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ABSTRACT The development programis divided into four
We are working toward ritedevelopmentof an stages:

instrument for the continuous, on-line measu'ement • Latboratorycharacterizationtests to define the
of the ligninconc_tration in wood pulp. The fluc_:enco propertiesof washedpulp samples
instrumentis based on laser inducedfluorescenceof typicalof those found at the final brownstock
the wood pulp and is to be used as a primarysensor washing stage which is the targetlocationfor
for both feedback control of the pulpingand the initial prototype sensor.
feedforwardcontrol of bleaching. We reporthere • Extended tests to betterdefine the rangeof
the results of a sexies of laboratorytests that applicabilityof the preferredapproach
characterizedthe fluow,scence propertiesof wood identified in the initial characterizationtests.
pulp and demonstrateda correlationbetween • Developmentand field testing of a prototype
variousfluorescence functions and the Kappa system to demonstratethe feasibilityin actual
numberof the pulps as determinedby TAPPI application.
Procedure"1"236. • Commercialization.

In this paperwe reportthe resultsof the
INTRODUCTION laboratorycharactefi-zationtests anddiscuss the

Bublitz [1] &'_nonstratedthat fiuo_ scope of the extended tests which are now
intensity is directJ[yproportionalto lignin underway.
concentration in diluted liquor sampleswithdrawn
fromdigesters duringboth acid sulfite andkraft APPARATUS
cooks. Horvath _m¢!Semerjian[2] examined the Although the initial feasibilitystudy [3]
fluorescencespectra of black liquorsolutions indicatedan inverse correlationbetween
excited by various laser wavelengthsfrom290 to fluorescence and Kappanumber,there was a great
403 nm and concluded that the techniquecould be a deal of scatter in the results due to a combinationof
strongcandidatefor in-situ monitoringof the the following factors:
pulping process. To avoid the problemsassociated • instrumentationerror (driftof optical alignment,
with sampling and diluting liquorsamples,Berthold drift of sourceexcitation im:asity and
& Malito [3] looked at the fluorescencefrom wavelength, etc.).
undilutedpulp samples. They foundthatthe • local variationsof Kappanumberwithin the
fluorescence intensity was inversely pm_onal to pulp samples (area sampled by the fidOreSeence
the Kappa numberof the pulpas measuredusing probenot representativeof thebulk sample).
Tappi procedureT-236. This preliminaryfeasibility • bleachingeffects (the extent to which exposure
study led to the Deparlmentof Energysponsored to the excitation light causedirreversible
programdiscussed in this report, chemical changes that effected the fluorescence

efficiency) were unknownandthe tom]
The objective of the programis the exposure experienced duringthe tests was not

commercialization of a laser-induced-fluorescence controlled.
CLIF)based sensor for the on-line measurementof • temperatureeffects (neither the sensitivityof
lignin concentrationin wood pulp. The target the fluorescence to temperaturechanges, nor
sensor will provide a continuous,real-timesignal the magnitudeof temperaturevariationsduring
for use both for feedback controlof the pulping the tests were known), t: _ _'r , _'_ _ _'' _

and for feed forwardcontrol of bleaching. The • errors in the measuredvalues of Kappa r&,_t,_ _'<,/:i/ii_'_y_:_'_l
targetsensor will provide direct, in-situ number. _'_'_I _._. ,_ _,, _
measurementwith no samplingor dilution required. • fluorescence interference of non-lignins(the
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presenceof species whose concentrationdoes • focus the laser beam to a spot on the sample.
not correlate with Kappanumbercan affect the • focus the resultantfluorescentlight onto a.long
measured fluorescenceeither by addinga non- fiber optic bundle, FBI, thatdelivers it to the
lignin fluorescence or by alteringthe efficiency monochromator.
of the fluorescence from the lignin. • focus a portionof the originallaser light onto

an optical fiber, FB2, thatdelivers it to the gate
The f'trststep in our characterizationtestswas pulse generatoras a trigger signal.

to develop an appagatusand proceduresthat
minimized and quantifiedthe errorsdue to the first Two methodsof pulp sample wesentafion have
five factors listed above, been used. In the first the pulp sampleis loaded

into a standardcuret (10 mm x 10 mm x 45 mm).
Figure 1 is a blockdiagramshowingthemajor In thesecond,thepulpis loadedintoanopenjar so

componentsof the fluorescencespectroscopy thatthelaserdirectlyilluminatesthepulp. Results
system, obtainedwith the two methodsarecomparablebut

[ $,epplng MotorJ the open jarapproachallows bettercontml andController wider variation of the pulp consistency.

In both casesthepulpcontaineris mountedon
an X-Y-Z translationstage. The Z-axis is manually

'-:[Step,lugMotors adjusted to put the sample surfaceat the focus of
the laser. The X and Y axes are stepper-motor

iOs¢_ "' ' X,Y,Z driven to providea rasterscan of the pulp surface
lloscopeI TranMatlon

i _i TM_e duringdataacquisition.

'1 '-' - I.-. s.m_. I _ function of the gate pulse generatoris to

.[ , , ' jmOptl_m _ provide a voltage pulse that rapidly turns thei t detectoron andoff. The detectoris trued on for

Gate PuI_, ..,w- __q t_ the durationof the gatepulse which canbevariedi
]Generator J -- ,, . _-_ from5 nsocto 2000 nsec. Thebeginningof the

_--_'{"_Det_or ]_-,J Monochromator gate pulse can be varied from about 25 nsec to

1700 nsec after the arrivalof the triggerpulse to

........ , - the gatepulse generatorfromthe laser light through

i fiber FB2. The ability to turnthe detectoron andi iReadout Pulse Detector I
t-*4 , off in syncwith the pulsingof the laser provides a

i Generator i IContro,er/Readoutl veryhigh degree of discriminationagainst

I backgroundlighL As a result, it is possible to,,, performall measurementswith room lights on and
" _l Computer] no detectable interference. In additionto

background light rejection, the gating providesthe
Figure 1. Block Diagramof Fluorescence means to obtain time-resolveddata.

Spectroscopy System
The oscilloscope is used to monitorthe time

A Laser Science, Inc., Model VSL-337 pulsed delay (at sub-nanosecondresolution)between the
nitrogenlaser is usedto either directlyexcitethe laserfiring and the detector gating. It enablesthe
fluorescence in the wood pulp, or to optically pump timedelay to be adjustedprecisely for experiments
a tunabledye laser (Laser Science, Inc., Model employing "time-resolved fluorescence".
DLM-120) which is then used to excite the
fluorescence. The nitrogen laserprovides peak The functionof the monochromatoris to spread
power of 40 kilowatts with a pulse width of 3 nsec, the incoming fluorescentlight to a spectrumand
and pulse rote from 1 to 20 pulses per second at a focus that spectrumonto the 700 individual
wavelengthof 337 rim. elementsof the detectorarraysuch thateach

detectorelement receives light of a different
The collection/excitation optics consists of a set wavelength.

of lenses and mirrors that:
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The detector (PrincetonInstrumentsModel The relationshipbetween total fluorescence
IRY-690G/B/PAR) consists of a thermoelectrically (spectralfluo_ integratedoverthe entire
cooled arrayof silicon _odes equippedwith emission spectralrange)and Kappanumberis _
an image intensifier (mk:rcehannelplate). The shown in Figure 2 where it can be seen there are
intensifierprovides the gating capabilityas well as seriousdeviations from theexpected inverse
very high sensitivity, dependence. Thesedeviations arerepeatable(even

over a 2-year period) and suggest the Weseree of
The detectorcontroller(PrincetonInstruments "interfering"componentsin the pulp samplesthat

Model STI20) provides periodicreadoutof the lweclude the straight-forwarduse of total
detectorunder softwarecontrol througha PC/AT fluorescence as a controlsignal.
compatible computer. The readoutof the detector I

armyis synclmmizod with the laser pulses via a m[- _\ um.rmo_,,,,,_,,.o,m,.-- I[
readoutpulse thatis derived from the gatepulse. _ mL PlNE , N.PgG

/

"!The computerprovides:
• operator interface |
• storageof results l
• real-time display of the results m.
• post-testdisplay and analysisof the results.

.L. .PULP SAMPLE SETS

Two controlled pulp sample sets were prepared xwpAmmmm
for the test Wogrmn. One set was made froma Figure 2. TotalFluo_ Intensityvs
southernpine and the other from a northernpine. KappaNumber
Each set consisted of eight samplesspanningthe
range of Kappanumbers from approximately15 to A wide range of testing techniquesand data
55. The range ofKappa numberswas achievedby reductiontechniques were exploredwith the
removing samples from the digesterat different objective of identifyingan approachthatcould give
times so that within a set, each of the samplescame a suitablemeasureof Kappanumber in the presence
from the same parentwood-chip stock, andall had of the interferingcomponents. Each of the methods
been processed with the same chemistry, we explored arediscussedbelow:

Afterdigesting, the samples were washed, Temporal behavior. Interferencedue to other
screened, and refrigerated. Both samplesets were fluorescing species can often be suppressedif the

by the PaperScienc.eandEngineering time constant for fluorescentdecay is significantly
Departmentat Miami University in Oxford, Ohio. different for the two species. We set thedetector
Miami University also made Kappanumber gating pulse to turnthe detectoron only aftera time
measurements,in triplicate,on each of the ._'nples delay. The valueof the delay was set anywhere
at the time of the preparation, from6 to 30 nsec. The responsemeasuredafter the

time delay is predominantlyfromthe species having
the longer time constant. Figure3 shows the results

RESULTS of normalizingthe fluorescence measuredat 12
Tests were run to de._rmine the repeatability: nsec delay to thatmeasured withno delay. A_:can

• among a set of 10 differentspecimens,all be seen, the resultantfunctionis mono-tonical'ly
from the same pulp sample, decreasingand could be used as a control signal.

• for a given specimen over the period of a six-
hour test series.

• of the southernpine samples as measured
before and after 5 months refrigeratedstorage.

In all cases the resultswere repeatableto within
+5%.
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,-. _ spectrum.As an instrumentally convenientway of
eevt_ ee,mz characterizingthe shape of the spectraldistribution,
BaT. WAVIEIJW4OTN:mlrammemuw,o. • n,m we have employed the wavelengthcentroiddefined

_ .u_ ._,_ as

sin. 0 " T_0 -- (11
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,ae,,tmmm whore _, is the wavelength at the nth element of
the _ector array

Figure 3. Ratioof 12 nsDelayedFluorescenceto Fa is the fluorescenceintensityat the nth
0 ns Delayed FI_ vs. KappaNumber element of the detectorarrayand

summationis taken over the 700

elements of the array.
Excitatioe_spectrum. The amountof

fluorescence from a given species is dependenton The wavelength centmid provides a good
the spectraldistn'butionof the light used to excite measureof the Kappanumberas can be seen in
the fluorescence. Two interferingspecies can often Figure 5. The excellent repeatabilitybetween
be separatedby observingdifferencesdueto identicalspecimenscanalsobeseenbycomparison
excitationspectrumchanges.Thispossibilitywas of theresultsfromthe frontsurfaceof thecuvetto
investigated by obtaining fluorescenceresponsefor those from the back. Since the laser radiationis
severaldifferent wavelengths of excitationusing the absorbedvery close to the surface, the front and
tunabledye-laser as the source. Figure4 plots a back areessentially independent specimens.
function that is a linearcombinationof the

fluorescence measuredat two differentwav_en_. ,m

Again, the "deviations"are suppressedprovidinga aoms[.i-n.eoe_v,Dcn"_tuum_;,.,roT. __" Ii

Ill- \ _. WA_m_. _i_ma,

_oL _ _mt rot.iv, om 474

\\ --'- =Ill 41"1

.Io Figure5. WavelengthCentroidvs. KappaNumber
A

* I I , I ,III i l
oCm,A'oamimt

EXTENDED TESTS

Figure 4. Dual Excitation-WavelengthResponse The initialprototype system is intended for use
Functionvs KappaNumber at the final stage of brownstockwashing. The

characterizationtests summarizedabove showed
Spectral distributions of fluorescence that although a directmeasurementof total

emission. Additional informationaboutthe fluorescence is not suitable, any of the three
flu(xc.scingspecies can be obtainedby analyzing the "compensation"methods can be used to determine
spectraldistributionof the emission, since each the Kappanumber for the two samplesets
species has its own characteristicemission investigated. We are currentlyconducting
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additionallaboratorytests to determinehow far ACKNOWLEDGEMENT
beyond the initially testedconditions the apprmch The work _ here has been supportedby
can be applied. The tests are aimedat evaluating the U.S. Departmentof Energy,Office of Industrial
the extension to: Programsunder ProjectNumberDE FC05-09CE-
• otherwood species 40905.
• both higherand lower values of Kappanumber
• measurementsat kc_Jonscloserto thedigester

wherethepulpisnotaswellwashed
• in-pipe measurementswhere the pulp is in a

slurry.

The extendedtests will be limitedto an
evaluation in terms of the wavelengthcentmid
method. This is becanse, of the threecompensation
techniquesdiscussed above, the wavelengthcentroid
aplxoach is instnmtentallypreferred. It requires
fewer, and less costly components to implement,
and it provides the vetT importantfeatureof being
indent of the mea.v.wMintensity. Variations
of laser outputwith age, detectorsensitivity
variations,and efficiency of the optical system
(dirtywindows, etc.)areall automatically
compensatedto the degree thatthey are wavelength
independenL

CONCLUSIONS
A laser-induced-fluorescencebased systemfor

the continuouson-line measurementof lignin
concentrationin wood pulp is feasible. Direct
measurementof total fluorescencedoes not provide

useable control signal but several "compensation"
a_ can provide suitablecontrol functions.

The wavelength centmid which is a measureof
the shape of the emission spectrumis instrumentally
preferredand will be pursuedin the developmentof
a field _.
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