Polymer optical fiber grating aswater activity sensor
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ABSTRACT

Controlling the water content within a product Hasg been required in the chemical processing,caljure, food
storage, paper manufacturing, semiconductor, phegutal and fuel industries. The limitations of teracontent
measurement as an indicator of safety and quatityatiributed to differences in the strength withiatr water associates
with other components in the product. Water agtiindicates how tightly water is “bound,” structllyaor chemically,
in products. Water absorption introduces changethénvolume and refractive index of poly(methyl heatrylate)
PMMA. Therefore for a grating made in PMMA basedicgd fiber, its wavelength is an indicator of watdsorption
and PMMA thus can be used as a water activity setisahis work we have investigated the perfornreanota PMMA
based optical fiber grating as a water activityseenn sugar solution, saline solution and Jet @&vihation fuel. Samples
of sugar solution with sugar concentration frono®®%b, saline solution with concentration from 02@%, and dried
(10ppm), ambient (39ppm) and wet (68ppm) aviatioeld were used in experiments. The correspondingreativities
are measured as 1.0 to 0.99 for sugar solutionto10086 for saline solution, and 0.15, 0.57 ar@ifa@r the aviation fuel
samples. The water content in the measured samgiges from 100% (pure water) to 10 ppm (driedtanguel). The
PMMA based optical fiber grating exhibits good s@wvisy and consistent response, and Bragg wavelesgifts as
large as 3.4 nm when the sensor is transferred digrfuel to wet fuel.
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1. INTRODUCTION

Recent technological advances have helped pronwyenpr optical fibers (POFs) as a lower cost aliéiue to silica
optical fibers, though at a penalty of a much higinensmission loss. As sensors, POFs have additamhaantages
thanks to the physical and chemical propertiesabyrmeric materials that are rather different tacsil Bragg gratings
have been successfully inscribed into poly(methgthacrylate) (PMMA) based polymer optical fibetbioth step-index
and microstructured geometries. The interestingufea of polymer optical fiber Bragg grating (POFBiGclude the
negative refractive index change against tempegaise, and in the case of PMMA based fibers aimigfffor water,

which leads to a swelling of the fiber and an iasee of refractive index. The former feature offeraell-conditioned
performance for overcoming the cross sensitivispés existing with silica fiber based FBGs[1] whhie water affinity,
which contributes to an increase in the Bragg wength of a FBG written in the fiber, is a potengialery useful

property.

Water is recognized as being very important tostiability of many products in chemical processiagriculture, food

storage, paper manufacturing, as well as the sewigior and pharmaceutical industries. Controltimgwater within a
product has long been used by man for preservaliaditionally, discussions about water in proddotsis on moisture
or water content, which is a quantitative or voltmeeanalysis that determines the total amount afew present. The
water content of a product is a familiar concepiniast people. In industries people measure therwatgent by using
oven drying, infrared, NMR and Raman spectroscopysarl Fisher titration [2]. However, water contexione is not a
reliable predictor of microbial responses and cloainireactions in materials. The limitations of watontent

measurement as an indicator of safety and quality adtributed to differences in the intensity witthich water

associates with other components in the producteiessociated with a substance is classifiedtherdiree or bound.
Bound water is directly or tightly associated wéthmaterial and is not readily available for cheminteraction with

other species. Thus, the amount of free water rafize the amount of total water is critical to tteemical and physical
stability of a drug substance that is moisture isers
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On the other hand aviation fuel has the abilithtdd a certain amount of dissolved water. The maximamount of
water that a given fuel can contain is referrecidats saturation point. This becomes critical wties water content
nears the fuel's saturation point, creating a ofkactually exceeding the saturation point and fagrfree water — a
destructive contaminant to almost all fuel applmag. In an aviation fuel system (FS), water, idiidn to not burning
in an engine, will freeze at the low temperaturesogintered in high altitude flights. The resultiog may plug fuel
filters and otherwise impede fuel flow. In additiomwater already present in fuel, humid air indrdbpus weather is
also transformed to water in the fuel tanks by gltson leading to abnormal presence of water inRBewith in addition
increased risk for lightning damage (due to theewabnductivity). Water in the fuel also may faeile the corrosion of
some metals and the growth of microorganisms. Bidssformed by microbial growth are very effectige plugging
fuel filters. Some microorganisms also generateliaddy-products that can accelerate metal corrod®hThe best
approach to microbial contamination is preventiad ¢he most important preventive step is keepiegaitmount of free
water in fuel storage tanks and aircraft fuel taakdow as possible. A typical water-saturated fugitains between 40
and 80 ppm dissolved water at 21°C (70°F). If ttmgerature of the fuel increases, it can dissolegenwater.
Conversely, if the temperature of water-saturated @iecreases, some of the water dissolved inuglesfill separate as
free water. Compared to the amount of fuel theratgéd water content is very small either in voluoneén mass. This
makes the measurement task difficult. The tradiiamit of measurement for quantifying water cobfarfuel has been
ppm (parts per million). It is an absolute moistpegameter that describes the volume or massaoati@ter to fuel. By
actively measuring ppm levels of water in fuel, @iesolute amount of water can be determined. Homevepm
measurement has one major limitation — it doesanobunt for any variation in a fuel’s saturatiorinpoln other words,
in a dynamic fuel system with a fluctuating satiratpoint, a ppm measurement would provide no imtihen of how
close the moisture level is to the fuel’'s saturapoint.

Water absorption in PMMA is a function of the eduium relative humidity (ERH). Water absorptiontriduces
changes in the volume and refractive index of PMMAerefore for a grating made in PMMA based optfdzér, its

wavelength is an indicator of water absorption BMMA thus can be used for water activity sensingvater activity is
defined by ERH. In this work we have investigatkd performance of a PMMA based optical fiber gatas a water
activity senor in sugar solution, saline solutiondalet A-1 aviation fuel. Samples of sugar solutigith sugar
concentration from 0 to 8%, saline solution wittncentration from 0 to 22%, and dried (10ppm), amib{89ppm) and
wet (68ppm) aviation fuels were used in experimefte PMMA based optical fiber grating exhibits dagensitivity

and consistent response. This particular featumatér activity measurement allows PMMA based @pfiiber gratings
to detect very tiny amounts of water in some sohgithat have a low water saturation limit (such\aation fuel).

2. PRINCIPLE OF MEASUREMENT OF WATER ACTIVITY

Water activity describes the energy status or esgapndency of the water in a sample. It indicdtew tightly water is
“bound,” structurally or chemically, in productsui@ water is taken as the reference or standatel §tan which the
energy status of water in a material is measuréagdiilibrium, the water activity of a materialégual to the relative
humidity (RH) of the atmosphere in which it is &dr If the materials are moved to a higher or loRErthen the water
content will increase or decrease, respectiveliil equilibrium is reached.

Water activity is defined as [4]
a, =P /FR, 1)

wherePs is the vapor pressure of water above a samplégrtidat of pure water at the same temperature. \Vatérity
values represent a scale that ranges from 0 (bgfead1.0 (pure water). In a fuel systexg=0 means dry fuel anal,=1
water saturated fuel. From its definition wateiatt is equal to equilibrium relative humidity (ER.

On the other hand PMMA can absorb a certain amofintater. Water absorption in PMMA, as derived frone
multimolecular theory of absorption, can be expedsas [5],

_ospex [1=(n+ Dx"+nx™t!
S p— 1+ (¢ — 1)x — cxntl

&)

wheres is the weight of absorbate per gram of adsorlserihe weight of absorbate per gram of absorbent vezam
absorption site is covered by one mole of absorteaind n are constantsi= P4Po wherePs is the equilibrium
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absorption pressure in the absorbate Rgidhe saturation pressure over a free liquid surtdabe absorbate. Here the
absorbate is water and the absorbent PMMA. Thezefioe ratio of these two parameters representedodibrium
relative humidity. For PMMA (Perspex)y; is 6.25,c=1, n=5. According to (2) water absorption in PMMA iguaction
of ERH and can be calculated.

Water absorption introduces changes in both themeland refractive index of PMMA. The volumetricaadlge in
PMMA can be estimated. Considering a unit volumefinitially dry polymer, of densityy, which takes ug wt%
water, the density change of PMMA against wateakptate can be calculated as [6],

_ 1+5/100 3)
P = PoTisp, f/100 (
wheref is the fraction of the water contributing to anrgase in the PMMA volume amg), the density of water.
For a PMMA based polymer optical fiber Bragg grgtifOFBG), its Bragg wavelength depends on thectffe core
refractive indexng, and the grating pitchl, both of which can be modulated by the water aunite PMMA optical
fiber. At a specified temperature the wavelengtange of POFBG against relative humidity can be esged as

Ag =2n,(a,)N\ () (4)

This indicates that the POFBG can detect the chahgater activity when placed in any water solatio

3. EXPERIMENTSAND RESULTS

An experimental arrangement was set up to cortieotitssolved water content in fuel and investigla¢eperformance of
a POFBG for water detection in fuel, as shown i Ei A Bragg grating with a wavelength of ~1535 was fabricated
into a 10 cm length of step index few mode PORhénh was attached to a single mode silica fiberrdiad using UV
curable glue (Norland 78), as described in [7].sThias illuminated via a fiber optic circulator witight from a
broadband light source (Thorlab ASE730) and obskrve reflection using an IBSEN I-MON 400 wavelength

interrogation system.
POFBG

uv glued N

Silica fiber

ASE730 I-MON 400

Broadband Wavelength

Source . Interrogator
Circulator

Fig. 1 Experimental arrangement

3.1 Measuring saline and sugar solutions
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Fig. 2 POFBG wavelength response vs. different aotnagon. (a) salt solution, (b) sugar solution.
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The POFBG was first inserted into a test tube efiltid water to get fully swelled by the waterethpulled out and
inserted into the test tubes of saline solution sunghr solution. Four samples of saline solutioB%, 13%, 17.5% and
22%) and four samples of sugar solution (2%, 4%,a8%b 8%) were prepared and tested, respectiveljeirorder of
ascending concentrations. The recorded POFBG wagytlerariations are shown in Fig. 2.

3.2 Measuring aviation fuel

Aviation fuel has the ability to hold a certain amob of dissolved water. The amount of dissolvedewdepends on the
relative humidity of the air above the fuel, assognihat the fuel is in equilibrium with its envinment. Fuel close to a
fuel-water or fuel-air interface will reach wateqyudlibrium in a matter of minutes. Therefore thetevacontent in a fuel
sample can be varied by exposing fuel to humid@iiferent amounts of water in fuel can be condiéd by changing
the surrounding relative humidity. In the experimelet-Al aviation fuel was held in a beaker pladedthe
environmental chamber to be in contact with ait ten be set to a chosen temperature and humAliBOFBG was
inserted into the fuel and monitored under différetative humidities.

It takes time for fuel to reach water equilibriufthis equilibrium time closely depends on the volusne the geometry
of the container of the fuel. If the volume of fugllarge and the area of the interface betweehafio@ air is limited it
will take a lot longer to reach water equilibriuin. order to accelerate the water equilibration psscin the fuel, a
magnetic stirrer was used to stir the fuel in tbaker. The wavelength response of POFBG in fuelm@sitored while
the relative humidity of the chamber was set téedént values. Fig. 3 shows a typical responsén@fROFBG sensor
recorded while the humidity was changed in a step086 from 40% to 90% and the chamber temperatae kept at

24.5°C.
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Fig. 3 POFBG wavelength response vs. varying ERHcdalitioned in chamber, (b) calibrated by coul@net

Three samples of fuel were further used to tesP@EBG sensor performance. The fuel was dispemsedhiree small
glass vials, each of which contained about 20ndledfA-1. Sample 1 was dried, as far as possipleldring the vial in

a desiccator which contained a bed of silica gghmple 2 was left open and exposed to ambient S@mple 3 was
exposed to a 100% RH atmosphere by placing theirvialdesiccator that contained a small amountigifildd water,

rather than dessicant. On conclusion of the canditg period, the water content of each sampltief was measured
using a Karl Fischer (KF) coulometer. The followimgasurements were recorded: 10 ppm dissolved wasample 1
(by mass); 39 ppm dissolved water in sample 2; 5@ plissolved water in sample 3. These samples aeally

processed in the same way as had previously beas idothe environmental chamber, but with knownewaintent
measured by using the Karl Fischer (KF) couloméibe POFBG response was recorded and is showiyir3Fi

4. DISCUSSIONS

The wavelength changes of the POFBG induced byerdifft solution concentrations are plotted in Fig. When

salt/sugar concentration increases the water ctratem decreases. Due to the Osmosis effect thigapavater vapor
pressure inside the PMMA optical fiber varies vitile external water vapor pressure [8]. Therefoeeriging salt/sugar
concentration (the falling water concentration)egivise to lowering water pressure inside the PMfibar, i.e, to a

reduced POFBG wavelength.
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The relationship between water content and watgviggccan only be determined by experiment. Thiatiens of water
activity and salt/sugar concentration are plotte#ig. 4b, which are retrieved from [9][10].By coanpng Fig. 4a and 4b
one can notice that POFBG wavelength change almisbrs the water activity of the solution. In faBOFBG
wavelength increases with the increment of watdivig, but in a slightly nonlinear fashion, whids due to the
nonlinear relation between PMMA swelling and watentent inside PMMA optical fiber [11].

Traditionally people control the water within a guzt by some method of drying or by chemically/stawally binding
(salting or sugaring) for preservation. Obviousjtiag has a larges, lowering factor than sugaring does and therefore
is more efficient for food preservation. This calso be seen from the results that POFBG shows &h rfarger
wavelength change over salt concentration thanrsigyacentration.
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Fig. 4 (a) POFBF wavelength change vs. solutiorcentration, (b) water activity at different contration.

One can readily obtain the relation of POFBG wawgile change and salt/sugar activity. The wavelengtinge of the
POFBG is plotted against the water activity of/saljar solution, and fuel in Fig. 5. The resultstfee fuel conditioned
in the environmental chamber and the calibratetddamples (conditioned in the desiccator) show grgd agreement
and consistent sensitivity (Fig. 5b).
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Fig. 5 POFBF wavelength change vs. water acti{@ysalt and sugar solutions (b) Jet A-1 fuel.

From Fig. 5a and Fig. 5b one can find some intergdacts. Looking into the wavelength change &snation of water
activity for salt solution, sugar solution and det fuel, we can obtain a sensitivity of 6.4 nm,88m, and 4 nm over
100%ERH or,, = 1, respectively. The POFBGs used in this warkeha humidity sensitivity of 40 to 50 pm/%RH. The
measured sensitivity for fuel is in good agreemeith POFBG’s humidity sensitivity. The sensitivisidor salt and
sugar solution are larger in the measured rangetdute nonlinear relation between water activityd asolution
concentration. However, one can get an entireffeidifit conclusion by looking into the wavelengtlacge over water
content change in a sample. A wavelength chang®® nm is measured for salt solution with watemteat varying
from 78% to 100%; a wavelength change of ~3.4 nrasuesd for Jet A-1 with water content varying frathppm to
68 ppm. It implies a very large sensitivity of wat®ntent in fuel and a small sensitivity for watentent in salt/sugar
solution. In fact the POFBG sensitivities of wavelth change as a function of water activity (ERH) different
samples are not very different, regardless of amlinear relation between water activity and watantent for different
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samples. The truth is that POFBG responds to therwantent inside the PMMA optical fiber ratheanhexternal water
content; the former is only determined by equilibmi relative humidity, as defined by (2). Theref@®FBGs always
provide good water activity sensing no matter houcimthe water content is. This is a very usefupprty for quality
and safety control in chemical processing, agncelt food storage, paper manufacturing, semicooduct
pharmaceutical and fuel industries wherever thestaoé/water content is of concern.

5. CONCLUSION

In this work we have investigated POFBGs for meaagwvater activity of salt solution, sugar solutiand aviation fuel.
The PMMA based optical fiber grating exhibits gosehsitivity and consistent response. This partictdature of
measurement allows a PMMA based optical fiber geato provide an effective measure for quality aaéety control
in many industries where water content is critical.
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