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3HF 3-hidroxiflavona

Ac-PPO (2,5-difeniloxazol-4-il)metil acrilat
AIBN azobisisobutironitril

BBD 2,5-di-(bifenil-4-il)-1,3,4-oxadiazol
BBO 2,5-di(bifenil-4-il)oxazol

BBOT 2,5-bis(5-tert-butil-benzoxazol-2-il)tiofé
bissMSB p-bis-(o-metilestiril)benzé

butil-PBD 2-(4-t-butilfenil)-5-(bifenil-4-il)-1,3,4-oxadiazol
CRE error relatiu acumulat

dimetil POPOP 1,4-bis-2-(4-metil-5-feniloxazolil)benzé
DIN 1,2-diisopropilnaftale

DMSO dimetil sulfoxid

DtBuCH18C6 4,4'(5)-di-t-butil cicloexa-18-corona-6
DvB divinil benze

EPA Agenciade Proteccio del Medi Ambient
FM ndmero de merit

FMT tub fotomultiplicador

FPI formacion de personal investigador
GMA-IDA acid 2-metilacrilic 3-(bis-carboximetilamino)-2-hidroxi-propil ester
H# ndmero de Horrock’s

HBT 2-(2-hidroxifenil)-benzotiazol

IDA acid iminodiacetic

IFE Institute for Energy Technology

LAB dodecilbenzé

LOD [imit de deteccio

LS escintil-lacio liquida

LW finestrainferior

MCA analitzador multicanal

MICINN Ministerio de Ciencia e Innovacion

MIP polimer impres de metalls
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1. Introducci6

1.1. Radioactivitat

La radioactivitat és el procés de decaiment espontani i transformacié de nuclis atomics
inestables acompanyat de I’'emissié de particules nuclears i/o radiacié electromagnética

(també anomenada radiacié nuclear) [1].

1.1.1. Historia

Al 1868 Wilhelm C. Rontgen (Figura 1) va descobrir els raigs X mentre estudiava un tub
de raigs catodics. Aquest fet va motivar la descoberta de la radioactivitat €l 1869 quan
Henri Becquerel (Figura 1) va observar una emissio similar en les sals d’ urani que produia
laimpressio de plagues fotografiques en posar-les a sobre embolicades amb paper negre o
d’aumini. Becquerel també observa com aquesta radiacio emesa per les sals d urani

ionitzavai eracapag de descarregar materials[1].

Wilhelm C. Rontgen Henri Becquerel Marie Curie
Figura 1. Fotografies de Wilhelm C. Rontgen [2], Henri Becquerel [3] i Marie Curie [4].



Millorade la selectivitat en la determinaci6 de radiondclids per escintil-lacio plastica sense generacio de residus

Marie Curie (Figura 1) i el seu marit Pierre Curie van continuar els estudis sobre la
radioactivitat descobrint dos nous elements el Poloni i e Radi, aixi com els efectes de la
radioactivitat sobre els teixits i la seva aplicacio terapeutica en malalties com el cancer.
Malauradament, Marie va descobrir la contrapartida morint de leucemia pels efectes de la

sobreexposicio alaradioactivitat.

Paul Villard i Ernest Rutherford entre el 1899 i el 1900 van distingir 3 tipus d’ emissions
radioactives segons la seva capacitat de penetracio i la seva carrega que van classificar com
a, B iv. No vaser fins uns anys més tard, a 1934, quan Enrico Fermi, utilitzant la teoria
del neutri de Wolfang Pauli, va deduir el procés de decaiment dels emissors beta i es va

tenir un coneixement bastant acurat dels processos de decaiment radioactiu.

L'augment en e coneixement de les reaccions nuclears va venir necessariament
acompanyat pel desenvolupament de detectors que permetessin la mesura i quantificacio
de les particules emeses. Regner, el 1908, perfecciona un detector on es comptaven amb un
microscopi els flaixos produits en impactar la radiacié sobre una lamina de sulfur de zinc.
El 1908, Rutherford i Geiger van crear un primer detector d’ionitzacio gasosa, que va ser
perfeccionat posteriorment, coneixent-se com a detector Geiger-Mller (1928). Al voltant
dels anys 1940 es van desenvolupar els comptadors proporcionals, a mateix temps, la
fabricaci6 dels primers tubs fotomultiplicadors i la descoberta de substancies
escintil-ladores va permetre el desenvolupament dels detectors d’ escintil-1acio. Finalment,
al 1963 es van desenvolupar €ls detectors de semiconductors, coneixent-se tots els

detectors actuals i només donant-se millores des d’ aleshores [5].

Al principi de la descoberta de la radioactivitat, es va observar que les aiglies minerals amb
propietats curatives contenien nivells més elevats de substancies radioactives. Per aquest
motiu es van relacionar els dos fets passant a associar-se radioactivitat i poders curatius.
Aix0 va motivar que els seus primers usos fossin la utilitzacié medicinal en injeccions
intravenoses, bombollgjant radd en I’ aigua de bany o respirant-lo directament. Els efectes

gue va produir |’ exposicié dels investigadors, €ls accidents i I’ Us d’armament nuclear van
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permetre coneixer més tard els veritables efectes de |’exposicio a la radioactivitat en els

€ssers vius.

Al 1938, Lise Meitner i Otto Hahn van descobrir la fissié nuclear. Aquesta descoberta va
donar lloc a la construccié d’armament nuclear i a la seva aplicacié més important, la
produccio d energia. El 1942 Enrico Fermi i Leo Szilard van col -l1aborar en la construccio
del primer reactor nuclear. Szilard, a més a més, va patentar la bomba atomica i els seus

estudis van portar a construir-ne la primera el 1945 en el projecte Manhatan.

Des d’'aguell moment, la proliferacio d armament nuclear va anar creixent aixi com els
seus assg|0s, 520, principalment entre 1954 i 1958 i entre 1961 i 1962. Aquesta situacio es
va mantenir fins la firma del Tractat de no proliferacié d’armes nuclears a 1968,
posteriorment firmat per la major part de paisos i ratificat €l 1995. A més, el tractat de
Moscou de 1963 exigeix que €els assgos amb explosius nuclears siguin subterranis

minimitzant la contaminaci que aquests produeixen.

També pero, aguests coneixements van donar Iloc ala primera central nuclear amb finalitat
d’ obtenir energia a Russia el 1954 (Obninsk) o la primera central nuclear comercial a
Anglaterra (Calder Hall) a 1956.

A finals del 2010, existien 441 reactors nuclears en funcionament repartits per 29 paisos
Figura 2. A Franga, en 2009, & 75% de I’ energia produida va ser nuclear, mentre que a
Espanyavaser del’ ordre del 17% Figura 3.
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Number of Reactors in Operation Worldwide

UNMITED STATES OF AMERICA
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KOREA, REFUELIC OF
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Mote: Long-term shutdown units (5) are not counted

World Total: 441 reactor units

P RD P33 TSRO R

Figura 2: Reactors nuclears en funcionament als diferents paisos afinals del 2010 [6].

Nuclear Share in Electricity Generation in 2009
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Figura 3: Percentatge de |’ energia produida en centrals nuclears per cada pais durant el
2009 [7].
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Degut en gran mesura a la utilitzacié d’armament nuclear, especialment a Hiroshima i
Nagasaki a 1945, i as accidents de centrals nuclears, en que s ha de destacar e de
Chernobyl a 1986, la opinio publica va passar de considerar la radioactivitat amb poders
curatius a tenir-ne una visié considerablement negativa que encara es manté. No obstant
aixo, la radioactivitat es un fenomen natural al que estem constantment exposats, a més,
s ha convertit en una part essencial de la nostra vida en diferents camps com el de
I’energia, la medicina, tant en la diagnosi de malalties com en e seu tractament,
I”alimentari, lainvestigacio i molts d’ altres. Malgrat aixo no podem oblidar els seus efectes
sobre els essers vius i la necessitat com, en les altres industries, de controlar-ne e seu

impacte al medi ambient.

1.1.2. Tipusderadioactivitat a, p i y

La radioactivitat es classifica en tres tipus basics: a, B 0 y segons la naturalesa de la

particulaemesa[5].

Emissors alfa

Les particules alfa son nuclis d’heli amb dos carregues positives. L’ equacié de la seva

emissio S expressa com a:

AX - A%y + JHe?

Aquesta reaccié es dona en els nuclis inestables amb nimero massic magjor de 150, els
quals, per tal d’ estabilitzar-se, emeten nuclis de heli 2+. Aquests nuclis es caracteritzen per
tenir una energia concreta caracteristica del nucli, de I’ordre del MeV, tenir molt poca

capacitat de penetracid i un gran poder d’ionitzacio.
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Emissors beta

Els radioniclids emissors beta son nuclis radioactius que en desintegrar-se emeten

electrons (B) o positrons (B*).

Lareaccio general de desintegracio es.

B 5X - A e+

B* X - AY+et+y

En les B~ un neutrd es transforma en protd emetent un electrd i un antineutri, en €l cas de

les B* un protd es converteix en neutré emetent un positrd i un neutri.

n - pte+v
p - n+e+y
L’ energia produida en la reaccio es reparteix entre |’ energia cinética que rep I’ electrd (o
positro) i I’antineutri (o neutri), fet que té com a consequiencia electrons amb energies que

van des de zero, on tota |I’energia va a parar a |’ antineutri, fins a una energia maxima (Eg

max), ON totavaa parar al’ electro.

Els electrons emesos son particules de poder de penetracio i ionitzacié mitjans.
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Un altre procés inclos a aquesta categoria és la captura d’electrons. La seva equacio
general es representa com:

’%X +e - Z:AiY"'V

En aguest cas, e nucli inestable captura un electrd de les capes internes transformant un
protdé en neutrd i emetent un neutri. El lloc buit deixat en la capa electronica produeix
I’emissio de raigs X o bé d electrons d Auger (emissio d electrons orbitals d energia

concreta) per lareorganitzacié de les capes electroniques.

pte — ntv

Emissors gamma

Després d'una reaccié nuclear, els nuclis poden quedar en un estat excitat. Aquest nuclis

solen desexcitar-se emetent radiaci6 el ectromagnética d’ alta energia anomenadayy.

IX > 5X+y

Aquesta desexcitacié pot produir-se directament a I’ estat fonamental o passant per un o
diversos estats intermedis amb la consegiient emissié de més fotons. Els fotons emesos
tenen una alta penetrabilitat i un baix poder d'ionitzacid, a més de tenir una energia

discreta caracteristica del nucli emissor.
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1.1.3. Origens

Els radionlclids del medi tenen dos origens. natura o artificial. Els d’ origen natural es
troben distribuits de manera més o menys homogénia a tota la terra, sent especialment
abundants a les roques ignies (majoritariament als granits). Els radionuclids d origen
artificial son aguells gque es troben al medi per causa de |’ activitat humana i, per tant,

distribuits de forma heterogenia [8, 9].

1.1.3.1. Natural

Hi ha dos tipus de radioniclids d’ origen natural, els cosmogenicsi els primordials.

Els radiontclids cosmogenics son aquells que es formen per la interaccio de la radiacié
cosmica amb els components atmosferics creant radiontclids que passen a formar part del
medi on vivim per processos de deposicid gravitatoria, precipitacio 0 per incorporacio a

processos vitals (Taula 1).

De tots e radiontclids cosmogenics els més importants son e *H i e **C i en menor
mesura € ‘Be, 1°Be i #Na. Tots ells sn emissors beta de baixa energia amb un curt

periode de semidesintegracio.

10
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Radionuclid Vidamitja Emissions principals
%8¢ 1600000 a B

ZAl 720000 a p*

*cl 300000 a B

8Kr 213000 a Raigs X
Yc 5730 a B

g 650 a B

“Aar 269 a B

*H 12,33 a B

“Na 2,60 a p*

*s 87,4d B

Be 53,3d y

SAr 35d Raigs X
p 25,3d B

p 14,28d B

*Mg 21h B

“Na 15h B

%3 2,83h B

3lg 2,62 h B

B 109,8 m B

“cl 56,2 m B

*cl 37,29 m B

#mc 31,99 m B*

Taula 1: Radionuclids naturals cosmogenics.

L’ altre tipus de radionuclids naturals son els primordials (Taula 2). Els radionuclids

primordials son aquells que es van formar a |’ origen de I’ univers i que, per tant, només es

conserven agquells que tenen periodes de semidesintegracié com a minim comparables a

' edat de I’ univers, 10™° anys. Els elements mésimportants son e “°K i el ¥'Rb.
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Radionuclid Vidamitja (anys) Emissions principals
K 1,26-10° B,y

Oy 6-107 y

*Rb 4,8-10" B

3cd 1,3-10" ---
5, 6-10% B

ZTe 1,2-10% Raigs X
8 a 1,12-10" B,y
14ZCe 5.1016 o
Nd 2,4-10" o
%'Sm 1,05-10™ a

B2Gd 1,1-10% a

1o 2.10" o

7% y 2,2.10% B,y
¥'Re 4,3-10"

0Pt 6,9-10 o

192Pt 1 1015 o

2B 1,9-10% a

Taula 2: Radiondclids naturals primordials.

A meés d’ aguests existeixen 3 cadenes de desintegracié naturals (Figura 4) la cadena de
I"urani (V) I'actini (*°U) i € tori (**?Th), les quals contribueixen amb ells mateixosi els
seus descendents. D’ aquests, cal destacar els de vida mitja més elevada 22U, °U, 2*U,
22Th, 2°Th, ?®Ra, *°Ra, %%Pb aixi com e ??Rn i ?°Rn que s6n gasos i, per tant, tenen
unaaltamobilitat i faciliten lainhalacié per les persones, contribuint especialment aladosi

gue rep lapoblacio.
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238U 234U 235U
0, ¥(<1%) o, 7(<1%) @y
44710°a 25:105a 7,04-10°a
234mpa 231pa
B.v(<1%) oy
117m 228a
234T h 230Th 231Th 227T h 232T h 228Th
By 0,7(<1%) By o0y o, 7(<1%) a,y
241d 7,7-10% 255h 18,72a 14100a 191h
21p¢ 228 AC
B.v(<1%) By
21,772 613h
226Rg < |223Rg 28Rg 24Rg
8!
@y 4 @y B (<1%) @y
1610°a H 11.43d 5,75a 366d
223Fy
By
218m
222Rn 219Rn 220Rn
@, 7(<1%) oy @, y(<1%)
38d 3965 5565
2187t 215At
@y <19
2s 2 |, 01ms
218P0 §E 214P0 210P0 215P0 E ZJJ.PO 216P0 212P0
0y(<1%) | 3! a,7(<1%) @, 7(<1%) @, 7(<1%) b 0, y(<1%) o
305m H 199m 1384d 1,78ms 1P | osi6s 0155 0,305
214Bj 210Bj 21B;j : 212Bj
By B o,y i oy
19.9m 501d 214m : 6055m
aupp| . |210pp § 206pp 211py 207pp 22ph | | |28pp
I |
By S By by Estable By Estable By 3 Estable
! @
26.8m H 223a i 361m 10,64h
210"' | ZOGT | 207T| 208T |
B.y B.y(<1%) B.v(<1%) B,y
13m 420m 477m 307m

Figura 4: Series naturals del urani, actini i tori.

Es té constancia d’ una quarta cadena (Figura 5), la del neptuni (*’Np), que té una vida
mitja més petita que la vida de I’ univers i per tant nomes es coneix per la presencia dels

seus descendents, principalment el ®Bi.
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237Np
ay
2,14-105a

233y

@y
,59:10°a

233pg
By
27,0d

29T

o,y
7,34-10°m

225 ¢

oy
10,0d

225Ra

B.y
14.8d

221y

ay
48m

217A¢t
@, 7(<1%)
0,03s

213pg
a, y(<1%)
42us

213 209Bj

B,y Estable
45,65m

209pp

2,2%

3,25h

209T|

B,y
220m

Figura 5: Série natural del neptuni.

1.1.3.2. Artificid

A banda dels radionuclids naturas, I’accié de I’home pot produir radionuclids diferents
d'aguets o incrementar les concentracions dels naturals. La produccié d aquests
radionuclids es pot donar de tres formes.
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Reactors nuclears

So6n la principal font de produccié de nous radioisotops ja sigui com a subproductes de les
reaccions nuclears o produits as reactors de forma voluntaria. Els isotops més rellevants
que es formen son aquells d' elevada vida mitja (*°Sr, **'Cs i actinids), els produits en gran
quantitat (*H, >*Mn, ®°Co, *Co) o els de propietats especifiques (*°Kr, 23U, 133).

Acceleradors de particules

Els acceleradors de particules permeten dur a terme reaccions nuclears especifiques amb
particules carregades accelerades electromagneticament. Una de les seves principals

aplicacions és la sintesis de radionuclids per medicina o investigacio.

Armament nuclear

L'0s d'armament nuclear produeix radionuclids similars als generats en els reactors
nuclears. Durant la seva utilitzacio o, finsi tot, en e seu emmagatzematge, es pot produir

laincorporacio d’ aguests radiondclids a medi.

1.1.4. Activitats

La radioactivitat es utilitzada en diferents camps de I'indUstria, 1a medicina o la

investigacio.

15



Millorade la selectivitat en la determinaci6 de radiondclids per escintil-lacio plastica sense generacio de residus

Produccié d’energia

La principal aplicacié dels radioniclids és la produccio d energia a centrals nuclears i tots

els processos associats al cicle de combustible.

La primera etapa és I’ extraccio d’ urani de les mines, aquest procés es pot dur a terme per
extracci6 de laroca o solubilitzant |’ urani amb aigua i extraient-lo dissolt, aquest procés té
I"inconvenient de poder contaminar les aiglies subterranies perod redueix € risc pels miners
I I'impacte de I’extraccio. L’ Unica contribucio d’ aquesta etapa a medi, encara que molt
baixa, és pel radd i els seus productes de decaiment. El processat del mineral per tal
d’extreure'n I'urani, produeix com a residu la roca que conté tots els seus productes de
decaiment. El refinament del material i e seu enriquiment isotopic produeix €l combustible

necessari pels reactors nuclears o les armes atomiques.

Al reactor nuclear, es fan impactar neutrons térmics contra el combustible per produir la
fissid nuclear, aguesta genera calor que escalfa I’aigua del reactor que a seu torn escalfa
I”aigua d’ un segon circuit que s utilitza per produir energia. Els reactors més utilitzats son
elsd’ aiguaapressid i els de vapor. En els reactors es produeixen productes de fissio (*Sr i
137Cs principalment), productes d’ activacié provinents de la corrosié de I’ acer del reactor
(®°Co, *Mn, *Cr, *Fe i *°Fe), gasos difosos del combustible (*°Kr ) i ®H as circuits de
refrigeracid, com a consegiiéncia de la interacci6 dels neutrons amb el *°B utilitzat com a
moderador de la reaccié nuclear. Aquest sistemes son continuament purificats per tal
d' eliminar els radionlclids generats. Les centrals nuclears, a més, fan descarregues

controlades, sent unafont d’incorporacié de radiontclids al medi ambient.

Un cop & combustible s ha gastat, S emmagatzema en piscines i, posteriorment, pot ser
reprocessat 0 emmagatzemat com a residu. EI combustible gastat és la principa font de

contaminaci6 derivada del procés de producci6 d’ energia.
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Armament Nuclear

La proliferaci6 darmament nuclear i les proves redlitzades van contribuir
significativament a |I’augment de la radioactivitat a tota la terra. Com a exemple, a Estats
Units, aguests fets van comportar la contaminacié de 1,80-10* | d'aigua subterrania,
7,5-10' m* de sediments i la fuga de 3-10° m® de residus [10]. Actualment, els assgjos son
realitzats a gran profunditat sent el seu impacte mediambiental practicament inexistent

excepte pels pocs assgjos produits en superficie per alguns paisos.

Medicina

La font d’ exposici6 més gran a la radiacio artificial per a la poblacié en genera és la
d origen medic, concretament, com a consequencia de les activitats de diagnosi. Les
tecniques de radioimmunoassaig (RIA) o tomografia d’emissié de positrons (PET), aixi
com €l tractament amb radiofarmacs o braquiterapia son €ls principals usos medics de la
radioactivitat. El ™ Tc és|’isdtop més emprat per adiagnosi degut ala sevabaixaenergiai
curta vida mitja Aixi mateix, e ! és I'isdtop utilitzat en e tractament de malalties

tiroidals, I’ aplicacio terapeutica meés utilitzada.

Analisi i Investigacio

En anadlis i investigacio, €ls principals usos de la radioactivitat son com a marcadors
moleculars, en estudis mediambientals, en dilucié isotopica i, en menor extensio, com a

tecniques de datacio.
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Altres

La radioactivitat també s utilitza en moltes aplicacions industrials aprofitant les diferents

propietats que presenta.

Com a tecnica de mesura ha trobat aplicacio en la determinacio de diferents parametres,
entre les més habituals es troba la mesura de composicid, espessor, densitat 0 humitat dels

diferents productes.

Aprofitant |’ efecte de la radioactivitat sobre els materials, s han desenvolupat diferents
aplicacions entre les quals podem destacar la ionitzacio en els tubs de llum o soldadures
d’ arc, la produccié de [lum freda en llocs de dificil accés, com a iniciador en reaccions
guimiques, com a part dels detectors de fum, en bateries el éctriques destinades a |’ espai, en

I’ esterilitzacio, en ladesinfecci6 i en la conservaci6 d’ aliments.

Finament, I’Gs com a tragador és bastant estés. Aquests tracadors sdbn compostos que
idealment han de ser estables, inerts, comportar-se com el fluit a estudiar i no han de
contaminar el medi. A més d'aixo, les grans dilucions que sofreixen fan necessari que els
tracadors hagin de ser detectables a concentracions molt baixes. Els tracadors radioactius

sOn una bona opcio ja que presenten moltes d’ aquestes caracteristiques.

S ha de destacar un cas concret, I’ estudi dels reservoris de petroli per tal d’ optimitzar-ne
I’extraccio i minimitzar les perforacions ja que es un dels treballs realitzats en aguest
estudi. El petroli és impulsat a la superficie pels fluits a pressio atrapats amb ell. Quan
aquests fluits s esgoten o per millorar-ne I’ extraccid, se'n fa una recuperacio secundaria
gue es basa en la injeccio d’aigua 0 gas per augmentar la pressio. A |’aigua S incorporen
tragadors radioactius, com per exemple SCN", que es recuperen amb I’extraccié del
petroli donant informacioé sobre la distribucié dels reservoris, millorant-ne |’ extraccio i

evitant noves perforacions[11, 12].
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1.1.5. Fontsd’exposicid i € seu efecte biologic

Actualment es coneix com |’ exposicié a la radioactivitat pot causar diferents malalties en
els éssers vius. La interaccié de la radiacio amb la materia produeix |’ absorcid total o
parcial de la seva energia. Aix0 pot desencadenar diferents efectes sobre els individus. A
dosis elevades (>1 Gy) e seu efecte és determinista sobre la medul-la 0ssia, € sistema
digestiu 0 € sistema nervios. Una dosi més baixa causa un efecte estocastic. Aquesta
radiacié pot causar efectes somatics com ara cancer o hereditaris tal com malformacions
congenites. A més, segons € radionuclid de que es tracti, el seu efecte pot ser molt diferent
depenent de la seva retencié a I’ organisme aixi com del tipus de particula emesa (alfa o

beta) i |asevaenergia[8].

Ladosi de radioactivitat que les persones reben es deu majoritariament alaradiacio natural
(Taula 3). Dins d’ aguesta, €l 16% prové de la radiacié cosmica. La resta, majoritariament
prové del ??Rn, e 53%, i en menor mesura del “°K, al voltant del 14%. Les radiacions
artificials tenen un impacte menor sobre les persones, sent la més important |’ exposicio

medica. Dins d’ aquesta, € 95% és deguda alaradiodiagnos per raigs X [13].

Aquestes dosis sdn mitjanes i depenen de la situacié geografica com, per exemple, la
proximitat a una font de contaminacié o la dependencia de la radiacié cosmica amb la
latitud, per aixo les dosis individuals poden variar considerablement com es reflexa a la

Taula 3.
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Dosi individual anua (mSv)

Origen . — . .
Dosis mitjana| Interval tipic de dosi
(mundial) individual

Fons natural 24 1,0-13

Exposicions

oy 0,6 0,03-2,0
mediques
Produccio
_ 0,0002 0,0001-0,02

d’ energia

Explosions
0,005

nuclears <0,01

Accident 0,002

Taula 3: Dos mitjanai interval de dosi tipic rebut segons les diferents fonts existents.

Degut a aquests efectes, aixi com del creixent Us que S esta fent de la radioactivitat en
diferents aplicacions mediques, industrials i dandisis, és necessari € seu control
mediambiental per evitar aixi un increment en la dosi que rep e public (deteccio

d’ accidents o abocamentsiil-legals).

En aguest sentit, els organismes nacionals i internacionals han elaborat diferents

documents sobre el control de la radioactivitat al medi ambient.

Cal destacar la guia d’aigua de beguda de la Organitzacio Mundia de la Salut del 2004
[14], en €ella S'estableix un nivell limit de referencia de 0,1 mSv/any. Aquest document
també estableix nivells guia pels diferents radioniclids. Degut a la complexitat d aquests
analisis individuals, s estableix un parametre anomenat contingut alfa/beta total (excloent-
hi Rni K). Aquest parametre no té una definicié concreta perd s entén com una mesura
globa de la radioactivitat. S utilitza com a parametre preliminar de discriminacié de
mostres, sent el resultat depenent del radiondclid utilitzat pel calibratge. Els limits
establerts son de 0,5 Bg/l per dfai 1 Bg/l per betes. Si un dels limits es supera s han
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d’identificar els radionuclids responsables, determinar-ne I’ activitat i comparar-ho amb els
nivells guia establerts.

Fent servir els valors de referéncia d aguesta guia, la unié europea va fer una directiva
98/83/CE del 3 de novembre de 1998 sobre qualitat de I’ aigua per a consum huma [15]. En
aquesta directiva s estableixen uns limits de triti de 1000 Bg/l i dos indicativa tota

(excloent-hi *H, “°K i #?Rn i descendents) de 0,1 mSv/any.

Aquesta directiva queda transposada a la legislacio espanyola pel Real Decreto 140/2003
del 7 de febrer de 2003 [16]. En aquesta directiva s estableix una dos indicativa total
excloent-hi ®H, “K i ??Rn i descendents) de 0,1 mSv/any i uns limits de 100 Bq/| per *H,
alfatotal de 0,1 Bg/l i betaresto (excloent-hi *H i “°K) de 1 Bg/l.

Un altre text a destacar és la recomanacio de la uni6é europea 2000/473/EURATOM [17]
relativa a la mesura dels nivells de radioactivitat amb el proposit de controlar €l nivell
d exposicié de la poblacio. En aquesta recomanacié S estableixen diferents isotops a

mesurar (**'Cs, ®Sr, *H, 'Be, “K, afai betatotal) amb la seva periodicitat.

La guia del Consgo de Seguridad Nuclear, Guia 1.4 del 1988 [18] descriu el procediment
per dur a terme e programa de control d emissions d efluents radioactius, establint les
frequiéncies de mesura, aixi com els andlisis a reditzar (°H, alfa total, #Sr,*Sr, gammai

gasos nobles dissolts en els efluents liquids.).

1.2. Técniques de deteccid i mesura

Diferents técniques de mesura s han desenvolupat per a les diverses aplicacionsi tipus de
radioactivitat existents. Podem distingir-ne tres families, els detectors d’ionitzacié gasosa,

els detectors d escintil -1acio i €ls detectors de semiconductors [5, 19].
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1.2.1. Detectorsd’ionitzacio gasosa

Aquests detectors es basen en la mesura de la ionitzacié produida en un gas per |I'accio de
la radioactivitat. El detector consta d'una camera segellada plena de gas amb dos
eléctrodes aillats sotmesos a una diferencia de potencial que actuen com un condensador.
En produir-se la ionitzacié del gas, aquest condensador es descarrega i es mesura la
diferéncia de potencial produida. La mostra pot ser directament el gas introduit a I’ interior
de la camera 0 una mostra situada al seu interior o exterior que en desintegrar-se produeix
laionitzaci6 del gas. Segons laintensitat del camp electric aplicat al condensador, les seves

propietats son diferents, distingint-se tres tipus de detectors.

Cambres d’ionitzacio

Aquests detectors treballen en la zona de saturaci6, sdn €l's detectors meés antics que es van
utilitzar on la senyal obtinguda és proporciona a I’energia de I’emissor. Els seus usos
principals son la monitoritzacié de radiacio en equips portatils, |’ estandarditzacio
d’ emissors gamma i la monitoritzacié de gasos en continu. També eren utilitzats per
espectroscopia gamma per0 van deixar d'utilitzar-se en favor dels detectors de

semiconductor.

Comptadors proporcionals

En aguest cas, e potencial aplicat és més gran que en les cambres d'ionitzacid, zona
proporcional, aixo produeix un increment de la velocitat dels parells que provoca noves
interaccions i nous parells ionics, que generen un efecte amplificador de la senyal. Aquests
detectors permeten la discriminacio per energiesi entre emissors o i § ja que les particules
alfa produeixen molts més parellsi € senyal és mes gran. Les seves principals aplicacions
son la mesura d’ afai beta total, la mesura de raigs X de baixa energia o algunes mesures

ambientals com araradd en aigua.
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Comptadors Geiger-Muller

El potencial aplicat en aquests comptadors és més gran que per als altres dos, zona de
Geiger, aix0 genera grans amplificacions per la producci6 en cadena de molts parellsionics
fins que es satura i es descarrega completament. Degut a aquest mecanisme, totes les
ionitzacions produeixen la mateixa senyal, no sent possible distingir energies o tipus de
particula. A més, el mecanisme és relativament lent, cosa que limita la seva aplicacié a
taxes de comptatge moderades (uns pocs centenars de comptes per segon). Les seves
principals aplicacions son pel control ambiental i de contaminacio a treball diari amb

radli oi sotops.

Detectors d’ionitzacié gasosa per neutrons

Aquests detectors son una modificacio de les cambres d'ionitzacié o els comptadors
proporcionals. En aguests detectors la ionitzaci6 és produida pels productes de la reaccié
nuclear dels neutrons amb el 1°B, per aix0 es recobreixen les parets amb °B sdlid o es fa
servir un gas que contingui *°BFs. Lainterferéncia de les altres emissions pot ser eliminada
per blindatge o electronicament. La principal aplicacioé d aquests detectors és el control de

neutrons térmics necessari ales centrals nuclears.

1.2.2. Detectors d’escintil-lacié

Aquest tipus de detectors es basen en la mesura de la luminescéncia induida a un material
per part de la radiaci6. Historicament, la deteccié es feia amb un microscopi pero la
utilitzacio de fototubs que transformen la [lum en un impuls eléctric va permetre el seu
desenvolupament com a tecnica de mesura. Els materials escintil-ladors han de ser
idealment transparents a la seva propia llum, I'espectre d’emissié ha de ser e més

semblant possible a la corba de resposta del fotomultiplicador i han de decaure rapidament
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perqué no es solapin els impulsos. Segons € tipus de material escintil-lador es distingeixen
entre escintil-ladors inorganics i organics.

Escintil-ladors Inorganics

Aquests escintil-ladors es basen en €l fet que un atom dins d’ una estructura cristal -lina no
presenta estats discrets sind bandes. La banda de valencia, on es troben els electrons, i lade
conduccié, separades per una banda prohibida. En passar la radiacio a traves dedl cristall
promociona els electrons de la banda de valencia a la de conduccio, aquests electrons
retornaran a seu estat fonamental emetent fotons que seran mesurats. Per tal que €l cristall
sigui transparent a la llum emesa, aquests sdn dopats amb petites impureses d’un material
amb estats dins de la banda prohibida que fa que la [lum emesa sigui de menor energiai,

per tant, no pugui ser reabsorbida.

Els cristalls més utilitzats son el de iodur de sodi dopat amb tali (Nal(Tl)), que és fragil i
higroscopic, els de iodur de cesi dopats amb tali o sodi (CsI(Tl) i Csl(Na) que sdbn més
resistents i no higroscopics encara que tenen pitjor eficiencia que els de Nal(Tl).
Finalment, també s utilitza el de sulfur de zinc dopat amb plata (ZnS(Ag)) que només es
pot obtenir en espessors molt prims. Les seves principals aplicacions son I’ espectrometria
gamma i la mesura de neutrons en cristalls dopats amb °Li, aixi com la mesura d’ emissors
alfade molt baixa activitat amb ZnS(Ag).

Escintil-ladors Organics

Es composen d'una dissolucio d’ un o més soluts florescents en un solvent aromatic. En ser
travessats per la radiacio produeixen |'emissio de fotons (o escintil-lacid) que seran
detectats per I'instrument. Es distingeixen dos tipus: liquids i plastics. En aquest cas, la
capacitat d escintil-lacié no depen de I’ estructura cristal-lina siné que és intrinseca de la
molecula. La seva principal aplicacio és la mesura d’ emissors beta encara que tambeé es
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poden fer servir per lamesurad alfesi gammes. Aquest detectors es presentaran en detall a
| apartat 1.3.2.

1.2.3. Detector s de semiconductors

Aquest detectors mesuren € pas de corrent produit quan la radiacié travessa un cristall
semiconductor. El cristall semiconductor consta de la unio de dues zones, una amb elevada
guantitat de forats (tipus p) i I’ altrad’ electrons (tipus n), connectat a un circuit eléctric amb
polaritzacio inversa (la zona p es troba sotmesa a un potencial negatiu respecte la zona n).
Aquesta configuracié crea una zona lliure de portadors de carrega amb una gran resisténcia
eléctrica. El pas de la radioactivitat per aguesta zona genera parells electré-forat que pel
seu moviment produeixen pas de corrent, sent aquest impuls de corrent proporcional a

I’ energia dipositada.

L’ atadensitat dels semiconductor i €l seu elevat poder de resolucié han fet aquesta técnica

molt utilitzada per |’ espectrometria alfa, gammai deraigs X.

Segons €l cristall semiconductor que s utilitza aixi com la seva configuracié (plana o

coaxial) es distingeixen diferents tipus de detectors de semiconductor:

Els de Si d'implantacié ionica s utilitzen per a I’ espectrometria alfa i de fragments de

fissio.

Els detectors de silici compensats amb liti (Si(Li)) s utilitzen per a espectrometria de raigs
X ja que presenten espessors de deteccid majors que els anteriors. A més a més, els
espectres presenten una alta resolucio degut a I’ abséncia de senyal per efecte Compton,
donant només e fotopic. La resoluci6 d aquest detectors pot millorar-se treballant

refrigerats amb nitrogen liquid.
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Els detectors de germani compensats amb liti (Ge(Li)) s utilitzen en |’ espectrometria
gamma i de raigs X, aquests detectors han d’ estar continuament refrigerats amb nitrogen
liquid pero tenen I avantatge de presentar una resolucio major que els detectors de Nal(Tl),

encara gue amb menor eficiencia de deteccio.

Els detectors de germani d'ata puresa (HPGe) actuament substitueixen als de Ge(Li)
degut a que no és necessari que estiguin continuament refrigerats, encara que és

aconsellable fer-ho durant el seu funcionament per tal de reduir el soroll de fons.

1.2.4. Altres

Detectors termoluminescents

En aquest tipus de detectors, la radiacié produeix I'excitacid dels electrons que queden
atrapats als nivells excitats degut als defectes del cristall o a la presencia d’impureses.
L’aplicacio d'una elevada temperatura produeix |’alliberament dels electrons que es
desexciten emetent llum, sent la temperatura a la que es produeix |I’emissié de [lum
caracteristica del tipus de radiaci6 incident. Existeixen 4 families principals de materials
termoluminescents LiF, Li,B4O;, CaSO, i CaF,, en les que els diferents membres venen
donats pel tipus d’ impureses present. Algunes de les seves aplicacions principals son la
dosimetria personal, I'estudi de dissenys o blindatges, I'estudi de dos rebuda en

tractaments medics o la mesura de radiacié ambiental.

Deteccid per emulsié fotografica

Aquesta tecnica mesura la intensitat d’ enfosgquiment d’ una placa fotografica en impactar-hi
radiacio. Els seus principals usos son per radiografia, autoradiografia, dosimetria o

deteccio de traces.
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1.3. Escintil-lacié Liguida i Plastica

Les técniques d’ escintil-lacié liquida (LS) i plastica (PS) tenen e seu origen al 1950 [20-
22], perd mentre que I’ escintil -lacio liquida es va desenvolupar i convertir en latécnica de
referéncia per la mesura d’ emissors beta, el desenvolupament de |’ escintil -laci6 plastica va
veure' s reduida a aplicacions molt especifiques com ara els detectors de grans superficies o

|a deteccid de neutrons.

Els escintil-ladors plastics es poden obtenir en una gran varietat de formes segons la seva
aplicacio. Les microesferes poden mesclar-se directament amb la soluci6 aquosa permetent
obtenir un medi similar a descintil-lacié liquida on la mostra aquosa es mescla
intimament amb el coctel d escintil-laci6. Les microesferes han estat la forma escollida en

aquest treball i per defecte esfarareferénciaaelles.

1.3.1. Mecanisme de deteccio

En escintil-laci6 liquida i plastica, el mecanisme de deteccié i €ls seus processos associats

sOn practicament iguals.

L’ esquema general del procés de deteccio (Figura 6) es pot resumir com la seqiiéncia on un
atom radioactiu, en desintegrar-se, emet una particula carregada, aquesta viatja per la
dissolucié de mostra fins arribar a dissolvent de I’escintil-lador on dipositara la seva
energia. Aquesta energia sera transferida pel dissolvent de I’ escintil -lador fins arribar a una
molécula de solut fluorescent on sera dipositada. Finalment, e solut florescent es
desexcitara emetent fotons de manera isotropica. Aquests fotons seran detectats pel tub
fotomultiplicador. També pot existir un solut secundari que absorbeixi I’ energia del primer

solut per aemetre-la en una zona de maxima resposta del fotomultiplicador [19, 23].
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hv
~o”
radiontclid dissolvent Solut Fotomultiplicador
aromatic fluorescent
quenchingde quenching  quenching quenching
particula  d'ionitzacio quimic decolor

Figura 6: Esguema de detecci6 en escintil-lacié amb els diferents tipus de quenching que

|’ afecten.

De forma més detallada, els processos de transferencia d energia dels escintil-ladors es
duen a terme a través dels orbitals n deslocalitzats dels anells benzénics presents as

dissolvents aromatics i soluts fluorescents de les solucions d’ escintil-ladors [24].
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Figura 7: Representacié dels nivells energeétics dels orbitals n. (1 excitacié, | emissié

radiant, ¢ desexcitacio vibracional, ¢ desexcitacié no radiant, - conversié interna)
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La Figura 7 mostra els nivells energétics dels orbitals . En condicions normals, tots els
electrons de les molécules es troben en I’ estat fonamental de singlet.

Excitacié

Quan una particula radioactiva travessa € solvent (S) de I'escintil-lador produeix
I’ excitaci6 dels electrons que passen a estats excitats del singlet. També es poden excitar a
estats triplets per processos de conversio interna o recombinacié ionica. L’ excitacio de
triplets es dona amb més probabilitat en particules amb un at poder d’'ionitzacié com ara
les particules alfa. A partir dels estats excitats els electrons es desexciten vibraciona ment

finsarribar al’ estat excitat de menor energia.

s 19

s> 3¢

Transferéncia d’energia

El dissolvent excitat transferira la seva energia a atres molecules de dissolvent fins a
transferir-laal solut fluorescent (E) mitjancant processos radiatius o no radiatius. Per a que
es donguin aguestes transferencies és necessari que €ls nivells energétics excitats del solut
siguin de menor energia que els del dissolvent perque aquest tingui energia suficient per a
excitar e solut.

Hi ha dos tipus de processos no radiatius. El primer ésla difusié molecular i/o migracio de
I’energia pel dissolvent. Aquest procés és més favorable als escintil-ladors liquids
(concretament liquids poc viscosos amb una quantitat de solut apreciable). L’ atre procés

son les transferéncies dipol — dipol de llarga distancia. Aquest procés sera €l predominant
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en els escintil-ladors plastics on les molecules no tenen mobilitat i, per tant, no pot donar-
s hi ladifusié molecular.

IS +ES> IS+ I

S+E>IS+E

La transferencia de singlets es pot produir de forma radiativa o no radiativa mentre que la

transferéncia de triplets només es pot donar de forma no radiativa.

Aquests processos de transferencia competeixen amb atres formes de desexcitacio del
dissolvent. Mentre es donen aguest processos 0 en acabar es produeixen també
desexcitacions vibracionals per arribar a nivell excitat de més baixa energia com passa

amb € dissolvent.

Transferéncia a soluts secundaris

La transferéncia a soluts secundaris es pot donar de manera radiativa o no radiativa per
interaccions dipol — dipol de llarga distancia.

Desexcitacio

La desexcitacié del singlets es dona des del singlet excitat de menor energia fins a
qualsevol dels estats energetics del singlet fonamental, seguit de la desexcitacio

vibracional. Aquest procés és molt rapid i donalloc ala denominada component rapida.
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Es e

La desexcitacio d’'un triplet a |'estat fonamental es troba prohibida per les regles de

seleccid i I’ nica manera que es dongui és pel procés d’ anihilacio de triplets.

ELCES>E +E+hy

En aguest proceés, dos triplets han d’interaccionar desexcitant-se amb |’ emissio de fotons,
deixant un singlet excitat que es desexcitara com s ha descrit anteriorment. Aquest procés
ve regit per la velocitat de transferencia dels triplets, sent més lent que I’ anterior i donant

Iloc ala denominada component retardada.

Els processos de relaxacio vibracional sén molt eficients, propers a 100%, i produeixen
gue lI'emissié sigui denergia inferior a la necessaria per a I'excitacio, fent els

escintil-ladors transparents a la seva propia llum.

Tipus de quenching

Durant els processos de transferéncia d energia, des de que es produeix la desintegracio
fins que el's fotons emesos son detectats pel fotomultiplicador, es donen diferents processos
gue poden atenuar la senyal registrada pel fotomultiplicador i sdn denominats fenomens
d’ afebliment de la senyal o quenching. Segons en quina part del procés es produeixin, els

fendomens de quenching reben diferents noms (Figura 6).

Quenching de particula: Es la pérdua d’ energia degut a les interaccions de la particula amb
el medi abans que aquesta arribi a |’ escintil-lador. Aquest tipus de quenching no se sol
observar a I’escintil-lacio liquida degut a la gran proximitat entre la mostra aquosa i €l

medi d’ escintil-laci, mentre que en escintil -lacid plastica és un procés important.
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Quenching quimic: Es I’absorcio de I'energia de decaiment nuclear en e procés
d’escintil-lacié per substancies quimiques presents a la mostra, obstruint parcialment la

transferénciad’ energiaal’ escintil -lador.

Quenching de color: Es I’ absorcié de fotons produits per I’ escintil-lador abans que aguest

siguin detectats pel tub fotomultiplicador.

Quenching d'ionitzacié: aguest quenching també es dona en el procés de transferéncia
d’ energia de la particula carregada al dissolvent. Aquest quenching, pero, fareferenciaala
no linealitat entre I’ energia dipositada i 1es excitacions electroniques que genera, sent una

caracteristicaintrinseca de I’ escintil -lador que no varia amb la composicié de la matriul.

1.3.2. Detectors d’ escintil -lacié

Els detectors d'escintil-lacié (Figura 8) son sistemes que detecten, classifiquen i

quantifiquen lallum emesa per |’ escintil -1ador.

El procés de detecci6 segueix les seglients etapes. Primer, I’ allau de fotons és detectat pels
tubs fotomultiplicadors que, segons € tipus detector, poden ser des de 1 fins a 3. En €ls
detectors de més d' un fotomultiplicador, per tal de reduir € soroll de fons, només es
consideren les senyals detectades de forma coincident pels diferents fotomultiplicadors, ja
gue una senyal de fons electronic nomeés es produira en un d ells. Despres, les senyals del
fotomultiplicadors son preamplificades, sumades si estan en coincidéncia, amplificades i,

finalment, classificades en un multicanal en funcié de laintensitat del senyal electric.
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Unitat de
coincidencia

Amplificador
suma

Convertidor A/D

comptes

Multicanal

canals

Figura 8: Esquema d’ un detector d’ escintil -lacié amb dos fotomultiplicadors (PMT).

Cada alau de fotons que es produeix prové d una desintegracié i € nimero de fotons a
cada allau esta relacionat amb I’ energia de la particula emesa, classificant-se al multicanal

en funci6 de I’ amplitud de I'impul s registrat.

1.3.2.1. Fotomultiplicadors

Els fotomultiplicadors son la base dels detectors d’ escintil-lacié. El desenvolupament

d' aquests va estar directament relacionat amb el dels fotomultiplicadors [25].
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Els tubs fotomultiplicadors (Figura 9) son sistemes gue transformen els fotons de llum que
hi incideixen en un senyal electronic. Estan compostos per una série d eléctrodes a dins

d’untub a buit protegit de lallum externa.

La superficie del fotomultiplicador exposada a la llum és el fotocatode. Aquest consta
d’ una petita finestra, tan prima com sigui possible, per tal de mantenir el buit dinsdel tub i
atenuar el menys possible la llum incident, i d'un material sensible als fotons que emet
electrons amb € seu impacte. Els fotocatodes estan fabricats de semiconductors de metalls
acalins.

Entre el fotocatode i I’anode hi ha una serie de dinodes, fins a 19, sotmesos a un voltatge
positiu i creixent. Els materials més comuns en que estan fabricats son antimoni amb
metalls alcalins, BeO, MgO GaP i GaAsP.

Figura 9: Esquema d’ un tub fotomultiplicador [26].
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El seu funcionament es basa en I'impacte d’ un allau de fotons sobre el fotocatode, aguest
produira fotoelectrons que seran accelerats i focalitzats fins el primer dinode. En impactar
un electrd contra el dinode, aquest provoca que S arrenquin mes electrons, de 4 a 5, que
seran accelerats i focalitzats fins a seglent dinode i aixi successivament fins arribar a
I"Ultim d'éls. Finalment els electrons son col -lectats per I’anode produint la sortida de

corrent. Un fotomultiplicador tipic de 12 dinodes produeixen un guany de 10°.

La resposta del fotomultiplicador depén de la longitud d’ona de la [lum incident, sent
normalment més sensible ala zonade lallum visiblei amb e maxim alazonadel blau. Es
per aguest motiu que és important que els escintil -ladors emetin dins d’ aguesta zona per tal

de produir una millor resposta dels fotomultiplicadors.

1.3.2.2. Font externa

Alguns detectors inclouen un radiontclid encapsulat que emet raigs gamma per ala mesura
de parametres de quenching. Aquest radionuclid s acostara al vial de mesura per a produir
electrons per efecte Compton en interaccionar amb la mostra. Aquest procediment genera
un gran nombre d electrons que, en interaccionar amb I’ escintil-lador, produeixen un
espectre d'emissidO que pot fer-se servir per determinar parametres de quenching
relacionats amb la composicié de la matriu i independents de |’ activitat de la mostra.

Alguns dels radionticlids utilitzats com afont externa son **Ba, **'Cs, **Eu,?°Ra, **Am.

1.3.2.3. Senyal defons

Un aspecte important a tenir en compte, i més quan es mesuren mostres amb molt baixa
activitat, és el senyal de fons. Aquesta és la senyal registrada que no prové de I’ activitat de
la mostra i sol ser quantificada per la mesura d’'un blanc. Les fonts que produeixin la
senya de fons sdn instrumentals i la radioactivitat ambiental aliena a la mostra (radiacio

cosmica o constituent dels materials).
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Soroll instrumental

Es, basicament, el soroll associat als fotomultiplicadors. Es distingeixen dos tipus:

“Aphterpulse noise”: Son els polsos que es generen just després d’una senyal veritable
degut alaionitzaci6 del gas residual del fotomultiplicador. Aquest gas S ionitza amb €l pas
d’electrons generat en la senyal i, en retornar a fotocatode, produeix I’'emissié de nous
electrons.

Corrent obscura “Dark noise’: Son polsos de baixa intensitat produits per I’emissio
termoionicadel catode del fotomultiplicador.

“Cross-talk™

Es consegiiéncia de la Ilum produida en un dels fotomultiplicadors quan aquesta és
detectada per I'altre donant una senyal en coincidencia. Aquestes espurnes de llum son
produides per descarregues electriques, radiacid6 Cerenkov, gas residua del

fotomultiplicador o radionuclids presents en els materials del fototub.

Radioactivitat dels materials

Els isotops radioactius presents en els diferents materials com ara el vial, I’ escintil -lador la
camera de mesura o els fotomultiplicadors poden contribuir a senyal de fons amb les seves
desintegracions. Un exemple seria el ®H o **C presents als escintil-ladors 0 el “°K present
asviasdevidre.
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Radiacié cosmica

Es lafont de contribucié més important al fons. Es la radiacio provinent de I’ exterior que,
en arribar a detector, interacciona amb els diferents elements produint principa ment
radiacio de tipus Cerenkov que sera detectada com si procedissin de la mostra.

Luminescéncia

Una dtre font que pot afectar € fons, encara que no es classifica dins d’ aguest, és la
luminescéncia. La luminescéncia és I’ emissié de fotons per part de I’ escintil -lador que no
provenen de I’ excitaci6 de la radioactivitat. Es produeix I’emissio d'una gran quantitat de
fotons que son classificats a la part baixa de I’ espectre. Depenent de I’ origen pot ser de dos

tipus: fotoluminescenciai quimioluminescencia.

Lafotoluminescencia es produeix per |” excitacio dels electrons degut a |’ absorci6 de fotons
energetics. Aquest procés es pot eliminar deixant la mostra ales fosques 1 0 2 hores abans

derealitzar les mesures.

La quimioluminescencia es produeix per reaccions quimiques que exciten I’ escintil-lador.
Els medis fortament acids, basics o oxidants solen donar aquest tipus de procés. Els
métodes habituals per a eliminar aquesta luminescéncia son: neutralitzant o substituint la
substancia que produeix |’ efecte, escalfant els vials a 40°C per accelerar lareaccio i esperar
a que hagi finalitzat abans de fer la mesura, escollint finestres on no interfereixi (aquest
metode no es pot fer servir per emissors de baixa energia) o fent servir sistemes de

coincidencia especials de llarga durada.
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1.3.2.4. Métodes de reducci6 de fons

Per tal de reduir la senya de fons present a la mostra es poden dur a terme diferents

accions.

Temperatura

La refrigeracio de |‘instrument disminueix la corrent obscura, encara que en molts
fotomultiplicadors moderns és molt reduida. Per aquest motiu, moltes vegades el control de
la temperatura no es fa per reduir € fons sind per mantenir constants les condicio de
mesurai evitar aixi variacions de la taxa de comptatge registrada.

Temps mort

Per tal d’eliminar I’ afterpulse noise” es deixa un tems mort despres de cada desintegracio
per tal d’excloure’'| de lamesura. Els “afterpulse noises’ son utilitzats als detectors amb un
sol fotomultiplicador com a metode de discriminacié entre una senya de fons i una

veritable, ja que els dos tipus de senyal tenen un nimero diferent d’“afterpul se noise”.

Sistemes de coincidéncia

Degut a que moltes de les senyals de fons que es produiran només donaran senyal en un
dels fotomultiplicadors, una forma de reduir-lo és aplicar un sistema de coincidéncia entre
els dos fotomultiplicadors. Com que I’emissio de llum de I’ escintil-lador sera isotropica,
aquesta sera detectada pels dos fotomultiplicador mentre que part del soroll, especialment

I"instrumental, no estaraen coincidénciai seraanul -lat.
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Blindatge passiu

La contribucié de fons més important és la de la radiacié cosmica. Per tal d’ eliminar-la, es
pot blindar I'instrument amb un metall d’ elevada densitat i nimero atomic per tal que
absorbeixi els raigs cosmics. Aquest blindatge sol fer-se amb plom que contingui un baix
nivell de radioactivitat natural.

Blindatge actiu

Aquest blindatge també pretén eliminar la radiacio cosmica. En aquest cas, se Situa un
detector que mesurara €ls rajos cosmics que penetrin a dins i els cancel-lara quan siguin
també detectats pels fotomultiplicadors que mesuren la mostra mitjangcant un sistema de

coincidencies.

1.3.2.5. Métodes de discriminaci6 per laformadel impuls

Els emissors de particules beta només donen component rapida, mentre que els emissors
alfa també donen una component retardada, aquest fet fa possible distingir entre els dos
tipus d emissors segons la distribucié temporal de I'emissio. Per aguest motiu, alguns
detectors incorporen un parametre de discriminacio entre emissors alfai beta per la forma
de I’impuls anomenat PSD.

1.3.3. Métodes de Calibratge

En les técniques d’escintil-lacié |’ activitat de la mostra esta relacionada amb la senyal

registrada mitjancant I’ eficiéncia de deteccio.
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pm

-cpm
mostra P blanc>< 100

Eff= ¢
a Act

L’ eficiencia de deteccio (Eff) és el quocient entre la taxa de comptatge neta i | activitat
(Act). L’ eficiéencia de detecci6 és una mesura de la quantitat de senyals produides que son
detectades per I'instrument i depen de la composicid de la matriu. Segons quina sigui
aquesta composicié es donaran diferents fenomens de quenching que faran variar

I’ eficiencia de detecci6 [5].

L’ eficiencia de detecci6 pot calcular-se per tot I’ espectre 0 només per una part (finestra).
Laposicio i amplada de les finestres pot escollir-se per diferents criteris, com arala millor

relacio senyal-fons o on I’ eficiencia de detecci sigui constant amb el quenching.

Un dels metodes de calcul és el que busca la finestra amb millor relacié senyal-fons

anomenat nimero de meérit (FM)

On E és’eficiencia de deteccid i B éslataxa de comptatge del blanc.

Degut alavariacié de |’ eficiencia de deteccié amb la composicié de la matriu, és necessari
el seu calibratge.
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1.3.3.1. Métode del patré intern

Aquest és € primer métode que es va utilitzar. En aguest metode, primer es mesura la
mostra per obtenir la taxa de comptatge, despres se li afegeix una quantitat petita de patro i
es torna a mesurar per obtenir d’ aquesta mesura |’ eficiéncia de deteccid. Es fa servir com a
patré el mateix radiondclid que es vol analitzar afegint una activitat molt més gran per
minimitzar la influéncia de la taxa de comptatge de la mostra i assolir una incertesa petita
associada ala mesura. En aquest métode es fa la hipotesi que, amb el petit volum afegit, la
composicio de la mostra no varia i, per tan, € quenching i I'eficiencia de deteccié son

iguals en ambdues mesures.

Es un métode de gran exactitud quan el volum de patro és petit i perfectament conegut perd
presenta els inconvenients d’ aterar irreversiblement la mostra, de requerir gran quantitat
de patr6, a més d’ augmentar |’ activitat dels residus; d’ haver de fer-ho per cadascuna de les

mostres a quantificar i d augmentar el temps de mesura.

1.3.3.2. Métode de la corba de calibratge

Aquest metode correlaciona la variacio en I’ eficiencia de deteccié amb un parametre que
es pot obtenir de I’espectre de la mostra o de |’ espectre generat per una font externa
(parametre de quenching). Per ala sevarealitzaci6, es preparen diferents patrons d’ activitat
coneguda amb concentracions variables d' un agent que produeix un dels fendmens de
quenching. Aquest métode presenta els avantatges de necessitar una Unica corba per totes
les mostres, pero € problema de que només es calibra un dels fendmens de quenching,

seleccionat en funcié de la possible composicid ala matriu.

L’ obtencié del parametre a través de I’espectre de la mostra té I'inconvenient que la
incertesa en la determinacié depén de I'activitat de la mostra. Aquest problema es pot
evitar amb la utilitzacio d’ unafont externa. Lafont externairradiael via produint unagran
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quantitat d’ electrons per unitat de temps per efecte Compton. Aquesta elevada taxa fa que
la incertesa en la determinacio del parametre sigui independent de I activitat de la mostra
[19, 27].

Parametres de quenching obtinguts a partir de I’espectre de la mostra

SCR (relacio de canals de la mostra)

Aquest parametre és €l guocient entre la taxa de comptatge en dues finestres diferents, una
finestra magjor que pot ser I’ Optima on es calcula I’ eficiéncia i una menor que I’ anterior,
normalment inclosa dins la primera. La posicio de les finestres ha de ser tal que produeixi

lamaximavariacio del valor de SCR en dues mostres de diferent nivell de quenching.

_cpm (finestra menor)
~ cpm (finestramajor)

SIS (index espectral de la mostra)

Aquest parametre es defineix com el canal on se situa el centre de gravetat de I’ espectre de
lamostraen escalalineal i es calculacom:

canals ;
2% cpmyxi

SIS=
2 cpm)

oni esel canal on se situa el centre de gravetat i cpm; lataxa de comptatge en aquest canal.
El SISes el parametre de série en €l instrument Tri-Carb L SAs de PerkinElmer.
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SQP(I) (parametre de quenching de I’espectre del isotop)

També se'l coneix com a altura mitja del pols de I’ espectre de I‘isotop. Es un calcul del

centre de gravetat de I’ espectre en escala logaritmica:

canals R
2is1 cpm;xi
annals m

SQP(1)=
Aquest parametre és equivalent a de SIS pero utilitzat als detectors EGG de Wallac.
Parametres de quenching obtinguts amb I’espectre generat per la font externa

SQP(E) (parametre de quenching de I’espectre produit per la font externa)

Aquest parametre és €l canal que limita el 99,5% de les comptes de |’ espectre generat per
la font externa. Es utilitzat en els comptadors de LKB i Wallac. On SQP(E) correspon al

valor i en |’ equacio:

1024 1024 1024

D N2(1:0995) Y N> > N,
= 400

j=i+1

Els primers 400 canals s’ exclouen per tal d’ eliminar les interferencies de baixa energia.
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H# (EI numero de Horrock’s)

Es la diferencia entre el punt d’inflexio de I’ espectre generat per la font externa en escala
logaritmicai una referéncia obtinguda d’ un patré sense quenching. Es el parametre utilitzat

pel instruments de Beckmann i es calcula com:

H#=Ho-H,

on Hp es el canal del punt d'inflexio del patré de referéncia sense quenching i Hq €l de la
mostra a mesurar. Ho=870, calculat com I’ espectre Compton d’ una dissolucié fluorescent
sense quenching. Per aguest métode es fan servir com a font externa **’Cs o **™Baja que
sOn monoenergéetiques. Aquest parametre mesura els electrons de maxima energia que es
produeixen per efecte Compton, comparant aixi la magnitud de I’'impuls de dos electrons

d’igual energiaamb quenchings diferents.

tSIE (index espectral transformat de la font externa)

Es e punt final de I’ espectre transformat, generat per la font externa. Aquest és un dels

parametres utilitzats en els instruments de Packard.

Aquest parametre calcula el punt final de I’ espectre transformat, com a extrapolacié de dos

punts, fent servir el metode de la transformacié espectral inversa. Es calcula com:

o £ N(E)dE
tSIE=E-(By-By) (e) ——
Je2 N(E)dE- [ N(E)dE
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on E és I’energia transformada. El valor de tSIE és e valor de I’ energia, obtingut en
I'equacié anterior, multiplicat per un factor calculat perqué una mostra de *C sense
quenching doni 1000.

1.3.4. Limit dedeteccid

Els processos de desintegracio radioactiva segueixen una distribucié de Poisson, quan €l
nimero de fenomens (N) és baix, 0 normal, quan aquest és més elevat. Aixi, les incerteses

de les mesures es poden calcular com:

S(N)=VN

Si considerem €l nombre de desintegracions detectades per unitat de temps (comptes per

minut):

S(cpm)= /$

El limit de deteccié es pot establir de forma tedrica en una mesura per escintil-lacio,
utilitzant les equacions de Currie [28] que apliquen les incerteses tedriquesi pren els errors
detipusa i p iguasal 0,05:

Lp=2,71+4,65,/1;

Lp

Actp= EffxV/ xt
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on Lp és € limit de deteccio, ps és € comptatge del blanc, V és e volum de solucio
addicionat (1), t és el temps de comptatge (s), Eff és |’ eficiencia de deteccio del patrd sense
quenching i Actp és |’ activitat minima detectable (Bg/l).

1.3.5. Escintil-lacié liquida

L’ escintil-lacié liquida (LS) és la tecnica de referencia per a la mesura d’emissors j3,
utilitzada en molts camps com ara € medic, el biologic o0 € mediambiental. Aquesta
tecnica mesura el's fotons emesos en un medi liquid que, a més de la mostra, inclou un o
diversos soluts escintil-ladors i, normalment, un dissolvent arométic. Si la mostra és
aquosa, |'escintil-lador inclou també substancies tensioactives que permetin la generacio
d'una emulsi6 homogenia. Dins I'emulsid, les desintegracions es produeixen a una
distancia proxima de I’ escintil-lador, aixo fa que les eficiéncies que s obtenen siguin, en
molts casos, properes a 100%. La deposicié d’ energia en I'LS no és lineal, degut al
guenching d’ionitzacio, quan es diposita molta energia, només una petita part es transforma
en excitacii. Aixo fa que el's espectres obtinguts estiguin distorsionats respecte a |’ espectre
d emissio original. Aquest fenomen també es dona amb les particules alfa produint que els

Seus espectres estiguin solapats amb els dels emissors beta d’ alta energia.

1.3.5.1. Composicié

Els coctels d escintil -1acid estan compostos de dissolvents aromatics, soluts fluorescents i
altres components com tensioactius que canvien les seves propietats. Segons el nUmero de
components els escintil-ladors es classifiqguen en binaris (un solvent més un solut
fluorescent) o ternaris (un solvent, un solut primari i un solut secundari), també es

coneixen els coctels classics 0 segurs segons €l solvent que utilitzen [19, 29].
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Solvents

En escintil-lacié liquida s utilitzen solvents organics aromatics per tal de tenir un gran
nimero d’ orbitals = que puguin donar processos de transferéncia d’ energia. A més, han de
tenir una alta eficiencia relativa d escintil-lacié, definit com la deposicié d energia de
I”’emissio al solvent, prenent com areferencia el tolué, i una alta probabilitat d’ ocurrencia,
és a dir de transferencia d' energia a solut. Existeixen dos tipus de solvents, els classics i

els segurs.

Els solvents classics son els primers que van ser utilitzats, els més habituals son € tolue,
xilé i pseudocumé (Figura 10). Aquest solvents presenten problemes de toxicitat,
inflamabilitat, evaporacio i permeabilitat al plastic. Es per aguest motiu que es van
desenvolupar nous solvents que evitessin aquests problemes que s anomenen solvents

segurs.

Solvents classics

o LX

Tolue Xilé Pseudocume
Solvents segurs
DIN
PXE LAB
1,2-
Fenilxilileta dodecilbenze

diisopropilnaftalé
Figura 10: Solvents utilitzats en els escintil-ladors liquids.
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Els solvents segurs van ser desenvolupats per evitar els problemes anteriorment descrits,
presentant eficiéncies de deteccio similars als classics o finsi tot millors. Els més utilitzats
son di-isopropylnaftale (DIN), fenilxilileta (PXE) i dodecilbenze (LAB) (Figura 10).

Soluts fluorescents

El component principa dins dels escintil-ladors és e solut fluorescent, que és
I’ escintil -lador propiament dit. Un escintil-lador eficient ha de presentar una alta eficiéncia
guantica de fluorescéncia, un espectre d’ emissié tan similar com sigui possible a la corba
de resposta del fotomultiplicador, un temps de decaiment curt, un considerable decaiment
vibracional, una solubilitat suficient i una baixa sensibilitat als agents de quenching.
L’ eficiencia quantica de fluorescéncia és la relacié entre el nimero de fotons produits i el

nUmero de molecules en estats excitats.

Per tal d'evitar autoabsorcions dels escintil-lador, aquest han d’estar en una concentracié

forca baixa, normalment inferior a 3%.

Entre els escintil-ladors primaris (Figura 11), el més habitual és el PPO degut a la seva
eficiencia quantica de fluorescéncia, puresa i cost. També és molt utilitzat el Butil-PBD,
encara que en menor mesura degut a I'aparicié de color groc en presencia d espécies

basiques.
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Primaris

O

PPO
2,5-difeniloxazol

OO
o O 0

BBD
2,5-di-(bifenil-4-il)-1,3,4-oxadiazol

BBOT
2,5-bis(5-tert-butil-benzoxazol -2-il)tiof é
Secundaris

e o
bis-MSB

p-bis-(o-metilestiril)benzé

O

N

dimetil POPOP

1,4-bis-2-(4-metil-5-feniloxazolil)benze

o

NPD
2-(1-naftil)-5-fenil-1,3,4-oxadiazol

Yoo

PBBO
2-(bifenil-4-il)-6-fenilbenzoxazol

N—N

/
Q
PPD
2,5-difenil-1,3,4-oxadiazol

N—~N

O 0

PBD
2-fenil-5-(bifenil-5-il)-1,3,4-oxadiazol

butil-PBD
2-(4-t-butilfenil)-5-(bifenil-4-il)-1,3,4-oxadiazol

TP
p-terfenil

POPOP
1,4-bis-(2-(5-fenoxiloxazolil)-benzé

o0

2-(1-naftil)-5-feniloxazol

BBO
2,5-di (bifenil-4-il)oxazol

Figura 11: Soluts fluorescents utilitzats en escintil -1acio.
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Per tal de fer I espectre d’ emissio dels escintil-ladors el més semblant possible a la corba
de resposta del fotomultiplicador es fan servir soluts secundaris. Els més utilitzats son els
gue es mostren ala Figura 11, entre aguests, €l més freqiientment emprat és el bissMSB. El
POPOP tambeé s utilitza molt perd en menor mesura ja que presenta una solubilitat limitada

en solvents organics.

Altres (tensioactius)

La major part de les mostres radioactives son aguoses, aixo fa que sigui dificil la seva
solubilitzacié en els coctels d'escintil-lacié que tenen naturalesa organica. Per aquest
motiu, és necessaria la utilitzacié de tensioactius per tal de crear microemulsions de la
mostra aquosa en |’ escintil-lador que permetin la seva mesura. Els alquil-fenol-etoxilats,

gue son tensioactius no ionics, son dels més utilitzats.

1.3.5.2. Aplicacions

Latecnicade I'LS té la seva principal aplicacié en la mesura d’ emissors beta, encara que
també s utilitza en lamesura d’ emissors alfai gamma.

L’ elevada eficiencia de detecci6 produida, degut a contacte proxim entre la desintegracio i
I’ escintil-lador, fa aquesta técnica de gran utilitat per a la mesura de mostres amb una
activitat molt baixa, com ara en aplicacions mediambientals. No obstant aixo, la seva
principal aplicacio és la mesura de molecules marcades en aplicacions mediques i

bioquimiques. En menor mesura, també s' utilitza per I’ estudi de mecanismes de reaccio.

El desenvolupament de la discriminacié basada en la distribucio de I'impuls (parametres
PSD) han fet possible ampliar el seu camp d'aplicacié amb la determinacio de I’ activitat
afalbetatotal.
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1.3.5.3. Limitacions

Encara que I'escintil-lacio liquida ofereix molts avantatges també presenta limitacions

importants.

Una limitacio per a totes les técniques d’escintil-lacié (tant liquida com plastica) és la
manca de selectivitat. Degut a la naturalesa de les desintegracions beta, tots els espectres
estan solapats ja que tots ells son continus des de zero fins a una energia maxima. A més
d’ aixo, els espectres dels emissors alfa també es troben solapats amb els dels beta degut al
quenching d'ionitzacié. Aquest fet fa necessari separacions quimiques previes ala mesura
(precipitacio, extraccio liquid-liquid o cromatografia d’intercanvi ionic o d extraccid) que

requereixen temps, reactiusi personal [30].

A més, per LS, un altre limitaci6 és la produccié de residus mixtos. Segons la EPA aquests

es defineixen com el residu que és a mateix temps radioactiu i toxic [31].

Aquest és un problema greu. Al 1990, a Estats Units es van generar 4000 m® de residus
mixtos, dels quals, un 71% provenien de mesures d'escintil-lacié liquida on la mostra
radioactiva es barrgja amb I’escintil-lador toxic. Els seu tractament té una regulacio
especial d elevat cost [32].

Una altre limitacié de I'LS és la necessitat de formar emulsions per tal de mesclar la
dissolucié aguosa amb I’ escintil-lador organic. Aixo fa que la quantitat de mostra que es
pot emulsionar amb la fase organica escintil -ladora sigui limitada. Aquest problema es veu
incrementat quan les mostres tenen un alt contingut de sals, on es poden donar separacio de

fases que produiren canvis en I’ eficiencia de deteccio.
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1.3.6. Escintil-lacié plastica

L’ escintil-1acio plastica (PS) és una tecnica analoga a la d’ escintil -laci6 liquida, pero en la
gue € dissolvent no és un liguid sind un polimer solid. Malgrat que I’ PS pot trobar-se en
diferents formes segons la seva aplicacid, com ja s ha dit, ens centrarem en €l cas de les
microesferes (Figura 12). A les mesures per PS, les microesferes es mesclen amb la mostra
liquida, de tal forma que aquesta ompli els intersticis entre les esferes. Aquest fet produeix
que les desintegracions es trobin a una distancia mgjor de I’ escintil-lador que en I'LS, €

gue generalamajor part de les seves diferencies.

F 14

300pm

Figura 12: Fotografies de les microesferes de I’escintil-lador plastic preses amb

microscopi optic (esgquerra) i microscopi de rastreig d electrons (dreta).

El solid es pot separar facilment de la mostra per filtracio, aixo evita la produccié de

residus mixtosi fa possible la sevareutilitzacié per altres mesures [33, 34].

A més d aixo, degut aque I’ PS és un solid, no presenta problemes de separacio de fases en
incrementar la forca ionica de la mostra i, a més, la seva caracteristica de solid es pot fer

servir per dissenyar estratégies de separacio selectiva.
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1.3.6.1. Composicié

La composicio dels escintil -ladors plastics és molt similar a la dels liquids, estan formats

d’un solvent aromatic polimeritzat i d’ un o més soluts fluorescents.

Solvent

Els solvents son molecules aromatics que formen part d’un polimer. El solvents més usats

en lafabricaci6 d escintil -1adors plastics son el poliestirei el poliviniltolue (Figura 13).

T T
L H H n | H H  _|n
Poliestire Poliviniltolue

Figura 13: Solvents polimeritzats més utilitzats en escintil -1acio plastica.

Soluts Fluorescents

Els soluts florescents utilitzats en I’ escintil -1acio plastica son els mateixos que es fan servir
en laliquida (Figura 11), amb concentracions igualment baixes, inferiors al 3%, per evitar
problemes d’ autoabsorcid. Com a solut primaris, els més utilitzats son el TP, el butil-BPD i
el PPO. Com a soluts secundaris, ho son el POPOP i el bissMSB.
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També s han desenvolupat una nova generacid de soluts fluorescents per escintil-lacié
plastica que eviten la necessitat d’un solut secundari ja que € seu espectre d’emissié és
molt similar ala corba de resposta dels fotomultiplicadors. Aquests son la3HF, e HBT i la

PMP (Figura 14).
s \N/N\Q
9,

3HF HBT PMP

3-hidroxiflavona 2-(2-hidroxifenil)-benzotiazol 1-fenil-3-mesitil-2-pirazolina

Figura 14: Soluts fluorescents de nova generacié per escintil -lacié plastica.

Altres (solvent secundari)

Alguns escintil-ladors plastics incorporen entre un 10 i un 15% de naftale com a solvent
secundari per tal de facilitar latransferencia d’ energiaentre el solvent i €l solut. Aixo és de
gran importancia en la transferéncia de triplets i, per tant, en aplicacions de discriminacio
afalbeta.

1.3.6.2. Aplicacions

Els escintil -1adors plastics poden fabricar-se en una gran varietat de formes i mides d’una
forma senzilla. Degut a aix0, una de les seves grans aplicacions és la fabricacié de
detectors de grans superficies per la mesura de raigsy 0 X que no podien construir-se amb

altres materials.
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La deteccié de neutrons també es presenta com una aplicacié important, ja que aguests
poden interaccionar amb I'PS degut a la seva gran quantitat de protons d hidrocarbur. A

més, el dopatge amb '°B permet també la detecci6 de neutrons térmics.

L’ PS també té aplicaci6 dintre dels equips comercials, com a blindatge actiu pels sistemes
de reducci6 de fons i també en els microplats per escintil-lacié on la mostra s evapora a
sequedat sobre I’ PS.

En e camp de la dosimetria també troba aplicacio gracies ala similitud entre les propietats
de deposicio de radiacié de I'aiguai I' PS. Aixi, s utilitza en la mesura de “ phantoms” pel

calcul de dos rebuda en un teixit per radioterapia[35].

En forma de microesferes, I'PS troba la seva principal aplicacio en els assgjos de
proximitat (SPA) en bioguimicai medicina. Aquestatécnica es fa servir principalment amb
3H o0 ' que emeten electrons de baixa energia L’escintil-lador es recobreix d'una
molécula receptorai € lligand es marca amb els isotops de triti 0 iode. Degut a curt abast
dels electrons, aguests no son detectats quan es troben en solucio, pero en unir-se al lligand
I disminuir la distancia amb |’escintil-lador, donen senyals que poden ser registrades.
Aquesta técnica també s ha dut a terme amb altres emissor d’ abast mitjacom *C, *S 0 ¥p
perod separant les microesferes de la solucid. Aquesta tecnica es fa servir per assgjos d unio

de receptor, iInmunoassaj os 0 assgjos d’' enzims [ 36, 37].

Finalment, durant els dltims anys s haestudiat I’ aplicacié de les microesferes de I’ PS per a
la mesura d’emissors alfa i beta en rutina com a aternativa a I'LS [38]. A més, S han

desenvolupat detectors en continu, aprofitant la naturalesa solidade I’ PS [39, 40].
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1.3.6.3. Limitacions

De la mateixa manera que passava en I'LS, aquesta técnica presenta problemes de

selectivitat, ja que els mecanismes d’ ambdues técniques son els mateixos.

A més amés, la mgjor distancia existent entre I’ escintil-lador i la mostra aquosa redueix
I’ eficiencia de deteccid (quenching de particula) sent aquesta disminucié més important
com menor és |’ energia de la particula emesa.

Una limitacio de I'PS és la seva estabilitat en medis no aquosos, medis fortament acids o

basics que poden degradar |’ escintil -lador.

1.3.7. Comparacié entre escintil-lacio liquida i plastica

Ambdues técniques sdn similars, tant en & seu mecanisme, com en e métode de
preparacio de les mostres per a la mesura, aixi com en les seves aplicacions, € que fa
possible la utilitzacio dels mateixos vialsi detectors per ambdues tecniques.

La principal diferencia entre les dues técniques d’ escintil-lacio radica en el fet que, al’LS,
la mostra aquosa forma una microemulsio amb el coctel organic i, al’PS, la mostra omple
elsintersticis entre les microesferes de plastic. Aquest fet produeix que, al’LS, ladistancia

entre ladesintegracio i |’ escintil-lacié sigui molt menor que en el casdel’PS.

La mgor distancia a I'PS dona lloc a I'aparicié del quenching de particula que no
sobserva a I'’LS. Aix0 produeix, al'PS, una disminuci6 en I’ eficiencia de deteccié més

important com menor és|’energiade |’ emissor.
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El fet de que al’ PS no es formin microemulsions com passa en |I'LS fa que la composicio
de la mostra no influeixi en |'estabilitat de les mescles d'PS, sempre i quan les

microesferes d’' PS no es degradin en el medi de mesura.

L'PS no produeix residus mixtos, com passa amb I'LS, degut a que la mostra es pot
segregar facilment de I’ escintil-lador, que, a més a més, pot ser reutilitzat per a altres

mesures, sent una técnica no destructiva.

Una atra diferéncia radica en el fet que el dissolvent sigui un solid polimeritzat al’PS en
comptes de ser un liquid com a I'LS. Aquesta circumstancia, produeix que a I’PS la
transferéncia d’ energia es dongui principalment per interaccions dipol-dipol produint una
menor proporcio de component retardada i una separacié més dificil dels impul sos generats

pels emissors alfai beta en base ala seva distribuci6 temporal.

Finalment, ambdues técniques presenten el problema de la selectivitat encaraque al’PSla
naturalesa solida de les microesferes permet la seva modificacio per I’ extraccid selectiva

de radionuclids.

1.4. M étodes de millora dela selectivitat

El control de la radioactivitat és una activitat necessaria per tal de conéixer |’ activitat dels
diferents radionuclids i la seva distribuci6 als diversos compartiments mediambientals. Les
tecniques d'escintil-lacid, utilitzades per a la mesura dels emissors beta, presenten
problemes de selectivitat que fan necessaris el desenvolupament de noves metodologies

per solucionar aquest problema [30].

La primera aproximacio utilitzada per evitar les interferéncies en la mesura van ser les

separacions quimiques. La primera en fer-se servir va ser la precipitacié. Aquesta técnica
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separa un element de la resta per diferents processos de precipitacié en condicions
selectives, mitjangcant procediments llargs que requereixen temps i reactius per dur-los a
terme. Un altre métode quimic de separacio emprat és I’ extraccio liquida-liquida amb

agents extractants o quelants que separin |’ analit de forma selectiva [41].

Per tal de millorar els processos més classics de separacio, van desenvolupar-se d’ atres
gue reduissin el temps d'andlisis i €els reactius necessaris, els més importants son les

separacions utilitzant columnes cromatografiques de bescanvi ionic o d’ extraccio [42, 43].

A banda dels procediments quimics, s han desenvolupat altres metodes basats en el

tractament del senyal.

Un d aquestes métodes es € tractament dels senyal durant la seva adquisicié per la

discriminacio entre els emissors alfai beta anomenats genéricament PSD [44].

Dins de les tecniques de tractament dels espectres obtinguts, s han fet alguns estudis com
ara e cacul de finestres, la deconvolucié despectres o I'andlis per métodes

quimiomeétrics [45, 46].

En aquest treball shan aplicat diferents metodes de millora de la selectivitat per
escintil-lacio plastica, tant de tractament del senyal, en e moment de la seva adquisicio o

posteriorment en el's espectres, com d’ extraccio dels radiondclids.

1.4.1. Instrumentacio i parametres associats

El primer dels metodes estudiats en aquest treball per a la millora de la selectivitat és
I’andlisi dels senyals durant la mesura utilitzant un parametre PSD comercial. Aguest

parametres s utilitzen per a la discriminacio entre emissors alfa i beta en € calcul de
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I’ activitat alfa/beta total, un parametre important en les mesures mediambientals que déna
unaindicacio de I’ activitat total de lamostra [47].

El métode classic d'obtencid de I'activitat o/ff total esta dissenyat per la mesura amb
comptador proporcional. Aqueta métode consisteix en evaporar la mostra sobre una
planxeta que es diposita a |’interior del comptador per a la seva mesura. Aquesta tecnica
presenta el's inconvenients d' una baixa eficiéncia de deteccio i de |’ autoabsorcié del senyal

que limita la quantitat de mostra que pot evaporar-se [48, 49].

L’ escintil-lacio liquida ha estat utilitzada com a alternativa al comptador proporcional,
degut a la seva elevada eficiéncia de deteccid, utilitzant parametres de PSD que aprofiten
el diferent temps de decaiment produit per una particula alfa o beta (Figura 15).

Un del parametres de discriminacio més emprats és €l parametre d’andlisi per la forma de
I"impuls PSA, present en el detector comercial Quantulus, utilitzat durant aquest treball. El
parametre PSA es calcula com e quocient entre I’area de I'impuls després de 50 ns de
I"inici i I’areatotal. Aquest parametre és gjustable (1-256) per tal de definir un valor detall.
Els polsos obtinguts per sobre d’ aquest valor de tall o per sota seran classificats com a afa
0 beta respectivament.

Degut a la menor quantitat de component retardada i el fet que els detectors comercials
estan optimitzats per les senyals produides en I'LS, és dificil I’ aplicacié d’ aguest metode a
la mesura per PS. Es degut a aguests motius que un primer estudi ha estat |’ aplicacio del

parametre de PSA alamesura per PS.
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Figura 15: Formade|‘impuls del **Am (o) i *°Sr/*®Y (B) per LS[50].

1.4.2. Métodes quimiométrics

Un atre metode de millora de la selectivitat basat en el tractament del senyal és I’andlisi

dels espectres obtinguts en la mesura per méetodes quimiometrics.

Els metodes quimiomeétrics son eines matematiques que permeten el tractament d’ una gran
quantitat de dades, reduint-ho a aquelles variables rellevants per a |’ estudi, entre aquestes
eines es destaquen els models de PCA i PLS[51, 52].

El model de PCA és un canvi de base on cada component principa és un dels eixos
d’ aquesta nova base. El primer dels eixos se selecciona com la direccié de maxima
variacio i els seglients son ortogonals as anteriors i situats en la direccio de maxima

variacid romanent.
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Els valors de les variables representades en la nova base es denominen scores i els
coeficients de canvi de base loadings. Matematicament, els loadings son la combinacio
lineal de les variables originals cosa que equival a dir que és € pes que se li déna a cada

variable en e component principal.

L’ altre model utilitzat durant aquest treball ha estat el de PLS. Aquest model serveix per
trobar un petit nUmero de factors que prediguin una matriu de respostes utilitzant
eficientment una matriu de variables. El calcul del model és molt similar a de PCA, pero
en aguest cas es té en compte tant la variacio en la matriu de respostes com en la de

variables.

Aquests metodes tenen |’ avantatge de reduir les dades rellevants a uns pocs components
principals que descriuen la major part de la variabilitat de les mostra, a meés, el PLS pot
calibrar I activitat de diferents radiontclids presents ala mateixa mostra. També pero tenen
I’inconvenient de necessitar un conjunt de patrons pel calibratge, que requereix temps de
preparacio i mesura.

En aquest treball s'ha estudiat I'aplicacio del model de PLS a la mesura d’'una mostra
ternaria mesurada per PS.

1.4.3. Extracci6 sobre suport

Un altre grup de métodes son els que es basen en |’ extraccio quimica del radiondclid i no

en el tractament del senyal.

En aquests metodes, |’ analit és retingut utilitzant un extractant que es troba en un suport

solid ja sigui immobilitzat, enllagat o formant part del propi suport. Aquestes estratégies
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poden seguir-se en el cas de I’ PS on € suport solid serien les microesferes d’ escintil -lador

gue servirien tant per |’ extraccio com per la mesura.

Aquests méetodes presenten els avantatges de reduir el temps i €ls reactius necessaris per
I"analisi. A més d’'aix0, el propi suport solid serien les microesferes d' PS de manera que es

podria determinar directament el radionuclid sense necessitat d’ eluir-lo.

Dins d’aquests metodes s han estudiat dos, la immobilitzacio de I’ extractant selectiu, on
aquest queda dipositat sobre el suport solid, i la dels polimers impresos, on |’ extractant

forma part del propi suport.

1.4.3.1. Immobilitzaci6

El primer dels métodes d extraccio estudiats és e d'immobilitzacio. Aquest métode
consisteix a recobrir el suport solid amb un extractant selectiu. Aquesta tecnica produeix
una immobilitzacio fisica, és a dir, que no hi ha enllagcos quimics entre I’ extractant i el
suport sind que aguest queda dipositat sobre ell per interaccions debils. Aquesta tecnica és
molt utilitzada en la preparacio de columnes cromatografiques comercials [53].

El metode d’'immobilitzacié consisteix en dissoldre |’extractant selectiu en un solvent
organic on se suspenen les microesferes de I'PS. La suspensio és agitada i, finalment,
evaporada, eliminant e solvent lentament per tal que I’ extractant es dipositi sobre I’ PS.
L’ extractant ha de ser insoluble en el dissolvent de les mostres, normalment aigua, per tal

gue aquest no es redissolgui i es mantingui fixat sobre |’ PS.

El radiontclid s extraura per un equilibri format entre la solucié i I extractant present a la

capa de recobriment (Figura 16). El rendiment dextraccié dependra de la constant
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d’equilibri, aixi com de la preséncia d’ altres substancies que puguin interaccionar amb €l
lligand.

Figura 16: Representacié de |’ equilibri entre una microesferaimmobilitzadai I’ analit.

Per tal de d’emprar-se com una columna cromatografica les microesferes immobilitzades,
aquestes es compacten dintre d’ una columna gque pugui ser mesurada a detector. La
columna es condiciona, es fa passar la mostra i es renta per eliminar les substancies no
retingudes. Finalment, la columna es mesura directament sense necessitat d'eluir €
radionuclid. Aquest procediment permet la preconcentracié i separacié de volums elevats
de mostra, el que permet lamillorade la selectivitat i també del limit de deteccio.

El fet que I'extractant estigui dipositat sobre e suport en comptes d estar enllacat
guimicament, és un inconvenient ja que per un determinat volum, anomenat volum de
ruptura, |I’extractant comencara a eluir-se juntament amb el radionuclid, sent agquest el

maxim volum de solucié que es pot passar per la columna.

Un inconvenient general de les tecniques d extraccid son els equilibris que I’ extractant
pugui formar amb altres substancies radioactives o estables. Si la matriu conté atres
radionuclids que puguin ser extrets juntament amb I'analit, es quantificara una activitat
major que la real. De forma similar, s la matriu conté grans quantitats de substancies

estables que puguin ser retingudes, aquestes desplacaran I'equilibri, disminuint la
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recuperacio de |’ analit i donant una activitat menor alarea. Malgrat aixo, aquest problema
pot evitar-se amb I’ Us d’ un tragador per tal de conéixer € rendiment d’ extraccio.

1.4.3.2. Imprinted polymers

L’ altra téecnica d’ extracciod utilitzada en aguest treball és la dels imprinted polymers. El
fonament d’aquesta técnica és |’ extraccio selectiva degut a I'impediment estéric de les
cavitats del polimer formades per la presenciade I’ analit durant el procés de polimeritzacio
[54, 55].

Aquesta técnica va ser desenvolupada a's anys 1970 per I’ aplicacié amb molécules de pes
mitja com ara farmacs. Tot i aixo, també s ha aplicat amb éxit a I’extraccié d aguns
metalls estables i, molt recentment, radiontclids [56-59].

El primer pas d aquest métode és la formacio d’ un complex entre un isotop estable del
radionuclid a extreure i un monomer funcionalitat que pugui ser polimeritzable. Aquest
complex es polimeritza juntament amb un entrecreuador per tal de donar-li rigidesa
estructural a polimer i un solut florescent per a proporcionar-li capacitats escintil -ladores.

Finalment, I’ analit s extreu del polimer per successius rentats (Figura 17).

%/ A \ A A
A polimeritzacié rentat
A—— A poimezd, e, i/

Figura 17: Esqguemadel procés de formacio d’ un imprinted polymer.

El resultat d’ aguest procés és un escintil-lador plastic impres (SIP). Aquest escintil-lador

plastic tindra cavitats de la mida de I’analit que, a més, contindran grups funcionals
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capacos d’ extreure'l. L' analit formara un equilibri amb els grups funcionals del polimer, la
selectivitat dels quals vindra donada per I”impediment estéric de la cavitat.

Els polimers que s obtenen per agquest méetode i pel métode d' immobilitzacié presenten
algunes diferencies. Degut a que €l suport és el propi extractant, no hi ha un volum de
ruptura, permetent augmentar la quantitat de mostra que es passa per la columna. A meés
d’ aix0d, com que la selectivitat ve donada per les cavitats formades en € polimer final,
poden utilitzar-se complexants generics per la seva formacio. Finalment, degut a la mida
de les cavitats formades pels metalls, la mobilitat de les cadenes polimériques pot ser
relativament gran, fent que aguestes cavitats pugui adaptar-se a diferents metalls, reduint
aixi laselectivitat del SIP.
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L’ objectiu d’aquest treball és el desenvolupament de diferents métodes per a la millora de

la selectivitat en lamesura per escintil-1acié plastica.

Per tal d’assolir aquest objectiu, el treball s’ hadividit en les seglents parts.

Aplicacié del’ escintil -1aci6 plastica ala quantificacié de mostres amb matrius salines.
Aplicacié de |’ escintil -1aci6 plastica ala mesura de mostres de tracadors petrolifers.

Desenvolupament de nous parametres de quenching.

Millorade la selectivitat en la mesura per escintil-lacio plastica.

Discriminacié de radioniclids emissors de particules o/f en la mesura per

escintil-lacio plastica utilitzant el parametre PSA.

Quantificacio de mescles ternaries mitjancant PLS en la mesura per escintil-lacié

plastica.

SeparacidO i mesura de radioestronci utilitzant |'escintil-lacié plastica amb

extractants selectius.

Sintesi d’un escintil-lador plastic impres per la separacio i mesura de radioestronci.
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The use of radiotracers is a common procedure for better understanding of the dynamics of oil reser-
voirs. Several molecules and radionuclides are implemented for this purpose; one of these is C labelled
thiocyanate.

Samples taken from fluids in production wells require a pre-treatment step in order to purify and
concentrate the activity of the radiotracer before measurement. Pre-treatment is based on ionic exchange
and the solution eluted includes a high concentration of salt that can be a serious drawback for the
development of a stable emulsion when the liquid sample and the scintillation cocktail are mixed for
Liquid Scintillation (LS).

The objective of this study is to evaluate the capability of Plastic Scintillation (PS) to determine the
activity of radiotracers in salt matrices.

For this purpose, an initial comparative study of the influence of salt and coloured matrices on the
detection efficiency for PS and LS was performed. Results indicate that in both techniques colour quench-
ing produces the same effects: efficiency decrease and spectra shift, whereas salt quenching produces
different effects for PS and LS, ionization quenching for PS and chemical quenching for LS. As a result of
this divergence, the calibration required for each counting method is different: two steps for PS and a
single step for LS.

After system study and procedure optimization, radiotracer activities in real samples taken from oil
reservoirs have been determined. The results indicated that PS shows similar capability to the classical LS
to determine the activity in these salt matrix samples with the additional advantages that no separation
of the phase can appear and no mixed waste is produced after measurement.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction the most commonly used. Each radiotracer follows a specific pre-

treatment before the measurement step. In the case of thiocyanate,

The use of radiotracers is one of the main options in the study of
interwell fluid flow in oil reservoirs [1,2]. After radiotracer injection
and distribution in the fluid volume between wells, samples are
taken of the fluids in the production wells as a function of time.
The activity profiles provide information about preferential flow
directions, communication between wells, and, in general, give a
better understanding of the oil reservoir.

Several molecules and radionuclides are used as passive radio-
tracers: tritiated water (HTO), 4C labelled thiocyanate (S™CN-),
tritiated methanol (T-MeOH), all of which are beta emitters;
and cobalthexacyanide complex (89Co(CN)g)3~) and sodium salts
(#2Na+), both gamma emitters. Among them, thiocyanate is one of

* Corresponding author. Tel.: +34 934 021 281; fax: +34 934 021 233.
E-mail address: jfgarcia@ub.edu (J.F. Garcia).

0003-2670/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2008.10.036

the sample is filtered and concentrated by anion exchange resin, as
a result of which the eluate has a high NaClOg4 salt concentration
[3].

The activity of beta radionuclides is usually measured by Liquid
Scintillation (LS). This technique is widely used for samples com-
ing from different fields, e.g. research, medical, and environmental
studies [4,5]. Measurements by LS require mixing the aqueous
sample solution with a scintillation cocktail. The cocktails are com-
mercially available and include organic solvent, the scintillator and
a surfactant compound that allows creation of a stable emulsion
if the sample is an aqueous phase [6,7]. The high concentration
of salts in the radiotracer samples can produce phase separation
during measurement, which leads to errors in the activity quantifi-
cation.

Plastic Scintillation (PS) is a similar technique to LS; with the dif-
ference that the scintillation cocktail is replaced by a solid solution
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of the scintillator compounds in an organic polymer. In this case,
(aqueous) sample solutions are mixed with beads of the plastic
scintillator in the same type of vial as those used in LS. No sur-
factant is necessary because no emulsion is generated. The greatest
difference between PS and classical LS is that, in the first technique,
particles emitted must pass through the solution before reaching
the scintillation medium and start the transformation process of its
energy into light. This path through the aqueous solution decreases
the detection efficiency of the lower energetic beta emitters (mainly
3H), increases the importance of ionization quenching and requires
different calibration steps [8]. However, PS has proved to be a good
alternative to LS for the determination of higher and medium ener-
getic beta emitters and alpha emitters [9,10]. In addition, PS has the
advantage of not generating mixed waste (hazardous and radioac-
tive (EPA) [11]) that requires an important amount of resources to
be disposed [12].

The objective of this study is to evaluate the capability of PS to
determine the activity of radiotracers in salt matrices by comparing
the results with those obtained using LS.

The study includes optimization of the sample preparation pro-
cedure for counting and the evaluation of the influence on the
detection efficiency of different salt concentrations and coloured
compounds that can interfere the determination in the aqueous
samples.

2. Experimental
2.1. Reagents and solutions

All reagents used were of analytical grade. Deionised water was
used to prepare the calibration solutions.

14C active stock solution of 695.91+8.70dpmg-! (prepared
from a standard of 2.68 +0.033 Mdpm g~ in an aqueous solution of
glucose, 50 wg g1, and formaldehyde, 1 mgg~1, from CERCA-LEA)
was used to prepare the calibration solutions.

The colour quenching agent was bromocresol green 0.1 gL~1 and
a solution of NaClO4 5.6 M was used as a salt in the preparation of
the calibration solutions.

For the LS measurements, the scintillation cocktail used was
Optiphase Supermix (from Wallac PerkinElmer) and for the PS mea-
surements polystyrene beads, supplied by Detec-Rad, were used.
The diameter of the beads was between 180 and 250 wm. Mea-
suring solutions were contained in 20 mL polyethylene vials (from
Packard Instruments Co.).

Five treated real water samples from petroleum extraction and
provided by IFE (Institute for Energy Technology) were used in the
validation step. Chemical treatment done at the IFE consisted of
passing the water through an anion exchange resin to concentrate
the 4C in form of thiocyanate and later elution with 2.8 M NaClO,.
Three of the samples were free of radionuclides (A1, A2 and A3) and
the other two contained distinct activities of *C (AA and AM). Three
spiked samples were prepared in triplicate by adding a known
amount of C standard to the three samples free of radionuclides.
The total activity in the measurement vial was 7 dpm.

2.2. Apparatus

A Beckman J2-HS was used to centrifuge the PS vials.

An Ultrasonic bath P Selecta was used to apply ultrasounds to
the PS vials.

A Quantulus liquid scintillation detector (EG&G Wallac) with
logarithmic amplification, a multichannel analyzer of 4096 chan-
nels distributed in four segments of 1024 channels, alpha/beta
discrimination and background reduction by active guard, was
used.
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2.3. Procedure

2.3.1. Measurement solutions preparation

2.3.1.1. LS solutions. For LS measurement, three sets of standard
solutions were prepared by adding 8 mL of the corresponding
counting solution and 12 mL of the LS cocktail to a 20 mL polyethy-
lene vial.

In the first set, prepared by triplicate, solutions were prepared
by adding a known amount of C solution, a variable volume of
5.6 M solution of NaClO4 and water. As a result, the concentration
of NaClOy4 in the final counting solution was 0, 0.3, 0.7, 1.4, 2.1, and
2.8M.

In the second set, which included a single vial for each salt
concentration, counting solutions were equivalent to the first just
adding two additional concentrations of NaClOy4 (0.5 and 1.8 M).

In the third set, a single vial was also included for each
bromocresol green concentration level. Vials were prepared by
adding a known amount of 'C solution, a different volume of
NaClO, solution, a variable volume of bromocresol green solution
(0.1gL-1) and water. As a result, the final LS vials had a constant
concentration of NaClO4 (2.4M) and variable bromocresol green
concentrations (0, 4.60 x 1073,9.19 x 103, 1.38 x 1072, 1.66 x 102
and 2.07 x 102 gL-1). The activity level in the measurement vials
was 77 dpm.

A blank was prepared for each standard solution by adding car-
rier solution instead of the '#C standard solution.

To study the #C distribution in the aqueous and organic phase of
the LS solutions, three solutions, in 25 mL volumetric flasks, were
prepared. Each solution contained 15 mL of scintillation cocktail
and 10 mL of a 1.4 M NaClO4 aqueous solution. One of these aque-
ous solutions contained a known amount of C standard solution
(1360 dpm) in form of glucose and the other two the same volume
of carrier solution. The solutions were mixed and left standing for
24 h for their complete phase separation. After this, a volume of
0.5 mL of the aqueous phase was transferred to LS vials together
with 18 mL of scintillation cocktail, 0.5 mL of water and 1 mL of car-
rier, except in one of the aqueous solutions free of radionuclides, to
which 1 mL of 1C active solution was added (400 dpm) in order to
determine the detection efficiency of the system. The same proce-
dure was followed for the organic phase but in this case 8 mL of the
phase was transferred and 10 mL of LS cocktail, 1 mL of water and
1 mL of carrier or active solution were added. The same scheme was
followed to prepare the three vials corresponding to another three
experimental conditions: 1.4 M NaClO4 + thiocyanate 4C standard
(600 dpm in the volumetric flask and 180 dpm in the vial to deter-
mine the detection efficiency); 2.8 M NaClO4 + glucose #C standard
and 2.8 M NaClOy4 + thiocyanate 'C standard (600 dpm in the vol-
umetric flask and 180 dpm in the vial to determine the detection
efficiency).

All the solutions were prepared by weight.

2.3.1.2. PS solutions. Standards were prepared by adding a known
amount of counting solution and 3.6g of PS beads into 20 mL
polyethylene vials. The counting solution was added in three frac-
tions of known volume to obtain three determinations of the
solution density. Counting solutions were prepared by diluting
a known amount of active standard in deionised water. Variable
amounts of NaClO4 5.6 M and bromocresol green 0.1gL~! were
also added to obtain solutions with variable concentrations of salt
and colour quenching agent. Blank solutions were prepared by
replacing the active standard solution by the same volume of the
corresponding carrier solutions. Deionised water was used as a
carrier in the tritium solutions.

Standards measured in the optimization of the PS vial prepa-
ration procedure were prepared by adding 2 mL of the counting
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solution to the PS beads. The optimization included the evaluation
of the application of an ultrasonic bath (0, 2, 15 and 120 min) and the
centrifugation of the vials [13]. Vials were centrifuged at 5000 rpm
for 10 min. At least three replicates, with an activity of 180 dpm
and a NaClO4 concentration of 2.1 M, were used for evaluation of
the different procedures.

For the optimization of the relationship between counting solu-
tion volume and scintillation beads weight, variable volumes of
solution (1, 1.15, 1.3, 1.6 and 2 mL) were added to 3.6 g of PS beads
in a 20 mL polyethylene vial. The vials were then placed in an ultra-
sonic bath for 10 min and centrifuged at 5000 rpm for 10 min before
measurement. Three replicates were prepared for each volume of
solution at two different NaClO4 concentrations (2.1 and 0.3 M)
with an activity between 89 and 178 dpm in the measurement vial.

Once the optimum conditions had been established, all vials
were prepared by adding 1.5 mL of counting solution and 3.6 g of
PS beads to a 20 mL polyethylene vial. The vials were then placed in
an ultrasonic bath for 2 min and later centrifuged at 5000 rpm for
10 min.

Aset of standards was prepared in triplicate to study the effect of
NaClO4 concentration on the PS measurements. The activity in the
measurement vials was 134dpm and the NaClO4 concentrations
were 0,0.3,0.7, 1.4,2.1 and 2.8 M.

Five additional sets of standards were prepared, one vial per
composition, to study the combined influence of NaClO4 and
bromocresol green on the PS measurements. Two solutions had
a defined concentration of bromocresol green (9.19 x 103 and
1.66 x 1072 gL-1) and a variable concentration of NaClO4 solu-
tion for each level (0, 0.3, 0.7, 1.4, 2.1 and 2.8 M). The other three
sets of solutions included defined concentrations of NaClO4 (0, 1.4
and 2.8 M) and a variable concentration of bromocresol green for
each level (0, 4.60 x 1073,9.19 x 10~3, 1.38 x 102, 1.66 x 10~2 and
2.07 x 10~2 gL-1). The activity in these vials was 180 dpm.

All of the solutions were prepared by weight.

2.3.2. Cleaning procedure

PS beads were reused during the experiment by applying a
specific cleaning procedure that consists of shaking the plastic scin-
tillator beads in a 0.1 M solution of citric acid (pH 3) (1.2 g:100 mL)
for 24 h, followed by filtering and drying the beads at 40°C [14].

2.3.3. Measurement step

The measurement conditions were low coincident bias and high
energy multichannel analyzer configuration [15].

In all cases, the measurement vials were stored in the dark for
2 h before counting.

For LS measurements, counting time was four successive periods
of 1h except for the first set of solutions that was measured two
periods of 1 h.

For the study of phase distribution, counting time was four suc-
cessive periods of 1h except for the solutions to determine the
detection efficiency that was one period of 90 min.

For the PS measurements, counting time was five successive
periods of 1 h except the standards for the study of the relationship
between solution volume and PS beads weight that were measured
three periods of 1 h.

Counting time was five and twelve successive periods of 1 h for
the spiked and real water samples, respectively.

In all cases, the spectrum produced by the external standard was
obtained by measuring 10 min for each period.

2.3.4. Data treatment

The spectrum obtained for each solution was smoothed using
a Savitzky-Golay algorithm. The net spectrum was obtained by
subtracting to the active the equivalent blank solution. Detection

efficiency was calculated as the ratio between the net counts in
the selected range of the spectrum and the activity added to the
counting vial.

The SQP(E) (Standard external Quenching Parameter) was cal-
culated by the detector. It corresponds to the end-point channel
that limits 99.75% of the total counts from the spectrum generated
by the external gamma source (1°2Eu).

The optimum window was established using the unquenched
calibration solution. It corresponds to the range of the spectrum
with best figure of merit (FM=E2/B, were E is the detection effi-
ciency and B the background).

The detection limit was established theoretically using the equa-
tion [16]:

Lp =2.71 + 4.65./fi5

Lp

Actp = Eff x V xt

where Lp is the detection limit, g is the counts of the blank, Vis the
volume of solution added to the vial (L), t is the counting time (s),
Eff is the efficiency of the standard solution with no salt or colour
quenching and Actp is the minimum detectable activity (BqL1).

2.4. Safety considerations

All the experimental procedures were performed in accordance
with the regulations of the Spanish Nuclear Authorities (Consejo de
Seguridad Nuclear) and the University of Barcelona.

3. Results and discussion

In order to establish the capability of PS to quantify 4C in sam-
ples with high concentration of NaClO4 first it has been optimized
the sample preparation and then it has been evaluated the influence
of NaClO4 concentration and the presence of coloured compounds
on the measurement by LS and PS. Finally, the optimization con-
ditions and calibration procedures for PS were validated by the
measurement of active real samples and spiked samples.

3.1. Optimization of PS sample preparation

Two aspects were considered in the optimization: the use of
ultrasounds followed by centrifugation in the preparation process
and the ratio between solution and plastic beads in the counting
vial.

The detection efficiencies obtained for a C active solution in
a 2.1 M NaClO4 matrix after applying ultrasounds and centrifuga-
tion treatments to the counting vial were always higher than the
archived by applying just ultrasounds (Table 1). Combination of
both treatments yields not only the highest detection efficiencies
but also the best reproducibility of the preparation. These findings
can be explained by the combination of good packaging, caused by
centrifugation, and the removal of the air retained in the solution,

Table 1
Detection efficiency of the standards after different exposure times in the ultrasonic
bath with and without centrifugation.

Time of ultrasonic bath (min) Detection efficiency (%)

Without centrifugation With centrifugation

0 7.75 £ 2.0 339+13
2 220+28 339+0.2
15 311 £ 0.7 335+0.2
120 321 +0.5 338 +0.3
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Fig. 1. (a) Detection efficiency vs. volume of solution for two NaClO4 concentrations; (b) spectra of efficiency for the solution volumes.

as aresult of the application of the ultrasonic bath. Both factors pro-
duce a reduction of the distance travelled by the emitted particles
before reaching the scintillator. Consequently, the final preparation
procedure consisted on shaking the vial in an ultrasonic bath for
2 min and then centrifuging it for 10 min at 5000 rpm.

The optimization of the ratio solution-plastic beads was eval-
uated for two NaClO4 concentrations (0.3 and 2.1 M) by preparing
vials with a fixed weight of PS beads and a range of volumes of
active solution. Results was similar for both salt concentrations
(Fig. 1a), thus Fig. 1b shows only the spectra obtained for 2.1 M
salt concentration.

Two behaviours were observed when the volume of solution
increased. In the first term, the detection efficiency raised when
the volume of solution went up from 1 to 1.3 mL. This increase may
attributed to the fact that the solution does not fill all the spaces
between the beads for small volumes and the light produced has to
travel through a medium with changes in reflection index (water
solution and air). This path produces a decrease in the number
of photons emitted that finally reach the photomultiplier. As the
volume increases, fewer spaces remain, the spectra shift to higher
energies and the detection efficiencies increases. However, for vol-
umes higher than 1.6 mL, the increase of solution may produce a
separation of the beads and an increase of the path of the emit-
ted particles before reaching the bead surface. This would explain
why detection efficiency decreases while the spectra shift to higher
energies because the photons pass through fewer changes in the
refraction index. Thus, 1.5 mL of solution for 3.6 g of scintillation
beads was chosen as the final experimental conditions because
these conditions are included in the range between 1.3 and 1.7 mL
that shows the higher detection efficiency and the lower changes
as a consequence of small volume variations.

3.2. Influence of the NaClO,4 concentration on the measurements
by LS and PS

As the main characteristic of the radiotracer samples was their
high concentration of NaClOy, the effect of salt concentration on the
determination of 1#C by LS, classical procedure, and PS procedure
was evaluated.

321 LS

Six standards and blanks were prepared with variable concen-
trations of NaClO,4 at room temperature. After shaking, solution
showed a milky appearance and it was necessary 1 day to observe
the separation in two phases. This behaviour was detected in all
the standards except the one without NaClO,4. The height of the
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aqueous phase in the vial increased with the increase in NaClO4
concentration. However, beyond 1.4 M the height of the aqueous
phase remained constant.

Table 2 shows the count rate of the blank, the active solution
efficiencies and the SQP(E) values obtained for each salt concentra-
tion.

Background count rate in the full spectrum were constant. How-
ever, spectra shifted to lower energies as the concentration of
NaClO4 increased (Fig. 2a). This shift to lower energies was also
observed in the C detection efficiency spectra (Fig. 2b), and may be
related to the chemical quench produced by the presence of ClO4~
anions in the matrix. As expected, values of SQP(E) are correlated
with the detection efficiency. However, it is interesting to remark
that for NaClO4 concentration of 1.4 M or higher, all the spectra were
located in the same position and the detection efficiency and SPQ(E)
values were constant. This behaviour can be attributed to NaClOg4
saturation of the organic phase beyond 1.4 M, remaining the excess
of NaClOg4 in the aqueous phase. In terms of detection efficiency and
spectra position, the solutions with NaClO4 concentrations higher
than 1.4 M were equivalent.

Regarding the radionuclide, depending on the chemical form
of the species in which it was included, the radionuclide can be
dissolved on the organic phase, on the aqueous phase or partially
distributed. Sample preparation procedure is standard in the differ-
ent samples taken along time from the production wells. Matrices
can be slightly different and phase separation could change from
sample to sample and this behaviour would affect the detection
efficiency and spectra position. In this regard, the distribution of
14( Jabelled thiocyanate, the tracer used in the petroleum indus-
try, and glucose in the aqueous and organic phases of solutions
with two different salt concentrations, 2.8 and 1.4 M were stud-
ied. Table 3 shows the proportion of the activity distributed to each
phase for glucose and thiocyanate solutions.

The results show that ¥C was included in the organic phase
in both active species and that no activity remained in the aqueous

Table 2
Count rate of the blanks, detection efficiencies (full spectrum) and SQP(E) values of
the active solutions for the different salt concentrations.

[NaClO4] (M) Background Detection SQP(E) (of active
count rate (cpm) efficiency (%) solutions)
2.8 742 + 0.08 84.8 + 0.5 7392 £ 22
2.1 6.99 + 0.22 85.6 + 1.8 7415 +£ 2.3
14 744 + 0.29 844 + 0.7 742.5 £ 6.0
0.7 6.86 + 0.28 85.6 + 0.6 7517 £+ 3.6
0.3 6.72 £ 0.24 86.7 + 0.4 760.4 + 0.3
0.0 7.05 £+ 0.21 873 £ 15 768.8 + 3.4
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Fig. 2. (a) Spectrum of count rate of the blanks and (b) detection efficiency for different NaClO4 concentrations.

Table 3
SQP(E) values, activity and percentage of total activity in the two phases at two salt
concentrations for the two active species.

aUndistinguishable from the blank.

phase for the standards studied. According to this, phase separation
did not produce any variation in the scintillation response as all the
radionuclides were in the scintillation phase and at high concen-
tration of quenching agent (>1.4 M) the scintillation phase became
saturated and constant. However, this interesting result should be
careful extended to real samples because the matrix composition
may change between reservoirs and robust routine preparation
procedure would be recommended. Whereas matrix composition
was constant and extractions yields reproducibly an interesting
alternative would be a protocol that includes phase separation and
measurement.

32.2. PS

As for LS, six blanks and six active standards with different
NaClO4 concentrations were measured. Table 4 shows the blank
count rate, detection efficiencies and SQP(E) values whereas Fig. 3a,

Table 4
Blank count rates, detection efficiency (full spectrum) and SQP(E) values of the active
solutions for the different salt concentrations.

[NaClO4] (M) Background Detection SQP(E) (of active
count rate (cpm) efficiency (%) solutions)
2.8 1.63 + 0.07 35.80 + 0.22 7721 £ 2.0
2.1 1.68 + 0.03 36.42 + 0.18 7717 £ 1.4
14 1.60 + 0.10 37.25 + 0.21 773.5 £ 0.8
0.7 1.58 & 0.05 37.75 £+ 0.07 7745 + 2.4
0.3 1.83 £ 0.17 37.85 + 0.57 7754 £ 2.5
0.0 1.74 + 0.11 38.20 + 0.21 7759 £ 2.9

b and c shows the spectra of the blanks, active standards and spectra
generated by the action of the external standard.

No variations in the blank count rates as well as in the spec-
tra position were observed for any NaClO4 concentration. Thus, the
same blank can be use for samples with different salt concentra-
tions.

This was not the case for active solutions, for which detec-
tion efficiency decreased slightly when NaClO4 concentration
increased. The decrease in detection efficiency caused by the
quenching normally appear with the shift of the spectra to lower
energies. However, in this case this behaviour was not continued
and only a decrease in the maximum of the spectra was observed.
This change could be attributed to the quenching produced by the
salt molecules, which prevents some disintegrations from reaching
the beads whereas the others reached scintillation beads with no
additional energy decreases.

The SPQ(E) values remained almost constant for all salt con-
centrations as shown by the fact that the spectra generated by
the action of the external standard did not change their position
with the increase in NaClO4 concentration (Fig. 4a), as occurred
in LS, despite the count rate increasing at the maximum. This
behaviour may be related to the fact that when the number of
NaClO4 molecules increases, the number of compton electrons
produced by the interaction of the external gamma source also
augments and finally the number of counts registered and the max-
imum of the spectra also increase. However, in LS, together with the
above-described process, NaClO4 also acted as a quenching agent,
thereby reducing the detection efficiency in the energy transfer pro-
cess, and the total balance was a decrease in the number of photons
produced when the salt concentration increased.

Another consequence of this behaviour is that correlation
between SQP(E) and detection efficiency in PS was not as good
as in LS. Instead of the SPQ(E) parameter, the density of the solu-
tion appeared as a good parameter to model the variation of the
efficiency produced by salt presence (Fig. 4b).

3.3. Simultaneous influence of salt and coloured compound on
14 qctivity determination by LS and PS

As the eluate from the pre-treatment of real water samples from
the oil reservoirs may include not only salt molecules but also com-
pounds that can produce colour quenching, the combined effect of
the two types of quenching agents was evaluated.

331 LS
Two sets of standard solutions were prepared. In the first set,
solutions were colourless and had a variable concentration of salt;
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Fig. 3. Spectra of blank count rate, detection efficiency and spectra generated by the action of the external standard for the active solutions, at different NaClO4 concentrations.

Fig. 4. Values of detection efficiency as a function of (a) SQP(E) values and (b) solution density.

in the second set, solutions had a NaClO4 concentration similar to
the maximum (2.4 M) and a variable concentration of colour agent.
Spectra of blanks, active solutions and generated by the action
of the external standard showed the same behaviour. The spectra
shifted to lower energies when the quenching agent, colour or salt,
increased (Fig. 5).

The latter observation has two important consequences: first, a
blank with a similar level of quenching to the real sample must be
used to calculate the net count rate; second, although the effect of
colour quenching was greater than that of chemical quenching in
the range studied, the variation of the detection efficiency produced

Fig.5. Spectra of blanks for A: variation of NaClO4 concentration without bromocre-
sol green and B: variation of the bromocresol green concentration with a constant
NaClO4 concentration of 2.4 M.
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by these two quenchers can be modelled using a single parameter
(SQP(E)) (Fig. 6). Consequently, a single quenching calibration curve
is required to calculate detection efficiency.

3.3.2. PS

Six sets of calibration solutions were prepared to estimate the
simultaneous effect of salt and colour quenching: three with a
variable concentration of NaClO4 and different and fixed concentra-
tions of colour agent (0, 9.19 x 10-3 and 1.66 x 10~2 gL~1) and the
other three with a variable concentration of colour quenching agent
and different and fixed concentrations of NaClO4 (0, 1.4 and 2.8 M).

Fig. 6. Values of detection efficiency as a function of the SQP(E) for A: variation of
NaClO4 concentration without bromocresol green and B: variation of the bromocre-
sol green concentration with a constant NaClO4 concentration of 2.4 M.
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Fig.7. Spectra of (a) blanks and (b) detection efficiencies for the extreme values of NaClO4 and bromocresol green concentrations. A: 2.8 M of NaClO4 and 0 gL~ of bromocresol
green, B: 0.0 M of NaClO4 and 0 g L~ of bromocresol green, C: 2.8 M of NaClO4 and 1.04 x 10~2 g L-! of bromocresol green, D: 0.0 M of NaClO4 and 1.04 x 102 gL' of bromocresol

green.

Results obtained show that when the concentration of the colour
quenching agent increased, the spectra obtained shifted to low
energies (Fig. 7a and b), as occurred in LS. In contrast, when the
NaClO4 concentration increased for active solutions, a proportional
decrease in the area was detected but the spectra position remained
constant; however, no changes were visible in the blank spectra.

As a result of the distinct behaviour of ionization (produced
by the salt) and colour quenching, the two effects could not
be modelled together with a single parameter, in contrast to LS
(Fig. 8a). Instead, a combination of two quenching parameters, one
related to colour (SQP(E)) and the other to NaClO4 (density) was
required [8]. Thus, two complementary calibration models were
built (Fig. 8b). In the first, density was correlated to the relative
detection efficiency (Es) of a series of standards without colour
agent and variable concentrations of NaClO4 (Es is the efficiency
of the quenched standard divided by the efficiency of a stan-
dard without quenching agent (Ep)). In the second, SQP(E) was
correlated to the relative detection efficiency (E.) of a series of
standards without NaClO4 and a variable amount of colour quench-
ing agent. The final detection efficiency for unknown samples was
obtained by multiplying the values of E. and Es of the sample
by the efficiency of a sample without NaClO4 and colour agent
(Eunk =Ec x Es x Ep).

3.4. Measurement of spiked and real samples by PS and detection
limit

The final step in the evaluation of the capability of PS was to
establish the detection limit for these salt matrixes samples and the
quantification of C activity of a radiotracer in real samples and in
spiked samples. Real samples were measured by LS at the IFE and
the results were compared with those obtained by PS following the
procedure proposed in this study.

Minimum detectable activity for PS in the full window was
determined according Currie expression [16] and the value
obtained for 2.8 M NaClO,4 solution (up=489 counts, Eff=35.8%,
V=1.5mL, t=300min) was 10.9 Bq L. Minimum detectable activ-
ity LS with the same NaClO4 concentration (up=2226.0 counts,
Eff=84.8%, V=8.0mL, t=300min) was 1.8 BqL~1.

Minimum detectable activity achieved by LS is better than the
obtained by PS, however both values will become more similar it
the sample volume in PS (1.5 mL) was of the same order than in LS
(8.0mL).

Onthe other hand, the relative errors obtained in spiked samples
by PS were always under 5% and the activity values were statisti-
cally equal at 95% of confidence to the activity spiked in the sample
(Table 5).

Fig. 8. (a) Detection efficiency as a function of the SQP(E) values for variation of bromocresol green with a constant NaClO4 concentration of A: 0.0 M, C: 1.4 M and D: 2.8 M and
variation of NaClO4 concentration with a constant bromocresol green concentration B: 0gL-1, E: 9.19 x 1073 gL', F: 1.66 x 102 gL~1; (b) relative efficiencies as a function

of SQP(E) and solution density.
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Table 5
Activity spiked in the real samples free of radionuclide, and the activity and relative
error calculated by PS.

Sample Al A2 A3
Activity spiked (dpmg-1) 4.17 £0.05 4.16 £0.05 4.21+0.05
PS
Activity (dpmg') 4.04+0.09 4.30+0.09 4.13+0.16
Relative errors (%) 3.07 —3.45 1.73
Table 6
Activity of the real samples obtained by LS and the studied PS method.
Method AA (dpmg1) MA (dpmg")
LS 423 0.55
PS 4.32+.016 0.59+0.04

These results were corroborated by the values obtained for real
samples at both activities. The activities determined using PS and
LS were consistent (Table 6).

4. Conclusions

The proposed procedure based on PS for the quantification of
radiotracers in the study of oil reservoirs shows a similar perfor-
mance to that of classical LS procedure in the determination of beta
radiotracer activity with the advantage that no separation phase
can appears during the measurement step and the drawback of a
worse minimum detectable activity for PS will become more simi-
lar to LS when the volume of sample was increased to the maximum
capacity of the vial (around 6.0 mL).

Better quantification conditions could be reach by LS by organic
phase separation when matrix and extraction yields was constant
and reproducible.

Comparison of PS and LS in the activity determination of high
salt matrix samples has indicated that:

e PS and LS are similarly affected by the presence of colour
quenchers. Colour quench causes a decrease in detection effi-
ciency and the shift of the spectra to low energies in both cases,
which can be modelled using the SQP(E) parameter.

¢ Adifferent behaviour can be found when the matrix includes salt
compounds such as NaClOy4. In terms of sample preparation, the
presence of high NaClO4 concentrations can produce phase sep-
aration in LS whereas separation cannot occur in PS. Thus, PS is a
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most robust technique in this regard and it makes easy to design
routine measurements protocols.

In terms of signal production, in LS, salt presence produces a
chemical quenching effect, which can be modelled by SQP(E)
parameter but requires the use of specific blanks. In PS no chem-
ical quenching occurs, but ionization quenching is observed. This
quenching cannot be modelled by SQP(E) and it has a relatively
small effect on detection efficiency. A blank can be used for all
the samples and a two step calibration procedure (SQP(E) and
density) must be applied.

e Finally PS has the general advantage that it does not produce

mixed waste.
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The quenching parameters used to model detection efficiency variations in scintillation measurements
have not evolved since the decade of 1970s. Meanwhile, computer capabilities have increased
enormously and ionization quenching has appeared in practical measurements using plastic
scintillation. This study compares the results obtained in activity quantification by plastic scintillation
of "C samples that contain colour and ionization quenchers, using classical (SIS, SCR-limited, SCR-non-
limited, SIS(ext), SQP(E)) and evolved (MWA-SCR and WDW) parameters and following three calibration
approaches: single step, which does not take into account the quenching mechanism; two steps, which
takes into account the quenching phenomena; and multivariate calibration. Two-step calibration
(ionization followed by colour) yielded the lowest relative errors, which means that each quenching
phenomenon must be specifically modelled. In addition, the sample activity was quantified more
accurately when the evolved parameters were used. Multivariate calibration-PLS also yielded better
results than those obtained using classical parameters, which confirms that the quenching phenomena
must be taken into account. The detection limits for each calibration method and each parameter were

close to those obtained theoretically using the Currie approach.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The quenching parameters used in scintillation techniques
have not evolved since the decade of 1970s [1]. However, changes
in computing capacity, chemometric techniques and recent
studies into plastic scintillation (PS) indicate that a comparison
of classical parameters and new proposals is now recommended.

Classical quenching parameters are based on the spectrum of
the sample or on the spectrum produced when an external
gamma radiation source interacts with the measurement solution.
Data treatment is limited in both cases and consists of either
establishing the ratio between the signals registered over two
ranges of the spectrum (sample channels ratio, SCR), determining
the centre of gravity (spectral index of the sample, SIS; and
spectral quench parameter of isotope, SQP(I)) or the end point
(spectral quenching parameter of the external standard; SQP(E)
and transformed spectral index of the external standard; tSIE) of
the spectra [2]. Advances in computer technology have facilitated
calculations involving many different kinds of data treatment.
Increased computer capability has also favoured the development
of chemometric techniques [3-6] and the formulation of free
parameter models [7]. However, none of these aspects has been

* Corresponding author. Tel.: +34934021281; fax: +34934021233.
E-mail address: jfgarcia@ub.edu (J.F. Garcia).

0168-9002/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2008.04.041

taken on board in reformulation of classical quenching parameters
or in calibration procedures.

Recent studies have demonstrated the capability of PS in the
measurement of liquid samples that were traditionally measured
by liquid scintillation (LS) [8-10]. PS has several advantages over
LS. In particular, no mixed waste is produced. It also has some
drawbacks; for example, it is less efficient at detecting low energy
beta emitters.

In organic scintillation techniques, there are three ways to
quench a signal. One is ionization quenching: the energy of the
particle emitted by the radionuclide is reduced by the matrix
compounds before reaching the molecule that initiates the
transformation of the particle’s energy into photons (as performed
by LS solvents). Another is chemical quenching: the matrix
compounds reduce the production of photons once the process
of energy transformation has started. The third is colour
quenching: the matrix compounds absorb some of the photons
produced before they reach the detection system. (For a classical
description of quenching mechanisms see Refs. [11-13].)

Several articles have studied the influence of colour and
chemical quenching on detection efficiency [14-16]. They con-
clude that when these phenomena are important, they do not
follow the same model and therefore double calibration is
necessary [15]. Despite that there are discussions about ionization
quenching [11], there seems to be no debate clearly focused on the
influence of ionization quenching on the calibration of the
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detection efficiency. This may be because its influence is much
smaller than that of chemical or colour quenching in LS, due to the
proximity of the emitter radionuclides and the solvent molecules.

PS can be used to assess the modelling of extreme quenching
mechanisms (ionization and colour) using the aforementioned
calibration parameters and procedures. In general, PS is sensitive
to ionization and colour quenching. In contrast, the contribution
of chemical quenching is constant, as the interaction between the
sample and solvent molecules is minimal. Thus, chemical
quenching only depends on the composition of the plastic.

The objective of this study was to evaluate the suitability of
classical and new proposed calibration parameters for modelling
quenching effects. Thus, solutions of known activity, including salt
and coloured compounds, were measured by PS in a conventional
vial and scintillation detector.

The calibration parameters and procedures considered are
those that are classically used and their proposed evolutions are
as follows:

e (lassical: SQP(E), SIS(ext) (SIS for the spectra of the external
standard gamma source), SIS, SCR-limited (sample channel
ratio) and SCR-non-limited (SCR with no internal window
position limitation).

e Evolved parameters: MWA-SCR (multiple window approach-
SCR procedure) and the WDW (weighted discontinuous
window).

Efficiency variation was modelled following three different
approaches:

e Single step, which does not take into account the quenching
mechanisms;

e Two steps, which takes the different quenching mechanisms
into account;

e Multivariate calibration-partial least square (MVC-PLS).

Results were compared in terms of prediction errors, relative
errors and detection limits.

2. Experimental
2.1. Reagents and solutions

All reagents used were of analytical grade. Deionized water
was used to prepare the calibration and test solutions.

A ¥C active stock solution of 695.91+8.70dpm/g (prepared
from a standard of 2.68+0.033 Mdpm/g in a water solution of
glucose, 50 ug/g, and formaldehyde, 1 mg/g, from CERCA-LEA) was
used to prepare the calibration, spiked matrices and test solutions.

The colour quenching agent was bromocresol green 0.1 g/l and
a solution of NaClO, 5.6 M was used as a salt solution for
ionization quenching in the preparation of the calibration
solutions.

Solid plastic scintillator beads of polystyrene were supplied by
Detec-Rad. The diameter of the beads was between 180 and
250 um. Measuring solutions were contained in 20 ml polyethy-
lene vials (from Packard Instruments Co.).

Three treated water samples free of radionuclides from
petroleum extraction and supplied by the IFE (Institute for Energy
Technology) were used in the comparisons of different calibration
methods.

2.2. Apparatus

A Quantulus liquid scintillation (EG&G Wallac) with logarith-
mic amplification, a multichannel analyzer (4096 channels
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distributed in four segments of 1024), alpha/beta discrimination
and background reduction by active guard was used.

2.3. Procedure

2.3.1. Measurement solution preparation

Measurement solutions were prepared by weight by adding
3.6 g of the PS beads and 1.5 ml of a previously prepared solution
to a 20ml polyethylene vial. The solution was added in three
fractions of known volume to obtain three determinations of
the solution density. After preparation, the vials were shaken
with ultrasound for 2min and then centrifuged for 10 min at
5000 rpm [10].

The stock measurement solutions included an active solution
(or carrier for blanks), bromocresol green solution and sodium
perchlorate solution in the proportions required to yield the
concentrations and activities indicated in the following para-
graphs. From these stock solutions, 1.5 ml was taken and added to
the measurement vial.

Six sets of solutions were prepared to study the different
calibration methods. Three solutions had a defined concentration
of bromocresol green (0, 9.19 x 103 and 1.66 x 10~2g/l) and a
variable concentration of NaClO,4 solution for each level (0, 0.3, 0.7,
14, 21 and 2.8 M). The other three sets of solutions included
defined concentrations of NaClO4 (0, 1.4 and 2.8 M) and a variable
concentration of bromocresol green for each level (0, 4.60 x 1073,
9.19x 1073, 1.38 x 1072, 1.66 x 1072 and 2.07 x 10~2g/l). The set
with no bromocresol green and variable concentration of NaClO,4
was prepared by triplicate and with an activity of 134 dpm in the
measurement vial. For the other solutions, a single vial was
prepared with an activity of around 180 dpm.

The different calibration methods were assessed by measuring
spiked real samples. These samples were prepared in triplicate by
adding a small and known amount of *C stock standard solution
(7 dpm in the measurement vial) to the real, inactive salt samples.

To determine the detection limit, spiked synthetic samples at
three activity levels (8.18, 16.63 and 54.10Bq/l) were prepared.
These samples had a high NaClO4 concentration (2.4 M) and no
bromocresol green. Five replicates were prepared for each active
and blank solution.

In all cases, a blank was prepared for every active solution by
replacing the amount of stock solution with carrier solution.

All solutions were prepared by weight.

2.3.2. Cleaning procedure

Plastic scintillator beads were reused during the experiment by
applying a specific cleaning procedure that consist of shaking the
plastic scintillator beads in a 0.1 M solution of citric acid (pH 3)
(1.2 g:100 ml) for 24 h, followed by filtering and drying the beads
at 40°C [17].

2.3.3. Measurement conditions

The measurement conditions were low coincident bias and
high-energy multichannel analyzer configuration. Counting time
was five successive periods of 1h. The spectrum produced by the
external standard was obtained by measuring 10 min for each
period.

In all cases, measurement vials were stored in the dark for 2 h
before counting.

2.4. Data treatment
The spectrum obtained for each measurement was smoothed

using a Savitzky-Golay algorithm. The net spectrum was obtained
by subtracting the equivalent blank solution. Detection efficiency
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was calculated as the ratio between the net counts in the selected
range of the spectrum and the activity added to the counting
vial.

The optimum window (OW) was established using the
unquenched calibration solution. It corresponds to the range of
the spectrum with the best figure of merit (FM = E?/B, where E is
the efficiency and B the background).

2.4.1. Quenching parameters
2.4.1.1. Classical parameters. SQP(E): The SQP(E) was calculated by
the detector. It corresponds to the end-point channel that limits
99.75% of the total counts from the spectrum generated by the
external gamma source ('>?Eu). It is defined by EGG Wallac and is
equivalent to the tSIE of Packard instruments.

SIS, SIS(ext): The SIS corresponds to the centre of gravity of the
sample spectra or of the external gamma source spectra (SIS(ext)).
It is calculated as

SIS — ic:elmnelscpmi x l
channels
i=1 cpmy;
It is defined by Packard instruments and is equivalent to the
SQP(I) of EGG Wallac detectors.

SCR-non-limited, SCR-limited: The SCR is the count rate ratio in
two regions of the spectrum (LW/UW). The lower window (LW) is
calculated as the spectrum range that produces the greatest
difference in the SCR parameter between the extreme quenched
solutions, using the OW as the upper window (UW). Two diffe-
rent SCRs were calculated, one which restricted the position of
the LW to the range limited by the UW, and the other with no
restrictions.

2.4.1.2. Evolved parameters. MWA-SCR: The MWA-SCR is a proce-
dure for selecting the two windows of an SCR parameter that
yield the best fit of the efficiency in the UW, as a function of the
MWA-SCR parameter.

The pair of windows is selected by the MWA program, which
scans all the possible pairs of windows in the spectra and uses all
the standard solutions to calculate a second order regression of
detection efficiency, as a function of the MWA-SCR parameter for
each pair of windows. The program eliminates the windows that
do not meet certain requirements: efficiency higher than 15%, a
prediction error for all standards of below 5%, a regression
coefficient above 0.95, and UW and LW wider than 100 channels.
In addition, the MWA program generates a matrix that has the
different windows as rows and the calculated values as columns
(UW, LW, total prediction error, dispersion parameter, regression
coefficient, efficiency, SCR values interval, standards with salt
variation prediction errors, standards with colour variation
prediction errors and detection limit), arranged by the dispersion
parameter. The dispersion parameter is an indicator of the bias of
the curves and is calculated as

Number of calibration curves
Disp = la—b|
i=1
where a is the number of calibration samples with a negative
error in the calibration curve i and b is the number of calibration
samples with a positive error.

The final windows used in the MWA-SCR parameter were
selected from the pairs that were least dispersed. The windows
with the highest efficiency were then chosen from these pairs.
Finally, the window in this subset was selected that had the
lowest prediction error, calculated as

2
Efpreq = ,/L”z— (;’;)ak) x 100.

WDW: The WDW is a parameter obtained from the scores of the
principal component 2 obtained by applying principal component
analysis (PCA) (PCA MATLAB toolbox function) to the net count
rate normalized spectra of the standard solutions, in the range of
30-550 channels.

2.4.2. Calibration methods

2.4.2.1. Not accounting for the quenching phenomena. This is the
classical approach where the efficiency of an unknown counting
solution is obtained in a single step. The phenomenon that pro-
duces the quenching is not taken into account. This method uses a
quadratic function to model the detection efficiency in a defined
spectrum range, as a function of one of the quenching parameters.
Using this method, the activity of the samples was calculated as
the ratio between the net count rate in the specific region and the
detection efficiency obtained by interpolating the quenching
parameter in the corresponding calibration curve.

2.4.2.2. Accounting for the quenching phenomena. PS studies in-
dicate that detection efficiency variations do not follow the same
pattern [10] when the sample matrix includes a salt (ionization
quenching) or a coloured compound (colour quenching).

Therefore, this calibration method unfolds the process in two
parts. Firstly, it models the effect of the salt on the changes in
relative detection efficiency (Es) as a function of the solution
density. Secondly, it models the colour effect in the relative
detection efficiency (E.) as a function of the different parameters
considered.

The first model is obtained by measuring a set of active
solutions with no colour quenching and variable salt concentra-
tion. The second model is established by measuring a set of active
solutions with no salt compounds and variable concentration of
the coloured agent.

The relative detection efficiency is the detection efficiency of
the calibration solutions in the selected counting range, divided
by the detection efficiency in that range of the active solution with
no salt or colour quenching (Ey).

The efficiency of an unknown sample (Eff) is obtained by
multiplying the efficiency of the active solution with no salt or
colour quenching (Ep) by the relative efficiency due to the salt
effect (Es) and by the relative efficiency due to the colour effect
(Ec) (Eff = Eg x Eg x E¢). The relative efficiencies (Es and E.) were
obtained by interpolating the solution density and the quenching
parameter in the corresponding curve.

2.4.2.3. Multivariate calibration. The last calibration method is
based on applying the PLS. A signal matrix is built using the
net count rate normalized spectra of the calibration solutions
(between 30 and 550 channels) sampled every 10 channels,
as well as the value of the solution density (columns) and the
samples (rows) (Table 1). The response matrix is built with the
efficiency values calculated in the OW. The model is obtained with
the PLS MATLAB toolbox function.

The activity of the unknown samples was calculated using the
count rate in the OW. The efficiency was obtained by applying the
PLS model to the net count rate for a normalized sample spectrum
in the range indicated, together with the density value.

2.4.3. Detection limit
The detection limit was established theoretically using the
equation [18]:

Lp =271 + 4.65 /i3

_ D
ACtDiEffoxt
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Table 1
The composition of the samples as a function of position in the matrix (sample
number)

Sample number NaClO4 (M) Bromocresol green (g/1)
1-6 0 Increasing concentrations
7-11 14

12-17 2.8

18-23 Decreasing concentrations 0

24-29 9.19 x 1073

30-34 1.66 x 1072

where Lp is the detection limit, up is the counts of the blank, V is
the volume of solution added to the vial, t is the counting time, Eff
is the efficiency of the standard solution with no salt or colour
quenching and Actp is the minimum detectable activity.

2.5. Safety considerations

All the experimental procedures were performed in accordance
with the regulations of the Spanish Nuclear Authorities (Consejo
de Seguridad Nuclear) and the University of Barcelona.

3. Results and discussion

Two different types of quenching parameters were used in this
study: classical parameters and evolved parameters that can be
considered an evolution of the former. Detection efficiency was
modelled following three approaches: taking the quenching
phenomena into account, not taking the quenching phenomena
into account and using multivariate calibration.

These quenching parameters and calibration procedures were
compared in terms of the detection limits, the relative errors and
the prediction errors obtained in the activity quantification of
spiked real samples and spiked synthetic samples.

3.1. Activity prediction

3.1.1. Not taking into account the quenching phenomena

This is the usual approach in routine LS calibration, where no
attention is paid to the phenomena that produce detection
efficiency variations. In this approach, detection efficiency was
modelled as a function of one of the classical or evolved
quenching parameters. For the classical parameters, the detection
efficiency was calculated in the OW (221-471 channels), and
windows for SCR-limited and SCR-non-limited were determined
according to the procedure indicated in the experimental section
(SCR-limited UW: 221-471, LW: 324-471; SCR-non-limited UW:
221-471, LW: 30-323).

Among the evolved parameters, MWA-SCR uses the calculating
power of computers to select the pair of windows UW (301-551
channels) and LW (151-451 channels) that produces the best
efficiency adjustment in the UW, as a function of the MWA-SCR
parameter.

The evolved parameter WDW is obtained by applying the PCA
model to all the calibration samples. The WDW parameter is
based on the principal component 2 (PC2) because while PC1
describes an averaged spectrum of the calibration samples, PC2
(equivalent to PC2 shown in Fig. 3) assigns a high weight in the
linear combination to the channels located at the range of the
spectrum that is mainly involved in the shift to lower energies
produced by colour quenching. Thus, the values of PC2 scores vary
significantly with changes in colour quenching, whereas they
remain practically constant with changes in salt concentration.
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The calibration function and the regression parameters for the
different parameters assessed are shown in Table 2. Table 3 shows
the mean and the standard deviation of the relative errors
obtained in the quantifications of the activity for the set of spiked
real samples. The results show that relative errors were less than
6% for all parameters.

It is difficult to compare the different results, due to their
associated standard deviations. The number of counts accumu-
lated in the classical parameters means that the relative errors
and standard deviations obtained using the sample spectra are
equivalent or slightly higher than those calculated using the
spectra generated by the external gamma source (SIS(ext) and
SQP(E)). Of the two new parameters, MWA-SCR shows the best
regression and yields the best results (3.8+2.6%), which are
close to those obtained for SQP(E) (3.6 +2.9%), even though the
MWA-SCR is based on the sample spectrum.

3.1.2. Taking the quenching phenomena into account

In this approach, the two different types of quenching are
considered separately. Previous studies indicate that bromocresol
green and NaClO, have different effects: bromocresol green
produces colour quenching, whilst NaClO4 produces ionization
quenching (Fig. 1a). Therefore, it is reasonable to expect them to
affect the variation of the PS detection efficiency differently, as is
the case for colour and chemical quenching in LS. Thus, we
propose a two-step modelling approach. This structure takes
advantage of the existence of a parameter, the density of the
sample solution, which can be correlated exclusively with the
variation produced by the presence of NaClO4 (Fig. 1b). Thus,
the first step consists of modelling the relative detection efficiency
due to the salt as a function of the sample density. The second step
establishes the relationship between the relative detection
efficiency due to colour quenching and one of the parameters
(classical or evolved) studied in the preceding section.

The calibration functions and the regression parameters for the
different calibration methods are shown in Table 2. Table 3 shows
the mean of relative errors, obtained when the different calibra-
tions are applied and indexed by the different quenching
parameters used in the second calibration step.

The first conclusion is that, in spite of the standard deviation
associated with the data, the mean of relative errors obtained
when the quenching phenomena are taken into account in the
calibration is always lower than those obtained when the
quenching mechanism is not taken into account (Fig. 2).

These results extend the conclusions obtained for chemical and
colour quenching to ionization quenching. Thus, the influence of
each type of quenching phenomenon must be corrected by a
specific model.

A comparison of the relative errors obtained when using the
different parameters reveals that the behaviour in this case is
similar to that observed when the quenching phenomena are not
taken into account (Fig. 2). Classical parameters that are based on
the sample spectra (SIS, SCR-limited) show higher errors and
standard deviations than those based on the external standard
spectra (with the exception of SCR-non-limited). However, in
contrast to the previous approach, in the two-step calibration
procedure, the relative errors produced using the evolved
parameters are slightly lower than those obtained using the
classical parameters.

Finally, for all the parameters and calibration methods, the
lowest relative error was achieved using the two-step calibration
applying the SCR-non-limited (2.0+1.2%) and the SIS(ext)
(2.54+0.8%) among the classical parameters, and the MWA-SCR
(1.942.0%) among the evolved parameters. Finally, the relative
errors obtained using both approaches (taking into account/not
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Table 2

Calibration functions and regression values for the different quenching parameters and calibration methods

Not taking into account the quenching phenomena

Taking the quenching phenomena into account

Calibration function R? Calibration function R?
SQP(E) Eff = —1.30 x 10~%x?+3.76 x 10~ 'x—1.84 x 10? 0.952 Es = —5.43 x 10~ 'x?+9.09 x 10~ 'x+9.93 x 10! 0.987
Ec = —2.40 x 10~°x*+4.21 x 10~2x—1.72 x 10! 0.993
SIS(ext) Eff = —1.27 x 103x?+1.22 x x—2.59 x 10? 0.967 Es = —5.43 x 107 'x?+9.09 x 10~ 'x+9.93 x 10" 0.987
Ec = —5.81 x 107°x?+5.35 x 10 2x—1.13 x 10" 0.998
SIS Eff = —5.33 x 10 4x?>+4.84 x 10 'x—7.09 x 10! 0.962 Es = —5.43 x 107 'x*+9.09 x 10 'x+9.93 x 10! 0.987
E. = —8.44 x 10~5x*+1.05 x 10 2x—1.51 0.995
SCR-limited Eff = —4.07 x 10'x*+9.11 x 10'x—1.00 x 10" 0.926 Es = —5.43 x 107 'x*+9.09 x 10 'x+9.93 x 10! 0.987
Ec= —8.64 x 10 1x*+2.45x—1.43 x 10" 0.985
SCR-non-limited Eff = 5.85x%>—2.95 x 10'x+4.54 x 10" 0.962 Es = —5.43 x 107 'x?+9.09 x 10~ 'x+9.93 x 10! 0.987
Ec =222 x10"'x2-1.01x+1.53 0.993
MWA-SCR Eff = 5.39x>—3.30 x 10'x+5.89 x 10’ 0.989 Es = —1.18x*+2.31x—1.60 x 107! 0.849
Ec=—2.22 x 107 'x*—1.39x+2.54 0.998
WDW Eff = —2.30 x 10°x*—3.93 x 10%x+2.47 x 10" 0.958 Es = —5.43 x 107 'x*+9.09 x 10 'x+9.93 x 10! 0.993
Ec=—4.26 x 10'x>*~1.25 x 10'x+8.38 x 10! 0.994
Table 3

Mean and standard deviation of relative errors in the quantification of the spiked
real samples

Methods Mean(Err) STD (Err)
(%) (%)
Not taking into account the quenching SQP(E) 3.6 2.9
phenomena SIS(ext) 4.4 2.7
SIS 52 4.0
SCR-limited 4.5 3.7
SCR-not- 4.3 2.0
limited
MWA-SCR 3.8 2.6
WDW 4.6 24
Taking the quenching phenomena into SQP(E) 2.8 0.9
account SIS(ext) 2.5 0.8
SIS 3.8 24
SCR-limited 3.1 24
SCR-not- 2.0 1.2
limited
MWA-SCR 1.9 2.0
WDW 24 1.7
PLS 1.7 1.2

taking into account the quenching phenomena) when using the
SCR parameters, decreased according to the degree of openness of
the process of window range selection: SCR-limited, SCR-non-
limited and MWA-SCR. This improvement clearly shows the
advantages of computer capabilities in scintillation calibration.

3.1.3. Multivariate calibration

The last method studied was multivariate calibration using
PLS. This calibration was performed with the net count rate
spectrum between 30 and 550 channels. This is the range in which
the 'C spectra are located. The spectra were normalized to
eliminate the effect of the different sample activity and sampled
every 10 channels, to eliminate part of the redundant information

and simplify the calculations. Moreover, the sample solution
density was added as the last raw data value, in order to
incorporate more information about salt variation. The addition
of the solution density produces an improvement in the predic-
tion capability. However, the weight of this value does not
produce any additional change. The model established by this
procedure describes 99.96% of the variance in four principal
components.

Fig. 3 shows the loadings (left) and the scores (right) of the four
principal components, as a function of spectra channels and
density for loadings, and as a function of the standard solutions
(Table 1) for scores.

PC1 describes 96.40% of cumulative variance. Its loading
distribution assigns a special weight to density. This indicates
that salt content has the greatest effect in the model. This is
correlated to the scores of the different samples for this
component, which depend fundamentally on the salt level. PC2
describes 2.86% of data variance. In this case, the loadings give a
high weight to the channel range in which the spectrum shape
undergoes more significant changes, as a consequence of the
colour quenching variation. In this case, sample scores change in
the solutions with colour variations but remain constant despite
changes in the salt concentration. PC3 describes 0.69% of data
variance. Its loadings assign a higher weight to the channel range
where the maximum of the spectra are located, because this is the
region that suffers the greatest variation with salt concentration
changes. Sample scores vary with the changes in salt concentra-
tion. However, they do no vary with changes in the colour
quenching. Finally, PC4 describes 0.01% of data variance. Although
this represents only a minor contribution to the total variance, it is
included in the model because it describes the combined
contribution of the two types of quenching. Scores of samples
vary with changes in the salt concentration and in the colour
quenching.

It is interesting to stress the physical meaning of the
different components and, particularly, how multivariate
calibration confirms the suitability of the two-step calibration
approach, in which the first contribution was modelled using
density.

93



Millora de la selectivitat en la determinaci6 de radiontclids per escintil -lacio plastica sense generacio de residus

366 H. Bagdn et al. / Nuclear Instruments and Methods in Physics Research A 592 (2008) 361-368
a b
40 +A
38 AB
38 A % C
36 S N D
= = 36 + A A o x E
S 34 < C x s oF
g 334 B
© 32 .E * x x *®
] 0 32
& & LA e <
w 30 w
30 + ° ° °
°
28 28 °
26 26
700 710 720 730 740 750 760 770 780 0.95 1 1.05 1.1 1.15 1.2 1.25

SQP (E)

density (g/ml)

Fig. 1. Detection efficiency as a function of the (a) SQP(E) values and (b) solution density; for the bromocresol green variation with a constant NaClO4 concentration,
A: 0.0M, C: 1.4M and D: 2.8M and the variation of the NaClO, concentration with a constant bromocresol green concentration, B: 0g/l, E: 919 x 10~3g/l and F:

1.66 x 102 g/l

—e— Not taking into account the
quenching phenomena
A Taking the quenching
phenomena into account

T 45
g
©® 35
2
s 3 A
©
° A
14 25' A A
2 A a
1.5 - - : . .
SQP(E) SIS(ext) SIS SCR SCR not MWA-SCR WDW
limited limited
Parameter
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The results of activity quantification of the spiked real matrices
using this calibration method are shown in Table 3. The relative
errors obtained are lower than those obtained by any other
method, with a standard deviation of the same order. Thus, PLS
appears to be one of the best methods for quenching variation
modelling.

3.2. Detection limit

The next step in the comparison of the different calibration
methods involved assessing the detection limit in each case.

As the standard solutions were the same for all the calibration
methods and the efficiency and the blank count rate were
calculated in the OW, the theoretical detection limit, calculated
using the Currie equation, was 8.54Bq/l in all cases. The only
exception was the MWA-SCR, which had a detection limit of
10.54Bq/l, as the efficiency and the blank count rate were
determined in their own UW.

According to this values, three spiked synthetic samples with
different activity levels were prepared: one close to the theoretical
detection limit, 8.18 Bq/l, and the other two with 16.63 and
54.10Bq/1.

The net count rate of the three spiked samples in the OW (or at
the UW for MWA-SCR) could be detected with 95% confidence for
all the calibration methods (according to a t-test of one tail). The
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prediction errors in the activities, as determined by the different
calibration methods, are shown in Table 4.

The errors were greatest (around 20-30%) in the sample with
the lowest activity level, as this activity was close to the
theoretical detection limit. The errors were lower and similar
(around 5-10%) for the other two samples.

As in the previous sections, the prediction errors in methods
that took into account which phenomena produces the quenching
were lower than for the methods that did not take this factor into
account. No differences were observed for the parameters based
on sample spectra or on the external standard generated spectra.
However, the evolved parameters MWA-SCR and WDW yielded
the best results in both types of approach (not accounting or
accounting for the quenching phenomena). PLS calibration
produced similar values to those obtained using the other two
approaches.

4. Conclusions

Several conclusions can be drawn from the results. First of all,
like colour and chemical quenching, ionization quenching must be
specifically modelled. Thus, the calibration procedures that take
the different quenching phenomena into account and include
as many steps as there are types of quenching yield better
results.
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Fig. 3. Loadings and scores of the four principal components used in the PLS calibration model.

Among the different parameters studied, the proposed evolved the location of the windows describes the information of the
parameters WDW and MWA-SCR produce better results in the spectra better and leads to a more accurate calibration model.
efficiency determination. Moreover, SCR with no restrictions on Multivariate calibration-PLS also models the efficiency variation
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Table 4
Prediction errors in the quantification of spiked synthetic samples with different
activities (8.18, 16.63 and 54.10 Bq/1) for the different calibration methods studied

Methods Prediction error (%)
8.18 Bq/1 16.63 Bq/l 54.10Bq/1
Not taking into SQP(E) 22.48 8.75 10.33
account the SIS(ext) 23.44 9.55 10.21
quenching SIS 130.92 13.47 12.21
phenomena SCR-limited 23.03 7.73 10.72
SCR-not- 26.80 7.69 10.13
limited
MWA-SCR 23.42 6.61 9.44
WDW 24.97 6.01 9.28
Taking the SQP(E) 20.95 7.46 8.94
quenching SIS(ext) 21.65 7.75 8.54
phenomena SIS 207.44 12.59 10.64
into account SCR-limited 21.69 6.02 9.38
SCR-not- 25.49 6.73 8.37
limited
MWA-SCR 21.77 5.83 7.62
WDW 23.75 4.63 7.65
PLS 31.71 9.64 7.84

well. This soft modelling approach confirms the suitability of the
hard two-step model that takes into account the quenching
phenomena.

Finally, the relative errors obtained in the determination of
solutions of decreasing activity indicates that the experimental
detection limits are close to those given by the Currie expression,
and that the best model is obtained when calibration is carried
out in two steps using the new proposed parameters.
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Activity determination in different types of samples is a current need in many different fields. Simulta-
neously analysing alpha and beta emitters is now a routine option when using liquid scintillation (LS)
and pulse shape discrimination. However, LS has an important drawback, the generation of mixed waste.
Recently, several studies have shown the capability of plastic scintillation (PS) as an alternative to LS, but
no research has been carried out to determine its capability for alpha/beta discrimination. The objective
of this study was to evaluate the capability of PS to discriminate alpha/beta emitters on the basis of pulse
shape analysis (PSA).

The results obtained show that PS pulses had lower energy than LS pulses. As a consequence, a lower
detection efficiency, a shift to lower energies and a better discrimination of beta and a worst discrimi-
nation of alpha disintegrations was observed for PS. Colour quenching also produced a decrease in the
energy of the particles, as well as the effects described above. It is clear that in PS, the discrimination
capability was correlated with the energy of the particles detected.

Taking into account the discrimination capabilities of PS, a protocol for the measurement and the cal-
culation of alpha and beta activities in mixtures using PS and commercial scintillation detectors has been
proposed. The new protocol was applied to the quantification of spiked river water samples containing a
pair of radionuclides (3H-24' Am or ?°Sr/°°Y-24! Am) in different activity proportions. The relative errors
in all determinations were lower than 7%. These results demonstrate the capability of PS to discriminate
alpha/beta emitters on the basis of pulse shape and to quantify mixtures without generating mixed waste.
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1. Introduction

Activity determination due to the presence of radionuclides in
different type of materials is a current need in several fields such as
environmental monitoring, nuclear power generation, research and
medicine. The presence of more than one radionuclide in a sample
is quite acommon scenario, and the discrimination between signals
produced by alpha and beta emitters in the detection phase con-
tributes to reduce the time required for each determination because
it makes some of the steps of chemical treatment unnecessary.

Since the early days of scintillation techniques, in the decade
of the 1950s [1-3], it was observed that the photon emission pro-
file over time was dependent on the type of radiation or particle
that produced the excitation of the scintillator: alpha particles (or
neutrons) and electrons (or gamma rays) [4,5]. This behaviour was
quickly considered useful for particle discrimination, an additional
feature that complemented the activity quantification capability
provided by the scintillation techniques. Initial studies on organic

* Corresponding author. Tel.: +34 934 021 281; fax: +34 934 021 233.
E-mail address: jfgarcia@ub.edu (J.F. Garcia).

0003-2670/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2010.04.055

scintillation also pointed out that this capability was clearer for
liquid scintillation (LS) systems than for plastic scintillation (PS)
systems, mainly because of the scarce delayed component pro-
duced in plastic [6].

PS microspheres are a solid solution of a pair of fluorescent
solutes in a polymeric aromatic solvent [7]. In practical applica-
tions, the microspheres are mixed with a liquid sample; thus, the
radioactive particle emitted by the radionuclide moves through the
sample medium until it reaches a microsphere [8,9].

In general terms, the interaction of the particles with the
solid scintillator follows a mechanism similar to that of LS. How-
ever, the signal reduction observed is probably a consequence
of the absence of molecular diffusion in solids because the
dipole-dipole interaction is the only active non-radiative mech-
anism for solvent-scintillator energy transfer in plastics [6,10]. The
number of excited triplets in scintillator molecules is lower in plas-
tic than in liquid, probably because of the lower concentration
of excited singlets and, therefore, the relative importance of the
delayed component of the signal.

From the beginning of the scintillation field, studies about the
capability of particle discrimination have mainly focused on lig-
uid scintillation; few data have been published about alpha/beta
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discrimination in plastic scintillation. In fact, nearly all the data
available about plastic appear in the earliest publications, and even
these studies only include limited information that supports the
expected worse behaviour of plastic compared with liquid.

Several commercial scintillation detectors (from the former
companies of Wallac and Packard, now PerkinElmer) include pulse
shape discrimination to differentiate between alpha and beta disin-
tegrations. The parameters calculated for this purpose (PSA—pulse
shape analysis for Wallac and PDD—pulse decay discrimination for
Packard) are based on the calculation of the signal amplitude at two
times in the decay profile. Slower pulses correspond to alpha disin-
tegration, whereas faster pulses have their origin in beta emissions.
In spite of the fact that the value of the parameter that separates
alpha and beta pulses is energy-dependent, the instruments only
allow one to choose a fixed value that must be determined for each
set of experimental conditions.

Pulse shape discrimination in liquid scintillation using commer-
cial detectors is a well-established procedure applied to different
types of samples, natural waters among them, in routine deter-
minations [11,12]. Other approaches to the quantification of
radionuclides in an aqueous matrix are based on deconvolution
studies [13].

However, the use of liquid scintillation has an important draw-
back; it generates mixed waste. Mixed waste is defined as waste
with radioactive and hazardous properties [14]. In some countries,
there are special regulations forits disposal [ 15]. Plastic scintillation
has been shown to be a good alternative to LS because it avoids this
problem; the water sample and the scintillator microspheres can be
segregated by filtration after the measurement [16,17]. The objec-
tive of this study was to evaluate the capability of PS to discriminate
alpha and beta particles by pulse shape discrimination using com-
mercial detectors and to establish a new analytical procedure for
its application to water analysis.

2. Experimental
2.1. Reagents and solutions

All reagents used were of analytical grade. Deionised water was
used to prepare the calibration and test solutions. A 3H active stock
solution of 43109.77 +280.21dpmg~! (prepared from a standard
0f224.70 + 1.46 kdpm g~ in water, from Amersham International)
was used to prepare the calibration solutions. A 90Sr/?0Y active
stock solution of 1285.75+4.82dpmg-! (prepared from a stan-
dard of 244.26+0.92kdpmg~! in a water solution of strontium,
100 wgg~!, and yttrium, 100 wg g1, in 0.1 M HCl, from Amersham
International) was used to prepare the calibration solutions. A
241 Am active stock solution of 573.8 + 5.74dpm g~ (prepared from
a standard of 55.44 + 0.55 Mdpm g~! in a 0.5 M HCl water solution,
from Amersham International) was used to prepare the calibra-
tion solutions. The colour-quenching agent was bromocresol green
(0.1gL ).

Solid plastic scintillator microspheres of polystyrene were sup-
plied by Detec-Rad (UPS-89). The diameter of the microspheres was
between 180 and 250 pm. For the LS measurements, the cocktail
was OptiPhase HiSafe 3 (from Wallac PerkinElmer). The solutions
were contained in 6 mL polyethylene vials (from Packard Instru-
ments Co.). The spiked samples analysed by PS were prepared by
adding a small volume of acid (to avoid absorption) and a known
amount of active stock solution to a river water sample (from the
Gurb River, Spain).

2.2. Apparatus

A Beckman J2-HS was used to centrifuge the PS vials. A P-Selecta
ultrasonic bath was used to apply ultrasound to the PS vials. A
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Quantulus liquid scintillation spectrometer (EG&G Wallac) with
logarithmic amplification, a multichannel analyser (MCA) (4096
channels distributed in four segments of 1024), alpha/beta discrim-
ination and background reduction by active guard was used.

2.3. Procedure

2.3.1. Measurement solution preparation

2.3.1.1. LS solutions. Three standard solutions were used to eval-
uate the PSA capability in LS. These solutions were prepared by
adding 2.8 mL of the corresponding counting solution and 4.2 mL
of the LS cocktail to a 6 mL polyethylene vial. The counting solu-
tions were prepared by diluting a known amount of active stock
solution in deionised water. The activity in the final measurement
vial was 38, 941 and 42 dpm for 99Sr/90Y, 3H and 24! Am, respec-
tively. A blank was prepared for each standard solution by adding
carrier solution to the vial instead of the active standard solution.
All the solutions were prepared by weight.

2.3.1.2. PS solutions. The measurement vials were prepared by
adding 3 g of the PS microspheres and 1.25 mL of the corresponding
counting solution to a 6 mL polyethylene vial. After preparation, the
vials were shaken with ultrasound for 2 min and then centrifuged
for 10 min at 5000 rpm [18]. The counting solutions were prepared
by diluting a known amount of active stock solution in deionised
water. Variable amounts of HCl and bromocresol green (0.1gL1)
were also added to obtain solutions with variable concentrations
of acid and colour quenching agent.

Three sets of 6 solutions were prepared to study the behaviour of
PSA for different radionuclides at different levels of colour quench-
ing (bromocresol green: 0, 1 x 102, 2 x 1072, 3x 1072, 4 x 102
and 6 x 1072 gL~1) and 0.1 M of HCI to avoid absorption phenom-
ena onto the plastic surfaces. Each set was prepared with a single
radionuclide: 99Sr/90Y, 3H or 24! Am with an activity of 250, 21,000
or 150 dpm, respectively, in the measurement vial. An additional
241Am set with an activity of 14dpm in the measurement vial
and different HCI concentrations (0.01, 0.05, 0.1 and 0.5 M) was
prepared to evaluate the absorption of the americium in the PS
microspheres.

A blank was prepared for each standard solution by adding car-
rier solution instead of the active standard solution. Two sets of
spiked river water samples containing different radionuclide pairs
(90Sr/20Y-241Am and 3H-241Am) were prepared in triplicate. The
radionuclide pairs had different proportions in terms of count rate
(1:1,1:2,2:1,1:4 and 4:1). The activity levels that yielded the same
count rate for each radionuclide were 5 dpm for 20Sr/?0Y, 1100 dpm
for 3H and 16 dpm for 24'Am. Unspiked water samples containing
only the acid were prepared in quintuplicate and used as blanks.
All the solutions were prepared by weight.

2.3.2. Cleaning procedure

The plastic scintillator microspheres were reused during the
experiment by applying a specific cleaning procedure that con-
sisted of shaking the plastic scintillator microspheres in a 0.1 M
solution of citric acid (pH 3) (1.2 g: 100 mL) for 24 h, followed by
filtering and drying the microspheres at 40°C [19].

2.3.3. Measurement conditions

Alow coincident bias and PSA multichannel analyser configura-
tion were used. The counting time was 60 min for the LS solutions,
30 min for the PS solutions and 5 successive periods of 1h for the
river water samples and the acid variation solutions. The spectrum
produced by the external standard was obtained by measuring for
1 min for each period, except for the river water samples and the
acid variation solutions that were measured for 2 min. In all cases,
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the measurement vials were stored in the dark for 2 h before count-
ing. All of the vials were measured at the PSA values of 1, 15, 30, 45,
60, 70, 80, 90, 95, 100, 107, 115, 123, 130, 140, 150 and 200.

2.4. Data treatment

Two spectra were obtained for each measurement as a conse-
quence of the signal discrimination process, based on the PSA value
established in each case. The beta spectrum corresponds to the sig-
nal registered in the first half of the first multichannel analyser, and
the alpha spectrum, to the signal registered in the second half of the
first multichannel analyser.

The spectrum acquired for each measurement was smoothed
using a Savitzky-Golay algorithm (average window of 10 points for
each size) [20]. The net spectrum was obtained by subtracting the
equivalent blank solution. The detection efficiency spectrum was
calculated as the ratio between the net counts in every channel
and the activity added to the counting vial. The detection efficiency
was calculated as the integration of the channels in the detection
efficiency spectrum at the selected range.

The optimum window (OW) was established using the
unquenched calibration solution. It corresponds to the range of
the spectrum with the best figure of merit (FM=E2/B, where E is
the efficiency and B is the background). The misclassification error
was calculated as the percentage ratio between the misclassified
signals and the total cpm registered (cpm in the alpha part of the
MCA +cpmregistered in the beta part of the MCA). The SQP(E) (stan-
dard external quenching parameter) was calculated by the detector.
It corresponds to the end-point channel that limits 99.75% of the
total counts from the spectrum generated by the external gamma
source (1°2Eu). The detection limit was established theoretically
using the following equations [21]:

Lp =2.71 +4.65./ug, (1)
Lp
ACtD_Effoxt’ )

where Lp is the detection limit (counts), up is the counts of the
blank, V is the volume of solution added to the vial (L), t is the
counting time (s), Eff is the efficiency of the standard solution with
no salt or colour quenching and Actp is the minimum detectable
activity (BqL1).

2.4.1. Calibration procedure

A calibration procedure was established for each radionuclide
mixture (90Sr/%0Y-241Am and 3H-241Am). The calibration proce-
dure was based on the use of two integration windows (one from
the alpha part of the MCA and the other from the beta part of the
MCA) at the same PSA value. The selection of the PSA value and
the integration window in the alpha part of the MCA for the alpha
emitter was made by searching the OW (limited to the zone of the
spectrum without beta signals), with the lowest detection limit as
defined in Eqs. (1) and (2).

Once the value of the PSA and the integration window in the
alpha spectrum was set, the integration window in the beta part of
the MCA corresponded to the OW for the beta emitter. The presence
of alpha counts was not taken into account because they were sub-
tracted. The detection efficiencies of the alpha particle in the alpha
(aEffy) and beta (aEffg) windows and the efficiency of the beta par-
ticle in the beta window ( BEffg) were calibrated as a function of the
SQP(E) parameter. Finally, the activity of the alpha emitter in the
samples measured at the fixed PSA (dpm) was calculated as

Acty = o (3)

and the activity of the beta emitter (dpm) was calculated as

cpmg — Acty x aEffg
BEffg ’

where cpmy,, is the net count rates of the alpha part of the spectra in
the selected window, cpmy is the net count rates of the beta part of
the spectra in the selected window and the efficiencies were calcu-
lated by interpolating the SQP(E) value in their calibration functions
[7].

ACtﬁ = (4)

2.5. Safety considerations

All the experimental procedures were performed in accordance
with the regulations of the Spanish Nuclear Authorities (Consejo de
Seguridad Nuclear) and the University of Barcelona.

3. Results and discussion

In order to establish the capability of PS to quantify mixtures
of alpha and beta emitters using pulse shape analysis (PSA) dis-
crimination in commercial detectors, the results obtained using
PS were first compared to those obtained by LS. Then, the influ-
ence of the matrix in the discrimination capabilities of PS was
evaluated (colour quenching and the acidic concentration). Finally,
two calibration protocols were developed to quantify the different
alpha/beta couples: a weak beta emitter with an alpha emitter and
a high-energy beta emitter with an alpha emitter. Both protocols
were tested by measuring spiked river water samples.

3.1. Plastic scintillation vs. liquid scintillation

The comparison of both techniques was performed by measur-
ing a low-energy beta emitter (3H), a high-energy beta emitter
(90Sr/90Y) and an alpha emitter (24'Am) at different values of the
PSA discrimination parameter.

3.1.1. Beta emitters

The detection efficiency values obtained for both emitters in
liquid scintillation were 25.5% for 3H and 198.6% for 99Sr/90Y,
whereas in plastic scintillation, the values were slightly lower for
905r/90Y (178.2%) and very different for 3H (0.64%). This difference
in behaviour is related to the different distances that the particles
have to move through the medium in liquid (lower) and in plastic
scintillation (higher). The longer the distance travelled, the higher
the energy loss. This loss is more important for lower beta emitter
energy levels.

Comparing the misclassification (alpha error) as a function of
the PSA parameter for both techniques LS and PS (Fig. 1), it can
be observed that for the same PSA and for both beta emitters, the
alpha errors obtained by PS were lower than those obtained by LS.
Considering the energy of the particle, at the same PSA value, the
alpha errors obtained for 99Sr/0Y were always higher than those
of 3H. Thus, higher energies and LS produced more triplet states,
which led to a relative increase in the number of slow pulses.s

The spectra obtained in LS and PS for 3H and 29Sr/?0Y were very
similar. The lowest portion of the spectra was always classified as
a beta emission. Thus, when the PSA value was increased, the dis-
integrations of low energies moved from the alpha MCA spectra to
the beta MCA spectra. This is why the alpha errors for 3H were close
to zero at PSA 50 and why for 29Sr/0Y, PSA values higher than 100
were needed to get the errors close to 0%.

3.1.2. Alpha emitters
The detection efficiency values obtained for 241 Am using both
scintillation techniques were different: almost all the particles
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Fig. 1. Misclassification error as a function of the PSA value for (a) LS and (b) PS.

Fig. 2. Efficiency spectra of 24! Am in LS for the (a) beta and (b) alpha parts at different PSA values.

were detected by LS, 100.2%, whereas in PS, the efficiency was
56.5%. Asin the case of the beta emitters, this result can be explained
by the higher distance covered by the particles in PS compared with
LS.

The differences between liquid and plastic scintillation tech-
niques can also be observed in the variation of the misclassification
of the alpha events (beta error) with respect to the PSA parameter
(Fig. 1). As was expected, the beta error increased with increases
in the PSA parameter. In LS, a correct classification, a beta error
close to 0%, was obtained for PSA values lower than 100; for higher
values, the error increased exponentially, leading to a 80% misclas-
sification at a PSA value of 200. However, in PS, the beta error was
higher. Even at the lowest PSA value, the beta error obtained was
around 20%. When the PSA value was increased, the error increases
linearly, leading to a complete misclassification at PSA values above
100.In PS, it seemed that some alpha emissions were not capable of
producing enough triplet states when they reached the scintillator,
and therefore, they were classified as beta particles.

The efficiency spectra obtained for LS and PS in the measure-
ment of the alpha emitters are shown in Figs. 2 and 3, respectively.
The differences between the techniques were important. In alpha
detection by LS, the spectrum (PSA 1 in Fig. 2b) was a sharp band
located at high energies, which corresponds to the fact that alpha
particles are monoenergetic and transfer almost all their energy to
the scintillator. The width of the peak was due to the small and vari-
able part of the energy lost in interactions with the non-scintillation
media and to the variability associated with photon production
and detection processes. In PS, the spectrum obtained for the alpha
emitter (PSA 200 in Fig. 3a) includes two parts: a broad peak located
at high energies in the same energy region as the peak observed by
LS and another broad band that covers the low energy range from
channels 1 to 400. In LS (Fig. 2), at low PSA values, all the signals
were registered in the alpha part of the MCA. When the PSA value
increased, only the low energy disintegrations were misclassified
at the beta MCA. This trend was also observed in PS, with the only
difference being that in PS, there was always a signal detected at

Fig. 3. Efficiency spectra of 24! Am in PS for the (a) beta and (b) alpha parts at different PSA values.
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Fig. 4. Misclassification error as a function of the PSA value at different concentrations of bromocresol green for (a) 3H, (b) °Sr/°Y and (c) 24' Am.

low energies, whatever the PSA value was. Thus, at low PSA values,
the less energetic signals were registered in the beta MCA and the
higher energetic particles were registered in the alpha MCA. This
is why the error was around 20% in PS, even at a PSA value of 1. In
LS, the alpha signal is close to be monoenergetic, which makes the
discrimination between alpha and beta particles easier. In contrast,
in PS, two behaviour patterns were observed. One corresponded to
the low energetic signals (channels 1-600); these particles behaved
and were classified as electrons. The other corresponded to the high
energetic signals (channels 600-800); these particles behaved and
were classified as alpha particles.

3.1.3. Comparison of the discrimination capabilities

For the above results, the discrimination capabilities of LS and
PS techniques were quite different (Fig. 1). In LS, a good discrimina-
tion could be achieved by selecting a compromise PSA value located
around 120. Choosing this value and taking into account the entire
spectrum, the relative errors in the classification of the signals gen-
erated by 90Sr/°0Y and 241Am were around 15%. In the case of a
low-energy beta emitter, 3H, the discrimination was complete at
PSA values from 50 to 90 because of the best performance of the
low-energy beta particles.

In PS, the situation was different because of the high dis-
crimination errors of the alpha particles. In addition, the PSA for
discrimination occurred at lower values in PS than in LS. For the
mixtures 20Sr/90Y-241 Am and 3H-241Am, the best compromise PSA
value for alpha/beta discrimination was around 50, but even at
this value, misclassification errors (close to 40% for 20Sr/?0Y and
241Am and close to 0% for 3H) make application of this procedure
to activities quantification unlikely.

3.2. Effect of sample composition variation on PS discrimination
capability

It is well known that one of the sources of variation in scintil-
lation measurements is the sample composition. The presence of
matrix compounds can produce changes in the energy transfer in
the different stages of the scintillation detection process and, as
consequence, a variation in the detection efficiency and the capa-
bility to discriminate between particles. Two important chemical
agents, coloured and acidic compounds, were tested in order to
determine their effect on the discrimination capabilities of PS.

3.2.1. Coloured compounds

The presence of coloured compounds may cause the absorption
of photons produced by the scintillator (colour quenching). To eval-
uate the effect of colour quenching agents in discrimination by PS,
standard solutions of 3H, 99Sr/?0Y and 241 Am with six different lev-
els of bromocresol green were measured at different PSA values.
Fig. 4 shows the variation of the error with the PSA parameter for
each radionuclide as a function of the bromocresol green concen-

tration. The increase in the quenching level implies a shift of the
spectra to lower energies, which produces an improvement in the
discrimination of the beta particles, but a worsening of the alpha
particle classification.

3.2.2. Acid concentration

The addition of acid to standards and samples is a very common
technique for avoiding the absorption of metals on the vial walls.
For this reason, the effect of the concentration of hydrochloric acid
in the measurement and discrimination of an alpha emitter, 241 Am,
by PS was evaluated.

The results show that the detection efficiency was constant for
all the acid concentrations except for the lowest, which was higher
(Table 1). The quenching parameter, SQP(E), remained constant for
the different concentrations, and the variation of efficiency could
be attributed more to absorption of 241 Am atoms into the micro-
spheres than to a quenching effect. This absorption would produce a
reduction in the distance between the scintillator and the radionu-
clide and, therefore, an increase in the detection efficiency. When
the acid concentration increased, the atoms were released to the
solution, and the efficiency became lower and constant despite
further variation of the acid concentration. For these reasons, all
solutions included a small quantity of HCL. The variation of the error
as a function of the PSA parameter was similar for the three solu-
tions with higher acid concentrations, and the errors were slightly
lower (3%) for the sample with the lower acid concentration.

3.3. Sample quantification

A new calibration procedure was proposed to overcome the
drawbacks observed in the alpha/beta discrimination in PS.

3.3.1. Calibration
The calibration of two different alpha/beta emitter mix-
tures was considered: 3H-?41Am (lower-energy beta-alpha) and

Table 1

Mean detection efficiency and SQP(E) values for the different HCl concentrations.
[HCI] (M) Efficiency (%) SQP(E)
0.01 63.8 732.3
0.05 59.7 733.1
0.1 60.3 733.5
0.5 59.1 731.0

Table 2

Selected PSA and windows for the two pairs of radionuclides.

Isotope mixture 21 Am—>H 241 Am-920Sr/0Y
PSA value 60 95

Alpha MCA window 419-725 1-706

Beta MCA window 1-208 392-870
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Table 3

Calibration functions and regression values for both mixtures of isotopes.
241 Am-_3H4 241 Am_90gp/90y
Calibration function R? Calibration function R?
QEffy =—5.72 x 107°x% +3.05 x 10~ 'x — 1.66 x 10? 0.9878 aEffy =—6.03 x 10~4x? +9.46 x 10~ 'x — 3.60 x 10? 0.9875
aEffs=3.31x1074x2 —5.13 x 10~ 1x+2.03 x 10? 0.9022 aEffs=—1.36 x 1073x? +2.01x — 7.14 x 10? 0.9250
BEffg=—2.56 x 10-5x? +4.23 x 10~2x — 1.66 x 10! 0.9893 BEffg=4.27 x 10~4x? = 1.30 x 10~ 'x+1.24 x 10! 0.9002

Table 4

Quantification errors of the river water samples containing different proportions of the 3H-?4! Am mixture.

Signal proportion Activity 2'Am (dpm) Activity *H (dpm) Activity error 24 Am (%) Activity error 3H (%)
1:1 15 1120 09 +75 —45 + 3.2
1:2 29 1110 —-03+24 22 +08
2:1 15 2219 -15+1.7 59+ 04
1:4 60 1108 43 +28 21 +3.0
4:1 15 4410 3.6 +.33 1.5+ 15

Table 5

Quantification errors of the river water samples containing different proportions of the %Sr/°°Y-24' Am mixture.

Signal proportion Activity 2'Am (dpm)

Activity 2°Sr/?Y (dpm)

Activity error 241 Am (%) Activity error 2Sr/%0Y (%)

1:1 15 52
M2, 29 5.0
2:1 15 10.0
1:4 60 5.0
4:1 15 19.9

—6.9 + 10.6 74 +£70

-23+56 58 +£6.3

-3.0 £ 6.7 1.6 £33
05+74 35+£152
&1 2553 20+1.6

905r/90y_241Am (high-energy beta-alpha). The selected PSA val-
ues and windows for both mixtures are shown in Table 2. Three
calibration curves were built for each mixture, two for the alpha
emitters (one in each MCA) and one for the beta emitters (in the beta
MCA). The calibration curves were built by correlating the detection
efficiency of the alpha or beta radionuclide with the SQP(E) param-
eter for a set of standards with a variable level of colour-quenching
agent (Table 3).

3.3.2. Quantification of samples

The proposed calibration procedure was applied to the quantifi-
cation of several river water samples spiked with different activity
proportions of alpha and beta emitters. The activity levels were
established in order to obtain signal proportions for the beta and
the alpha emitters that ranged from 1:1 to 4:1. The samples were
measured in triplicate.

Quantification of the samples activity was done by calculating
the activity of the alpha emitter from the count rate registered in
the alpha MCA Eq. (3), and then the activity of the beta emitter was
calculated from the count rate of the beta MCA after subtracting
the count rate contribution from the misclassified alpha particles
Eq. (4).

The results obtained are shown in Tables 4 and 5. In the case of
the 3H-241 Am mixture, the quantification errors were always lower
than 5%, and the associated uncertainty was around the same value
in most cases. For the 90Sr/20Y-241Am mixture, the errors in the
quantification of both isotopes were of the same order and always
lower than 7%, with the uncertainties around the same values in
most cases. These results demonstrate that mixtures of alpha and
beta isotopes at the activity levels evaluated can be quantified by
using PS and pulse shape discrimination in commercial scintillation
detectors.

4. Conclusions
Comparing the capability of PS and LS in terms of the quantifi-

cation and discrimination of mixtures of alpha and beta emitters,
it is possible to conclude the following:
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- The analysis of beta emitters by PS showed a lower detection effi-
ciency, a shift of the spectra to lower energies and a better pulse
discrimination.

- The analysis of alpha emitters by PS also showed alower detection
efficiency and a worse pulse discrimination.

- Inboth cases, beta and alpha emitters, the discrimination capabil-
ity was related to the energy of the particles when they reached
the scintillator. This energy was always relatively higher in LS
than in PS.

- The decrease of energy probably produced a reduction in the
number of triplet states generated and, as a consequence, a better
pulse shape discrimination of beta particles and a worse discrim-
ination of alpha particles. Thus, in PS, there was no value of the
PSA parameter that avoided the misclassification of some of the
alpha disintegration.

The colour quenching in PS produced a better discrimination of
beta particles and a worse discrimination of alpha emissions. Sam-
ples should be measured in acidic media to avoid the absorption
of the radionuclides into the plastic microspheres. A new protocol
for the quantification and discrimination of alpha and beta emitter
mixtures using PS has been proposed and applied to spiked river
water. The quantification of different samples using this protocol
showed that the relative errors for the beta radionuclides of high
and low energy and the alpha emitters were always lower than 7%.
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Abstract

This article reports the capability of plastic scintillation (PS) combined with multivariate
calibration (Partial least squares; PLS) to detect and quantify alpha and beta emittersin
mixtures.

While severa attempts have been made with this purpose in mind using liquid scintillation
(LS) no attempt was done using PS that has the great advantage of not producing mixed
waste after the measurements are performed.

Following this objective, ternary mixtures of alpha and beta emitters (***Am, *'Csand
%5r/%Y) have been quantified. Procedure optimisation has evaluated the use of the net
spectra or the sample spectra, the inclusion of different spectra obtained at different values
of the Pulse Shape Analysis parameter and the application of the PLS1 or PLS2
algorithms.

The conclusions show that the use of PS+PL S2 applied to the sample spectra, without the

use of any pulse shape discrimination, allows quantification of the activities with relative
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errors less than 10% in most of the cases. This procedure not only allows quantification of
mixtures but also reduces measurement time (no blanks are required) and the application of

this procedure does not require detectors that including the pulse shape analysis parameter.

Keywords: Plastic scintillation; Chemometrics; Mixture quantification; Pulse shape

anaysis; Mixed waste; °Sr/®Y; ¥'Cs; **Am;

1. Introduction

The need for information about the levels of radioactivity in various compartments and
samplesisincreasing in modern society.

Radioactivity measurement procedures are well established and, depending on the
radionuclides analysed, require chemical treatment prior to analysis (United States
Environmental Protection Agency et al., 2004). This separation step is mandatory when
using semiconductors or scintillation to detect alpha or beta emitters, respectively, dueto

the lack of resolution of these measurement techniques (L’ Annunziata, 2003).

The most common scintillation technique used to detection of beta emittersisliquid
scintillation (LS), which iswell established but produces mixed wastes (hazardous and
radioactive materials (EPA, 2001)) that require specia regulations in their disposal (EPA,
2006). Plastic scintillation (PS) overcomes this limitation because it is possible to separate
the sampl e solution from the PS microspheres after measurement by simple filtration
(Tarancon et al., 2002). PS capabilities are quite similar to LS except for alower detection
efficiency, especialy for low energy beta emitters (*H) (Tarancon et al., 2004), and their

capacity to discriminate between apha and beta emissions (that is well established
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procedure for LS and under study for PS) (Bagén et al., 2010; Forte et al., 2007; Mellado et

al., 2005; Pates et d., 1998).

Discrimination between alpha and beta particles is based on the different pul se shape
profile versus time of the signal produced by each emission. By selecting an appropriate
pulse duration threshold, it is possible to generate two spectra for each measurement: one
including the beta disintegration and the other the alpha emissions. This procedureis
implemented in some commercia detectors by using the Pulse Shape Analysis parameter

(PSA) to define the discrimination time for each sample matrix.

Some attempts have been made to improve the spectral resolution of mixtures and reduce
chemical treatment. In LS, these attempts are based on either classical approaches
(integration of a series of spectraranges, where spectra are or are not partially overlapped
and resolve the activities of each component by an equations system) or on chemometrics
techniques, such as partial least squares (PLS). In PS, only the classical approach has been
applied to improve the spectral resolution (Altzitzoglou, 2008; Bagan et al., 2008; Hong et

a., 2001; Khayatzadeh Mahani et a., 2008; Tarancon et al., 2007).

The objective of this study is to evaluate the capability of Plastic Scintillation and
multivariate calibration (PS+PLS) to quantify the activities of mixtures of radionuclides,

including apha and beta emitters.

To achieve this objective, several ternary mixtures with different activity ratios, including
90 90 137 241
SIPYY, “'Csand ““Am, were prepared and measured at several PSA values. PLS models

were then built up using net and sample spectra.
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2. Experimental

2.1 Reagents and solutions

All reagents used were of anaytical grade. Deionised water was used to prepare the
calibration and test solutions.

A PS/®Y active stock solution of 1285.75 + 4.82 dpm/g (prepared from a standard of
244.26 = 0.92 Kdpm/g in a water solution of strontium (100 ug/g) and yttrium (100 ug/g)
in 0.1 M HCI, from Amersham International) was used to prepare the calibration solutions.

A ¥'Cs active stock solution of 4534 + 34.01 dpm/g (prepared from a standard of 50.88 +
0.38 Mdpm/g in a water solution of CsCl (100 pg/g) in 0.1 M HCI, from Amersham
International) was used to prepare the calibration solutions.

A *Am active stock solution of 11130 + 111.30 dpm/g (prepared from a standard of 55.44
+ 0.55 Mdpm/g in a0.5 M HCI water solution, from Amersham International) was used to
prepare the calibration solutions.

Detec-Rad supplied the solid plastic scintillator microspheres of polystyrene (UPS-89).
The diameter of the microspheres ranged from 180 to 250 um. The solutions were

contained in 6 ml polyethylene vials (from Packard Instruments Co.).

2.2 Apparatus

A Beckman J2-HS was used to centrifuge the PS vials.

A P-Selecta ultrasonic bath was used to apply ultrasound to the PS vials.
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A Quantulus liquid scintillation spectrometer (EG&G Wallac) with logarithmic
amplification, a multichannel analyser (MCA) (4096 channels distributed in four segments
of 1024), and alpha/beta discrimination and background reduction by active guard was

used.

2.3 Procedure

2.3.1 Measurement solution preparation

The measurement vials were prepared by adding 3 g of the PS microspheres and 1.25 ml of
the corresponding counting solution to a 6 ml polyethylene vial. After preparation, the
vials were shaken by ultrasound for 2 min and then centrifuged for 10 min at 5000 rpm

(Bagan et al., 2009).

The counting solutions were prepared by diluting a known amount of the active stock
solution (*Sr/*®Y, 2*Cs and **Am) and the carrier solution in deionised water to obtain a

constant medium.
A calibration set of 29 standards obtained by the combination of three activity levels (0, 50
and 100 dpm in the measurement vial) for the 3 radioisotopes and 3 additional standards of

10 dpm of asingle isotope were prepared (Table 1).

A blank was prepared in triplicate by adding carrier solution instead of the active standard

solution.
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Three prediction sets were prepared as follows: a first set of six samples with single
Isotopes with activities ranging between 25 and 75 dpm for each radioisotope, a second set
of nine binary samples with pair activities around 50:25; 25:50 and 75:75 dpm, and a final
set of eight ternary samples were prepared by combining activities between 25 and 75 dpm

in the measurement vial (Table 1).

All solutions were prepared by weight.

2.3.2 Cleaning procedure

The plastic scintillator microspheres were reused between experiments after cleaning them

by shaking in a 0.1 M solution of citric acid (pH 3) for 24 hours, followed by filtering and

drying at 40°C (Tarancon et al., 2003).

2.3.3 Measurement conditions

Low coincident bias and PSA multichannel analyser configuration was used. The counting

time was 1 period of 1 h, except for samples of 10 dpm that were measured by 3 periods of

1 h. Inal cases, the measurement vials were stored in the dark for 2 h before counting.

All of the vials were measured at the PSA values of 1, 25, 44, 70 and 150.
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2.4 Data treatment

The spectrum acquired for each measurement was smoothed using a Savitzky—Golay
agorithm (average window of 10 points for each side) (Savitzky and Golay, 1964). The net

spectrum was obtained by subtracting the spectrum of the equivalent blank solution.

The spectra obtained without applying PSA were calculated as the average spectrum of the

five PSA spectra obtained after summing the two MCA parts (alpha and beta).

The cumulative relative error (CRE) was calculated as:

100x Zi(Ai'Ai)z
CRE=100 [=5 s

where A; is the activity added to the vial and A, is the activity predicted by the model for

each radioisotope (A; is considered 0 when the activity predicted is negative).

The PLS model was applied using the MATLAB function of the same name (PLS_toolbox

version 3.5) using the SIMPLS algorithm (Wise et al., 2005).
All models were calculated using the PLS2 algorithm (all activities were calibrated at the

same time) except in the specific case that PLS1 (the activities were calibrated one by one)

was applied to the net count rate spectra.
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2.5 Safety considerations

All experimental procedures were performed in accordance with the regulations of the
Spanish Nuclear Authorities (Consejo de Seguridad Nuclear) and the University of

Barcelona

3. Results and discussion

To establish the capability of PS+PL S to quantify the activities of the different
radioisotopes included in a sample, ternary mixtures were analysed. The PLS model
obtained in the calibration step was applied to the quantification of a sample prediction set.
The results achieved were then evaluated in terms of the quantification capabilities, and the
influence of different pre-treatments, the calibration algorithm and the conditions of

spectra acquisition were also discussed.

3.1 PLS model

The ternary mixtures selected for this study include two beta emitters (*Sr/®Y, high
energy; **’Cs, medium energy) and one alpha emitter (***Am). These isotopes were
selected as representatives of what is usually measured with commercial detectors, and
also for their overlapping spectra obtained by PS (Figure 1). The net count rate spectra
were used as starting points to build up the calibration model, asit is common on the

classical calibration procedures used in LS and PS.
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3.1.1 Cdlibration

The calibration set, described in Table 1, includes unitary, binary and ternary solutions.

The PLS2 algorithm was applied to model the calibration set.

The cumulated variance described by the model was show in Table 2; the first 3 principal
components (PCs) describe 99.5% of the spectra variance, whereas PC4 has no
contribution to the spectra but shows an appreciable importance in activity variance. Thus,
four principal components were selected to build up the model, which isin agreement with

the potential sources of variation (the three radionuclides and the background).

Figure 2 shows the loadings (left) as a function of spectrum channels and the scores (right)
as afunction of the standard solutions (Table 1) for the four principal components.

PC1 loadings describe an average spectrum of the three isotopes. This component has the
greatest variance contribution, and describes the increases of the activity when the count
rate of the spectrum also increases. This behaviour correlates with the scores that increase
when the activity of any of the three isotopes rises.

PC2 discriminates between the strontium/yttrium and caesium activities, and its loadings
distribution applies positive contribution to the caesium spectrum zone and negative
contribution to the yttrium peak area, subtracting in this way the contribution of
strontium/yttrium. Americium remains constant because half spectrum has negative and
half positive contribution of the loading. This result correlates with the scores behaviour
that increases with the caesium activity, decreases with the strontium/yttrium and is

practically constant with the americium content.
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PC3 discriminates between caesium and americium. The loadings distribution assigns
positive contribution to the two parts of americium spectra, subtracts the caesium range
and remains constant for strontium/yttrium that shows positive and negative parts. In this
case, scores increase with the americium activity, decrease with the caesium activity and
change dlightly with the strontium/yttrium content.

PC4 shows low contribution to spectra variance and only influences the activity
determination. For thisreason, it is difficult to assign an interpretation of the loadingsin

relation to the spectra.

Figure 3 shows the two-dimensional representation of the scores. The representation of
PC1 and PC2 scores (Figure 3a) shows the grouping of the calibration set standards of
strontium/yttrium and caesium with respect to their activity levels. This grouping correlates
with the behaviour observed in the loadings that shows that PC2 discriminates between the
contributions of these two isotopesin the global spectraof PCL. In Figure 3b, the plot of
PC1 and PC3 shows that the scores of americium can be grouped according to their

activity levels. This behaviour is also found in the PC3 loadings that discriminate the

contribution of americium in the global spectra of PC1.

3.1.2 Sample quantification

The PLS model was evaluated by application to a prediction set, including unitary, binary

and ternary samples with activity values distributed in the range covered by the calibration

Set.
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Table 3 shows the relative errors of the sample quantification when the net spectra and
PL S2 agorithm was applied. The relative errors for the whole set of samples were lower
than 10% in most of the cases and were lower than 5% in a considerable number of

predictions.

Statistically, there were no differences in the quantification capabilities of the three
radioisotopes or in the unitary, binary and ternary samples. However, the higher errors
were found in the **'Cs samples, probably due to the total spectra overlap by the other two
isotopes. Moreover, ternary samples showed errors slightly higher than the binary and

unitary samples, especially on those samples with higher activity differences (sample t2).

According to these results, it is possible to quantify the activities of aphaand beta emitters
in ternary mixtures using PS and PLS2 with relative errors lower than 10% without

extreme differences in the activities.

3.2 Models comparison

After the PS + PLS2 approach to quantify mixtures was evaluated, the influence of the
spectra pre-treatment and the PL S modelling options were studied. Finally, the possibility
of applying PLS to the different spectra acquired at several PSA values was al so evaluated.
Four PCs were selected to build up the model, except for strontium/yttrium and caesium in

net count rate spectra— PL S1 that three PC were selected.
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3.2.1 Pre-treatment

Blank measurement is an important part of the total measurement time in scintillation
determinations. In this case, the use of sample spectra and the modellisation of the blank
variation instead of the use of net spectrain the calibration process were studied using the
PLS2 agorithm (sample spectra— PL S2). Results obtained were compared to those
achieved using net spectra— PLS2.

Figure 4 shows the CRE of all of the samples. The most important differences were for
unitary samples, in which the relative errors were higher for half of the sasmples and lower
for the other half. For the binary samples, values were more similar (slightly worse for the
sample spectramodel) and, especially for ternary samples, relative errors were equivalent.
According to these results, the modellisation of the blank can be used as an alternative to
reduce the counting time on the quantification of mixtures using PLS2 with dightly worse

results for unitary solutions.

3.2.2 Algorithm: PLS2 vs. PLSL.

A common way to improve the predictions of a PLS model isto use the PLS1 algorithm,
which models the activities of the radionuclides one by one (univariate calibration) instead
of PLS2, which models al the activities at the same time (multivariate calibration). Figure
4 shows that results obtained for both algorithms applied to the net count rate spectra are
very similar. Again, the most important difference corresponds to the unitary samples,
which were dightly better quantified using net count rate spectra— PLS1. Thus, both
algorithms can be applied for quantification of mixtures, but PLS1 will yield dlightly better

results when the amount of unitary samples isimportant.
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3.2.3 Previous separation by PSA

PSA is a parameter that isincluded in some commercial detectors to allow discrimination
of alpha and beta radionuclides as a function of the signal decay profile versus time. The
studied mixtures contain alpha and beta emitters; thus, it is interesting to test if the use of
the spectra obtained at different PSA values could improve the prediction capability of the
PLS2 model. Five values of PSA were selected: PSA 1 (all emission, alpha or beta, are
classified in the alpha spectra), PSA 150 (al emission are classified in the beta spectra),
PSA 44 (the misclassification error of apha and beta emissionsis the same) and PSA 25
and 70 (intermediate situation) (Bagan et al., 2010).

For each sample, the five apha and beta net spectra organised in asingle row were used to
build up the model. Results obtained by applying the net spectra— PSA — PLS2 modé to
the prediction set are shown in Figure 4. Vaues achieved are not very different to those of
net spectra— PLS2. Thereisasmall improvement, especially for unitary samples, when
PSA discrimination is used. However, it isinteresting to note that it is possible the mixture
guantification of alpha and beta emitters using commercial detectors that do not include

PSA option.

4. Conclusions.

From the different information obtained in this study, two procedures can be recommended

to quantify activity of different radionuclidesin mixtures by using Plastic Scintillation and

Partial Least Square:
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- PS+ PLSI applied to the net spectra acquired at different PSA values (net spectra— PSA
— PLS1) when unitary samples are expected to be an important part of the set of samples
analysed.

- PS + PLS2 applied to the sample spectra acquired without PSA discrimination (sample

spectra— PLS2) for the other cases.

Both procedures are capable of quantifying the activities of the alpha and beta emitters
included in the mixtures with relative errors, in general, less than 10%. When the second

procedure is applied, measurement time is reduced and the PSA option is not required.
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Table Captions

Table 1: Composition of the calibration and prediction solutions.

Table 2: Cumulated variance of the model for spectra and activities.

Table 3: Relative errors for the different samples. (*) The numbersin brackets are the

activities predicted (cpm) when real activity isO.
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Figure Captions:

Figure 1: Net count rate spectra of *°Sr/°Y, *¥'Cs and **Am with an activity of 100 dpmin

the measurement vial.

Figure 2: Loadings and scores of the four principal components used in the PLS2 model.
Figure 3: Two-dimensional plots of the standard scores of PC1 in front of (a) PC2 and (b)
PC3 with the grouping of activity levels. The arrows show the direction of activity increase
for the three isotopes.

Figure 4: Cumulative relative errors for the unitary, binary and ternary samples for the

different models compared. (e net spectra— PLS2; m sample spectra— PLS2; A net spectra

— PLS1,; ¢ net spectra— PSA —PLS2)
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Table 1
Calibration set Prediction set
Activity (dpminthevial) Activity (dpmin the vial)

Standard %0, /90y 1370 2410 m Sample %0, /%0y 870 2010
1 94.45 97.22 96.27 ul 30.22 0 0
2 93.45 96.25 48.51 u2 56.19 0 0
3 94.32 96.78 0 u3 0 16.12 0
4 94.16 48.84 95.84 u4 0 62.05 0
5 93.79 48.35 48.53 uS 0 0 34.46
6 94.15 48.75 0 ué 0 0 80.20
7 94.56 0 96.62 bl 43.26 28.22 0
8 94.74 0 48.39 b2 19.67 50.66 0
9 92.76 0 0.00 b3 79.99 77.77 0
10 46.99 96.60 95.82 b4 38.96 0 25.61
11 46.86 96.51 48.36 b5 28.43 0 47.00
12 46.93 96.88 0 b6 71.50 0 63.95
13 46.91 48.69 96.01 b7 0 53.02 22.17
14 46.51 48.42 48.27 b8 0 33.34 47.93
15 41.99 43.65 0 b9 0 66.95 64.12
16 46.66 0 96.02 t1 31.18 15.30 16.38
17 47.79 0 48.74 t2 30.09 16.79 66.20
18 46.68 0 0 t3 31.67 80.55 22.10
19 9.45 0 0 t4 14.28 76.44 65.42
20 0 96.18 95.95 t5 74.27 21.57 15.30
21 0 95.75 48.16 t6 74.53 31.92 81.07
22 0 95.26 0 t7 65.99 66.79 18.37
23 0 48.60 96.10 t8 65.49 65.16 75.26
24 0 48.13 48.11
25 0 48.50 0
26 0 9.74 0
27 0 0 96.70
28 0 0 48.29
29 0 0 9.61
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Table2
PC Spectra Activity
This (%) | Tota (%) | This (%) | Tota (%)

1 98.67 98.67 70.63 70.63
2 0.88 99.55 14.48 85.11
3 0.40 99.95 14.37 99.48
4 0.01 99.97 0.32 99.80
5 0.00 99.97 0.06 99.86
6 0.00 99.97 0.05 99.91
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Table 3
Error (%) (*)

Sample QOSr/QOY 137(:S 241Am
ul 0.87 (-1.22) (1.97)
u2 3.87 (-0.06) (2.07)
u3 (0.24) 6.71 (-0.19)
ud (-0.35) -3.97 (-1.60)
u5 (-1.20) (4.75) 11.71
ué (-1.35) (6.02) 3.00
bl 3.96 6.73 (4.19)
b2 -4.39 7.12 (3.67)
b3 -1.86 9.66 (0.55)
b4 4.09 (-0.14) -6.19
b5 1.06 (-0.06) 0.56
b6 1.38 (-0.27) -2.36
b7 (-0.17) -1.52 -6.30
b8 (0.91) 3.55 -5.23
b9 (-0.95) -3.48 1.69
t1 2.67 -7.64 1.97
t2 -2.66 33.42 -0.63
t3 0.04 1.78 10.09
t4 7.76 -7.34 5.19
t5 0.92 -5.53 3.69
t6 -1.57 9.23 -2.49
t7 -2.91 11.29 -9.15
t8 1.28 -1.24 0.47
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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3.2.3. Métodes d’ extraccio sobre un suport d’escintil-lador plastic

3.2.3.1. Radiostrontium separation and measurement in a single step using plastic

scintillators plus selective extractants. Application to agueous sample analysis
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1. Introduction

Chemical separation is a necessary step in most part of radionu-
clide determinations for alpha and beta emitters mainly due to
the lack of limited selectivity of the detection techniques that are
available: liquid scintillation or alpha spectrometers [1-5].

The different types of samples that are analysed, including
water, geological, biological, air, plants, food and others [6] and the
enormous number of analyses that are performed make research
on the optimisation of the separation process an interesting goal.
In spite of the different natures of the analysed samples, all of them
are in aqueous matrices following dissolution, and common proce-
dures are usually applied in subsequent steps of the analysis.

Liquid scintillation (LS) is the most common detection technique
for beta emitters. LS has a high detection efficiency, but it generates
mixed waste that is hazardous and radioactive as a consequence
of the measurement process [7]. This drawback can be mitigated
for the very high energetic beta emitters by using Cerenkov tech-
nique [8,9] and for all radionuclides by using plastic scintillation
(PS). In PS, the solution and scintillator can be segregated easily by
filtering after the analysis [10]. The characteristics of solid plastic
scintillators may provide another advantage in radionuclide deter-
mination if the surface is used as a platform to immobilise selective

* Corresponding author. Tel.: +34 934 021 281; fax: +34 934 021 233.
E-mail address: jfgarcia@ub.edu (J.F. Garcia).

0003-2670/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2010.11.048

extractants [11]. This approach would permit to join separation and
measurement preparation steps. In addition, there is potential to
directly measure the vial with the radionuclide immobilised onto
the plastic microsphere, which could allow the volume of analysed
aqueous solution to be increased and the desired detection limits
to be achieved.

The objective of this study was to establish a procedure for
the determination of radiostrontium in aqueous samples that joins
separation and measurement preparation stages in a single step
using plastic scintillation microspheres and selective extractants.
The study is focused on radiostrontium in aqueous samples because
it is an important isotope in radiological analysis [12]. The proce-
dure proposed herein could be easily extended to the analysis of
other radionuclides by changing the extractant and the separation
conditions.

2. Experimental
2.1. Reagents and solutions

All reagents used were of analytical grade. Deionised water was
used to prepare the calibration and test solutions.

A 905r/90Y active stock solution of 1285.75+4.82dpmg~! was
prepared from a standard of 244.26+0.92kdpmg~' in a water
solution of strontium (100 wgg~') and yttrium (100 wgg=') in
0.1 M HCI (Amersham International). This stock solution was used
to prepare the calibration solutions.
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Table 1
Column conditions for the Sr resin and PS resin.

Solutions Srresin PS resin

Volume (mL) Composition Volume (mL) Composition

Conditioning 10 Th di ¢ 5

Sample/Standard 1 € ;an:je mle um o 10 6 M LiNO3

Rinse 20 standard solution 4x5

Elution 18 0.05M HNO; - -

Detec-Rad supplied the solid plastic scintillator microspheres
made of polystyrene (UPS-89). The diameter of the microspheres
ranged from 180 to 250 wm. For the LS measurements, cock-
tails of OptiPhase HiSafe 3 and Optiphase Supermix from Wallac
PerkinElmer were used. Sr resin columns (SR-C50-A) were sup-
plied by Eichrom Technologies, Inc. The measurement solutions
were contained in 6 and 20 mL polyethylene vials (Packard Instru-
ments Co.). The PS resins were contained in column vials, specially
designed on basis of standard 6 mL polyethylene vial.

Spiked real samples were prepared by adding a known amount
of standard to three types of water samples: commercial mineral
drinking water from Font Vella, sea water in proximity to a nuclear
power plant (NPP) in Spain and river water coming from the Ebro
river in proximity to a NPP in Spain.

2.2. Apparatus

A Beckman J2-HS was used to centrifuge the PS vials, and a P-
Selecta ultrasonic bath was used to apply ultrasonic waves to the
PS vials.

A Quantulus liquid scintillation spectrometer (EG&G Wallac)
with logarithmic amplification, a multichannel analyser (MCA)
(4096 channels distributed in four segments of 1024), and
alpha/beta discrimination and background reduction by active
guard was used.

Secondary electron images were obtained using a Scanning Elec-
tron Microscopy Stereoscan S-360.

2.3. Procedure

2.3.1. Immobilisation procedure

The PS resins were prepared by impregnating the PS micro-
spheres with a 1M solution of 4,4'(5’)-di-t-butylcyclohexano-18-
crown-6 (DtBuCH18C6) in 1-octanol that act as extractant of
strontium, such as describes below. A mass of 20 g of the PS micro-
spheres were mixed with the selected quantity of extractant in
400 mL of methanol. The solution was slurried for 45 min. The
methanol was then evaporated at 40°C and 23 mmHg for 2h.
Finally, the PS resin was filtered with water and rinsed for 2.5h
at 40°C [13]. Four proportions (1:1, 1:3/4, 1:2/4 and 1:1/4) of
PS:extractant were prepared using 10 g of PS and 6.26 g of extrac-
tant as the initial proportion (used in Sr resin columns).

2.3.2. Measurement solution preparation

2.3.2.1. Srresin columns. A set of solutions was prepared to eval-
uate the ability of commercial Sr resin (Eichrom Technologies,
Inc.) to retain strontium. Four standards were prepared in tripli-

cate by diluting a known amount of active stock solution with the
corresponding nitrate salt and nitric acid. The final standard solu-
tions contained 130 dpm mL~! of 90Sr/90Y in different matrices (3 M
NaNO; +0.1 M HNO3, 6 M NaNO5 +0.1 M HNO3, 6 M LiNO5 +0.1 M
HNOs3, 6 M LiNO3). Additionally, a LS standard with 67 dpm in the
measurement vial was prepared for each solution to obtain the
detection efficiency for the 90Sr/%0Y in LS. A blank was prepared
for each solution by adding carrier solution into the vial instead of
active stock solution.

The composition and volume of the solutions passed through
the column were described in Table 1. The measurement vials were
prepared by adding 6 mL of the collected rinse solution and 14 mL
of the LS cocktail to a 20 mL vial; for the 3 M NaNO3; medium, 8 mL
of solution and 12 mL of LS cocktail was added. OptiPhase HiSafe
3 cocktail was used for the sodium salt matrices, and Optiphase
Supermix cocktail was used for the lithium salt matrices.

All of the solutions were prepared by weight.

2.3.2.2. PS solutions. The measurement vials were prepared by
adding 3 g of PS microspheres and 1.25 mL of the corresponding
counting solution to a 6 mL polyethylene vial. After preparation, the
vials were shaken by ultrasounds for 2 min and then centrifuged for
10min at 5000 rpm to improve the efficiency and reproducibility
[14].

A set of six counting solutions was prepared to study the degra-
dation of the PS microspheres by diluting a known amount of active
stock solution and nitric acid in deionised water. Different concen-
trations of nitric acid (0, 0.1, 1, 2, 4 and 6 M) with an activity of
100dpm in the measurement vial were obtained. A blank was pre-
pared for each standard solution by adding carrier solution into the
vial instead of active stock solution.

A second set of three blank counting solutions was prepared
with different matrices (LiNO3 6 M+HNO3 0.1 M, LiNO3 6 M and
HNOj3 0.1 M) to evaluate the chemiluminescence of the medium.

All of the solutions were prepared by weight.

2.3.2.3. PS resin solutions. Standard solutions were prepared by
diluting a known amount of active stock solution and LiNO3 salt
to obtain a concentration of 6 M salt in deionised water (Table 2).
A blank was prepared for each solution by using carrier solution
instead of the active stock solution.

The spiked real sample solutions were prepared in triplicate
by adding LiNOj3 salt up to a concentration of 6 M and 420 pL of
carrier solution to the water sample (spiked with an activity of
1dpmmL-1). A blank was prepared in triplicate for all of the sam-
ples using deionised water instead of the spiked real sample.

All of the solutions were prepared by weight.

Table 2

Different compositions of the prepared PS resin standard solutions.
Standard solutions activity (dpm mL-1) Replicates Carrier added (pL) Volume passed for the column (mL) Use
100 1 - 1 Evaluation of the PS resin proportions
160 3 - 0.5 Evaluation of extraction procedure
50 3 - 10 Calibration of the system
10,1, 0.1,0.0277 3 - 10 Evaluation of the detection limit
0.1,0.0277 3 420 10 Evaluation of the carrier influence
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Fig. 1. Cross section of the column vial. A: top cap, B: perforated round plastic disc,
C: paper filter, D: PS resin, E: paper filter, F: bottom cap, G: pump connector, H: vial
body.

For the separation procedure, 3 g of the PS resin was packed into
the column vial, which is an evolution of the 6 mL scintillation vial
(Fig. 1). The modifications to the vial bottom include several holes
to permit the pass-through of solution, a paper filter to prevent
loss of the PS resin and a screw to permit the connection of the vial
to a pump or closing of the vial using a cap. The last modification
prevents the loss of solution and allows the vial to be placed directly
into the detector. A second filter and a perforated round plastic disc
placed on top of the PS resin compresses the resin and confines it
to the vial.

The column vial was connected to the pump, and the differ-
ent solutions were passed through it (Table 1). For every solution,
the pump was stopped for 5 min when all of the solution volume
had been added to the vial. The pumping was then continued until
5min after vial was emptied of the solution to ensure that all of
the solution had been removed. In the last rinse, the pump was
stopped before all of the solution volume passed through the first
filter to maintain a constant medium inside of the vial. At that point
in the procedure, the column vial was disconnected from the pump,
closed with the two caps and then directly measured.

The sample and rinse solution passed through the column was
collected, and a volume of 6 mL was mixed with 14 mL of OptiPhase
SuperMix cocktail for analysis.

2.3.3. Measurement conditions
Low coincident bias and a high-energy multichannel analyser
configuration were used for measurements. The counting time was

9 periods of 20 min for the LS solutions, 15 periods of 20 min for
the PS solutions and PS resin except for the degradation set that
was measured in 3 periods of 20 min at different times over 16
days. The vials with strontium separation were measured again in
9 periods of 20 min after 28 days when the equilibrium of 20Sr/%0Y
was reached. The spectrum produced by the external standard was
obtained by measuring for 205 for each period. The measurement
vials were stored in the dark for 2 h before counting, except for
the PS resins that were directly measured following the strontium
separation and the first counting hour was discarded.

2.4. Data treatment

The spectrum acquired for each measurement was smoothed
using a Savitzky-Golay algorithm with an average window of
10 points for each side [15]. The net spectrum was obtained by
subtracting the spectrum of the equivalent blank solution. The
detection efficiency spectrum was calculated as the ratio between
the net counts in every channel and the activity added to the count-
ing vial. The detection efficiency was calculated as the integration
of the channels in the detection efficiency spectrum at the selected
range.

The optimum window (OW) was established using the standard
calibration solution. It corresponds to the range of the spectrum
with the best figure of merit (FM =E2/B, where E is the efficiency
and B is the background).

The Standard External Quenching Parameter (SQP(E)) was cal-
culated by the detector. The SQP(E) corresponds to the end-point
channel that limits 99.5% of the total counts from the spectrum
generated by the external gamma source (1°2Eu).

The detection limit was established theoretically using the fol-
lowing equations [16]:

Lp =2.71 +4.65./15 1)

Actp = (2)

D
Eff xV xt
where Lp is the detection limit (counts), up is the number of counts
for the blank, Vis the volume of solution added to the vial (L), tis the
counting time (s), Eff is the efficiency of the standard solution with
no salt or colour quenching and Actp is the minimum detectable
activity (BqL~1).

2.5. Safety considerations

All experimental procedures were performed in accordance
with the regulations of the Spanish Nuclear Authorities (Consejo
de Seguridad Nuclear) and the University of Barcelona.

3. Results and discussion

The process to establish the new procedure for the determina-
tion of strontium in aqueous samples included the optimisation of
both chemical and physical aspects.

3.1. Chemical separation conditions

Selective separation of strontium using DtBuCH18C6 in prepar-
ative chromatographic columns is performed in 3-8 M HNO3; media
[17]. The compatibility of these acidic and oxidising conditions with
the use of PS and their consequences were studied.

3.1.1. PS stability

The stability of plastic scintillators in HNO3 media has been
evaluated. Blank count rate (a), detection efficiency (b) and SQP(E)
values (c) corresponding to the measurement of an active 90Sr/?0yY
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Fig. 2. Count rates (a), detection efficiency (b) and SQP(E) value (c) as a function of time for different HNO3 concentrations.

solution in different HNO3 media (0-6 M) using plastic scintillation
microspheres (PSm) are shown in Fig. 2.

Observation of the background count rate (a) shows the pres-
ence of chemiluminescence at the beginning of the measurement
for HNO3 concentrations higher than 2 M. This effect will be dis-
cussed in more detail in Section 3.1.3 for the separation conditions
chosen.

Detection efficiency and SQP(E) values (b, c) depend on the
matrix. They remain invariable with HNO3 concentration up to 2 M
in 16 days; beyond this threshold, some scattering of the data for
detection efficiency is observed, and a clear shift for the SQP(E) val-
ues appears for 6 M acid solution. Changes observed in PS behaviour
in this acidic and oxidising media are quite reasonable, and estab-
lishing a new set of separation conditions is necessary if PSm is to
be used.

3.1.2. Separation media

According to the complex formation reaction, a medium with
NO;~ is necessary for Sr2* retention, but based on the preceding
results, a species different from nitric acid is needed.

Sr>* 4+ 2NO3 ™~ + Extractant < Sr(NOs), Extractant

For this reason, different nitrate salts were evaluated, choosing
those with solubility higher than 6 M for the nitrate, without colour
and with a cation that has an ionic diameter small enough not to
interact with the crown ether. Acid at low concentration was added
to prevent adsorption in the plastic.

Solutions of known 29Sr/90Y activity were passed through the
Sr resin columns using different nitrate salt matrices (Table 3).
The unretained strontium was determined by measuring the °°Y in
the rinsed solution by liquid scintillation following separation and
by measuring the solution again after 28 days when the 20Sr/?0y
equilibrium was reached.

The results indicate that strontium is totally extracted when
NOs3~ is at 6 M concentration and lithium is the associated cation.
Provisional separation conditions were chosen to be 6 M LiNO3 and
0.1 M HNOs.

Table 3
Strontium retained by the Sr resin using different retention mediums.

Rinse conditions/Standard medium Srretained (%)

3M NaNO3 +0.1 M HNO3 70.38
6M NaNOs +0.1 M HNOs 63.54
6M LiNO3; +0.1 M HNO3 100
6 M LiNO3 100
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3.1.3. Chemiluminescence

Measurements in the new conditions also showed the existence
of chemoluminescence when liquid and plastic scintillation were
used. Fig. 3 summarises the evolution of the counting rate for dif-
ferent blanks of PS.

After two hours stored in the dark, the solution with 6 M HNO3
media shows a high luminescence. LINO3 media solution and low
acid solution exhibit a normal background, but the combination of
both produces significant luminescence, although at lower values
than those obtained with 6 M HNO3 media. These results indicate
that the luminescence is related more strongly to high acid content
than to the presence of nitrate; in addition, these results sug-
gest that the combination of LiNO3; with acid produces a synergic
effect on luminescence. Based on this behaviour, the final medium
selected for the separation process was 6 M LiNO3 without acid.

3.2. Measurement preparation conditions

Mechanical aspects play an important role in the separation
processes.

3.2.1. PSm:Extractant ratio

Extractant was immobilised onto the surface of the plastic
microspheres following the procedure described in the experimen-
tal section.

An optimum relationship between the plastic scintillator micro-
spheres and extractant was evaluated in terms of 2Sr retention

100 7
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Fig. 3. Count rates of blanks as a function of time for different mediums. A: 6 M
HNOs, B: 6 M LiNO3; +0.1 M HNOs3, C: 6 M LiNO3 and D: 0.1 M HNOs.
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0.35 geneous distributions. The 1:3/4 proportion was ultimately chosen
- 1;/4 for the immobilisation due to its homogeneity and the thinner layer
03 1204 of recovery obtained.
0.25 1:1/4
< 3.2.2. Column vial preparation
\o; 0.2 The columnvialis an evolution of the classical 6 mL polyethylene
5 o045 vials used in scintillation measurements. Using this design, the vial
% can be filled with PS resin and first used as a column for pass the
W g1 sample solution; later, by screwing on the bottom cap, it is used as
a measurement vial.
0.05 This approach introduces a limited innovation, but it simpli-
fies the experimental work quite nicely and reduces effort and the
0 possibility for errors during sample processing.
0.05 ) ) ) ) ) ) Column vial preparation is a critical step in which to avoid non-
0 200 400 600 800 1000 1200 chemical problems in the separation process. Toward this end,
channels several compaction procedures have been evaluated that combine

Fig. 4. Detection efficiency spectra for the different Sr resin proportions.

and extractant distribution on the surface of the microsphere. A
non-compacted PS resin column was used, and the microspheres
and the rinse solution were measured immediately after separation
and 28 days later to determine the activity of the 9°Sr/?°Y when the
equilibrium is reached.

A starting proportion of support:extractant, termed the 1:1
proportion, was the same used in the Sr resin columns (10 g of sup-
port:6.26 g of extractant solution). Taking into account the different
diameter of the plastic microspheres with regard to the Sr resin sup-
port, other support:extractant proportions were evaluated (1:3/4,
1:2/4 and 1:1/4).

For each proportion, rinse solutions after 28 days were statis-
tically equal to the blank at the 95% confidence level. All of the
strontium was retained in the vial, but some yttrium can also be
observed in the spectra up to channel 625 (Fig. 4). This behaviour
could likely be related to the occlusion of solution in the scintillator
mass due to the lack of compaction.

Scanning electron microscope images (secondary electron)
(Fig. 5) show the distribution of extractant onto the surface of
the microspheres. Proportions of 1:1/4 and 1:2/4 include some
irregularities; however, proportions of 1:3/4 and 1:1exhibit homo-

the use of mechanical pressure, centrifugation and ultrasonic treat-
ment. The selected method involved compacting the PS resin by
pressure with the filters and exposing the vial to ultrasonic treat-
ment during all of the separation processes. The final protocol
includes the addition of 3 g of PS resin and the successive addition of
5 mL of 6 M LiNO; for conditioning, the sample solution and 4 rinses
with 5mL of 6 M LiNO3 solution. At the final rinse step, pumping
was stopped to maintain the vial with filled solution during the
counting time.

3.3. Evaluation of the conditions for separation and measurement
preparation

To simultaneously test the separation and measurement prepa-
ration procedures, a standard solution of known activity was
processed. To gather information about the entire separation pro-
cess, the volume of sample used was 0.5 mL. Thus, once the sample
was loaded onto the column, pumping was stopped and 20Sr/%0Y
could be measured together (Table 4). Next, pumping was restarted
and the separation process continued. 9OSr is retained on the PS
resin and measured in the column vial whereas ?°Y is determined
in the rinse solution by liquid scintillation. The results of Table 4
confirm the separation.

Fig. 5. Secondary electron images for the different PS resin proportions obtained using a scanning electron microscope.
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Table 4
Detection efficiency, mean, standard deviation and relative standard deviation for the 2°Sr/°Y, PS resin and rinse solution.

Detection efficiency (%) R1 R2 R3 Mean STD RSD (%)

905 /0y 175.81 176.45 171.96 174.74 2.43 1.39

PS resin 83.33 86.87 82.61 84.27 2.28 2.71

Rinse solution 97.58 100.03 96.62 98.08 1.76 1.80
Table 5
Blank count rate, active count rate and relative errors for the different activities of the synthetic samples with and without carrier.

Activity (dpmmL-1) Blank (cpm) Active (cpm) Relative error (%) Carrier added (pL)

10 0.45 + 0.06 67.27 + 0.97 0.66 + 1.35 -

1 0.43 + 0.03 712 +£0.25 1.88 + 4.15 -

0.1 0.44 + 0.01 1.21 + 0.04 —12.47 + 6.09 -

0.0277 0.46 + 0.04 0.71 + 0.09 - -

0.1 0.47 + 0.04 1.16 + 0.06 -1.20 + 8.12 420

0.0277 0.47 + 0.04 0.73 £ 0.04 = 420

* Statistically different to the blank at the 95% confidence level.

Uncertainty associated with the data is slightly higher than that
obtained for the calibration standards due to the experimental dif-
ficulties related to the pumping stop that ensures that all of the
loaded solution remains inside the column in the first measure-
ment. Moreover, the rinse solutions after 28 days were statistically
equal to the blank at the 95% confidence level.

3.4. Strontium determination in aqueous samples and the limit of
detection

The protocol proposed for the separation and measurement of
90sr activity in a single step was applied to several types of water
samples that include drinking, sea and river water.

The detection efficiency calibration and detection limit were
first determined. Calibration was performed by processing stan-
dard solutions in triplicate, following the same protocol as the
water samples. Detection efficiency for %0Sr was 83.4+0.2% at
the total window and 69.0 & 0.3% at the optimum window (chan-
nels 300:617). Constant detection efficiency was selected due
to the constant medium conditions that were confirmed by the
low standard deviation between the three replicates. Minimum
detectable activity was theoretically calculated for the 99Sr fol-
lowing the Currie expressions in Eqs. (1) and (2). The volume of
sample solution passed through the column was fixed at 10 mL. The
value obtained for the LOD (up =136 counts, Eff=69.0%, V=10mL,
t=300min) was 0.46 BqL~! (0.028 dpm mL~1). To corroborate this
result experimentally, several synthetic samples of deionised water
of decreasing activity level were prepared and measured. The
results obtained are presented in Table 5.

Solutions with activity up to 1 dpm mL~! can be quantified with
relative errors of less than 2%. However, it appears that there is
some relationship between a decrease in activity and an increase
in the quantification error with a bias. We hypothesise that this
behaviour could be related to the different compositions of the
diluted samples; differences in the amount of carrier in the more
active samples associated with the standard volume added may
prevent adsorption of the radionuclide.

To evaluate our hypothesis, an amount of carrier corresponding
to that included in the calibration standards (420 L) was added at
the beginning of processing for the most diluted solutions (0.1 and
0.028 dpm mL-1). Relative errors obtained with this matrix were
—1.2 £ 8.1%, and a random distribution was achieved. The samples
containing an activity of 0.028 dpm mL~! were also detected, which
confirms the theoretical minimum detectable activity. Thus, the
protocol for the preparation of unknown samples was modified to
include the addition of 420 L of carrier solution to the sample.
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Table 6
Activity in the vial, activity calculated and relative errors obtained in the quantifi-
cation of the three different spiked real samples.

Water Activity (dpm) Calculated Relative
activity (dpm) errors (%)
8.02 8.18 1.94
Drinking 7.77 7.66 -1.44
7.66 7.54 -1.51
7.88 8.06 2.29
Sea 8.00 7.80 -2.56
7.70 8.01 4.09
7.86 7.84 -0.28
River 7.75 7.60 -1.94
7.77 7.72 —0.61

Following the modified, final procedure, triplicate samples of
spiked drinking, sea and river waters were processed. The results
obtained (Table 6) show relative errors less than 4% for each sam-
ple, and they establish that the proposed procedure that joins the
separation and measurement preparation in a single step is capa-
ble of quantifying 90Sr activity in water samples, including the sea
water samples, in that the salt content is not enough to modify the
recovery.

4. Conclusions

Anew procedure for 90Sr determination in water samples based
on the use of selective extractants and plastic scintillator micro-
spheres has been described. This procedure unifies the separation
and measurement preparation steps to reduce manpower and
reagents and avoid the production of mixed waste.

The procedure established herein includes the development of
a column vial, which is useful for separation and measurement, and
the determination of a suitable separation medium (6 M LiNO3 ) that
avoids the production of luminescence and ensures the stability of
the plastic scintillation microspheres.

The minimum detectable activity for a sample solution volume
of 10mL is 0.46BqL~! (0.028 dpmmL-1).

Relative errors for the determination of 99Sr activity in different
types of water samples are consistently less than 4%.
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Scintillation-imprinted polymer for radiostrontium separation and quantification

1. Introduction

The measurement of radioactivity is important in many fields, such as research, medicine
and environmental protection. Depending on the detection system (alpha or beta emitter
determinations) a chemical separation is required prior to the measurement step [1].
Chemical separation is usually the step that requires most reagents and manpower.

The most common technique for measuring beta emitters is liquid scintillation (LS). This
technique has the drawbacks of producing mixed waste (toxic and hazardous materials) [2]
and having a limited selectivity due to the overlapping of spectra. These drawbacks can in

part be overcome by the use of plastic scintillation (PS).

PS is an alternative to LS for the measurement of high and medium energy beta emitters,
as well as for apha emitters, with the advantages that it does not produce mixed wastes
[3,4] and it isapotential polymeric support for the extraction of radioisotopes.

To avoid the initial chemical separation step in scintillation measurements, different
approaches have been studied, including the use of extraction resins or spectral regions and
the application of chemometic techniques [5-7]. A new aternative to these approaches is
the use of molecular imprinted polymers (MIP). MIP is a technique based on the synthesis
of a polymer in the presence of the template that produces specific binding sites for the
template due to steric impediment. The technique has been successfully applied to different

molecules and metals [8-10].

%gr is an anthropogenic environmental pollutant. Quantification of this isotope is

important due to its high toxicity resulting from its long half-life, high energy beta
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emission and tendency to incorporate itself into food, especially milk. Radiostrontium is
retained in the bone structure due to its bioequivalence to calcium, which produces an
elevated biological half-life[11].

The objective of this study is to synthesize an imprinted polymer capable of retaining
strontium, with the additional advantage of having scintillation capacities for the direct

measurement of the strontium activity.

2. Experimental

2.1. Reagents and solutions

All reagents used were of analytical grade. Deionised water was used to prepare the

calibration and test solutions.

A *C active stock solution of 695.91 + 8.70 dpm/g (prepared from a standard of 2.68 +
0.033 Mdpm/g in an agueous solution of glucose (50 pg/g) and formaldehyde (1 mg/g),
from CERCA-LEA) was used to prepare the calibration solutions.

Solid plastic scintillator microspheres of polystyrene were supplied by Detec-Rad (UPS-
89). The diameter of the microspheres was between 180 and 250 pm.

2.2 Apparatus

A Beckman J2-HS was used to centrifuge the PS vials.

A P-Selecta ultrasonic bath was used to apply ultrasound to the PSvials.
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A Quantulus liquid scintillation spectrometer (EG&G Wallac) with logarithmic
amplification, a multichannel analyser (MCA) (4096 channels distributed in four segments
of 1024), alpha/beta discrimination and background reduction by active guard was used.

Scanning electron microscopy (a Stereoscan S-360) was used to obtain the microscopy

images.

ICP-MS (Perkin-Elmer Elan-6000) was used to analyse the concentration of strontium.

2.3 Synthesis

2.3.1 Synthesis of Ac-PPO ((2,5-diphenyloxazol-4-yl)methyl acrylate)

Thiswas performed in 5 steps.

Synthesis of ethyl 2-amino-3-oxo-3-phenylpropanoate. Ethyl benzoylacetate (22 ml, 0.12
mol) acetic acid (90 ml) and water (30 ml) were mixed in a 500 ml three-necked round-
bottom flask and cooled to <5°C. To the solution was slowly added NaNO, (9.9 g, 0.14
mol) maintaining the temperature under 10°C. The mixture was stirred in an ice water bath
for 30 min and then for 4 h at room temperature. Diethyl ether (150 ml) and water (20 ml)
were poured into the flask to dissolve the white solid. The organic layer was separated and
used in the next reaction without further treatment.

Synthesis of ethyl 2-benzamido-3-oxo-3-phenylpropanoate. The organic ether layer was
poured into a 1000 ml round-bottom flask, and was added 200 ml of ice water and zinc
dust (15 g, 0.23 mol) over 10 min while stirring. When the solution was clear, 13.4 ml of
benzoy! chloride was added in three portions with vigorous stirring. The reaction continued

for 2 h at room temperature. Then, 250 ml of chloroform was poured into the flask and the
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phases were separated. The chloroform layer was washed twice with 140 ml of NaHCO;
saturated solution and 200 ml of water. Then it was dried over anhydrous N&SO, and

finally the solvent was removed under vacuum.

Synthesis of ethyl 2,5-diphenyloxazole-4-carboxylate. 14.5 g (0.047 mol) of the compound
synthesized previously was dissolved in 90 ml of benzene to which 25 ml of POCl3; was
added, in a 250 ml round-bottom flask. The mixture was shaken for 10 h at 85-90°C. The
mixture was cooled and poured into 100 ml of ice water under magnetic stirring. The
aqueous layer was extracted twice with 50 ml of benzene. The benzene phases were
combined, washed twice with 70 ml of water, then washed twice with 70 ml of NaHCOs
saturated solution and finally 2 more times with 70 ml of water. The solution was dried

with Na,SO, and the solvent was removed under vacuum.

Synthesis of 4-hydroxymethyl-2,5-diphenyloxazole. 5.7 g (0.019 mol) of the product from
the previous step was dissolved in 150 ml of ethanol in a 500 ml round-bottom flask. To
the solution was added NaBH, (7.3 g, 0.19 mol) over a period of 5 min. The mixture was
shaken for 1.5 h at 70-75°C. The mixture was cooled, then 100 ml of water and 100 ml of
dichloroethane was added. The organic phase was separated and washed twice with 50 ml
of water. Finaly, it was dried over 20 g of NaSO, and the solvent was removed under
vacuum to obtain the product.

1.9 g (7.56 mmol) of the product was dissolved in DCM. 917 mg of EtsN was added and
the solution was cooled in an ice water bath. To the solution, 821 mg (9.07 nmol) of
acryloyl chloride was added drop by drop. The reaction continued for 2 h at 0°C. The
solution was washed with 30 ml of 1M HCI, then it was dried with Na,SO, and finally the
solvent evaporated under vacuum. The final product was purified in a silica column using
ethyl acetate as the mobile phase [12].

The products obtained were tested by 400 MHz NMR.
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2.3.2 Synthesis of VbIDA (N-(vinylbenzylimino)diacetic acid)

13.3 g (0.1 mol) of iminodiacetic acid (IDA) and 6.6 g (0.165 mol) of NaOH were
dissolved in 200 ml of methanol/water 50:50 and heated to 60°C. 15.3 g (0.1 mol) of
vinylbenzyl chloride was added to the solution drop by drop. After half the vinylbenzyl
chloride had been added, 6.6 g of NaOH was added to the solution. The mixture was
stirred for 30 min after all the vinylbenzyl chloride had been added. The methanol was then
evaporated under vacuum and the remaining water solution was rinsed twice with diethyl
ether (100 ml). The agueous phase was acidified to pH 2.5-3.0 to protonate the product.
The solid that formed was filtered, rinsed with cold water, and purified, then dissolved in
150 ml of water, neutralized with NaOH 5M to pH 7, filtered and precipitated another time
with HCl concentrated to pH 2.5. The suspension was stored overnight at 4°C before
filtering [13].

Thefinal product was tested by 400 MHz NMR.

2.3.3 Synthesis of GMA-IDA (2-methylacrylic acid 3-(bis-carboxymethylamino)-2-
hydroxy-propyl ester)

2.5 g (0.019 mol) of IDA and 2.2 g (0.038 mol) of KOH were dissolved in 18.8 ml of
distilled water. 2.47 g (0.019 mol) of glycidyl methacrylate was added to the solution in a
3-neck round-bottom flask. To this the IDA solution was added drop by drop under strong
magnetic starring. When the addition was finished, the solution was heated to 65°C and
stirred for one hour. A single phase colourless solution was formed. To precipitate the
product, Sr(NOs), saturated solution was added to the reaction mixture. The solid was
filtered and rinsed. An additional reprecipitation can be done to purify, controlling the
addition of base and acid carefully to avoid the hydrolysis of the product [14].

The final product was tested by 400 MHz NMR.
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2.4 Procedure

2.4.1 Polymerization procedure

0.32 mmols of the functional monomer was dissolved with 0.16 mmol of strontium nitrate
(template) in 3 ml of methanol. To that solution were added 6.4 mmols of the crosslinker,
divinyl benzene (DVB), 3% of the fluorescent molecule (Ac-PPO) and 1-3% of initiator
(AIBN). The solution was degassed with nitrogen for 2 min and polymerized for 24 h at
75°C.

2.4.2 Template removal

The strontium was removed from the polymer by rinsing it in different 1h cycles with the
cleaning solution (25 ml) followed by centrifuging and decanting. The first rinse was
performed with methanol to remove the non-reacted material. Next, the specific cleaning
solution was used, followed by 3 additional rinses using the solvent. Finally the solutions

were rinsed once with acetone and dried under vacuum.

When the rinsing was finished, 50 mg of polymer was digested with 8 ml of nitric acid and
2 ml of hydrogen peroxide at 220°C in a Millestone digester. Next, the solution was diluted
with 25 ml of water and analysed by ICP-MS to determine the strontium remaining in the

polymer.
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2.4.3 Template retention experiments

The adsorption experiments were performed in triplicate by shaking 12.5 mg of the
polymer and 1.25 ml of water solution containing 250 ppm of strontium and 0.1 M of the
corresponding buffer solution (HAc/NaAc) for 2 day. The solution was filtered and
analysed by ICP-MS. The retention capacity was established by measuring the strontium
present in the initial solution and quantifying the remaining supernatant solution separated
by filtration and using ICP-MS. An equivalent experiment was performed with 10% of
methanol in the solution.

2.5 Scintillation capacity

2.5.1 Measurement solution preparation

The measurement vials were prepared by weighing and adding 0.7 g of the polymer and
0.35 ml of the *C solution, or the carrier for the blanks, in a 6 ml polyethylene vial. After
preparation, the vials were shaken by ultrasound for 2 min and then centrifuged for 10 min
at 5000 rpm [15].

2.5.2 Measurement conditions

A low coincident bias and PSA multichannel analyser configuration was used. The
counting time was 1 period of 30 min. The spectrum produced by the external standard was
obtained by measuring for 15 minutes. The measurement vials were stored in the dark for 2

h before counting.
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2.5.3 Datatreatment

The spectrum obtained for each solution was smoothed using a Savitzky-Golay algorithm.
The net spectrum was obtained by subtracting the equivalent blank solution from the active
spectrum. Detection efficiency was calculated as the ratio between the net counts in the

selected range of the spectrum and the activity added to the counting vial.

The SQP(E) (standard external quenching parameter) was calculated by the detector. It
corresponds to the end-point channel that limits 99.75% of the total counts from the

spectrum generated by the external gamma source (*?Eu).

3. Results and discussion

3.1 Polymerization components

The synthesis of a scintillation-imprinted polymer (SIP) capable of retaining and
quantifying radiostrontium was studied. The first part of the study focused on selecting the
different components of the polymer. DVB was selected as a crosslinker due to the fact
that its aromatic rings can help the transmission of energy in the scintillation process. AC-
PPO was selected as a fluorescent solute because PPO is a common fluorescent solute in
liquid and plastic scintillators and it also contains a polymerizable part that can be used to
avoid remobilization from the polymer during rinsing. 3% of this fluorescent solute was
added to the PS. Finally, VbIDA was selected as the functional monomer, as it has an
iminodiacetic acid part capable of forming complexes with strontium. It also contains an
aromatic ring that, as in the case of the crosslinker, can facilitate the transfer of energy in
the scintillation process. This functional monomer has also been used in the formation of

other metal imprinted polymers[16].
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A first attempt at polymer synthesis was performed following the polymerization protocol
described above, using methanol as the solvent and adding EtsN to deprotonate the
VDbIDA. The formation of a white precipitate when the components were mixed made it
impossible to continue the polymerization process. The NMR analysis of the precipitate
demonstrated that it was a 1:1 complex of the strontium and the VbIDA.

The complex was formed, but was required it in solution to proceed with the
polymerization; for this reason were studied alternatives for solubilizing the strontium

complex.

3.2 Solubilization assay

The akaline earth elements have limited solubility which decreases with increasing atomic
weight. Strontium is one of the heaviest alkaline earth and its solubility is very low, so the
complex it formed with VbIDA precipitates in methanol.

Different approaches were studied to solubilize the complex and produce a clear solution

of the complex that could be polymerized.

3.2.1 Solvents and mixtures of solvents

Different solvents were tested for solubilizing the complex (DMSO, benzene, toluene,
CCly4, hexane, acetone, ethanol, diethyl ether and water) but in all cases the complex was
insoluble. Therefore, was studied the possibility of using a mixture of solvents with
different polarities. DMSO with benzene, CCl, and toluene was prepared in different
proportions but with the same result as the previous experiments: in all of the cases the

complex was insoluble.
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Finally the possibility of using surfactants to solubilize the complex was also studied. Two
surfactants were essayed, one neutral (Tween20) and one anionic (SDS), in two solvents;
methanol, selected for the polymerization, and water, which is better for the solubilization
of strontium. In both cases the surfactant was not capable of solubilizing the complex. It

was therefore necessary to study other solubilization approaches.

3.2.2 pH regulation

According to the literature [13], the dissolution of VbIDA results in the protonation of
nitrogen with a proton from the carboxylic acid (isoelectric point) at pH 1. Taking thisinto
account, it seemed reasonable to deprotonate the two carboxylic acid groups and form the
complex at lower pH with a charge at the nitrogen atom, thus avoiding the precipitation of
the complex. So, was studied the addition of a small amount of water, 50 ul, in a solution
of 3 ml of methanol to solubilize the strontium nitrate by increasing the polarity, but not
enough to precipitate the DVB. In this medium, the addition of a base produces the
immediate precipitation of the complex. This could be related to the fact that the addition
of the base removes the two protons and produces the precipitation. Table 1 shows the
NMR shift of the nearest proton to the carboxylic acid group. According to this, it is not
possible to know whether the complex has formed or not, but the fact that the solution was
clear lead to continue the polymer synthesis, in order to reveal whether the complex had

been formed (water approach).

Ph-CH2-N-(CH,-COOH), Acetate approach | Water approach
Reference 2.569 2.564

SIP 2.357 2571

Table 1: NMR shifts of the proton nearest to the carboxylic group for the two approaches.
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3.2.3 Micro-precipitation

Another option studied was the addition of strontium acetate, which has a different

solubility and produces a different pH in the medium.

The addition of strontium acetate produces turbidity in the solution; this is due to the
formation of the complex, but in a micro-precipitation form. Table 1 shows the shift of the
proton and the displacement in the signal suggests that the complex has been formed. Asiit
was possible the polymerization could be performed starting from the micro-precipitation

form, this approach was al so selected (acetate approach).

3.3 Polymerization approaches

Following the two polymerization approaches and using the procedure described

previoudly, two SIP syntheses were performed and two reference polymers were made.

To evaluate the capability of these polymers to retain strontium, the first step was the
removal of the strontium from the polymers followed by the study of their retention
capacity. Finally, the study was completed via one of the approaches by examining the
shape of the particles obtained and their scintillation capacities.

3.3.1Rinsing

To remove the strontium from the polymer different rinse solutions were studied. First, the
use of a 40:60 MeOH:H,O HCl 1M solution 12 times, was tested. Table 2 shows the
results of the strontium remaining in the polymer. In the case of the water approach,
practically all of the strontium was removed and probably only the part kept inside the
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polymer remains, which it is not possible to extract. In the acetate approach, a high
quantity of strontium, 18%, remains. To remove the remaining strontium, an additional
rinsing process was performed using the same solution but shaking for 3 h instead of one.
The results, after 13 rinses, are shown in Table 2: 15% of the strontium remains on the
polymer, and it is necessary to continue the rinsing process. At that point, the amount of
polymer was divided into three parts and three different solutions were tested: HCl 2 M,
EDTA 0.01 M and an alternate combination of the two. The results (Table 2) show that
practically the same amount remains whatever the solution used. This amount is probably
inside the polymer and it is not possible to removeit. It was therefore considered that all of
available strontium had been removed and the study was continued.

Rinsed Sr %
1st 17.72
2nd 15.09
3rd a) 15.04
b) 15.50
c) 14.33

Table 2: Strontium remaining in the polymer after the different rinsings.

3.3.2 Strontium retention

Once the strontium template was removed, the capacity of the polymer synthesised to
extract strontium was studied. For this propose, 12.5 mg of polymer was shaken with 1.25
ml of solution containing 250 ppm of strontium at 4 different pH (3, 4, 5 and 6) prepared
using HAc/NaAc buffer solutions. Polymer and solution was equilibrated for two days and

158



Resultatsi discussio

then filtered. The strontium present in the solutions was analysed by ICP-MS. The same
experiment was performed by adding 10% of methanol to reduce the polarity of the
solution and increase contact with the polymer.
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Figure 1: Strontium extracted vs pH for the (a) water approach and (b) acetate approach. A:
reference polymer, B: SIP, C: reference polymer with methanol medium, D: SIP with
methanol medium.

Figure 1a shows the adsorption results for the water approach. In both cases (with or
without methanol) there was no difference between the reference polymers and the SIP
polymers in strontium retention; with a maximum retention of 10% between pH 5 and 6.
These results probably indicate that the complex is not formed during the polymerization
and as a consequence no differences exist between the reference polymer and the SIP.

Figure 1b shows the acetate approach results. In this case the reference shows a small
contamination of the solution during the process. The difference between the reference and
the SIP polymer shows a very low retention in all cases. The micro-precipitate probably
acts as a nucleus for the polymerization, encapsulating inside the strontium. This
hypothesis would explain the difficulty in removing the remaining 15% of strontium and
the inexistence of binding sites.
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Neither approach is useful for producing SIP and it is necessary to synthesize a new
functional monomer capable of forming a soluble complex with strontium.

3.3.3 Shape and scintillation capacities

In addition to the batch adsorption studies, morphological characterization and scintillation
capacities were determined for the SIP produced following the acetate approach.

5um

Figure 2: SEM image of the imprinted polymer.

Figure 2 shows the secondary electron microscope images of the polymer. The particles
have a spherical form and are very small (500 nm — 1 pm), which favours the formation of
aggregates. A priori, such asmall size does not suggest a good light transmission media for
the scintillation process.
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To evaluate the scintillation capacities, two polymers were compared; one including the
fluorescent molecule and the other not. Two measurements were performed in each case,
with and without the **C solution. Table 3 shows the scintillation capacity results using
14C. The reference value of detection efficiency for **C in PS measurement is around 35%.
Measurement without the solution shows the same low count rate for all polymers. With
the addition of the solution, the measurement with the fluorescent solute shows a normal
background, but the detection efficiency was very low, 1.62%, as was the SQP(E) value.
These results show a poor scintillation capacity that may be related to the small sphere
size, as this could produce difficulties for light transmission (due to changes in the
refraction index) or to the composition of the spheres; scintillator distribution in the
polymer, crosslinker interference in the energy transmission or acetate part of PPO

interference in the light transmission.

Without solution With solution
Efficiency
cpm SQP(E) | cpm SQP(E)
(%)
\With Blank 0.608 383.79 1.168 398.68
fluorescent
molecule Active 0.709 388.09 5.092 396.52 1.62
\Without Blank 0.878 399.98 0.682 402.29
fluorescent
molecule Active 0.574 410.15 0.817 400.12 0.06

Table 3: Count rate, SQP(E) value and efficiency obtained with the two polymers with and

without fluorescent molecule.
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3.4 Alternative functional monomers

According to our results, it is necessary to synthesise a new functional monomer. The
synthesis of GMA-IDA seems a good alternative as this molecule does not have an
aromatic part, but it does have the iminodiacetic acid complexing part and a considerable
number of oxygen groups. This could improve notably the water solubility of the monomer

and also of the polymer.

The procedure described in the literature to obtain the monomer produces a compound of
low purity. So was examined the addition of strontium nitrate to see whether the complex
Is aso insoluble in water. The result of the addition of strontium was the precipitation of
the complex, confirmed by NMR. This precipitation is used to purify the functional
monomer by rinsing the complex. The observed behaviour is similar to that of the other

functional monomer and probably will not permit to obtain a useful SIP.

However, we tested its solubility in some solvents (DM SO, methanol, acetone, hexane,
ethanol, carbon tetrachloride, diethyl ether, 1-octanol, toluene and water) and in 50:50
mixtures of solvents (DM SO/CCl,, toluene/DM SO, ethanol/hexane, diethyl ether/ethanol,
methanol/DM SO and ethanol/DMSO). In all cases the complex is not soluble and cannot

be used as a functional monomer.

4. Conclusions

The synthesis of an imprinted polymer that is selective for strontium involves some
problems that are not related directly to the polymer synthesis but to intermediate

requirements, such as the production of a soluble complex.
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This problem can only be resolved experimentally, since accurate prediction of complex
solubility cannot be established a priori. For this reason, our research continues via the

synthesis of molecules similar to known ones that form soluble complexes, such asEDTA.

Scintillation capacities will be studied after solubility problems have been resolved.
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3.3. Discussi6 global

Aquest treball es divideix en dos parts, |’aplicacio de I’escintil-lacio plastica (PS) a la
guantificacié de mostres d’' elevada salinitat i € desenvolupament de métodes per a la
millorade la selectivitat utilitzant I’ PS.

La primer part del treball, és I’ aplicacié de I’ PS a mostres de matriu complexa provinents
de I'estudi de tragadors petrolifers, concretament el S“CN". El tractament d aquest
tracadors genera una matriu d’ elevada salinitat que produeix problemes de separacio de

fases en escintil-lacio liquida (LS).

Els fonaments i I'aplicacio de I'PS sdn poc estudiats, el treball amb mostres de matriu
complexa ha servit també com a primera etapa per establir unes condicions optimes de
mesura, estudiar diferents fenomens basics de I'PS i plantgar nous parametres de
quenching capacos de modelar els fendmens trobats i proposar nous procediments de
calibratge.

Un cop completada aquesta primera etapa, la segona part d aquest estudi ha estat el
desenvolupament de nous metodes per a la millora de la selectivitat durant la mesura per
PS. Lamillora s hafocalitzat en dos aspectes. €l primer, relacionat amb €l tractament de la
senya en e moment de la mesura o dels espectres registrats i, €l segon, procurant la
separacio quimica dels radiondclids d' intereés.

La primera de les estrategies ha estat, per una banda, la classificacié durant I’ adquisicié de
la senyal produida com procedent d’un radiontclid emissor afa o beta en funci6 de la seva
durada en el temps. Per aguest motiu, s ha utilitzat €l valor del parametre PSA dels
detectors comercials en |’andlisi de dos emissors beta, un de baixa energia (*H) i un d'alta

energia (*°Sr/Y) i un emissor afa**Am.
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Per I'dtre banda, I'andlisi dels espectres sha centrat en I'aplicacié de metodes
quimiomeétrics, concretament el model de PLS, a una mesclaternaria d’ emissors alfa, betai
beta-gamma (**Am, ®sr/®Y i ¥*'Cs, contaminants importants produits en les centrals

nuclears).

La segona de les estratégies ha estat |a separaci6 quimica del radionuclid d' interés (*Sr, un
radionuclid d alta toxicitat produit en les centrals nuclears) utilitzant microesferes d’'PS
modificades o sintetitzades seguint dues estratégies. la d’immobilitzacié d’ extractants

selectiusi lasintesi d’un polimer impres.

3.3.1. Determinacié de mostres d’ elevada salinitat

La primer part d’ aquest estudis és I’andlisi de mostres d’ elevada salinitat mitjancant I’ PS
(Plastic vs Liquid Scintillation for **C radiotracers determination in high salt matrices).
Aquestes mostres provenen de tragadors petrolifers que abans dels seu analisis han de ser
purificats i preconcentrats mitjangant columnes de bescanvi ionic. La seva elucio amb
NaClO,4 2,8 M produeix un medi d’ elevada forca ionica que genera problemes de separacio
de fases en LS perd no en PS degut a qué la mescla obtinguda és intrinsecament
heterogénia.

El primer pas en aguest estudi va ser I’optimitzacié de la mesura, tant del métode de
preparacié de la mostra que inclou: I'agitacié del vial amb la solucié i les microesferes
d'PS durant 2 min en un bany d ultrasons (per eliminar el gas dissolt en la solucio
millorant aixi la reproductibilitat) i la centrifugacié durant 10 min a 5000 rpm (per
compactar € contingut del via millorant-ne aixi I'eficiencia de deteccio i la seva
reproductibilitat), com de la proporcio d’ escintil-lador i solucié: 1,5 ml per 3,6 g.

El pas seglent va ser estudiar I’ efecte de la sal i de substancies acolorides en les mesures
per PS comparant-lo amb € qué succeeix a la técnica classica d'LS. Les substancies

166



Resultatsi discussio

acolorides mostraven tant en LS com en PS el comportament produit pel quenching de
color, el desplacament de I’espectre cap a la zona de baixa energia i la disminucié de
I eficiencia de detecci6. En canvi, la presencia de sal produia efectes diferentsen LSi PS.
En LS sobservava la variacid de I'espectre d’ eficiencia propia del quenching quimic
mentre que en PS només apareix una disminucié en I'area sense desplacament dels
espectres d' eficiencia. Aquest comportament evidencia un tipus de quenching no descrit
fins aleshores produit per la perdua d energia de I’ electré per col -lisions sofertes abans que
agquest arribi a I'PS. Aquest efecte es va descriure inicialment com a quenching
d’ionitzacio, e tipus de quenching més proper i menys conegut dins la sequéncia
d afebliment de la senyal des de I’emissio fins a la deteccio. Els treballs posteriors sobre
aquest fenomen i I’ aprofundiment en I’ estudi del quenching d’ionitzaci6 van demostrar que
aquest efecte no podia ser inclos en aquesta categoriai ha estat necessari la definicio d'un

nou tipus de quenching anomenat quenching de particula.

Aquest nou tipus de quenching no és observable en LS, a causa de la curta distancia entre
lamostrai I’ escintil-lador, a més, presenta un comportament totalment diferent del color ja
gue no produeix un desplacament dels espectres sind una simple disminucio de I’ eficiéncia
de detecci6. Aquest fet fa dificil la utilitzacié dels parametres classics de mesura per a la
seva modelitzacio fent necessaria la utilitzacio de parametres indirectes complementaris
com la densitat, que pot ser un indicador del humero de particules presents a la solucio
amb les qué podria interaccionar I'electrd. A més, e fet que € comportament del
quenching de particulai de color fos diferent va fer necessari el desenvolupament de nous
parametres de quenching per a la modelitzacié dels dos fenomens (Classical vs. evolved

guenching parameters and procedures in scintillation measurements).

Els nous parametres de quenching proporcionats son evolucions dels parametres classics a
partir de les capacitats actuals de calcul i dels métodes quimiometrics existents. La
modelitzacié de I’ eficiencia de deteccio es va fer seguint diferents estratégies: tenint en
compte el fenomen de quenching que el produeix, sense tenir-lo en compte i fent servir
metodes quimiométrics. Els resultats indiquen que els nous parametres proporcionen

millors resultats que els classics per ala modelitzacié de I’ eficiéncia de deteccid i €l calcul
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deI’activitat. A més, aquest procediments donen els millors resultats quan pel calibratge es

té en compte e tipus de quenching que s ha de modelar.

Aplicant les conclusions extretes amb |’ estudi dels parametres de quenching (calibrant els
dos fenomens separadament) es van poder quantificar les mostres reals i marcades amb
errors inferiors a 5%. Els resultats obtinguts son comparables als que s obtenen per LS
perd amb |’ avantatge de produir una mesura meés robusta respecte a canvis en la matriu ja

gue no presenta problemes de separaci6 de fases.

3.3.2. Técniques de millora de la selectivitat

Un cop estudiada I’ aplicacio de I’ PS a matrius salines i utilitzant les condicions de mesura

optimitzades, es van estudiar diferents metodes per alamillorade la selectivitat.

3.3.2.1. Instrumentacié i parametres associats

El primer métode estudiat va ser la discriminacio dels impulsos registrats en les mesures
per PS a partir de la seva distribucié temporal. Per aquest proposit es va utilitzar el
parametre PSA del detector comercial Quantulus (Alpha beta pulse shape discrimination in
plastic scintillation using commercial scintillation detectors). A causa de la menor
component retardada en PS i a fet que e parametre esta optimitzat per a les senyals

produides en LS, la seva aplicacié ales mesures per PS requereix un treball especific.

Per aguest motiu, la primera part de I'estudi va ser la comparacio de les mesures
obtingudes per LS i PS. En ambdues técniques, €ls errors de classificacio pels emissors
beta sdn menors com menor és |’ energia. Aquest fet es produeix degut a que la distribucio
de I'impuls depén de I’energia, sent de menor durada com menor és I’energia de la

particula. A més ames, en PS els errors de classificacio pels emissors beta sdn menors que

168



Resultatsi discussio

en LS que té un temps de decaiment més llarg. Amb I’emissor alfa el comportament es
molt diferent. En LS els espectres dels emissors alfa sdn un pic estret, mentre que en PS,
degut a quenching de particula, €l seu espectre és similar al d’'LS perd acompanyat d’ una
cua a baixes energies. Com ja s ha dit, la durada de I’impuls depén de |’ energiai, per tant,
aguesta cua de baixa energia genera impul sos de durada més curta que son classificats com

abeta produint errors de classificacio molt mésgransque en €l casd’LS.

El pas seglient va ser |’estudi de I’ efecte de la matriu (substancies acolorides i contingut
d’acid) en PS. En aguesta part es va observar com el quenching de color actua desplacant
els espectres a baixes energies i, a més, s observa una magjor classificacio de la senyal com
a emissio de tipus beta. A més a més, es va observar un increment de I’ eficiencia de
deteccio en aguells patrons amb menor concentracié d acid. Aquest comportament es pot
atribuir al’ absorci6 del radioniclid en les microesferes d’ PS, sent necessarial’ adicié d’ una
petita quantitat d’acid (HCI 0,1 M) per tal d’ evitar aguest procés.

A causa del mgjor error de classificacié en el's emissors afa per PS que en LS, no es pot
dur aterme el mateix procediment de calibratge en ambdues tecniques. En LS s’ escull un
PSA de compromis amb minim error de classificacio de I’emissor afa i beta. En PS es
proposa |’aplicacio d’un metode de calibratge amb 2 valors de PSA diferents, un per
determinar els emissors afa, on la contribucié dels beta sigui minima, i |'altre per
determinar els emissors beta, on la contribuci6 dels emissors alfa sigui minima.

Aplicant aguest procediment de calibratge s obtenen errors inferiors a 7% en la

quantificacié de mostres reals marcades.

Aquests resultats demostren que €l parametre de PSA pot aplicar-se per la discriminacio
o/ en la mesura per PS perd també indiquen que aquest treball ha de continuar-se amb
I” utilitzacié de microesferes d’ PS amb una composicio que generi una major component
retardada, emprant parametres de PSA optimitzats per PS o evaporant la mostra sobre les

microesferes d' PS. Aquesta darrera opcid permetria la millora de I eficiencia de detecci6 i
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e limit de detecci, aixi com la minimitzacio del quenching de particula per I’ absencia de
solucié que eliminaria la cua de baixes energies i milloraria els errors de classificacio pels
emissors afa

Finalment, e procediment de calibratge a 2 PSA diferents no es només aplicable a I'PS
sin0 que també es podria aplicar a les mesures per LS on es donen problemes de
discriminacio o/p, ja que la soluci6 mesurada presenta, en general, una matriu de
composicio variable (consequiéncia de la naturalesa de la mostra i del seu procés de
tractament) que produeix un quenching diferent i, per tant, una classificacié o/f i una
eficiencia de deteccid diferents. Aquests problemes es minimitzarien amb aquest metode.
En aguest mateix sentit, la comercialitzacio de detectors que registressin tots els valors de
PSA ahora permetria la utilitzacié de valors de discriminacié en funcié de I’energiai no
obligaria atreballar amb un valor fix. En els Ultims anys, s han desenvolupat detectors que
permeten |’ adquisicio de les dades perd no permeten la discriminacio com una funcio de

I’ energiasi no es fa un tractament de les dades especific desenvolupat per I’ usuari.

3.3.2.2. Metodes quimiomeétrics

Un dtre dels métodes estudiats ha estat |I'analisi dels espectres obtinguts mitjancant
tecniques quimiomeétriques com PLS que permeten I’analisi i quantificacio de mescles de

radionuclids sense tractament quimic previ.

En aguest treball s ha estudiat |a quantificacié d’una mescla utilitzant diferents models de
PLS gue calibrin tots els radiondclids a I’ hora (PLS2) o individualment (PLS1), utilitzant
els espectres de la mostra o €l's espectres nets i modelant els espectres préviament separats
per PSA (Mixture quantification using PLS in plastic scintillation measurements). La
diferéncia entre els resultats obtinguts pels diferents models aplicats no és molt important,
sent més visible en la quantificacié de mostres unitaries on I’ espectre net amb PSA doéna

els millors resultats.
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Aquest estudi demostra que € model de PLS pot ser aplicat a la quantificacié de mescles
de radionuclids amb errors inferiors al 10%. Aquests errors son relativament més elevats
gue els obtinguts habitualment perd permeten I’andlisi quantitatiu de tots els radionuclid
presents a la mostra sense tractament quimic. Malgrat aixo, aquesta tecnica requereix la
preparacio i mesura d’ un nombre important de patrons que només compensaria en aquells

casos on sigués necessaria la quantificacié d’ un nombre elevat de mostres.

A partir dels resultats dels diferents models aplicats s observa que la separacio prévia de
senyals mitjangant el parametre de PSA no produeix una millora rellevant en la
quantificacié. Aquest fet implicaria que pot utilitzar-se el model de PLS per ala mesura de
I”activitat o/p total en agquells detectors que no disposessin d'un sistema de discriminacio
afalbeta.

3.3.2.3. Extraccio sobre suport

L’ dltim dels metodes estudiats és |’ extraccio quimica del radiontclid sobre un suport d’PS.
Per la preparacio de laresina d’ PS es van seguir dues estrategies diferents. immobilitzacio
d'un extractant selectiu o generacié6 d'un polimer amb cavitats especifiques (polimer

impres).

Immobilitzacio

El primer dels métodes aplicat va ser la immobilitzacio de |’ extractant selectiu sobre les
microesferes d'PS (Radiostrontium separation and measurement in a single step using
plastic scintillators plus selective extractants. Application to aqueous sample analysis).
Aquest metode presenta I’ avantatge d’unificar I’ extraccio quimica i la preparacio de la
mesura en una sola etapa per matrius aquoses (mostres d’ aigua 0 mostres resultants del

tractament quimic).

171



Millorade la selectivitat en la determinaci6 de radiontclids per escintil -lacio plastica sense generaci6 de residus

Per tal de poder aplicar aquest metode va ser necessaria |’ optimitzacié de diferents
aspectes quimics i mecanics. Un medi de separacié que pogueés retenir I’estronci sense
degradar |’escintil-lador (LiINO3 6 M), una proporcié adequada entre escintil-lador i
extractant, per recobrir homogeniament les microesferes i minimitzar I’ absorcié d’ energia
dels eectrons; i, finament, una compactacié del vial que evites la formacié de camins

preferents, que es varesoldre amb I’ aplicacié d’ ultrasons durant €l procés de separacio.

Un cop optimitzats aquests aspectes, es va passar al’ establiment del [imit de deteccidi ala
guantificacié de les mostres.

La quantificacié de mostres marcades amb una activitat coneguda en diferents matrius
(aigua de beguda, de riu i de mar) i la determinacié de |’ estronci en la solucié de rentat, 28
dies després de la separacio quan s haarribat al’ equilibri, van servir per avaluar laretencio

d estronci alaresinad PS.

Durant aquestes mesures es va observar com I’ error de quantificacio s incrementava amb
un biaix negatiu en disminuir I’ activitat de la mostra. Aquest comportament es va atribuir a
I’ absorcioé de més estronci o itri en les mostres de baixa activitat degut ala menor quantitat
de portador present. Aquest problema es va resoldre amb I'adicié d una quantitat fixa de
portador per igualar la concentracio d estronci i itri, previsiblement baixa a les mostres
reals.

L'aplicacio d'aguest metode va permetre la quantificacié de I'activitat d’estronci en
mostres aquoses amb errors inferiors a 4%. Ca ressaltar que entre les mostres se
n'incloien d’aigua de mar, que contenen una major quantitat de sals, no sent aguesta

suficient com per modificar laretencio i, per tant, la capacitat de quantificacio.
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El sistema es mostra capag per aplicar-lo a matrius salines, malgrat aixo, si la presencia de
sals fos molt elevada, com a consequiéncia de determinats atacs quimics, la retencié podria
veure’ s modificadai podria ser necessariala utilitzacio d un tragador.

Polimers impresos

El segon métode d extraccid utilitzat va ser la sintesi d'un escintil-lador plastic impres
(SIP). L' avantatge potencial d’ aquesta aproximacio éslafabricacio de resines d’ extraccio a

partir de complexants genérics que unifiquin I’ etapa d’ extraccio i mesura.

L’ estructura de I'SIP inclou un monomer funcionalitzat que complexi €l radioniclid a
estudiar, un entrecreuador que dongui rigidesa estructural i un solut fluorescent que li
dongui capacitats escintil-ladores (Scintillation-imprinted polymer for radiostrontium

separation and quantification).

Per alarealitzacio de I’ SIP, es va comencar estudiant una primera composicié basada en
els estudis bibliografics. Aquest primer intent va evidenciar problemes en laformaci6 d’' un
complex soluble entre I estronci i el monomer funcionalitzat. L’ estudi va continuar amb la
cerca de tecniques per la solubilitzacié del complex (control del pH, utilitzacio de diferents
solvents, utilitzacio de tensioactius, addiciéo d'aigua i la utilitzacié d’ acetat d’ estronci)
sense donar bons resultats. Aquest fet va mostrar la necessitat de sintetitzar nous
monomers funcionalitzats per tal d obtenir un complex soluble. Aquest procediment és
complicat jaque, tot i I’experiencia en la sintesis de polimers impresos del centre on es va
desenvolupar aguest treball, el comportament dels monomers no pot establir-se a priori. En
aguest sentit, es va sintetitzar un nou monomer amb una alta solubilitat en solvents polars

gue també precipitava en formar el complex.
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Aquestes dificultats van aturar temporalment aquest estudi que sera continuat amb les
sintesis d’ altres monomers funcionalitzats basats en I’ Us de derivats de I'EDTA i I’ estudi
d altres metalls.

L’ estudi desenvolupat fins el moment mostra com part de I'anait amb que es forma el
polimer quedaretingut al seu interior. Aquest fet és especialment important en la sintesi de
I”SIP quan no es disposi d’un isotop estable del radioniclid a determinar, com en €l cas de
I"urani. El fet de que part dels isotops emprats en la sintesis quedessin parcialment
incorporats a polimer elevaria el seu senyal defonsi, per tant, €l limit de deteccio.

Els polimers impresos es presenten com una bona aternativa en agquells casos on no es
coneguin extractants selectius, el complex format sigui suficientment soluble i es disposi
d’un isotop estable per a la sintes del polimer. Un darrer punt a millorar és el canvi
d’ escala entre les quantitats utilitzades en les aplicacions actuals i les quantitats necessaries

per les aplicacions radiol 0giques.

En conjunt, els diferents metodes desenvolupats en aquest treball sdn complementaris i
poden tenir € seu camp d aplicacio en diferents problemes relacionats amb la mesura
selectiva de laradioactivitat ambiental.

La mesura de I'activitat afa/beta total es pot dur a terme per escintil-lacié plastica
utilitzant el parametre PSA.

El calibratge multivariant pot ser utilitzat com a substitut en la mesura de I’ activitat
afa/beta total a més d’ampliar la seva aplicacio a la quantificacio dels diferents

radionuclids presents ala mostra.
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Finalment I’ extraccié quimica sobre les microesferes d’ PS presenta els millors resultats en
la quantificacié del radionuclid seleccionat per I'andlisi. Dins d aquestes técniques, la
d’ immobilitzacié presenta clars avantatges per a la seva aplicacié real en mesures en

rutina, mentre que la dels polimers impresos requereix d’ un estudi més ampli.
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4. Conclusions

L’ escintil-lacio plastica pot utilitzar-se per a la determinacié de I’activitat en mostres
d'elevada salinitat amb errors similars as obtinguts per escintil-lacié liquida amb
I’ avantatge de ser més reproduible vers canvis de matriu, ja que no s hi pot donar separacié
de fases.

L’ escintil-laci6 plasticaté I’ avantatge general de no produir residus mixtos.

La preséncia de substancies acolorides produeix el mateix efecte en escintil-lacio liquida
gue en plastica: decreixement en |’ eficiencia de deteccid i desplacament dels espectres cap

abaixes energies.

La preséncia de sals a la solucié de mesura produeix quenching quimic en escintil-lacié

liquidai quenching de particula en escintil -lacié plastica.

El quenching de particula té un comportament diferent de la resta de tipus de quenching,
produeix una disminucio en |’ eficiéncia de deteccid sense desplacament de I’ espectre. Per
aguest motiu no es pot modelar per parametres classics com I'SQP(E) i és necessaria la

utilitzacio d’ altres parametres complementaris com la densitat.

Els diferents tipus de quenching necessiten d’una modelitzacié especifica, per tant, €l
procediment de calibratge que tingui en compte els diferents fendmens de quenching i

inclogui tantes etapes com tipus de quenching hi hagi proporcionara els millors resultats.
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Els parametres de quenching evolucionats WDW i MWA-SCR produeixen millors
resultats que els parametres classics. L’ SCR-non-limited proporciona millors resultats que
I’ SCR-limited i el MV C-PLS també produeix bons resultats en la modelitzacio.

Els emissors beta analitzats per escintil-lacio plastica tenen menor eficiencia de deteccio,
espectres desplacats a baixes energies i menor error de classificacio amb PSA que en

I’ escintil-lacio liquida.

Els emissors alfa mesurats per escintil-lacié plastica tenen menor eficiencia de deteccio,
una cua a baixes energies en |’ espectre i un major error de classificacié amb PSA que en

I’ escintil-lacio liquida.

L’ error de classificacio per PSA depen de I'energia de I'emissié ja que, com menor és
I’energia, més rapid és el decaiment i, per tant, més possible és la seva classificacio com a
emissio beta. En escintil-lacio liquida I’ energia és sempre més gran que en escintil-lacio

plastica.

A I’escintil-1acié plastica no hi ha cap valor de PSA que eviti la classificacio incorrecta
dels emissions alfaja que, a causa de la pérdua d energiai ala menor component retardada
la duraci6 de la senyal produida per aquest isotops, té un valor més proper a corresponent
de les particules beta. A I’escintil-lacio plastica la diferéncia entre el senyal produit pels

emissors alfai beta és molt menor que en I’ escintil -1acio liquida.

El quenching de color produeix que les emissions es classifiquin més com a beta que com a
afa

Les mostres per escintil-lacié plastica han d’incloure una petita quantitat d’acid per evitar

I” absorcio dels radionuclids en les microesferes de plastic.
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A I’ escintil -laci6 plastica, la quantificacio de |’ activitat deguda als emissors o i 3 requereix
d’un calibratge basat en la mesura a dos valors de PSA obtenint-se errors relatius inferiors
a 7%.

La quantificacio d emissors afa i beta en mescles ternaries per escintil-lacié plastica
mitjancant PLS produeix, en general, errors relatius inferiors a 10%.

La determinacio separada de I’ activitat deguda a emissors o i B per escintil-laci6 plastica
pot redlitzar-se mitjancant PLS en aquells detectors que no disposin d'un parametre de
PSA.

L’ escintil-lacio plastica amb extractants selectius és un nou procediment que unifica els

processos de separacié i mesura.

El procediment per la quantificacio de radioestronci per escintil-lacido plastica amb
extractants selectius ha inclos el desenvolupament d’un vial columnai I’ establiment d’un
medi de separacio que eliminalaluminescenciai en el que les microesferes d’ escintil -lador
plastic son estables.

Utilitzant aquest metode, els errors relatius per la quantificacié de radioestronci en mostres
aquoses son inferiors al 4% amb una activitat minima detectable de 0,46 Bgy/l utilitzant 10

ml de mostra.

La sintesis d'un polimer impres per estronci presenta dificultats relacionades amb la
reduida solubilitat dels complexos d’ estronci. Es necessaria la sintesis de nous monomers

funcionalitzats per poder obtenir les microesferes d' SIP.
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El procés de sintesis dels polimers impresos desenvolupat pot ser facilment aplicable per

atres metalls amb millor solubilitat.

En resum podem dir com a conclusions generals que:

L’ escintil-laci6 plastica pot ser utilitzada per ala mesura de mostres d’ elevada salinitat.

Els parametres de quenching evolucionats permeten modelar I’ efecte del quenching i
guantificar I’activitat dels radionuclids amb millors resultats que els obtinguts amb €ls

parametres classics.

L’ escintil-lacio plastica pot ser utilitzada per la mesura selectiva d’ emissors afa i beta

utilitzant diferents métodes de millora de la selectivitat.
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5.1. Acronyms

3HF

Ac-PPO
AIBN

BBD

BBO

BBOT
bis-MSB
butil-PBD
CRE

dimetil POPOP
DIN

DMSO
DtBuCH18C6
DVB

EPA

FM

FMT

FPI
GMA-IDA

H#

HBT
IDA

IFE
LAB
LOD

LS

LW
MCA
MICINN

3-hydroxy flavone
(2,5-diphenyloxazol-4-yl)methyl acrylate
azobisisobutyronitrile
2,5-di-(biphenyl-4-yl)-1,3,4-oxadiazole
2,5-di(biphenyl-4-yl)oxazole
2,5-bis-(5-t-butyl-benzoxazo-2-yl) thiophene
p-bis-(o-methylstyryl)benzene
2-(4-t-butylphenyl)-5-(biphenyl-4-yl)1,3,4-oxadiazole
cumulative relative error
1,4-bis-2-(4-methyl-5-phenyloxazolyl)benzene
1,2-isopropylnaphthalene

dimethyl sulfoxide
4,4'(5)-di-t-butylcyclohexano-18-crown-6
divinyl benzene

Environmental Protection Agency

figure of merit

photomultiplier tube

formacion de personal investigador

2-methylacrylic acid 3-(bis-carboxymethylamino)-2-hydroxy-propyl

ester

Horrock’ s number
2-(2-hydroxyphenyl)-benzothiazole
iminodiacetic acid

Institute for Energy Technology
dodecylbenzene

limit of detection

liquid scintillation

lower window

multichannel analyser

Ministerio de Ciencia e Innovacion
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MIP

MVC
MWA-SCR
NPD

NPO

NPP

Oow

PBBO

PBD

PBO

PCA
PDD
PET
PLS
PMP
POPOP
PPD
PPO

PS

PSm
PSA
PSD
PXE
RIA
SCR
SCR-limited
SCR-non-limited
SDS
SEM
SIP

SIS

Sl S(ext)
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metal imprinted polymer

multivariate calibration

multiple window approach-SCR procedure
2-(1-naphthyl)-5-phenyl-1,3,4-oxadiazole
2-(1-naphthyl)-5-phenyloxazole

nuclear power plant

optimum windows
2-(biphenyl-4-yl)-6-phenylbenzoxazole
2-phenyl-5-(biphenyl-4-yl)-1,3,4-oxadiazole
2-(biphenyl-4-yl)-5-phenyloxazole
principal component

principal component analysis

pulse decay discrimination

positron emission tomography

partial least square
1-phenyl-3-mesityl-2-pyrazoline
1,4-bis-2-(5-phenyloxazolyl)benzene
2,5-diphenyl-1,3,4-oxadiazole
2,5-diphenyloxazole

plastic scintillation

plastic scintillator microspheres

pulse shape analysis

pulse shape discrimination
phenyl-ortho-xylylethane
radioimmunoassay

sample channel ratio

SCR

SCR with no internal window position limitation
sodium dodecyl sulfate

scanning electron microscope
scintillation imprinted polymer

spectral index of the sample

SIS for the spectra of the external standard gamma source
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SPA
SQM(E)
SQP()
TP
tSIE
Uuw
VbIDA
WDW

scintillation proximity assay

(spectral guenching parameter of the external standard
spectral quench parameter of isotope

p-terphenyl

transformed spectral index of the external standard
upper window

N-(vinylbenzylimino)diacetic acid

weighted discontinuous window
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5.2. Objective

The objective of this work is to develop different methods for improving selectivity in

plastic scintillation measurements.

To achieve this objective, the work is divided into the following parts:

Application of plastic scintillation to the quantification of samples with salt matrices
Application of plastic scintillation to the measurement of oil tracer samples

Development of new quenching parameters

Selectivity improvement in measurement by plastic scintillation

a/f particle emitter radionuclide discrimination in plastic scintillation

measurements using the PSA parameter
Ternary mixture quantification using PLS in plastic scintillation measurements

Radiostrontium separation and measurement using plastic scintillation plus

selective extractants

Imprinted polymer synthesis for strontium separation and measurement
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5.3. Global discussion

This work is divided in two parts. the application of plastic scintillation (PS) to the
quantification of high salt samples; and the development of different methods to improve

selectivity using PS.

In the first part, PS is applied to the quantification of samples with complex matrices that
come from the study of oil tracers, specifically S*CN". The chemical treatment of these
radiotracers generates a high salt matrix that produces problems of phase separation in
liquid scintillation (LS).

The fundamentals and application of PS are little knowledge; the analysis of complex
matrix samples is a first step towards establishing optimum measurement conditions in
order to study the different basic PS mechanisms and propose new quenching parameters

that are capable of modelling the phenomena found, and also new calibration procedures.

The second part of the study involves the development of new methods to improve
selectivity during the PS measurement step. This part focuses on two aspects:. the first is
related with the treatment of the signal in the measurement process or in the spectra

registered, and the second focuses on the chemical separation of the radionuclide studied.

The first of these aspects includes the classification of the signals registered during the
measurement of alpha or beta emitters as a function of the temporary distribution. For this
purpose, the PSA included in some commercial detectors was used in the analysis of two
beta emitters, one of low energy (3H) and the other of high energy (*°Sr/*°Y), and one alpha

emitter (***Am).
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Thisfirst aspect also includes spectral analysis using chemometric techniques (PLS model)
of ternary mixtures of alpha, beta and beta-gamma emitters (***Am, *Sr/*Y and ¥*'Cs,

important pollutants from nuclear power plants).

The second aspect studied is chemical separation of the selected radionuclide (*Sr: high-
toxicity radionuclide) via modifying or synthesizing PS microspheres by following two

strategies: immobilization of selective extractants and imprinted polymer synthesis.

5.3.1. Determination of high salt samples

The first part of this study is the analysis of high salt samples using PS (Plastic vs Liquid
Scintillation for **C radiotracers determination in high salt matrices). The samples, from
radiotracers used in the study of oil reservoirs, require purification and preconcentration
using ionic exchange columns before measurement. The elution of the radiotracer from the
columns using 2.8 M NaClO, generates a high ionic strength medium that produces phase

separation in LS but not in PS because the mixture obtained isintrinsically heterogeneous.

The first step was the optimization of sample preparation for the measurement: shaking the
vial with the solution and the PS microspheres in an ultrasonic bath for 2 min (to remove
dissolved gas, thereby improving reproducibility) and then centrifuging it for 10 min at
5000 rpm (to compact the via contents, thus improving detection efficiency and
reproducibility) and also establishing the optimum sample:scintillator proportion as 1.5 ml
per 3.6 9.

The next step was to study the effect produced by salt and coloured compounds on the PS
measurement compared with the classical LS technique. Coloured compounds have the
same effect in both LS and PS: colour quenching. This produces a shift of the spectra to
low energies and a decrease in detection efficiency. The presence of salt has different
consequences in LS and PS. In LS, a common shift and decrease in the area of detection
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efficiency is observed; produced by chemical quenching. In PS, the matrix produces a
decrease in the area without a shift of the spectra. This behaviour suggests a new type of
guenching produced by the energy lost in collisions before the electron reaches the PS.
This effect was initially qualified as ionization quenching; the closer and less described
guenching in the signal attenuation process from emission to detection. Further work on
this phenomenon and advances in ionization gquenching studies demonstrated that this
effect cannot be included in this category and it is necessary to define a new type of

guenching: particle quenching.

This new quenching is not observable in LS due to the short distance between the emitter
and scintillator in the measurement mixture. This particle quenching also shows different
behaviour from that of colour quenching due to the fact that it does not produces a shift in
the spectra, only a decrease in detection efficiency. For this reason, it is difficult to use
classical parameters to model this effect and it is necessary to use complementary
parameters, such as density, as an indicator of the number of particles in solution that can
interact with the electron. In addition, due to the differences between colour and particle
guenching, it was necessary to develop new quenching parameters for modelling both
phenomena (Classical vs. evolved quenching parameters and procedures in scintillation

measurements).

The new quenching parameters were developed from the classical parameters using current
computing capabilities and chemometric methods. The detection efficiency was modelled
using different strategies. not taking into account the quenching phenomena; taking the
guenching phenomena into account; and the use of chemometric techniques. The results
show that the new parameters produce better results than the classical parameters do for
modelling detection efficiency and calculating activity. Also, this procedure alows to get

better results when the calibration takes into account the quenching phenomena.

Real samples and spiked real samples were quantified by applying the conclusions of the
guenching parameters study (taking the quenching phenomena into account) resulting in

relative errors less than 5%. These results are similar to those obtained by LS with the
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advantage that PS is more robust front matrix changes because no phase separation can

take place.

5.3.2. Techniques of selectivity improvement

Once PS was applied to a salt matrix and the measurement conditions were optimized,

different methods for improving selectivity were studied.

5.3.2.1. Instrumentation and associated parameters

The first method studied was discrimination of pulses registered by their temporary
distribution during the PS measurement. For this propose, the PSA parameter of a
commercial Quantulus detector was used (Alpha beta pulse shape discrimination in plastic
scintillation using commercial scintillation detectors). Due to the lower delayed
component in PS and the fact that the PSA parameter is optimized for the LS signals,
application of this parameter to the PS measurements requires specific work.

First, was compared the signal produced by LS and PS measurements. In both techniques,
the classification errors become lower as the energy of the beta emitter diminishes. This
behaviour is related to the fact that the pulse distribution depends on the emission energy:
it becomes shorter with decreasing particle energy. In this sense, the classification errors
for beta emitters in PS are lower than in LS, where they have a longer decay time. Alfa
emitters have different behaviour in LS and PS. In LS, the apha emitter spectrum is a
sharp peak located at high energies; but in PS, the energy distribution shows the same
sharp peak with atail in the low energy region. Due to the fact that the classification is
related to the energy, this low energy tail in the PS measurement is classified as beta

emitters producing higher classification errors than those obtained by LS.
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Next, the effect of the matrix (coloured compounds and acid content) in PS was studied.
Thiswork shows that colour quenching produces a shift of the spectra toward low energies
and a higher classification of the emissions as beta signals. In addition to this, an increase
in detection efficiency at the lowest acid concentrations was observed. This behaviour can
be attributed to radionuclide absorption in the PS microspheres; the addition of a small

quantity of acid (HCI 0.1 M) is necessary to avoid this process.

Due to the higher classification error in PS than in LS, it was not possible to apply the
same calibration procedure in both techniques. In LS, a compromise PSA vaue with
minimum classification error for the beta and the alpha emitter is selected. In PS, a new
calibration procedure was proposed based on the measurement at two different PSA
values, one to determine al pha emitters, with minimum interference from the beta emitters,
and the other to quantify the beta emitters, with minimum interference from the alpha

emitters.

The quantification of spiked real samples using this calibration procedure produces errors

lower than 7%.

These results shows that the PSA parameter can be used for o/f discrimination in PS
measurements, but also that this work needs to be continued using PS microspheres with a
composition that generates more delayed component, using the PSA parameters optimized
for the PS signal or evaporating the sample onto the PS microspheres to reduce the energy
lost. This last approach produces an improvement in the detection efficiency and detection
limit and also minimizes particle quenching, due to the absence of solution and, as a
consequence, removes the low energy tail from the apha emitters and reduces

classification errors.

Finally, the calibration procedure for PS based on two PSA values can also be applied to
LS measurements. LS has o/f discrimination problems due to the fact that, in general,

samples present a variable composition (as a consequence of the nature of the samples or
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the treatment process they undergo) that produces different quenching and consequently a
different a/p classification and detection efficiency. This problem can be minimized by
applying the two PSA calibration methods. In this sense, the commercialization of new
detectors that permits to obtain the alpha/beta separation for any PSA value in a single
measurement will allow the use of an energy function instead of afixed PSA value for the
alpha/beta separation. In recent years, detectors that permit this data acquisition have been
developed, but they only allow the discrimination function after specific data treatment has

been performed by the user.

5.3.2.2. Chemometric methods

Another method studied was the analysis of the spectra obtained by PS using chemometric
techniques; the PLS model. This permits to analyse and quantify mixtures of radionuclide

activity without prior chemical separation.

In this work, was studied the quantification of mixtures using different PLS models that
calibrate al of the radionuclides together (PLS2) or one by one (PLS1), and those that use
the sample spectrum or the net spectrum, as well as those that model the spectra previously
separated by PSA (Mixture quantification using PLS in plastic scintillation measurements).
The results do not show important differences between the models, although the most
important are in unitary sample quantifications. The best results are obtained when the net

spectrum with PSA is used.

This study demonstrates that the PLS model can be applied to radionuclide mixture
quantification with errors of less than 10%. These errors are relatively higher than those
normally obtained, but they permit to quantitatively analyse al the radionuclides present in
the sample without chemical treatment. However, this method requires the preparation and
measurement of an important number of standards, which only compensates if the number

of samplesto be analysed is high.
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The results obtained with the models show that previous separation using PSA does not
produce a notable improvement in quantification. This implies that PLS can be used for
gross o/ measurement in detectors that do not include an apha/beta discrimination

parameter option.

5.3.2.3. Extraction on support

The last method studied was chemical extraction of the radionuclide on a PS support. To
prepare the PS resin, two different strategies were followed: immobilization of a selective
extractant onto the PS microspheres; and the synthesis of a polymer with specific cavities

(an imprinted polymer).

Immobilization

First was attempted to immobilize the selective extractant on the PS microspheres
(Radiostrontium separation and measurement in a single step using plastic scintillators
plus selective extractants. Application to aqueous sample analysis). This method has the
advantage of unifying the chemical extraction and the measurement preparation in a single
step in the processing of aqueous samples (water samples or solutions from chemical
treatment).

To apply this method, the optimization of different chemical and mechanical aspects were
necessary. These were: a separation medium capable of retaining strontium without
scintillator degradation (LiNO3; 6 M); an adequate proportion of extractant and scintillator,
to recovery the microspheres homogeneously and minimize the absorption of electron
energy; and finally, vial compaction that avoids the formation of preferential ways, which

was resolved using ultrasound throughout the experimental procedure.

197



Millorade la selectivitat en la determinaci6 de radiontclids per escintil -lacio plastica sense generaci6 de residus

Once these aspects were optimized, the next step was to establish the detection limit and to

proceed to sample quantification.

The quantification of samples spiked with a known activity in different matrices (drinking,
sea and river water) and the determination of the strontium in the rinse solution, 28 days
after chemical separation when equilibrium is reached, were used to evaluate strontium

retention in the PS resin.

M easurements on detection limit samples showed an increasing error with a negative bias
when the activity of the samples decreased. This behaviour was attributed to the retention
of more strontium or yttrium in the samples with low activity due to the smaller amount of
carrier. This drawback was solved by adding a small, fixed quantity of carrier to obtain a

constant strontium and yttrium concentration, which is usually negligible in real samples.

The quantification of strontium activity in the real spiked samples using this procedure
showed relative errors less than 4%. These samples included sea water matrices. These
samples contain a large quantity of salts but not enough to modify the retention and

consequently the quantification capability.

These results show that the proposed procedure can be applied to salt matrices. However,
there is a possibility that, as a consequence of certain chemical attacks, the content of salt
Is extremely high and retention could be modified. In these cases, the use of a tracer would

be necessary.
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Imprinted polymers

The second extraction method used was the synthesis of a scintillation-imprinted polymer
(SIP). The potential advantage of this approach is that a synthesised extractive resin unifies
extraction and separation from generic complexants.

The SIP structure includes. a functional monomer, to bind to the radionuclide studied; a
crosslinker, to provide structura rigidity; and a fluorescent solute, to make the polymer
scintillator  (Scintillation-imprinted polymer for radiostrontium separation and

quantification).

First of all, an initial composition for the SIP synthesis based on bibliographic information
was studied. This initial composition presented the problem of forming a non-soluble
complex of strontium with the functional monomer. Next, were studied different
techniques to improve the solubility (pH control, use of different solvents, use of
surfactants, addition of water and use of strontium acetate) but without obtaining the
desired results. This led to the necessity of synthesizing new functional monomers to
obtain the soluble complex. This is complex because, in spite of experience of the centre
where this work was developed, the monomer behaviour cannot be easily predicted.
Nonetheless, a new functiona monomer with a high solubility in polar solvents was

synthesized, but this new monomer also forms insoluble complexes with strontium.

These difficulties temporarily stopped the study, which will be continued with the
synthesis of new functional monomers based on the use of EDTA derivates and the study

of other metals.

The study developed up until now shows that some amount of the analyte used for the
polymer synthesis remains inside the SIP. This is especially important in the SIP synthesis
of radionuclides that do not have stable isotopes, such as uranium. This fact implies that
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for these cases, the background will increase and, as a consequence, so will the detection

limit.

Imprinted polymers can be considered good alternatives in cases where there are no
selective extractants, the complex formed has enough solubility and there exist stable
isotopes for synthesis. A final point to improve is the change of scale from the quantities
used in actual applications and the quantities needed in radiological applications.

In summary, the different methods developed in this study are complementary and have
applications in different problems related with selective environmental radioactivity

measurements.

Gross aphalbeta activity can be measured by plastic scintillation using PSA parameters.

Multivariate calibration can be used, instead of PSA, for the gross al pha/beta measurement

with the advantage of quantifying the different radionuclids present in the sample.

Finaly, chemica extraction on PS microspheres shows the best results in radionuclide
activity quantification. Of these techniques, immobilization presents the best
characteristics for real application to routine analysis while the use of imprinted polymers
require further study.
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5.4. Conclusions

Plastic scintillation can be used for the determination of high salt samples with similar
errors to those obtained using liquid scintillation. In this type of sample, plastic

scintillation is more robust and reproducible because phase separation cannot take place.

Plastic scintillation has the general advantage that it does not produce mixed waste.

The presence of colour quenchers produces the same effect in liquid and plastic
scintillation: a decrease in the detection efficiency and shift of the spectra towards lower

energies.

The presence of salt in the measurement solution produces chemical quenching in liquid
scintillation and particle quenching in plastic scintillation.

Particle quenching behaves differently from the other types of quenching in scintillation
techniques. It produces a decrease in the detection efficiency without a shift of the spectra.
For this reason, it cannot be modelled by classical parameters such as SQP(E) and the use

of other parameters such as density is necessary.

The different quenching mechanisms need to be specifically modelled. Thus calibration
procedures that take the different quenching phenomena into account and include as many

steps as types of quenching are involved, yield better results.

The evolved quenching parameters WDW and MWA-SCR produce better results than
classical parameters. SCR-non-limited produces better results than SCR-limited and MV C-
PL S also models the efficiency variation adequately.
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The analysis of beta emitters by plastic scintillation shows lower detection efficiency, a
shift of the spectra towards lower energies and better classification using PSA than liquid

scintillation.

The analysis of alpha emitters by plastic scintillation shows lower detection efficiency, a
tail in the low energy spectrum region and worse classification using PSA than when the

anaysisis performed by liquid scintillation.

The capability to discriminate disintegration as alpha or beta using PSA is related to the
energy of the particle when it reaches the PS. The lower the energy is, the faster the decay
and the more probable it is to be classified as a beta emission. This energy is aways higher
in liquid scintillation than in plastic scintillation, due to particle quenching.

In plastic scintillation, there is no value of the PSA parameter that avoids the
misclassification of apha emissions. This situation is related to the loss of energy and less
delayed component that makes the temporal distribution of alpha and beta emitters similar.
In plastic scintillation, the difference between apha and beta emissions is smaller than in

liquid scintillation.

Colour quenching produces to emissions being classified more as beta than as apha.

Samples measured by plastic scintillation should include a small quantity of acid to avoid

radionuclide absorption into the plastic microspheres.

In plastic scintillation, the quantification of the activity of a and p emitters requires a
calibration based on the measurement at two PSA values. Relative errors obtained using

this procedure are less than 7%.
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The quantification of alpha and beta emitters in ternary mixtures by plastic scintillation

using PLSyields, in general, relative errors of less than 10%.

The separate determination of a and B emitter activities in plastic scintillation can be

performed using PLS in detectors that do not include a PSA parameter.

The combination of plastic scintillation plus selective extractants is a new proposed

procedure that unifies the separation and measurement process.

The procedure for radiostrontium quantification using plastic scintillation plus selective
extractants includes the development of a column vial and the establishment of a
separation medium that avoids luminescence and where plastic scintillation microspheres
are stable.

Using this procedure, relative errors in radiostrontium quantification in agueous samples

are lower than 4% with a minimum detectable activity of 0.64 Bg/l using 10 ml of sample.

The synthesis of an imprinted polymer for strontium presents difficulties related with the
low solubility of strontium complexes. It is necessary to synthesise new functional

monomers to obtain the SIP microspheres.

The imprinted polymer synthesis procedure developed here could be applied to other
radionuclides with better solubility.
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In summary:

Plastic scintillation can be used for the measurement of high salt samples.

Evolved guenching parameters permit the quenching effect to be modelled and the activity
of radionuclides to be quantified with better results than those obtained using classical

parameters.

Plastic scintillation can be used for the selective measurement of apha and beta emitters

using different methods for selectivity improvement.
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5.5. Resum delstreballs

Comparaciéo entre escintil-lacié plastica i liquida per a la determinacié de

radiotracadors de **C en matrius d’ elevada salinitat

La utilitzacio de radiotracadors és un procediment habitual per tal d entendre millor la
dinamica dels reservoris petrolifers. Diferents molecules i radioniclids s han utilitzat per

aguest proposit, sent un d' ells e tiocianat marcat amb *C.

Les mostres preses en els pous de produccid requereixen un pretractament per tal de
purificar i concentrar |’ activitat del radiotracador abans de la mesura. El pretractament esta
basat en |’ is de columnes de bescanvi ionic i la solucio eluida inclou una ata concentracio
de sal que pot impedir la formacio d emulsions estables quan la mostra liquida i €l coctel

d’escintil-1aci6 es barregen per alamesura d’ escintil-1acié liquida (LS).

L’ objectiu d'aquest estudi és avaluar la capacitat de I'escintil-lacié plastica (PS) per
determinar |’ activitat dels radiotragadors en matrius salines.

Per aguest proposit, s'ha fet un estudi comparatiu inicia de lainfluenciade lasa i matrius
acolorides en I’ eficiencia de deteccio per PSi LS. Els resultats indiquen que per ambdues
tecniques el quenching de color produeix el mateix efecte, un decreixement de I’ eficiéncia
de deteccio i un desplacament dels espectres, mentre que € quenching de la sal produeix
efectes diferents en PSi LS, quenching d’ionitzacié per PS i quenching quimic per LS.
Com a resultat d'aquesta diferencia, € calibratge necessari per cada metode es diferent:
dos etapes per PSi unasolaper LS.

Després d’ estudiar € sistema i optimitzar el procediment, es va determinar I activitat dels
radiotracadors en matrius reals preses a reservoris petrolifers. Els resultats indiquen que PS
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té una capacitat similar a la técnica classica LS per determinar |’ activitat en aquestes
matrius salines amb |’ avantatge addicional que no es pot produir separacio de fasesi no es

generen residus mixtos després de la mesura.

Comparaci6 de parametres de quenching i procediments classics respecte a
evolucionats en les mesures d’escintil-lacio: La importancia del quenching

d’ionitzaci6

Els parametres de quenching utilitzats per modelar les variacions en |’ eficiencia de
deteccié no han evolucionat des de la decada dels 1970s. Mentrestant, les capacitats dels
ordinadors han incrementant enormement i e quenching d’ionitzacié s ha evidenciat en les
mesures per escintil-lacié plastica. Aquest estudi compara els resultats obtinguts en la
quantificacio de | activitat per escintil-laci6 plastica de mostres de *C que contenen agents
gue produeixen quenching de color i ionitzacio, utilitzant parametres classics ((SIS, SCR-
limited, SCR-nonlimited, SIS(ext), SQP(E)) i evolucionats (MWA-SCR i WDW) i seguint
tres procediments. una etapa, que no té en compte el mecanisme de quenching; dues
etapes, que s té en compte el mecanisme de quenching; i calibratge multivariant. El
calibratge en dues etapes (ionitzacié seguit de color) produeix els menors errors relatius,
cosa que indica que cada fenomen de quenching ha de ser modelat especificament. A més,
I’ activitat de la mostra es quantifica de manera més acurada quan s utilitzen el's parametres
evolucionats. El calibratge multivariant-PLS també produeix millors resultats que el's que
S obtenen utilitzant els parametres classics, que confirmen que e fenomen de quenching
sha de tenir en compte. Els limits de deteccié obtinguts pels diferents métodes de
calibratge i pels diferents parametres son proxims als obtinguts teodricament utilitzant
I’ aproximaci6 de Curie.
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Discriminacio alfa/beta per la forma de I'impuls en escintil-lacié plastica utilitzant

detectorsd’ escintil -lacié comercials

La determinacié de I’ activitat en varis tipus de mostres és una necessitat actual en molts
camps diferents. L’andlis simultani d’emissors alfa i beta és una opcié de rutina quan
S utilitza escintil-l1acio liquida (LS) i discriminacié per laformade I'impuls. La técnica de
LS perd, té un inconvenient important, la generaciéo de residus mixtos. Recentment,
diferents estudis han demostrat la capacitat de |’escintil-laciéo plastica (PS) com a
aternativa a LS, perd no s ha dut a terme cap investigacio sobre les seves capacitats de
discriminaci6 alfa/beta. L'objectiu d' aquest estudi és avaluar la capacitat d'PS per
discriminar emissors alfa/beta utilitzant €l parametre d’analisi per forma de I'impuls
(PSA).

Els resultats obtinguts mostren que els polsos de PS tenen menor energia que els polsos
d'LS. Com a consequéncia, en PS s observa una menor eficiéncia de deteccio, un
desplacament dels espectres cap a baixes energies i una millor discriminacio per
desintegracions beta i pitjor per desintegracions alfa. El quenching de color també
produeix un decreixement en |'energia de les particules, aixi com els efectes descrits
anteriorment. Es clar que en PS, les capacitats de discriminacié estan correlacionades amb

I’ energia de les particul es detectades.

Tenint en compte les capacitats de discriminacié en PS, s ha proposat un procediment de
calibratge per ala mesurai calcul de I'activitat afai beta en mescles utilitzant I' PS amb
detectors d’escintil-laci6 comercials. EI nou protocol es va aplicar a la quantificacié de
mostres marcades d’ aigua de riu contenint un parell de radiontclids (CH-***Am o %Sr/®Y -
21Am) en diferents proporcions. Els errors relatius en totes les determinacions son
inferiors a 7%. Aquests resultats demostren la capacitat de I’ PS per discriminar emissors
afalbeta en funcié de laformade I'impuls i per quantificar mostres sense generar residus

mixtos.
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Quantificacié d’una mescla utilitzant PL S en la mesura per escintil-lacio plastica

Aquest article recull la capacitat de I'escintil-lacié plastica (PS) combinada amb el
calibratge multivariant (PLS) per detectar i quantificar emissors alfa i beta en mescles.
Mentre que en escintil-lacié liquida (LS) s han fet alguns estudis amb aquesta idea, no se
n'ha fet cap utilitzant PS, que té I’ avantatge general de no produir residus mixtos després
derealitzar lamesura.

Seguint aguest objectiu, s han quantificat mescles ternaries d’ emissors afai beta (**Am,
B37Cs | ©5r/®Y). L’ optimitzacié del procediment va incloure I'avaluacié de la utilitzacio
dels espectres nets 0 €s espectres de la mostra, I'Us de diversos espectres obtinguts a
diferents valors del parametre d’andisi per la forma de I'impuls i I'aplicacio dels
algoritmes PLS1 o PLS2.

Les conclusions mostren que la utilitzacio d'PS+PLS2 aplicat a I’ espectre de la mostra,
sense utilitzar cap discriminacio per laformade I'impuls, produeix errors relatius inferiors
al 10% en laquantificacio de les activitats en lamajoria del's casos. Aquest procediment no
nomeés permet la quantificaci6 de mostres sind que redueix €l temps de mesura (no
requereix blancs) i, a més, I'aplicacié d aquest procediment no requereix detectors que

incloguin el parametre d' analisi per laformade I’impuls.

Separacié i mesura de radioestronci en una sola etapa utilitzant escintil-ladors
plastics més extractants selectius. Aplicacié al’analisi de mostres aquoses

Aquest estudi descriu un nou protocol per a la determinacié de *°Sr en mostres aquoses
basat en I’ is d’ un extractant selectiu (DtBUCH18C6) i microesferes d’ escintil -lador plastic.
El procediment proposat unifica la separacié quimica i la preparacié de la mostra en una
sola etapa reduint els esforcos, temps i reactius necessaris per I'andlisi. A més, la mesura
final no produeix residus mixtos. L’ activitat minima detectable utilitzant 10 ml de mostra
és de 0,46 Bgyl. Els errors de quantificacié obtinguts en la determinacié de ®Sr en aigua de
beguda, de mar i riu sdn inferiors a 4%.
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Escintil-lador plastic impresper la separacié i quantificacié de radioestronci

La mesura de I'activitat en diferents tipus de mostres és una necessitat actual en molts
camps diferents. Les tecniques descintil-lacid, tant liquida com plastica, presenten
problemes de selectivitat, sent necessaria la separacio quimica del radionuclid abans de la
mesura. La técnica dels polimers impresos permet |a fabricacié de resines per I’ extraccid
selectiva d'un radionuclid. L'addicio de soluts fluorescents durant la sintesi permet

I’ obtencié d’ escintil -ladors plastics impresos (SIP).

L' objectiu d’aguest estudi és la sintesi d'un SIP per la separacié i quantificacié de

radioestronci.

Per tal de produir aguest polimer es van sintetitzat els components que el constitueixen a
partir de la informacio extreta de la bibliografia. A causa de la precipitacié del complex
d’estronci amb e monomer funcionalitzat, no es va poder dur a terme la polimeritzacio,
passant-se a estudiar diferents estratégies de solubilitzacio del complex. Dos polimers van
ser gintetitzats seguint dos aproximacions de solubilitzacié, ambdds polimers no
presentaven capacitats d extraccié degut a que no hi havia un complex disponible per la
polimeritzacio durant la sintesis. Per aguest motiu, es va continuar amb la sintesi d’un nou
monomer funcionalitzat amb major polaritat per tal de facilitar la solubilitzacié del
complex. Aquest complex va resultar igualment insoluble i, per tant, no es va poder

continuar amb la sintesi del polimer.

Es pot concloure que & punt més laborids per a la sintesi d'un SIP per radioestronci és la
solubilitat dels complexos formats. Per aquest motiu, és necessaria la sintes de nous
monomers funcionalitzats per tal d’obtenir un complex soluble. Finament, és necessari

estudiar més en profunditat |es capacitats escintil-ladores del SIP per tal de millorar-les.
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[’escinti Klj}lstica €S una tecnica de mesura de

radionuclids K a D’escintil-laci6 liquida pero amb els
avantatges no produw residus, ser més robusta vers canvis
de matriu | C|I|tar Ia incorporacio de reactius selectius en
emprar m esferes.‘ solides. En aquesta tesi, s’han
desenvolupat ;ferents metodes de millora de la selectivitat en
la mesura per escintil-lacio plastica, tant en el moment de
I’adquisicio del senyal, com en el tractament posterior de
I’espectre 0 amb I’extraccio del radiondclid sobre les

microesferes d’escintil-lador plastic.
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