon content (Harrington et al., 1996). However, the nature of the interactions that
occur are dependent on pH, chlorine dose, contact time, temperature, and the kinetics of the
processes possible (Harrington et al., 1996). Hypochlorous acid can also react to form
compounds that are potentially harmful to humans, including chloroform and other halogenated
compounds. These are termed trihalomethanes (THMs) (Rook, 1974). Other DBPs include
haloacetic acids, chlorophenols, and haloacetonitriles (Solsona and Méndez, 2003). Thus,
reactive substances, such as metals and NOM, can decrease the amount of free chlorine available
in solution, potentially creating issues for retention of residual chlorine and causing the
formation of THMs. It is proposed that NaDCC offers a binding and stabilizing effect due to the
equilibrium that occurs, and is thus able to minimize the formation of harmful by-products like
THMs (Kuznesof, 2004). However, Lantagne et al. (2010) found that there was no statistically
significant difference in THM formation at concentrations relevant to drinking water when
treatment is conducted with sodium hypochlorite and NaDCC.

2.2.4.2 CHLORINE DIOXIDE
Chlorine dioxide only reacts via oxidation, therefore limiting some of its interactions with
compounds in water. This includes a limitation of the reaction with organic material to form
THMs, as well as with ammonia to form chloramines. It can, however, form several DBPs that
differ from those produced by free chlorine compounds, for example, maleic, fumaric, and oxalic
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acids (Solsona and Méndez, 2003). The DBPs of highest concern, however, are chlorate and
chlorite, which are considered to be blood poisons and thus regulated (Hoigne and Bader, 1994).
The production of these DBPs are dependent mostly on organic content of the water, pH,
temperature, and iron concentration (Zanetti et al., 2008). While pH does not affect chlorine
dioxide, it can affect the compounds themselves, and because it is an electron acceptor it will
react more readily at with compounds at certain pH (Hoigne and Bader, 1994). Alternatively,
because it is a strong oxidant it can react with iron, manganese, and sulphides to control these
compounds in water (EPA, 2011). This means it is able to control for taste and odor as well
(Arora et al., 2001). For example, the reactions of manganese and iron are shown as Reactions 20
and 21. Both form insoluble compounds that can be taken out of solution (OxyChem, 2015).
2$%&' + 5m9W' + 6+' & → 5m9&' + 12+W + 2$% X
$%&' + 51; +$&.

'

+ 2+' & → 51; &+

.

+ 10$&' + $% X + +W

Reaction 20
Reaction 21

Finally, chlorine dioxide can react with free chlorine in solution to form chlorate. This reaction is
shown below as Reaction 22. Alternatively, chlorite, one of the by-products of chlorine dioxide
treatment, can react with hypochlorous acid to form chlorine dioxide. Therefore, if both are
present in solution, it is possible to increase the disinfection capacity. This is shown in Reaction
23 (Gan et al., 2016).
+&$% + 2$%&' + +' & → 2$%&.X + $% X + 3+W

Reaction 22

+&$% + 2$%&'X + +W → 2$%&' + $% X + +' &

Reaction 23

The lowered reactivity of chlorine dioxide with organic matter, however, means it retains its
effectiveness when larger amounts of organic matter are present in water (Jonnalagadda and
Nadupalli, 2014). Overall, therefore, chlorine dioxide is less reactive with other molecules in
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solution but it still forms low levels of DBPs that have potential negative impacts on health,
similar to THMs.

2.2.4.3 CHLORAMINES
Finally, reactions of chloramines with other chemical compounds in solution are
minimal. Due to the low reactivity of chloramines, they are less likely to react with substances in
solution, thus also reducing the formation of harmful or toxic DBPs (WHO, 2002). This includes
THMs, which are not formed to any appreciable amount in systems disinfected with chloramines
(EPA, 2011). Chloramine can, however, react with humic materials to a small extent. The
primary side reactions that occur, instead, are the reactions discussed above regarding free
chlorine reaction with monochloramines and dichloramines, decreasing the amount of available
chlorine for disinfection (Arevalo, 2007). One by-product that can be formed is nitrite, which can
react to further form nitrate. Alternatively, nitrite is a common product of bacterial nitrification
of ammonia, and therefore can be found in water bodies. It then can react with monochloramine
via Reaction 24 (Arevalo, 2007).
"+' $% + "&'X + +' & → "&.X + "+wW + $% X

Reaction 24

Therefore, due to the lowered reactivity of chloramines, the impact of other compounds in the
water is lowered, as the reactions do not occur to the same extent as with other chlorine-based
disinfectants.

2.2.5 SUMMARY OF RELEVANT PROPERTIES FOR CHLORINE DECAY
There are many factors discussed above both in terms of properties and background
information as well as reaction pathways that have the potential to impact residual maintenance.
These are summarized in .
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Table 4. The most evident properties of interest are the solubility and state of the
compounds. All have very high solubility, meaning it is possible to dose to the desired levels and
it will not come out of solution. However, only chlorine dioxide is a gas and thus it has the
potential to escape from solution due to agitation of the solution. Finally, there is a wide range of
biocidal activity, from very high in chlorine dioxide and NaDCC, to high but variable in
hypochlorite salts, and finally to low with chloramines. The reaction pathways examined also
have several implications, including lower reactivity of chloramines, dependence of pH on free
chlorine, and complex dissolution reactions for NaDCC. Whether these factors play a significant
role in chlorine decay, however, is discussed further in Section 3.

Table 4. Summary of Properties and Background Information and Reaction Pathways as they relate to
Residual Maintenance for Chlorine-Based Disinfectants

Hypochlorite
Salts

NaDCC

Properties and Background
Information
- Highly soluble solids
- Can come in liquid (sodium) or
solid (calcium) form
- Generated on-site or imported
- High but variable biocidal
activity

- Highly soluble solid
- Sold as a tablet
- Cannot be manufactured locally
- High biocidal activity

Reaction Pathways
Dissolution:
- Immediate upon dissolution
- Dependency on pH (higher pH, lower activity)
Disinfection:
- Oxidizes
- Many different reaction pathways
- Diffuses into cells and disrupts internal function
- Will react immediately
Decomposition:
- Decomposes slowly
- Heightened by UV and heat
- Affected by pH and metal content
By-Products:
- Highly reactant with NOM
- Forms THMs
Dissolution:
- Immediate upon dissolution
- Reported that ~50% of free chlorine released due to
‘reservoir’ but not experimentally verified
- Complex equilibrium reactions
Disinfection: Same as hypochlorite salts
Decomposition: Same as hypochlorite salts
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By-Products: Potentially less than hypochlorite salts
Chlorine
Dioxide

- Gas that is unstable when not in
solution
- Can escape from solution if
sufficient agitation
- Must be generated on-site
- High biocidal activity

Chloramines

- Liquid generated in water source
by reaction of free chlorine with
ammonia
- Several different forms with
different properties
- Low biocidal activity

Dissolution:
- Dependent on partial pressure in air (Henry’s Law)
- Very low partial pressure needed to maintain
Disinfection:
- Only oxidizes so selective (single electron transfer)
- Highly effective
- Can disrupt cell walls or diffuse and internally disrupt
function
Decomposition:
- Three different pathways
- Accelerated in basic solution
By-Products:
- Less reactive with NOM because of selectivity
- Can react with iron and manganese to remove from
solution
- DBPs but less of a concern
Dissolution:
- Equilibrium reactions occur between different
chloramines and free chlorine
- Dependent on pH and ratio of chlorine to ammonia
Disinfection:
- Lower ability
- Similar reaction pathways
Decomposition:
- Dichloramine is less stable and will decompose
- Monochloramine is stable but can decompose to
dichloramine via hydrolysis reaction
By-Products: Low reactivity so low DBPs; Forms chlorate
and chlorite upon reaction

2.3 MODELLING RESIDUAL MAINTENANCE FOR HWTS
Section 2 discussed different characteristics of four different chlorine-based disinfectants:
hypochlorite salts, NaDCC, chlorine dioxide, and chloramines. This includes the chemical
properties, background information about production and usage, biocidal activity, and the variety
of reactions that occur in solution for each, to determine differences in residual decay. One of the
primary advantages of using chlorine-based disinfection is the maintenance of a residual
disinfection capacity over time, protecting the water from reinfection. Much of the available
information on residual maintenance, however, is in the context of community water distribution
systems and doesn’t specifically reference HWTS. Therefore, it is necessary to extrapolate from
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the available information on residual maintenance using the properties of the compounds as
discussed as a basis. From this information, models of the residual maintenance can be
understood to enable adequate understanding of the process. The following section will discuss:
1. Models developed that address (a) Wall Decay and (b) Bulk Decay,
2. Models that incorporate additional factors that impact chlorine decay, and
3. Models and studies demonstrating the differences between the disinfectants.
In all cases where not specified, the chlorine-based disinfectant tested was free chlorine in
the form of sodium hypochlorite. Therefore, the applicability of the models to other forms of
chlorine are discussed separately at the end of this section. When considering these models for
use, there are several important aspects to examine. A set of criteria was laid out by Fisher et al.
(2011) to enable the assessment of models, originally for use with modelling decay in piped
water systems, which includes that models must:
1. Provide accurate prediction of chlorine decay over maximum system travel times
(equivalent to time of storage for HWTS),
2. Be as simple as possible,
3. Enable the setting of the initial chlorine concentration (dosage),
4. Have parameters that are invariant over time of residence (equivalent to time of storage
for HWTS), and
5. Have parameters that are invariant for any range of initial chlorine concentration.

2.3.1 BASIC MODEL STRUCTURES FOR CHLORINE DECAY
Chlorine decay is widely studied in the context of community water distribution systems
and industrial applications, especially regarding free chlorine compounds. However, most of
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these systems are not batch systems but rather piped water systems. Decay is examined within
this context primarily. There are two parts of chlorine decay in piped water systems that are
commonly examined: wall decay and bulk decay. Wall decay is decay due to interactions of the
chlorine in solution with the material of the pipes or materials on the pipes. Bulk decay is decay
due to interactions of the chlorine with substances in solution, or natural degradation
(Vasconcelos et al., 1997). The combination of these two decay processes is shown as Equation 5
below.
Td}~
TJ

=

Td}~
TJ

GII

+

Td}~
TJ

HÄIÅ

Equation 5

These are typically examined separately, and have different suitability for modelling HWTS,
which is a batch process.

2.3.1.1 WALL DECAY
There are two initial models that have been used for wall decay, a first order model and a
zeroth order model, shown as Equation 6 and 7 respectively (Vasconcelos et al., 1997).
Td
TJ GII

=−

Td
TJ GII

ÅÉ,Ö dÉ

=−

MÜ
ÅÉ,á
MÜ

Equation 6
Equation 7

In these equations, $ is the concentration of chlorine at the wall, rh is the hydraulic radius of the
pipe, and kw,1 and kw,0 represent the rate constants for the first and zeroth order models. If it was
assumed that there are no mass transfer effects, meaning there is equal chlorine concentration at
all points in the pipe, then Cw would be the same as the bulk chlorine concentration. The first
order equation would likely represent a system where the chlorine concentration is limiting, such
as when reacting with biofilm on the surface of the pipe, while a zeroth order reaction may better
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represent reactions with iron or other rapidly oxidized species (Vasconcelos et al., 1997). These
reactions would be theoretically applicable to a HWTS system, as they have dependence only on
the radius of the pipe, which would be the size of the container in this case, and the concentration
of chlorine at the wall, which is considered to be the bulk chlorine concentration, as discussed
further.
Creating a more complex model, Fisher et al (2017) proposed that the impact of biofilm
activity, or the amount of reactive biomaterials lining the inside of a pipe, on chlorine decay is
first order, leading to a reaction that is second order overall. It is known that biofilm activity
decreases exponentially with increases in bulk chlorine, due to inactivation of organisms. Thus,
the rate of change of biofilm activity can be written as Equation 8 (Fisher et al., 2017).
à731 = â×; (Xä∗dÉ )

Equation 8

Where BioF is the change in biofilm activity, A is an amplification factor, and B is a rate
coefficient that relates the concentration of chlorine to changes in biofilm activity. Assuming the
reaction is first order with respect to the chlorine concentration at the wall and the biofilm
activity, Equation 9 is found (Fisher et al., 2017).
Td}~
TJ

= â×; (Xä∗dÉ ) ×$

Equation 9

This could be relevant to HWTS, as there is the possibility of biofilm buildup in the storage
containers used. While this produces a more in-depth model of wall decay, it still implies there
are no mass transfer limiting effects.
Mass transfer effects actually impose a limit as the concentration of chlorine approaches
zero, whereby it is unreasonable to assume the same amount of chlorine is at the surface of the
wall as in the bulk solution. The mass flux to the wall can be described by Equation 10,
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identifying the rate at which chlorine can be moved to the walls surface to react (Fisher et al.,
2017).
Td}~
TJ

= ã| ($dI − $ )

Equation 10

Where km is the mass transfer coefficient. This can be balanced to any model of reaction rate,
however as that given by Equation 9 is more accurate to the reactions occurring, it was combined
with Equation 10 and rearranged to give Equation 11 (Fisher et al., 2017).
Td}~
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Equation 11

This new model was termed EXPBIO and was determined to provide a more accurate
representation of wall decay for piped water systems than zero or first order reactions, with or
without mass transfer limitations imposed. This is especially true for small concentrations of
chlorine, where mass transfer limitations will have a greater impact (Fisher et al., 2017). This is
likely to enable better modelling of wall decay for HWTS systems as well as piped water
systems, as the mass transfer coefficient would be determined with reference to this type of
system in which mass transfer is slower when compared to flowing water.
Finally, Kiéné et al. (1998) studied the effect of ferrous iron corrosion on wall decay and
found that it was a zero order reaction with respect to the chlorine concentration, dependent only
on the corrosion rate and the pipe specifications, Equation 12.
Td}~
TJ

= [×

dë
í

Equation 12

Where Cr is the corrosion rate of iron, D is the diameter of the pipe, and K is a constant. This is
likely due to the rapidity of reactions with iron, meaning it does not matter how much chlorine is
in solution but only how much iron is available to react (Kiéné et al., 1998). This indicates that
for HWTS, the use of metal containers could significantly impact the rate of chlorine decay.
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Again, this may be limited by mass transfer, which is not accounted for, however, by estimating
diameter to be the size of the container used, this model could be adjusted to represent HWTS.
The impact of different pipe wall materials was further studied by Buamah et al. (2014),
who found that chlorine decay was the fastest in cast iron pipes, especially older pipes that may
have some rusting. Alternatively, chlorine decay in PVC pipes was significantly slower and
continued to show less decay in comparison to cast iron over time. This is likely due to the
chlorine interaction with iron, while most wall decay for PVC is due to the presence of biofilm
(Buamah et al., 2014). These studies suggest there may be an impact of material of construction
of storage containers for HWTS on chlorine decay. Ogutu et al. (2001) found that the decay rate
of chlorine was increased from 4% per hour in plastic jerry cans to 8% and 9% per hour in
modified and traditional clay vessels. The modified clay vessels were new and had a smaller
opening with a spigot, rather than an open top. However, when tested in community settings with
untreated, raw water, all three had decay rates of 9% per hour (Ogutu et al., 2001). It has also
been indicated that wall decay is less significant than bulk decay in piped water systems for large
diameter pipes (Fisher et al., 2017) or for non-metallic pipes (Monteiro et al., 2017a). Bulk decay
is impacted by compounds in the water, and therefore the results from these studies indicate that
for HWTS, especially of untreated water sources with high organics content, bulk decay is far
more significant than wall decay.
I hypothesize that the reason for a higher significance of bulk decay compared to wall
decay for HWTS is the mass transfer limitations of a bulk water treatment system. In piped
systems, there is far more turbulence and thus more movement of chlorine to the walls of the
system. Therefore, it appears that wall decay is not of major concern compared to bulk decay for
HWTS. Recommendations to further minimize or control wall decay could include avoiding
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metal containers and replacing them with plastic or clay containers when possible due to
potential effects and keeping containers clean between use to prevent biofilm build-up.
Generally, however, wall decay equations are not as important for HWTS as bulk decay,
especially for highly contaminated water sources, due to the significant effect of reactions with
bulk compounds in these systems.

2.3.1.2 BULK DECAY
Bulk decay was modelled similarly to wall decay, starting from first order models with
dependence only on the concentration of chlorine in solution. Initially, bulk decay was
representative of all decay in a system, prior to the analysis of wall decay separately
(Vasconcelos et al., 1997). Therefore, the equations used is shown as Equation 13.
Td}~
TJ

HÄIÅ

= −ãH $dI

Equation 13

Where CCl,0 is the concentration of chlorine at time zero, or the initial dosage applied to the
system (Vasconcelos et al., 1997). This model is the simplest available, and was found to not
represent chlorine decay adequately, for piped systems or storage systems, like HWTS.
Several other models were proposed by Haas and Karra (1984) to explore different
reaction kinetics associated with chlorine decay. This includes power law decay, now termed nth
order, first order decay with a stable component (limited first order), and parallel first order
decay (Haas and Karra, 1984). The nth order decay model implies that the rate of reaction is
proportional to the concentration of chlorine to the nth power, rather than to the first power, as in
first order decay. This is represented as a differential equation in Equation 14 (Vieira et al.,
2004).
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Td}~
TJ

O
= −ãH $dI

Equation 14

Where n is the power of the reaction, serving as an additional parameter to fit. An alternate form
proposed was the limited first order model, which implied that a certain portion of the initial
chlorine added to solution, C*, does not react, while the rest follows a first order decay pattern
(Haas and Karra, 1984). The differentiated equation for this model are given as Equations 15.
Td}~
TJ

= −ãH ($dI − $ ∗ )

Equation 15

Finally, a parallel first order model was proposed, where there are two different reaction
pathways occurring, both via first order decay. In this model there is a fraction, x, of the chlorine
dosage applied that reacts via the first pathway while the remainder reacts via a second pathway
(Haas and Karra, 1984). This is shown as Equations 16.
Td}~
TJ

= −ãH,_ $dI,` ì − ãH,' $dI,` (1 − ì)

Equation 16

Where kb,1 and kb,2 are the first order rate constants for each part of the reaction. From these
models, Haas and Karra (1984) determined that only the parallel first order model was able to
adequately model chlorine decay in the samples tested.
A final model was determined by Kim et al. (2015) to represent a general decay model that
can be altered as desired to get any of the previous models. While this is the last model that will
be discussed, there have been some others tested that did not effectively represent the decay of
chlorine, and thus they are excluded from this study. The principle behind the general model is
that chlorine decay occurs via reactions that are simultaneously initiated and independent of each
other. It can therefore represent any desired number of reactions with different reaction
pathways. The change in concentration over time can therefore be written as the change in
chlorine over time with respect to each reaction, i, for a total of m, as shown in Equation 17.
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Equation 17

The partial concentration of chlorine for each reaction can further be written as a generalized rate
law, Equation 18, including a non-reacting concentration, as in the limited first order model.
Td}~,ï
TJ

∗
= −ãH,F $dI,F − $dI,F

Oï

Equation 18

Finally, the initial concentration of chlorine reacting in each reaction can be defined using a
weighting factor, where the sum of all weighting factors gives 1. This is shown in Equations 19
and 20 (Kim et al., 2015).
$dI,`,F = ñF $dI,`
|
Fî_ ñF

=1

Equation 19
Equation 20

From this basis, you can therefore develop any of the previous models discussed by changing m,
n, and C*. For example, the first order model would have m and n equal to 1 and C* equal to 0.
Alternatively, a limited first order model would have m and n equal to 1 and C* equal to a
number greater than 0, making it a parameter to be determined (Kim et al., 2015). This also
allows for the creation of other models, including increasing the number of reactions considered,
integrating different powers for different reactions, and incorporating the concept of a limited
chlorine concentration. The general model is therefore adaptable, and the parameters must be
chosen according to the system of concern. It is thus a way of generalizing the previous models.
These models, as well as one discussed below, the second order model, were tested by
Vieira et al. (2004), using data collected from a bottle test. This indicates a high level of
applicability to HWTS systems of the models described, as bottle tests are batch tests. The
applicability of the models likely stems from the fact that they deal with the bulk chlorine
concentration and bulk chlorine reactions. While the chlorine decay may be heightened in a
piped water system, due to turbulence (mixing) of the water, it will still have a fairly similar
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decay pathway for HWTS. Thus, it can be assumed that these equations are applicable to HWTS,
assuming they show use for piped water systems as well. It was determined by Vieira et al.
(2004) that the parallel first order model was the most accurate to the data collected, followed by
the nth order model based on R2 values for each model across several data sets, one of which is
shown in Figure 13. If considering only the chlorine concentration, therefore, these two models
are likely of those described to most accurately represent chlorine decay in a HWTS setting.

Figure 13. Comparison of Model Fitting for Bottle Test with CCl,0 = 0.63 mg/L, T=14.6˚C, and no added
organic material or iron (Vieira et al., 2004)

2.3.2 MODELLING IMPACT OF WATER AND ENVIRONMENTAL PROPERTIES FOR BULK
DECAY
While the above models provide a good basis for understanding chlorine decay, there are
several parameters not accounted for that can be added to existing models to improve their
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accuracy. Alternatively, there are several additional models that can be developed to better
model the decay behavior of chlorine. This section will therefore cover:
1. New models developed to integrate dissolved organics and other reactive species,
2. Additional parameters integrated including temperature, pH, TOC, and concentration
of oxidizable metals, and
3. Models combining all or most parameters.
These changes will be integrated specifically with regard to bulk water decay because these
models have shown more applicability to HWTS systems.

2.3.2.1 ACCOUNTING FOR DISSOLVED ORGANICS AND OTHER REACTIVE SPECIES
All previous models assumed that the reaction rate was dependent only upon the
concentration of chlorine in solution, however there have been several models developed that
integrate the concentration of other reactive compounds, termed the chlorine demand of the
water. The first is a second order decay model, also called a single reactant model (SR), which is
first order with respect to both chlorine concentration and chlorine demand, assuming the basic
reaction shown as Reaction 25.
#â + óà → Zò

Reaction 25

Where A is free chlorine, B is all compounds creating chlorine demand, and P is the products of
decay reactions. The reaction rate of chlorine can therefore be written as Equation 21 below
(Clark, 1998).
Tdô
TJ

= −ãå $å $ä

Equation 21

Where kA is the rate constant representing that of the reaction overall. This is a simplified version
of the relationship, however, as the concentration of reactive substances is directly related to the
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concentration of chlorine. By re-representing these as the concentration of A reacted, x, and the
concentration of B reacted, bx/a, it becomes possible to create a more accurate model. With some
manipulation and replacement of A with Cl for clarity, Equation 22 is determined, where R is
represented by Equation 23 and u is given by Equation 24 (Clark, 1998)
$dI / =
ù=
û = ãå (

d}~,á (_Xö)
_Xö×Q eõú
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− $ä,` )

Equation 22
Equation 23
Equation 24

For fitting of this model, the initial concentration of B was equated to the total organic carbon
(TOC) in the system and the parameters for u, R, and k were determined by curve fitting (Clark,
1998). Using this new model, it was found that in all cases when fitting to available data from a
variety of distribution systems, the R2 value was higher than for a basic first order model. It
ranged from 0.812 to 0.990 for the second order model, while the range was 0.158 to 0.982 for
the first order model (Clark, 1998). Therefore, the performance of this model is significantly
higher than that of previous models.
Despite the increase in success of modelling with the second order model, the use of TOC
as a measure of all reactive compounds in solution is not highly accurate. Many compounds
accounting for TOC do not react with chlorine, and thus Huang and McBean (2007) proposed the
addition of a fractional factor, f, that represents that fraction of the TOC that is reactive with
chlorine. This would therefore be incorporated at any point where the concentration of B is used,
leading to a new form of the model that does not utilize R and u as parameters, shown as
Equation 25.
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Equation 25

To test this model, bottle tests were conducted and the parameters a, b, f, and kA were
determined. This testing showed the impact of TOC in bulk decay, indicating success in the new
model (Huang and McBean, 2007). Additionally, the use of bottle tests indicates an applicability
of this model, as well as the SR model on which it is based, to HWTS systems.
Another model that is now commonly used was developed by Qualls and Johnson (1983)
who found that decay reactions could be split into a fast process and a slow process, in a similar
process to the parallel first order model. Assuming there is sufficient chlorine to last past the first
phase, the fast reaction step proceeds to completion and the slow step is mediated by the
remaining chlorine concentration. This model, termed the two-reactant model (2R), assumes two
separate second order reactions and is shown as Equation 26 (Qualls and Johnson, 1983).
Td}~
TJ

= ãPGUJ $dI $PGUJ + ãUIL $dI $UIL

Equation 26

Where fast and slow refer to fast reacting compounds, like metals, and slow reacting compounds,
like some organic materials. It was observed that the fast process proceeds to completion within
approximately 30 seconds, while the slow phase can take much longer and exhibits pseudo first
order behavior with respect to chlorine concentration given a high enough initial concentration
(Qualls and Johnson, 1983). A study by Monteiro et al. (2017b) demonstrated the superiority of
this model compared to the SR model for representing the decay of chlorine in untreated water,
which has a higher concentrations of reactive compounds in solution. The error was measured as
root mean squared error (RMSE) through bottle tests of 9 samples. It was found that the range
for the SR model was 0.08 to 0.19 mg/L, compared to only 0.05 to 0.11 for the 2R model.
Additionally, there was a lower RMSE for every sample using the 2R model (Monteiro et al.,
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2017b). For treated water sources, however, the 2R model was shown to be redundant because
the SR model had similar values to those for the slow reactive species in the 2R model. This is
because there were little to no fast reactive species and therefore the model was reliant solely on
the slow reactions occurring, making the models similar in their output (Monteiro et al., 2017b).
Again, due to the use of bottle tests for model fitting, it can be assumed that the 2R model has
applicability to HWTS systems and should be used for untreated water sources, including those
with high turbidity, while the SR model has applicability to previously treated water sources.
To utilize this model, however, it is necessary to use specialty computer programs to
determine the solution, which can be time consuming and require high level software. Rather,
Kohpaei and Sathasivan (2011) proposed an analytical solution to the differential equation. After
redefinition of variables and manipulation of the equations, the following assumptions and
definitions were made:
1. The ratio of kslow to kfast is negligible,
2. The concentration of slow reacting agents and fast reacting agents is always between zero
and their respective initial concentrations, and
3. Zero-approaching assumptions to facilitate mathematical integration.
The final answer can be specified by two reactions, each of which is negligible while the other is
active. The first of these is the exclusively fast reacting reagents. Following this, the remaining
chlorine reacts with a combination of both slow and fast reacting reagents. These are represented
as Equation 27 and 28 below, where CCl,

Fast

represents the chlorine change over time that is

reacting with fast reacting components of the water.
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Equation 27
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While several assumptions were made to determine these equations, through bottle tests with
sodium hypochlorite it was determined that there were very similar results for this model
compared to the 2R model found computationally (Kohpaei and Sathasivan, 2011). While there
are no current studies available that compare these models to those outlined in the previous
section, it is widely acknowledged that the 2R model is the simplest and most accurate model of
chlorine decay, and is thus being widely studied and integrated with other parameters (Fisher et
al., 2012). Because this is based on the 2R model, it therefore has applicability to HWTS.
A final model designed to represent the interaction of chlorine and species in the water is
the variable rate coefficient model (VRC). Two different versions of this have been developed by
Jonkergouw et al. (2009) and Hua et al. (2015) with slightly different methodology. The purpose
of this model is to more accurately represent changes in the rate coefficient over time as certain
reactive molecules are used up by the chlorine. There will therefore be a decreasing reactivity of
the chlorine demand of a water source and thus it is necessary to have a changeable rate
coefficient (Hua et al., 2015). The first model, proposed by Jonkergouw et al. (2009) assumes
there are n second order reactions that sum to get the total change in chlorine, Equation 29. From
this, a weighted average rate coefficient, kb,t, is defined as Equation 30.
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Equation 30

Where Ci is the concentration of any given reactant, Ctotal is the total concentration of chlorine
demand, and kov is the rate constant for a bulk solution with respect to a given reactant. By
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differentiation of Equation 30, rearrangement, and approximation, an analytical solution can be
found, Equation 31.
TÅ•ß
TJ

'
= #$JLJGI (ãLS ã|FO − ãH,J
)

Equation 31

Where a is a positive, dimensionless adjustment factor and kmin is the minimum value of kov. This
can be used in combination with Equation 32 below to represent a chlorine decay system.
Td}~
TJ

= −ãLS $dI $JLJGI

Equation 32

It was shown that the VRC model outperformed the 2R model for all chlorination conditions
chosen (Jonkergouw et al., 2009). However, in this modelling, the initial concentration of
reactants was chosen to be, arbitrarily, 5 or 10 times the total dissolved organic carbon content.
Additionally, the model is very complex and the parameters are not readily interpretable (Hua et
al., 2015). While it may be applicable to HWTS, therefore, it is considered too complex to be
useful for modelling chlorine decay generally.
Therefore, Hua et al. (2015) created an alternative variable reaction rate coefficient
(VRRC) model. The same initial equations were used, Equation 29 and 30, but it was determined
that the concentration of reactive sites and individual rate coefficients are not feasible to
measure. A new equation was thus explored, Equation 33, that led to several conclusions about
the behavior of the rate coefficient including that the change rate over time is negative, it is
related to the chlorine concentration as with more initial chlorine, there is faster change, and as
the concentration of chlorine approaches zero, the rate of change of the reaction rate coefficient
does as well. This led to an empirical equation, Equation 34 (Hua et al., 2015, p. 111).
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Where X(t) is the fractional conversion of chlorine, ∆CCl(t) is the chlorine that has been
consumed at time t, and ∆CCl,max is the total chlorine demand. The parameters © and Æ are model
parameters where © is the value of kov when X=0. By plugging Equation 34 into Equation 32,
and using a mass balance on the total chlorine demand of the water, the final model is
determined to be Equation 35 (Hua et al., 2015, p. 112).
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Equation 35

This model was tested using bottle tests, and was found to be effective over a range of 0.6 to 12.2
mg/L of initial chlorine, with a standard squared error (SSE) of as low as 0.03 and as high as
4.52 (Hua et al., 2015). This model is therefore slightly less complex than the VRC model
proposed by Jonkergouw et al. (2009), however it is still less commonly studied than the 2R
model, which remains far simpler and of relatively high accuracy.
Fisher et al. (2011) compared the SR model to both the 2R and VRC/VR model, which is
similar to and moderately representative of the VRRC model. It was determined that both VRC
and 2R estimated data from bottle tests well for single temperature tests at 15.5˚C and a variety
of initial concentrations of chlorine, with a chi squared of 0.175 and 0.209 respectively, where
chi squared is sum of the observed value minus the expected squared over the expected value.
Alternatively, the SR model had a chi squared of 2.47 for these conditions. With a variety of
temperatures and initial concentrations, the models performed slightly worse but the VRC model
was still the best, at a chi squared of 0.565, followed by the 2R model at 0.844, and finally the
SR model at 6.26 (Fisher et al., 2011). However, the VRC model is substantially more
complicated, and there is no easy method of integration of temperature dependency, as there is
with the 2R model, as elaborated below. Therefore, Fisher et al. (2011) concluded that the 2R
model is the most practical for use in understanding chlorine decay. This is also applicable to the
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study of chlorine decay for HWTS, as the 2R model was studied using bottle tests, which can act
as surrogate tests to HWTS testing.

2.3.2.2 INTEGRATION OF ADDITIONAL PARAMETERS
2.3.2.2.1 Temperature
Temperature is the simplest parameter to integrate into existing models, and it has been,
using several different methods. The first is by inserting the Arrhenius’ relationship to show the
effect of temperature on the rate constant. This was done for the 2R model to create an
augmented 2R model (2RA). The rate constant can therefore be written as Equation 36 below.
ãH,≤ = ãH,'` ×;

≥
e × ®áeµ
¥
(®∂∑b®á)×(®∂∑bµ)

Equation 36

Where kb,T is the desired rate constant at the reaction temperature, kb,20 is the reference rate
constant at 20˚C, E is the activation energy of the reaction, and T is the reaction temperature. The
activation coefficient is does not change with varying conditions, as it was determined that only a
single value is necessary to adequately model temperature changes (Fisher et al., 2012).
Therefore, an increase in the rate constant will be seen with temperature increase, thus increasing
the rate of decay. It was found that the model estimates matched the sample data in the
temperature range tested (3.5-28˚C) and the initial chlorine concentration tested (1-4mg/L). This
gave R2 values of 0.991, 0.982, and 0.986, and the data more accurately matched than when
using the 2R model (Fisher et al., 2012). The integration of this change into the 2R model does
not affect its applicability to HWTS, thus indicating that this new version will also be applicable.
2.3.2.2.2 pH
An additional parameter to consider is the pH of solution, which is known to affect the
dissolution of free chlorine, causing the formation of either hypochlorous acid or the hydroxide
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ion. Because of the different reactivity of these compounds, Liu et al. (2014) proposed a model
that incorporates both temperature and pH effects. This includes separating reaction rates of
hypochlorous acid from those of hypochlorite ions, creating three separate equations which are
shown as Equation 37, 38, and 39 (Liu et al., 2014). It was defined using a second order
generalizable model, and different reactions are represented by i.
ãHï =

Å†ï ,∏π}~ WÅ†ï ,π}~ ×_`∫∏e∫èü

Equation 37

_W_`∫∏e∫èü
e≥ï,∏π}~ × ®áeµ

ãHï ,acdI = ãHï ,acdI,'` ×; (®∂∑b®á)×(®∂∑bµ)
e≥ï,π}~ × ®áeµ

ãHï ,cdI = ãHï ,cdI,'` ×; (®∂∑b®á)×(®∂∑bµ)

,

,

Equation 38
Equation 39

Where pKa is the pKa of hypochlorous acid. By assuming two or more reactive constituents,
similarly to the 2R model, the fit was accurate, enabling adequate prediction of chlorine decay
(Liu et al., 2014). However, in several other studies it was determined that there was no effect of
pH on decay rates (Qualls and Johnson, 1983; Arevalo, 2007; Powell et al., 1999). Therefore,
while pH may impact reactivity with microorganisms and thus biocidal activity, it appears to
have a less significant impact on chlorine decay. This is likely applicable also to HWTS systems,
because it is only a change in the rate constant, similarly to the 2RA model, indicating that pH
does not play a big part on chlorine residual maintenance for HWTS systems.
2.3.2.2.3 TOC Concentration
Another factor that can be examined differently to previous models is the TOC
concentration in solution. In the first phase of chlorine decay, there is rapid depletion of chlorine
as previously discussed. In the second phase, however, Kiéné et al. (1998) proposed that the
process can be modeled as a pseudo first order reaction with respect to chlorine concentration.
Therefore, rather than using the concentration of TOC as a changing variable, it is integrated into

59

the reaction rate constant as a static number. This is because, for many raw water sources, the
concentration of TOC will be high enough that it will not be affected greatly by reaction with
chlorine. This may not be true for HWTS applications, however, depending on the water source.
Temperature was also integrated into the rate constant in a different method to the use of
Arrhenius’ relationship. This is detailed in Equations 40 and 41 (Kiéné et al., 1998).
ª

$dI = $dI,` ×; XÅ† ×J

Equation 40

ãHº = #×[=&$]×; XH/≤

Equation 41

Where kb’ is the pseudo first order reaction rate coefficient, a and b are model parameters, and T
is expressed in Kelvin. This model was not verified in the study, however a pseudo first order
reaction is commonly used and has been developed in other studies as well. It may have
applicability to HWTS systems, however as it has not been further validated it should be
considered secondary to the 2RA model, which has been experimentally verified.
Powell et al. (1999) conducted a study of the effect of varying TOC content and initial
chlorine content to determine a suitable alternative pseudo first order model. The reactivity of
substances in water was also studied using UV for detecting unsaturated organic bonds.
Therefore, this is not with regard to the impact of UV on solutions but the use of UV for
detection of chlorine demand (Powell et al., 1999). The first finding was that the relationship
between the rate constant and chlorine demand was not directly proportional. Additionally, with
higher initial dosages of chlorine, there was a slower decay rate observed, indicating an inversely
proportional relationship (Powell et al., 1999). Finally, incorporating temperature using an
Arrhenius relationship, Equations 42 and 43 were determined relating chlorine demand to TOC
and UV (Powell et al., 1999).
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Where p, f, q and h are model parameters. The study showed a reasonable fit to the data using
this model, however Powell et al. (1999) determined that a second order model may be more
accurate to the decay process. Therefore, while it has potential for use, and is much simpler than
the 2R model, it may not be as accurate. Thus, consideration for its use would have to depend on
the accuracy needed, which may be lower in a HWTS than in a piped distribution system.
2.3.2.2.4 Iron Concentration
A final parameter studied was the impact of metal cations on chlorine decay. Vieira et al.
(2004) utilized a parallel first order model to determine the impact of iron on the rate
coefficients. While no new model was developed, it was found that there was a higher impact of
iron concentration on the fast rate coefficient, as iron is rapidly oxidized. Alternatively, TOC
content influence the slow rate coefficient more (Vieira et al., 2004). Thus, as suggested by the
model for wall decay with regard to iron corrosion, having metals in solution may increase the
decay significantly, which could potentially be accounted for by changing the rate constant to
reflect the difference.

2.3.2.3 COMPLEX INTEGRATED MODELS
Instead of integrating individual parameters using physical and kinetic effects, several
studies have also sought to model a large variety of parameters at once in a combined analytical
model. The first of these, by Clark and Sivaganesan (2002) is a general multiplicative model.
This model utilized a parallel second order model, similar to the 2R model, to determine the
effect of TOC, initial UVA level, initial chlorine concentration, pH, initial bromide level, which
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can react with chlorine-based compounds, temperature, and alkalinity, which is related to the pH,
on relevant parameters in the model. The parallel second order model used is shown as Equation
44 (Clark and Sivaganesan, 2002).
$dI / =
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_XöÖ ×Q

Öe¥Ö ×¢†,Ö ×ú

+

d}~,á × _X¡ × _Xö®
_Xö® ×Q

Equation 44
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Where 1 and 2 represent the slow and fast parallel reactions respectively and thus CCl,0 is the
initial concentration of chlorine that will react via reaction 1 and R1, R2, kb,1, kb,2, and Z are
parameters to be determined. The general multiplicative model then defines each of these model
parameters using Equation 45 (Clark and Sivaganesan, 2002).
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Where UVA is the initial UVA level, CBr is the initial bromide concentration, ALK is the
alkalinity in mg/L, and T is the temperature in ˚C. Using this equation and data sets from
previous studies, all variables were determined for each parameter. For the slow reaction step, it
was found that for kb,1, pH had the largest effect, followed by UV, initial chlorine concentration,
and TOC. Of those included, bromine had the lowest effect and temperature did not have a
significant enough effect to be used in the model. For R1, temperature had the largest effect,
while the effects of pH, UV, initial chlorine concentration, and TOC all had only moderate
effects. Bromine concentration was not included as it did not affect the variable. Therefore, for
the slow reactive step, pH and temperature play a large role, while TOC and bromine content
play a smaller role. Z was also affected most by temperature and was less affected by pH, initial
chlorine content, and UV. Bromine concentration and TOC did not affect Z. For the fast reactive
step, kb,2 was affected most by initial chlorine concentration, followed by bromine concentration,
UV, TOC, and temperature. Alkalinity was also included, and kb,2 was the only variable that
necessitated its inclusion. R2 was instead only affected by temperature, initial chlorine
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concentration, and TOC. Therefore, the slow reaction step is more affected by the initial chlorine
concentration, the temperature, and bromine and TOC content (Clark and Sivaganesan, 2002).
Overall, it was found that initial chlorine concentration affected the parameters most, followed
by UV absorbance, TOC concentration, and pH. Bromide concentration and alkalinity did not
have a large effect (Clark and Sivaganesan, 2002). This is interesting because there are few, if
any, models available to relate UV absorbance to chlorine decay outside of these broad analytical
models, however it appears to have a significant effect on decay. Thus, this type of model could
be used to further analyze the effect of different parameters on decay in HWTS systems. It would
appear, as is expected, that recommendations should include keeping stored water out of the
heat, in low temperature areas, and maintaining a low amount of additional carbon-based
compounds by using water sources with lower turbidity.
Another model was used similarly by Rodriquez et al. (1999) to consider the effect of
various parameters, called an artificial neural network (ANN). This is an empirical non-linear
model that is highly complicated in design. It functions as such: there is an input layer with
relevant process variables that goes into the model and is related to one or more hidden layers
that then relate these variables to an output variable. Each linkage throughout this model is
characterized by a certain weight (Rodriguez and Sérodes, 1999). For the purpose of modelling
chlorine decay, the input process variables chosen were applied chlorine dose, residence time,
water temperature, and water quality, specifically with regard to a concentration of organics. The
output variable was given as the concentration of residual chlorine at an outlet, as water
distribution was the focus of the study. A test was conducted for a storage tank, however, which
more closely simulates HWTS than the tests conducted in pipelines (Rodriguez and Sérodes,
1999). It was determined that the ANN model did not improve with the addition of “hidden
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layers”, and that the model worked best for high values of residual chlorine. This may be due to a
higher quality of data due to the sensitivity of measurements or due to the increased complexity
of reaction pathways with higher chlorine dosage. There was also higher error noted during the
summer season, 9.8% relative error, than in the winter, 7.8% relative error, potentially due to
variability of water quality in the summer months (Rodriguez and Sérodes, 1999, p. 100).
Overall, however, it was determined that the complexity of this model is too high for any
increases in accuracy it may provide.

2.3.3 ANALYSIS OF DIFFERENCES BETWEEN CHLORINE-BASED DISINFECTANTS
It is notable that all models described previously were tested using free chlorine systems,
and therefore while they could apply to the other chlorine-based disinfectants of interest, there
may also be different factors to account for when modelling chlorine dioxide, chloramines, or
NaDCC. Two studies have examined differences in chlorine decay between chlorine-based
disinfectants. The first, a study by Olivieri et al. (1986), compared the decay of free chlorine,
chloramines, and chlorine dioxide, with the results shown in Figure 14.

Figure 14. Chlorine degradation over time for free chlorine, chlorine dioxide, and combined chlorine
from left to right at 20˚C and pH 7.7 under static conditions. Top: concentration of chlorine over time,
Bottom: log of chlorine concentration over initial chlorine concentration over time. (Olivieri et al., 1986)
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The findings indicate that free chlorine and chlorine dioxide have similar decay curves, while
chloramines have a much lower decay rate. Each disinfectant appeared to have first order
dynamics with half-lives of 140 min, 93 min, and 28 hours for free chlorine, chlorine dioxide,
and chloramines respectively (Olivieri et al., 1986). Therefore, this implies that chlorine dioxide
has the lowest residual, potentially due to its high reactivity and gaseous form, followed by free
chlorine due to its reactivity with NOM, and finally chloramines have the highest retention of
residual due to their lowered reactivity (Olivieri et al., 1986).
The second study, by Iqbal et al. (2016) studied the decay of chlorine-based disinfectants
as well, specifically with regard to sodium hypochlorite, both in stabilized and generated forms,
HTH, and NaDCC. Modelling was not done on samples of stabilized NaOCl or HTH because
they did not decay to 90% of their initial concentrations within the 30 days of the study for
0.05% or 0.5% solutions. NaDCC, however, was fit to a first order decay model, while generated
NaOCl was fit to a zero order decay model (Iqbal et al., 2016). From the study it was shown that
at temperatures below 35˚C, the shelf life, or time a solution can be stored before expiration, of a
0.5% or 0.05% solution is 30 days for HTH and stabilized NaOCl, 4 to 6 days for generated
NaOCl, and 2 days for NaDCC (Iqbal et al., 2016). Therefore, while it has been estimated that
NaDCC decays slower than other free chlorine sources due to the complex equilibrium reactions,
this did not appear to be true from the study findings. This study was conducted using clean
water, however, and the reactions of each compound with additional chlorine demand in the
water may change the results significantly. There is therefore a need for further analysis of the
possible uses of the models presented and their utility not only with sodium hypochlorite but also
with other forms of chlorine-based disinfectants.

65

There are no studies currently available that specifically examine differences in modelling
for chlorine decay from NaDCC. Based on the information available from suppliers, however, it
would be assumed that the decay would be slower, with the possible addition of a limited first
order reaction aspect, to represent the chlorine that is unavailable due to the “reservoir”.
However, because NaDCC releases free chlorine to react, the modified equations would be
relevant, including those for temperature, reactive materials like TOC and metals, and UV light.
Thus, a likely accurate model would be the 2RA model, which integrates the reactive content and
temperature, two of the most important factors to consider, with a changeable limited chlorine
content factor. This would be some combination of equations 16, 29, and 39. However, it is not
empirically verified that the equilibrium that forms has a noticeable effect on chlorine decay.
Thus, it is possible that a simple 2RA model with re-estimated parameters may be able to
accurately represent NaDCC decay similarly to decay of hypochlorite salts.
Chlorine dioxide is likely to have significantly different pathways, due to the differences in
reactions discussed in Section 2. Ammar et al. (2014) studied the decay of chlorine dioxide in a
water system and found that a first order model fit well over the temperatures tested, with an R2
value of 0.9421 to 0.9949 for the different datasets used. The values for the bulk decay constant
were determined at different temperatures to create an empirical relationship for chlorine dioxide
of the bulk decay constant to temperature. This is given as Equation 50, and had demonstrated
applicability over the temperature range 20˚C to 45˚C and an initial chlorine concentration range
of 0.6mg/L to 1.4mg/L (Ammar 2014).
ãH = 0.8147×; `.`w_≈×≤

Equation 47

Additionally, some of the factors would have less of an impact on chlorine dioxide degradation
than they do for free chlorine sources. For example, TOC content would have a much lower
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impact, while pH would have little to no impact. It may be necessary instead to include the loss
of chlorine dioxide to the atmosphere in the modeling. This would be difficult to do, however,
due to the dependence on storage conditions, including amount of agitation. Thus, the first order
model with temperature incorporated, as used by Ammar et al. (2014) may be able to accurately
represent the data, given that the rate constant coefficients chosen are able to account for the loss
due to escape into the air.
Like chlorine dioxide, chloramine modelling will likely differ significantly from that of
free chlorine. It is known that chloramine is much less reactive with species in solution, and thus
many of the factors examined will have a lower impact on decay of chloramines than it had for
free chlorine. Chloramine modelling was conducted by Arevalo (2017), using first order kinetics
with respect to chlorine concentration. The pH and turbidity of the water was also tested to
determine the effect on chloramine decay which did not have a large effect (Arevalo, 2007). The
lack of impact of organic content on chloramine decay is due to the lowered reactivity of
chloramines. Additionally, since pH does not impact the reactivity of chloramines, it does not
have an effect on decay (Arevalo, 2007). Temperature appeared to have a more significant effect
on chloramine decay than free chlorine decay, however, with the rate of decay doubling for an
increase of 5˚C to 7˚C for combined chlorine and from 5˚C to 17˚C for free chlorine (Arevalo,
2007). Finally, it was proposed that the limited first order decay model may more accurately
represent chloramine decay, as it includes a non-reactive fraction (Arevalo, 2007). Therefore,
chloramine decay is more characterized than chlorine dioxide decay, and it is likely that simple
models, including the limited first order model, may be accurate representations. However,
temperature appeared to have a more significant impact, likely due to an acceleration of natural
decomposition of monochloramines, and therefore an integration of temperature into the rate
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law, as seen in the 2RA model, could be similarly used in a limited first order model to
accurately represent the decay.

2.3.4 SUMMARY
Many different models and applications of models have been discussed that enable the
modelling of free chlorine compounds. This includes both wall decay and bulk decay models.
However, it was determined that wall decay is less important in the modeling of chlorine decay
for HWTS. Therefore, bulk decay models should be considered primarily. These models should
be considered suitable for modeling of HWTS because most were tested using bottle tests, which
are batch-type tests. These are, therefore, summarized in Table 5 below.

Table 5. Summary of Bulk Decay Models for Chlorine Degradation
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Of all models studied, the 2RA model is most commonly used for free chlorine decay, as it
incorporates temperature, initial chlorine concentration, and the concentration of reactive
materials. It therefore satisfies the criteria for assessing the utility of models, as it is accurate,
less complex than other proposed models, and does not require changes in the parameters for
different initial concentration of chlorine. (Fisher et al., 2011). While it has been claimed that
NaDCC decays slower due to equilibrium relationships forming a “reservoir” of chlorine, this
has not been proven and was not observed to be true in testing done by Iqbal et al. (2016). If it is
true, it may be necessary to incorporate a limited parameter into a 2RA model to more accurately
represent the system. However, while the 2RA model accurately represents free chlorine sources,
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it is still unknown whether it is suitable for the modeling of chloramines or chlorine dioxide,
both of which appeared to have a first order decay instead. Thus, chlorine dioxide may be
represented by a simple first order system with temperature dependence, but it is likely that the
decay will be significantly affected by agitation and escaping of chlorine dioxide into the air.
More complex modelling may therefore be required to account for these factors. Chloramines
have been modeled successfully using first order systems, however a limited first order model
with temperature dependence would likely account for all of the influencing factors. These are
not proven, however, and it will be necessary to further explore the application of available
models to different chlorine-based disinfectants to understand how they differ.

2.4 CONCLUSION
Residual maintenance is a crucial part of any chlorine-based disinfection system. There are
differences, however, between the chlorine-based disinfectants of interest. Chloramines were
shown to maintain residual the longest due to lower reactivity and high stability in solution.
However, they have only minimum biocidal activity and must be made on-site by trained
individuals. The next longest residual maintenance is claimed to be NaDCC because of the
supposed ability to maintain a “reservoir” of chlorine through a series of complex dissolution
equilibria. This did not appear to be true, however, in tests conducted by Iqbal et al. (2016) and
as there are no other available studies, it is not possible to determine whether NaDCC has a
significantly different decay pattern to other disinfectants. Hypochlorite salts have a variable
residual, as for stabilized solutions such a stabilized sodium hypochlorite or HTH, they decay
slowly, however they react quickly with many substances in water. Finally, chlorine dioxide has
potentially the lowest capacity for residual maintenance due to its low boiling point and potential
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for volatization. This order, however, has not been fully examined, and more tests are required to
understand the decay pathways of each disinfectant.
Additionally, while there are many models available for describing chlorine decay, most
have been designed for and tested on free chlorine sources. While these show high potential for
use with HWTS modeling, it is necessary to gain a better understanding of the differences
between chlorine-based disinfectants and the impact of other factors on chlorine residual decay,
including pH, temperature, NOM content, and the presence of metals in solution to determine
which compound can provide the best residual maintenance. Overall, if long residual decay is of
primary concern, chloramines are the safest option, however they may not be practical for
HWTS. Additionally, chlorine dioxide is difficult to produce and appears to have a low residual
due to its high reactivity combined with its volatility. Rather, stabilized sodium hypochlorite
solutions, HTH, and NaDCC, the primary sources of free chlorine, provide reasonable residuals
that can be modelled. The differences that exist in residual decay between these three compounds
is not currently well-documented, however, and thus further testing and modelling should be
undertaken.
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3 THE DISTRIBUTION OF AQUATABS IN EMERGENCY
SETTINGS
The purpose of WASH interventions is to reduce disease transmission, which only occurs if
interventions are not only efficacious, but actually effective. The efficacy of an intervention is
whether or not it can work to achieve the desired effect, while effectiveness is whether it does
work when applied to real situations. Effectiveness is crucial because, if adherence is low, even
an efficacious intervention will fail to reduce disease levels (Brown and Clasen, 2012). The
primary indicator of effectiveness is uptake: the amount of people who actually start to use the
product or the intervention (Enger et al., 2013). Theory surrounding compliance indicates that
10-20% of any given community won’t use a new product, whether it is due to cost, difficulty,
taste, or other factors (Enger et al., 2013). Compliance is further influenced by the severity of the
health threat and the perceived vulnerability of people to the threat, along with the perceived
effectiveness of the intervention (Brouwers and Sorrentino, 1993). To examine effectiveness, it
is therefore necessary to analyze not only the product efficacy, but also the sociological
explanations for compliance within a given intervention.
In emergencies, the effectiveness of interventions can be significantly lower than expected
based on efficacy due to the rapidity of response necessary and the introduction of unfamiliar
products. Emergencies can include natural disasters or outbreaks or unsafe conditions due to war
or social unrest that has led to the displacement of people (Branz et al., 2017). Natural disasters,
particularly, are increasing in frequency and intensity, potentially due to climate change and
population growth in regions vulnerable to such extreme events (Loo et al., 2012). Therefore,
having effective solutions to WASH issues, including HWTS, is increasingly important. This is
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challenging due to the difficulty in conducting research during emergencies, however, meaning
more information is necessary to increase effectiveness of emergency HWTS interventions
(Enger et al., 2013).
One common form of HWTS product used in emergency settings is Aquatabs, a form of
NaDCC manufactured by Medentech® (Ali and Kadir, 2016). To use, one tablet is added to the
required quantity of water and stirred. The solution is let sit for 30 minutes and then is ready for
use as drinking water (Medentech, 2018). Aquatabs have proven efficacy against a range of
bacteria and viruses, as discussed in Chapter 2. Additionally, they are generally low cost and
easy to use (Branz et al., 2017); however, their effectiveness as an intervention in emergencies is
highly variable (Ali and Kadir, 2016; Yates, 2017). A challenge that has been indicated in
several contexts is the many doses of Aquatabs available, which may make the product more
challenging to use and could reduce effectiveness. Ten different types of Aquatabs are currently
produced, which are used for 5 different quantities of water. This includes tablets for 1 liter, 1
gallon, 5 liters, 10 liters, and 20 liters. Each of these dosages is doubled for an emergency
setting, giving 10 different dosages total (Medentech, 2018). Due to this, some confusion by
users has been cited, which includes individuals misusing the tablets or not understanding what
quantity of water to use, leading to over-dosing or under-dosing. This confusion has appeared to
decrease the effectiveness of Aquatabs as a HWTS method for emergencies (Branz et al., 2017).
Additionally, there are many rumors surrounding the effectiveness of Aquatabs, with confirmed
use ranging from 7% to 87% across different studies (Yates, 2017). Therefore, it is therefore
necessary to better understand this confusion, and other issues associated with the effectiveness
of Aquatabs as an emergency HWTS solution, to work towards a solution. To better understand
the distribution and uptake of Aquatabs in emergency settings, key informant interviews were
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conducted, allowing for the collection of an evidence base, using the experiences of WASH
practitioners.
Key informant interviews were conducted in a semi-structured interview style, with
questions asked abuot the distribution and uptake of Aquatabs in emergency settings. Particular
attention was focused on understanding how tablets of different dosages were employed in the
field. Potential solutions to any issues raised were also discussed. The information from these
interviews was summarized into themes to provide a basis from which further studies could be
conducted to determine theories of change for the issues discussed.

3.1 METHODS
Key informant interviews were conducted to better understand the distribution and uptake
of Aquatabs in emergency settings. The research goal was to discover what issues were currently
surfacing among WASH practitioners with respect to Aquatabs use, so these themes could be
further analyzed on a more specific basis in the future along with appropriate theories of change.
Tufts Social, Behavioral, and Educational Research Institutional Review Board approval (IRB
#1801039) was obtained prior to conducting these interviews. Upon approval, members of a
working group started by Professor Daniele Lantagne that is working to develop guidance on
chlorine tablet distribution in emergencies were contacted by email with an invitation to
participate. The working group is developing guidance specifically to reduce the confusion of
having many different size chlorine tablets in one context by recommending a framework to
choose an appropriate chlorine tablet size for a given context. The work conducted for this
working group is funded by the United States Agency for International Development (USAID).
The WASH professionals in this group formed the basis of key informant contacts, and a
snowball method was used as interviews were conducted to find additional WASH practitioners.
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In total, 20 individuals were contacted about participation and from these, nine semi-structured
key informant interviews were conducted, discussing water treatment in emergencies generally,
followed by specific experiences with Aquatabs, and finally solutions to any issues discussed.
The interview protocol, including interview questions, are attached as Appendix 1 along with the
informed consent form.
Seven interviews were conducted on Skype and recorded using CallNote (Newton,
Massachussets, US) and Quicktime Player (Cupertina, California, US). Two interviews were
conducted over the phone and recorded using the TapeACall (New Jersey, US) application.
Before beginning the interview, verbal informed consent was obtained. After recording and
saving the interviews, they were transcribed and edited using Temi (San Diego, California, US),
an online audio transcription software. The downloaded transcriptions were saved in Microsoft
Word (Redmond, Washington, US) and uploaded to NVivo (Burlington, Massachussets, US) for
qualitative analysis using the nodes function. Qualitative content analysis was used for data
analysis because of the wide range of topics of interest and the lack of an initial evidence basis
from which they could be chosen. For this method, the interviews were conducted with the same
questions for each participant. Once transcribed, the interviews were then read one by one and
separated, or ‘coded’ based on content. The categories formed as the interviews were analyzed,
leading to a wide variety of topics. These were then reviewed to determine which categories
could be condensed, and which order they should be presented in. From this, the nine themes
discussed below were isolated and chosen for further discussion. Each of these forms a potential
basis for future study, creating an evidence base from which further work can be conducted.
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3.2 RESULTS FROM KEY INFORMANT INTERVIEWS
Respondents had a wide variety of experiences working primarily as WASH practitioners
or with donor organizations, with some participant having over 30 years of experience in the
WASH sector. They were located in many different places globally, with representation from
North America, Europe, and Asia. There was one industry representative and all others worked
with non-profit organizations. The formation of nine primary themes evolved organically from
the responses elicited during the interviews. The nine themes discerned are described below with
illustrative quotes from the key informants:
1. Water Treatment Options in Emergency Settings
2. The Use of Aquatabs for Household Water Treatment
3. Distribution of Aquatabs
4. Monitoring Aquatabs Use Post-Distribution
5. Factors Influencing Uptake of Aquatabs
6. Availability of Tablets of Different Dosages
7. Consequences of Confusion
8. Marketing and General Recommendations for Medentech
9. Recommendations for WASH Agencies
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3.2.1 WATER TREATMENT OPTIONS IN EMERGENCY
SETTINGS
In any situation it is essential to ensure the methods used for
water treatment are the most effective at reducing disease, cost
effective, and available. There are many options available, and
respondents commented on their utility for water treatment in

“I think the reason
people are really
interested in household
water treatment is that it
downloads the
responsibility of water
safety to the individual
user.”
– WASH Practitioner

emergency settings. This includes when it is more appropriate to use
household water treatment compared to bulk water treatment, and
what benefits and drawbacks there are to the variety of household
water treatment products available.

“If an emergency
happens [HWTS] is very
easy to roll out rather
than trying to create an
infrastructure.”
– WASH Practitioner

3.2.1.1 HOUSEHOLD WATER TREATMENT OR BULK WATER
TREATMENT
In any context, there are two primary methods of water
treatment: bulk water treatment and household water treatment. Bulk
water treatment methods mentioned included water trucking, piped
water to the home, and piped water to tap stands. Beneficiaries are

“It’s a quick and dirty
approach, in the very,
very acute phase, where
we haven’t been able to
implement a bulk water
system yet.”
– WASH Practitioner

then expected to collect the water in receptacles available to them,
including jerricans, buckets, and other containers, and bring the water
to their home to store while in use. Experience with bulk water
treatment varied, with some respondents stating a preference for this
strategy over household water treatment in all but a select few
situations. Others expressed concern over using bulk water treatment
methods in emergency contexts, where there is a large population to
serve very quickly.
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“The advantage of
[HWTS] specifically is
when you know you need
to transform the quality
of your water at the
household level in areas
where either you cannot
update facilities or you
don’t have the time to.”
– WASH Practitioner

Respondents highlighted the use of bulk water treatment and
its relevancy in emergency contexts, with the general consensus being
that household water treatment is an effective short-term solution
when bulk water treatment systems cannot be feasibly set up or
repaired, or before those systems have been established. For example,
in situations where there is high distribution of populations over a
wide area it is difficult and costly to build a distribution network.
Additionally, water trucking is sometimes nearly impossible due to
bad quality of roads. It is instead easier to have beneficiaries get water

“The Palorinya camp
was spread over maybe
50 kilometers with maybe
150,000. So getting from
one side to the other with
very poor roads is very
difficult, particularly for
water trucks in a very
rainy situation or bad
roads… And you can’t
build a distribution
network that big, it is just
very difficult and
expensive to build.”
– WASH Practitioner

from a source they are familiar with and treat the water on a personal
level. Alternatively, water can be distributed but treated at a
household level if it cannot be treated in bulk.
Additionally, bulk water treatment is not always a feasible
choice because it is not possible to ensure that the quality of water is
maintained after leaving the distribution network, especially in

“Also, in situations
where bulk water can’t
ensure the water safety
for the entire duration of
household storage and
use.”
– WASH Practitioner

conditions with low levels of ambient hygiene and sanitation. In some
cases, individuals have to carry the water collected through camp
settings or the center of the community before reaching their home.
By this time, it may be recontaminated. Therefore, bulk treatment
may be ineffective at achieving positive health outcomes in some
situations. This was a concern of several key informants, who noted
that in certain cases, organizations who operate at the bulk treatment
level assume their work is done after these networks are set up, and
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In these non-traditional
settings or very poor
sanitary conditions, then
household water
treatment is the way to
go.”
– WASH Practitioner

don’t ensure that the water quality at the user’s end is maintained.
Desired health outcomes may then not be met, and the treatment
system becomes ineffective.

3.2.1.2 BENEFITS AND DRAWBACKS OF VARIOUS METHODS OF
HOUSEHOLD WATER TREATMENT
There were two major categories of HWTS mentioned by
respondents: chlorine-based treatments and filtration. Chlorine-based
treatments

included

bleach,

Aquatabs,

“So there’s just chemical
treatments, which would
be primarily chlorine.
I’ve also used filters,
which would be anything
from hollow fiber
membrane filters to clay
pot filters. There are the
more basic kind of
methods also, like solar
or plain boiling”
– WASH Practitioner

flocculant-disinfectant

combinations like PuR Purifier of Water, and other unspecified tablets
and powders. There were a wide range of filter types mentioned,
including biosand filters, membrane filters, pot filters, and ceramic
filters, which were further defined as ceramic candles and siphon
filters. Of the filter types, ceramics generally were the most
commonly mentioned. Two other methods were mentioned by some
respondents, boiling and SODIS, but these were generally seen as

“Truly speaking, except
chlorination, there was
no other effective
treatment which has been
adopted in any of the
places because it was
easy to handle, easy to
take from one place to
another, easy to
operate.”
– WASH Practitioner

inferior for HWTS interventions.
Respondents identified many different types of chlorine-based
disinfectants used for household water treatment in emergencies, and
a consistent advantage cited was the residual chlorine left after
treatment. Unlike other forms of water treatment, when using a
chlorine-based treatment method, some chlorine remains in solution
that is able to inactivate any microorganisms that enter the water after
initial

disinfection,

therefore

preventing

recontamination.
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“I think that’s
demonstrated
scientifically that
chlorine is effective.”
– WASH Practitioner

Additionally, the effectiveness of chlorine against many pathogens is
well-documented, and it is known to be an efficacious method.
Generally, chlorine was therefore seen to be the best method of
household water treatment by respondents. However, there are several
potential concerns about chlorine, including taste and odor
complaints, the impact of water conditions on efficacy, and issues

“In a situation, all things
being equal, I guess if
you’re using chlorine the
benefits are that you get
the treatment
effectiveness and the
ability to have a residual
aspect after you treated
the water”
– WASH Practitioner

surrounding uptake.
The benefits of filters depend on the type of filter used,
however a consistent benefit was the visible change in the water.
When treated with a filter, water looks cleaner, suggesting that it is
working and encouraging its use. Additionally, some common filters
are locally available, including clay pot filters, making them more

“So ceramic filters are
great for that because it’s
kind of fool proof in so
far as all you have to do
is pour water in and
clean water comes out.”
– WASH Practitioner

sustainable as a treatment method. Filters can be highly effective and,
depending on their size, can also be made portable. However, the
need to replace or maintain filters is a significant drawback, as it can

“I think chlorination is
number one, but number
two would be ceramics.”
– WASH Practitioner

lead to contamination inside the filter or inability to use it. Some
filters, like biosand filters, require specific methods for use and, if not
followed successfully, the filter can become ineffective. Additionally,
ceramic filters can be easily broken, especially when they are
transported across long distances on bad roads. Another drawback
specified was the inability of common filters to separate out viruses,
which are of increasing concern. Finally, they don’t provide the same
residual protection that chlorine does, so the household needs to
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“So ceramics have got
problems with kind of
people cleaning the
candle, over cleaning it
and then cleaning the
bottom container with the
same cloth, so it’s quite
easy to contaminate.”
– WASH Practitioner

ensure they are filtering their water soon before use and storing
filtered water in a safe storage container where it will not be
recontaminated.
Boiling water, though one of the simplest methods, was seen
generally as a less effective method of water treatment due to the need
for a large amount of fuel to make water hot enough to boil.
Therefore, for populations who do not have access to the fuel or the
time to boil around 20 liters of water per family per day, it is not a
feasible method. It is likely only plausible for families with access to
electricity, which is an uncommon commodity in many emergency

“Benefits of filters
depends on the type of
filter. Sustainability –
sometimes these filters
are locally available and
easily procured by the
beneficiaries.”
– WASH Practitioner
“[For flocculent
disinfection] you’re safe
in case households
decide to use more turbid
water but then the
limitation would be that
you need to have a few
more items.”
-WASH Practitioner

settings. SODIS was also seen as an ineffective method due to issues
with incorrect use or lack of compliance. Despite high levels of
microbiological efficacy, it is not accurately and consistently
implemented by populations and thus is not a widely used method of
HWTS.
Generally, it was noted that some household water treatment
methods are too complex and over-engineered, and simplicity was
regarded as a key factor in the effectiveness of any given method in
the field. It is also of interest now to integrate various methods
together to get a more successful technology overall. This is the case
with flocculent-disinfectant systems, which have the benefit of
providing a visible change in the water as well as decreasing the
turbidity of the water to increase the efficacy of chlorine. However,
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“SODIS works
microbiologically. It’s
the easiest technique to
disinfect water. No taste,
no problem with it. But
the problem is it doesn’t
work. When you come
back one year later
SODIS disappears
completely.”
– WASH Practitioner

“A drawback for other
methods, like boiling. The
energy use and the fact
that once you boil water,
sometimes it’s not very
palatable and comes out
a bit flat.”
– WASH Practitioner

this system is more complex than some others, as it requires more
items and more steps. Therefore, it is important to consider both
efficacy and simplicity in designing household water treatment
products.

“Some of them are very
complex and some of
them are over
engineered.”
– WASH Practitioner

3.2.2 THE USE OF AQUATABS FOR HOUSEHOLD WATER
TREATMENT
Aquatabs are one of the primary chlorine-based disinfectants
used in emergency settings, making them important to examine.
Respondents discussed the specific contexts in which Aquatabs have
been used and how that influences their successful implementation, as
well as other benefits and drawbacks of Aquatabs. This included ease
of use and deployment, the cost of their use, and the effect of water

“I guess the form of
water treatment I’m
going to use; it’s going to
depend on the context.”
– WASH Practitioner

quantity and water quality on their use.

3.2.2.1 OPERATIONAL CONTEXT
The context in which Aquatabs are being distributed is of
extreme importance when considering their utility. Many respondents
commented both on their use in general emergency contexts
compared to development settings and on specific emergencies in
which they have been used. However, respondents also noted that
emergencies are not well-defined, and many conflict situations can
last from months to years. Therefore, it is important to know what
definition is being used for emergencies, which most respondents
considered to be the first three months after an emergency began.
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“I mean, to be honest,
what we define as an
emergency is I guess the
first question.”
– WASH Practitioner

When operating in an emergency, the biggest difference to
development settings is the urgency with which safe water is needed.
Often, the emergency response is later than it needs to be, and people
are already drinking highly unsafe water. Thus, the ease of
deployment of an intervention is crucial. Aquatabs are considered to

“I think it’s just the
intensity of the context.
Whereas in development
settings there’s greater
leeway”
– WASH Practitioner

meet this need due to the simplicity of their use and the ease of
transporting them, bring in tablet form. In a development situation,
the implementers have the time to assess the situation, decide which
interventions will be best for a given population both culturally and
technically, and implement using a phased approach. Instead, in an
emergency, individuals are expected to learn and implement many
different strategies for sanitation, hygiene, food preparation, and
water purification. This is in addition to the fact that individuals may

“So the main pressure is
speed and importance.
You could say that in a
development setting, yes
there’s lots of public
health risks around, but
when people are freshly
displaced then they are a
lot more susceptible to
opportunistic diseases.”
– WASH Practitioner

have lost their house, had to move away from their home, or even lost
friends and family members. It may, therefore, not be a priority for
beneficiaries to treat water, especially if it is clear, clean-looking
water, or the water treatment method shows no visible change in
water quality. Organizations are also trying to reach many people at
once, potentially who are constantly moving to find other family they
were separated from or a safe place to stay, whereas in a development
setting the implementers would likely focus on one stable area or
town and at a time. Respondents therefore expressed that distributing
and implementing household water treatment products and practices

84

“So when water used to
come, they used to drink
immediately… it is
difficult there because
there, every drop of
water is lifesaving.”
– WASH Practitioner

in emergency situations is much more difficult, and cannot be tailored
to the population as successfully as in development settings due
primarily to time constraints. The simplicity of Aquatabs is therefore
a significant benefit in emergencies.
The type of emergency context can also significantly impact

“It’s quick and it’s light
so you can deploy it for
rapid response. It doesn’t
involve too much
logistics.”
– WASH Practitioner

the use and uptake of Aquatabs. The three primary categories that
were mentioned for types of emergency situations were conflict
zones, where beneficiaries are mostly clustered in a camp setting,
natural disasters, and disease outbreaks, primarily cholera. Some
respondents expressed the appropriateness of Aquatabs in natural
disaster situations especially, when populations can be very spread
out and the water quality can be very low. Alternatively, however, it
was not seen as being as efficient, at least as a household water

“. During cholera
epidemics it is effective, it
works. Usually people do
it. They are more aware.
The message that is
spread is usually put the
medicine in your water if
you don’t want to get
cholera.”
– WASH Practitioner

treatment method, for conflict situations. This is because in a camp
setting, individuals are grouped closer together and water may not be
easily accessible. Therefore, several respondents favored a bulk water
approach for these situations, and potentially the use of larger
Aquatabs to treat large quantities of water at once for distribution.
Finally, Aquatabs were generally regarded to be more effective in
disease outbreaks than in other emergency settings because
individuals were more likely to recognize the immediate impact of
disease and want to act to prevent it, even if they don’t fully
understand the mechanism by which Aquatabs treat the water. It is
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“I would say in the
conflict settings it’s just
kind of set up differently.
So I would say mainly in
natural disasters, it is
quite common to be doing
really a household level
distribution.”
– WASH Practitioner

often regarded as a type of medicine, which can become dangerous if
it is not used in water but taken instead as a pill, but this perception
also encourages usage and increases uptake significantly in some
outbreak situations. Therefore, respondents favored the use of

“I would say that
generally people are
acceptable more because
already they have passed
through a trauma in an
emergency scenario”
– WASH Practitioner

Aquatabs in outbreak situations primarily, as well as in situations like
natural disasters, where individuals are more likely to remain spread
out.

3.2.2.2 BENEFITS OF AQUATABS
When deciding to use Aquatabs, there are several significant
benefits that were identified by respondents. The most commonly
mentioned was the ease of deployment of Aquatabs in an emergency
situation. They are small and easy to handle, and can be safely

“It doesn’t pose a big
challenge because it is
easy to handle, easy to
maintain, and you can
easily train. You can
inform the participants
this is how we would be
using it and there’s
nothing hidden. It is all in
the open. Things are
clear.”
– WASH Practitioner

transported over long distances and bad road conditions. This is
different to powdered chlorine, which can be dangerous to transport,
or liquid chlorine, which can spill and create hazards. Additionally,
Aquatabs should be easy to use for beneficiaries, as it requires only
one step using pre-sized amounts of chlorine. However, often

“It’s reasonably cheap,
often they are readily
available, and even
through one of the UN
agencies they often have
tons of the things.”
– WASH Practitioner

individuals do not use them correctly, as discussed below, or do not
use them at all. This is a concern, but correct and consistent use is an
issue for all forms of HWTS, as individuals tend to not take extra
steps if they don’t fully understand the risk and the process of
alleviating that risk. Especially in emergency situations, even simple
solutions like Aquatabs may end up being ignored. Finally, Aquatabs
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“There’s never really
been a country in the
world where it has not
been possible to get them
into the country or find
them on the local
market.”
– WASH Practitioner

are relatively cheap and are widely available, so it is almost always
possible to procure Aquatabs for any given situation, either through
importing or through local markets.

3.2.2.3 EFFECT OF WATER QUANTITY AND WATER QUALITY
While there are several drawbacks or complications discussed

“You will have to change
it over the course of the
year because our
research has
demonstrated that
seasonality radically
changes the chlorine
decay rates.”
– WASH Practitioner

later with regard to the distribution, monitoring, and uptake of
Aquatabs, respondents commonly cited the need to assess water
quantity and water quality before choosing Aquatabs as a solution as
an inherent complication. First, many individuals do not have access
to a water source within walking distance of their homes and water
must be trucked in or piped to homes. Respondents noted that in cases
like these, when water is made available, the primary concern is not
treating the water, but just having the water to use. Therefore, it may

“And sometimes the
chlorine is not so
effective when there are
many impurities in the
water, so if the water is
open, in that case, it may
have many dissolved
impurities or suspended
impurities which may
hinder the process of
chlorination.”
– WASH Practitioner

be used before it can be treated properly.
Additionally, Aquatabs are recommended generally for waters
with turbidities of of less than five nephelometric turbidity unit
(NTU), otherwise it may be necessary to use a filter as well, or to
double the dosage of Aquatabs used. This is because of reactions with
the compounds in the water. In many cases, therefore, beneficiaries
may be treating their water without achieving the health outcomes
expected due of heightened turbidity. There are also issues of
changing pH, iron content, or temperature, that have an effect on
efficacy of Aquatabs. When this is not properly assessed, it can create
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“But the other thing is,
availability of water is
generally an issue. It
they’re not getting
enough water, then
there’s no meaning of the
distribution and
disinfection of the water
system.”
– WASH Practitioner

further issues or provide a false sense of security for beneficiaries and
implementers. Therefore, in emergencies where Aquatabs are used,
despite the time constraints, it is important for implementers to assess
water sources and follow up with beneficiaries to ensure continued
efficacy of Aquatabs.

“In principle, if you have
a piped water source you
know of good turbidity,
and all the parameters
that are required are in
place, then it’s pretty
straightforward.”
– WASH Practitioner

3.2.3 DISTRIBUTION OF AQUATABS
The distribution of Aquatabs in an emergency setting has three
primary facets: choice of tablet and treatment, the distribution itself,
and the promotion and programming surrounding this distribution.
Respondents highlighted each of these areas as having different
complications and playing different roles in the distribution process as
a whole.

3.2.3.1 VARIABILITY IN RECOMMENDATIONS
Respondents

commonly

cited

discrepancies

in

recommendations made about dosing and the use of Aquatabs, and the
effect this has on planning an emergency response. There is no real
set of guidelines on when it is most appropriate to use Aquatabs
compared to other types of chlorine, or other household water
treatment products. Most implementers, therefore, use previous
experience to decide or rely on what is easily accessible. While this
may be appropriate for some emergency response situations where it
is most important to get a form of water treatment technology
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“So there aren’t really
clear guidelines as to
when we should use
Aquatabs or household
water treatment
approaches versus a bulk
water approach in an
emergency context and
how do we transition.
Like when is the
appropriate moment to
apply Aquatabs. And then
when do we transition to
bulk water treatment.
These approaches are not
very well articulated so
it’s very individually,
experientially driven
based on who were the
first responders into the
field and what their
previous experiences
were.”
– WASH Practitioner

deployed, regardless of what it is, there may be situations where other
HWTS interventions may be more effective. The lack of guidelines
means there is no standard way for practitioners to evaluate Aquatabs
usage in different situations.
Alternatively, there are guidelines from several different

“It’s been quite a while
since the WHO created
the specifications. And if
those alter maybe they
can be improved.”
– WASH Practitioner

organizations surrounding dosing for chlorine-based disinfectants,
including the CDC, WHO, and The Sphere Project, which is a
collective of humanitarian organizations that published a well-known
set of guidelines around humanitarian aid interventions. However,
these recommendations differ from each other, and are not grounded
in actual field evidence. Instead, they are mostly based around the
WHO recommendations, which were originally devised for cities. The
WHO recommendations state that there should be a residual of 0.2 to

“From Sphere it’s clear,
it’s a residual of 0.3 to
0.6. But then with some
of the recent stuff around
hepatitis E, with MSF
and CDC suggesting we
have to dose at a higher
rate.”
– WASH Practitioner

0.5 mg/L of free chlorine available after 30 minutes, however the dose
required to achieve this residual changes when pH, turbidity, and
temperature change. Additionally, there are concerns about needing a
higher dose rate for situations where certain viruses may present a
health risk, such as hepatitis E. Therefore, it is necessary to have more
detailed, evidence-based recommendations for what concentration is
desired. There are also questions of how long this residual should last,
which may be different in an emergency setting when people are not
treating their water as regularly as the guidelines may recommend.
Without this information, it is not possible to adequately choose a
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“The problem is that
those guidelines aren’t
based on any actual field
evidence from emergency
settings. They’re taken
from the WHO guidelines
for drinking water
quality, which are meant
for cities.”
– WASH Practitioner

treatment type and dosage. Therefore, the inconsistency and lack of
evidence base surrounding dosage guidelines present a problem for
implementers when trying to choose a household water treatment
method for a given emergency setting.

“So by WHO, EPA, and
CDC not actually making
it clear either, there’s a
bit of confusion about
what residual we’re
aiming for.”
– WASH Practitioner

3.2.3.2 DISTRIBUTION AND TABLET CHOICE
The first step towards distribution is choosing the household
water treatment technology to use, which is challenging due to the a
lack of a common framework and inconsistencies in available
recommendations. Many respondents noted that their choice comes
down to what is easily accessible, either on a local market basis or
from procurement systems established through the organization.
Alternatively, decisions are made based on what others in the local
WASH Cluster are doing, which is a collective of organizations
operating in a certain region to help organize and manage WASH

“You would want to
maybe use a particular
dosage of Aquatabs but
that’s not available. So
then you would have to
adjust it. And so I think
adjustments and choices,
particularly when you’re
dealing with products
that you’re distributing
are usually much more
based on supply chain
logistics.”
– WASH Practitioner

interventions for that area, or what is already used on the ground, if
anything. While decisions should be made on these factors, and an
assessment of the chlorine demand of the water, often it is a logistical
question rather than a technical one. Thus, whatever is available
through the supply chain is what is used. The response is therefore
adjusted according to that.
Once a tablet is chosen, however, the actual distribution is
considered to be the simplest part of the process. The transfer of
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“The decision would be
probably decided by the
WASH cluster looking at
what people traditionally
use and what container
size.”
– WASH Practitioner

materials is simple, especially when money is available from relief
funds and other sources during an emergency. Distributions are either
done as a one-time process, often with other non-food items (NFI), or
on a weekly or monthly basis. Respondents cautioned against
distributing Aquatabs as a NFI without proper instruction, as it can
lead to them being used improperly or not used at all. Rather, weekly

“So basically you would
have a sort of
distribution with these
kind of products that you
would use that goes
along with buckets.”
– WASH Researcher

or monthly distribution was preferred, with the more frequent option
the most preferable if there are sufficient human resources. This is
because with more frequent distribution, beneficiaries are reminded to
use the product and are able to ask questions if they do not understand
the use. Other decisions are often made, such as the inclusion of safe

“It is not difficult to
transfer the material
itself.”
– WASH Practitioner

storage containers along with the Aquatabs that are of the right size
for the available tablet dosage. While there are some decisions to be
made about what to distribute, therefore, the physical distribution of
Aquatabs was seen as the easiest part of the process by respondents.

3.2.3.3 PROMOTION AND PROGRAMMING

“Aquatabs is not an NFI,
it is not something that
just gets distributed like
you would distribute a
blanket. It has to be part
of a comprehensive
WASH program.”
– WASH Practitioner

Respondents consistently cited promotion and programming to
be the most challenging parts of the distribution process, as well as
the weakest among implementers. This is related to ensuring not only
uptake and consistent use but also correct use of Aquatabs after they
have been distributed to households. Ideally, there would be several
steps involved in this process, including informal community or
household visits, formal trainings, and follow-up promotional
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“And the thing is, with
household water
treatment, compliance is
the biggest determinant
of its public health
effectiveness.”
– WASH Practitioner

activities including posters or informational leaflets. However, this is
rarely done to the extent that it should be, and, often in emergencies,
organizations don’t even hold formal trainings for beneficiaries. The
two main areas of concern cited by respondents were in the promotion
of Aquatabs and in the training of beneficiaries.
Aquatabs and other household water treatment products are
commonly promoted as a way of not getting sick, which is what they

“One of the biggest
limitations on Aquatabs
is education. You are still
trying to educate people
to do something with the
water. And the second
thing is you are trying to
convince them to do it on
a continuous basis.”
– WASH Practitioner

are to implementers. However, respondents can rarely see the effect
of Aquatabs on health, as they either don’t get sick, or get sick
anyways due to improper treatment or other mechanisms of disease
transmission. Therefore, individuals don’t ‘buy in’ to this health
message at times. Additionally, by marketing them as something to

“I think we don’t give
enough attention to [the
training, the software
side.”
– WASH Practitioner

help prevent disease, they have been mistaken for pills and ingested
by beneficiaries, which could have negative health consequences.
Alternatively, respondents proposed that Aquatabs be presented as
something that has social benefits as well, indicating high level of
education and social status. With this type of messaging, individuals
may be more likely to adopt the practice. Getting the messaging right
is therefore the first challenge, that is not necessarily achieved with
Aquatabs in emergency contexts.
Training is the next challenge, and is often limited due to time
constraints. However, it is considered essential to the success of an
intervention involving Aquatabs or any HWTS product. The success
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“I would market it as
something else. You don’t
emphasize the health
benefits, you emphasize
more on the fact that lack
of sanitation is more
about dignity as well.
Because for me there is
too much distance
between not using these
kind of products and
being sick.”
– WASH Practitioner

of a training program is dependent heavily on the trainers conducting
it, which is where respondents indicated there may be an issue. These
trainers are often not adequately informed of the process, its intent,
and the details of how to dose water. They are therefore less likely to
be able to transmit the information successfully to beneficiaries.
Therefore, even when trainings are held, they are less effective than

“We shouldn’t leave this
in the hands of engineers.
It would be better to train
anthropologists to do this
job. If the
anthropologists
understand, then they are
more able to transfer the
knowledge.”
– WASH Practitioner

they should be. This is true even when minor attempts are made at
improving the system, including training in the local language and
providing

instructional

material.

Additionally,

individuals

implementing these programs are often engineers, who understand the
technical aspects of the process well, but are not well-equipped to
handle the human side of the issue. Rather, respondents indicated a
need for more input from individuals in the social sciences, including

“In development
contexts, I’ve seen
intensifying training,
household training, oneto-one training, and
regular visits, face-toface visits. Those have
been effective for
increasing the uptake of
effective practice and
compliance.”
– WASH Practitioner

sociologists or anthropologists, who would be able to assess the
cultural and educational needs of the population. Respondents
commented on the difficulty in getting people to change their
behaviors, and that engineers are not prepared to handle this social

“Very rarely do partners
go back and actually do
all the testing at the
household level.”
– WASH Practitioner

complexity.

3.2.4 MONITORING AQUATABS USE POST-DISTRIBUTION
Monitoring the uptake and effectiveness of Aquatabs after
distribution is crucial to ensuring that there is a health impact for the
beneficiaries. However, respondents noted that monitoring is rarely
done in any emergency context. Monitoring water quality in a large
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“We just say by proxy
because we’ve given it to
them and in principle
they know how to use it
and they want to use it.
Then we’ve covered
10,000 people.”
– WASH Practitioner

scale emergency would be highly complex, and require significant
human resources to achieve. However, without this, there is no
evidence to suggest an intervention is successful. Therefore,
organizations claim to have covered a certain amount of people with
an intervention, but in reality that number could be significantly
lower. Additionally, it is possible that the chlorine demand of the
water changes over time, or the temperature changes with the seasons,
affecting residual maintenance. Therefore, a new strategy may be
needed to achieve consistent efficacy. These changes are not made
unless monitoring is carried out. Thus, while populations may appear
to have been impacted by an intervention, there is rarely post-

“They used to give them
training, they used to
give them talks. We used
to have mass campaigns,
we used to have all these
small groups play songs.
There were various
methods.”
– WASH Practitioner

“The ability to monitor
and know that people are
consuming the water with
the residual that you plan
everyday with every cup
is a hard thing in
emergency settings when
you have logistics
challenges.”
– WASH Practitioner

distribution monitoring to confirm this impact or to make the
necessary changes to ensure continued effectiveness.

3.2.5 FACTORS INFLUENCING IN UPTAKE OF AQUATABS
The primary goal of any WASH intervention is to have a
positive impact on the health of a population, and therefore the uptake

“For me the problem is
not with distribution, it’s
more about monitoring
and making sure that the
quantity required is
promoted.”
– WASH Practitioner

of a technology or strategy is crucial to the success of an intervention.
Respondents highlighted the challenges of ensuring uptake, including
primarily taste and odor complaints, a lack of trust of WASH
implementers, and conspiracy theories about the purposes of the
interventions. Several benefits heard from beneficiaries when uptake
was successful were noted as well.
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“A few things come to
mind, like they can be
mishandled, but it’s
really so statistically
small, at least for me,
about people misusing
them or ingesting them or
using them improperly.”
– WASH Practitioner

3.2.5.1 EXPERIENCE WITH UPTAKE OF AQUATABS
Experiences with the uptake of Aquatabs varied slightly for
different respondents, and while many still said uptake for Aquatabs
was higher than other interventions, most indicated that uptake was
low to moderate at best. For most respondents, ensuring continued use

“I think the main
drawback is it is
probably not super
effective with respect to
the public health
outcomes because people
will still be using other
sources of water, the
compliance piece”
– WASH Practitioner

of Aquatabs was very difficult, and rarely addressed adequately.
Additionally, ensuring the correct usage is difficult, as many people
may incorrectly dose their water or use the pills as a medicine for
ingestion instead of for water purification. Respondents, therefore,
commonly stated the need for better promotion and programming as a
way of enhancing uptake. However, there are also other cultural
factors that impact uptake that are not always adequately addressed.

“You know many
communities I’ve worked
in kind of said, well you
know I’ve always drank
the same surface water
as the goats and the cows
and I’m fine. So why are
you telling me to put
these chemicals in my
water.”
– WASH Practitioner

Uptake can also be influenced by the context of the emergency.
Cultural challenges are often out of the control of WASH
implementers, and it can be very difficult to change beneficiaries’
minds about practices that greatly impact their daily life. Respondents
highlighted situations where older members of society would refuse to
treat their water, because they had been drinking the same water since
they were young. Alternatively, even when people value treating their
water, it can be very difficult for them to remember to do so
consistently, especially if they do not fully understand the way the
product works. Even Aquatabs, which were considered by
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“The findings of her
report were that the
uptake was good in areas
where people had prior
use and knowledge of
Aquatabs and when they
didn’t it was poor. And
that was it in a nutshell.
And I totally agree with
the findings.”
– WASH Practitioner

beneficiaries to be very easy to use, require daily effort and are likely
to not be used consistently or long-term unless the beneficiaries see or
understand the benefits.
Respondents also identified the specific context as important
in the uptake of Aquatabs. In places where Aquatabs had been

“In an emergency setting
it is almost impossible
because during an
emergency, you have
other priorities.”
– WASH Practitioner

previously used, potentially in a previous emergency or in a
development intervention, uptake was far more successful. This is
likely because beneficiaries already understand how to use the
intervention and value treating their drinking water. This is a large
benefit to Aquatabs, as they are so widely used that it is now more
likely that they will have been previously seen or heard of by a
population when an emergency begins. Respondents also noted that

“Generally in the acute
emergency situation, in a
cholera situation, people
are seeing others die and
they are more than happy
to use something that is
going to prevent that so
the uptake has been well
received”
– WASH Practitioner

Aquatabs uptake is more successful in disease outbreaks, as
mentioned earlier, due to a clear reason for water treatment.

3.2.5.2 REPORTED BENEFITS FROM BENEFICIARIES
While respondents could often identify specific negative

“I think in most cases it’s
just the effectiveness of
having clean water.”
– WASH Practitioner

comments from beneficiaries, there were less reported benefits noted.
This was because the benefits of using Aquatabs are very difficult for
beneficiaries to see themselves. The desired outcome is a lack of
disease, which is hard to personally identify. Additionally, in many
cases beneficiaries still got diarrhea or other diseases through other
methods or by incorrectly dosing the water. This is because even one
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“Well there’s people
believing that they’re
doing something active
themselves to ensure the
water they drink is safe.”
– WASH Practitioner

cup of untreated or undertreated water can transmit many diseases.
Those who did report benefits often only said what they had been
told, such as “the water is clean because you have trained us to clean
it.” Occasionally beneficiaries also noted a lack of diarrheal disease in

“I think the ones that
bought into it buy into the
health messages, but the
ones that were never
really convinced don’t
buy into it.”
– WASH Practitioner

the family because of water treatment. Respondents therefore
indicated part of the difficulty in ensuring high levels of uptake is that
beneficiaries are able to see or imagine negatives to the use of
Aquatabs, as discussed below, but they are rarely able to see the
benefits.

3.2.5.3 TASTE AND ODOR COMPLAINTS
Taste and odor complaints were noted as a common concern
by all respondents. Chlorine has a distinct taste and smell that is often
associated with harsh chemicals like cleaning products. This can be

“But from the
beneficiaries it’s difficult
because you don’t see it.
You don’t see the benefits
of using Aquatabs when
you are a beneficiary.”
– WASH Practitioner

“The taste is normally
the biggest drawback I
think I have heard about
Aquatabs. So I think it’s
due to the residual that is
left behind.”
– WASH Practitioner

further enhanced by additional impurities in the water, such as iron,
which complex with chlorine to cause a color and taste change. The
taste and odor are usually within acceptability thresholds when the
tablets are used properly, according to respondents, but if overdosing
occurs, it can cause a very high residual chlorine. When this happens,
however, beneficiaries often do not realize that it is due to incorrect
dosing and instead think it is associated with the tablets themselves.
Therefore, they choose not to use them in the future, preventing any
positive health outcomes. Some respondents also noted that, in some
cases, beneficiaries who were used to treating water with chlorine-
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“On the other hand, folks
who are accustomed to
drinking chlorinated
water, either because
they have been previously
displaced and in
emergency settings, in
refugee camps, or
because they are coming
from urban areas will
only drink chlorinated
water and will be
suspicious of tater that
does not have an obvious
taste and odor to it.”
– WASH Practitioner

based disinfectants refused to drink water that didn’t have an obvious
chlorine taste, making interventions with other forms of water
treatment ineffective.

3.2.5.4 THE IMPORTANCE OF TRUST IN WASH IMPLEMENTERS
Water treatment using Aquatabs, as previously mentioned,
does not create any visible change, and it is therefore difficult for
beneficiaries to understand or value the impact that it has on their

“It requires that the head
man or some respected
person or a woman with
a large following to have
it in her home and show
that she’s using it. When
people come around and
it becomes a status thing,
status and peer group
pressure is more
important than health
messages.”
– WASH Practitioner

health. Because of this, much of uptake is dependent on beneficiaries
trusting what implementers tell them. One of the primary methods
respondents noted of increasing trust is to ensure that implementers
are drinking water treated in the same method as that they are
promoting. Therefore, respondents should not be drinking out of a
plastic water bottle they purchased, as is often done, but from water

“These problems are
usually quite easy to
solve. You just need to
drink the water yourself
and that pretty much
converts.”
– WASH Practitioner

treated with Aquatabs. If the community sees that implementers trust
the water treatment method, they are more likely to as well.
Additionally, getting respected community members, such as
religious, political, or social leaders, to support the intervention can
help to encourage the general population to take up the practice as
well. By undertaking these changes, which can be quite simple, it may
be possible to improve population uptake and address some of the
concerns of beneficiaries about the intent of interventions.
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“Encourage your own
staff to drink the water
themselves. If they will
not drink it, there is no
way that we can expect
or should we expect other
people do.”
– WASH Practitioner

3.2.5.5 CONSPIRACY THEORIES
Many respondents discussed a wide variety of ‘conspiracy
theories’ they had heard from beneficiaries in response to Aquatabs
distribution. For example, due to the appearance of the tablet many
people think it is a contraceptive or would cause infertility and a lack

“Or the perception that
chlorination or
chlorinated water is
associated with adverse
health outcomes, which
are not really fact based,
but they’re definitely
opinions and perceptions
that people hold.”
– WASH Practitioner

of sex drive. Similarly, beneficiaries cited concerns it would cause
their children to be stunted or harm their children and their animals.
Several respondents specifically cited incidences in Islamic countries
where beneficiaries thought that Christian organizations were trying
to interfere with their system by poisoning them or ‘dumbing them
down’. This was true even in situations with highly educa ted
individuals, like in Iraq. Unfortunately, this is well-founded in some

“In Syria for example,
chlorine has a dual use
you can use for
chlorinating drinking
water but unfortunately,
you can use chlorine to
kill people with chlorine
attacks.”
– WASH Practitioner

countries like Syria, where chlorine-based chemicals are being used
as chemical weapons. Therefore, chlorine products may not be
allowed into certain areas and individuals may be wary of chemical
products. Issues like these can often be resolved by proper education
and via the mechanisms of trust discussed previously, However, it is
very difficult to impact cultural beliefs, and most implementers do not
feel suitably prepared to do so. This, again, can be related to involving
more individuals from sociology and anthropology into the discussion
and the training processes to better address cultural barriers to uptake.
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“And then we’ve had
issues in various
countries about all the
myths that go around
chlorine. These Christian
aid agencies are trying to
sterilize you, poison you
or ‘dumb you down’,
these sorts of things.”
– WASH Practitioner

3.2.6 AVAILABILITY OF TABLETS OF DIFFERENT DOSAGES
The availability of a variety of dosages of Aquatabs was
commented on by all respondents, with a mix of opinions about the
benefits and drawbacks. Primarily, respondents felt the variety
allowed implementers to adequately satisfy the needs of different

“Well, actually I hadn’t
heard about so much of
that. I thought the
Aquatabs came in just
maybe one or two
general dosages. I didn’t
know there was such a
huge range.”
– WASH Practitioner

populations, but that it also created confusion among implementers
and beneficiaries.

3.2.6.1 THE SITUATION OF MULTIPLE TABLETS
All respondents except one had experienced the wide range of
tablets available as Aquatabs, and cited several different dosages
available. This included primarily the 67mg tablet for 20 liters, the
33mg tablet for 10 liters, the 17mg tablet for 1 gallon, and the 8.5mg

“Well the interesting
thing is if I looked at the
volume that Medentech®
makes, it is basically two
sizes. Eighty percent of
the work is two sizes of
tablets.”
– WASH Practitioner

tablet for 2 liters. This dosage is doubled for emergency settings, or
for high turbidity water. While several respondents did not like the
variety of tablets, and preferred to have only one or two available, it
was noted that only a few dosages are used in the majority of cases.
Thus, even for Medentech®, eighty percent of manufacturing is only
two or three tablet sizes. The tablet sizes used are based on the supply
list for any given organization, which often includes only one or two
choices. Therefore, while there are theoretically a lot of tablets
available on the market, each organization is only working with a
select a number of them.
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“I’m looking now to see
what we have on our
supply list. So these are
the ones that we would
use most regularly. We
have five milligram
chlorine, which is 8.5 mg
NaDCC. And then we
have the 1.67, which is
the one for team life. So
it’s quite limited.”
– WASH Practitioner

3.2.6.2 ABILITY TO SATISFY NEEDS OF DIFFERENT POPULATIONS
The primary advantage of having a variety of tablets available
is the ability of implementers to meet varying needs of populations.

“I think it helps for
different scenarios.”
– WASH Practitioner

As discussed previously, there are many factors that influence the
water needs of populations, including water quality and ambient
temperature. Additionally, in situations where safe storage containers
are not distributed with the Aquatabs, implementers may need to
assess the size of containers that beneficiaries already have to choose
applicable doses. Respondents also noted that larger tablets are used
for bulk water treatment, while the smallest size is often used for
implementing teams so they are able to treat water with Aquatabs in

“Well then of course it’s
possible to tailor. You
could have a photograph
or a picture of container
X with a picture of one,
two or three tablets
underneath it.”
– WASH Practitioner

the field. Therefore, having a variety of tablets available enables a
variety of needs to be met by organizations.

3.2.6.3 CONFUSION AMONG PRACTITIONERS AND BENEFICIARIES
Confusion due to the variety of tablets was discussed by all
respondents as a potential complication of this availability. The
confusion arises not only among beneficiaries, but also implementers
and distributors. Despite minor differences in size, the tablets are all
very similar in appearance and therefore it is difficult to tell the
difference between them. Therefore, even in storage and stocking of
Aquatabs, the individuals in charge often do not understand the
difference. While this may not be a problem as long as the correct
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“It confuses partners. It
confuses then what’s
messaged. It confuses,
you know, what you
accompany. Do you give
a 10 liter jerrican? Do
you give a 20 liter
jerrican? How much
water are we supposed to
be treating with this
dosage?”
– WASH Practitioner

tablets are distributed, if the implementers do not understand the
differences in the tablets or how to properly use different doses, it is
very difficult to achieve adequate knowledge transfer to the
beneficiaries. It is important, therefore, that implementers are aware
of the specific tablet that is being used and what quantity of water it is
for, which is one benefit of distributing appropriate safe storage

“I think even in rub halls
I don’t trust them, even in
storage and stocks of
NGO implementing
agencies in the field. I
don’t trust it because all
sorts of things happen,
people and things get
mixed up.”
– WASH Practitioner

containers with Aquatabs.
For beneficiaries, however, the difference between the
Aquatabs can become a problem, especially if they are given different
tablets over time or by different agencies. For example, in the 2010
Haiti earthquake, Aquatabs were first being used and many different
concentrations were distributed to populations due to a lack of
coordination between organizations. In cases like these, populations
may be told to use one type of tablet for a certain quantity of water

“At a user level, I’ve
heard of the scenario that
I mentioned previously,
‘we’ve seen this type of
tab before, but this type
of tab is maybe different
than what they’ve been
trained on before, but it
looks the same.’”
– WASH Practitioner

and another with a different quantity of water. Most will not
remember or fully understand the difference, however, and will
choose only one quantity of water for both tablet types. Alternatively,
there may be situations where a population had a development-type
intervention

with

Aquatabs

prior

to

an

emergency.

When

organizations come post-emergency to distribute Aquatabs, they may
use a different kind or require double-dosing of the water. This can be
confusing for populations, who may not understand that the tablet is
different or why they need to use a higher dose. This confusion
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“And interesting enough
when we did the social
marketing programs and
the health programs, we
have all range of size of
tablets but we only
brought one tablet in and
that was to stop
confusion.”
– WASH Researcher

among both practitioners and beneficiaries can create complications
in distribution and in uptake of Aquatabs.

3.2.7 CONSEQUENCES OF CONFUSION
The confusion of beneficiaries and WASH practitioners
surrounding the variety of tablets of different dosages available as

“For me it’s really about
the confusion and then
that would lead to a lack
of standardization, lack
of harmonization, and
then that confusion gets
transferred down to the
end user.”
– WASH Practitioner

Aquatabs was of different importance to respondents. However,
respondents indicated that it was likely to lead to incorrect dosing,
either over or under, and potentially an overall decrease in
intervention effectiveness.

3.2.7.1 INCORRECT DOSING
Respondents noted that the variety of tablets available could

“If there’s more than one
product available in the
camp, people are going
to be using different ones
and you’re not going to
get consistent treatment.”
– WASH Practitioner

lead to over- or under-dosing of water supplies, as beneficiaries aren’t
sure what tablets to use with what quantity of water. Each of these
presents a different problem with respect to water treatment. Several
respondents indicated that over-dosing is not a significant issue, as the
dosage would need to be very high to become unsafe for
consumption. However, at doses above the recommended residual
chlorine concentration, it is possible for the water to cross the taste
and odor threshold and cause beneficiaries to reject the treated water.
Because most beneficiaries will not understand the decay mechanism
of chlorine or that the dosing was incorrect, they may stop treating
their water altogether, leading to a failed intervention. Alternatively,
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“I think some of the
negative consequences
could be you end up
using the wrong size tab
in the wrong container
and getting a higher
level, which discourages
people from drinking the
water because of the
taste or something like
that.”
– WASH Practitioner

people may also under-dose their water, especially if they should be
double dosing but were previously only using a single dose of
Aquatabs. With minimal to no monitoring of water quality,
beneficiaries would not know they were drinking untreated water.

“People stop using it
because they overdose or
they underdose and don’t
realize that they are
under dosing.”
– WASH Practitioner

This may put them at higher risk of infection, as they think the water
they are drinking is treated so will not worry about the water source as
much. Therefore, over- and under-dosing can both present issues in
the use of Aquatabs for water treatment and confusion on tablet size
can lead directly to accidental mis-dosing.

3.2.7.2 INTERVENTION EFFECTIVENESS
The ultimate goal of household water treatment is the
prevention of waterborne diseases, including but not limited to

“I think just on the last
issue about proper
understanding, which
was not so much related
to Aquatabs, but just
making sure that people
understand the behavior
of chlorine and making
sure when to dose and
how to dose is
important.”
– WASH Practitioner

cholera, typhoid, dysentery, jaundice, and diarrheal diseases
generally. It is important, therefore, to assess the success of an
intervention by the ability to prevent these diseases. However, it is
difficult to do this in an emergency setting because of the lack of
monitoring and the rapidity and scale of interventions. While one
respondent was highly positive about the use of Aquatabs in

“My experiences with
using Aquatabs in
emergencies is very
positive. They have been
very effective also to
combat the issues of
diseases, infant and child
mortality rates.”
– WASH Practitioner

emergencies, citing success at decreasing diseases and child mortality
rates, most said they were skeptical of the large-scale or long-term
effect of such interventions. This was not exclusive to Aquatabs use,
however, and was an issue of HWTS intervention generally that was
exacerbated by the confusion of Aquatabs dosing. It is important
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“I think that they just
don’t get used and then
that has no net impact on
public health.”
– WASH Researcher

when distributing any HWTS product that the product is used by
beneficiaries and is successful at preventing disease. Many agencies,
however, cite the number of tablets they have handed out and assume
this means they have supplied those people with safe drinking water.
If the water is not safe at the point of consumption, the public health
consequences can be significant and the intervention is no longer
effective.

3.2.7.3 KEY INFORMANT OPINIONS
Respondents were asked if the large variety of tablets of
different dosages available as Aquatabs compromised Aquatabs as an

“In the end it’s an ethical
issue. Essentially at the
end of the day there may
be people who think that
they’re treating their
water and they’re not.”
– WASH Practitioner

“I don’t think it’s
compromised my decision
to use them, it impacts
the planning on how I
would use it and how I’m
going to coordinate.
Obviously it’s an
effective treatment
method.”
– WASH Practitioner

effective HWTS method. While one respondent said that it did, all
others said it did not, but it may compromise the objectives of
Aquatabs due to issues with correct usage. Additionally, it affects the
way that organizations plan for Aquatabs use in an emergency setting.

“I don’t see any
advantage of having a
variety. I would like to
have only one standard.”
– WASH Practitioner

Respondents also felt that, while the large number of tablets creates
confusion, Aquatabs are still one of the most effective and easiest
HWTS interventions for emergency settings, and therefore the options
are limited for replacing it. Some respondents said that the problem
was not with Aquatabs specifically, but rather with WASH
implementers more generally, and the lack of adequate programming
and monitoring. Therefore, while almost all respondents indicated that
the number of tablets available creates confusion, and can cause
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“A lot of those programs
don’t work in my
experience. I’ve certainly
seen enough of them. I
know the millions of
Aquatabs are distributed
and in my experience I’ve
never then found that the
right information has
been given.”
– WASH Practitioner

issues of incorrect dosing, their opinions on the magnitude of this
issue were varied.

3.2.8 MARKETING AND GENERAL RECOMMENDATIONS FOR
MEDENTECH®

“I don’t think it
compromises Aquatabs
but it compromises the
correct use and
objectives of Aquatabs.”
– WASH Practitioner

There was a variety of recommendations from respondents for
Medentech®, the company that produces Aquatabs. First, several
respondents recommended that they decrease the number of Aquatabs
of different doses available to decrease the confusion that it creates.
Specifically, the lowest size tablet was considered unimportant.
However, some respondents indicated they valued this availability,
and therefore there was no consistent conclusion for this problem.
The lack of clear guidelines or available information about the
use of Aquatabs in different settings and the free residual chlorine
provided by the use of different tablets were two of the most specific

“I haven’t seen it printed
on every package about
the residual that’s left. I
think I know the reason
why you don’t put that on
there, but I think most
organizations that are
trying to dose to a certain
level… And I understand
that the chemistry of the
water, the turbidity, the
temperature and all that,
it impacts that level. So
maybe that’s a strong
reason not to.”
– WASH Practitioner

recommendations. Respondents cited that there is no clear indication
of free residual chlorine on the packaging for the tablets. This,
therefore, means it is difficult to get that information in the field and
implementers may be unsure of the residual chlorine concentration
they are providing. However, respondents also noted that this
information may be difficult to provide due to differences in residual
based on the chemistry of the water, including turbidity, and the
temperature of storage, among other factors. It was recommended that
tablets contain some indication of residual chlorine concentration at a
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“I think what’s important
from a product
perspective is the dosing.
So I think there needs to
be clear instructions or
guidelines as to when
different doses would be
appropriate in different
settings.”
– WASH Practitioner

base condition, specifying how much water can be treated at those
conditions to achieve a given residual. Similarly, respondents
expressed concern about a lack of guidelines on when to use Aquatabs
and when each of the different doses would be appropriate. There is
very little evidence available on this, and it may require analyzing
different water quality, however it would be useful for decision
makers in WASH organizations to have access to more information

“My suggestion is that
they may need to go into
the field and see the exact
scenario and what is
exactly required. They
need to go to the different
contexts of the emergency
scenarios, to the
development partners,
and go into the field and
see the exact scenario.”
– WASH Researcher

about the different situations in which to use Aquatabs.
Additionally, some respondents thought that Medentech®
should play a more active role among WASH organizations as well as
in collecting information about the situations in which Aquatabs are
used. Medentech® has connections to the organizations that purchase
Aquatabs, and knows who those organizations are. They should
therefore take steps to discuss the issues with Aquatabs, including the

“I think Medentech®
could do more themselves
to try and get consensus
with all the… they know
who is buying their
tablets and I think they
should do more to get the
consensus.”
– WASH Practitioner

large number of tablets of different dosages, to reach a consensus
about which tablets to use in certain situations. One respondent also
indicated that Medentech® should look into the different emergency
contexts and development contexts in which Aquatabs are being used
to see how these cases differ and how Aquatabs can and should be
used. This would enable them to target their marketing strategies and
meet the needs of implementers and beneficiaries.
However, one of the respondents stated that they did not think
it was the responsibility of Medentech® to solve the issues of
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“I think it’s their
responsibility to produce
the product as it is. I
don’t think it’s their
responsibility to do
anything other than that.
Then it’s up to WASH
actors or whoever else to
do the rest of it.”
– WASH Practitioner

implementation and uptake because they are a supplier and not an
implementer. The respondent cited several things that Medentech®
already does to help issues of confusion and incorrect use, including
printing packaging in different languages and providing pictorial
guides. They therefore thought that it was the responsibility of WASH
practitioners to ensure that the products were distributed and used
appropriately.

3.2.9 RECOMMENDATIONS FOR WASH AGENCIES
All respondents thought that the WASH sector needed to
improve implementation procedures, especially in emergencies, to
ensure that issues with Aquatabs and other products are resolved.
Based on the variety of opinions of respondents, it is not desirable
currently to discontinue any of the available dosages, as they are
important in ensuring the needs of populations in different emergency
contexts are met. However, it is important to prevent the negative
consequences of confusion that is caused for implementers and
beneficiaries. The primary recommendation for solving these issues
was to create a system for inter-organizational coordination, and
improve

intra-organizational

coordination.

Some

other

recommendations were also provided.
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“I mean already they put
on the packaging in
several different
languages, but that
doesn’t mean that the
message is going to be
communicated because
it’s making the simple
assumption that people
can read.”
– WASH Researcher

3.2.9.1 INTER-ORGANIZATIONAL COORDINATION
The primary issue with the availability of Aquatabs of
different dosages is when they are used in the same context or one is
brought into a context with beneficiaries that have previously
experienced another. These issues could be resolved by improving
coordination between organizations that operate in any given
emergency. This could be done through a WASH Cluster, assuming it
is strong in the region of operation, or by the organizations
themselves. It will likely require decisions made prior to the
emergence of an emergency context, however, due to the reliance of
organization on their existing stocks of Aquatabs. Therefore,
organizations should begin to discuss what Aquatabs they use in

“So that type of
coordination would mean
what areas are you
working in? What
historically has been
done here? Can we
distribute the same, can
we use the same
promotional materials,
and coordinate the type
of promotion materials?”
– WASH Practitioner
“Whereas where there’s
a very strong WASH
cluster, like in most
places in the Horn of
Africa where everybody’s
given a responsibility to
look after a certain area
or a certain product
intervention.”
– WASH Practitioner

certain contexts to create a standard. Then, when an emergency
occurs, a consistent solution can be implemented. Additionally, it is
important to prevent the issues of new tablets being given to
beneficiaries who have previous experience with another dosage. This
can be done by assessing the current situation of the individuals
affected by a given emergency and transmitting this information to
the WASH organizations responding. Assuming an efficient system is
established for doing so, the issues of confusion previously discussed
could be prevented. This type of inter-organizational coordination is
only possible if the intra-organizational coordination is effective for
any given organization. Ensuring that the information is transmitted
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“I think good
coordination addresses it
but, I think worst case
scenario, two
organizations can
respond to the same
scenario with different
size tabs. And that’s a
problem for training and
such.”
– WASH Practitioner

“For the most part, it’s
just thinking about the
coordination issue and
trying to get on top of
that at the beginning.”
– WASH Practitioner

effectively between those in charge of stocking products down to the
implementers themselves is crucial for preventing the confusion and
successfully implementing Aquatabs programs.

3.2.9.2 OTHER RECOMMENDATIONS FROM KEY INFORMANTS
The most common recommendations, aside from inter-

“Get out in the
community, move around,
walk around, evaluate
what you do, don’t
theorize things and not
put them into action.
Employ the people in the
camp or wherever it is to
actually go and do this.”
– WASH Practitioner

organizational coordination, revolved around better implementation
practices and gaining a better understanding of the context of the
emergency. Respondents commented on the need for a well-trained
implementing team, who are able to go into the field and assess the
situation to provide the best possible solution for that population. This

“I think the evidence
base is really important. I
think doing operational
research is really
important.”
– WASH Practitioner

also includes, as previously discussed, monitoring the situation postdistribution to make adjustments necessary to the original program.
Hiring local community members and training them to monitor or
promote the use of products is a positive way of doing this.
Additionally, respondents indicated the need to properly understand
the use of Aquatabs in emergency settings, preferably using an

“There can be some
disconnect a little bit
between what the NGO
or the implementers
might be doing on the
ground compared to what
the people at the head
office are doing.”
– WASH Practitioner

evidence base, to improve their implementation. In most cases,
agencies rely on previous practice or preference, rather than an
assessment of the context. It is necessary that this changes, and that
organizations instead decide on the type of treatment method
distributed and the dosage based on each context. This could be made
easier by inter-organizational coordination or the establishment of
guidelines.
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“They need to have
effective people in the
field and they have to
rely on those field people.
They have to look into the
quality of the water.”
-WASH Practitioner

3.3 CONCLUSION
Aquatabs are commonly regarded as one of the most effective methods of water treatment,
with similar biocidal properties and free residual chlorine effect to other chlorine-based
disinfectants. They are commonly used in emergency settings because they are easy to use, easy
to transport, and inexpensive. However, like other forms of chlorine, their efficacy is affected by
water quality, and they can only be used when water is available. Despite widespread use, there
are many issues surrounding distribution and uptake that may decrease the effectiveness of
Aquatabs. This includes a lack of clear recommendations, making the choice of tablet to use
more difficult, and failure to ensure sufficient promotion and programming. After distribution,
monitoring is rarely done to ensure that Aquatabs are being used correctly, which means there is
no guarantee that interventions are effective. While there were some positives expressed by
beneficiaries, many times the tablets are not used correctly or at all due to taste and odor issues,
conspiracy theories, or an overall lack of trust in WASH practitioners, which was described by
the key informants based on their experiences in the field. This is in addition to logistical barriers
and confusion from beneficiaries and respondents. These issues are also dependent on the
context of the emergency, which can affect the response to an intervention greatly.
The situation of multiple dosages of Aquatabs creates additional confusion for practitioners,
leading to incorrect dosing and an overall decrease in intervention effectiveness. Therefore,
while it allows for the meeting of different needs, a solution is needed to prevent the distribution
of multiple tablet types in a single emergency context. The primary recommendation to resolve
this issue is inter-organizational coordination. This should be in the form of a set of guidelines
explaining when Aquatabs should be used and what doses should be used in different contexts. It
should also include some kind of network through which organizations are able to easily and
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quickly decide on a tablet type for a given emergency to prevent cross-distribution. Overall,
Aquatabs are used excessively without a clear understanding of context and a lack of follow-up
to ensure intervention success. By working together to form recommendations and better
implementation procedures, organizations would be able to improve the use of Aquatabs and
increase the effect on public health for populations affected by emergencies.
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4 CONCLUSION
This thesis discussed the chemistry and implementation of household water treatment
programs that utilize chlorine-based disinfectants. The second chapter was an overview of four
different chlorine-based disinfectants: hypochlorite salts, NaDCC, chlorine dioxide, and
chloramines. Hypochlorite salts and NaDCC are the most convenient chlorine-based
disinfectants for use as they can be easily distributed and stored. It is claimed that NaDCC has
the next longest residence time due to a proposed “reservoir” effect, however this has not been
proven and it appears to have a similar residual maintenance to hypochlorite salt solutions,
including HTH and stabilized sodium hypochlorite. While chlorine dioxide is a highly effective
disinfectant, it is a gas at room temperature and therefore can escape from solution easily,
leaving little to no residual. It was determined that residual maintenance is the highest when
chloramines are used due to a lower reactivity. This also makes chloramines less effective
disinfectants, however, and they are often used to increase the residual of systems with long
residence times after the water has already been disinfected. Therefore, if the primary concern is
residual maintenance, chloramines would best meet this requirement. Practically, however,
NaDCC and hypochlorite salts are preferable for HWTS as they are more effective disinfectants
and maintain sufficient residual for current guidelines. Several mathematical models were
examined to potentially represent the decay of these compounds as well, however almost all
were tested only on sodium hypochlorite. It was therefore concluded that more research is
necessary to specifically examine the residual maintenance of chlorine-based disinfectants,
especially for HWTS, and modelling assessments should be undertaken for each disinfectant
separately. Additionally, more research is needed surrounding the proposed “reservoir” model
for NaDCC to validate or invalidate the proposed effect.
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The third chapter of this thesis described the results of key informant interviews which
aimed to understand the effectiveness of Aquatabs, a form of NaDCC manufactured by
Medentech®, when distributed in emergency settings. While many forms of HWTS were noted,
chlorine products were the preferred method of water treatment. However, as participants were
selected from a working group focused on chlorine tablet use, there could be some selection bias
influencing this particular result. Additionally, because respondents worked in different settings,
the opinions on response were heavily impacted by the success of interventions they had seen.
While respondents often qualified their opinions with what situations they applied to, the
differences in experience likely influenced final results. Overall, it was concluded that, to be
effective, several changes need to be made to the implementation process for interventions
involving Aquatabs. This includes the creation of clear, evidence-based recommendations for
what dosages to use and when to use different types of products, as well as better promotion and
monitoring to ensure correct, sustained use. This should be driven by the inclusion of other fields
of study, including anthropology and sociology, to better understand how to increase uptake
among users. Additionally, there are ten tablet types available as Aquatabs which can lead to
confusion internally for organizations as well as among beneficiaries. Therefore, a system of
inter-organizational coordination is needed when responding to any emergency that allows
organizations to assess which tablet should be used in that context and distribute the same tablet
consistently. This should include guidelines that discuss when to use different tablets to allow
rapid determination of the best plan of action.
The two sections of this thesis discuss distinct elements of water treatment to reach the
same goal: the improvement of HWTS interventions in emergency settings. To ensure that
interventions are effective, it is necessary to have both an efficacious product that could achieve
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the desired effect and the correct strategy to ensure that this effect is achieved within the context
of the intervention. The biocidal properties of chlorine-based disinfectants are now welldocumented, but the residual maintenance effect is one of the most commonly cited benefits of
using this type of disinfectant. Therefore, it is crucial to have a good understanding of how long
a residual can last in different water sources and using different chlorine-based disinfectants to
inform recommendations for beneficiaries. However, even if this knowledge is gathered, if it
cannot be translated into an effective intervention then no positive public health outcome will
occur. Additionally, this information is not even available with regard to Aquatabs when used in
the field. There is a lack of information with scientific backing about the residual maintenance of
Aquatabs, and discord among practitioners about the effectiveness compared to other chlorinebased disinfectants. Therefore, the chemistry of NaDCC still needs further investigation, and
while this should be the responsibility of the private sector, it will likely be in the hands of
researchers at universities and NGOs who are actively using the compound in the field. Along
with the gaps in knowledge of the chemistry of Aquatabs, there is also a lack of evidence
surrounding the large number of tablets available and the potential issues this creates. Creating
better guidelines and coordinating responses among organizations are two ways of improving the
success of interventions that utilize Aquatabs, however further specific research, including case
studies, should be undertaken to fully analyze the situation. Therefore, both the chemistry and
practical application of Aquatabs needs further analysis to ensure the most successful application
of the technology to emergency settings.
Through the writing process I have had the opportunity to reexamine some of the chemistry
that forms the foundation of my degree in Chemical and Biological Engineering and apply it to
my degree in Global Health for Marginalized Populations more thoroughly than I have
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throughout my time at Tufts University. Synthesizing my majors in this way validated the
choices I made throughout my degree. However, I was also able to explore many other subjects
and techniques, including mathematical modelling and key informant interviews, that I hadn’t
been able to otherwise examine. By looking at both the hard sciences and the sociological factors
and impact of public health interventions through my thesis, I now feel more prepared to
examine WASH problems or other public health contexts in the future. After graduation, I may
have the opportunity to turn the third chapter of this thesis into a manuscript as well, to condense
and share the findings as a complement to future efforts of the working group on the topic of
Aquatabs dosages. I am glad that I will have the chance to further explore these results and that I
was able to apply my knowledge and experiences over the past four years to this final thesis.
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Tufts University Department of Civil and Environmental Engineering
Chlorination is an effective method of household water treatment (HWT) that is
important in preventing water-borne diseases. Currently, chlorine-based products
are the most widely distributed water treatment products in emergency response.
Four different chlorine products are commonly distributed: sodium hypochlorite
(NaOCl), sodium dichloroisocyanurate (NaDCC), chlorine dioxide (ClO2), and
chloramines (various)1-5.
Aquatabs™ are a form of NaDCC made by Medentech are a commonly-used chlorine
source for HWT in emergency settings and in developing countries generally.
However, there are many concerns over the distribution of these tablets, of which
there are 10 different dosages for 5 different quantities of water. The duplicates are
different dosages for emergency settings as compared to regular HWT settings1,6.
This is extremely complicated to coordinate in an emergency setting, especially
when many different ‘emergency’ tablets are being brought in and ‘regular’ dosage
tablets are already in distribution in the country. It has been shown to lead to
confusion and inaccurate treatment of water due to a lack of communication and
coordination. This can lead to overdosing, which could exceed the international
maximum guideline values of 4.0-5.0mg/L of chlorine in drinking water, or to under
dosing and thus not adequately treating the water or maintaining the free residual
chlorine to long-term protection during storage6-7. One recommendation to reduce
the inconsistency among organizations and confusion among users is to create
guidelines for distribution. The main goal of this research project is to collect the
available information about these issues of distribution to inform the process of
creating guidelines.
Objectives
We urgently need evidence-based guidelines for the distribution of Aquatabs™ in
emergency settings that both: 1) enable effective distribution of household water
treatment products in emergency settings and 2) ensure appropriate use of the
distributed products by beneficiaries. Currently, humanitarian agencies
independently decide which form of the tablets to distribute, which has led to
inadequacy in meeting both of these goals. While anecdotes abound, there has not
yet been a systematic data collection to establish the extent of the issue and
potential solutions. This research project, therefore, aims to generate evidence on

and tools for better distribution of Aquatabs™ to ensure correct utilization and
decrease water-borne illnesses in emergency settings.
Research Methods
The full project consists of two: 1) literature review and 2) key informant
interviews. The first major activity will be completed over the course of the
semester.
Key Informant Interviews
As part of the first major activity, along with a systematic literature review, key
informant interviews will be conducted with Water, Sanitation, and Hygiene
(WASH) practitioners with experience implementing chlorination programs in
emergency settings. These interviews will provide first-hand practitioner
experience with the distribution of Aquatabs™ in emergency settings, and will
provide a crucial insight into the differences in distribution and household water
treatment across varying global emergency contexts.
Testing Location
The key informant interviews with WASH practitioners will take place via telephone
on the Tufts University campus in Medford, MA.
Anticipated Significance
There is a general consensus among WASH practitioners that the system of
Aquatabs® distribution creates issues of lack of coordination and communication,
leading to inappropriate dosing of water in emergency settings. This project will
bring together the insights of WASH practitioners as well as existing literature to
formalize the issues, providing a framework from which to establish guidelines that
can improve water safety and reduce the burden of waterborne diseases in
emergency settings.
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ANNEX 1
Key Informant Interviewee Solicitation Email Template
SUBJECT: Solicitation for Key Informant Interview on the use of Aquatabs™ for
Emergency Water Treament
Dear [Name of Recipient],
My name is Brittany Mitro and I am part of a research team led by Dr. Daniele
Lantagne from the Department of Civil and Environmental Engineering at Tufts
University. This year, we are conducting research on the use of Aquatabs™ for water
treatment in emergency settings. As part of our research, we are conducting key
informant interviews with WASH practitioners experienced in implementing
chlorination programs in emergency settings.
You have been identified as a professional with experience in the humanitarian and
development sectors, particularly with implementing chlorination programs in
emergency situations and can provide important insight to our research. We would
really appreciate the opportunity to interview you. The interview will take about
one hour to complete and will involve me asking questions exclusively about your
work implementing chlorination programs in emergency settings.
I have attached a consent document for your review. If you choose to participate in
the key informant interview, we will seek verbal informed consent at the start of the
interview and thus can move forward with scheduling the interview.
Thank you very much for your time and consideration. If you have any questions
about the research, feel free to contact me (Brittany.Mitro@tufts.edu) or Dr. Daniele
Lantagne (Daniele.Lantagne@tufts.edu)
Best,
Brittany Mitro

ANNEX 2
Key Informant Interview Guide for WASH Practitioners Experienced in Implementing
Chlorination Programs in the Humanitarian and Development Sectors
KEY QUESTIONS
1. What are the current challenges in distributing Aquatabs™ in emergency
settings effectively and how can they best be alleviated?
2. What has been your experience in witnessing confusion over or misuse of
Aquatabs™ dosing?
3. What are the consequences of the challenges in Aquatabs™ distribution?
4. In what ways have WASH practitioners or organizations attempted to
alleviate the issues of distribution?
5. What suggestions/ ideas do you have for alleviating the challenges in
distribution to ensure consistent and appropriate water treatment in
emergency settings?

INTRODUCTION/ APPROACH SCRIPT
Good morning/ afternoon. My name is Brittany Mitro. I am part of a team of people
who are conducting research on the use of Aquatabs™ for household water treatment
in emergency settings when distributed by aid organizations. The goal of this interview
is to understand your experiences as a WASH practitioner experienced in
implementing chlorination programs in emergency settings. Particularly, we wish to
obtain your experience with Aquatabs™ distribution for household water treatment
Additionally, we wish to understand how humanitarian agencies have implemented
solutions to circumvent the complications associated with large number of different
dosages available. This interview will take approximately 60 minutes, and will be
audio recorded to be later transcribed. Nobody except the researchers will know that
you provided these answers and all identifiable information will be extracted from
your responses.
TYPICAL PROCESSION OF INTERVIEW
1. TYPICAL HOUSEHOLD WATER TREATMENT IN EMERGENCIES
- Can you tell me your name, your organization, and your experience?
- What are the different methods of household water treatment you know of
that are used in emergency settings?

-

-

• What are the benefits of these different forms of water treatment?
• What are the drawbacks of these different forms of water treatment?
What are the different methods of household water treatment you have
distributed or seen used in emergency settings?
• Can you describe the typical procedure for distributing and promoting
household water treatment products in emergency settings?
• What are the easiest parts about distributing and promoting household
water treatment products in emergency settings?
• What are the most difficult parts about distributing and promoting
household water treatment products in emergency settings?
What are the main differences between distributing and promoting
household water treatment products in emergency settings and other settings
(such as development settings)?

2. ON DISTRIBUTION OF AQUATABS™
- What experience have you had with the distribution of Aquatabs™ in
emergency settings?
• What are the main positives of distributing Aquatabs™ in emergency
settings?
• What are the main drawbacks of distributing Aquatabs™ in emergency
settings?
- What has been your experience with Aquatabs™ uptake and successful use
among users in emergency settings?
• What concerns did beneficiaries express?
• What positives did beneficiaries express?
- How has distribution of Aquatabs™ varied across different settings?
- What has your experience been with the large variety of tablets of different
dosages available as Aquatabs™?
• What are the main positives of having a large variety of tablets of
different dosages available as Aquatabs™?
• What are the main disadvantages of having a large variety of tablets of
different dosages available as Aquatabs™?
- How did you select the Aquatabs™ dosing that you used?
- Have you experienced any confusion among users due to the large variety of
tablets of different dosages available as Aquatabs™?
- What are the consequences of confusion among users due to the large variety
of tablets of different dosages available as Aquatabs™?
- In your experience, has the large variety of tablets of different dosages
available as Aquatabs® compromised Aquatabs™ as an effective water
treatment option in emergency settings? Can you describe examples of when
it has?

3. SUGGESTIONS FOR SOLUTIONS
- What strategies, if any, have been tried to alleviate issues with distribution of
Aquatabs™ in emergency settings?
- What strategies have you used to alleviate issues with distribution of
Aquatabs™ in emergency settings?
- What recommendations do you have for WASH agencies to address the issue
of distribution of Aquatabs™ in emergency settings?
- What recommendations, if any, do you have for Medentech regarding
Aquatabs™ production and marketing?
- What are the consequences of the issues of complications with Aquatabs™
distribution in emergency settings?
- Do you have any other thoughts you would like to share on the distribution of
household water treatment products in emergency settings?
- Do you know/ recommend any other WASH practitioners experienced in
implementing household water treatment programs in emergency settings
who we may reach out to for an interview?
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Informed Consent Form
My name is Brittany Mitro and I am part of a team of people who are conducting research on the
use of Aquatabs® for water treatment in emergency settings.
We are reaching out to ask for your participation in this research. Our team is soliciting WASH
practitioners experienced in implementing chlorination programs in the humanitarian and
development sector to assist our research in the form of key informant interviews. Participation
in this interview is voluntary and refusal to participate will not result in any penalty or loss of
benefits. If there are any questions that you do not wish to answer or that make you
uncomfortable, they will be skipped. If you would like to participate, I will ask you questions
about your experiences with the use of Aquatabs® for emergency water treatment.
We do not expect that your participation will put you at any risk nor provide any direct benefit. If
you choose to participate, the interview will take place over the phone and take approximately
one hour to complete. All identifiable information will be removed from the data, only your
responses will be retained. If, at any time, you do not wish to continue your participation, you
may withdraw your consent and doing so will not result in any penalty or loss of benefits.
If you have any questions about this research the use of Aquatabs® for water treatment in
emergency settings, you may contact:
Daniele Lantagne, Principal Investigator, at: 00 1 617 549 1586, or
Brittany Mitro, Study Coordinator, at Brittany.Mitro@tufts.edu.
If you have any questions regarding your rights as participants in this study you may contact:
Lara Sloboda, Operations Manager, Tufts University Institutional Review Board at: sber@tufts.edu

Would you like to participate? If so, I will sign on your behalf to indicate your consent.

Signature of Person Obtaining Consent

Date

We would also like permission to audio record the interview to be later transcribed. The audio
recording file will be deleted after the transcript is completed. If you agree that we may audio
record the interview, I will sign on your behalf to indicate your consent.

Signature of Person Obtaining Consent

Date

