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Abstract

A colorimetric detection method using amine functionalized polymer films doped with a pH indicator
has been developed for the rapid, sensitive and quantitative detection of gaseous formaldehyde at
concentrations well below the IDLH (immediately dangerous to life or health). In one minute, visible
color changes are easily observed even down to the PEL (permissible exposure limit) at 750 ppb.
The limit of detection is below 50 ppb (7% of PEL) after 10 min exposure. This sensor is essentially
unaffected by changes in humidity or temperature (4 to 50 °C) and is not sensitive to common
interferents.

Formaldehyde is widely used in the manufacture of many resins, polymers, and construction
materials. The thermal or chemical decomposition of such materials, however, occurs
surprisingly readily from urea-formaldehyde foam insulation, particle board and
formaldehyde-based resins.1 Formaldehyde is a probable human carcinogen, allergenic, and
an intense irritant of eyes and mucous membranes and is therefore highly problematic as an
indoor pollutant.1~3 The ability to detect formaldehyde at very low concentrations is critical:
the World Health Organization has set a standard for safe exposure of 80 ppb averaged over
30 minutes;2 for comparison, OSHA has set the permissible exposure level (PEL) to 750 ppb
and the immediately dangerous to life or health (IDLH) level at 20 ppm.3

While there are numerous methods for detecting and measuring gaseous formaldehyde, there
remains a need for an inexpensive, sensitive and rapid analytical technology. Past analytical
approaches include relatively expensive instrumentation4 (e.g., electrochemical, gas
chromatography, optical, chemiluminescence, etc), but also inexpensive colorimetric methods,
which see some field use.5 A number of colorimetric or fluorometric methods for the detection
of formaldehyde have been proposed,5 e.g., hydrazones, triazoles, pararosaniline, etc. These
prior methods are generally relatively slow (typically >30 min), often cumbersome and
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multistep, and frequently lack sensitivity. Thus, there remains a pressing need for the
development of a rapid, sensitive and highly convenient formaldehyde detection method.
Herein, we report a simple and highly sensitive colorimetric method for fast formaldehyde
detection.

Most colorimetric formaldehyde detection methods are based on nucleophilic addition of an
amine to the aldehyde forming an imine via a carbinolamine intermediate, as shown in Scheme
1. For an appropriate choice of the primary amine (e.g., delocalized conjugated substituents),
the imine formation generates a color change, and so great effort has gone into the synthesis
of sophisticated self-indicating primary amines.®

In contrast, we find that it is better and easier to use a simple pH indicator to detect the change
in basicity upon the reaction of a non-volatile primary amine with formaldehyde. An amine-
terminated polymer was used to create a reactive matrix for formaldehyde detection. In order
to screen for the optimal choices of indicator and polymeric amine, an array of six different
pH indicators in five different polymer formulations (cf. Supporting Information (SI) Table
S1) were printed onto PVDF membranes.

The inexpensive and disposable array was imaged using an ordinary flatbed scanner (cf. SI
Figure S1), as described elsewhere for other colorimetric sensor arrays.® For each spot in the
array, the red, green, and blue values were measured before and after exposure to gaseous
formaldehyde and color difference maps generated. As shown in Figure 1a, after one minute
exposure of 20 ppm (IDLH) formaldehyde, obvious color changes are readily observed even
by eye. Simply subtracting the original control image from the sample image provides a color
change profile. Figure 1b shows the titration curve of six different pH indicators doped into a
PEG polymer blended with a small amount of the same PEG with amine termination after
exposure to 20 ppm formaldehyde for one minute. Amine-PEG concentrations of ~0.7 wt%
gave the largest overall color changes. The response of these polymer films to formaldehyde
is very rapid: as shown in Sl Figure S2, the response to 20 ppm formaldehyde is generally
>90% complete in less than one minute.

The colorimetric response of these polymeric films can be used for quantitative analysis of
formaldehyde concentrations. After a one minute exposure to formaldehyde at different
concentrations, the array shows different color change patterns which are easily distinguished
by eye even without statistical analysis (cf. SI Figure S3). For quantitative comparisons, a
simple statistical approach, hierarchical cluster analysis (HCA),” was used. HCA is a model-
free classification scheme based on the grouping of the analyte vectors (i.e., changes in RGB
values) by Euclidean distances in their full dimensionality. Figure 2 shows the HCA
dendrogram for one min exposures to gaseous formaldehyde concentrations ranging from 20
ppm (IDLH) down to 250 ppb (i.e., 1/3 of PEL). Remarkably, in quintuplicate trials, all
concentrations showed tight clustering with no errors or misclassifications out of 50 cases. One
may also base a quantitative analysis simply on the total response of the array (i.e., total
Euclidean distance of changes in RGB), as shown in Sl Figure S4. By increasing the exposure
time of the array, we are able to quantify formaldehyde concentrations to as low as 50 ppb.
Color difference maps and the HCA dendrogram (cf. SI Figure S5) shows that 50 ppb, 75 ppb,
100 ppb and a control were accurately identified after 10 minutes of exposure.

For many prior formaldehyde detection techniques, errors stemming from changes in relative
humidity and/or temperature are highly problematic in real world applications. For this reason,
we have selected hydrophobic colorants and an extremely hydrophobic PVDF membrane to
minimize the effects of changing humidity. The array itself is unaffected by changes in relative
humidity from 10% to 90% compared to 50% relative humidity, as shown in SI Figure S6.
Humidity effects during formaldehyde detection were also evaluated, and only minor effects
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were observed at high humidity (as expected for the dehydration reaction between the amine
group and formaldehyde, cf. SI Figure S7.). Temperature changes (from 4 to 50 °C) did not
significantly affect influence the overall response (Sl Figure S8).

Acetaldehyde, butyraldehyde, and benzaldehyde were also tested to evaluate the selectivity of
our method. None of these aldehydes showed any significant response at ~15 ppm even after
five min exposure (SI Figure S9). The high selectivity stems from decreased charge (and hence
diminished electrophilicity) of the carbonyl carbon in substituted aldehydes compared to
formaldehyde. Even acetaldehyde showed only a very weak response at high concentrations,
above 200 ppm.

To discriminate formaldehyde from potential acidic or basic interferent vapors, we added a
row of several pH indicators in neutral or base-treated forms (Sl Table S2). These added
indicators permit discrimination of formaldehyde from other acidic or basic interferents, e.g.,
SOy, NO», NHj3, etc. While this does not permit facile identification of formaldehyde in the
presence of such interferents, it does prevent false positives, since formaldehyde itself does
not trigger a response from the non-amine polymer films of pH indicators. This array has been
extensively tested against 10 common interferents: second-hand smoke, diesel fuel exhaust,
gasoline exhaust, floor stripper, Windex, Fantastik, and Clorox bleach at 2% of their saturation
vapor concentrations; SO, and NO, at their respective PEL concentrations; CO, at ~375 ppm
(i.e., ambient conc.) (Sl Figure S10). Only Windex and SO2 provided significant interference,
but the additional indicators prevented false positives. The shelf-life of the printed arrays is
excellent, with constant response for more than one month after printing. Using these arrays
as a screening tool, we have generated a minimalist colorimetric sensor for formaldehyde
detection consisting of three spots: BB in a 0.6 wt.% amine-PEG film for formaldehyde
detection, and BB and basic NY in a non-amine PEG film as false-positive discriminators
against acidic and basic interferents, respectively.

In summary, we have developed a quite simple and highly sensitive colorimetric detection
method for gaseous formaldehyde. Using ordinary pH indicators in an amine-functionalized
polymer film, one can discriminate formaldehyde concentrations over a wide range: from 20
ppm (IDLH) down to 250 ppb within one minute and down to 50 ppb (7% of PEL) within 10
min. These color changes are easily observed even by eye (Sl Figure S11).

We have recently constructed and are in the process of testing a fully functional prototype
handheld device that makes use of an inexpensive white LED and an ordinary CMOS camera.
6 Combined with a low dead volume cartridge, this handheld device provides a rapid, highly
sensitive and quantitative method for the portable monitoring of formaldehyde at various
concentrations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(@) Image of the array before and after one minute exposure (500 sccm) to formaldehyde at 20
ppm at 298K and 50% RH and the color-change profile. Different polymeric amine weight

percentages are listed for six pH indicators. (b) Colorimetric response (i.e.,

0.2

0.4

0.6

0.8
Polymeric amine fraction (wt%)

1.0

(AR%+Ag2+Ag2)") of each pH indicator versus polymeric amine wt% after one min exposure
to 20 ppm formaldehyde; note indicator abbreviations.

J Am Chem Soc. Author manuscript; available in PMC 2011 March 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Feng et al.

— [ =[] =

/1=

coooounInuIINIc OO0 TNITININIOS
-
qununuugunvnunnu
*
—

3*
-

750 ppb #3
=1 750 ppb #2
750 ppb #4
0. 750 ppb #1
750 ppb #5

500 ppb #4
500 ppb #1
500 ppb #3
500 ppb #5
250 ppb #3
250 ppb #4
250 ppb #1
250 ppb #5
250 ppb #2
Control #4
Control #1
Control #5
Control #3
Control #2

v
i
J
33_
|
|

sooppb #zh_

=

Page 6

Figure 2.

Hierarchical cluster analysis (HCA) for formaldehyde at different concentrations. All
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experiments were run in quintuplicate; no confusions or errors in classification were observed

in 50 trials, as shown.
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Scheme 1.
Nucleophilic addition of a primary amine to formaldehyde forming an imine.
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