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ABSTRACT

The potential for buildup .of formaldehyde in closed space environments poses a direct health hazard to personnel. The
National Aeronautic Space Agency (NASA) has established a maximum permitted concentration of 0.04 ppm for 7 to
180 days for all space craft. Early detection is critical to ensure that formaldehyde levels do not accumulate. above these
limits. New sensor technologies are needed to enable real time,in situ detectionina compact and reusable form factor.
Addressing this need,research into the use of reactive fluorescent dyes which reversibly bind to formaldehyde (liquid or
gas) has been conducted to support the development of a formaldehyde.sensor. In the presence bf formaldehyde the
dyes' characteristic fluorescence peaks shift providingthe basis for an optical detection. Dye responses to formaldehyde
exposure were characterized; demonstrating the optical detection of formaldehyde in under 10 seconds and down to
concentrations of 0.5 ppm. To .incorporate the dye .in.an optical sensor device requires.·a means of containing and
manipulating the dye. Multiple form factors using two dissimilar s~bstrates were considered to determine a suitable
configuration. A prototype sensor was demonstrated and considerations for a fieldablesensor were presented. This
research provides a necessary first step toward the development of a compact, reusable; real time optical formaldehyde
sensor suitable for use in the U.S. space program,
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1. INTRODUCTION

The chemical formaldehyde, CH30, occurs through various processes. Naturally occurring formaldehyde is primarily the
result of incomplete combustion of carbon containing materials and the effect of sunlight on atmospheric methane and
hydrocarbons. Formaldehyde is also produced by and used in many anthropogenic processes including the manufacture
of permanent resin adhesives and other industrial chemicals,treatment of textiles, and use as a preservative of
disinfectant in. many common consumer items1

• Formaldehyde is even generated in harmless trace amounts by the
normal metabolic p~ocesses. of the human body. :Anthropogenic sources pervade homes, offices, hospitals, work
environments, automobiles, aircraft, military vehicles ofall types, and space vehicles/craft1

,3.

Formaldehyde is a colorless, flammable gas in its natural state having adistinctive pungent odor and presenting a serious
health hazard at l0'r concentrations. The cause and effect relationship between short term (acute) exposure is
immediately observa~le and well documented. The effects of long tem(chronic) exposure have been indirectly tested
(assessment of persons believed to be exposed) in humans and directly tested (induced exposure) in animals. These
studies show strong correlations between the various effects and exposure levels2

.

1.1 Applicability to space environments

A spacecraft or space installation is a closed environment using sophisticated air cleaning and recycling technologies to
provide and maintains~pport for human creW. In any such closed environment the detection and removal of toxins is of
paramount concern. The National Aeronautic and Space Agency (NASA) has specified that crew may be exposed to no
more than 0.04 parts per million (ppm) of formaldehyde .. over 7 to 180 days3. Asa point of reference, the National
Institute for Occupational Safety andHealth (NIOSH) reports that the amount of formaldehyde in the earth's atmosphere
from both natural and anthropogenic sources ranges from 0.005 ppm to 0.6 ppm near industrial sources or heavy smog4

•

A full analysis of the air composition in a space environment is presently only available with technologies such as mass
spectroscopy which detect the individual. ions of theanalyte material and thus determines the concentration and
composition of the air sample with high accuracy. Size, weight, and other constraints inherent to space travel render the
use of such technologies infeasible in today's spacecraft. A small,sensor device capable of detecting toxins such as
formaldehyde at low, non-hazardous concentrations, however, would provide sufficient capability to protect crew health;



effectively providing an early warning cue to implement hazard containment and cleaning procedures. Such a device
must be at a minimum compact, light weight, reusable, and capable ofperfonning in microgravity.

Current commercial formaldehyde detection technologies can detect concentrations in the range of 0.6 to 1.0 ppm using
photoelectric photometry, chemical, and other methods5

• I-{owever, these technologies are designed and intended for use
in industrial, earth-based settings and rely on relatively large air sample sizes for analysis..It is suggested by this research
that an alterative method combining technologies and using smaller sample sizes is better suited to the rigorous demands
and constraints ofa space environment.

1.2 Research goal - a formaldehyde sensor for space environments

Taking a cue from the. highly sensitive. chemical detection· technologies available in the bio-chemical community,
multiple fluorophorreactive dyes were examined to determine the suitability for a fonnaldehyde Sensor. These reactive
dyes, designed for bio-chemical assays, are inherently fluorescent and selectively bond with formaldehyde6

• After
binding with fonnaldehyde the dyes exhibit a detectable shift in the. peak wavelength of their characteristic fluorescence
spectrum. This research usesthesalient.chemicaLproperties of the. reactive dyes in combination with optical techniques
for fluorescence detectionand quantification to demonstrate a fonnaldehyde sensor with a sensitivity of at least 1 ppm
that could be adapted and packaged for space environments.

The sensitivity ofthree reactive dyes were measured and compared for a target detection capability of at least 1 ppm of
fOrmaldehyde. The dyes. in aqueous ,solution.,~ere used to determine a baseline sensitivity and other relevant
characteristICs. To facilitate the incorporationofwreactive dye into a formaldehyde sensor, two substrate materials were
selected for exploration.

1.3 Optics and Chemistry ofthe Dye Reaction

Designedf~r use. ,with. fluorescence microscopy, the reactive dyes provide the key to an optical. detection of
formaldehyqe. As such and as demonstrated'inthis experiment, the dyes are suitable for fluorescence spectroscopy.
Whep. stiIl1U~ated by an appropriate light sourge~the fluorophor group of the dye undergoes a fluorescence shift (either
Stokes orMti-Sto~es);emitting a character~stIcfll1orescence. Each of the candidate dyes' amine group binds reversibly
with an aldehyde. Taking Rto represent the rellctive dye, the reaction may be described as follows:

:;, :.'

R (1) + CH30 (g) -7 RCH30 (1),

R. (1) + CH3(OH)2 (1) -7 RCH30 (1) + H20 (1).

(1)

or

(2)

(3)

The RCH30 (dye + analyte) product molecule~sa.lso fluorescent; exciting and emitting near but not at the characteristic
wavelength ·of the fluorophor dye. This effectIs~ue to a change experienced by the outermost electrons/orbitals of the
fluorophor upon binding with the analyte. fu the.ll1ajority of observed reactions, the energy emitted as photons by the
product molecule was greater than the energy ~nii#ed by the fluorophor dye. The product molecule therefore fluoresced
at a lower wavelength than the fluorophor dye ~ecliuse ofthe fundamental relationship between energy and wavelength

E=hc
A'

where hRj 6.626 x 10-34 Js Rj 4.135 x 10-15 eVs is Planck's constant. The excitation sources used to stimulate the
fluorophor dye also excite the product molec41e. •. The observed change in the fluorescence spectrum of the product
molecule from the characteristic fluorescence spectrum of the fluorophor dye is readily detectable, is a direct result of
binding to the analyte, and therefore provides a basis for an optical detection of the fonnaldehyde analyte. Collectively,
there exist reactive dyes that are optically ~xcited and emit .in the visible, ultraviolet (UV), and near infrared
wavelengths.

The reactive dyes selected for evaluation in this. experiment are: 8-aminopyrene- 1,3, 6-trisulfonic acid, trisodium salt
(APTS); Alexa Fluor® 488 hydroxylamine (Af488); Alexa Fluor® 350 hydroxylamine (AF350). The Alexa Fluor®
series of reactive dyes are. typically used for Pl"~tein, nucleic· acid, and oligonucleotide labeling6

• Whereas, the APTS
reactive dye is typically used· for. glycoprotein ~dgeneral· sugar labeling6

•. Each dye ships in solid fonn and must be
rendered in aqueous solution in order to fluore$ce.fu the solid state, APTS is yellow, AF488 is orange, and AF350 is



white. In aqueous solution of concentrations of at least 1 % by weight APTS is green, AF488 is yellow-green, and
AF350 is colorless; aqueous solution concentrations below 1% were not explored in this experiment.

1.4 Substrates

Two cOIll1l1ercially available substrates were selected for evaluation: sol-gel and silicone elastomer. Both materials
accept dopants and are generally considered not to have a deleterious effect on the chemical properties of the dopants.
The sol-gel, also known as a silica aerogel, isa silica glass formed by hydrolyzing a precursor chemical for form the sol.
There are many recipes for making sol-gel. In this experiment the sol-gel was formulated in the lab using the
tetraethoxysilane (TEOS) precursor. The gelation process begins by mixing the precursor with water and a catalyst.
Following hydrolyzation, one of several curing methods is then employed to achieve the desired result. The choice of
catalyst affects the resulting structure..of the sol-gel with an acidic catalyst producing a linear or randomly branched
polymer structure and a basic catalystproducing a tighter, clustered polymer structure. The CV-2500 NuSil® product is
a commercially available silicone elastomer b~sed on a methyl silicone polymer. The product comes in a two part kit. To
form the elastomer,Part A is mixed with Part.Bin a 10:1 ratio by weighe. Curing of the elastomer may be conducted at
room temperature or elevated temperature to speed the process..To avoid· damaging the dopants, ambient room
temperature curingwas employed for both substrates in this experiment. .
Several physical aspects ofthe substrates drive their effectiveness as a host to the reactive dye solution. As the reactive
dyes must remain in solutionto.be used. in fluorescence spectroscopy,tneremoval of water during the substrate curing
process is of critical importance. AdditionallY, surface features, porosity, and sample geometry affect the degree to
which an analyte may enter and diffuse in the doped substrate.

2. METHODOLOGY

To assess each of the candidate dyes and substrates. for suitability in a future formaldehyde sensor, testing centered on
two main activities: determining the. sensitivity of the reactive. fluorophor dyes and comparing the performance of the
doped substrates. To begin thecharacteristi~.fluorescence of each dye in aqueous solution was measured. While the
manufacturer publishes reference values fOI't1l.e dye's fluorescence peaks, the actual fluorescence peaks observed during
testing varied slightly due to factors such as differences in the formulation of the dye solution and differences in the
calibration of the manufacturer's and the experimenter's spectrometric sensors. The measured characteristic fluorescence
spectrum for each dye is shown in Figure 1.
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Fig. 1. Characteristic fluorescence of APTS, AF488, and AF350. Peak emission wavelengths: APTS, 490 nm; AF488, 508
nm, AF350, 447 nm.



As is obvious from Figure 1, the magnitude of fluorescence from AF350 is significantly less than that given by APTS
and AF488. This is due at least in part to the relative weakness of the UV LED. A suitable alternative UV LED source
was not commercially available.
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Fig. 2. Characteristic fluorescence of AF350. The large peak: near 350 urn is bleed through from the UV source used to
stimulate the AF350 solution. The fluorescence peak: for AF350 occurs at447 urn in this graph; outlier values at 456
nm and 497 nm are considered anomalies.

Initial testing of the dye solutions wasperformed with aqueous formaldehyde solution in varying concentrations. Testing
of doped. substrates was performed with both aqueous formaldehyde and gaseous formaldehyde. Two primary form
factors were evaluated for the doped substrates: a film of the doped substrate applied to a glass microscope slide and an
ampoule. containing the doped .substrate. While a film dearly·.presents th~ greatest surface area for reaction it also
presents the greatest opportunity to lose needed water. Evaluation of the fOTOl factors yielded important insights into the
practicalities ofpackaging for a sensor.

The essential optical components of the sensor (stimulating light source, detector, etc.) were replicated in the
experimental setup and may be seen in Figure 3: a stimulating light source, sample, and detector.

Fig. 3. Picture of characteristic fluorescence of reactive dyes. From the left, A?TS stimulated by a violet LED, AF488
stimulated by a blue-green LED,and AF350 stimulated by an UV LED.

Analysis of these test results provides the basis for identifying an optimal configuration of dye, substrate, sample
geometry, and the relative concentrations of the chemicals. Using the selected configuration, the remaining components
ofa sensor may then be assembled into .a prototype dWice for demonstration ofthe concept and further study.



3. DATA COLLECTION AND ANALYSIS TECHNIQUE

For each reactive dye and substrate multiple samples were generated. Multiple spectra were captured for each test run
using the spectrometer's native software, SpectraWiz®. Prior to exposing a sample to formaldehyde, a reference
spectrum was captured. After exposure, spectra were captured over a determined time period to evaluate the speed and
reversibility of the dye to formaldehyde binding. Samples were subjected to multiple test runs over a period of 12
months. This permitted evaluation. ·of the expected shelf life of the dye. Test data was tabulated and grouped into
populations for comparison. Test populations were determined by the type of dye, concentration of dye in the sample,
substrate presence, and concentration of formaldehyde used intb.e test. Analysis of the spectral data was performed
graphically and numerically in Microsoft® Excel. For each population the arithmetic mean (average), median, mode,
standard deviation and variance of the measured fluorescence peaks were calculated.

Fluorescence spectra were measured with a StellarNet® EPP2000 UV to visible range spectrometer. A fiber optic cable
ran from .the spectrometer to a small single lens which collected the fluorescence output of the sample. Loss along the
lens and. cable were negligible for APTS and AF488. but not for AF350. Although the AF350 fluorescence was clearly
visible to the naked eye (see Figure 3), it was necessary for the emitted light to be incident directly on the spectrometer
aperture and to isolate the system from ambient light to distinguish the weakAF350 signal from noise. An alternate UV
enhanced Ocean Optics spectrometer was used in the hopes of improving clarity. However, the results were the same:
the luminous intensity ofthe AF350 was simply insufficient for good measurement with available equipment.

4. RESULTS

To provide a foundation for analysis of test results, the various components of the experiment were individually tested
for consistency. The output of the LEDs used to excite the reactive fluorophor dyes and the reactions of those dyes to
stimulation were characterized. Both the. LED sources and the dyes were sufficiently self consistent with respect to
emission peak and wavelength range to pose no detriment to the experiment. Small variations in the characteristic
fluorescence peaks were observed and are summarized in Table 1.

Table. 1. Summary of variability of the. characteristic fluorescence of the reactive dyes in aqueous solution by dye
concentration.

APTS8.33%
AF 4888.33%

A variability wasiobserved in the number of.9ounts(relating to the luminous intensity) measured by the spectrometer.
While the intensity variation did not interfere 'tithidentifying a formaldehyde detection in a lab environment, they could
potentially complicate operations in a futures~msor. Variation in intensity was. due primarily to the normal variation in
LED output intensity and changes in alignment of the optical components between test runs which were performed over
a 12 month period.

An examination of the average. (arithmetic),. median,. and. mode clearly indicate that the distribution of peak emission
values is not Gaussian. Comparing to the manufacturer's reference values for the emission peak (APTS 505 nm, AF 488
519 nm, and AF350 442 nm) one sees that theclos~st correlation of values occurs for the 8.33% concentration APTS,
the 2.77% concentration of AF 488, and the2.77~concentration of AF 350, respectively. Looking at the standard
deviation and variance, AF 488 is more consistentthan APTS at each respective concentration.. Although,. APTS and
AF488 are more self consistent at the 8.33% cOllcen~~tion. Due to the poor performance ofin early tests AF350 was not
formulated at the 8.33% concentration. A similar ~.valuation was performed for the LED excitation sources which is
summarized in Table 2.



Table. 2. Summary of variability of the characteristic emission spectrum of the LED excitation sources. When duplicate
values are not present there is no mode; denoted by "NIA".

The output from the UVand violet LED's are very consistent, while the blue-green LED's have a larger standard
deviation and variance (due to one atypical LED 'that was not used). It should be noted that the violet and blue-green
LED's are classified as bright (i.e., at least 5 mW output) while the UV LED's provide nominally 0.5 mWoutput. The
spectrometer's integration time parameter was used to maximize the number of counts. without saturation; ensuring a
sufficient number ofcounts from a LED was received by the spectrometer to obtain a measurement.

As is shown in the following sections. the. APTS .• and AF· 488 gave clear detections. of formaldehyde at all tested
concentrations. The. AF 350 fluorescence ",as. too weak to provide a clear detection and was therefore excluded from
further testing. The majority of fluorescenc~shifts observed were Anti-Stokes. The other tests resulted in either Stokes
shifting of the measured fluorescence ora mixture ofAnti-Stokes and Stokes shifts.

4.1 TestipgwithAqueous Dye Solutions

Prior to testing with gaseous formaldehyde thesens~tivity of the reactivefluorophor dyes were examined using various
concentrations of aqueous formaldehyde. The concentration of dye in the samples was varied to determine appropriate
limits on 1etectable' reactions.The testing ofl%, 0.1%, 0.01%, and 0.001% aqueous formaldehyde showed a progression
of the dY9sensitivity fromall assumed capapility, based on suitability of the dye to its intended commercial use, below
the experimentaloh1ectiveirange of 1 ppm.

The reaction of th~ samples to the introduction of formaldehyde waS immediately observable on the spectrometer
software.<display;w~thin the time span in which the computer/software refreshed and therefore well within the 10 second
objective limit. Spectral d~tawas measured pre-test and subsequently at intervals of 30 seconds from 30 to 180 seconds
for each test rull.. During· t~sts, the sample containers contain more dye than formaldehyde; only those dye molecules
bound to formaldehyde experience a shift, in fluorescence and hence some characteristic fluorescence is still present in
the optical signaL Torem9ve the effects of this residual characteristic fluorescence the pre-test. signal is subtracted from
the test signal as background noise. Represrn4J,tive,test data for APTSand AF 488 are shown. Figure 4 depicts the
reacted spectrum. for test run number 44: 2:(7o/0 AF 488 dye solution exposed to 0.01% formaldehyde solution. The
intensity of the pre-testflu?rescence is on th~orgerof3.65X 103 counts while the reacted fluorescence is on the order
of2.81 x 102 counts. For colllparison, the peak wavelength of the pre-test fluorescence is approximately 525 urn and the
average reacted peak is .517.qm..
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Fig. 4. Graph ofmeasured fluorescence: test run 44,2.77% AF 488.



The change in peak and number of counts constitutes a clear reaction to the presence of formaldehyde. Tables 3 and 4
summarize the quantities calculated to compare the shifted fluorescence peaks for the AF 488 dye solution populations.

Table. 3. Summary ofvariability of the shifted fluorescence spectrum of AF 488 2.77%.

7
10
14
16
20
22
26
28
29
31

515.83
516.18
514.71
512.74
513.72
511.67
514.24
510.71
514.58
510.17

515.50
516.00
514.50
510.50
513~75

511.00
515.00
511.00
514.50
510.00

515.50
515.00
514.50
509.50
512.50
510.50
515.00
511.50
514.00
509.50

1.13
0.97
0.83
4.70
1.02
2.23
0.72
1.00
0.75
0.67

1.27
0.95
0.68
22. II
1.03
4.99
0.52
1.00
0.56
0.45

Table. 4. Summary of variability of the shifted fluorescence spectrum ofAF 8.33%.

The AF 488 dye exhtpited a low amountofvariatioD,within populations for both concentrations. For each concentration
the average peak wa~ reasonably consistent between populations. Figpr€l 5 depicts the reacted spectrum for test run
number 39: consisted of 2.77% APTS exposed to O.Ql% formaldehyde.iThe peaks of the pre-test and reacted spectrum
are at 489 nm (at 3.78xl03 counts) and 458 nm on average (at 1.91 x 102 cpunts), respectively.
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Fig. 5. Graph of measured fluorescence: .test run 44; 2.77% AF 488.

As with AF 488, the change in peak andcounts co~stituteda clear reaction to the presence of formaldehyde. Tables 5
and 6 summarize the quantities calculated to. compare the shifted fluorescence peaks for the APTS dye solution
populations.



Table. 5. Summary ofvariability ofthe shifted fluorescence spectrum ofAPTS 2.77%.

3
6
9
11
13
17
19
23
25

470.31
461.89
462.13
455.60
425.36
452.23
441.59
416.26
416.79

469.50
461.50
461.75
455.75
421.50
446.00
443.25
408.00
416.25

467.00
463.50
480.00
456.00
418.00
446.00
443.50
407.50
414.50

3.38
3.71
10.25
2.26
8.18
7.24
6.54
19.52
3.37

11.44
13.79
105.05
5.10
66.84
52.48
42.83
380.92
11.37

Table. 6. Summary ofvariability oftheshifted fluorescence spectrum ofAPTS 8.33%.

4.2 Testing with Doped Substrates

Multiple samples w~re generated with each substrate at varying concentrations ofthe APTS and AF 488. dye solution.
After curing, itwas.obviousthat the.silicone elastomer had expelled the majority of the water iIi the dye solution
rendering the dyes Ullable to fluoresce. Thinfilms made with the doped elastomer completely dehydrated due to the
hydrophobic nature ofthe elastomer: . all water was expelled from the elastomer and then able to evaporate. Ampoules
made with the d?pedelastomer exhibited surface dehydration of the dye and isolated droplets of dye solution. Attempts
to induce fluorescen(1ein the droplets failed. The silicone elastomer was therefore excluded from testing with aqueous
and gaseous formaldehyde. Sol-gel samples were made using a modified Stober method with ethyl alcohol as a solvent
and ammonia as a cat~lyst The doped sol-gel in thin film also completely dehydrated; however, this was due. to the
porous nature of the',sol-gel rather than hydrophobia. The. water content of doped, sol-gel in ampoules was readily
controlled. Some wat~rwas expelled during gelation; however, sufficient water remained to keep the dyes in solution
and permitfluoresce~ce. Samples of doped sol-gel were generated for test with aqueous and gaseous formaldehyde at
various concentrati0n.~ ofsol and dye (Figure 6).

Fig. 6. Doped Sol-get Fromleft to rightundoped sol-gel, AF488 (0.<)0/0 dye), APTS batch (0.9% aye), AF 488 (1.9% dye),
APTS (1.9% dye),APTS (1.38% dye), and AF 488 (1.38% dye).



Spectral data was measured and assessed using the same methods as the dye solution tests with the exception that the
pre-test fluorescence was not subtracted from the measured test fluorescence as it was anticipated that the peaks and
intensities would be close with such low concentrations of formaldehyde. Testing of the doped sol-gel with aqueous
formaldehyde was performed with 0.1%, 0.01%, and 0.001% concentrations. Reactions were observed at all
concentrations demonstrating detection to 0.5 ppm. Tables 7 and 8 summarize the measured data.

Table. 7. Summary of variability ofthe shifted fluorescence spectrum ofAPTS doped sol-gel (all concentrations).

38 497.21 495.25 494.50 4.25 18.06
39 494.67 495.00 497.00 2.72 7.38
40 496.13 494.75 493.50 15.49 239.96
41 511.67 '511.25 520.50 8.10 65.68
42 490.17 491.00 491.50 1.77 3.14
43 487.96 488.50 488.50 0.88 0.77
48 473.58 473.25 458.00 12.96 168.08

Table. 8. SU:mmaryofvariability ofthe shifted fluorescence spectrum ofAF488 doped sol-gel (all concentrations).

32 510.00 511.50 513.50 4.61 21.25
33 516.58 516.00 516.00 1.77 3.12
34 512.42 508.50 504.50 8.38 70.20
35 513.08 514.50 521.00 7.53 56.66
36 '501.13 502.00 502.50 2.41 5.80
37 505.50 503.50 503.50 8.02 64.31
44 478.56 486.25 486.50 12.19 148.50
45 513.71 513.25 ' 513.50 2.02 4.06
46 513.04 508.25 500.00 12.53 157.10

Several of the test populations experiencTd outlierdata causing lar~e values for standard deviation and variance. In
particular, populationsAO, 44, 46, and 48 have extrellle variances. While previous tests ",ith the dye solution have shown
that some anomalous data will occur, it aPBears fr9lll: ,the doped sol-gel data that incorporating the reactive dye into a sol­
gel process affects dye performance. This"maybe),due to pH sensiti"ities, dye bleaching, or possibly damage to the
fluorophor during the~r9cess ofmakingth~ sol-gel~amples.

The formulation of dOPT~ sol-gel that yielded the Jllost consistent detections was used for gaseous formaldehyde tests.
Two gas sources were ~tilized for testing: gas caH~ration tube producing an ambient concentration of 0.08 ppm and
evaporation of aqueous formaldehyde producing an ambient concentration of 0.5 ppm in the test chamber. Table 9
provides a summary ofthe data.

Table. 9. Summary ofvariability ofthe shi~ed fluorescence spectrum of doped sol-gel (all concentrations). Populations 49
and 52 are'APTS (1.38%). Popll1ations50 and 51are AF 488 (1.38%).

49 488.00 488.00 488.00 0.00 0.00
50 517.34 515;75 515.50 3.16 10.01
51 429.67 430.75 431.50 2.25 5.06
52 520.75 521.00 522.50 1.63 2.65

Figure 7 depicts the reacted spectrum fort~strun number 181: 1.38% AF 488/doped sol-gel to 0.5 ppm formaldehyde
gas (evaporation). The pre-test fluorescenctj) peak is 520.5 nm at 6.87 x 102 counts and the reacted fluorescence is on
averageSl9 nm at 4.60 x 102 counts.
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Fig. 7. Graph ofmeasured fluorescence: test run 181, 1.38% AF 488 in sol-gel.

For comparison, Figure 8 depicts test run 173: 1.38% APTS/dopedsol-gel to 0.08 ppm formaldehyde gas (calibration
tube). The pre-test fluorescence peak is 487 nm at 2.03 x 103 counts and the reacted fluorescence is on average 488 nm at
3.47 x 102 counts.
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Fig. 8. Graph ofmeasured fluorescence: test run 173, 1.38% APTS in sol-gel.
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4.3 Discussion - Prototype Sensor Design

The general criteria for a space environment formaldehyde sensor may be ascertained in terms ofbasic constraints on the
design: a self contained, handheld, and reusable device that can be certified for a space environment. By contrast, the
criteria for a prototype/proof of principle device are considerably less rigorous. To demonstrate the feasibility of an



optical fonnaldehyde sensor, a prototype must both replicate the lab tests and give a clear path toward a future fieldable
sensor. The optics of such a prototype are simple. At issue is the .containment and/or packaging of the testing chemicals;
namely, the reactive dyes. This was the primary motivation behind substrate testing. Aside from the requirement to
detect fonnaldehyde, the. physical fonn and components for an. initial prototype are essentially unconstrained. Size did
not pose an issue as commercially available optical components were readily available. For the assembled prototype it
was not possible to constructa self contained device prior to publication (i.e., one that measured and analyzed all in one
package). Rather a bench-top version of the sensor was constructed for testing and an external computer used to analyze
captured spectrum data.· future,handheldprototype are shown in Figure 9.

Sensor- __ ---

PCBoard,
Signal Processor ••••.•••

Stop

Fluorescence

Stop

LED source 1

~

LED source 2

Removable test strip
dye + substrate

Fig. 9. Handheld prototype components.

The inclusion oftwo LED sources would pennit either APTS or AF 488 test strips to be used. The use of a surfactant
coating applied over a doped sol-gel film would retain the water in the sample while still pennitting diffusion of the
analyte into the sample. Alternatively, small ampoules of doped sol-gel or aqueous dye solution could be used in
conjunction with. an injection system that would deliver the analyte to the test sample. The detection ability and
manufacture cost ofeach configuration would need to be explored.

5. CONCLUSIONS

Central to this experiment was merging existing technologies.in a new way to demonstrate the feasibility of an optical
fonnaldehyde sensor. Such a sensor has significant potential to serve the space industry by detecting fonnaldehyde
before it reaches a hazardous level. The general problem ofdetecting chemical agents has broader implications. Beyond
the clearly understandable difficulties of supporting human life in a space environment, there are also earth-based
environments .in which fonnaldehyde and similar hazards accrue and which could bene.fit from the development of a
sensor as postulated in this experiment. This experiment was the ftrst step toward such a sensor device; demonstrating
the detection of fonnaldehyde in gas and liquid fOIm below the objective level of I ppm and showing the ability to reach
levels on the scale of0.08 ppm.

The preliminary dye solution tests provided key ~nsight into the design of the substrate tests. Both APTS and AFA88
perfonned as expected and produced clear detections. The AF 350 dye showed potential provided that a sufficient
excitation source could be obtained either by a fi'equency doubling technique of a bright LED or through the use of a
laser diode. The reversibility of the dyes' reactions was confrrmedthrough successful sample reuse over a.12 month
period. While the. dyes did experience some. degradation in perfonnance, they remained sufficiently stable to provide
detections over this time frame suggesting that w~th proper handling the dyes could have a usable. shelf life of up to 12
months. Tests with doped sol-gel demonstrated th~ ability to detect fonnaldehyde in aqueous fonn down to 0.5 ppm and
in gaseous fonndown to 0.08 ppm. This exceedyd the objective mark of 1 ppm detection and suggests that the NASA
threshold of0.04 ppm is achievable using this met~od.

Anned with the test results, one may address the question of which of the dyes perfonned best. The criteria for
evaluating the dyes may be summarized as: cons~stency of perfonnance; strength of reaction; stability of the dye over
time. Each of these criteria serve the ultimate: goal of developing a reliable sensor device for the detection of
fonnaldehyde at low concentrations. In the dyej solution tests, AF 488 proved more consistent than APTS, APTS
showed a larger shift than AF 488, and both perfohned the same over time. The tie breaker in this case is the fact that,
while APTS had a larger shift, the AF 488 shift wasea~ily detected and sufficiently strong to provide a clear cut
indication that fonnaldehyde was present. •In the doped substrate tests, APTS was numerically more consistent than AF



488, AF 488 provided a larger shift than APTS, and both showed the same performance over time. As with the dye
solution test, the sol doped with AF 488 dye edged out APTS. Since the performance of each dye was similar and the
dyes emit in the green wavelengths, it would be reasonable to consider using both dyes simultaneously in a sensor
device. Such atactic is unlikely to increase the size and cost of a device significantly and would provide essentially two
tests runs at a time thereby reducing the possibility of a detection error.

The successful use. of the bench-top prototype demonstrated that an optical formaldehyde sensor was feasible. The
lessons learned from the experiment and prototype have led to considerations for further development. Being able to
detect formaldehyde. with this technique, it remains. to establish a spectral response correlation curve for one or both of
the dyes. The correlation curve will .assess the amount of formaldehyde in the analyte and significantly enhance the
utility of the sensor. While such correlation may be calculated in part with existing data, it relies on the intensity of
emitted fluorescence.. As waS discussed, the intensity may vary with. several factors, including: the formulation of the
sample and concentration ofdye, the intensity of excitation source,. and degree to which the dye has degraded (dye age).
Further testing is needed to clearly establish limits on the dye reaction that can be interpreted for both presence and
concentration of formaldehyde.
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Research objective: demonstrate a method for optical detection of
formaldehyde at a concentration of 1 ppm

•

•

•

•

•

Primary interest is early detection to protect crew from dangerous exposure
levels

NASA has established a maximum permitted concentration of 0.04 ppm
long term exposure in all space craft

Spacecraft and space installations
- Closed environments with potential for accumulation of formaldehyde

- Use sophisticated air cleaning and recycling technologies

- Detailed in situ air analysis currently unavailable

Solution method incorporates fluorescent reactive dyes'
- Dyes bind selectively with formaldehyde

- Dye fluorescence spectrum shifts after binding

Prototyping to develop considerations for a formaldehyde sensor
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• Formaldehyde sources
- Natural and manmade

- Primarily via incomplete combustion of carbon containing materials

- Manmade sources include resin adhesives, textile treatments, preservatives and
disinfectants

- Present in homes, offices, hospitals, automobiles, aircraft, and military and space
vehicles

• The National Institute for Occupational Health and Safety (NIOSH)
- 0.0005 ppm in typical environments (e.g., homes, outdoors)

- 0.6 ppm near industrial sources or heavy smog

• Primarily a problem for environments in which formaldehyde can
accumulate
- Contain multiple/strong formaldehyde sources

- Are unable to exchange or vent ai r
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• Studied in humans and animals
- Short term

- Long term

• Effects depend on the concentration of formaldehyde

• Short term exposure
- Low concentration (up to 3 ppm) causes ocular and respiratory tract irritation

- Mid concentration (10 to 20 ppm) causes severe respiratory effects and heart
palpitations

- High concentration (over 50 ppm) causes pulmonary edema

- Above 100 ppm is lethal

• Long term exposure
- Low concentration (0.4 ppm) causes ocular and respiratory tract irritation

- Mid concentration (14 to 20 ppm) causes cancer of the respiratory tract

- Above 40 ppm is lethal
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• Reactive dyes are designed primarily for use with fluorescence microscopy
and are also suited for fluorescence spectroscopy

• Three reactive dyes were evaluated
- 8-aminopyrene- 1, 3, 6-trisulfonic acid, trisodium salt (APTS)

- Alexa Fluor® 350 hydroxylamine (AF 350)

- Alexa Fluor® 488 hydroxylamine (AF 488)

• Dye Reaction
- R representing the dye

- Dye amine group binds with formaldheyde
• Formaldehyde gas R (I) + CH30 (g) -7 RCH30 (I)

• Aqueous formaldehyde R (I) + CH3(OH)2 (I) -7 RCH30 (I) + H20 (I)

• After binding with formaldehyde the fluorescence peak shifts (Stokes or
Anti-Stokes)

Stokes

Blue Shift

Anti-Stokes I /]/"\\\
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• Dyes reversibly bind with formaldehyde

• Dye excitation (dye in aqueous solution)
- APTS near 424 nm

- AF 488 near 495 nm

- AF 350 near 346 nm

• Dye characteristic fluorescence peak (dye in aqueous solution)
- APTS near 490 nm

- AF 488 near 508 nm

- AF 350 near 447 nm

• Dye concentration and solvent affect the fluorescence peak observed

Dye % Average Emission Median Mode Standard Variance
Peak (nm) Deviation

APTS 2.77% 484.26 487.00 488.00 9.68 93.77
AF 4882.77% 521.71 522.75 523.75 3.08 9.51
AF 350 2.77% 444.05 444.00 444.00 5.14 26.42
APTS 8.33% 504.79 504.63 504.75 0.81 0.65
AF 4888.33% 527.94 527.88 527.75 0.21 0.04
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• Measured characteristic fluorescence of APTS, AF 488, and AF 350
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• A substrate is needed to facilitate the inclusion of the reactive dyes into a
sensor
- Contain and protect the dye

- Provide convenient access to the dye when needed

- Form factors considered
• Film
• Ampoule

• Two commercially available substrates were evaluated
- Sol-gel using the precursor tetraethoxysilane (TEGS)

- NuSIL® silicone elastomer

- Dye added as dopant to substrate

- Performance of substrates can be affected by
• Surface features

• Porosity in terms of diffusion out of and into the substrate

• Sample geometry (e.g., surface area)

• A bench top prototype was assembled for testing
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• Dyes were stimulated with commercially available LEOs
- Violet/indigo, peak 424 nm
- Blue-green, peak 495 nm
- UV, peak 346 nm

• Consistency of LED output was tested

LED Average Emission Median Mode* Standard Variance
Peak (om) Deviation

Violet 425.83 426.00 426.00 0.24 0.06
Blue-green 504.13 506 N/A 3.86 14.92
UV 364.40 363.50 363.50 1.20 1.44

• Initial tests of the dyes in aqueous solution were performed to
- Determine sensitivity to formaldehyde

• Concentrations of 1%, 0.1 0!c>, 0.01 % and 0.001 %

- Determine the optimal concentration of dye in the sample

• Substrates were doped with the reactive dyes and tested
• Sol-gel was custom made using a modified Stober method
• Silicone elastomer was mixed per manufacturer's instructions
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• For each dye and substrate multiple samples were generated and tested
• Spectra was captured for each sample over time

- Pretest spectrum as a baseline
- 30 to 180 seconds in 30 second intervals after exposure

• Tests were grouped into test populations for analysis
- Dye type and concentration
- Substrate
- Formaldehyde concentration and state (gas, liquid)

• Spectra were analyzed in MS Excel®
- Measured peak
- Calculation of shift
- Population calculations

• Arithmetic average
• Median
• Mode
• Standard Deviation
• Variance
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• APTS and AF 488 gave clear detections below objective of 1 ppm
• AF 350 fluorescence was too weak to provide a clear detection
• Measured emission was primarily Anti-Stokes

- Some Stokes emission was observed
- Some samples yielded both Stokes and Anti-Stokes emissions

• Dyes must remain in solution to fluoresce
- Excessive evaporation rendered films impractical without the use of a surfactant

to preserve moisture
- Ampoules avoided this problem

• Doped sol-gel performed consistent with dye solution tests
• Doped silicone elastomer failed to perform

- Hydrophobic elastomer expelled or isolated the dye solution leaving only dry dye
on the surface and isolated beads of dye solution in the interior

• Over time dye performance degrades
- Process was slow in aqueous solution and faster in substrate

• Detections are clearest when the ratio of dye molecule receptors to
formaldehyde molecules approaches a 1 to 1 ratio

18 March 2008 SPIE Defense and Security 2008



3.00E+02

2.5OE+02 --

2.00E+02 ---
-lime30s

-lime60s
1.5OE+02 -~--

s::: lime90s

~ -lime120s
1.00E+02 - --

-lime150s

5.00E+01 -lime180s
--

O.OOE+OO ... J Id..
~3 Do 350 400 450 500 550 ax> 650 7i )()

-5.00E+01

wavelength (nm)

• Dye solution tests were performed with aqueous formaldehyde

• Aqueous dye solutions detected formaldehyde at all concentrations
- 0.001 % corresponding to 0.5 ppm concentration

• Example 1: Test 44, 2.77% AF 488 dye solution exposed to 0.01 %
formaldehyde

Pre-test Peak: 525 nm,
3.65 x103 counts

Test Peak: near 517 nm,
2.81 x102 counts
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• Example 2: Test 39, 2.77% APTS dye solution exposed to 0.01 %

formaldehyde
Pre-test Peak: 489 nm, 3.78 x1 03 counts

Test Peak: near 458 nm, 1.91 x102 counts
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• Measured peaks were compared within populations to determine the
consistency with which dyes performed

• Calculated quantities for APTS 2.77% and 8.33% dye solution

APTS 2.77%

At the lower concentration
APTS was more variable
within populations with
populations 9 and 23
performing poorly.

At higher concentrations
APTS was more consistent
across each population with
population 12 performing
best.

18 March 2008

Population Average Median (nm) Mode(nm) Standard Variance
(nm) Deviation (nm)

(nm)
3 470.31 469.50 467.00 3.38 11.44
6 461.89 461.50 463.50 3.71 13.79
9 462.13 461.75 480.00 10.25 105.05
11 455.60 455.75 456.00 2.26 5.10
13 425.36 421.50 418.00 8.18 66.84
17 452.23 446.00 446.00 7.24 52.48
19 441.59 443.25 443.50 6.54 42.83
23 416.26 408.00 407.50 19.52 380.92
25 416.79 416.25 414.50 3.37 11.37

Population Average Median (nm) Mode(nm) Standard Variance
(nm) Deviation (nm)

(nm)
12 504.54 504.50 504.50 0.17 0.03
18 492.58 492.75 493.00 0.45 0.20
24 494.21 494.00 492.00 2.38 5.66
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• Calculated quantities for AF 488 2.77% dye solution

AF 488 2.77%

AF 488 exhibited low
variation in the majority of
populations for both low and
high concentrations of dye.

AF 488 was generally more
consistent than APTS both
within populations and
across populations.

18 March 2008

PopulatiOn Average Median(nm) Mode (nm) Standard Variance
(nm) Deviation (nm)

(nm)
7 515.83 515.50 515.50 1.13 1.27
10 516.18 516.00 515.00 0.97 0.95
14 514.71 514.50 514.50 0.83 0.68
16 512.74 510.50 509.50 4.70 22.11
20 513.72 513.75 512.50 1.02 1.03
22 511.67 511.00 510.50 2.23 4.99
26 514.24 515.00 515.00 0.72 0.52
28 510.71 511.00 511.50 1.00 1.00
29 514.58 514.50 514.00 0.75 0.56
31 510.17 510.00 509.50 0.67 0.45

. AF 488 8.33%
Population Average Median(nm) Mode(nm) Standard Variance

(nm) Deviation (nm)
(nm)

15 523.24 520.50 520.50 4.27 18.21
21 520.81 520.50 520.00 0.76 0.58
27 521.00 521.25 522.00 1.08 1.17
30 520.81 521.00 521.50 0.67 0.45
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• Tested with aqueous formaldehyde and formaldehyde gas

• Multiple concentrations of TEOS were explored with dye concentrations
between a.g°R> and 1.38%

• Thin films of doped sol-gel dehydrated and did not fluoresce

• Ampoules containing doped sol-gel permitted control of water loss during
and after gelation

• Spectra were analyzed using the same methods as for the dye solution
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• Summary of tests with aqueous formaldehyde
APTS/Sol-gel

Both dyes experienced
variability within
populations. AF 488 was
slightly more consistent
than APTS but not
appreciably so.

In general, the doped sol­
gel was more variable
than the dye solutions.

18 March 2008

Population Average Median (nm) Mode(nm) Standard Variance
(nm) Deviation (nm)

(nm)
38 497.21 495.25 494.50 4.25 18.06
39 494.67 495.00 497.00 2.72 7.38
40 496.13 494.75 493.50 15.49 239.96 .
41 511.67 511.25 520.50 8.10 65.68
42 490.17 491.00 491.50 1.77 3.14
43 487.96 488.50 488.50 0.88 0.77
48 473.58 473.25 458.00 12.96 168.08

AF 488/Sol-gel

Population Average Median (nm) Mode(nm) Standard Variance
(nm) Deviation (nm)

(nm)
32 510.00 511.50 513.50 4.61 21.25
33 516.58 516.00 516.00 1.77 3.12
34 512.42 508.50 504.50 8.38 70.20
35 513.08 514.50 521.00 7.53 56.66
36 501.13 502.00 502.50 2.41 5.80
37 505.50 503.50 503.50 8.02 64.31
44 478.56 486.25 486.50 12.19 148.50
45 513.71 513.25 513.50 2.02 4.06
46 513.04 508.25 500.00 12.53 157.10
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• The formulations of doped sol-gel that performed best with aqueous
formaldehyde were used to determine the concentration of dye and TEOS
to make samples for testing with formaldehyde gas

• Two populations were generated for gas testing
- 49, APTS

- 50, AF 488

• Gas testing was performed with a commercially available gas calibration
tube

- Gas released into a sealed bag chamber containing the samples and test
apparatus

- Ambient concentration of formaldehyde gas was calculated to be 0.08 ppm

- Permitted 10 minutes for gas to diffuse through chamber prior to exposing
samples

- Captured spectra at 4 and 10 minutes after exposure

• Observed fluorescence shift was present but smaller in magnitude than with
aqueous formaldehyde
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• Summary of calculated quantities, APTS and AF 488 doped sol-gel tested
with gas calibration tube

Population Average Median (nm) Mode (nm) Standard Variance
(run) Deviation (nm)

(nm)
49 488.00 488.00 488.00 0.00 0.00
50 517.34 515.75 515.50 3.16 10.01

• The measured fluorescence shift was smaller than for the 0.5 ppm test with
aqueous formaldehyde

• Retested with formaldehyde gas produced by evaporation - calculated at an
ambient concentration of 0.5 ppm

Population Average Median(nm) Mode(nm) Standard Variance
(run) Deviation (nm)

(run)
51 429.67 430.75 431.50 2.25 5.06
52 520.75 521.00 522.50 1.63 2.65

• Retesting confirmed detection of formaldehyde gas at low concentrations
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• Key to experiment was the successful merger of established technologies
and techniques
- Fluorescent reactive dyes

- Fluorescence spectroscopy

- Substrate materials

• Formaldehyde was detected in aqueous form down to 0.5 ppm and in
gaseous form down to 0.08 ppm

• AF 488 performed more consistently than APTS

• Use of inexpensive LED excitation sources, common dyes, and portable
EPP-2000 spectrometer in the tabletop prototype demonstrated the
feasibility of a compact, low cost sensor

• While dye performance was reasonably consistent, variations within
populations raise practical considerations for future sensor design
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• Possible additional experimentation
Correlation of dye fluorescence intensity to formaldehyde concentration

Demonstration of detections below 0.08 ppm

Exploration of new form factors and surfactants to enable the use of thin films

• Considerations for building a sensor
Optical component selection for multiple dye test samples

Improved manufacturing techniques for samples

Reusability of the device and of test samples

PC Board,
Signal Processor --------

Stop

Fluorescence

Stop

LED source 2

Removable test strip
dye + substrate

:. :
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