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Abstract: Birefringent porous glass integrated between thastie optical fibers terminated by
crossed Polaroid™ films was used as a low-costadrabrvice-life indicator (ESLI) for organic
vapor cartridges. Birefringence is significantlylueed when volatile compounds condense into the
anisotropic porous structure. Such changes coudlydze quantified using a low-cost light source
and detector and very simple light intensity anialy®/e showed that such sensors integrated into
an experimental organic vapor cartridge could gafitect the progression of low concentrations
of solvents (such as 50 ppm of toluene) into thevaied charcoal cartridge and thus truly be used
as an ESLI. Since such robust sensors could démedband solvents by simple physical
condensation similar to the trapping phenomena abfvated carbon, they are probably ideal
candidates for such application.
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1 Introduction

Air-purifying devices, including air-purifying resptor cartridges and canisters, are widely usethacivil and

military industries to protect workers against He@mful effects of toxic materials. Such devicesally consist of a
filter chamber filled with adsorbent material (geadly activated charcoal) that traps (adsorbs @oéis) vapors or
gases on its surface or within its porous structAethe adsorbent material is completely filldag air-purifying

device loses protective capability for the userirggahe contaminant. This could have dramaticat$feespecially
when the contaminant has poor warning properteg, if its odor, taste or irritation limit is greaté¢han the

permissible exposure limit or if there is insuféiot toxicological data to determine an exposuré.lim

In establishing new certification standards in 1,98% U. S National Institute for Occupational Safety and
Health (NIOSH) encouraged the development of activé-of-service-life indicators (ESLI). Such indimea should
detect the presence of contaminants and providenambiguous signal warning the user that the fitfethe air-
purifying device is almost exhausted. End-of-sexdite indicators may involve a visual color charibat warns the
user to replace the filter. Such color changessaraetimes induced by chemical reactions of a ugsaligle-use
color indicator which has the great advantage @igpsimple and economically acceptable. One drallsdesuch
chemical color indicators is, however, that they asually very specific to the chemical or classtdmicals (such
as acids) they should react with. In the case ganic solvents, such chemical reactivity is raalgilable to allow
the development of a broadband solvent detectisedan chemical color indicators.

In order to have wider detection sensitivity, tleasor could rather rely on more physical phenonsith as
condensation, adsorption, or absorption into srpalles. Such changes in the porous sensing matayidtl
advantageously be evaluated using optical methHotyesting approaches for solvent detection haenlproposed
using either porous silicon [1,2] or porous gladg]. However, there are still few publications atésing the use of
optical sensors for solvent detection integratesitlim organic vapor cartridges. In some of them goglass optical
fiber sensors have already been proposed as an fe6Skéspiratory cartridges [5,6]. In this workglit intensity
transmitted through a porous glass fiber was medlifn the presence of organic vapors. But for suakeguide
type sensors, the length of the fragile poroussgies to be sufficient (at least a few centimetarsyder to provide
a good sensitivity to solvents, making them diffitca manipulate and to package into small comnadicartridges.
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We present in this paper a completely differentrapph still using porous glass but for which thdich
anisotropy rather than waveguide properties ofséresitive material are modified in the presencsabfent vapors.
It will be seen that with a compact and robust giesa birefringent porous glass sensor can be witbda simple
interrogation unit to provide a low-cost broadb&®l| for organic vapor cartridges.

2  Materials and Methods

2.1 OAT-TS sensor manufacturing

The porous glass was produced from borosilicatesgféoers that were heat treated for several hourgder to
induce a spinodal decomposition leading to phaparation. The boron rich phase was then leachedyuatcid
treatment in order to produce a silica rich interoected porous structure [7]. Fibers were rinsedater and finally
in isopropanol before being stored under vacuuro@h temperature.

Sections of plastic optical fiber (POF) 1 mm inrd&ter were cut, polished, and terminated on one kida
small disc of Polaroid™ thin film. Two such POFsravaligned into a slotted metal tube with Polaroidilths
facing each other and oriented in order to obtaimmlete extinction of transmitted light. Then binefient porous
fiber was inserted into the slot and oriented d52 relative to the polarizer axis in order to nmaizie the sensor
contrast. Once assembly was optimized all elemenrte fixed with epoxy adhesives. The diameter ef ¢cknter
part of the sensor prototype was 1.8 mm. A morepamnversion of this optical anisotropy technoldgnsmission
sensor (further referred to as an OAT-TS sensarl)dceasily be manufactured since transmitted lighels were not
an issue.

Transmission profile of each OAT-TS sensor was iobth using a halogen light source and a photo
spectrometer from Ocean Optics (SD-2000). Suchilprefas used in order to adjust the three differggitt
intensities of each red-green-blue (RGB) color lidep to cover an optimal dynamical range withoutisging the
light detector of the signal conditioner.

Figure 1 : Left: OAT-TS sensor connected to RGB ligt source and to light detector.
Right: OAT-TS sensor connected to OAT-DL signal coditioner (2 channels).

2.2 OAT-DL signal conditioner

We designed a two channel signal conditioner (&rrtheferred to as OAT-DL data logger) suitable fhe
birefringent OAT-TS sensor. Basically the unit égally controls the intensity of two RGB light enmity diodes
(LEDs) and records for each channel the light isityr(separated in 1024 levels) collected by a pinanhsistor. The
self-powered unit can be programmed or interroghted computer via a RS-332 communication port. Uiiewas
set to record light intensity at the three RGB weangths every 30 s. Convenient light source anbit lietection
interfaces have been developed in order to falitannection directly to bafé 1 mm FOPs as seen in Figure 1.

The two extremities of each OAT-TS sensor were Bingonnected to the RGB light source and the light
detector (see Figure 1 left). Initial light intetysof each RGB color was set to a predeterminedevgselected
according to transmission pattern) and was conskaming the whole experiment. Light intensity véiga was thus
only due to shifts in the transmitted spectra ef@AT-TS sensor in response to solvent vapor detefs,8].

2.3  Test equipment for solvent cartridge challenge

In order to simulate a normal use of an organicovagartridge, two OAT-TS sensors were embeddedfizrent
locations (located at 20 mm and 80 mm from theiigia$) inside an 8 x 18 x 163 mm aluminum chamijksdf with
activated carbon (extracted from new organic vagaotridges). They were connected to the two chanoglan
OAT-DL signal conditioner. The dimension of the exmental cartridge chamber was reduced in ordemitomize
experimental breakthrough time.



Dry nitrogen gas flowing at 1 L/min was used foe ttartridge challenge test. The addition of sol{esitiene)
was done by continuously injecting (using a HarvaAmparatus syringe pump, model #PHD 2000) a cdetlol
amount of liquid into an expansion chamber heate@D2C to ease solvent vaporization. The slow iimgecflow of
the liquid solvent was adjusted in order to ha®® @pm concentration during the entire challenge te

3 Results and Discussion

In the past we presented work showing that birgéirt porous glass could be used for volatile oganmpound
detection [3,8]. The porous structure of the glaggh pore diameters ranging from 2 nm up to >60 mas proven
to have the ability to condense solvent vaporsithatrn changed the optical anisotropic propertiethe material.
Such variations could quite easily be observed wthen birefringent glass was placed at a 45° between
polarizers. If a white light source was used, soivéetection could be identified by color change,bg light
intensity change if a single or narrow wavelengghtl source was used [8]. Light intensity measunanige probably
the best choice for precise quantification of thanges related to solvent concentration, even thaotpr changes
make such technology very attractive for more passensor development. So in order to first prodderoof of
concept, we selected to measure light intensitypé&iter quantification of the measurement.

The use of solvent detection within the cartridg®f particular importance since depending on tirdure or
the sequence of the solvent vapors the cartridgexp®sed to, the cartridge breakthrough is modifigdsolvents
being displaced by others which are more stronghded to the activated charcoal [9]. Since the gudiem capacity
of the carbon and the breakthrough time for weaklgorbed compounds are decreased significantlkpysere to
mixtures, it is important in real life to be able rely on real measurements rather than on congatulations to
predict actual cartridge solvent breakthrough.

We miniaturized the sensor design in order to mteva sensor that could be integrated into respyrato
cartridges without disturbing much the flow distrilton. The reduction in overall cost of the sengas achieved by
selectingd 1 mm plastic optical fibers and commercial Poldftifilm. Only two millimeters of birefringent porsu
glass were used as a sensing part in our protatyjés is one of the great advantages over ther athproach
involving waveguide property changes of long porglass fiber, since in the OAT-TS sensor the megiifie part
of the sensor is protected by metal tubing andeaeily survive the activated carbon packing proesssultrasonic
welding of the respiratory cartridge lead.

In order to validate the concept of the use of &TAQ'S sensor as an ESLI for a cartridge filled waittivated
carbon, we placed two OAT-TS sensors at two diffepositions (at 20 mm and at 80 mm from the gé)inThe
two OAT-TS sensors were connected to a dual chadAdl-DL signal conditioner as shown in Figure Q). The
aluminum experimental cartridge was then challengitd 50 ppm of toluene. Such a low concentratibomanic
vapor was selected since it corresponds in the tiSthe threshold limit value (TLV) for toluene whidor this
solvent is lower than its permissible exposure @4REV). It was also representative of a realigtierage solvent
concentration that could be present in selectedsinil environments.
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Figure 2: Light intensity signal changes observedta3 different wavelengths (corresponding to
RGB colors of commercial LEDs) for 2 OAT-TS sensorgositioned at 20 mm (left) and

at 80 mm (right) from a gas inlet inside an experirantal activated carbon cartridge
during a 50 ppm toluene challenge (nitrogen @ 1 L/in)



Figure 2 shows the light intensity changes at tldi€ferent wavelengths (corresponding to the tHR&& colors
of a commercial LED) recorded for the two sensdirsould be seen that the first OAT-TS sensor dstéice
presence of toluene trapped into activated carlfien about 15 h (increase of red and green andedserof blue
light intensities). A plateau is obtained after abdO h indicating that at this position the tolaeroncentration
trapped into the carbon remains constant. The se©AT-TS sensor detects the presence of toluepe afiout 50 h
(same behavior as the first sensor) and reachkdemp after about 140 h. Before 50 h, this sehaera constant and
very stable intensity baseline indicating that olug¢ne is detected at this position since it ipged efficiently by
activated carbon packed in front of this posititnterestingly the second sensor, situated 4 timethdr than the
first one, detects the toluene solvent front ingdeurated carbon about less than 4 times lateitaalles about 4
times longer to reach the plateau (~90 h instea?bdf) which is well in agreement with the progresf toluene
saturation inside the porous activated carbon (tlo& inlet limit conditions probably affect therdi sensor’s
detection response). In our example, the first O/ sensor is fully saturated before the secondosestarts
detecting the toluene diffusive progression int® ¢larbon bed. Thus, depending on the position winer®©AT-TS
sensor is placed into the activated carbon bechutd indicate to the user how the cartridge isirsaed and thus
serve as a true ESLI. It is also worth mentionihgt tintensity at different wavelengths could chamgepposite
directions €.g.such as observed for blue versus red light intes$itvhen detecting solvent inside the cartridge.
Such behavior allows a more reliable design whigte kource intensity variations could be corredigdalculating
the intensity ratio at two different wavelengths.

The presence of activated carbon surrounding th@-D38 sensor is an ideal medium since it protectoym
glass from possible contaminations. Since bire&irigporous glass that we developed could detedfanently all
tested organic solvents [3,8] and due to the faat its physical structure is similar to that ofieeted carbon, the
use of the optical anisotropy technology descrilvethis paper is probably an ideal situation focammercially
successful broadband solvent sensor that couldée as an ESLI for respiratory cartridges.

4  Conclusions

We demonstrated that a birefringent porous glassosecould be used as a low-cost end-of-servieariicator for
organic vapor cartridges. Thanks to the fact thih whis approach only a small sensitive porousglsection is
required, we show how a birefringent porous glalssrfoptic sensor could easily be integrated insideorganic
vapor cartridge and be potentially used as an ésdwice life indicator (ESLI) for commercial cadges. We
demonstrate that such robust sensors could beigerisi very low solvent concentrations. The simpésigns of the
sensor and interrogation unit allow further miniaation of the described prototypes. This prongsinew
technology is currently under development at FIS€ehhologies adding new opportunities to our greaiety of
existing fiber-optic sensors (for details see wviso.fcom).
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