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BACKGROUND: Centralized chlorination of urban piped water supplies has historically contributed to major reductions in waterborne illness. In loca-
tions without effective centralized water treatment, point-of-use (POU) chlorination for households is widely promoted to improve drinking water
quality and health. Realizing these health benefits requires correct, consistent, and sustained product use, but real-world evaluations have often
observed low levels of use. To our knowledge, no prior reviews exist on adoption of chlorine POU products.
OBJECTIVES: Our objectives were to identify which indicators of adoption are most often used in chlorine POU studies, summarize levels of adoption
observed, understand how adoption changes over time, and determine how adoption is affected by frequency of contact between participants and
study staff.
METHODS: We conducted a systematic review of household POU chlorination interventions or programs from 1990 through 2021 that reported a
quantitative measure of adoption, were conducted in low- and middle-income countries, included data collection at households, and reported the inter-
vention start date.

RESULTS:We identified 36 studies of household drinking water chlorination products that met prespecified eligibility criteria and extracted data from
46 chlorine intervention groups with a variety of chlorine POU products and locations. There was no consensus definition of adoption of household
water treatment; the most common indicator was the proportion of household stored water samples with free chlorine residual >0:1 or 0:2 mg=L.
Among studies that reported either free or total chlorine–confirmed adoption of chlorine POU products, use was highly variable (across all chlorine inter-
vention groups at the last time point measured in each study; range: 1.5%–100%; sample size-weighted median= 47%; unweighted median= 58%). The
median follow-up duration among intervention groups was 3 months. On average, adoption declined over time and was positively associated with fre-
quency of contact between respondents and study staff.

DISCUSSION: Although prior research has shown that POU chlorine products improve health when correctly and consistently used, a reliance on indi-
vidual adoption for effective treatment is unlikely to lead to the widespread public health benefits historically associated with pressurized, centralized
treatment of piped water supplies. https://doi.org/10.1289/EHP10839

Introduction
Chlorination of urban piped water supplies contributed to sub-
stantial declines in waterborne disease in major cities in the early
1900s.1 Today the addition of chlorine-based disinfectants is a
standard step in effective municipal water treatment processes.2
For the >2 billion people globally lacking access to safe and
effectively treated water,3 point-of-use (POU) chlorination at the
household level has been promoted as an alternative and interim
strategy to realize the benefits of safe water in the absence of
large-scale infrastructure.4 However, there has been debate about
whether evidence supports widespread investment in household
water treatment,4–6 and recent randomized controlled trials that
included chlorine POU products found little to no impact on child
health outcomes that have previously been linked to safe water
consumption.7–9

A key difference between the systems that have historically
delivered enormous public health benefits and household-level
chlorination strategies is that the latter relies on individuals to
implement treatment. Modeling studies have concluded that
high levels of correct, consistent, and sustained use of house-
hold water treatment products are required to realize the health
benefits of such treatment,10,11 and meta-analyses have con-
firmed that greater health benefits are associated with higher
levels of adoption.12,13 Thus, an important question is whether
these POU products can achieve high levels of correct and con-
sistent use: what is often referred to as adherence to treatment
or product adoption.

Substantial research efforts have been made to identify ways
to increase adoption.14 Adoption of POU treatment is not uni-
formly reported in the literature, despite being a critical determi-
nant of the benefits for water quality or health.10,11 It is difficult
to measure and lacks a standard definition.15–17 Use is commonly
based on self-report or on an indirect measure, such as observed
product presence in the home.16 Chlorine POU products offer a
meaningful advantage for measuring use as compared with non-
chlorine POU products: the ability to measure chlorine in stored
drinking water as an objective measure of current product use. In
a recent large trial where adoption was measured through both
self-report and residual chlorine measurement, self-reported use
was higher than objectively measured use.18 A second compo-
nent of adoption is exclusive consumption of treated water.
However, because this is less reported in the literature, and much
harder to objectively verify, we decided to focus here on product
use (a lower bar).

In this systematic review, we aimed to summarize the evi-
dence on adoption of chlorine POU products and factors associ-
ated with high levels of adoption. Our objectives were to a)
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identify which indicators have been used to assess adoption in
chlorine POU studies, b) describe the levels of adoption and bar-
riers to use observed across studies, c) determine trends in adop-
tion over time, and d) assess the relationship between adoption
and frequency of contact between study staff and participants.

Methods
We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines19 to develop
a review protocol prior to beginning our search. The full protocol
is available at https://osf.io/ptc3m/. Our search strategy was
developed to first identify studies that included a chlorine POU
product as a component of an intervention or program, recogniz-
ing that adoption is typically not considered a main outcome in
household water treatment studies and therefore unlikely to be
included in keywords, titles, or abstracts. The search terms for
previous systematic reviews of household water treatment stud-
ies, which summarized evidence on health or water quality
impacts, were used as a starting point and further refined for our
purposes.12,20

We searched for “drinking water,” “potable water,” “tap
water,” “household water,” or “domestic water” in combination
with terms and brands associated with chlorine POU products:
“chemical disinfectant,” chlorin*, chlorate, chlorite, disinfec*,
hypochlorite, “sodium hypochlorite,” “calcium hypochlorite,”
“sodium dichloroisocyanurate,” NaDCC, trichlor, Aquatab,
Waterguard or WaterGuard, Klorin, Pur, “water quality,” “free
residual chlorine,” or “free chlorine.” We additionally included
the names of all countries included in the World Bank 2019
low- and lower-middle income country categories21 and limited
our search to articles published after 1 January 1990. We con-
ducted database searches in PubMed/MEDLINE, Web of Science,
Global Health [CAB Abstracts and Global Health (CABI)], and
Embase. The exact search term sets are included in the Supplemental
Material in the section “Full Search Terms.” We also hand
searched the reference sections of four prior systematic reviews
of household safe water interventions to ensure all relevant
studies were included.12,13,20,22 While screening full texts, we
identified additional references that we screened for inclusion.

We downloaded search results from each database search and
screened titles and available abstracts in Covidence systematic
review software (Veritas Health Innovation). Two authors inde-
pendently reviewed each title/abstract. Inter-reviewer agreement at
this stage was >96%. Subsequently, full texts of articles were col-
lected in a Google drive folder and assessed using full eligibility
criteria. Y.S.C. screened all full texts for inclusion, and ∼ 60%
were screened by authors M.T. or M.M. Y.S.C. did data extraction
for all included full texts. Other authors partially replicated data
extraction for ∼ 70% of texts, and A.J.P. fully replicated this step
for ∼ 10% of texts.

Selection Criteria and Data Extraction
Eligible studies included a) a clearly described drinking water
intervention or program with a chlorine POU product, including
combined flocculant–disinfectants; b) studies conducted in coun-
tries in World Bank low- and middle-income country categories
(2019 data)21; c) studies in which data were collected at house-
holds (e.g., not solely in health facilities or schools); d) studies
including a quantitative measure of adoption; and e) an interven-
tion or program start date. Titles and abstracts were screened for
criteria 1–3; criteria 4–5 were confirmed during full text review.
Cross-sectional studies were eligible if the start date of the chlori-
nation intervention could be approximated. Because 1990 has
been used as a baseline for measuring progress in global safe

water access,23 we included all English language studies pub-
lished from 1 January 1990 through 31 December 2021; we con-
ducted our final search of this date range on 13 April 2022. Any
non-English language studies identified during the hand search of
prior systematic reviews were also eligible for title and abstract
screening.

We extracted data related to the intervention or program
design and measures of adoption. Where both self-reported and
presence of chlorine were reported, we used the latter as the more
objective measure. We categorized adoption as increasing if there
was a ≥10 percentage point increase between the first and last
measure of adoption, decreasing if there was a ≥10 percentage
point decrease, and sustained if the change was <10 percentage
points. We determined 10 percentage points to be a reasonable
and meaningful threshold to capture changes in adoption; previ-
ous work has modeled that a decline from 100% to 90% use neg-
ates nearly all health benefits of household water treatment.10 To
visually illustrate these trends in plotted data, we fit a linear trend
line fit to all adoption data points weighted by intervention group
enrolled sample size. Given the expected heterogeneity in adop-
tion measurement and reporting, we did not plan to report a
pooled summary statistic. However, we chose to make two depar-
tures from our protocol after reviewing the available data and
determining that additional analyses were possible. First, because
we found comparable measures of adoption across studies, we
calculated median values for adoption measures that used free or
total chlorine. We calculated weighted medians by multiplying
the number of observations of each group’s reported adoption by
its enrolled sample size prior to calculation. Second, we addition-
ally extracted data about which individuals, if specified, were
specifically targeted for product usage instruction and were the
primary implementer of the intervention at the household level.
Our goal was to systematically extract data identifying upon
whom the nonmonetary costs of household water treatment fall.
Global water access data have established that women and girls
are primarily responsible for water fetching,3 but less research
has explicitly discussed the highly gendered household allocation
of water treatment responsibilities.24,25

Our objective was to evaluate the adoption of chlorine POU
products when provided directly to households. To separate
household product use from less-than-perfect implementation fi-
delity, which may mean products do not reach households, we
excluded program evaluations that included data from households
that had not received chlorine POU products. These included, for
example, large-scale programs that bundled chlorine POU pro-
motion and distribution with antenatal care26–28 and humanitarian
relief efforts that distributed chlorine POU products in the after-
math of disasters that damaged water infrastructure.29–31 We
excluded studies of manual chlorine products that were installed
outside of the household, that may have been associated with dif-
ferent barriers to and drivers of adoption (e.g., limited by avail-
ability at specific sources only, usage motivated by public peer
pressure). Finally, although we did not prespecify a method of
study quality assessment, we considered objective measurements
of chlorine [i.e., free chlorine residual (FCR)] as higher quality
data compared with self-reports. Adoption is not a primary out-
come for any of the studies included in this review and only chlo-
rine product arms (groups with different interventions within the
same study) of trials are included; thus, many of the commonly
used quality assessment criteria therefore do not apply (e.g., justi-
fied sample size, clearly defined outcome). Therefore, we did not
exclude any studies owing to potential biases, which we acknowl-
edge may be present. For example, response bias is a known issue
with self-reported outcomes for which a respondent feels pressure
to respond in a more socially acceptable32 or courteous way.
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These biases may be mitigated with objective outcomes, such as
FCR measurements. An additional bias, unmitigated by objective
outcomes, is the Hawthorne effect, which could result in overesti-
mates of adoption because of respondents changing their behav-
ior in reaction to being observed.33,34 Ultimately, we excluded
one eligible study because data were reported in an unusable
format.

To report adoption measures for crossover trials, we used the
method as described by Albert et al.35 and pooled all households
over the duration they experienced each product. For example,
for Geremew et al.,36 we combined results from Group 1 cross-
over period 1 with Group 2 crossover period 2 to calculate adop-
tion of a single product for all households over the duration of
one crossover period. Depending on the order that households
were assigned products, they may have experienced another chlo-
rine product just prior. Where studies had multiple arms assigned
the same chlorine POU product, Table 1 adoption calculations
reflect pooled data across those arms. When possible, we used
the number of units (e.g., households, children) measured at each
time point so that each arm is appropriately weighted even if
there was differential attrition between arms. Luby et al.37 was a
follow-up study to Chiller et al.,38 and we included the follow-up
study’s adoption as the last measured adoption in the sample. Our
search identified a 6- to 12-month follow-up study39 to George
et al.40 However, because it is unclear whether households had
continued access to Aquatabs, which were provided for free in
the original trial, we used only adoption data from the original
trial.

Results
Our search identified 8,617 unique results. After reviewing all avail-
able titles and abstracts, we obtained 127 full-text articles to assess
using full eligibility criteria. This step yielded 36 eligible texts,
including 28 cluster or individually randomized controlled trials, 1
cross-sectional study, 2 program evaluations, 4 nonrandomized tri-
als, and 1 trial in which method of intervention assignment was
unspecified (Figure S1). Four studies had a crossover design, and
studies were conducted in 16 countries (Table 1). Nine studies had
multiple intervention arms or were crossover trials with different
chlorine POU products35,36,41–45 or were conducted in more than
one country.46,47 We categorized each product- or site-specific
group within each study as a separate intervention group, and the
results of each unique intervention group are separately listed
(Table 1).We pooled data into a single intervention group if a single
study had multiple arms that used the same chlorine product in the
same setting but had different additional components (e.g., in com-
bination with a safe storage container, handwashing stations, or
latrines).7,8,43–45,48

Studies were conducted in rural (n=20), urban (n=7), and
peri-urban (n=4) settings in addition to three studies in multiple
settings, one in an internally displaced persons (IDP) camp, and
one with an unspecified setting description. The enrolled sample
size (of chlorine POU intervention groups) ranged from 15
households49 to 2,737 households.8 Nearly all provided the POU
products for free for the duration of the study. The most common
chlorine POU products were WaterGuard (liquid sodium hypo-
chlorite by Population Services International), PuR (flocculant–
disinfectant with calcium hypochlorite by Procter & Gamble),
and Aquatabs [sodium dichloroisocyanurate (NaDCC) tablets by
Medentech].

Defining and Measuring Adoption
A variety of metrics were used to assess product adoption, and
various terms were used to describe adoption, including uptake,

use/usage, adherence, and compliance. Here, we chose the terms
adoption and use, rather than adherence or compliance, so as not
to suggest a failure of the end user but rather of the product or its
implementation. The most common reported indicator of adop-
tion was the proportion of households with stored drinking water
having a FCR greater than or equal to a specified threshold, typi-
cally 0:1 or 0:2 mg=L, but as high as 0:5 mg=L. The choice of
threshold can significantly change conclusions about adoption.
Using a threshold of 0:5 mg=L, Altmann et al. reported that 51%
of households adhered to chlorine POU treatment, compared with
98% when using a threshold of 0:1 mg=L (their instrument limit
of detection).56 Six studies defined adoption as the presence of
“detectable” free or total chlorine without specifying a detection
limit,8,36,42,43,47,50,51 and one study used the smell of chlorine in
stored water because no test instruments were available.52 Two
studies measured only self-reported adoption, which was defined
as use “during the previous two weeks”48 or undefined.35 All
others measured free or total chlorine as either a primary or sec-
ondary measure of adoption. Self-reported adoption was higher
than FCR-confirmed adoption in studies that reported both.9,42

Quick et al. defined adoption as “any detectable total chlorine re-
sidual,” but they also measured and reported FCR.50 Over four
time points, the percentage of households with detectable total
chlorine ranged from 72% to 95%, in contrast to 55% to 81% with
FCR >0:2 mg=L. Eleven studies reported a single pooled measure
of adoption across their entire study duration; studies that reported
time point-specific measures included between 1 and 24 adoption
measurements (across all intervention groups, median= 3). Of the
adoption results reported in Table 1, 18 were measured at unan-
nounced visits, 2 at announced visits, 24 were not specified as ei-
ther, and 2 were from studies that had both announced and
unannounced visits. Measures of variance, such as standard devia-
tion or range, were typically not reported with adoption results.

Observed Levels of Adoption Across Studies
Final measured adoption was highly variable and was not associ-
ated with study length (Figure 1). Across all intervention groups,
there were 18,480 observations (each study-level final adoption
data point times the enrolled group sample size). The studies
reporting FCR-confirmed (≥0:1 or ≥0:2 mg=L) adoption at any
time point ranged from 1.5%37 to 100%.49,53,54 Of the studies that
confirmed adoption with either free or total chlorine, eight groups
had >90% adoption40,43,49,51,52,54–56 and two groups had <10%
adoption at the final time point measured.37,42 Sugar et al. also
reported >90% with adoption defined as having the smell of
chlorine in stored water.52 The rest reported adoption ranging
from 10% to 90% at the final time point measured. With the
exception of Luby et al.7 and Null et al.,8 which included 2 y of
follow-up, study durations were ≤13 months (Figure 1).

Changing Adoption Over Time
On average across all intervention groups, adoption declined
slightly over time (Figure 2), although some groups had increas-
ing or sustained adoption. When restricting to studies <13
months in duration, adoption remained stable on average. Among
23 groups that reported multiple time point-specific measures,
adoption increased in 4 chlorine intervention groups, decreased
in 9 groups, and was sustained in 10 groups. The total pooled
sample size was similar for studies with increasing and sustained
adoption, but there were approximately one-third as many obser-
vations across all studies with decreasing adoption. There were
52,349 observations (group average multiplied by enrolled sam-
ple size) from studies that reported one or more single time point
adoption measurements and provided products entirely for free
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(Figure 2), which included one study with self-reported adop-
tion.48 However, we note that data from >13 months after inter-
vention delivery were from only two related studies (i.e., WASH
Benefits Bangladesh7 and WASH Benefits Kenya8), and when
these studies were excluded, the remaining data (total n=42,703)
showed no change in adoption over time.

Contact Frequency between Participants and Study Staff
Adoption was positively associated with contact frequency
between study participants and study staff across studies (Figure
3, Figure S3) and within studies as well. Restricting to studies
that used free or total chlorine–confirmed use, adoption ranged
from a sample-size-weighted median of 84%, when households
were visited one or more times per week by study staff (20
groups, total n=5,560), to 47%, when visits were once or more
per month (14 groups, total n=7,810), to 11% with less frequent
visits (8 groups, total n=3,311) (Figure 3). In a cluster random-
ized controlled trial in urban Dhaka,59 the intervention included
promotional visits every 2 wk for the first half of the 10-month
study, and adoption was >90% when promotions were ongoing.
After these visits concluded, free delivery of Aquatabs and water
quality testing continued, but adoption quickly dropped by
∼ 50% and remained relatively stable (42%–56% from months
5–10). In a 2-y cluster randomized controlled trial in rural Kenya,
Null et al.8 observed adoption decline by ∼ 50% between year 1,
during which households received monthly promotional visits,
and year 2, when households were visited approximately every
other month.

Type of Chlorine Product and Adoption
Across all 46 intervention groups, 23 received liquid chlorine
products, including branded products, such as WaterGuard and
Clorin/Klorin, and generic sodium hypochlorite. One group
received a locally mixed calcium hypochlorite solution.49

Twelve groups received flocculant–disinfectant products, most
commonly PuR brand, but one study in Ethiopia used a local
product called Bishan Gari.36 Nine groups received tablets, all
Aquatabs brand. Among groups that used FCR or total chlorine
to measure adoption, tablet chlorine product interventions had
the highest adoption (9 groups; total n=5,560; weighted
median= 84%), followed by liquid products (20 groups, total
n=7,418; weighted median= 41%), then flocculant–disinfectants
(11 groups, total n=2,594; weighted median= 25%) (Figures
S2 and S4).

Barriers to Use
Reasons for nonuse of products, reported by respondents, were
provided for only 23 of the 46 intervention groups. This suggests
that, much of the time, the reasons for low adoption are poorly
understood simply because the relevant data are not systemati-
cally collected. Bad taste, smell, or appearance of treated water
was identified by one or more households in 17/23 intervention
groups (74%), and lack of time was identified in 10/23 groups
(43%). Although most of the studies provided products for free,
4/23 groups (17%) identified price or availability as a barrier to
repurchase and continued use. Often, however, each of these rea-
sons was reported by a small proportion of households. Several
studies emphasized reasons for use rather than nonuse, reporting
instead that households preferred treated water41,55,59–61 or
that households felt the time required to treat the water was
worth it.45T
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Taste and Smell Concerns
The included studies suggest that taste and smell concerns can be
a reason for nonuse, but they are not universal barriers. In
Ethiopia, the majority (66% of n=377) of households said they
disliked the chlorine taste.36 In rural South Africa, use of 3.5%
sodium hypochlorite was slightly higher than use of a 1% solu-
tion, although households in the former group did mention dislik-
ing the taste of water and the sample size was small.43 However,
in both studies that evaluated chlorine POU products in humani-
tarian crisis settings, respondents reported that they preferred the
taste of the chlorinated water over the untreated water,55,61 as did
respondents in some households in nonemergency situations.60 In

urban Bangladesh, where FCR-confirmed use of Aquatabs,
WaterGuard, and PuR was 10%, 11%, and 3%, respectively, only
around half of respondents (across 1,737 household visits) said,
unprompted, that taste and smell were obstacles to use.42

The success that blinded studies have had in blinding partici-
pants to treatment assignment also suggests that taste and smell
are not the overwhelming problems sometimes ascribed to chlori-
nation. Two blinded, placebo-controlled trials with Aquatabs60,62

found no difference between placebo and chlorine arm respond-
ents in their beliefs about their group assignment. Jain et al.60

found that 16% of respondents (n=238, reporting both placebo
and chlorine arms together), said the tablets made their water

Figure 1.Measured product adoption at the last follow-up. The point sizes are scaled to indicate relative sample size [of the group(s) receiving chlorine only].
Open circles indicate that the data point is reported as multiple adoption measures pooled over the months of follow-up up until the time point shown. Closed
circles are a single time point result. Letters in parentheses indicate different intervention groups within a single study. Opryszko et al.48 and Albert et al.35
used self-reported adoption; Sugar et al.52 used the smell of chlorine in stored water as adoption; the rest used either free or total chlorine to measure adoption.
The dashed line shows a linear trend line using adoption measures at last follow-up weighted by sample size. Data are from Table 1, columns “Time point at
measurement” and “Last measured adoption.” Note that papers are indicated by first author only.
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taste better, compared with 2% and 1% reporting bad smell and
taste, respectively. However, Boisson et al.62 found higher dissat-
isfaction with taste and smell among the intervention group com-
pared with the placebo group.

Price of Chlorine POU Products
All but three studies provided the chlorine POU products free to
respondents for the study duration, and one study37 reported data
from households 6 months following the conclusion of the origi-
nal study,38 after which households could continue to purchase
the product on their own. Blanton et al.58 provided rural Kenyan
schoolchildren with free samples of PuR to take home to parents,
after which they could repurchase the widely available products
in the markets. In rural Haiti, Tsai et al.63 provided half of
respondents with a free trial of Klorfasil, a granular chlorine
POU product, followed by the opportunity to purchase at a subsi-
dized price. The other half received no free trial. Although over
half of total respondents repurchased the product, <30% of 236
respondents at the final follow-up had FCR in stored water. In
Mexico, Mellor et al.53 provided 34 households with a free bottle

of sodium hypochlorite, with the option to later purchase a
6-month supply for USD $3.14 from a local distributor; half a
year later, 65% of 20 available households had FCR >0:2 mg=L
in stored water. In rural Guatemala, 93% (430/462) of house-
holds reported that they would be willing to pay half the market
price for PuR (USD $0.14 to treat 10 L of water), but only 1.5%
(7/462) had FCR in stored water.37

Gender and the Time Cost of Chlorine POU Interventions
The time required to treat the water was the second-most reported
reason for nonuse by respondents, and this time burden was usu-
ally placed on women. Women were the primary respondents in
36/46 groups (78%), targeted for inclusion as either the primary
caretaker of children <5 years of age or the individual in charge of
household water management. In one study in rural Afghanistan,
intervention messaging was targeted to female caretakers, but
nearly half of households allowed only males to participate as
respondents.48 In the remaining studies, the gender of respondents
was not addressed. In Guatemala, Luby et al. observed very low
(1.5% of stored water with FCR 8.5 months after the start of

Figure 2. Reported product adoption over time after the start of intervention. The line width is scaled to indicate relative sample size [of the group(s) receiving
chlorine only]. Letters in parentheses indicate different intervention groups within a single study. The studies in the graph are restricted to studies reporting one
or more single time point measures of adoption and provided chlorine products entirely for free for the study duration. The latter restriction excludes Tsai et
al.,63 Blanton et al.,58 Mellor et al.,53 and Luby et al.37 (which provided the final time point follow-up to Chiller et al.38). Among the studies included here,
only Opryszko et al.48 had self-reported adoption. The dashed line shows a linear trend line using all adoption measures weighted by sample size. Data are
available in Excel Tables S1 and S2. Note that papers are indicated by first author only.
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intervention) sustained use of PuR for drinking water treatment,
and respondents reported lack of time as one reason for nonuse.37

The authors observed: “Female heads of household already spent
substantial time collecting water and on other innumerable house-
hold tasks required for family survival in a low-income setting.
Using the flocculant–disinfectant required extra steps for water
treatment and extra time spent washing the filter cloths.”37

Three studies provided instructions that included time esti-
mates for treatment steps, with ∼ 2 h per week of active time
spent stirring and filtering required for median reported product
use.44,55,64 This doubles when including wait time required for dis-
infectant contact. Norton et al.64 provided step-by-step instructions
for treatment with flocculant–disinfectant, which included a 5-min
stirring step, a 5-min settling step, then filtering through a cloth
before letting the filtered water sit for 20 min for disinfectant con-
tact time. Respondents, all women, used a median of 11 (range: 0–
48) flocculant–disinfectant sachets per week. Assuming 10 min of
active time required, from stirring to filtering, that comes to 110
(range: 0–480) min per week spent actively treating water.
Including the 20-min wait time, that increases to 330 (range: 0–
1,440) min weekly spent treating and waiting for water before safe
use. Rangel et al.44 reported three 30-s stirring and 5-min waiting
periods before filtering through a cloth: ∼ 17min of active time
required. Ninety-four percent (94/100) of respondents were female
and the reported median daily household drinking water consump-
tion was 7 L. Assuming once daily treatment, with each sachet
treating 10 L, that comes to 119 min of active time allocated to

water treatment per week. Other estimates of daily household
water volumes used were much higher. Altmann et al. estimated
that families would need to purify 40 L of water per day, and the
intervention provided sufficient tablets for 3 months of daily treat-
ment of this volume.56 Doocy and Burnham55 estimated 40 min as
the total time required to treat water with PuR, including the stir-
ring, filtering, and waiting steps, although this was not reported as
too time consuming by participants in an IDP camp.

Institutional Intervention Settings
Although most studies were in households, a handful of interven-
tions introduced in non-household settings achieved high adop-
tion (Figure S5). Three chlorine POU interventions delivered at
health facilities in combination with treatment for cholera,40

severe acute malnutrition,56 and pediatric HIV care52 resulted in
adoption ranging from 94% to 99% observed at household
follow-up visits. George et al.40 did a randomized controlled trial
to evaluate a hospital-based intervention that included Aquatabs
to reduce the spread of cholera from patients to household mem-
bers in urban Bangladesh. The intervention included a week of
households visits (94% adoption; 308/327 household visits), and
data from 6- to 12-months later suggest that the intervention may
have increased use of household water treatment overall, even if
not specifically of chlorine products. Sugar et al.52 evaluated a
program that distributed water storage containers, hypochlorite
solution for drinking water treatment, soap, and insecticide-
treated bed nets in a program designed to reduce diarrhea and
malaria among children living with HIV in peri-urban Mombasa,
Kenya. Adoption at household follow-up visits, 97% (1,314/
1,350 visits) on average, was assessed by chlorine odor in stored
water. Altmann et al.56 did a cluster randomized controlled trial
to evaluate the benefits of a water, sanitation, and hygiene pack-
age added to clinic-based treatment of severe acute malnutrition
in Chad. The 2-month multicomponent intervention included two
home visits, and 98%–99% of households (1,373 observations
across visits) had FCR ≥0:1 mg=L at monthly visits.

One school-based program resulted in a moderate but sus-
tained increase in chlorine POU product use relative to baseline.
Blanton et al.58 evaluated a school-based program that delivered
drinking water and handwashing infrastructure in schools in rural
Kenya, PuR flocculant–disinfectant for drinking water treatment,
WaterGuard for handwashing water (which children sometimes
drank), and educational comic books and samples of PuR for
children to take home to their parents. Use of either WaterGuard
or PuR, as confirmed by FCR >0:1 mg=L, was 21% (134/644
households) at 4 months and 18% (96/536 households) at the
13-month follow-up. The program did not include regular
household visits or products beyond an initial sample of three
free sachets of PuR, but it was in a setting with mass media pro-
moting the products.

Humanitarian Intervention Settings
Two included studies reported high adoption in humanitarian set-
tings.55,61 Colindres et al.61 interviewed 100 households that had
received free PuR following a 2004 tropical storm in Haiti.
Marketing of PuR was through the radio, community demonstra-
tions, and word of mouth from community leaders and neighbors.
Although nearly all (97%) of the 100 respondents said that “PuR-
treated water appears, tastes, smells, and is healthier,” <25%
stated that they would be willing to pay the product’s market
price. Doocy and Burnham55 did a 12-wk trial of PuR with a
water storage container in an IDP camp in Liberia. Additional
free sachets were provided at weekly diarrhea monitoring visits;
households were additionally visited weekly for unscheduled

Figure 3.Weighted box plots showing the relationship between contact fre-
quency over the study and final measured adoption, restricted to only groups
that used free chlorine residual (FCR) or total chlorine to measure adoption.
This restriction excludes Opryszko et al.,48 Albert et al.,35 and Sugar et al.52
Dots show each group average. Groups were weighted by sample size and
25th, 50th, and 75th percentiles of the pooled data are displayed above as
the midline and box limits. The whiskers extend to data within 1.5 times the
interquartile range (IQR) above and below the 75th and 25th percentiles.
This figure includes studies that reported single time point and pooled adop-
tion measures. Summary data are presented in Table S1.
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water quality testing. Across all 1,551 weekly water testing visit
measures, 95% had FCR present, with the lowest adoption in the
first week (90%). FCR was ≥0:5 mg=L in 85% of visits. The
study additionally included focus group discussions with partici-
pants, who reported that they preferred the taste of the chlorinated
water over untreated water and that they noticed less diarrhea in
their households.

Discussion
In this systematic review, we found a wide range in adoption of
chlorine POU product use. On average, adoption declined over
time, but the relatively short follow-up in most of the included
studies limits our understanding of the long-term use of chlorine
POU products. Notably, our search strategy selected for closely
monitored trials vs. programs. The trials are more likely to have a
short duration and intensive promotion, given the resources
required for intervention studies. An important implication is that
the observed levels of use described here are overestimates of the
adoption likely to be observed long-term in programs that cannot
continue the contact frequency of high-intensity interventions.

There was no standard definition for adoption of chlorine POU
water treatment across the reviewed studies, but the proportion of
households with FCR above a threshold on unannounced visits
was the reported indicator most likely to capture both correct and
consistent use. Although authors did not always explain the choice
of FCR threshold that indicated adoption, 0:2 and 0:5 mg=L align
with widely used drinking water guidelines. World Health
Organization Guidelines for Drinking Water recommend that a
minimum 0:2 mg=L FCR (and maximum 5 mg=L) be present at
the point of delivery.65 The Sphere Handbook, used in humanitar-
ian response, also recommends FCR ≥0:2–0:5 mg=L at the point
of delivery for household water,66 although chlorine decay model-
ing suggests that 0:2 mg=L may not be sufficient in refugee camps
where high heat causes more rapid chlorine decay and water and
sanitation conditions are especially poor.67 Using these guidelines,
FCR as a metric of adoption may indicate that water is safely pro-
tected in typical settings, but FCR decays over time and thus under-
estimates usage. The observation by Quick et al.50 that adoption
measured by total chlorine was higher than that measured by free
chlorine suggests that, although not all households were dosing as
instructed, more households may have been consistently using chlo-
rine than would be suggested by FCR testing only.50 Therefore, com-
paredwith FCR, total chlorinemay be amore appropriate indicator of
use. Objectivemeasures such as FCR and total chlorine are preferable
to self-reported usage, which is subject to social desirability and cour-
tesy bias and varies widely in its definition across studies (e.g., used
“since yesterday”42 to “last two weeks”48). Given that correct and
consistent water treatment is required to realize health benefits,10,11

self-reported usage defined as, for example, “during the last two
weeks,”may be uninformative. Because of this nonstandardizedmea-
surement and reporting, claims of “high” adoption will provide little
information without clearly defining the indicators that are used. In
addition, when reporting product use, we assert that single time point
measurements are more informative than measures pooled over the
duration of a study because of the variability in adoption over time
and because pooled measures across time points do not allow adop-
tion to be linked to outcomesmeasured at single time points.

We found a positive association between contact frequency
and adoption, suggesting that weekly contact between households
and study staff is necessary to sustain high adoption. Studies that
contacted participants once per month had a sample-size-
weighted median adoption of <50%; adoption dropped off sub-
stantially to 11% among those studies with less frequent contact.
This finding makes sense in the context of health behavior change
theories.14 Each contact with study staff, for any reason, provides

households with a reminder or nudge to action,68 increasing the
likelihood of habit formation, and this has important implications
for health interventions. A recent article that reviewed POU safe
water interventions and health impacts found that interventions
with demonstrated reductions in diarrheal illness had higher fre-
quency of contact between participants and study staff at levels
often considered infeasible at large scales.69 Efforts to replicate
and scale household water treatment interventions that have been
successful in trials must consider whether they have the field staff
resources required to achieve weekly contact with participants;
otherwise, our findings suggest that very low adoption levels
should be expected.

We also noted higher adoption for tablet products, compared
with liquid or flocculant–disinfectant products. Tablets have
greater ease of use and convenience compared with liquid prod-
ucts,70 which may require measuring out the correct dose and
require more product for dosing use because they are typically
diluted to around 1%. Flocculant–disinfectants, because they
require separate mixing and filtering steps, also require more
effort for use than tablets. In settings where high contact fre-
quency is possible, or in humanitarian, emergency, or outbreak
situations, where we found that adoption was typically higher,
these results suggest that tablet products may be more effective in
achieving high levels of use, compared with liquid or flocculant–
disinfectant products.

The evidence to date suggests it is unrealistic to rely solely on
household-level treatment to realize the benefits of safe water at
the necessary scales. The historical public health benefits of cen-
trally treated piped water1 are often cited as evidence of the im-
portance of safe water interventions. However, in this utility
model, in which water is effectively treated at a centralized facil-
ity and then distributed through pressurized pipe networks to in-
home taps, the responsibilities for correct, consistent, and sus-
tained use are not on individuals in households. The in-effect
100% adoption provided by effective centralized systems contrasts
starkly with the adoption observed in real-world evaluations of
household water treatment products. At the same time, the infra-
structure limitations that first motivated household water treatment
approaches are changing. Since 2000, more than 1 billion people
have gained access to piped water,3 and passive, in-line chlorina-
tion technologies are one example of safe water solutions that are
increasingly compatible with this piped infrastructure. In urban
Bangladesh, where researchers have generally observed low
adoption to chlorine POU product use,42,71 a decentralized, pas-
sive, system-level chlorination technology had high acceptability
and reduced child diarrhea by nearly 25%.72 This approach is
closer to the centralized utility model in that the burden of treat-
ment is not on individuals.

There is some demand for chlorine POU products, however,
and it would be a mistake to dismiss the results of household
water treatment trials as evidence that household water treatment
should never be implemented. Chlorine POU provision at health
facilities and in an IDP camp achieved ≥94% adoption, suggest-
ing that settings in which health risks are front-of-mind may mo-
tivate increased use of chlorine POU products.40,52,55,56 Even
with lower sustained adoption, chlorine POU may still be a
worthwhile investment in some settings. Ahuja et al. calculated
that a 20%–40% reduction in child diarrhea, on par with pooled
effect estimates across studies with <100% adoption,12 makes
chlorine POU a cost-effective health intervention. In urban
Bangladesh, around half of households continued to use freely
provided Aquatabs to treat their water for several months after
promotional visits ended although water quality testing contin-
ued.59 In Kenya, where mass media promotion of household
water treatment was ongoing and products were already widely
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available in markets, a school-based program to provide targeted
education and promotion through students resulted in a sustained,
although moderate, increase in use of chlorine POU products.58

Nearly all included studies provided chlorine entirely for free; of
the few that followed up with households after encouraging them
to purchase products, none found high sustained adoption. This
makes sense in the context of demand for similar essential health
products, for which demand drastically declines with increasing
price and payment does not increase use after purchase.73 In
some settings, the level of sustained demand is unclear because
households may not have long-term access to the products that
are so intensively promoted in shorter-term trials, although
there may be other sustained and beneficial changes to house-
hold safe water behaviors.39 Factors such as continued commu-
nitywide messaging and access to products may be key to
sustaining adoption, at least among households who do not
view cost as a barrier to use. In rural Haiti, >50% of partici-
pants in a long-running, nongovernmental organization-sup-
ported safe water enterprise could easily purchase low-cost
chlorine and had chlorine residual in stored water, compared
with 10% of nonparticipants.74 Although household water treat-
ment with chlorine products may not be a universal solution, it
can play an important supporting role in providing safe water in
settings where it is promoted and available.

One aspect that remains neglected in chlorine POU evalua-
tions is the gendered time and labor cost of household water treat-
ment. We found that the time required to treat the water was
identified as a barrier to water treatment by respondents, the ma-
jority of whom were women who were targeted because of their
roles as household water managers and primary caretakers of
young children. The nonmonetary costs, particularly on mothers,
of interventions designed to improve child well-being are often
unacknowledged and implicitly set to zero.75 Although the bur-
den of water fetching on women and girls is widely acknowl-
edged and even quantified in global statistics,3 the gendered work
of household water treatment receives little attention. In settings
with “innumerable household tasks required for family sur-
vival,”37 the nonmonetary costs of household water treatment
challenge the notion that chlorine POU treatment is simply the
cost of a bottle of diluted bleach. The household burdens placed
on women and girls in low-income settings are added to the
everyday stresses of poverty, described by Mullainathan and
Shafir as a “bandwidth tax”76 and further discussed in relation to
safe water by Ray and Smith.77 In other words, when daily sur-
vival is a struggle, even an extra 30 min a day to chlorinate and
wait for water can be burdensome. These are tasks that behavioral
economists have alluded to as small hassles, seemingly minor but
very real barriers in the everyday lives of the poor.78 These issues
are not unique to chlorine POU products—other POU options
such as boiling,79 solar disinfection,80 and filters81 all require
time and labor for use and maintenance.

There are some limitations to our review. First, our inclusion
criteria excluded some studies that are relevant for understanding
the use of chlorine POU products, including large-scale programs
bundled with antenatal care, disaster relief efforts, and social mar-
keting campaigns (see the “Methods” section). Second, we did not
address user preferences for chlorine POU when other POU
options are available, nor did we examine (relative) adoption of
other POUmethods. Burt et al. did not report adoption for individ-
ual chlorine products and was therefore excluded from our review,
but study respondents ranked and preferred both boiling and pot
filters over WaterGuard and PuR, although self-reported adoption
of all POU methods was high (average 85% and 91% across two
sites).24 Luoto et al. observed very low adoption (<30% self-
reported) across all POU products, but use was slightly higher for

siphon filters compared with Aquatabs, WaterGuard, and PuR.42

The results from these studies indicate that non-chlorine products
may be preferred over chlorine products, when available, but also
that if adoption of chlorine POU is very low, adoption of non-
chlorine POU is likely to be similar, and vice versa.

Our review has several strengths. First, we designed a broad
search strategy to capture the loosely defined construct of adop-
tion of household water treatment. Although high adoption is an
important determinant of health impact, it is not measured or
reported in any standardized way, in contrast to the increasingly
standardized primary health outcomes that are common across
these studies. Our approach allowed us to systematically identify
available adoption data in the literature. Second, in studies where
they were available, we extracted multiple adoption data points
and frequency of contact between participants and study staff.
This allowed us to observe changing product use over time within
studies and to link adoption with intensity of behavior promotion
and staff visits. Third, we extracted and emphasized the available
data on the gendered burden of POU adoption, showing that so-
called low-cost chlorination products are as low cost as they are
in part because no value is assigned to intra-household care work.

We were motivated to conduct this systematic review in part
because recent large-scale trials that included chlorine POU inter-
ventions had small or no effects on child health outcomes that
have been linked to safe water consumption. At the same time,
the historical public health benefit of chlorinating water supplies
is undisputed. A key difference between these two modes of
water access is the reliance on systems vs. households to imple-
ment the treatment, and although there is a nonzero sustained
demand for chlorine POU products, the evidence to date suggests
that this approach will not achieve the widespread public health
benefits of system-level safe water solutions. Where appropriate
infrastructure exists, the safe water community should enhance
efforts toward evaluating, implementing, and maintaining
system-level treatment options. The effectiveness of chlorination
for safe water depends as much on the mode of delivery as it
does on the disinfection efficacy of the chlorine itself.
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