
BML-NORBG—35702

TI85 006799

y

SORPTION-CAPACITY LIMITED RETARDATION OF RADIONUCLIDES TRANSPORT IN
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ABSTRACT

Radionuclides breakthrough times as calculated through constant retarda-
tion factors obtained in dilute solutions are non-conservative. The constant
retardation approach regards the solid?as having infinite sorption capacity
throughout the solid. .However, as the solid becomes locally saturated, such
as in the proximity of the waste form-packing materials interface, it will
exhibit no retardation properties, and transport will take place as if the
radionuclides were locally non-reactive. The magnitude of the effect of
finite sorption capacity of the packing materials on radionuclide transport is
discussed with reference to high-level waste package perfornance. An example
based on literature sorption data indicates that the breakthrough time may be
overpredicted by orders of magnitude using a constant retardation factor as
compared to using the entire sorption isotherm to obtain a concentration-
dependent retardation factor.

1. INTRODUCTION

As reactive constituents migrate in a water-saturated porous medium under
the action "of various transport mechanisms (diffusion, dispersion, advection),
they undergo chemical reactions with the surface components of the solid
matrix. If these reactions are reversible and take place at a much faster -
rate than the transport mechanisms under consideration, tney can be modeled as
equilibrium reactions between a liquid and a solid phase according to the
overall reaction:

[I] (liquid) J [I] (solid) Q (1)

where "I" indicates a generic constituent of the flow stream. As a result of
Reaction (1) some constituents become part, at least temporarily, of tne solid
phase and are not available for transport. Thus, as long as the solid is not
fully saturated locally, the net effect is locally one of retardation of the
transport process when compared to the nonreactive case.

Typically, if C indicates the concentration of species in solution and S
indicates the mass of species on the solid phase per- unit mass of the solid,
this localized retardation effect is implemented in the diffusion-advection
equation for non-reactive constituents in a homogeneous medium:

.£ - D 0 - • £ -1C (»
by dividing each of the parameters D (diffusion-dispersion coefficient), u
(linear velocity of the water), and x (decay constant)''by the retardation fac-
tor: [1]
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where:
p. - bulk mass density of the porous medium;
n - porosity; and

3*- - the ratio of the time rate of change of amount sorbed on the

solid phase to the time rate of change of concentration of species
in solution.

The higher the value, of R, the higher is the local degree of retardat ion, as a
larger R has the effect of local ly decreasing tne transport para-ete-s D anc u
in Equation (2) . The least a-aount of re tcrcat ion occurs «!hen cVdC « C.

Equation (3) is tne reference expression for the retarrat ior, factc- . I t
reproduces the classical exp-essicn:

hi '^* -T f:d &

when the amount serbed, S, depends l inear ly en solut ion concsit-a"icr., C,
^according to a r e l e - i c s h i p of the type:

s = Kd:, •=:

we re t^ is the classical "d is t r ibu t ion coe f f i c i en t " . Hr^e.-e1". t v ; - ; a "
rac"i onucl ice sorption -sot'err^s ars of the type d'.sp'ayec i r. r i j ^ ^e I . i . e . ,
tr.ey s"ow a l inear der.av-ior at lower solut ion concentrations arc a -c1"-*.•-r.es'*
bencover at hicr.er conentrgt ions. Trvis re f lec ts a progressive 'r.zZ'.'z o '
the porous s o l i d , wnich also results ir j ja nonotonic decrease of tne s'^pe of
the isotherm. dS/CC. Thus, while the "'classical approacn uou'z zr^z-.zi con-
stant trcr.EDO-t p i - f -e ters over z-e err.-.re ranee of s c i j f i c ' : : ' : ; - : * • : ' c s .

t - i r s o o r t t e - c r= t= r i resultir.c in sr.orter s:':Jte ; re s<tr , rc -c r '.--I.

CONCENTRATION

f i cu re 1. Typical par t i t ion of a solute between a porous sol id ar.c v.=ter
(adapted f r c r ?.ef. Ll J ).
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The relevance of this effect to radionuclide transport is investigated in
the remainder of this paper. Section 2 presents data available from the
literature to illustrate the dependence of amount sorbed on solution concent-
ration. Section 3 presents the.results of a numerical, diffusive-type trans-
port calculation which demonstrates the difference in breakthrough times based
on the classical constant retardation factor and on the non-linear sorption
isotherms as obtained from data presented in Section 2. Conclusions on the
relevance of the difference in breakthrough times to waste packace"perforinance
are discussed in Section 4. ... jK

2.

In orcer to explore the -.acr.ituce
factor, Eqr, ;3), :•-, solution concertr&tion, we rave sxa~ir.ec re-eat l i ie-ature
data of racionucliae sorption on a clay soil [2] anc in a Dasa't environ-
nent.[2,4,5]

The West Chestnut Ridge Data [2] are nore conprehensive in that nore data
points for a wider range of concentrations are reported. Basec on tnese data,
a typical uranijr. sorpiion curve is shown in Ficjre 2. The actual cata points
along with calculated values of iS/tC are reported in Table I . As i t can be
seen, this lat ter quantity varies over 3 orders of ir.egnituae cc-responcing to
an equivalent cr.ance in values of tne retarcation factor. Reference L2J
reports similar curves for cesium, thor-'um, sfont ium, and ewcz^^r.

Tnt basalt sc-ption data [3,4,5] are more sparse^es only £ •-"e*- aoints
are available fcr each sorpticn isotherm and the concen^ratio'r, -a«ce is
l i n i t ed . Thus, l i t t l e i r . for^ t ion can be gainec? from ttose ceta on tne non-
linear portion of the isotherm. Reported curves for urer.ii;" and cesium,
nowever, ao cisc^cy the ~._'D':Zi'. Dencover. Tnis is snc.-.". fo~ ~'~r.-j- ir.
- ig j re 2. As rencrtec -,'. TcDle I I , tnese cate cis;-".2y a •.•£"••:at"c.i of t«-c
orae-s of -.acnitjce ir. t ie quantity iS.-'^C, anc, tne-e'-ore. i^ t'.= '=tc'c=tior,
factor.
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Fiaure 2. Urcniuir. sorption data
Table D-6 Ref. [2]).
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Table I

Uranium sorption isotherm data for West Chestnut Ridge
(adapted from Table D-6 Ref. [21)

Solution, C
(«ol/L)

2.6xlO-n

5.7xlO" u

1.7xlO-10

3.2x10"1C ' -

7.2x10-^'
2.0x10"-
l.CxlO"6

3.2xlO"£

£.-xlO"£

l.OxlO'7

7.SxlC-7

S.ixlO"6

1.2xlO"5

Adsorbed,
(«nl/k8)

i.ixio-7

2.3xlO-7

4.5xlO"7

:; 5.«xio-7

£.6xlO"7

l.OxlO-6

2.1x10-6
4. ixiC" 6

elSxiG-6

8.0x10-6
9.9x10-6
1.7xiO-5

i . ix lO" 5

7.5x10"-

S s/c(L/kg)

4.2x10*
4.0xl0 3

2.5xiC3

2.0xi03

1.6xlO;

1.4 x 1C -
7.0xl02

i . lx IO 2

1.9xiO2

9.5xlO :

9.9xlO :

2.2xlO :

7.6-
6.25 r

AS/aC
(L/kg)

__

3.9xlO3

1.9xlO3

: . 2 x i c 3

i.OxlO3

T.ixlO2

i . C X l O 2

2 cr'C~
S.SxIC -
2.8x10;
1.2x10-
10. i
5.15

'5 1 '^

- 6 '-
- 8 - 7 -6 - 5

l 0 9 c s o l u t i o n

- 4 - 3

Figure 3. Uranium sorption data on Unstanum Basalt (adapted fro.n Ref. [ 3 ] ) .

3. CALCULATION OF NUCLIDE TRANSPORT AS A FUNCTION OF THE RETARDATION
COEFFICIENT

To examine the importance of using concentration-dependent retardation
factors when determining the migration of radioactive species through
water-saturated packing materials, numerical solutions of the dif fusion
equation have been performed using retardation factors obtained from the data
of the previous section. For a repository, di f fusion is expected to oe tne
dominant mode of transport.L6J



Table I I
Uranium sorption isotherm data for Itatanian basalt in a reducing environment

(adapted from Ref. [3])

Solution, C Adsorbed, S S/C /
(moi/L) (mol/kg) (L/kg) (L/kg) Comments

1.2xlO"fl 2.3xlO"6 1.9xlO2 — T=23°C
4.6x10"* 9.5xlO"6 2.1xlO2 2.1xlO2 GR-1 synthetic
9.7xlO"7 9.0xl0"5 9.3xlO] 8.7x10' croundwater
7.7xlO"s 2.3x10"" 3.0 1.8

l. iylO"6 2.3xlO"6 1.7xlC'2 - - T=60°C
6.2>.ld-B 9.4x20-6 i.ErlC2 l.^xlO2 G2-I synthetic
S.CxiC-7 9.2xlO"5 l . lxlO2 l . I r l O 2 groyr.cweier
^.OxiO"5 6.0x10"" 1.5xlO: 1.2x10'

The n.Tierical approach assumed a :e r . i - i n f i n i t e -.edia, a s o l u b i l i t y
l imi ted boundary condit ion at the waste-fcrx pecking materials in ter face and
uncontcT.ir.eted condit ions far away from the waste form. Thus, neglecting
advection and decay the transport equation, Eqn. (2), becomes:

S = — 2 ' 0 < x < " . - - > 0 . 1 6 )

where R(C) i s g iven by Eqn. ( 3 ) .

The boundary c o n d i t i o n s a r e :

C(O,t) = C (7)
Sac

C{-,t) = 0 . ;2.

The initial condition is,

c ( x . o ) = 0 . ,9 :

Solution of Eqn. (6) was accorplisnec ay f i r s t transferring tne partial
differential -.cyation to e non-liriear orcir.cry differentia" ^coaticr; tr.rougn
the substitjtVcn

Using t h i s s u b s t i t u t i o n , Eqn. (5) becomes:

d ^ ?<• I I I )

Solution of Eqn. (11) gives the concentration for all values of position,
time, and diffusion coefficient as a function of the transformed variable, ; .
In the case where the retardation coefficient is constant, the analytic solu-
tion to Eqn. (11) is [7 ] : ,;

C U) - Csat erfc(C /K/2 ), { 1 2 )

where jerfc(x) is the complementary e^ror function,

erfc(x) = 1 - — ,f e"y" dy
(13)



Four expressions for the concentration dependent retardation factors were
examined in Eqn. (11) using the uranium sorption data presented in Table I.
These expressions were generated through four different approximations to cal-
culate the term dS/dC in Eqn. (3). Namely:

, as m AS
a) dE" IE"
b) Tie ~ Z which represents the distribution coefficient,

S/C, at the given solution concentration;

> dS_ + , 2xiO3 w ^ c n represents the distribution coefficient,
' dC ' **' " S/C, at lo* solution concentrations; and

d) -Tp- = 6.25 wricn represents the dist r ibut ion coefficient
at tne highest experimentally measured solution
cor cent rat ion and is the minimum value for S/C.

In solving Eqn. (11), i t was assumed that the highest measured solution
concentration corresponded to the saturation concentration, Csa£, at ;=0.
The porosity, n, was chosen as 0.2 representing loosely compressed peeking
material with a Sulk density of p =2 g/cm2. Using these values, Ear. (11)
was solved for cases a) r d}.

The influence of the various approximations for the tern dS/dC is i l l u s t -
rated through the breaktnrouch times, defined as the tine at ithicn the concen-
trat ion at a given position is a fixed fraction of C s a t , the concentration
at the boundary x=0. For comparative purposes, three breakthrough concentra-
t ions, 0.5 C s a t , 0.1 Cs a t , and 0.05 Cjat. w e r s selected.

The results of the various calculations are reported in Table I I I whê e
breakthrough times are normalized to the breakthrough time calculatec fo~ the
most correct approximation, cS/d>iS/;C. If the rat io presentee in Tssle I I I
is greater than 1 the breakthrough time is non-conservative in comparison.
From Table I I I , i t is clear that the use of di lute solution distr ibut ion cce~-
f i c i en t , approximation fc) , leacs to predicted breakthroucn times over 500
times longer than the reference value. Use of S/C, approximation iz), to
obtain the retaroation factor cvsr-precicts the breakthrougr. time by less
than a factor of 2. Using a constant value of dS/dC rsasea on trie distr ibution
coefficient at the highest solution concentration, case (d) , is more conserva-
t ive than the reference case, as expected, and as i l lus t ra ted by the lower
breakthrough concentrations. At the highest oreakthrough concentration,
C=0.5 C s a I , the reference case is more cense'-vative because aS'iC is
i n i t i a l l y less tnan (S/C)^n . In fact, in tne concentration range of 0.5
Csat to Csar, iS/iC ranges £ror 5.15 to 5.20 which is less than [S/Z)^-,^
wnich is 6.25. Thus, in this ranee of concent rat i ens, tne tS/iC cppr'oxi-.szi or,
yields less retardation and tnerefore shorter breakthrough t ines. This i l l u s -
trates that using {S/C)tn-j n does not always predict the quickest breskthroucn
time. However, in this example as tne solution concentration decreases iS/iC
increases to values greater than (S/C;m-jn, and case (d) becomes the more
conservative approximation.

As an example of the magnitude of the predicted differences in break-
through times consider a diffusion coefficient of 10"10 m2/s, a backf i l l
thickness of 0.15 m, and a breakthrough concentration of 0.05 C s a t . In this
case and for dS/dC=AS/&C the calculated value for the transformed variable was
5=0.2273. Using these values, thb calculated breakthrough times are:



a) || « || , t * 69 years;

b) « . £ , ~t - 109 years;

c) $£ * 4230, t * 39,280 years; and,

d) ^ = 6.25, t = 58 years.

The preceding example is particularly dramatic because of tne Targe change in
dS/dC and therefore, in the retarcation factor over the ranee of solution con-
centrations. However, similar effects still occur for smaller changes, since
an order of magnitude decrease in the retardation factor produces roughly £n
order of magnitude decrease in breakthrough time.

Although not explicitly shown here, similar results can be expected when
advection•becomes an important transport process.

In general, if the retardation coefficient approach is used in calcu-
lating migration of species, both in the packing material and the host rock,
care must be exercised to insure that conservatism is guaranteed. This
applies to both the proper use of the data, the subject of this paper, enc use
of the_proper data. With regards to the latter, sqrpilion phenomena are
extremely sensitive to groundwater chemistry, properties of the'sorbing
material, and environmental conditions such as temperature, Eh, and pr.[£]
Thus, large differences in measured distribution coefficients can be found in
the literature. Furthermore, the data assume equilibrium between the soraing
media and the groundwater. This may not be true in experiments conducted over
a few weeks.[8]

Table III
Breakthrough times normalized to breakthrough time based,or. R=l+{os/n) tS/iC.

Breakthrouah Concentration
0.5 C S 8 t 0.1 Cs?at 0.05 C«at

dS/dC -

AS/AC 1.0 ,1.00 1.00
S/C 1.3 1.57 1.58
4.2xl03 802.0 6^6.00 569.00
6.25 1.2 0.97 0.35

4. CONCLUSION

Retardation of nuclide transport is a local concept which depends on the
local chemistry. In regions where the solution concentration is high, sorp-
tion isotherms that show bendover are common, particularly for the actinides.
This suggests retardation may be a few orders of magnitude less than in dil'ute
solutions. As shown in the previous] section, use of the full isotherm to
obtain the retardation coefficient usedc;in. the diffusion equation leads to a
prediction of shorter solute breakthrough times than the classical constant
retardation coefficient based on retardation in dilute solutions. This is of
importance in near field waste package performance when calculating release of
radionuclides.



If credit is given for retardation, the retardation ractors must be con-
servative. This will require that the entire sorption isotherm is explored
and used in the calculations, and that the experimental conditio°s used while
generating the data are pertinent to expected repository conditions. This
implies the complex chemistry expected upon leaching of a waste form should be
simulated as closely as possible when obtaining sorption data. In any event,
unless it can be shown that the solution will be dilute with respect to a
given species, constant retardation factors based on experimental results in
dilute solutions should not be used to determine the retardation factor.
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