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SUMMARY

Parallel factor analysis (PARAFAC) is applied to three calibrations of a field-portable, cuvette-based, single-
measurement, excitation—emission matrix fluorometer. In the first example the fluorometer is calibrated based on
interactions between a non-fluorescent DDT-type pesticide and a fluorescent dye. PARAFAC is employed to
deconvolve the fluorescence profiles of dissociated and complexed dye states. Calibration is performed based on
the intensity of dye—pesticide fluorescence. In the second example, weighted PARAFAC (W-PARAFAC) is
applied to determination of three polynuclear aromatic hydrocarbons (PAHSs). The weighted algorithm is
required to incorporate saturated channels of the CCD detector into the calibration model. In the third example,
W-PARAFAC is applied to calibration of two carbamate pesticides. The weighted algorithm is required to
account for Rayleigh and Raman scattering overlapping with the fluorescence spectra. For theses three
applications, parts-per-trillion to parts-per-billion detection limits are observed in aqueous solutions. Copyright
O 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The combination of hyphenated instrumentation and multiway spectral deconvolution methods
provides a promising paradigm for quantitative environmental monitoring. Many hyphenated
instruments provide bilinear data well suited for multiway methods that assume the parallel factor
analysis (PARAFAC) model. The multiway spectral deconvolution methods enable accurate and
reliable discrimination of the analyte signal in the presence of unknown and uncalibrated spectral
interferents. This capability is often referred to as the ‘second-order advantage.” As a practical
consequence, the second-order advantage allows for construction of field-portable sensors that rely on
statistical discrimination, not complete instrumental separation, of the target analytes.

Two decades ago, Hirschfeld listed 66 hyphenated instrumental methods that currently, or could in
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the future, exig [1]. With hyphendéed method the outpu of oneinstrument,saya chromabgraph,
modulatesthe input of a seconl instrument, say an array detecbr. Consequetly, a matrix of data
(time x wavelength) is colleded per sampleanalyzed Examplesof hyphenged instrumentation
include excitaion—emssion matrix (EEM) fluorescencespectromeers, gas chromatogaph—nass
spectraneter GC-MS) andtandemmassspectranetersMS). Compaatively, UV-IR spectrecopy
would not be a hyphen&ed methodsincethe UV spectrado not moduate the IR specta.

Multiway modelinghasbeenappied extensvely for quanttative analysisof datafrom hyphensed
instrumentation.Modificationsof the basicPARAFAC modelto accounfor expetednon-linearities
in the instrumental signal have been cataloged[2]. Applications of thee multiway calibraion
techniqiesincludeflow injection analyss[3], GC-GCl[4], HPLC-spectoscopy[5,6], tancemMS [7]
and EEM fluorescene [8,9]. The resolution power of multiway methodsis essatial in the
performane of two environmentalsensaes utilizing kinetic—sgectrosopic analysis[10-13 and
chromatogaphic—spectrosapic analysis[13].

Of particula interestfor in situ environmenrdl analysess fluorescene spectr@copy.Fluoresence
spectracopy provides excelent sensitvity for a range of environmenally relevant analytes,
including polynuckar aromatic hydrocartons (PAHS and many pesticids. PAHSs, such as
benzathracenesand chrysenes,are listed in the Clean Water Act (CWA) as section307 Toxic
Pollutants. NineteenspecificPAHs arefurther listed in the CWA assection 307 Priority Pollutants
andrecaynizedascarcingenicunder CaliforniaPropogion 65. Otherthannaphtha¢éne,PAHshave
little to no commercal value and are not commecially produed. However, PAHs entg the
environment from numeroussoures: leachirg from crecsoteusedto preservemaiine lumber, fuel
spills; and combusion of fossil fuels, wood and garbaye. These PAHs, and specificdly the
carcingenicPAHSs, arelargelyfat-sduble andtendto bioconcentrée astheymoveupthefood chain.
Consequetly, it is prudent to monitor the levels of PAHs in the environnent. Pesticidesare an
integral part of crop managemenstrategies.Howeve, environmentalcomplicatons of pestidde
applicaionsincludeinjury to non-taget speciesdowrstreamimpactof pestidédes,anddecreasen
pestiéde efficacy dueto overexposure Often pesticides appled to the soil arenotreadly degraled;
this canresultin repeatd exposue of the surroundingareato the pestiéde long after appication.
Therdore a method for real-timeg on-sike analysis of pesicides would be advantageus for
environnentalmaragement.

One problem hindeiing wider application of fluorescene spectroscopyfor environmenal
monitoring is theintrinsic lack of selecivity in excitationandemisson fluorescene measuements.
The broadcharacterof fluorescene peaksusually prohibits finding an explicit excitaticn/emission
wavelength pair thatis unigue to a given analyte.Employmentof multivariate calibraion methods
such as pariial least squaes regressn, is unsatisfatory owing to the inahlity of multivarate
calibraion methodso providereliable estimatesin the presencef uncalitratedinterferens [14]. In
theory, multidimensionalcalibration methodsavoid the shortcomngsof univariae andmultivariate
calibraion of EEM instrumerts.

To simultaneouslyexploit the resolutian abilities of multiway calibraion and the sensiivity of
fluoresenceanalysis,a singlemeasurerant EEM fluorometerwas constuctedfor field analysesof
pesticgdes and PAHs [15]. The applicaility and utility of multiway calibration methods for
calibrafon of andquantifiationwith the EEM fluorometeraredemonstratdin threeanalysesin the
firstanalysis,methoxychlor, anon-fluaescenDDT-typepestiéde, is quantfied basedninteractions
with afluorescentlye. In the secondexampe, PARAFAC calibrationis appliedto deternination of
PAHs. Here W-PARAFAC is emdoyed to exterd the dynamic rangeof calibraion beyond the
thresholdof the detecor. In thethird exampe, W-PARAFAC is emgoyedto mitigate the effects of
overlappng Rayleigh andRaman scatteing for determiration of natively fluoresentpestigdes.
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THEORY
Trilinear model

Parallelfactor analyss emgoys the trilinear model[16]

N
Rijk=Y_XinYinZcn + Eijk (1)
n=1

wherethekth slice of thetrilinear cubeR is thel x J matrix of datacolleded from the instrumental
analysisof the kth sample E is the collectionof modd andrandan residua errorsfrom fitting this

trilinear modd. In this paper undetined boldface capitds represat three-wg arrays, boldface
capitals representtwo-way arrays or matrices, and scalarsare italicized. In the caseof EEM

fluoromety eachmatrix containsthe excitation andemisson profilesof the fluorescentomponents
in eachsample ThustheN columnsof the X, Y andZ matrices correspadto theestimatesof thetrue
excitation profiles, X, emisson profiles, Y, and relaive concentrations Z, of the N unique
componerd in the sample. Thisresuts in | x N, J x N andK x N size matrices for X,Y andZ

respectivey. The analst supplies the numberof factors, N, emgdoyed by the modd. For these
applicatiorstheidealnumberof factorswaschose by visually inspectingtheexcitationandemisson

profilesto deternine their reasonablity and comparingroot mean squae errors of calibrationfor

successivenodels In addition,knowledye of the sysem andthe numter of analytes preentin the

samplesverealsoconsideed.

Alternating leastsquares (ALS) procedure

The N columnsof X, Y andZ areestmatedusingan ALS procedure. The following is a three-step
summay of the ALS procelure.

Stepl. The PARAFAC algorithm begns with aninitial guessof the X andY staring profiles,
while theinitial Z profilesare deteminedby solving the equation

Rc = CZ' (2a)
suchthat

T=C'Rc (3a)
with C* beingthepseudinverseof C, which canbe calculatedfrom thenormal equatissor singula
valuedeconpositionof C. In Equaton (2a), RC is anlJ x K matrix constuctedby unfolding the K
slicesof R in the XY plane,whereRc, . =Rijk. Similardy, C is anlJ x N matrix formedfrom N
columnsof X andy, whereCg_ 1yi4in = X| nYJ n- Rendomnumberswereusedto geneatetheinitial X
andY startingprofiles.

Step2. Updateal estimateof the X profiles arefound by solving the equatio
Ra = AXT (2b)

suchthat

XT = A*Rp (3b)
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Ra is construted analogouly to Rc by unfolding the | slicesof R in the YZ plane. This forms a
JK x | matrix for R, andsimilarly to C, A is a JK x N matrix, whereAx_ 131k n= YjnZk.n
Step3. Updaed estimatef the Y profilesarefound by solving the equation

Rg = BY' (20)
suchthat
YT =B*Rg (30)
Like Ra andRc, Rg is construted by unfolding the J slicesof R in the XZ plane. This forms an
IK x J matrix for Rg; B is anlK x N matrix, where By_ 1y1k,n = Xi,nZkn
Thealgorithmproceedsiterdtively, cycling throughStepsl-3until it convergesAt eachiteration
themostrecentestimagesof X andY areusedto determire Z (or Y andZ to determire X, or X andZ

to deternine Y, depenéhg ontheequation currentlybeingsolved).Thusthe squaedresidud penalty
function

N 2
Z (Ri.j.k - Z Xi.n\?j,nzk,n> (4)

ik n—1

is minimizedby minimizing the followi ng expressionst eachiterative cycle:

IRa — AXT[2 (58)
IRe — BYT|I? (Sb)
IRc — CZ7|? (5¢)

Notethatfor any matrix Q thefollowing equatia givesthe squared-roberius or Euclidear norm

of Q:
| J
IRIE=>>"0q3 (6)
i=1 j=1

Convergnceis achevedwhenthe correlationof the mostrecentestimagesof X, Y andZ andthe
valuesof X, Y andZ from the previous stepis greaer than1—10°[17,19.

W-PARARAC

In spectrd data, someof the measuredvaluesdeviate significantly from the underlying trilinear
model.For exampk, the non-linearRayleigh and Ramanscatteringareinefficienty modelal owing
to their lack of inherentfactorsassuned by thetrilinear model;for the PAH analysesone spectra
channés havebecomesauratedandeffectively becone missingdata.A weightmatrix W, ; x maybe
construted to mitigate the effect of corruptdatapointsfrom the modd. By assigningquestimable
dataan arbitraily smallweightin the leastsquaesoptimization, the degre of fit by the modelto
thesedata will have no effect on the final detemination of modd parametes. This yields an
optimization penaltyfunction
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N 2
> [V\/i,j,k (Ri,j,k - Zy(i,nyj‘nzk,n> ] (7)
n=1

ik

whichis minimizedby minimizing the following expressinsat eachapprgriatestepin theiterative
cycle[19,20]:

IWa o (Ra — AXT)|[2 (83)
IWg o (Rs —BYT)|Z (8b)
IWc o (Re —CZ7)|2 (8¢)

HereW 4, Wg andW ¢ areconstuctedby unfolding W equivakntly to unfolding R to constuct R,
Rg andRc, and® is the Hadamardproductindicating element-wise multiplication.

EXPERIMENTAL
EEM fluorometer

The EEM fluorometer was constructd in the mannerof Booksh et al. [21] and is descriled in
Referencdl15]. Light from a 75 W xenonarclamp (OsramSylvanialnc., Danvers MA) wasfocused
on to the 275 mm entrane slit of a 150mm imaging spectrgraph(Acton ResearchCorp., Acton,
MA). This excitation spectrgraphwasfitted with a 600 groovémm gratingblazedat 300nm. The
2[75mm exit slit was rotated 90° to provide a 60nm band of excitaion light. The excitation
spectrgraphwasfitted to asamplechambelActon ResearchCorp.,Acton,MA) containingacuvette
holder. The excitation light was then focused on the near edge of the cuvete, and the emitted
fluorescene was colleded through the 1[00mm entrane slit of a secom 150mm imaging
spectrgraph(Acton ResearcliCorp.,Acton, MA) ata 90 ° angle.This emisson spectrgraphcould
be fitted with oneof two gratings:a 600 grooveémm grating blazedat 300nm or a 300 grooveémm
grating blazedat 500 nm. An astonomy-grade,thermoeéctrically cooledSBIG ST6 CCD canera
(SantaBarbaralnstrunent Group, SantaBarbar, CA) wasemployel for collection of the resilting
EEM fluorescene specta. The camerawas compute-controled throughKestreSpec32 (Catalina
Scientific,Tucson,AZ). A 60sintegrationtime wasemgoyedfor all sanples,andthe CCD camera
wasmaintanedat — 201 °C.

Methoxghlor and Nile Red

Nile Red is a solvatochrom¢ dye [22] which hasbeenshownto form a fluorescentconplex with
methoxychlor [23]. Nile Red and methoxychlor (95% purity) were obtainedfrom Aldrich andused
without further purification. Stock soluions of 140ppm Nile Red and400ppm methoxychlor were
preparedn reagemgradeacebne.Threesetsof soluionswerepreparedvith identicalmethoxychlor
concentationsandvariedNile Redconcentrationsof 0, 14 and28 ppb. In-housedistilled waterwas
employael for preparatbn of the methoxychlor standrds,which rangedirom 0 to 999 ppb. Sdutions
to be usedasunknownswere preparedisingpondwater,with concentrabnsranging from 0 to 747
ppb.All solutionswereallowedto equilibratefor appraimately 3 h to ensue consstentrestits.
Theemissionspectrgraphwasfittedwith the 300 grooveémm grating blazedat 500nm, resuting

in a60nm x 160nm EEM spectrum. The excitation spectrgraphwas ceneredat 515nm andthe
emissiorspectrgraphwascentere at650nm. Fourreplicatespecta of eachsolutionwereacqured.
Two-fador PARAFAC andW-PARAFAC modelswere found to work bestfor this applicaton.
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Polynuclear aromatic hydrocarbors

Aqueous solutions of polynuckar aromatic hydroarbonswith overlapping EEM spectrawere
preparedfor investigatirg the dynamicrangeof the detecor. Fluorene(98% purity), naphthaéne
(99% purity) and phenathrene(98% purity) were obtainedfrom Aldrich and usedwithout further
purificaion. Twerty-four one-to three-conponentaqueos soluions were preparedrom stok 11,
18 and 12 ppm ethanolsolutionsof fluorere, naphhaleneand phenanthenerespedwely. The final
fluorere, naphhaleneandphenathreneconcentation ranges were 05-25,3[3—-100and 2[0-50 ppb
respeduely.

Theemisson spectrgraphwasfitted with the 300 groovémm grating blazedat 500nm, resuting
in a60nm x 160nm EEM spectrun. In aqueos soluion, fluorere hastwo excitaion maxmaat270
and290nm andan emisson maximumat 305nm. Naphthal@e hasa singe excitation maximumat
280nm andan emisson maxmum at 345 nm. Phenanthrendasan excitation maximumat 270nm
andanemissionmaximumat 355nm. Therdore the excitationspectrgraphwascentere at 280nm
andtheemisson spectrgraphwascenterel at 330nm. Fourto six replicatespectravereacquirel for
single-conponentsoluions, four replicate spectrawere acquied for multiple-componentsolutions,
and24 spectraof purewaterwereacquiral. ThreefactorPARAFAC andW-PARAFAC modds were
foundto work bestfor this appication.

Nativel fluoresentpesticides

Technicalgradecarbaryl (9814% purity) was obtainel from Rhtne-Polenc and carbofuan (98%
purity) wasobtainal from Aldrich. One hundrel per centethanolandin-housedistilled waterwere
usedfor all dilutions and all reagents were usedwithout further purificaion. Stock solutions of
42 ppmcarkaryl andcartofuranwereprepaedin 10% (v/v) ethanol. Six singe-componat solutiors
of carbaryland carbofuan were prepaed with concentrationranges of 2(53—80and 625—2000ppb
respeduely.

Theemisson spectrgraphwasfittedwith the 600 grooveémm grating blazedat 300nm, resuting
in a 60nm x 80nm EEM spectum. The excitaion spectographwas ceneredat 280nm and the
emissionspectrograp was centred at 340nm. Four replicae spectraof each solution and 16
replicake spectraof purewaterwereacquirel. Three-facte PARAFAC modds werefoundto work
bestfor this applicaton. Whena high cut-off value for determinng weights wasemgoyed, a three-
factor W-PARAFAC modéd was found to work the best. With lower cut-offs, a two-factor W-
PARAFAC modé provided equivalent performanceto the three-facor model. Corsequently,the
two-factor modd wasemployel.

Data analyss

Analyss and deconwlution of the EEM spectrawere performedin the Matlab 52 (MathWorks,
Natick, MA) working environment.The PARAFAC deconpositionandlinear regressionprograms
were written in-house The programs were executedon IBM-compaible computers with Intel
Pentium233MHz processorsPrior to importingthe datainto Matlab, specta wereconvertedo text
files by internal converteran KestrelSpec.

Forall applicdions,linearregressionwascarried outontheZ valuesof known stendardsn orderto
calculate the regresin line. Subseqgantly, the concentrationsof the analytes in eachsamplewere
estimaed. The root meansquae error (RMSE) wasthen calculaed using the equation
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RMSE =

wherec representghetruevalue, € representshe predictedvalueandK represatsthe total numker
of sample. Two RMSEs are calculated. The RMSE of calibration (RMSEQ is calculatd basedon
the fit of the modelto just the standad samplesThis statisticis conseuently employel to aid in
determinng the optimal numberof factorsin the PARAFAC modd. The RMSE of estimaion
(RMSEE)is calculakdfrom the ability of the PARAFAC modéd to predictthe concentrabn of non
standad, ‘unknown’, sanples. This statistc is employeal to judge the overdl efficacy of the
calibraion procedure The standarddeviation of the blank was calculatedusingthe equation

Oblank =

(10)

wheregy is the predictedanalyteconcentrationin the kth blank and¢ is the mean of the predicted
concentationsin the Kg blanks.

RESULTS AND DISCUSSION
Application to novelsenseos (PARAFAC on DDT-type pesicides)

Nile Redis a solvatahromatt laser dye [22] which hasproven usefil asa hydrophdic probe.Nile
Redhasbeenemgoyedto studythe hydrophdic surfaceq24] andbindingsitesof proteins[25] and
asaselectiveintracelular dyefor lipids andlipoproteins[26]. In addtion, Nile Red hasrecentlybeen
shown to interact with the DDT-type pestcide methoxychlor in aqueos soluion [23]. The
fluorescene of Nile Redin agueos solution is seveely quencked and red-shfted [24,25 and
centeredat appraximately 665nm [23,24. The blue shift of the excitaion andemisson spectraof
Nile Redwith increasng solventpolarity [24—2§ is alsoobsewedin the presencedf methoxychlor
[23]. However, in the presenceof seleced proteins and methoxychlor, two distinct fluoresence
maximaareobservedhatmay beattributedto the solvatel Nile Redandthe hydrophobicaly bound
Nile Red[23,25.

Theuseof anEEM fluorometr to studytheinteraction of Nile Redwith methoxychlor eluddates
the preenceof two distinct EEM spectraFiguresl(a)andl(b)). The EEM spectrunof Nile Redin
aqueou solutionis shownin Figure 1(a); addtion of methoxychlor resultsin an additional peak,
whichis shownin Figurel(b). Threesetsof standadsandunknownswereprepaedwith 0, 14and28
ppb Nile Redto explorethe effect of Nile Red concentrationon the fluorescene of the Nile Red—
methoxychlor complex. The standardsand unknowns were prepaed with methoxychlor concenta-
tionsof 0,664,830and996 ppband0, 581and747ppbrespectivly. Theunknownswvereprepaedin
pondwaterto examire the effectof orgaric materia on the fluorescene of Nile Red.No addtional
fluorescene peakswere observedandfluorescene of the solvatel Nile Redwasunaffected.

PARAFAC wasemployal to resolvethe excitaion andemissionprofilesof the solvatedNile Red
and the Nile Red—methaychlor complex (Figures2(a) and 2(b)). The solvated Nile Red has
excitation and emissionmaxima at approximately 535 and 665nm resgectivdy. The estimated
fluorescene profile of Nile Redis negative at600nm. Thisis anartifactof themodd andis probaly
a result of the Nile Red reatsorbing some of the emitted fluorexence from the Nile Red-
methoxychlor complex.
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Figurel. (a) EEM spectrunof 28 ppbNile Redin aqueousolution.(b) EEM spectrunmof 28 ppbNile Redand
830 ppb methoxychlorin agueoussolution.

Both the excitaion andemissionprofilesof the Nile Red—methbxychlorcomplexareblue-shifted.
The excitaion profile of the complex is mucdh broaderwith respectto the excitationprofile of Nile
Red,with a maximumat appraimately 530 nm. The emisson profile of the complex is blue-shifted
about55nmto 610nm. As expeded, therewereno discreteEEM spectrapresentn the setwithout
Nile Red,confirming that the addtional peakmay be attributedto the interaction of Nile Redand
methoxychlor.

A previousstudy by HassoorandSchechtereportal alinearincreag in thefluorecenceintensty
of theNile Red—nethoxychbr complec with increasingnethoxychlor concentration[23]. Theresults
of this studysuggesthatthefluorecenceof theNile Red—methaychlor compundincreasedineaty
within a range of methoxychlor concentrations Howeve, outside of this rangethe increasein
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Figure2. (a) Estimatedexcitationprofilesof Nile RedandNile Red—methoxychlocomplexin aqueousolution.
(b) Estimatedemissionprofilesof Nile RedandNile Red—methoxychlocomplexin agueoussolution.
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Figure3. Plotsof estimatedluorescencéntensityof Nile RedandNile Red—methoxychlocomplexin (a) 14 ppb
Nile Red and (b) 28 ppb Nile Red versusmethoxychlorconcentrationOpencircles represenimethoxychlor
concentrationgor which the fluorescenceéntensity of the Nile Red—methoxychlocomplexincreasedinearly
with methoxychlorconcentrationGray-filled circles representhe methoxychlorconcentrationgor which the
fluorescenceintensity of the Nile Red-methoxychlorcomplex increasesnon-linearly with methoxychlor
concentrationStarsrepresenthe fluorescencéntensity of the solvatedNile Red.

fluorescene intensty is non-linear.Application of PARAFAC for deconvoluion of the solvatedand
complexed fluoresentprofilesdoesshowa deceasen fluorescene intensiy for solvatel Nile Red
andanincreasen fluorescene intensityfor complexed Nile redwith increasingnethoxychlor. The
opencirclesin Figures3(a) and 3(b) represat the rangewithin which the increasen fluorexence
intensiy of the Nile Red—nethoxychbr complexis linear, the gray-filled circlesrepresat the values
thatdo notfall within thisrange In addtion, thisrangeappeas to be depen@énton the concentration
of Nile Red. The range of methoxychlor concentrationsfor which thereis a linear increag in

fluorescene of the formed complex is 581-747and 664—996ppb with 14 and 28 ppb Nile Red
respectivéy.

Theuseof 14 ppbNile Redresuted in root meansquareerrorsof estimaton (RMSEE)of 42 and
65 ppb for the pond water sanples with methoxychlor concentations of 581 and 747 ppb
respectivly. IncreasingheNile Redconcentrationto 28 ppbresultedn RMSEE of 71and18 ppbfor
the correspondingsanples. The limit of detecion for methoxychlor employing this methodis
depeneént on the concentration of Nile Red. At high concentrations of Nile Red and low
concentationsof methoxychlor thefluorexenceof the Nile Red—nethoxychbr conplexis eithertoo
weak to be quantifiedl or undeectabk. Future studies will involve lowering the Nile Red
concentations to sub-pb concentations in order to lower the detecable concentrabn of
methoxychlor.

Extendirg dynamicrange (PARAFAC on PAHS)

For natively fluorescentanalyteswith high quantumefficieng/, suchas PAHSs, detectorsatuation
often becones a concen. In instan@s when the relative concentration of a targetanalyteis low
compare to overlappng interferens, simply reducingthe integrationtime to avoid saturaton is
unsatisfatory; whenthe interferent signalis within the rangeof the detector the analytesigral-to-
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Figure4. Contourplot of EEM spectrafor fluorene(left), naphthalengcenter)and phenanthrenéright).

noiseratio may be insufficientfor accuate quantfication. W-PARAFAC canalleviate this problem
by treaing the saturatedchannelsas missing values. W-PARAFAC has the advanage over
eigenvalle-baseddeconwlution methods such as direct trilinear decompotion, in that missing
valuesdo not necesitate discarding all variablesthat shae one of the indices.(Thatis, if the ijk
measuementis missingfrom the data setR, either the ith row, jth column or kth slice mustbe
removedprior to analyss.) Therearetwo strategiegor incorporatingmissingvaluesin PARAFAC.
The first is to assignthe missing value a weight of zero and apply a weighted least squaes
optimization. This is the strategyimplemented here The secoml strategyis to assignthe missing
measuementarandon valueanditeratively refinetheassignnentwith paraneterestimaesfrom the
model.Both strategieperformequivalently [27] andtherelativeefficiencyof the straegiesdepends
on the sizeandnatue of the dataset[28].

In this exanple the ability of W-PARAFAC to extend the dynamic range of analysisis
demongtatedon mixturesof threePAHS.A contourplot presentingthe degres of overlapamongthe
threeanalytesis shown in Figure4. Naphthalere (center)is muchless fluorescenthanfluorene(left)
and phenanthene (right); consequeiy, naphhalene generally demonstates higha RMSEE. A
typical surfaceplot of asampe’s EEM spectrds shownin Figure5. Thespectrun ontheleft isfrom a
mixture of 70 ppbnaphhalene 5 ppb fluorere and17 ppbphenathrene.Notethatsome channelsn
the centr of the spectruin are saturatechnd mustbe treatedasmissingvalues. The spectum on the
right is of the samesampleafteratwofold dilution. In this applicatbn the choiceof weightsis easily
determired. Saturaion is accentuate by the digitization of the CCD cameravoltagefeed At the
chosencamerasettings the cameraprovides 2*¢ discrete output levels ranging from 1 to 2'°.
Consequetly, the cut-off level for deciding whetherto assigna weight of zeroor oneis definedas
95% of 2'°. This 5% buffer protectsagainstany non-lineaities that may occurwhen the detectoris
nearsaturaton.
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Figure5. Meshplot of fluorene/naphthalene/phenanthrenixture at full strength(left) andhalf concentration.
The plateauon the left peakshowsthe effectsof detectorsaturation.

Thereis significart improvemert in the RMSEE upon applying W-PARAFAC such that the
saturateadthannelsaretreatedasmissingvaluescomparel to applyingPARAFAC with theunaltered,
recordedvalues. Here only the twelve blanks and replicaes of two pure standads (below the
saturatbn level) are employel for calibration (Table I, columns 2 and 3). The RMSEE for
naphtha¢neimprovesby 35% uponapplyingW-PARAFAC. The RMSEE for fluorere improvesby
15%andthe RMSEE of phenathreneimprovesby 50%. Note thatthisimprovementin accuracyof

Tablel. Comparisorof straightandweightedPARAFAC for estimationof threePAHs

R'\/lSEEﬁl RMSEE"‘ Oblank Oblank Z
PAH (straight) (weighted) (straight) (weighted) Imprové® Degrad® (paireddifferencef
Naphthalene 714 5[00 omaz o4 59 13 412 (>9999%)
Fluorene 033 028 0021 0023 27 6 30 (9987%)
Phenanthrene 056 028 0013 0016 52 15 50 (>9999%)

*Rootmeansquareerror of estimation Blank (twelve replicatesyandtwo purestandardgfour to six replicates)yscalibration
set.

*Improvement or degradation defined as change in absolute error greater than three standard deviations of the blank.
“Large-sample (> 30 degrees of freedom) paired difference test comparing square error of estimation with and without
weighting. The confidence level is given parenthetically.
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estimaton doesnotcome attheexpensef predsion. Thereis nosignificant differencein thestandard
deviationsof estmating the blark samplegTablel, columns4 and5) for the threehydrocartons.

Theimprovementderivedfrom W-PARAFAC is further seenin headto-headcomparisos of the
estimaed concentationin eachsanple for eachanalyte(Tablel, columns6-8).For naphhalene 59
of the sample expeienceda significant improvementin the error of estimaton, while only 13
experienceda sigrificant increasein predictian error. Here ‘significant’ is defined asa magnitude
greaterthanthreestandarddeviationsof the blank. Whethertwo throughten standarddeviationsare
employel, thereis norealchangen theinterpretationof thesedata.Applying a paireddifferencetest
[29] on the squaredpredicion errorsshowsthat the assumgbn that straght PARAFAC and W-
PARAFAC perform equivakntly canbe rejectedwith greder than 999% confiderce. Compaable
conclusons can be drawn from equivalent analysisof the fluoreneand phenathrene predicion
errors.

Improvinglimits of detection(PARAFAC on carbamat pestcides)

The calibraion of the two slightly fluoresent carbanate pestiddes presengd here, carbaryland
carbofuan, is plagued by two problens that necesgate application of W-PARAFAC. First, the
fluoresenceStokesshift for eachpesticideis not completely resdved from the Raman Stokes and
Raylagh scatering (Figure6). Secondthe Rayleigh scattemg is sufficiertly intenseto sauratethe
detecorin roughlyhalf thesample. Consequetly, W-PARAFAC is neede to mask themostintense
Raylégh and Ramanscatteing to achieveacceptale detectionlimits. The Rayldgh and Raman
profilesarenot efficienly modded by PARAFAC; thereis no intrinsic profile in the ‘excitation’ or
‘emission’ orderthat canbe extraced. Corsequatly, whenthe PARAFAC modé is appliedto the
spectrawithout accounting for the scattemg, the modelfails to converge.

320

Excitation (nm)

[\
o0
(]

270

260

3100 320 330 340 350 360 370

Emission (nm)

Figure 6. Contourplot of carbaryl(striped)and carbofuran(shaded)EEM spectra.The Rayleighand Raman
backgrounddenseblacklines,upperleft corner)havebeenminimizedby subtractinghe meanof twelveblanks.
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Tablell. Comparisorof PARAFAC preprocessingndweightingstrategiegor mitigation of
Rayleighand Ramanscattering

Carbaryl Carbofuran

Substract  Weight RMSEC RMSEC
meanblank  cut-off Factors (0p1ank) (PPb) Factors (obiank) (PPb)
Yes None 3 66 (509) 3 168(149)
Yes 100000 3 603 (6[1) 3 157 (152)
Yes 50000 3 23 (22) 3 51(41)
Yes 25000 2 2[0 (0B) 3 42 (24)
Yes 15000 2 12 (0B) 2 29 (15)
Yes 10000 2 31 (2B) 2 31(14)
Yes 7500 2 113 (0B) 2 31(14)
No 100000 3 20(16) 3 292(239)
No 50000 3 4[5 (40) 3 113(110)
No 25000 2 201 (1B) 2 51 (37)
No 15000 2 34 (3B) 2 65 (68)
No 10000 2 4[4 (3B) 2 96 (78)
No 7500 2 42 (33) 2 73 (54)

One possibility for mitigating the effects that the Rayleigh and Raman scattemg have on
PARAFAC modding is to subtact a scattging blank from eachof the sample prior to analysis.
While this may be successil for idedized laboratory analyses for real-wotd sampleswith
indeterninate particulaesand Raman-activespecieghis apprachwould be impracticd. However,
blank-sibtractedspectraare analzed hereasa target comparisorfor W-PARAFAC.

Whenthe meanblankis subtrated from the spectrato minimize the contribution of scatteing in
the EEM spectraanda W-PARAFAC modelis emgdoyedto assignany saturatecchannés a weight
of zerqg amoderatey acceptale RMSEC andstandad deviationof the blankareachievedHereW-
PARAFAC is only consideringnissingmeasuementsno effort is mace to mitigatethe effectof non
saturatedscatteing. For carbaryl, this is 66 ppb and 59 ppb respectively. The less fluoresent
carbofuanachievesonly anRMSECof 168ppbanda oy ank0f 149ppb.Therelativdy poore figures
of merit are also a function of increagd overlap with the scatering of carbofuan conparedto
carbaryl.

TheRMSECandoyankCanbeimprovedby moreaggressiely downweightingtheentireRayldagh
andRamanscatering prior to PARAFAC analyss. A weightmatrix is constuctedby analyzing the
meanblark to determire the channés that containedthe mog intenseRaylégh and Ramansignals.
Thisweightmatrixis construtedsuchthatthesechannés aregivenaweightof zeroin everysample.
It canbeseernin Tablell, rows3-9thatthefit andpredsion of thecalibraion modé initi ally improve
with decreasinghe cut-off for the weight matrix. Eventially thereis little improvementassocited
with rejecing measuements asan increasingamountof fluorescensignal will be excludedalong
with the scatteing backgroundAlso notethatasmorescatteing is rejected,a simpler modd (fewer
factors) may be emgdoyed. Corsequently,a cut-off of 15 000 units is nearto optimal for blank-
subtrat¢ed data.

The RMSECandoyank areroughly two to threetimes largerwithout backgroundsubtratgion than
whenbackgoundsubtactionis succesfully appliedprior to W-PARAFAC. Whenonly thechannés
with the mog intensebackgroundare eliminated (cut-off of 100 000), the RMSEC and opank are
exceedigly large. However,bothfiguresof meritimprove rapidly with smalldecreasgin the cut-off
level. As with backgraind subtration, simplermodds areappropratewith moreaggressie cut-off
levels.
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Althoughthe RMSEC andoy,ankarehighe without thanwith backgroundsubtragion, thee results
shouldbe put into context First, in real applications a backgroundwill not be available therebre
backgroundsubtration is not an option. Second,the opank and RMSEC are comparale to the
ResouceConsevationandRecoveryAct (Supefund) Universal TreatmentStandirdfor wastewater
(6 ppb) andnon-wase water (140 ppb). Third, althoughthe detection limit for carbofuranmight be
too highfor practicalutility in aqueousolutiors, the detecton limit is sufficiert followi ng extraction
and concentration in a less polar solvent. This permis optical detection as an alternaive to
chromatogaphic analysis. Consequetly, the use of organic solvents, and associted secomary
waste,is minimized.

CONCLUSIONS

The utility of multiway calibrationin appication of field-portablesensorshasbeendenonstrated.
Combining multiway datadeconwlution with hyphenatedinstrumentation can provide a ‘green’
alternalve complde physicalseparatiorof analyteandbackgroundorior to analysis. With judicious
choice of calibraion methoddogy, many potential problems, such as saturationand non-bilinea
background, can be mitigated. Howeve, there are still numerousresearh areasthat may be
addresse to improveappication of the multiway calibraion methods Exanplesincludeautanated
model selecton and validaton, on-the-fiy determiration of statistcal confiderce limits for the
calibraion models andaltemativemodds for incorpoiation of the non-bilinearsanple background.
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