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1 |l ntroducti on

This report describes the advances made in the BElgB@Bct in the understanding of the
interaction between radionuclides and bentonite colloids. It brings together the learning
from all of the BELBaR partners.

The report starts with a short description of the issues surrounding colloidal transport and
theimportance of the reversibility of the interaction between radionuclides and the colloid

in determining radionuclide transport. There follows a short description of the

experimental data that has been provided during the BELBaR project, and a discussion o
the most appropriate rate constants to use in transalottlations This is followed by a
discussion of the possible origins of the slow dissociation that is observed for radionuclides
and bentonite colloids. Next there is a description of a mechaagtroach to the

treatment of radionuclide colloid kinetics in the safety case of a Geological Disposal
Facility (GDF) and estimates of the likely mobility of radionuclides giverbased on the
currently available knowledge.

1.1 The role of colloids in radionuclide transport

The effect of any colloid (including bentonite) in aiding the transportation of radionuclides
depends on a number of factors (Mori et al 2003). For colloidal transport to be important,
the following criteria must be met (Mori et al 2008issana et al 2008; Honeyman 1999;
Miller et al 1994; Ryan and Elimelech 1996):

1 Are colloids present?- If colloids are not present in the system, then they will not
be able to promote radionuclide mobility, but if they are, then they may.

1 Are the colloids mobile?i If the colloids themselves are not mobile, then they will
not be able to promote radionuclide mobility.

1 Are the colloids stable? If the colloids are unstable, then any associated
radionuclides would be removed from the mobile phase (the@u)ats the
colloids are destabilised.

1 Is there radionuclide uptake?i If radionuclides do not bind to the colloids at all,
then the colloids cannot promote transport.

Beyond these factors, the nature of the interaction of the radionuclide with thd olloi
crucial, and in particular its reversibility. This is the subject of this report.

For the purposes of the following discussion, we can assume that colloid may bind
radionuclides in one of two waysxchangeablpr non-exchangeablyln both modes it ca

be very strongly bound, but in the exchangeable, it is available for instantaneous release if
it encounters a stronger sink, such as the binding sites on a rock surface. In-the non
exchangeable state, its release from the col&ithetically hinderedand regardless of

the strength of the competing sink, time will be required before the radionuclide is released
from its host coll oi d. | n (pseusle)i erxrterveenres,i btll
bound.

Non-exchangeable binding is required for callonediated radionuclide transport to be
significant.Figurel shows the mechanism for the transport of-esohangeably bound
radionuclides. If colloid encounter radionuclides in a contaminated region, for example in
or near a GDF, then they could become bound to the colloid, either exchangeably or non
exchangeably. The colloid could then carry those bound radionuclides with it, for example
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a bentonitecolloid transporting through a fracture. However, it is expected that any
radionuclides that are bound exchangeably, and so may dissociate instantaneously, would
be quickly and easily removed by the available rock surface binding sites that will be
presenin excess. For neaxchangeably bound radionuclides, the strength of the

competing sink will not remove the radionuclides, and the radionuclide will be transported
with the colloids.

The challenge addressed in the BELBaR project has been to what eateéraribport will
take place, and how to predict it.

Direction of transport

Contaminated . ‘Clean Zone’
Zone

colloid
colloid colloid

©M

exchangeable Non-
exchangeable

Mineral surface

Figure 1. The mechanism for the transport of radionuclides (M).



2 Radi onucl i de Dissociation Ra

The value of the radionuclidissociation rate constant controls the transport behaviour of
the radionuclide. TBimpact of the rate rate constant will be described below, but given its
central role in controlling migration, it is useful to record the dissociation rate constants
(kp) that are now available in one place.

2.1 Experimental Studies

Prior to the start of the BELBaR project, a small number of dissociation rate constants for
bentonite colloidsvere availableHuber et al (2011) determinedmedissociation rate
constantsfor Am(lll), the valuesare in the range 0.00370.009 ht* (1 - 2.5 x10° s™),

whilst for Pu(lV), the rangés 0.0014 0.0085 ht* (3.9 x10 - 2.4 x10° s%). In lab column
experiments, Missana et al. (2008) studied Eu(lll) transport by bentonite collaldsgT

into account the residence time, the percentage recovery of the colloids and the amount of
Eu that was associated with the colloids, it is possible to estimate an overall apparent first
order dissociation rate constant of .80 s* for the expa@ment. Pu(IV) experiments by

the same authors, showed slower dissociation of Pu, with no significant dissociation within
the column. Under these circumstances, it is not possible to estimate a definitive
dissociation rate constant for Pu(lV), but it is §ibke to estimate an upper limit (>16™).
Dissociation data are difficult and time consuming to produce. Therefore, Wold (2010)
estimated first order dissociation rate constangsfék: Pu(lV) 4.35x1C hr' (= 1.2x10° s

B Am(I) 2x10° hrt (= 5.6x10° s1); Np(IV) 4.6x10” hr' (= 1.2x10% s%); Cm(lll) 6x10

*hri (= 1.7x10° s1); U(VI) 3x10° hr! (= 8.3x10" s%); Te(IV) 0.63- 15 hrt (= 1.75x10" -
4.2x10° s1). However, these values were estimated from sorption rate constparsd(k
assuming that K= ki/k,. For a simple (single) chemical reaction, this will be true, but for a
more complex process, then the dissociation constant may not behave in this way.

—4—1day pre-equil =7 days pre-equil
21 days pre-equil =5 days pre-equil
L i 115 days pre-equil =220 days pre-equil

332 days pre-equil

In (Eu remaining bound to bentonite %)

0 100 200 300 400 500
Dissociation time (days)

Figure 2: Natural log of percentage of Eu bouhto bentonite vs EDTA contact time, as
a function of preequilibration time (pH =7 £ 0.1; | = 0.1 M NacClg). The full black
horizontal line represents the equilibrium position, and the dashed lines represent the
experimental uncertainty for the equilibum position. Errors bars are & based on the
standard deviation of triplicate measurements.

During BELBaR, the dissociation of radionuclides frbaik bentonite was measured
using competition from EDTA to o6pull 6 thi
solution (Sherriff et al 2015Figure2 shows the dissociation of HUJ from bentonite

with EDTA contact time as a function of peguilibration time of the Eu with the

bentonite prior to addition of EDTA. A large part of the Eu(lll) (3D %) dissociated
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almost instantaneously from the clay. For the experiments watbqurilibration times less
than 115 days, the Eu distribution between bulk bentonite and EDTA was within error of
that at equilibrium between 20 and 100 days. Experiments witbqariéibration times

above 115 days took longer to reach the equilibriunmiligton, but all of them were
tending towards equilibrium. Therefore, there was no convincing evidence for
irreversibility. For preequilibration times less than 1 week the dissociation was distinctly
faster. The average dissociation rate constant ferstfstem (taken from day 1 of EDTA
contact until the system reaches apparent equilibrium) is approximat&s/ 18or pre
equilibration time$ 1 week, there is evidence for more than one dissociation rate
constant. The first order dissociation ratestants for the slowest observed component
and the amounts in that component are giverebie 1. There are relatively small
differences between thates for the different systems. The average Eu(lll) dissociation
rate constant is 4.3 x &, with a range of 2.2 x 1%i 1.0 x 10" s™. Further, this fraction
corresponds to a significant amount of the bentonite bound radionuclide, typically 20%.

Table 1: Dissociation rate constants, reaction half time data and amounts for the most
slowly dissociating fraction for Eu and bulk bentonite (pH =7 £0.1; 1 = 0.1 M Nag)O
Errors are 2s based on the error determined during regression of the data.

Pre- Amour_lt of Eu _in
quilibration Dissociation rate constant (3) Sl?r\';c?ilgﬁovs;?ﬁmg Uu (D
Time/day errors (%)
7 1.01x 10" (+6.23x 10°) 17.3 (+3.1-2.9) 79
21 4.19x 10°(+8.51x 10°) 11.9 (+25.2:4.8) | 192
65 3.93x 10°%(+1.35x 10°) 19.3 (+5.4-3.5) 204
115 2.17x 10°(+1.70x 10°) 20.5 (+8.6:-6.0) 370
220 2.61x 10°(+1.14x 10°) 24.3 (+6.7:5.2) 308
332 2.56x 10°(+2.87x 107) 20.7 (+11.2;7.3) | 314

Sherriff et al (2015) also studied the dissociation of Eu from bentonite cofogise 3

shows the dissociation of Eu(lll) from the bentonite colloids as a function of Eu/colloid
pre-equilibration timeln this system, cation exchange resin was used to remove the
radionuclide fron the colloids. For all experiments, a similar pattern is observed. A
significant part of the radionuclide (approximately-3m %) dissociated almost
instantaneously. This was followed by slower dissociation over time, but that dissociation
was very diferent to that of the bulk bentonite:

U More radionuclide is found in the slowly dissociating fraction;
U There is no increase in the amount bound beyond 1 dagqoiiBbration time;

U Beyond the initial rapid dissociation, onlysimglerate constant is obsesd.
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Figure 3: Natural log plot of the colloid dissociation experiment: In(percentage bound to
bentonite) vs Dowex resin contact times, as a function ofegeilibration time (pH =

8.8 £ 0.1). The black horizontal line represarntihe equilibrium distribution, and the
dashed lines represent the experimental uncertainty.

The first order dissociation rate constants and the amounts in the most slowly dissociating
component were calculated by regression, and the results are shbabidg.

Table?2: Dissociation rate constants, reaction half time data and amounts for the most
slowly dissociating fractior{pH = 8.8 + 0.1). Note, calculating an overall rate for all

data gives an average first order rate constant of 8.8 X 6. Errors are 25 based on
the error determined during regression of the data.

e ui::i)tgfa-\tion Dissociation rate Amount of Eu in U (D
gystem day constant (8% fraction (%)
1 8.97x 107 (+2.27x 10°) 69.8 (+3.1:2.9) 8.94
7 7.66x 107 (+5.63x 10°) 60.8 (+12.4:10.3) 10.5
21 9.47x 10" (+2.63x 107) 64.9 (+22:-17) 8.47
89 9.04x 10" (+2.55x 10°) 69.2 (+11-9.5) 8.87

Therefore, the dissociation rate constants for the colloids are over an order of magnitude
higher than for the bulk. The reasons for the differences are uncertain, but it could be due
to the narrow size distribution of the bentonite colloBksyond being more heterogeneous

in terms of particle size, as a natural material, the bulk sample is also more chemically
heterogeneous too. It seems likely that both of these factors contribute to the difference.

Sherriff et al(20150) measured the dissociation of uranium from bentonite colloids in
systems where the uranium had been added to the system asRif\ii¢4 shows the
dissociation of uranyl from bentonite colloids as a function of U/colloieeopglibration

time. There are some differences between the uranyl and Eu experiments. The first is that
in theuraniumsystem, the intrinsic interaction is much weaker, and itfoaasd that only
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half (54%) of theuraniumboundto the colloids. However despite thtite uraniumthat
did dissociate did show slow dissociation.

—#—1 day pre-equilibration

#7 day pre-equilibration

21 day pre-equilibration

—%—35 day pre-equilibration

In of % Eu(lll) on colloid

0 5 10 15 20 25 30 35 40 45
Time (days)

Figure 4: Natural log plot of the colloid dissociation experiment: In(percenta@¥] =
5.43 x 10'° M) bound to bentonite) vs time (days), pH = 8.8 + 0.2. The dashed black
horizontal line represents the equilibrium distribution.

On first contact with the Dowex resithere is an instantaneous reduction in the amount of

U in solution(approximately 30 %). Given that 46 % of theaniumin the solution is

not colloid associated, much of this material must be that component. The data suggest tha
there is a fraction accounting for approximately 30% of the material that corresponds to
material that is not released instantaneously, but that shows faster dissociation that the
slowest fraction. The first order dissociation rate constants and the amounts are given in
Table3. The average dissociation rate constant is 5.6 >s1@+ 4.2 x 10").

Table 3: Di ssociation rate constants, reactd.
most $owly dissociating fraction (pH = 8.8 £ 0.1). Note, calculating an overall rate for

all data gives an average first order rate constant of 5.6 X $0. Errors are 25 based on

the error determined during regression of the data.

Pre- Dissociation rate Amount of U in -
eg;gt'grrr?/tg; constant (s fraction (%) u (D
1 7.8 x 10" (+ 5.8 x 10) 27.9 (+24.3:13.0) 11
7 3.1x 10" (+ 1.6 x 10°) 20.4 (+69.7:-15.8) 25.8
21 4.6 x 10" (+ 2.4 x 10" 24.9 (+7.2-5.6) 17.4
35 6.9 x 10" (+ 9.0 x 10" 23.7 (+33.8:14.0) 11.7

Huber et al (2015) studied the dissociation of tri and tetravalent actinides from
montmorillonite colloids that had been labelled with either Zn or Ni. They used batch
experiments with dissociation times of 10,0@urs. For Am(lll), they found that both
colloid types gave the same first order dissociation rate constant (3.4sX)1@vhilst for
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Pu(IV) the constants were 7.7 x46" and 3.4 x 10 s* for the Zn and Ni labelled species,
respectively. For Th{{l), there was a larger difference between the values for the two
colloids, with rate constants of 9.4 x & and 2.6 x 10 s* for the Zn and Ni labelled
species, respectively. The value for the Zn labelled colloids is much lower than any of the
othe experimentally determined values. However, the authors cautioned strongly against
overinterpretation of the rate constant values for Th given the scatter in the experimental
data.

Dittrich et al (2015) determined Am(lll) dissociation rate constants faforatory

column experiments, where the Am solution was passed through sequential columns of
fracture filling material. They found that the Am behaved with the same rate constant for
the columns, which was interpreted as evidence that the Am was disgpaigh a single

rate constant. The rate constants were of the order 6f25x10° s*, for column
experiments with residence times of approximately 6 hours. The constants were
determined using a coupled chemical transport model that assumedeebgmlghg mode

for all bentonite associated colloid.

Bentonite colloid and radionuclide migration experiments have taken place at the Grimsel
test site in Switzerland as part of the Colloids Formation and Migration project (CFM). In
these experiments, mixtes of radionuclides and bentonite colloids have been injected into
a saturated shear zone in a fractured granodiorite formation. Following transport, the
solution was captured and the radionuclide concentration determined. Wang et al (2014)
modelled triand tetravalent breakthrough curves from these experiments. They applied a
number of conceptual models:

1. Allions bound at a single site, with a single first order dissociation rate constant;

2. Two radionuclide binding sites, each with its own first ordesaliation rate
constant;

3. A ssingle binding site that shows first order dissociation, but with an ageing term
that has the effect of reducing the rate constant with time;

4. Two radionuclide binding sites, each with its own first order dissociation rate
constant and with first order transfer between the two sites and with all ions
initially bound at a single site.

5. Two radionuclide binding sites, each with its own first order dissociation rate
constant and with first order transfer between the two sitesyith an adjustable
initial distribution of ions between the two sites.

They found that the model approach that gave the best fit to the different experimental data
sets varied from one system to another. For some of the best fits, the parameters were
unexpected, for example transfer with time to a second site with faster dissociation. Some
of the best fits were obtained by setting the second site dissociation rate constant to zero,
I.e., irreversible binding, although the experiments showed no dirediusore evidence

for irreversible binding.

The best fit first order dissociation rate constants for the CFM data using the single site
modelling approach (1) are givenTable4.



Table 4: first order dissociation rate constants derived by fitting radionuclide
breakthrough data from experiments at the Grimsel site (CFM project). Data from Wang
et al (2014).

rgizsc?;ézttlgr?t Reﬁ’;g:nce CEM run Best fit model
& (6 (hour) approach
Th(IV) 3.78 x 10° 3.6 08-01/Th 1
Hf(IV) 2.25x 10° 3.6 08-01/Hf 1
Th(IV) 7.03x 10° 22 10-01/Th 4
Hf(1V) 1.02 x 10° 22 10-01/Hf 1
Th(IV) 8.33x 10 60 10-03/Th 5
Hf(IV) 5.83x 10 60 10-03/Hf 4
Pu(IV) 2.14 x 10° 34 12-02/Pu 4
Th(ll) 5.33x 10° 3.6 08-01/Th 1
Th(ll) 2.06 x 10° 22 10-01/Th 4
Eu(lll) 2.39x 10° 22 10-01/Eu 2
Th(ll) 1.15x 10° 60 10-03/Th 2
Eu(ll) 7.22 x 10° 60 10-03/Eu 5
Am(lIl) 453 x 10° 34 12-02/Am 1

2.2 Analysis of rate constant data for the safety case

Given that the dissociation rate constant plays such a central role in determining the
transport of radionuclides, all of the currently available experimental and theoretical values
(of which the author is aware) have been collated togethieakile6. The experimental

data are shown togetherkigure5, where they have been plotted versus the available
reaction time during the measurement. For experiments that used laboratory columns or thi
Grimsel CFM data, this is the transport residence time, whilst for the batch experiments, it
is the time thatvas available for dissociation to take place.
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Figure 5: All available dissociation rateonstans plotted versus the available reaction
time during measurement: residence time for columns and CFM data; dissociation times
for batch experiments.

Considering that the data have been determined by different groups for different elements
and using such disparate techniques, from simple batch reactions to in situ experiments at
the Grimsel site, the correlation between the datarissteking. The data for reaction

times less than 100 hours derive from transport experiments (lab columns and Grimsel),
whilst those for reaction times greater than 100 hours are from batch experiments. The dat:
show that the same processes are beinguned in transport and batch experiments, and

that the only difference is the available reaction time. Hence, the values obtained from the
batch experiments may be applied in transport calculations.

The data for the trivalents are generaityy slightlyhigher for the transport experiments (t

< 100 hours}han for the tetravalenalthough the scatter in the data means that the ranges
overlap. For the batch experiments, it is much harder to detect a significant difference
between the two type3here is alear outlier in the data at a reaction time o000

hours, which is the point for Th(IV) dissociation from-l&telled montmorilonite colloids
(9.4 x 10'° s) determined by Huber et al (2015). However, the rate constant determined at
the same time fathe Nilabelled monmorilonite2.6 x 10’ s™) is in line with the other

values. Huber et al (2015) cautioned against overinterpretation of the Th data, due to the
scatter of the experimental data and its effect on the fitting process. Given there are a
cluster of points at long reaction times withé& “1s3. It seems likely that these represent
a better measure of the dissociation rate constant.

The U data from Sherriff et al (2015b) has been plottédgare5, although in that

experiment, the uranium was added to the system as uranyl, the measured dissociation rat
constant is in line with the data for the tetravalent ions. This could indictéhe uranyl

shows broadly similar dissociation behaviour to the other ions. Alternatively, given that the
uranium in that experiment was present at taae level, due to the use3fu, it is

possible that muction has taken place, and that tleewdy dissociating U is present as

u(Iv).

The dependence of the apparent rate constant on the reaction time might seem
counterintuitive, since the radionuclides will be bound in the same way to the colloids
regardless of the method that is used to meakanedissociation. The origin of the effect
is probably twefold.
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First, the batch experiments have shown that radionuclides can be bound both
exchangeablyrélaively quicklyreleased) or neexchangebly. For exampl@ the case of
the europium data of 8lriff et al (2015), 30 40% of the Eu(lll) was bound
exchangeablgnd would dissociate within 1 daly a transport experiment, this material
would be removed relatively easily, and then as the colloid progressed further
fractionwould be lost fronthe norexchangeable. Therefore, an approach that fits all loss
of Eu from the colloid with a single rate constant will tend to overestimate the value.

Secondly, in order to measure a given first order rate constant, the experiment must have
sufficient time to allow that process to take place. Takisgsiemwith a rate constant of

107 st in an experiment with a residence time of 100 hours, only approximately 3.5 % of
the metal ion will dissociate. Such a small reduction would be difficult to deteeteas

in experiments withreaction times of 1000 and 10,000 hours, the extent of dissociation
would be approximately 30% and 97%, respectively. Hence, if radionuclide is dissociating
with a rate constant of approximately 19", then it would be very diitult to measure

that rate accurately with a relatively shasidence timéransport experiment. This shows

the advantage of combining data from batch and transport experiments.

The data irFigure5 cover reaction times (and hence transport residence times) up to
10,000 hours (400 days), and so for situations with transport residence times in this range,
the experimental data may be used directly. ey, there is a question of the appropriate
constant for longer residence times. The data in the figarefitted, and t was found that

fits using power law equations gave by far the bestichto the data. Separate fits were
performed using:

1. thetrivalent data only;

2. the tetravalent data only, exluding the outlying point for Th(IV) andabelled
monmorilonite;

3. al |l data, including the 0\Wb@tstlléxdudidgat a |
theTh(IV) outlier

The results are shown Figure6. The best fit equatiorend correlation cdécients were:

Trivalent data kp = 1.51 x 10".(t9%%9 R%*=0.911
Tetravalent data kp = 1.52 x 10.(t %44 R%=0.734
All data kp = 5.61 x 10.(t°%3 R%=0.756

Note: given that these are best fit equations for first order rate constants expregsed in s
and reaction times in hours, and given the likely origin of the variation in rate constant
with reaction time, no mechanistic significance should inferred from the values of the
parameters in the equations.
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Figure 6: fitting of dissociation rateconstantdata: red = fit to tetravalent data only; blue
= fit to trivalent only; green = fit to all data combined.

The equations may be used to make forecasts of the rate corasgantsing that there
are no other significant processesiithe system that were not evident in the
experiments Figure7 shows extrapolations of the three fitting equations fchb@rs
(1,140 years). Selected values for each of the fits are giveahble5.
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Figure 7: forecast of first order dissociation rate constants up to reaction (residence)
times of 10 hours
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Table 5: forecasted values of the firgirder dissociation constant

Residence time Retsi:g:nce Trivalent | Tetravalent All data
(hr) (year) (s (sY (sY

10000 1.1 3.6x10" | 2.3x10 2.6 x 10
50000 5.7 1.2x10" | 1.1x10 1.0 x 10
100000 11 79x10° | 8.2x10° 6.9 x 10°
500000 57 2.8x10° | 3.9x10° 2.7 x 10°
1000000 114 1.7x10° | 2.9x10° 1.8 x 10°
5000000 570 6.1x10° | 1.4x10° 7.1x10°
10000000 1141 39x10° | 1.0x10° 4.7 x 10°

Safety case calculations are often made over very long time pestodstimes hundreds

of thousands of years. Inatcase, the fact that the fits have only been extrapolatecto 10
years might seem odd. However, the residence times plotkgure7 should not be

confused with the total calculation times. The residence times are equivalent to those that
would be taken for a radionuclide attached to a colloid to travel across the flow path being
considered in a calcafion. In that sense, a residence time Sfykars is relatively long.

For example, a residence time of y@ars over a total ditance of 100 m represents a flow
rate of approximately 3 x 0ms?, and even over a distance of 1 km, the ftatewould

be3 x 10° ms™.

Caution is required when applying the extrapolated rate constants giviguie7 and

Error! Reference source not found. All of the experimental datanly cover residence

times up to approximaly 1 year, and these are being extrapolated well outside of their
range. As such, they represent an interesting prediction, but it is possible that there are
effects that they do not capture. The extrapolatappear tsuggest that the trivalents
mightshow slower dissociation than the tetravalents for very long residence times.
However, this is certainly an artefact of the fitting and the larger scatter in the tetravalent
experimental data. There is nothing in the experimental data to suggebisttsah real
difference. As such, the values given by the three extrapolations represent together the
ranges of values that the current data suggest might be observed and nothing more.

Beyond the uncertainty in the data fitting, there is also the issuentbater to detect and
measure kinetic effects, experiments must have a reaction time comparable to the reaction
half-time. Hence, in the same way that an experiment with a residence time of 100 hours,
will struggle to measurer detect rate constant of0l’ s*, an experiment with a reaction

time of 10,000 hours will not detect dissociation with a rate constant®o§*¢Hence, it

cannot be excluded that there is some small fraction of the bound radionuclide that might
dissociate with a rate constaril@ss than approximately £&*. Of course, it is also

possible that no further decrease in rate constant takes place as residence time increases
beyond 1 year, but the data do demonstratéhat.
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Table 6: collated radionuclide dissociation rate constant for all experimental and theoretical studies

. L Experimental F_Qesidgng:e/
lon Dissociation rate or Details dlsspmatlon Reference
constant (k, s%) h : time
eoretical (hr)

Am(III) 2.5 x 10° Experimental Batch experiment 624 Huber et al 2011
Am(III) 1x10° Experimental Batch experiment 7500 Huber et al 2011
Am(l11) 2.6 x 10° Experimental Laboratory column experiments 6 Dittrich et al 2015
Am(III) 3.4x 10 Experimental Batch experiment using Zn labelled montmorillonite colloig 10000 Huber et al 2015
Am(l11) 3.4 x 10’ Experimental | Batch experiment using Ni labelled montmorillonite colloid 10000 Huber et al 2015
Am(ll1) 4.533 10° Experimental CFM experiment 34 Wang et al 2014
Am(l11) 5.6 x 10’ Theoretical Calculated from K values and association rates - Wold 2010
Cm(lll) 1.7 x 10° Theoretical Calculated from K values and association rates - Wold 2010
Eu(lll) 4.83 10* Experimental Laboratory column experiments & -2hours | Missana et al. 2008
Eu(lll) 8.793 10’ Experimental Batch experiment 1680 Sherriff et al 2015
Eu(lll) 2.393 10° Experimental CFM experiment 22 Wang et al 2014
Eu(lll) 7.223 10° Experimental CFM experiment 60 Wang et al 2014
Th(Ill) 1.153 10° Experimental CFM experiment 60 Wang et al 2014
Th(lll) 2.063 10° Experimental CFM experiment 22 Wang et al 2014
Th(ll) 5.333 10° Experimental CFM experiment 3.6 Wang et ak014
Pu(IV) 2.4 x 10° Experimental Batch experiment 624 Huber et al 2011
Pu(lV) 3.9 x 10 Experimental Batch experiment 7500 Huber et al 2011
Pu(IV) <10° Experimental Laboratory column experiments: upper limit estimate | & -2 hours | Missanaet al. 2008
Pu(lV) 7.7 x 10° Experimental Batch experiment using Zn labelled montmorillonite colloig 10000 Huber et al 2015
Pu(lV) 3.4 x 10 Experimental Batch experiment using Ni labelled montmorillonite colloid 10000 Huber et al 2015
Pu(lV) 2.143 10° Experimental CFM experiment 34 Wang et al 2014
Pu(lV) 1.2 x 10° Theoretical Calculated from K values and association rates - Wold 2010
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Experimental

Residence/

Dissociation rate . dissociation
lon 1 or Details ) Reference
constant (k,, S°) : time
Theoretical (hn)
Th(IV) 3.9 x 10 Experimental Batch experiment 7500 Huber et al 2011
Th(IV) 9.4 x 10" Experimental | Batch experiment using Zn labelled montmorillonite colloig 10000 Huber et al 2015
Th(IV) 2.6 x 10 Experimental | Batch experiment using Ni labelled montmorillonite colloid 10000 Huber et al 2015
Th(IV) 3.783 10° Experimental CFM experiment 3.6 Wanget al 2014
Th(lV) 7.033 10° Experimental CFM experiment 22 Wang et al 2014
Th(lV) 8.333 10" Experimental CFM experiment 60 Wang et al 2014
Np(1V) 1.2 x 10™ Theoretical Calculated from K values and association rates Wold 2010
Hf(1V) 5.833 10" Experimental CFM experiment 60 Wang et al 2014
Hf(IV) 2.253 10° Experimental CFM experiment 3.6 Wang et al 2014
Hf(1V) 1.023 10° Experimental CFM experiment 22 Wang et al 2014
Tc(IV) 175 Xllc?; -4.2x Theoretical Calculated from K values and association rates Wold 2010
U(Vvi) 5.60 x10’ Experimental Batch experiment 1080 Sherriff et al 2015b
u(Vvl) 8.3 x 10’ Theoretical Calculated from Kvalues and association rates Wold 2010
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3 The Chemical Origin of Sl ow

There are a number of mechanisms that could be responsible for the slow dissociation.

(1) Slow disociation of a surface complex.

The radionuclides could bind at a surfage from which dissociation is slow. In this case,
the dissociation kinetics would be expected to depend upon the radionuclide chemistry.
However, there is very little variation in the first order dissociation rate constant from one
radionuclide to anotleFurther, if slow dissociation of surface complexes is responsible,
then not all surface complexes show this behaviour, because not all of the radionuclide
loading is bound noeexchangeablyn all cases

For hard ions, such as the lanthanidesatohides, we would not automatically expect
dissociation from a surface complexation site to be so slow, and indeed this behaviour has
not been reported with other inorganic surfaces. Hence, on balance it seems unlikely that
this is the origin of the efta, at leasbn its own

(2) Slow disociation of a surface precipitate.

The radionuclides could form a surface precipitate, probably following surface complex
formation. Dissolution of this precipitate could be slow, and particularly for the tetravalent
actinidegBouby et al 2011)As for surface complexation, the kineticgimi be expected

to depend upon radionuclide chemistry. The relatively small differences between the rate
constants for the tri and tetravalent actinidessurprising f the origin of the effect is the

slow dissolution of a surface precipitatethe radionuclide on its owFkurther, ay

surface precipitation must take place at very low concentration given that slow dissociation
has been observed for experiments with very low radionuclide concentddwngo 10

1OM (Sherriff et al 2015, 2@b). However, f the radionuclides were beitigcorporatedn

some sort of surface layer derived from the cthgnthe release could be similar for

different ions (as observed)



(3) Diffusion in and out of an interlayer.

Radionuclides could enter thiag interlayer from the solution. When a stronger sink
becomes available, the radionuclides could then diffuse slowly from the interlayer
resulting in the observed slow dissociation

|\
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Theprocessesponsible for thaon-exchangeableffect seems to be particular to bentonite
andmontmorillonitecolloids. Therefore, iis certainly possible that it is some property of
claysthat is responsible for the effect. The presesfdée interlayers such groperty.

Estimating the diffusionfaradionuclidesnto the interlayer o& single colloid would

require the correct interlayer diffusion coefficiéot a colloid. Howeverpne of the

behaviours that any process would have to explain is the similarity in the behaviour for all
of the trivalent and tetravalent iolBrandbergand Skagius(1991) proposeceffective
diffusivities for bulk bentonitetheyrecommendethe same value for the tri and
tetravalenions. Hence it is possible that they might show similahaviour in the

colloidal interlayer.
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Figure 8: simulations of dissociation for a-D diffusion process

Figure 8 shows simulations of thdissociatiorbehaviour that might be observed for simple
diffusion into a 1D channel representing the intgaduring preequilibration followed
by slow diffusion out of th&ehannel duringlissociation. By selecting tlemrrect arbitrary
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diffusion coefficient, it is possible to generate data that apjpeassllysimilar tothat
observedin the dissociation experimentdoweverthe behaviour is sernsie to the size of
the channel. Also, although portions of the plots have gradikat are similar to those
measured in bataflissociation experiments, the behaviour is not always consistent with a
single ate constantience, there araspects of thbehaviour that could be consistent with
interlayer diffusionalthough it iSby no means certain.

(4) Colloid aggregation.

BE

A radionuclide could be bound to a clay colloid in a state that is initially exchangeable.
However, colloidal aggregation coulstapdt he r adi onucl i de i n a
from the solution and unavailable for instantaneous reaction. The release from this state
could be slow, and might require the dissociation of the aggregate.

This mechanism could explain slow dissociatitomf clay colloids, and it cannot be ruled
out that it could play some role in the procedthough the aggregation and dissociation
rates would be expected to depend upon the colloid concentration, and this has not been
observed. e Eu data from Sherriét al (2015) show that the majority of the radionuclide
loading shows slow dissociation. Further, the reaction is largely complete within one day.
If the radionuclides were being trapped (and then released) by the
aggregation/saggregation processes ttia clay colloids show ordinarily, then this
behaviour would not expecteld this processs responsible, then it seems likely that the
presence of the radionuclide ion is affecting the interaction in some way, perhaps by
promoting aggregation. This cauéxplain why such large fractions of the radionuclides

can become bound naxchangeably. The knowledge of the interactions between
radionuclides and bentonite colloids is insufficient to allow any quantitative analysis of this
reaction.

C
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(5) Binding by associated organic material.

A radionuclide could be bound by organic material that is associated with the clay. Humic
substances are known to show slow radionuclide dissociation, and so if a radionuclide
bound to a humic molecule associated with a cldigidy then slow dissociation would be
expected.

Interestingly, the first order rate constants that are found for humic substances under
conditions of low humic substance concentratiomof the order of 1.5 x 10’ s*, and

this is the approximate magnitude of the rate constants that have been observed for
radionuclide interactions with bentonite colloid$iere is evidence for the complexation of
metal ions by organic material natllygpresent in bentonite (e.g. Geckeis et al 2004), and
so it is tempting to associate the slow kinetics with entrained natural organic material.
However, the Zn and Ni labelled colloids studied by Huber et al (2015) where synthesised
in the laboratory frm laboratory reagents, and yet their dissociation rate constants are
entirely in line with those derived from natural bentonite. It seems unlikely that the
synthesisedolloids would bind the radionuclides by a completely different mechanism
and stillhavethe same dissociation behaviour. Further, for the bentonite colloid samples,
although the rate constants are similar to those of humic substances, the dissociation
behaviour is different. Multiple first order rate constants are required to describe the
dissociation of from natural organic matter (Bryan et al 2012), whilst there is clear
evidence that at leasbmedissociation from bentonite colloids may be described with a
single rateconstan{e.g., Wang et al 2014; Sherriff et al 2015; Dittrich et dl5)0

Therefore, it seems unlikely thahtrainechumic substances are responsible for the slow
dissociation.

Based on the availabileformation, it is not possible to be certain about the chemical
process that is responsible for the slow dissociation. Mexyéhe behaviour seems to be
unique to bentonite/montmorillonite systems. Slow dissociation of surface complexes on
its own seems unlikely. Similarly, the trapping of radionuclides during the normal
aggregation processes seems inconsistent with thelnl#ha. absence of the data from

Huber et al (2015), binding by entrained organic material would be a possible explanation,
but the fact that synthesised montmorillonite colloids show identical behatiggests

thisis not the case



Slow release from a common surfgrecipitate or gelayer is a possible explanation.
Further, the behaviour seems to be particular to clay colloids, and so diffusion into the
interlayer, probably accompanied by inner sphere complexation, lseuékingplace

Whatever theeactionresponsibldor the binding of the radionuclides by the colloids, it is
clear that the interaction with the bulk bentonite is quite different, for example compare the
behaviour of bulk and colloidal bentonite with Eu(lll)Rrgure2 andFigure3 (alsoTable

1 andTable2). The dissociation behaviour from the bulk bentonite is similar to that for
humic substances, in particular the fact that there is evidence for multiple dissociation rate
constants. Hence, it may be that the organic content of the clay plays a moreasignif

role, although the othgarocesses listedabovemay also play part In any case, data
determined for bulk bentonite may not be automatically applicable to colloidal material.
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4 Bent ocoiltleoi d ki neti cs i1 n the

4.1 An approach to assessing colloid dissociation kinetics

Whatever the chemical procaegsponsible for the slow dissociation of radionuclides
importance of bentonite colloids in the transport of radionuclides depends on their ability
to bind radeéxaoliah g ealissboaibom ratéshfable6 show that all

of the tri and tetravalent radionuclides show broadly similar behaviour, although there is
some variationn the apparent dissociation rate constant with residence/dissociation time.
The rate constammontrols the behaviour of the radionuclide during transparillustrate

this, Figure9 shows the results of transport calculations over distances of 100 m with a
flow rate of 1 x 1¢ ms* and for residence times of 5 x 16 in a system where the
exchangeablpound metal ion is removed immediately by the rock surface and where 30%
of the radionuclide is bound n@axchangeably. This calculation assumes that the colloids
have no significant interaction with the rock surface. The data are plotted as the total
radonuclide concentration (sorbed and in solutieajsusdistance from the start of the
migration pathas a function of the dissociation rate cons(kg)t
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Figure 9: radionuclide distribution (all forms) with distance for conddns described in
main text, showing the effect of radionuclide dissociation rate constant from the colloid

(o).

As the rate constant decreases, there is a distinct increase in the transport of the
radionuclide, because it takes longer for the radionutdidie removed from the colloid

and immobilised on the rock surface. The result is that more of the radionuclide is able to
travel further along the pathway.

It is also useful to consider the behaviour of the-exthangeably bound radionuclide in
isolation from the exchangeable and rock bound fofagure10 shows the concentration

of the norexchangeablyound radionuclide along the transport pathway expressed as a
ratio to its concentration at the start of the column. The behaviour of a conservative tracer
has been plotted for comparison. As the dissociation rate constant chhages a

steady chargin the behaviour. At high values qof khere is little transport, because the
radionuclide dissociates quickly from the colloid before it can move down the column.
Eventually, when the rate constant is very high, theexamangeable effect will

disappar, and all of the colloid bound radionuclide behaves exchangeably. As the rate
constant decreases, progressively less radionuclide is able to dissociate from the colloid as
it transports, with the result that the transport increases, and the behawisuoteards

that of the conservative tracer. At this point, there is no significant dissociation as the
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colloid traverses the pathway, and the radionuclide has assumed the transport properties o
its host colloid.
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Figure 10: distribution of non-exchangeably bound radionuclide along the transport
pathway, expressed as a ratio of its concentration at the start.

The results of the transport calculations show that the radionuclide transport will be very
sensitive to the value of the dexiation rate constant. However, the effect will depend

upon the circumstances of the case: flow rate; distance; and whether the colloid itself is
retarded. Therefore,raechanisms required to predict the magnitude of the effect of the

slow dissociatiorfor a particular system. Further, transport calculations that include
chemical kinetics can be computationally expensive and inconvenient and most approache:
to the calculation of transport in support of safety cases assume equilibrium, oftengusing K
values for radionuclides. Hence, it is useful to assess whether the slow dissociation need b
included in order to produce a reliable result.

In these systems, the most significant factor is whether the time that would be taken for the

radionuclide to be resed from the colloid is greater or less than the transport residence
time, tes

L
t o3 v

where L is the distance over which the transport takes place and V is the linear velocity of
the mobile phaselennings and Kirkner (1984) found thia¢ behaviour of a species

controlled by kinetics may be rationalised using Damkohler numbers. They apeled

to slow sorption onto surfaces during transport. The situation here is different, because the
slow reactions involve species in the mobile gh@®lloids), rather than the stationary.

Wewill consider a simple colloid system, with a first order dissociation rate cqgrigtant
that represents a rate determining step for dissociation of radionuéligase(l1, inset).

For such a system, it is possible to calculate the amount of radionuclide that will remain
bound to the colloidvith transport timeelatively easily, since it will depend only ¢the

rate constant and the time available for dissociatidmch depends on the distance
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travelled and the flow rate. If [Mnexcrt=0 IS the concentration of neexchangeably bound
radionuclideat the start of the pathway, then the amount left aftistance, L, and a
transport time, t ([Monexct]t), Will be given by,

[Mh oa x ]:t h= [Mn oax ]:t h:-%-tkb

Figure1ll shows the dissociation cddionuclides from colloids as a function of residence
time: if the time is expressed in units of L #hen the plot may be applied to any system.
This is the basis of the Damkohler approach.
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Figure 11: amount of radionuclide remaining colloid bound as a function of residence
time, expressed as the reciprocal of the first order dissociation rate constant for a
simplified colloid system with a rate limiting step for dissociation of radionuclides (M)
from the colloid to allow immobilisation on the solid surface gWvia the free form

(Mag).

The dimensionless Damkohler number for a metal ion (radionuclide) in the slowly
dissociating fraction, [, is defined by,

The behaviour is contratl by the value of the dissociation rate constangmid systems
with the same values of\pwill show the same behaviour, since,

[Mn 0@ X ]:thT—_ . S: [Mn 0@ X ]:t h:-%_tr b = [Mn 0@ X L[ h:'%_DM

As ky, (and so [y) varies, there are two limitingehaviours. At high values of,k
dissociation kinetics will be unimportant, and a simple equilibrium (ejpapproach can
be used to describe the interaction of the radionuclide with the colloids. At lgaerd k
Dw, kinetics will dominate the behaviguand provided that the colloid itself is not
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retarded, the behaviour of the radionuclide will tend towards that of a conservative tracer.
The plots inFigure10 have been labelled with their Damkohler number, as well as their
rate constant.

The distinction between equilibrium and kinetic descriptions of chemical reactions is
always artificial, since the most appropriate approach depends upon thedienefshe
observation (in this casgd. Given the conditions of the transport calculation, flow rate

and distance, it is possible to reduce any reaction, regardless of origin or chemistry, to just
three classes:

1. Those that are sufficiently fast to yedted as equilibria, i.e., high &nd Dy;
2. Those that are sufficiently slow that they effectively do not take place gawdkDy);

3. Those reactions that can only accurately be described by the use of rate equations
(intermediate kand Dy).

Using the exmples inFigure10, the plot with k= 5 x 10° s* and Oy = 5000 shows little
transport, and neexchangeable binding has little effect. Therefores, ihia case where

the transport could probablhe calculated using an equilibrium gKapproach. At the other
extreme, the plot withde 5 x 10* s* and By = 0.005 shows virtually identical behaviour

to that ofa conservative tracer, and in this caseadequate result would be obtained by
assuming that the dissociation does not take place, i.e., the radionsidliderir e ver s i k
bound. For some other values, there is intermediate behaviour, and for example neither the
assumption of equilibrium norrgversible binding will give an accurate prediction (e.g., k
=5x10°s*and Oy = 5)

Therefore, we may use the limiting behaviours jf B sufficiently large or small.
Approximations are common in complex systems, but in the case of calculations for a
safety case, there is a special requirement that approximations should be conservative.
Hence, whether it is appropriate to use an approximation will depend upon the application.
Given that all systems with the samg Behave in the same way, we may ude judge

the impact of dissociation kinetics, and hence to judge when it is necessary to include
kinetics explicitly in transport calculations.

DecoupledApproximation

As Dy decreases, the behaviour tends towards that of a conservative tracer. Isetlis ca
the transport calculation the nemchangeable fraction may liecoupletifrom the
remainder of the radionuclide chemistrg.,the reaction that connects the exchangeable
and norexchangeable may be removed from the calculation and the twohsetie
treated as independent species. Beyond the fact that it reduces the mathematical
complexity of the model system (and hence computing time), the advantage of this
technique is that it is inherently conservative.

Equilibrium Approximation

At the othe extreme of high R values, the behaviour of the nerchangeable fraction

tends towards that of the exchangeable. Therefore, the equilibrium approximation assumes
that the norexchangeable may be treated with the same equilibrium constagptertike
exchangeable. This removes the kinetics from the calculation. However, although the
behaviour of the neexchangeable does tend towards that of tlebaxgeable, it will

always moveslightly further than the exchangeable, i.e., this approximation may not be
conservative. The size of the error will decreaseagmbreases. The main influence of
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slow colloid dissociation kinetics is to promote migration. Therefore, any approximation
that assumes that those kinetics do not exist would be expected to undézdssinsport.

At intermediate values of @ neither the decoupled nor the equilibrium approximations
will provide reliable results. To include the kinetic reaction is the only way to produce
reliable predictions in this region, although this could be agatpnally expensiver
inconvenient

When are theApproximationsValid?

Ideally, we would like a set of rules that would allow us to decide when to use the
approximations. However, that will depend upon the acceptable error and probably upon
whether thagerror still results in a conservative prediction. The plots show thay, derids
towards the limiting behaviours, the error introduced by using an approximation will
decrease. For example, using the decoupled approximation in a systemywith. Bwill
produce a smaller error than in one withh 1. The equilibrium approximation could be
problematic, since its estimates are not conservative. The decoupled approach is always
conservative, but it could lead to a significant overestimation of transpodny cases.
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Figure 12: Plot of linear flow rate vs distance showing the regions where the decoupled
(A) and equilibrium approximations (B) might be used and where a full kinetic
treatment is required (C). Upper plotk 1 x 10 s*; Lower plot k= 4 x 10° s™.
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Figurel2 (linear flow rate vs distance) shows an example of this approach: the area is
divided intothreeregions. In region A, the decoupled approximation is appropriate, but
moving down and right, the error introduced with the decoupled approximation will get
larger (although the prediction will always be conservative). In the bottom right hand
corner (regon B): the equilibrium approximation will be more appropriate, although
moving up and to the left, the error incurred will become larger, and this time it will not be
conservative. In region C, a full treatment of kinetics is best. The arbitrary lintits in
figure are based andyboundaries of 0.5 for the decoupled and 500 for the equilibrium
approximations. Plots have been given for dissociation rate constants of sk

also for 4 x 10 s*, since the data of Huber et al (2015), which haeddhgest reaction
times, suggest values ofethrderof 107 s* are appropriate, whilst the extrapolations of
the experimental dat&igure7; Error! Reference source not found.suggest that lower
rate constantsf the order oft x 10° s may be more appropriate at longer residence
times.Note, the appropriate limiting uas of [; will depend upon the application.

4.2 Calculations including the sorption/instability of colloids
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colloid ’ .
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Figure 13: removal of radionuclide carrying colloids from solution

The Damkohletreatment thus far has taken no account of the sorption of colloids during
transport or colloid instability. Colloid sorption aimgtability are complex processes and
both could be slow. For the purposes of the following analysis, we will combine all
processes that could remove colloids (and hence the radionuclides associated with them)
into a single combined reaction linking colloids in solution, G@ik, with those removed

from solution by any process, Cahobile (Figurel13),

Coll.

immobile

CO”mobiIe «

Transfer between the fractions is described with a rate equation,

ACRmmabiel =4 1Collgid -+ Kyed Ol
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where kgsand kiesare the first order rate constants for transfer out of and back into
solution, respectively. Any colloid bound radionuclides will be affected by the same rate
constants. In the case of the interaction of the radionuclides with the colloids, it is only the
dissociation rate constant,jkhat makes a significant difference to the transport. Here, the
forward and backward rate constants could be significant.

Radionuclide behaviour in a system with both colloid sorption/instability and slow
dissociation of rdionuclide from the colloid is harder to rationalise than systems where
colloids transport conservatively, or with independent kinetic processes, because here they
interact. The rate of the colloid removal process affects the residence time of theigolloid
the groundwater, and hence the relative effect of the radionuclide dissociation rate.
However, we can define a Damkohler number for the colloid removal procgss, D

k
Dc = CdSL

As D¢ approaches zero, the behaviour of the colloid (and angiasso radionuclide) will

tend towards that of a conservative tracer, whilst@eds to infinity, the extent of

sorption will increase, and tend towards equilibrium behaviour, in which case the amount
of colloid removed from solution at any point andé is given by,

[Conimmobile] =Kc [COlImobiIe]
where,

k
KC — kads

des

As for the interaction of the radionuclide with the colloid, at the upper and lower limits, a
kinetic calculation may be avoided by assuming that the colloid complex either:

1. does not sorb at all, and so transports with the velocity of the groundwater {low D

2. or that it does sorb, and that the interaction may be described with an equilibrium
constant, kg (high D).

Assuming that the colloid does not sorb will give a conservative prediction, whilst the
equilibrium approacimaynot, since the equilibrium assumption produces the maximum
possible retardation, and the real behaviour only tends to thig iasri@ases. At
intermediate value®nly a full kinetic description will providan accurat@rediction.

If a colloid with an associated radionuclide is removed from solution, then that in itself will
cause some retardation. However, it will also increase the residerceftthe complex in

the water column, allowing more time for dissociation of the radionuclide and
immobilisation on the rock surfacBigure14). Hence, the effective residence time is now
greater than that of the solution.
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Figure 14: effect of colloid sorption /instability on radionuclide dissociation

colloid

The extent of this effect will depend upon the affinity of the comfiethe surface and

the colloid Damkohler number @) If D¢ is small, then the residence time is too short for
removal from solution to be significant, the complex transports with the velocity of the
groundwater, and there is no effect upon the radiadescolloid kinetics, i.e. the

behaviour of the metal is still controlled solely ky &nd 0y may still be used to define

the behaviour of theadionuclide

— kb
Dy = 3L
Dc- O
However, in the case of significant retardation of the colloid, the Dal@kobmber for
the slowly dissociating radionuclide must be adapted to take account of the increased
residence time. If Bis large (@ - =), and the colloid removal process may be described
with an equilibrium constant, K then the effective metal idbamkohler number, ngdl
will be given by,

Ky
DY = L@+Ke)
D¢- ®

For systems with intermediate values @f Ihese equations may be used to provide a
range of Damkohler numbers, the most representative value lying in between.

To assess the importance twvg dissociation kinetics in a system that includes colloid
immobilisation processes and to determine the most appropriate approximatiobs; first
shouldbecalculatel. If it is small, then [} may be used to determine whether slow
dissociation kinetics arsignificant, whilst if it is large, B" should be used. If Shas an
intermediate value, thenyPwill provide an indication of the maximum possible effect of
slow dissociation and " the minimum Figure15 shows the procedure that should be
used for selecting the most appropriate approximations if any, to describe slow dissociation
and colloid removal processes. MAX1 and MIN1 are the Damkohlabeulimits for the
colloid removal, i.e.: if @ < MIN1, then colloid sorption could be ignored; iEB MAX1,
then it would be included using an equilibrium constant; if MIN1c<DMAX1, then the
full rate equation would be used. Similarly, MAX2 and MIN2 are the limits for
determining the approach to calculating the slow dissociation of radionuclides from
colloids. These values would depend upon the requirements of the calcutatithre a
acceptable errors. Depending upanddd Dy or D", there are 9 possible options, 5 of
29



which are conservative and 4 noonservative. 4 of the options avoid all kinetic equations,
another 4 include 1 kinetic process, and only one option requiiastac description of

both colloid removal and slow dissociation. Of course, the exact solution with a kinetic
description of both processes will always give the correct solution.
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4.3 Estimates of radionuclide transport

Taking into account all of the available experimental détdole6), we can beealtively
confident of the appropriate dissociation rate constants for residence times up to
approximately 1 year. The data of Huber et al (2015) have the longest dissocetimnre

time (approximately 400 days). They are also consistent with the values for the other batch
and column experiments. They show that dissociation rate constants of the ordesbf 10

are likely for tri and tetravalent ions. Hence, this value seases upper bound for the

most appropriate to use in transport calculations.

For residence times beyond 1 year, the situation becomes progressively less clear as the
residence time increases. Extrapolation of the experimental data for longer reactson time
suggests that values of the order of 4 X §dmight be observed at very long residence
times, although that value comes with a lazgeeat and it is possible that some fraction
of colloid bound radionuclides might sh@wvenslower dissociationAlternatively, it is
also possible that 10s* represents the most appropriate value under all conditions. Hence,
the behaviour of a system with & 10” s* is certainly of interest, and it is sensible to
consider at least a system with=k4 x 10° s,
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Figure 16: percentage of radionuclide remaining colloid bound versus time from the
start of transport for = 1 x 10° s* and 4 x 10° s*; upper linear vertical scale; lower
same data with log scale.
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Figurel6 shows the amount of neexchangeably bound radionuclide that would be
expected to remain bound to bentonite colloids plotted aghimsime since the start of

their transport. Plots are giu for k= 1 x 10’ s and 4 x 10 s* (the data have begjiven

on linear and log scales). Given the currently available knowledge, and rembering the
caveatgiven above, we would expect the behaviour of the radionuclide to fall somewhere
between th@lotsfor thetwo rate constants

The advantage of plotting the amount of radionuclide remaining bound to the colloid
against time since the start of transport is that the plots are correct for systems with or
without retardation of the colloid. Further, feystems where there is no colloid
retardation, then the vertical scale is also equivalent to the amount of radionuclide
remaining in the mobile phase.

Figurel7 - Figure20 show the amount that would be expected to remain in the mobile
phase as distance from the start of the pathway increases for linear flow rates fnois 10

1 to 108 ms™. This time, the data are only valid for a system where there is no significant
retadation of the bentonite colloids themselves. Any colloid sorption would shift the plots
towards the left (less radionuclide transport).
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Figure 17: percentage of radionuclide remaining in the mobile phase versus distance for
a flow rate of 10° ms* and for k, = 1 x 10’ s* and 4 x 10’ s*; upper linear vertical
scale; lower same data with log scale

34












