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Application of radioanalysis to the transport of

micro-constituents by difrusion
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Abstract Predictions on the leaching behaviour ofmicroconst“uents from dumped

stored．or iⅡ曲obiUsed wastes are based on e8timate8 of the effecti、re diffhsion coem．
cientB involved，which u阳a11y r8nge矗om～10—6 to～10—12 cm2·8—1．Radioanaly8i8，

船pecially radiotracer procedures，can be applied to deterIlline thes8 p龃ameter8 on

small(矗eld)B锄ple8 of gr柚ul盯material and te8t 8pecirnen8 0f iⅡⅡnobilised w龃teB．
A 8ur啪ary of staⅡdard experiI】艟nt8 for both types of materi“under non-8teady 8tate
龃d 8teady 8tate conditions i8 presented
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1 SURVEY

The assessment of env如nm啦tal risks丘om waste disposal，storage or r印rocessing
depends on knowkdge of the e艉ctive帆sion coeⅡkieIlts of the(Ⅱlicro一)constituents
血v01ved． Their I船粥llrem吼t on smaⅡaUquots of窜an_11lar wa8te and soil，0r on test

spechens of s01idj匠ed waste鹊、ven∞on arti丘cial or n船aⅡy fbfmed liners，is a cuⅡent
chdkn聋e to the radioanalyst．

This te】ct gives a sⅢvey 0f the radiotracer practice developed in our 1aboratories

aveT the preceding two decades in measllr锄1ents oⅡfive types 0f material：

(1)Gr∞ndar iⅡorgmic wastes．

f21 Wastes immobmsed in blo出s of cem锄t or concrete．

(3)Thjn layers of some phstic material used嬲art近dal Uners i11 w∞te storage．

(4)se酢fbrming her8 at th启contact sⅢface of争孤1llar w船te and s11rrollndiⅡg soil

duIin譬their fbfmation．

f51 Cores taken丘om a natllrally fbTmed lin盯．

The lmderlying mathematical f0皿ulations盯e aVailable upon request．A survey of
the mathematics of di釉sion is西ven in Ik￡111．
The restrictioⅡof radiotracer Drocedllres to microconstituents jn interstitial丑llids

avoids the d如Ference砌ch ot：berwise c砌d be e邛ected between t：be coemcients ofrnutual
Ⅻd se皿dj托sion口一．
Exp谢mental∈【et豇卫1iIIation$of e开bctive di妇hsion coefhcieⅡts refbr to non．stead了

state私、盹U舳8teady state situation8，depen血g on whether the concentration prome
M^n瑚cript recei"d datc：1999—10-11
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ig c11rved or strai曲t． The latter cage is met h difhsion throngh a nat 1ayer under

eqllilibri啪conditions with constant coⅡceIltrations at both sides，as m thill plastic
1ayers孤d self-fbrming Uners． KⅡaWledge of the current type 0f dj矗hsion缸transport
is essential in the e讪atioⅡof the experimental data．Rout血e proceduTes have been
develaped fbr the fbnowinE cases：

Ⅳon．ste口由5t口te出f№ion
(1)Gramdar waste ilI a cyliⅡ“cd tube with one丑at side exposed．
(2】Cubes ofiInⅡLobilised w鹪tes，exposed on 0ne side or totaⅡy imInersed in kachaIIt．

(31 A drclllar slice of iInⅡIobilised waste with covered riIn．

＆e口由s亡a钯出承博fon

(1)Gr姐1llar w懿te in a cyljndrical tube with one nat side e】币osed．

(2)Cllbes of虹眦obilised waste，e，事osed oⅡone side to the 1each扣1t．
(31 Spheres of jnⅢlob王lised waste，jmmersed in the leacllant．

Measllrement 0fthe e艉ctive dj肺si∞coe伍dent，D’，『cm2．8—11，refers to three devi．
ation8盘om the t曲ulated dm商啦co甑c妇n试皿哇te aqueous sohti吼，Do，fcm2·s一11：
(a)The e圩毫ctive porosity，E，【-】，(b)The physical restriction factor or tortuosity，∈[-]I
(c)The in丑uence of eventual h吐eraction with the sond，。砷ressed by a factor(1+Ⅳ)～，
where the diInensionle88 p甜黜ter耳is the product of alI in 8itu djstribution coemcient
and the local so五d，HqlIid ratjo．

Nun坤rical values of D’range盘om about 10—6 cⅢ2．s一1 fbf gr踟laIr materials to
about 10—8 cm2·s一1 fbr im：幽ilised w硝tes，abaut 10—10 cm2ts一1 for se酢盯ow咄bmiers，
and about 10—12 cm2．s一1 fbr p1粥tic 1iⅡers．h c∞e of granlllar or面皿10bilised w懿tes，D

7

varieB considerably with the pore water conteⅡt【4J．This me姐s that the water content

of te8t spe血mm h私to be adjusted prior to the ezpeIiⅢents．Fbf擎anul解materials
t址s implies long time e印osllre to孤atmosphere of】(nown岫dity'fbuowed by血】【ing
and deternⅡnation of the water coIltent． Measur创nents on hnnlobilised wastes reallire

preVious saturation of the也raugh-going pores．Detaik are a伽able llpon request．

2 APPLICATIoN oF RADIoANALlrSIS

2．1 General

EInissi％or abs唧tion of microc唧on啦ts is a 8la宵process，prop饥ti叫Lal to the
sqⅡare root of contact缸e，and so is姐y rdated e】币er蛔1ent．Thjs presses for sensitive
nleasuren煳t8 of the eluted or adsorbed Inass．
Both radiotrac盯s缸m activation anaIysis canbe appHed in me艄urjngmass tr姐sfer．

．工}acers are used iII 1aboratory e印eriⅡ塘nts，while neutron activation姐alysis，eventuany
aft凹pteconc鲫^ration，serv髓in矗dd eIp盯jn坨nts．

DimlsioⅡcoemcieⅡts have been Ineasured by rai【iotracer procedures in a wide谢ety
of weⅡ．de矗ned mtrice8【5一．
The criteria fbr&radiotrac盯唧盯iment村e卵nsiti订ty jn caIInts per功jcrogr珊
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and total actjvjty谢thjn the existing】aboratory“cen5e．The latter sets a血nit of abou￡

1010 Bq(desintegration per second)for a spedalised radiotracer laboratory．If the con．

centration of the microconstituent invQlved is 10 pg-g一1蛐d 1％of its m鹕s is transferred
over a ph船e border to be divided into lO丘actions，whjcll are c01mted each for 104

seconds with an 0verall emdency，including gaⅡlIna-ray abllⅡdance，of 5×10～4 c．(des一1)
the requjrement of≥103 catults per丘action is eqllivalent to a total activity of about

2×109Bq．

The reqllired spec近c activity 0f the microconstituent is iIlversely proportional to

the mass of the aliquot aILd the coⅡcentration of the nlicroconstituent．With 10 pg·g一1
证an aliquot of 10 g this gives its spec讯c activ主ty(Q叩)mi口。c叫tituent≥2×1013 Bq g～，
a va】me wlIich is weU within the c锄Ⅱ憾rcially available ralIge．

2．2 Non-steady Btate di重fusion in granular mterhl同

The practical use of the proced砒e is govemed by the availability of sllitabk ra-

diotracers and the fhct n协t，pre±毛ral)1y，a molecllhr tracer sh011ld be used to exclude

electrostatic int盯眦tions． The 1lse of 3H(丑，2=12．3 y)as HTO(tritium labeⅡed wa-

ter)，22Na+∽／2=2．6 y)越cation and NO：(to be detem血ed spectrophotometrically)
as anion may serve to probe charge efrects．

AVailable tracers fbr probing possibk distribution ratios盯e 74AsO；，丑，2=17．7d；

访seOg锄d％seO幺丑／2-120d；99MoO：，五／2=67h；115mcdⅣ，五／2=44d趿d 1。4sbO∥，
丑，2=60．3 d．It fbuows丘om 011r e印盯imeⅡts that there is virtuaⅡy no isotopic ex出ange
between the two selenilIm ion8．

hIpractice，390f(wetted)瑚terial甜e spilced．Ⅱ姐addition of≤1％ofthe avajlable
Irlass is accepted，越d jf dowⅡto 1％of the added activity is to be detected witkn

a connting period 0f 30 min at a geometry of 50％，one gets Q印≥3x102／c’(Bq·g-1)，
where c’is the ppII卜concentration of the却，ailabk丘actioⅡof the eleⅡ把Ⅱt．Fof sodi啪c’
is of the order of 100pg·g～，while for the tr扯e constituents it may vary hom～20pg-g一1
downw村ds．Thus the spec逾c札tivity of 22Na sh011ld be>3．106 Bq．z～，while that of

the other radiomlclides shauld be≥3×108 Bq．g—1．

About 3 g of the mterial lmder in、陀stization is mi】【ed with 0．9 mL of a ca盯ier．
丘ee radiotracer solution，of whicll the dMmical form is】cnown and the specific activity

anow5 detection in sliced 5唧ts at 10—2％of the 0riginally added activity level_ The
蚰xing of trac盯and s01id丽th a spat“Ia is contim埔d fbr at least 5miII to obtain a
hoInogeneous p鹬te．The consist锄cy 0f the p舳te搴hould be such that no 1iqllid is spmed

upon introduction in the difhlsion t11be． h pra“ice thi5 always iInplies unsaturated

conditions．

The删msion tube consisting of p01yethyl∞e tubing(庐=8Ⅱ皿，仁70 H吼)is marked
on the non-active side(Fi91)．On that side a piston is inserted and the tube is皿ed
with untreated，wetted material llp to a length of 25mm with a consisteⅡcy si卫Ⅱilar to

that of the labeled material(water content：25％W／●矿)．The jnterface is kept硒smooth
as p088ible．Since the interf宣ce isⅡot visibk，an inte如ce mark盱js introdllced．Fbr this
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purpose a 170Tm(孔／2=128 d，日=84keV)spike of h培h speci矗c activity is used．
Tb avoid addjtjon of water，the iIIterface is m越ked by wett血E a smaU rod with a

170Tm spikiIIg solution，removiⅡg the atta出ed water dropkt and 1ightly toudling the

smooth in“!rface of the untrea土ed 8eP：ment．Sllbsequenny，the 1abeled materjal is added

up to a total length of 50mm and the second piston is put in position．

The tubes a舱stofed i主l an atmosphere of the appropriate water content． Redox

sensitive materials，h1【e bottom sedjment8 and sludges，have to be kept iIl an N2 atmo．

sphere．O丑di鸵d materials，liabk to reduction，缸e treated wjth S10mg NaN03·g．1 to

inhibit biolOgical activity．

After a suitable storage tiD把，usua：Uy丘om 10 d乏叮$to 4 weeks，the combined seg-

Ⅱ1ent8 are Dressed out on tl峙non．1ab≤lled side a丑d 8Iiced into sections of0．5～1 mm．These

are tr皿s恼red to pre-weigmed 8×50衄couⅡtjⅡg tubes，dIied at 85。C and weighted．
The Irlass of the slices and the total mass of the tube coIltents are used to cdculate the

axial leI堰th of eadh slice．Count．mg is perfbr加ed with姐intriⅡsic Ge—detector connected

to a MCA．Data村e read into a microconlputer and proce88ed by a pro擎卸1Ine that

叩plies mting of the calmting reslllt verms the squ缸e of the distance according to the

pertm血g pr曲1e equation giV吼jn Re￡【8】．The 11Ⅱcerta砒y is～o．1 in the pD7一Value．

1"Tm

=====奄

剐岫
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U U U

F远．1 Experi玎弛ntal procedure 0f the d珊瑚ion tube me棚ur咖ent8 on gr粕Illar 80lids
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F如m the D 7‘Values for the non-reactiVe radiotracers Na+，No§and seoZ，it is

possible to estimate the tortuosity whicll is of the order of 2．5～3 fbr most盯眦1ar
materials．

2·3 Steady state dmsion in gra肌lar mterial．The growth of a self-forming
l蛔er[9】

Two reactants，矗hich meet at the interface of d啪ped gr卸m缸w柏te孤d suIround．
ing so丑，may舀ve rise to a 1ayer of precipitate．Its thjc】【ness is proportional to the square
root of c0IItact time．Radiotracer e聱perinlents in sImIll d坍hsion tdbes，like described in

the previous section，my serve to deteⅢ血e the 1ayer thickness粥a function of ti工】1e and
thus the experimental value of the constant of proportionality Thjs procedllr8 provides
a check jn theoretjcal pre出ctions．

A c艄einpo砒istheformation 0falayer ofCaC03from c叭mter．di肌sionofCaCl2
and Mg(c03)2．Ibr a 5e拉fbmLing姐d·healing hner 0f cac03，fomed by the dinsion
of about o．59·cm-3 ca(OH)2 into Mg++一ri出harbollr sediment，the lin盯-thickness in
cm was{bund to increase as 10—4．t1／2 with the contact tiIne t iⅡseconds．

2．4 Non-steady 8tate dilfhsion蠡∞m hnInobilised waste[10】

OIlly soIne main conclllsiom缸e given here：

(1)Leachmg behavi011r of jmmobihsed waste caⅡbe ex如血ed best on cubic 8peci-
meⅡs of5锄side or di8cs of5cm radius aⅡd 2cInthicl【nesswith cdvered rimin>200n1L
leadhaⅡt，

(2)The effbctive difhl8ion∞emcient of aⅡlicro．constituent can be d盯ived from its

coⅡcentrationh the leachant as a fl】【Ⅱcti0Ⅱoftime and the iIIiti“y a1础able concentration
inthe soUd．

The latter quality c越be 0btained丘om a c粥cade e印eTiment in which a radjoacti．
vated aliquot ofthe gr锄nlated soud is leached with successive equal v01llmes ofleachant．

f3)Precision increases with contact time and decreases with the eff毛ctive dimlsion

coemdent itsem At the mjni加al lea出aⅡt v01眦e of 200如山．the relative stand缸d de—
viation in D’Eoes矗om～10％at D’=10—6 cm2．s一1 to～20％at 10—8 cm2．s一1 for the

8tand耵d cube，札d丘om～7％to～15％for the standard disc．

(4)The relative precision and bi酗jn the deterlnination 0f the initially吖ailable
concentration are～5％．

(5)Tortuosity rmasurement¨y way of a non—reactive radiotracer featllre a relative
口recision of 10％一20％．

2．5 Steady state difrus．on＆om immobilised waste

The concentratioⅡof a sparingly s01uble(micro-)constituent in the pore water is
constant while that iⅡthe kachate rem如s virtuaⅡy zero． 血this c私e steady state
djfmsion preVails and the rele柚e丘om a s唧i．hnnjte specimen，1i1∞a cube or a cyhder
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with one丑at side e】cposed，is proportioⅡal to the square root of leaching time， The

曲ctive di肌sion coemcient can be derived丘om the e坤e血nentally deterlnined constant
of pr叩ortjonaht弘
As a case in point，the 1e如hjng of traces 0f heavy metals矗om sulphjde conta曲ng

cement can be meⅡtioned【11j．Using radiotracers，e如ctive di肌sion coemcieILts down to
竺10—12 cm2．s一1 were determined．

3 CoNCLUSIoN

Radiotracers柚d，to a lesser eItent，radjoactiVated aliquots can be印plied in de—

temI“ng the e艉ctive di触sion coe伍ci衄ts of microconstituents in(矗eld)saⅡlples of
F戳l缸ma七eridLs蛆d test spec衄地ns of豳bilised啪stes．
The present text gives the outlines of availabk det盐d procedllres．
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