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“BSTRACT

e sorption or cesium ang Strontiuws nas teen modejea with a
seterocenelt-mased {sotfierm equation tor various tutf{ —aterials
.ncluding thnose within a sequence ot geoiogic stratigrapnic units.
The theory of the isotherm toresees the reilative retaraation and the
“zhemical dispers.on’ of the studied radiomuciides curing transporrt.
The concepts of heterogensity of sites and variability in the
mAaximum nmumoer of sites available for sorption are incorporated {nto
the model.

“NTRODUCT IO
‘olcanic tuff material i3 the geologic meatum ror Tne snailow 1ana buriai o:
.ow—tevei ranioactive waste at @ LOos Alamos iiatiommi |[cboratory in nortn-
Testern NHew Hexico. ..lso. . oicanic tuff matertial of Yucca Mountain near
south-central Nevada i{s the proposed geciogic medium for a2 repository ofr
high-levei radioactive waste {1]. Tne aspect of the characi:=rization or
sither disposal area is the sorptive behmvior of radionuciides in the cuff
mterials. This characterization is important in predicting waste migration.

Isotherms have besen derived and used to represent sorptive behavinr in a

‘artety of disciplines. c.g.. -oil chemistry, geochemistry. und environmental

ina chemical engineering (2, 2. i, 3, 3]. The Langmmuir isothers i3 basea on

‘N8 s1EDlest of severai theories ire avall!ablie to cescribe the
reiationsnip between the amoumt cf a soiute adsoroped on a surtacs ana the
~oncentration of the soiute in the liquid phase {(7]. This isotherm assumes
hat the enerxy of adsorption is the sams for all active sites on the
adsorpent surface.  lowsver, in sany sdsorption cases, —he assumption rails
>ecause either pure minerai or muiti-=inerai surtaces interact with soiutes
71th different energies (haterogensity). Tese aifferences among sit:
‘nergles require tne identificacion of those energy distributions tnat

‘naracterize tha heterogeneity 0f 2 particuiar aasoroent-soiute tnteraction,




Sips ;€] {ntroaucea ana discusseg an isotherm (Hal ZUEEES(S (~at A
Qaussian-iike statistical {unction couid represent the aistribution o
slte-soiute interactions. ..1is i1sotherm. wnich is basea on the assumotion nf
.ocalizea adsorption without interaction among sites. ms presented as an
expansion of the conventional Freundlich isotherm. Zoosito [9]. rfollowing tre
resuits ootained by Sips (8] ana using a Langmuir isotherm to define
jite-soiute interactions. cerivea a similar Gaussian-iike stattsticat function
'hat {s regarded as a log-normai distribution of a variable that cefines the
‘slative arfinity of a soiute tor a soitd chase.

"he 1sotherm can ode expressed as

o RS s
5, 5 C,

e

“max1 ¢ K Ci"

quantity of soiute adsorbed per unit mass of solid phase 1§.
concentration of soiute in soiution in equilibrium with soiid phase
i.
maximum available exchange capmeity at soiid pnase 1. 2na
rarameters that cefine the overail soiute~-soiid phase
interaction.
f this isotherm appiies. :hen a mors comprenensive representation o: the
Leterogeneity of the adsorption is gained {rom the meanting of K.:J ang 8. These
{¥0 paramsters can be found by regressicnal anaiysis of a given set of

jorption cata on the following expression:
/ 3, \
’“(r—rf filogc, - lox (!

\ saxi :

W
;-

The ocrumeter 3 has peen cescribed bv Spositae 19] as a measure or low
-NAarply reaked the statistical function tor tii® aistribution of energies ot

~quilibrium 1s apout an average vaiue: ‘ne parameter ras 0iso been desiribea
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2roceoures of the (aporatory column transport studies are given bdv r:cntes et
ai. [:2].

The turfs ot Yucea Mountain have oeen cescribed in mineraiogic cna
cetrologic studies (13]. The batch sorption ©rocedures followea for tre
Yucea Mountain tuff media are described by Danieis et ai. [14].

The batch sorption studies of the tutfs from fucca Mountain were not
designed to evaiuate isotherms, but to evajuate the esffect on adsorotion or
such parameters as contact time, concentration ot corping eiements, ;articie
size, smperature, .imosovnere., .nd lithoiogy. Theretfor>. e range 1N
oncentrations varied from one experiment to another. .aly cata ror o contact
time of 14 days. cabient temperature., and air atmosphere were used in tne
nodeling effort. Sorption data include those for sampies of all ranges or
particle sizes. llowever. particle sizes varied from one tuff sample to
another. Ireliminary modeling (15) indicates that avatilable particle sizes
had little eifect on isotherm paramsters.

2.2 Modeling
The data wers modsied using the hsterogeneitv-pasea isotherm (Hdodified

“reundlich). ’ata sets were (inemriy regressea ana ths resuits were cefinea

oy coetficient oi determinations |R;"). conf idence ievei of the regression

anmalysts. coefficient of variation (CV), cnd the values for the parameters os
Jetermined from the siope and from the intercept. "Hhe intercept is the
Jependent variable wnen the independent variable. concentration in soijuttion,
is unity. The error terms associatea with the parameter vajues are nlso
inciuded. These statistics and paramsters provide criteria for gooaness ot
‘sotherm rit and for estimmtes of the extent of Leterogeneity ot the

«asorption.




"ZSULTS AND DISCUSSICH

Candeiier [uff Mater:ial
The Modified Freunalich isotherm piots tcr tne sorp..cn of sirontium onag
cesium to Bandelier {.ff are vresented in Fig. .. The statisticai carameters

‘or the regression anaiysis ana the isotherm parameters are given 1n lable .

n
The R™ is 0.293 for tre cesium regression ana 0.999 for strontium regression.

The coerfficient of variation i3 7.2% for cesium and 2.7% for strontium. These
statistical data indicate a verv good correiation petween the rractian ot
orbed sites occupied bv the tracers I'AS/(San <+}] z2na the concentraticn c:
racers (C) in soiution. Ti& vaiues tor ¢ were U.S42 for .irontium ana ©.£S2
/or cestum.  asea on tne theorvy described. !n0ose vaiues suggest nat ne
soread (dispersion) in the preaxthrougn (or transporti of strontium aue to
seterogeneity of sorption sites shouid be iess than tnat of cesium. This
spread shouid be 1n additi{on to the spread due to flow. The nj vaiue ror
strontium is about one-nalf of that for cesium (0.172 and 0.208.
respectively). ..@ain, casea on the above theory, those reiative r\.) values
‘ndicate that the breakthrough or transport of casium cnouid te retarded bv
:oproximately a tfactor ct 2 comparea «ith tnat or stirontium.

Te apove results and the tneory are supporteda, ot (cast cuafitativeiy cv
che resuits ot laboratory coiumn breaxthrougn data snown in Fig. J. These
iata are aaapted from ruentes | !2]. The reiative oreaxthrougn pattern appears
-0 follow rhat predicted by the isotherm parameters for strontium ana cesium.
The breakthrough of {odide represents transport of a nonsorping tracer and the
iispersion oi iodide snouid be acue to flow conditions. e appearance of the
‘nitial ang peax breakthrougns of strontium ana cesium 1ndicates tnat c2sium

.3 recarded by about 2 :actor ot - comoared with strontium as preaictea from

.ae tsotherm marameter, ... .1so, .ne soreasa {n the oreaxthrougn appears (9




e rmucn greater for cesium than 1or strontium, owever., .I Lould - rotea
‘Sar a sirict interpretaticn musct inciuZe an evatuation ct dispersion cuc '
Ater fiow. “he spreaa due to flow dispersion 1S nOt the same 1Or CoC tW0
iracers because ot differences :n arrivai or breaxthrougn t:mes. ..e adave
results anad conclusions appear to give validity to tne Modified Freunalich
isotherm as a means of preaicting the reiative transport of raaionuc:ides 1n
tuff materials. Tork on the counling of the 1sotherm equation to a transport
~odel is in progress.

3.2 Yucea Mountain Tuff Yateriais

e re=suits just ciscussed cbove nre i1imiteq in that tne tutf coteriai as
:ollectea from a specific z2rea or the fanaelier crtratigrapnic unit -5 minimize
{nhomogenities i1n characteristics, o.g. -aximum sorption capacity (CZC).
order to extend the isotherm model to iarze environmental areas, a variable
TAX1DUm sorption capacity needs to be incorporated into the model. Tor
example, within a stratigrapnic unit of Yucca Hountain available information
indicates that the CEC of the variocus materials may vary by a factor of 60.
This incorvoration was accompiished by including a  =C (Smnx: for cacn set of
‘orption cata. Thus the aepenaent variable is composea of t¥o variables., _te

mount sorped. 5. cnad the maximum sorption capacity, . (N tne 1orm

/(S 3). This proceaure was used to evaiuate tne appiicapility ot the

isotherm to model sorption for five stratigraphic units of Yucca Mountain
located below the canaidate repository. he resuits are presented in fables 2
and 3. T'ble 2 gives the numpber of data sets used in the anaiysis. .he range
‘01 mAximum sorption capacities (CEC), :ze coerfficient ot variation (CY). .una
the contidence ievei of the regresstion analysis. _:ble 3 presents tnre
arometer ~stimates tor fne 1collerm caseg on (ne ragression anaiysis.  igure

oy

" provides a ' 'orse’ .ase ana est’ -ase exampie or £orption accoraing to




fodifiea Freunalich i1scotherm. T.e 'orse’ case 15 (ne O, C1IaT10n roo
‘nich the isotherm does not reoresent tne aata weil. .7 shovia Le empnasizca
18 mentioned previousiy that the sorption cata were not —oneratea far o2
surpose ot isotherm analysis, wnich mav be a reason tor ' 1MDrover -<nreaalng
of the experimental vaiues in the worse cases.

The statistics for the regression anaiysis indica: . etficient of
determination of 0.S6 or better for the regression anai- --3 with one

bt

~xception: 3 was oniv 0.55 for the regression of cesit. .ata 1n the Calico
Hills unit. The coefficient ot variation of the cata apout "~e regression
.ine rangea from aoout I g 1.. e nigher V'35 were cniv 2 :zctor . creater
“nan tuose determinea with tne candelier fuff. Thus tnese cata suggest inat
incorporation of Sm into the cepenaent variabie coes not creatiy atfect
variation of the data about the regression line.

The parameter estimates are plotted as a function of the stratigrapnic
unit in Fig. 4. Come general trends can be observea within the iimits or
errors associatea with the estimates. The average Kj alues rfor cesium and

for strontium follow similar catterns. The log b‘.J varies from approximateiy

-2.0 to +2.0 with the Calico rills unit Lhaving tne nighest X4 ~na the -row

’ass naving the iowest K.,. “he  values range :rom approximatelv 0.C3 to
o

1.i5. ..s mentioneq eariier. :te J parameter ts theoretically cxpectea to oe
iess than |: the nigher vaiue o:r 1.!5 oniy occurs rfor strontium 1n the ("alico
‘1i1ls unit. In this set of observations the data are not uniformiy
distributed: one observation extendas the domain of coservations from
approximately | orcer of ragnitude to about 3.5 craers of magnitude. .n
‘nfluence diagnostic test basea on ~Cook~-iike statistics [ i6] ingicates that
*he ooservation unduly influences the regression ana the siope (). T othe

;bservation were to pe acleted. .ne siope would decreass, .3us F3INtAININZ the




] parameter within theoreticai onreaictions.  ne cnemical uispersion.

Soth strontium and cesium appears to tollow a similar =attern or change os

-hat for :re KD. _ut the pattern 1s jess oovious. cigniticant cifferences

~etween the 3°'s for cesium ana those ror Strontiwn occur :n tRC 1rum unit ong
pernaps in the Bullfrog unit. The similarities in the pattern or cnange ot
che KD vaiues and those of the ¢ values suggest that when the KD {average) is
large. . approacnes unity. ~his relation ispiies that as the average KD
increases., he spreac of individuai K.J values about the average is less.

The 1arge error associated with parameter cstimates ot the ceslym tracer
.a tne Calico Hills unit {s inaicative of the reiativeiv tew cata avaliable
-na of their poor aistribution over the nArrow range of observations (less
than 1 orcer of magnitude). e 1i1nfluence diagnostic test tasea on
>Cook-like statistics [15] i{ndicates that severai sorption ooservations
unduly influence the regression and parameter estimates. Those same
observations account for most of the reiativeiy large residual resulting from
the regression amaiysis. Cven thougn the coefficient of determination is
relativeiv poor (0.55), . confidence level of greater than 96% for the
-egression suzgests a adefinite iinearity associatea with the regression tnus
_upportinz the aopiicabpility or the i1sotherm.

“he patterns of change of Kj- and S-vaiues between stratigrapnic units
‘>ecome a simpiified means to characterize the neterogeneity of the adsorvtion
af strontium and cesium in Yucca Mountain materiails. The expvected spatial
variability for the aasorption process can be scopea from the meaning of K3
and B, nameiv, retardation intensity (KD) ana variability of retardation ([).
This resuit is an improvement over the use of conventional isotherms that co
<0t racognize the potential iizterogeneity ot 2asorpeion. u.g.. —ANEMIC. Tiis

.eterogeneitv couid te uncerstooa as a ‘chemicai dispersion’ lccause it mv




sause a aifference in radionuciide migration cue to differences 1

-etaraation. _"hese findings suggest o better approacn !0 handie 2dsorntica in
rransport mogeling of raaionuciides in porous media. n recognizing trat ne
Aiata sets used in this study were not coilected with this modeling ovproacnh 1n
aind. there is a need to improve the data base (o further test the response ol

the model.
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Table 1. ecatistical ana Kodified Freundalich isocnerm
sarameters estimated from the regression snaiysis of the
30rption of cesium and strontium on Banceiier turf?

Sr Cs

L)
-

R 0.9954 0.9926
v (%) 2.7 7.3

Conf {dence 0.9999 0.9999
Levei (0.01X)

3 J.942 £ ¢.010 ).662 £ (0.0l4

"J 2.172 £ 0.005 ).308 £ 0.077

a)!(o and f have units corresponding to S and Smgy in umol
(p+)/g and C {n umoi(p+)/ml in Eq. 2.




Tublo 2.

Expertucntul pusaamcters for sorptton of stbiontiun ail cestuim on euff medin

from stratigraphic unics of the Yucca Mountain arca and stacistical parameters
estiuated from regiessio. s.aly.ls for the Nodified Frcundlich sorpiion isother.?

Topopah
Spring

Calico
Hille

Prow
Pass

wo. of data
a.ts

hoga ol
Inl. 484 Con-
centrations
{uaolest)

ha ool S
(n-ol.ay)g)
l\t

(M {a)

Cuffldence (0.01X)

s Ce
16 lo
6 ue-1l b ol Ly

to
1.3E-00

to
3.C8-0)

14 o X

V.vis [V VS

10 4.6

0.6  0.90.0

§r Cs

.0l 1.0L-0

to to
4.CE-O1 4.0E-09
Led tu 3817

[VIRVP Y 0 550

1.9 2.2
0.0  0.9649

6 0E-11
to
6.0E-07

1 oouL-Gy
to
4.CE-09

43 to 130

0 62 0.94/
9.3 3.7

0.9w» 0.94.)

Rullirog

&r Ce
P
3 e Ld ) oukUe

to to
2 (E-05 8.CE-09

=3 . 4143

[oREv J.bi3
5 4 J.9

0 9.4

0 Obud

b OL-0T v LE-uJ
to to
1.4E-0) 1.3£-00

38 o Lud

O Q.03
1 10

O.vued  0.v..4

a)h’u oud P have units coricupondlug to S and 8, In juol(pt).y wad C fa umol(p+)/al

in Eq. 2.




Table 3. lodified Freunalich isotherm carameters estimatea from
regression anaiysis for tne sorption of strontium ana cesivua
on tuff meaia from stratigrapnic units ot the Yucca sMountain area~

Stratigrapaic
Unit Sr Cs Sr

0.86 £ 0.04 0.32 £ 0.02 0.67 £ 0.34 .45 £ 0.17

1.15 £+ 0.04 0.83 £ 0.31 S8 ¢ 4 2.25

J.68 £ 0.07 N.73 t0.04 3.036 £ 0.043 0.C1

0.82 £ 0.03 0.74 £ 0.06 0.13 £ 0.12 .07

0.87 £ 0.04 0.74 £ 0.04 0.57 £ 0.15 11.26

2.5

'2.C1

Q.10

0.16

G)KD and § have units corresponding to S and Sengy in moi{p+)/g and C !n
imol(p+)/ml in Eq. 2.
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lodified Freunalich isotherm Piots of strontium (upper) cona cesium
{lower) on Bandelier (uff. Jata are for sorotion atter =3 h or
equilibration and at a2 temperature of 23 ¢ 3“C.
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represents 2 “.orse” case fit and the lopopan Snrinz plat represents

a "best’ case tit.
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