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Abstract

One-fourth of the global population and 77 million Americans are supplied drinking water from contaminated, unsafe water supplies which
prompts need for a reliable and efficient method for household water testing. Water test strips fulfill the need for a consumer-friendly form
of water testing, though their reliability remains unestablished. In efforts to evaluate test strip reliability, the precision and accuracy of
commercially available test strips were assessed. The test strips appeared consistent for individuals, but large variability was observed
between users. Results also suggest that much of the variability between users relates to their differing perception of the color pads. The
test strips also revealed modest inaccuracies and generally had smaller dynamic ranges than the packaging would suggest. However, the
consistency observed for individual users suggests that the routine use of test strips for monitoring household drinking water supplies may
be sufficient for detecting significant changes in contamination levels.
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Introduction

In 2024, one in four individuals across the globe remain
without access to a safe water supply, and one in three individ-
uals remain without access to safe sanitation.'? This inequality
disproportionally affects impoverished urban neighborhoods and
low-income populations across the world. Contaminated drink-
ing water also remains to be a primary determinant in decreased
life expectancies within these regions.** One UNICEF study dis-
covered that waterborne illnesses are more than twice as likely
to kill children relative to conflict-related deaths in low-income
countries.” While this inequity is most pervasive in undeveloped
countries, the United States’ population also experiences adverse
health effects due to contaminated water supplies. To alleviate this
crisis, the United States’ Environmental Protection Agency (EPA)
first enacted the Safe Water Drinking Act in 1974 to help prevent
Americans from unsafe drinking water. Nearly fifty-years later,
there are still 77 million Americans who receive water from high-
ly contaminated systems that violate of the Safe Water Drinking
Act’s water requirements.*’

Acute or chronic exposure to contaminated drinking water can
lead to several adverse effects. Acute exposure to polluted drink-
ing water may cause metal poisoning, respiratory infection, and
gastrointestinal illness,**'*!" while chronic exposure to polluted
drinking water can be associated with cancers, neurological dis-
orders, reproductive issues like infertility and birth defects, and
fluorosis in bones and teeth.®!%13!4 The 2014 Water Crisis in Flint,
Michigan is one example of a government-regulated water sup-
ply that delivered households elevated concentrations of lead and
other hazardous metals. The error in water regulation caused over
half of the city’s households to report one or more family members
suffering from unprecedented mental and physical illnesses.'>'*!7
American Consumer Confidence Reports regarding drinking wa-
ter are at all-time lows in response to the frequent regulatory vi-
olations of drinking supplies that are causing or perceived to be
causing adverse health effects for consumers. The unfortunate re-
ality of gaps within governmental regulation of water leads many
Americans to perform at-home water testing to ensure their water

source is safe.'®!?

The current methods available for at-home drinking water
testing include shipping water samples to specialized laboratories,
liquid at-home test kits, and at-home test strips. Of these testing
approaches, the most reliable option for a high-quality analysis of
contaminants is to use laboratory testing.”**' The disadvantages
of this method are that it is costly and incurs a slow turnaround
time relative to the alternative testing options. A water supply’s
concentration of metals and other contaminants can change daily
as seen in Flint, Michigan, which demands a quicker method that
permits more frequent water testing. Liquid at-home test kits pro-
vide consumers with nearly immediate results while also deliver-
ing a high-quality analysis of household water supplies. However,
the liquid test kits are more complicated and may cause novice
consumers to struggle to perform and accurately interpret results.
Additionally, liquid test-kits remain costly and have limited shelf
lives."”® At-home multi-test test strips are inexpensive and easy to
read, which gives consumers access to an approach that can be
conveniently and frequently used.?? Test strips may be ideal for
consumers between its cost-effectiveness and speed of use, as long
as the quality of results are sufficiently useful. Previous studies de-
termined that consumers report low levels of confidence regarding
the reliability their water testing strips provide.'®? This study’s in-
tent is to evaluate the reliability of at-home multi-test test strips by
evaluating the accuracy and precision of five commercially avail-
able water multi-test test strips.

Experimental Methods

Materials and Data Normalization.

16-in-one multi-test test strips were purchased from Varify
(A), Bestprod (B), Pamasana (C), INW Direct (D), and Tespert
(E). In an effort to evaluate the behavior of the test strips generally
rather than each test individually and because each parameter may
have very different ranges and even non-linear scales it became
essential that the results be normalized. To this end, each result (ei-
ther a concentration or pH) was converted to the color pad number
the value represents on the color charts provided by the manufac-



turer. Normalizing the data to integer Pad Numbers provided two
significant benefits — all parameter results would be on a similar
scale to allow for general comparisons and standard deviations
would be of a useful scale where anything less than +/- 0.5 would
suggest the ability to distinguish between adjacent concentration
levels, particularly between safe and unsafe level thresholds.

Application of Test Strips.

A lab experiment was conducted in an introductory chemistry
course to evaluate whether test strip instructions are sufficient for
consumers to generate consistent results. 80 novice students were
asked to determine the concentrations of a prepared standard solu-
tion first by following the manufacturer’s instructions and then a
second time following more detailed instructions developed by our
research assistants. The primary difference between the two was
that the expanded instructions directed students to take a photo of
their test strip immediately after testing to alleviate the concern of
assigning all of the results before colors began to change or fade.
Students did not receive any additional guidance from lab instruc-
tors beyond the written instructions included below.

The standard evaluation solution contained 200ppm Ca,
50ppm Zn, 1ppm Fe, and 1ppm Cu in deionized water and students
used test kit A.

The manufacturer’s instructions consisted of three steps:

1. Dip test strip into water for 2 seconds and remove.

2. Gently shake off any excess water from the test strip.

3. Compare test pads to the color chart immediately (discard
strip after 60 seconds).

The research assistants’ expanded instructions were as fol-
lows:

1. Obtain a water sample with a depth greater than the length
of the strip, have your camera app opened on the phone,
have a paper towel prepared, and try to be near a source
of natural light. Have the chart ready to use.

2. Completely Dip the strip into the water sample with twee-
zers held on the head of the strip for 2 seconds and then
remove the strip from the sample (avoid touching any of
the pads with exposed hands).

3. Remove excess water from the strip by tapping its side
against the towel, before laying it down on a flat surface
(do not lay the strip on the towel).

4. Immediately after dipping, take a photo of the strip in nat-
ural light to compare to the color chart.

5. Compare the photo of the strip to the color chart.

Differences between test 1 (manufacturer’s instructions) and test
2 (expanded instructions) results were analyzed via comparison of
means and standard deviations.

Survey.

A color identification survey was completed by the same 80
novice students to simulate the consumer experience of matching
the colors on a test strip to the colors on the color chart of commer-
cial bottle. The survey contained a color identification question for
each of the 16 parameters. Each question included a picture of the
color chart and a picture of one of the color pads taken from the
chart, and students were asked to match the color to the chart (Fig-
ure 1). The survey’s results were evaluated by comparing means
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and standard deviations.

Test Strip Accuracy.

The accuracy of five commercially available multi-test test
trips was evaluated for pH, copper, iron, and lead. For pH analysis,
standard pH buffers (pH 4.0 and 10.0) (Fisher Scientific) were used
to calibrate a digital pH probe (Pasco Scientific) and the test solu-
tion was observed to have a pH of 7.1. For metal analysis, a set of
calibration standards were prepared from purchased standard stock
solutions (Fisher Scientific) with the following concentrations:
copper (0.3125ppm, 0.625ppm, 1.25ppm, Sppm, and 10ppm), lead
(1ppb, 20ppb, 100ppb, 200ppb, 1000ppb) and iron (0.3125ppm,
0.625ppm, 1.25ppm, Sppm, and 10ppm). The concentrations of
the standards were designed to cover the range values on the color
charts provided by the manufacturers. The concentration of each
metal standard was validated by an iCE3000 atomic absorption
spectrometer (Thermo Fisher Scientific).

Results and Discussion

Application of Test Strips.

80 novice students tested a common water sample with multi-
test test strips once using the brief manufacturer’s instructions and
once using expanded instructions. Means and standard deviations
were calculated to evaluate interpersonal precision of the test strips
and any potential effect of the quality of the instructions.

As seen in Figure 2, the standard deviations showed small
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Figure 1. A sample survey question is shown.
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Figure 2. Mean of outcomes from Test 1 (black) using bottle instructions and Test
2 (white) using expanded set of instructions of novice users conducting test strip
analysis. Plus and minus one standard deviation for each data set is represented
by error bars.



Journal of Undergraduate Chemistry Research, 2024, 23 (4), 56

improvements for 11 of the 16 metrics when using expanded in-
structions (test 2) instead of the commercial bottle’s instructions
(test 1). A paired t-test comparing each metric’s standard devia-
tions from test 1 and test 2 indicated that there is a statistically
significant difference in the standard deviations between test 1 and
test 2 (p-value < 0.05) despite their not being a significant differ-
ence in mean outcomes (p-value > 0.05). It should be noted that a
t-test is run in this case to compare these two paired sets of stan-
dard deviations rather than an F-test, which would typically only
be used to compare two standard deviations of two sets of repeated
measures. The average standard deviation for test 2 was 0.6, only
slightly smaller than the 0.7 average standard deviation of test 1.
Therefore, the precision of interpreting test strip results improved
when using an expanded set of instructions, though the improve-
ment was modest.

Survey.

80 novice students were asked to complete a color matching
survey mimicking the step of assigning test strip results to color
charts. The data was compiled and the resulting standard devia-
tions, in terms of color pad numbers, are shown in Figure 3.

The highest standard deviation from the color identification
survey was 0.71 (hardness), and 12 of the 16 measures reported
standard deviations less than 0.5. The standard deviations from the
color identification survey were generally lower than the standard
deviations resulting from students using the test strips and then
also assigning values during Tests 1 and 2. However, the average
observed standard deviation from the survey represents 70-75% of
that observed during the full tests suggesting that most of the vari-
ance may be attributed to different people inconsistently matching
color pads to the charts. Therefore, the high precision observed
among replicates when individual researchers used the test strips
repeatedly (data presented in the next section) suggests that the
primary source of variance is purely interpersonal. Essentially,
test strips yield consistent colors, and each individual consistently
matches the color pads to the charts, but different people tend to
interpret those colors differently.

Test Strip Accuracy.
For five commercially available test strips, their accuracy was
assessed by evaluating the difference between calibrated solution
Standard Deviation: Measured versus Survey
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Figure 3. Standard Deviations of Test 1 (black) and the color identification survey
(white) are shown.

concentrations and concentrations measured by the test strip for
each of the following four important water metrics: pH, Copper,
Lead, Iron (II).

In contrast to the higher variability observed between many
users, Table 1 shows that for an individual researcher, pH mea-
surements remained precise through triplicate tests. One of the five
strips (E) reported a pH within 0.1 pH of the pH determined by a
digital pH meter and four of the five strips reported a pH within
1.0 pH of the expected value. This indicates commercial test strips
are precise in pH testing, though there is modest error in the test
strips’ accuracy.

A set of copper standards were tested in triplicate for all five
commercial test strips (Figure 4). All observed results were consis-
tent between triplicate measurements. One of the five commercial
test strips detected copper at concentrations of 1.25ppm or less.
Each manufacturer test strip bottle reported that copper concen-
trations above 1ppm are unsafe for human consumption, although
three of the five test strips report a copper concentration of less
than 1ppm for the 2.5ppm copper solution, and two of the five test
strips report a copper concentration of less than 1ppm when testing
a solution containing Sppm copper. Therefore, if a consumer tests
their water supply with test strips that report safe copper concen-
trations, it is possible consumers are still subject to unsafe levels
of copper due to the inaccuracy of their test strips.

Table 1. Triplicate measurements of pH testing from the five selected test strip
companies are shown

Test Strip pH Measurement

Test Strip Brand Trial 1 Trial 2 Trial 3
Varify 8 8 8
Bestprod 8.2 8.2 8.2
Pamasana 7.6 7.6 7.6
JNWD 8 8 8
Tespert 7.2 7.2 7.2

Measured Copper Concentration

Observed Concentration (ppm)

Expected Concetration (ppm)

Figure 4. Copper concentrations were tested at 0.3125ppm, 0.625ppm, 1.25ppm,
2.5ppm, 5ppm, and 10ppm. The line graph shows the solution concentrations
reported by the Atomic Absorption Spectroscopy (black), Varify (blue), Bestprod
(orange), Pamasana (green), JNWD (yellow), and Tespert (red).



The results from the lead analysis are shown in Figure 5.
Consistency was observed between replicates and consistency
between manufacturers at higher concentrations of lead (200ppb
and 1000ppb). At concentrations between 1ppb and 100ppb, the
five commercial test strip brands lacked agreement. The test strip
bottles indicate any trace of lead is unsafe for consumption, though
only one of the five commercial test strips detected lead in solution
when 1ppb was present.

Test strips showed precision among replicates and consisten-
cy between manufacturers for Iron (II) analysis (Figure 6). Accu-
rate measurements were only observed for the highest concentra-
tion, 10ppm, but for solutions with concentrations between Oppm
and Sppm, Iron (II) remained undetected by each of the test strips.
According to the safe concentration ranges listed on each of the
bottles, any iron amount between 0-5 ppm is safe for consumption.
While the test strips were flawed in detecting exact iron concentra-
tions, they were sufficient for indicating the unsafe iron level and
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Figure 5. Lead concentrations were tested at 1ppm, 20ppm, 100ppm, 200ppm,
and 1000ppm. The line graph shows the solution concentrations reported by the
Atomic Absorption Spectroscopy (black), Varify (blue), Bestprod (orange), Pama-
sana (green), JNWD (yellow), and Tespert (red).
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Figure 6. Iron (1l) concentrations were tested at 0.3125ppm, 0.625ppm, 1.25ppm,
2.5ppm, 5ppm, and 10ppm. The dashed line shows the solution concentrations
reported by the Atomic Absorption Spectroscopy (black). Each sample reported
identical outcomes (gray).
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need of treatment.

In conclusion, an individual homeowner using the same
multi-test strip kit should expect to see consistent behavior of the
test strips. Test strip measurements may not be very accurate at
low levels, but seem to be more accurate at higher levels, particu-
larly levels of concern. Consequently, during routine testing, any
significant change in water chemistry would likely result in an ob-
servable change in test strip behavior. A set of instructions that
was more expansive than commercial bottles’ instructions mod-
estly improved precision between different users, but only mar-
ginally impacted mean measured values. The color identification
survey confirmed that much of the error associated with imprecise
test strip readings among the 80 subjects is a result of different
color interpretations that occur with interpersonal analysis. Con-
sequently, it is expected that a homeowner would observe consis-
tent response when using test strips for routine water monitoring.
Additionally, the color charts provided with the kits significantly
overestimate the dynamic range the kits are capable of measuring.
Although most of the lower levels on the charts are below the de-
tection limits of the test strips, the test strips seem to be generally
sensitive at the levels of concern for the parameters explored in
this work.
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