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Summary

This contribution presents the progress made is thsk until October 31, 2013. The
kinetic/thermodynamic modelling of experimentalalptoduced at FZJ on Ra uptake during
the recrystallization of two commercial barites {8#eben and Aldrich) was updated and
now includes newly supplied data extending up t8 @&ysreaction time. After a first slow
kinetic step, which lasted up to 120-180 days,dden decrease towards a minimum aqueous
Ra concentration was observed, suggesting faseatiwh from supersaturation of a new
(Ba,Ra)SQ solid solution with ideal or even negative intéi@at parameter (a< 0). This step
corresponded to growth rates of up to 40l m?d™. After this fast nucleation step, Ra
concentrations in the aqueous solution slowly iaseel, approaching the equilibrium line of a
regular (Ba,Ra)S© solid solution with interaction parameteg=4.0, in agreement with
theoretical predictions based on atomistic simoieti Therefore, these data indicate non-
equilibrium Ra entrapment during the mentioned fastipitation event, followed by slow
recrystallization towards true thermodynamic ssldution equilibrium.

The Ra uptake experiments carried out at CHALMER® &IT-INE involved lower
(picomolar to nanomolar) total Ra concentrationempared to the FZJ experiments
(micromolar Ra concentrations). Moreover, in thesperiments'*Ba tracer was added
simultaneously to the Ra tracer, allowing an inaeleat determination of (Ra,Ba)$@rowth
rates. The Ba tracer data indicate for both sewxpe&riments recrystallization rates aned a
values comparable to those inferred from earliddiphed experiments conducted in a similar
range of aqueous Ra concentration. However, thdtsesf the KIT-INE experiments could
not be interpreted in terms of the classivelerogeneouand homogeneous recrystallization
models. A new model, requiring repeated dissoluficetipitation of previously formed Ra-
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barite monolayers and baptisecbhtinuous recrystallizatiomodel”, successfully described
the Ra-uptake experiments conducted at KIT-INE. difierent growth mechanism inferred
for these experiments may be related to much lopgeequilibration times of the initial pure
barite (seven months, compared to a maximum of#eeks in the other experiments).

Thermodynamic modelling indicates for the CHALMERfta formation of regular
(Ra,Ba)SQ solid solutions with moderately positive interaatiparameters ga= 0.7-1.2),
whereas the KIT-INE data point to the formatiorsolid solutions close to ideality.

One of the essential results arising from the thegperimental studies is that the non-
dimensional interaction parameter describing then&tion of the binary (Ba,Ra)SGolid
solution ranges between a 0.0 and @~ 1.0. The latter value seems to reflect long-term
thermodynamic equilibrium and agrees with theoaktipredictions based on atomistic
simulations. This finding has direct relevance tfug safety assessment of radioactive waste
repository sites, since it constrains the solubiihd thus the mobility of radium in such
environments.

Background and Objectives

It is well known that a minor element precipitatiwghin a dilute solid solution will have a
much lower solubility than if the same elementnsqgpitated as isostructural pure solid. This
effect may be particularly beneficial for the sgfassessment of radioactive repository sites,
if it can be shown that radionuclides released fthenwaste will form dilute solid solutions
with secondary host minerals. In the case of radiimenmation of (Ra,Ba)S&solid solutions

by reaction of sulphate-rich aqueous solutions id¢hand Ra isotopes released via waste
corrosion is considered to be likely (Curti et &010; Bosbach et al., 2010). This process
would reduce the concentration of dissolved radinithe mobile aqueous phase by orders of
magnitude compared to a system in which the satulsl controlled by pure radium sulphate.
Eventually, the mobility of?®Ra and its contribution to radiological doses woddrease to
levels largely below those predicted assuming thature solid (e.g. RaSPcontrols Ra
solubility.

A thorough understanding of the mechanisms leatinga-barite formation and the careful
quantification of related thermodynamic data (ndeallity parameters, end-member solubility
products) is a prerequisite to reliably predict toatribution of**Ra to radiological doses in
safety assessment calculations. In this work paskége main objectives were: (1) to model
experimental data provided by other SKIN partnenstie uptake of Ra during barite
recrystallization in terms of solid solution theryoamics (determination of interaction
parameters) and kinetics (growth rates of radiods); (2) to review available data on RaSO
solubility product, in order to verify the reliaibyy of the values currently used in
thermodynamic databases.
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Recrystallization models

Classical models

In a recrystallization process, also called reptamat, a newly formedecondaryphase grows
at the expense of a dissolvipgmary phasgPutnis, 2009). In this study, the primary phase
is pure barite, whereas the secondary phase isaR@&-Bolid solution. Barite recrystallization
rates can be determined by adding a known aligfiot*$Ba radiotracer to an aqueous
suspension of barite particles and then monitotlieggamma activity of the aqueous solution
over time. The'*Ba removed from solution is necessarily incorpataite the secondary
(growing) phase and is thus indicator of the amafrmewly formed barite solid solution.
The rate of**Ba removal is proportional to the growth rate af #econdary barite, which is
defined here with the term “recrystallization rate”

Recrystallization rates derived by isotope tracethuods in batch experiments are forcedly
model-dependent, since they are associated to ptuadeideas of the recrystallization
mechanisms at the microscopic scale. So far, twb glealized mechanisms have been tested
(Curti et al., 2010): the so-callechomogeneouand heterogeneougcorporation models as
described byoerner and Hoskins (1925) andMclntire (1963). These models describe trace
element uptake during coprecipitation with a sqldcipitated from oversaturated solutions.
During homogeneous incorporation, thetal amount of recrystallized (i.e. newly
precipitated) solid is at all times in full equiliom with the solution, so that the trace element
is distributed homogeneously within the growingaorl'he trace element concentration in the
solid changes with time, but there is no intermadaentration gradient.

In the case of heterogeneous incorporation, theliegum between growing solid and
aqueous solution is limited to a thin surface laydeally a few atomic monolayers thick. As
recrystallization proceeds, this surface layer aweced by newly precipitated solid and
becomes inert, i.e. isolated from exchange withattpgeous solution. In such systems, no full
thermodynamic equilibrium is reached, only pargi@lilibrium between agueous solution and
a thin mineral surface layer exists. Consequerttigre is no internal equilibration of the
growing crystals and the trace element distributiithin the solid will be in general
heterogeneous, giving rise to the characteristicentric zoning patterns frequently observed
in natural crystals.

The original homogeneous and heterogeneous modets eviginally developed for foreign
elements coprecipitating with a host solid fromoaersaturated aqueous solution (e.§’ 8r
CaCQ). In '*Ba-barite recrystallization experiments, a tracsstape of Ba '°Ba) is
incorporated in pure BaSQinder close-to-equilibrium conditions. This regdira different
mathematical development of the aforementioned ispaéich is described iQurti et al.
(2010), leading to the following equations:
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A(_  [Bd

homogeneous incorporation (2)
A(t) v()o(S/V)+[ Ba
AW = exp{w} heterogeneous incorporation (2)
As(t) [Bd

whereA_(t)/Aqt) is the ratio of-*Ba activity in the aqueous solution sampled from ltlarite
suspension at timeto that of a standard solution containing theltoigial **Ba activity, 1(t)

is the amount of barite recrystallized per unit enan surface area [molfh [Ba] is the total
Ba concentration in aqueous solution (Mis the specific surface areaqmi'] of the initial
barite and $/V) is the solid to liquid ratio (g*). Solving for(t) allows to construct curves of
the amount of barite recrystallized versus timee Técrystallization rat® [mol m? d*] is
then simply the time derivativeuft)/dt. Assuming a constant recrystallization r&feAt) can
be replaced bR t and the two equations can be used to test themadels against the
measured®Ba activity data, usin@ as adjustable parameter. Although there is noagiiee
that recrystallization will proceed at constanteraa perfect fit to the activity data using a
given model with constant rate would be a strordjcation in favor of the recrystallization
mechanism assumed in that model. For instancerdtwystallization data oCurti et al.
(2010) could be fitted satisfactorily by applying the hageneous incorporation model with a
constant rate, whereas it was not possible to éosime by applying the heterogeneous
recrystallization model.

The “continuous recrystallization” model

In the classical recrystallization models descriliedhe preceding section, it is implicitly
assumed that dissolution-reprecipitation is a “aw@y” process, i.e. the primary phase
dissolves and a new, stable phase is producedimgée step. Here, we describe a new model
(denoted tontinuous recrystallizatiomodel”) in which it is assumed that each infinnesl
layer of newly formed solid undergoes repeatedystaHization cycles during the course of
the process. This model was developed after reglihat the data obtained at KIT-INE
cannot be explained by the classical models anidiedesatisfactory fits to those data (see
later).

The continuous recrystallization model assumes tayBo by monolayer recrystallization
from outside towards the internal part of the prynerystals, i.e. it follows a pseudomorphic
replacement model (see Fig. A1.1, Appendix Al) escdbed byPutnis (2009), although it
may well be extended to systems where primary aodralary phase are separated in space.
A monolayer is a single atomic layer (thickness 3.5 x 10'° m for barite). After the first
monolayer of the primary pure mineral is dissolvédgprecipitates in situ as more stable
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phase, for instance as Ra-barite solid solutione Bblution then reacts with the next
monolayer of primary solid and the same recrygtation step takes place, and so on.

The basic idea is that, before a given monolayethefprimary solid is dissolved and re-
precipitated, all the previously formed secondasifdsmust recrystallize again in order to
adjust to the new solution composition. This metra all monolayers except the most
internal one at the reaction front will have torgestallize repeatedly. The total amount of
mineral recrystallized in such a process (the matiggs at any time larger than the visible
(net) amount of recrystallized solid. A more detdilexplanation and the mathematical
development of the model are given in Appendix 1.

Modelling of FZJ data

Experimental

Extensive Ra uptake experiments were carried obZat In these experiments, conducted at
room temperature (RT) and 9C, two commercial barite powders, Sachtléb¢8L) and
Aldrich® (AL) were aged in 0.1 M NaCl + M RaBr, solutions during up to 658 days. The
Ra concentration in solution was measured by gaspeatrometry at regular intervals. Here,
we present modelling work performed on the dataveledd until October 31, 2013.

Kinetic model

Because nd*Ba exchange experiments were carried out at FZJidemtification of the
recrystallization mechanisms based on the moddisribed in the previous chapter is not
possible. However, it is possible to derive realsiation rates for homogeneous
recrystallization by the fitting procedure descdlelow.

In the basic equation, the recrystallization titr(g) is expressed as a function of the amount
of newly formed barite solid solutiam(mol), the specific surface ares(m?g), the solution
volumeV (), the solid to liquid rati&s/V (g/l) and a surface-normalized recrystallizatiater

R (mol m? d™):

n

Y=oV R ®)

In the equation abovey is a constant equated tm, the initial mineral surface area. New
particle size distribution data, based on SEM imsagdowed however that the specific
surface area of AL barite had decreased by abatdtar of two after 443 days ageing in the
presence of Ra-bearing solution. A much smalleredese (less than 10%) was observed for
SL barite under the same conditions. In order @wate the effect of variations in mineral
surface area, the simple growth kinetics model rilesd by eq. 3 has been extended. To
implement surface area variations in a simple way,assumed that the mineral surface area
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is varying linearly with the progress of recrysiation between the initial valug;and a
final valueos:

U(n):00+%(af —0'0) (4)

For the practical implementation, we used quastitiealed to 1 kg of water solvent (~ 1 L),
thus the above equation is expressed as:

o(n)=0, 41 (, -0
(M= 50 -0) (5)

where square bracket denote molar concentrationioducing the molar weight of barite

(MWharite) @and noting thafny| = (S/ V) / MW, one obtains:

a(n)=0,+ éﬁguf -0,) 6)

Substitution of eq. (6) into eq. (3) yields finally

. [n]
t [(s/ D) g, + MW, [ }(0-00)] R (7)

Equation (7) can be used to calculate the reacime heeded to grow an amounbf solid
solution at a constant growth ra®in a suspension of mass concentrati8WV) while the
specific surface area varies linearly between #raivalue g and an endpoint;. The values
of n are calculated separately via the GEM-Selektor ¢Bdéik et al., 2013; Wagner et al.,
2012) for a given solid solution model, characterizedty interaction parametas.

The Ra concentration data were fitted using thewahg two-step procedure:

(a) Calculation of a series of equilibrium statesaafunction of the increasing amouny 6f
(Ra,Ba)SQ with the GEM-Selektor (GEMS) code. This yields theuiklgrium Ra
concentrations as a function oiup to the total amount of barite used in the expents and
for the selected solid solution model (ideal or-deal).

(b) Determination of the reaction tini@) via eq. (7)

For each value oh calculated with GEMS, a reaction time can be coegbudtom the
equation above. Because the GEMS calculations iecliné concentrations of Ra at
equilibrium with the selected solid solution, edt) value can be readily associated to the
corresponding equilibrium Ra concentration, [Ra](Since there is no independent
determination of the recrystallization rate in #esxperimentsR was used as adjustable
parameter to fit the Ra concentration data.
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RT experiments at 0.5 g/l

The data of the two experiments carried out at Rh WL and AL barites at 0.5 g/l are
illustrated in Fig. 4.3.1a and 4.3.1b with modetves for ideal solid solutions (blue) and
regular solid solution with interaction parametgel. The latter value corresponds to the
theoretical equilibrium value @& recently determined via atomistic simulations by double
defect method\{inograd et al., 2013). Continuous lines correspond to the usual modtl w
constant specific surface area fixed at the initedue, whereas the blue stippled line in Fig.
4.3.1b was calculated assuming a linear reductfoa w half the initial value (from 1.7 to
0.85 nf/g).

In both experiments, an initially slow decreasetha aqueous Ra concentration, simulated
through a constant recrystallization r&g is followed by a sudden decrease of 1-2 orders of
magnitude after about 100 days (SL) or 180 days).(Aimulating this second kinetic step
required much higher rates than for the initiagetdR, >> R;). Whereas the growth rates
inferred for the first kinetic stage are in the @rdf magnitude of recrystallization rates
determined througf*Ba exchange in previous Ra-barite uptake expersn{@urti et al.
2010; Bosbach et al., 2010) the high extrapolateR, values are, at least for the tests with SL
barite, much faster. They probably indicate suddecdleation of a new Ra-barite phase.
During this step, the Ra concentration in the ageguhase decreased below the ideal solid
solution line, indicating negative values for theraction parametes,. After reaching a
minimum at 200 days (SL) and 350 days (AL) the agseRa concentration slowly increases,
approaching in both cases (though not reachingagh#.0 equilibrium lines. At the time of
this reporting, no steady state was attained yétthe observed behaviour strongly suggests
that after the fast nucleation step the Ra-batae/lg recrystallizes towards an equilibrium
state close to the theoretically predictgd/alue of 1.0 Yinograd et al., 2013). Therefore, the
sudden Ra decrease at 100/180 days probably remesen-equilibrium entrapment (see
deliverable D4.2), not a thermodynamic equilibristate.

Fig. 4.3.1b also shows the effect of decreasintasararea according to eq. 7 (blue stippled
line). We recall that in the applied kinetic modekrystallization is assumed to occur
epitaxially on the pre-existing mineral surface amdhus proportional to surface area. As
expected, reducing the available surface area I¢ada delay in attaining equilibrium
conditions (the horizontal, constant Ra concermatiine). It is quite evident that the
predicted effect is opposite to the observed sligbtease in Ra concentrations observed at
long reaction times. This observation and the vegy inferred growth rates (up to 4Qn

m? d) suggest that growth rates of the newly formedtésiare not proportional to the bulk
mineral surface. This conclusion is corroboratedh®ysurprising observation that SL barite
is much more reactive than AL barite, althoughl#tier has a 10 times larger specific surface
area than SL barite (1.7%g1 vs.0.17 rig™).
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Figure 4.3.1: Experimental data of FZJ Ra-barite recrystallizatiogperiments carried out at
room temperature and S/V= 0.5 g/l, compared with ehochlculations (see text for

explanations).

RT experiments at 5 g/l

The higher reactivity of SL barite is clearly obsale also in the experiments conducted at 5
g/l, as shown in Fig. 4.3.2a, where the resultsmof such experiments are compared to those
of the previously discussed 0.5 g/l experimentsgdneral, the second (fast) kinetic stage of
Ra precipitation occurs earlier in the 5 g/l expmnts, or is even absent. Moreover, it is

evident from Fig. 4.3.2b that the onset of fastUptake occurs at different, unpredictable

times, which is also an indication for a suddenleatoon process.

The growth rates inferred for the 5 g/l experimeats reasonably consistent with those
derived for the 0.5 g/l experiments. A main diffece between the two sets of experiments is
the earlier onset of the fast precipitation stagthe 5 g/l tests (less than 30 days).

The a values corresponding to the minima of aqueous dt&entrations were found to be
close to O (ideal solid solution) for the 5 g/lteeand even negative for the 0.5 g/l tests.
Contrary to the 0.5 g/l experiments, a subsequemt micrease in Ra concentration is barely
visible in the 5 g/l tests. This may be related® fiact that a much larger mass of Ra-barite is
formed at such high S/L. Consequently, a much Iotigee is required in order to release and
re-precipitate the entrapped Ra in a thermodyndlyistable (Ra,Ba)S©phase withap=1,

via recrystallization.
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Figure 4.3.2: (a) Comparison of Ra-barite uptake experiments earout at FZJ with 0.5 g/l
(open symbols) and 5 g/l S/V ratio (full symbols).Three different 5 g/l experiments carried
out with SL barite showing different onset timefast Ra precipitation.

Effect of thermodynamic data uncertainty

The thermochemical data applied to predict aqueolig-squilibria in the chemical system of
interest (Ra-Ba-Na-S-Cl-O-H at 298 K and 1 bar)iargeneral of good quality. Some minor
uncertainty remains on the solubility product ofSRa, as described in the"2annual
workshop proceedings (pp.138-139). All calculatiaiscussed until now have been carried
out using the Nagra-PSI datababkihmel et al., 2002) which includes a value of -10.26 for
log K2(RaSQ). In order to evaluate the effect of the uncettain the solubility product of
Ra sulphate, comparative calculations have beemedaout using the lowest limit of the
uncertainty range, i.e. lo(RaSQ) = -10.40. The rationale for selecting the lowéstitl
was to verify whether the mentioned negaigevalues would disappear assuming a lower
log KJ(RaSQ). Fig. 4.3.3 shows that this is not the case. Thieceof decreasing log
KL(RaSQ) from -10.26 to -10.40 is small and insufficient “avoid” the Ra concentration
minima to be below the ideal solid solution line.

In summary, it can be concluded that the interpiataof the chemical processes occurring
during the Ra uptake experiments conducted at 683 dot depend on uncertainties in the
solubility product of RaSQ

Barium concentrations in the agueous phase

Fig. 4.3.4 shows Ba concentrations measured byMSHer selected Ra-uptake experiments
as a function of reaction time. The red lines shdw theoretical solubility of Ba in
equilibrium with pure barite for the system of irest, i.e. 3.6 10° M in 0.1 M NaCl.
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Figure 4.3.3: Comparative kinetic-thermodynamic model for expentr#1.5, carried out
with SL barite at 0.5 g/L. Continuous lines ind&atalculations carried out with
log K (RaSQ) = -10.26; broken lines show the results obtairessuming K(RaSQ) =
-10.40. Blue curves were obtained assuming formativideal (Ba,Ra)Sf£solid solutions,
whereas red curves are predictions for regular éablutions with interaction parameter
ap=1.0.
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Figure 4.3.4. Temporal evolution of aqueous Ba concentrationsindu the Ra-barite
experiments carried out at FZJ: (a) 0.5 g/L expenise (b) 5 g/L experiments. The red
continuous line denotes saturation equilibrium wptlwre barite in the initial solutions. The
red dotted line shows the upper limit of Ba concaidns in equilibrium with (Ba,Ra)SO
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The plot on the left side (a) refers to the expentaeonducted &/\=0.5 g/l. All data points
so far measured for these experiments indicatedBaentrations significantly larger than the
theoretical equilibrium concentration in equilibmuwith pure barite. When a solid solution
forms, the concentration of the host cation in golushould in principle decrease due to the
dilution effect caused by the incorporation of fgreions. A possible reduction in aqueous Ba
concentration caused by formation of (Ba,Ra)S0lid solution in our system would be
however negligible, since the mole fraction of Ra&very small in these Bag@ominated
systems. On the other hand, incorporation of radinr(Ba,Ra)SQ@ via recrystallization of
initially pure BaSQ will displace some Ba to the solution. Assumindinaiting (non-
equilibrium) case in which all Ra (610° M) is trapped in the recrystallized solid and an
equivalent excess of Ba is released to solutiom,ugpper limit of the final Ba concentration
for a constant molar amount of barite presentlairaes will be 3.0x 10° + 5x 10° = 3.5x

10° M. This limit, imposed by mass balance constraints closed system, is shown as
dotted red line in Fig. 4.3.4. However, practicallly0.5 g/l Ba concentrations and most of the
5 g/l Ba concentrations (up to about 200 daysattieve the dotted red line. This indicates that
dissolution initially prevails over precipitatiotgeading to supersaturation. All data points
above the dotted red line represent solutions sapaated with respect to both pure and Ra-
bearing barite. Such behaviour is expected duringsotution-precipitation driven
recrystallization and is indeed corroborated byRlaedata in the experiments conducted at 0.5
g/l. The evolution in the 5 g/l experiments is someHhdifferent. After initially quite high
degrees of supersaturation, which correlate quigé with the previously discussed early
onset of fast Ra precipitation, the Ba concentraticteadily decrease, suggesting that
saturation equilibrium is slowly approached. Oneuldoexpect then Ba concentrations to
reach constant (time-independent) values betweerivib red lines. However, the last two
data points at = 443 days indicate Ba concentrations clearlywdlte saturation line, which
cannot be explained at the moment. Future measuatemall have to be awaited in order to
decide on the relevance of these two measurements.

Modelling of KIT-INE data

Experimental

Recrystallization experiments have been carriedwotlt SL barite in 0.1 M NaCl at a mass
concentration of 0.1 g/l, at room temperature aittl WBa and®*Ra simultaneously present.
The SL barite had been previously aged in aqueolsti@o during 7 months. The
simultaneous use dfBa and®“Ra tracers allowed an independent determinatiothef
recrystallization rate, i.e. the determined ratedsa fitted parameter. Four experiments were
performed, under the conditions described in TabB14 The Ra concentrations used for
these experiments (0.5- 12 nM) are comparabledsetlused in earlier published experiments
(Curti et al. 2010; Bosbach et al. 2010) and much lower than in the experiments perforated
FZJ (5uM).

11
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Table 4.3.1: Summary of barite recrystallization experimengsried out at KIT-INE in the
framework of the SKIN project.

[133Ba]total [226Ra]t0tal pH
(molll) (molll)
A 2.7x10%° 0 5
B 2.7x 10%° 4.7x 10%° 3.55
C 2.8x 10%° 1.1x 10° 3.15
D 2.7x 10%° 1.2x 108 4.17

Recrystallization Kinetics

As previously stated in the “Recrystallization Mtslesection, it was not possible to
reproduce thé*Ba exchange data obtained at KIT-INE using the éopsideveloped for the
homogeneousand heterogeneouscorporation models. Moreover, the removal r&té*®Ba
tracer from solution was much slower than in theeginents ofCurti et al. (2010) and
Bosbach et al. (2010). This called for the development of a new modekedaon the
assumption of permanent recrystallization of thelpdormed secondary barite to adapt for
the continuosly changing aqueous phase composgicrordingly, this model (see Appendix
Al for details) is called hemontinuous recrystallizatiomodel.

Figure 4.3.5 shows the modelling results for ther fexperiments conducted at KIT-INE. In

the left column, best fit curves are shown for tinee previously discussed recrystallization
models, in a plot where tH&Ba activity in solutiond_ (normalized to the total added activity

measured from standard solutidg) is represented as a function of reaction time.

The red curves correspond to the heterogeneouspmeation model, the green curves to the
homogeneous incorporation model and finally blueves depict the behaviour expected if
the continuous recrystallization model applies. Yéhe for experiments A and B model
discrimination is difficult, due to considerableatiering in the data and a limited decrease in
tracer concentration, experiments C and D are uwmeqaily well reproduced only through
the continuous recrystallization model. There isvay to reproduce the data assuming either
heterogeneous or homogeneous incorporation modkelamconstant recrystallization rate, as
these predict a much faster decreaséBa activity than observed.

The right column in Fig. 4.3.5 shows tleffective and bulk growth rates R and R,,
respectively) corresponding to the continuous r&atiization curves on the left side (i.e. the
blue curves)Re is the rate at which secondary barite is formedhat microscopic scale,
assumed to be constant. Because it is assumee@abhatlayer of the barite crystal is being
replaced repeatedlyR. is in general much larger than the macroscopidk bnalte of

12
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replacement,, which refers to the net amount of recrystallizetid and thus decreases with
time. Although the effective rate of replacementésy high (10 <R. < 173pmol m? d*) the
bulk rate decreases rapidly to values comprisedidmt 1 and 1@mol m? d*, which are
quite comparable to the recrystallization rategeined in earlier published experiments, for
which either heterogeneous or homogeneous redigatadin mechanisms applied.

Originally, these experiments were carried out i objective of verifying the influence of
Ra on recrystallization kinetics. By comparing Mg3.5 and Table 4.3.1 one can identify a
positive correlation between the added Ra condémirand the rate of removal 6fBa,
suggesting that Ra may catalyze the recrystalimatHowever, the results correlate even
better with the pH-value, which varied from 3.15%mamong the four tests. Because it is
known that barite dissolution kinetics is pH-depemtidDove and Czank, 1995), the two
effects cannot be separated. Further experimeritseat pH would be required to verify the
effect of Ra concentration on barite recrystallmakinetics.

In summary, the model calculations clearly indicttat the “continuous recrystallization”
mechanism is more appropriate than the “classeatlystallization models” to explain the
results obtained at KIT-INE. There is no doubt thadther mechanism is operating in this
case, although the reasons are not well undersabdtie moment. The only systematic
difference between these experiments and all akeeriments, including those described by
Curti et al. (2010) and Bosbach et al. (2010), seems to be the longer pre-equilibration time.
The SL barite used in the KIT-INE experiments wasildated during seven months,
whereas ageing time in all other experiments wetbe range of hours to weeks.

A further indication that pre-equilibration couldiap a role in affecting the mechanisms of
recrystallization is the fact that the surface anés&SL barite decreased from about 0.4 to
0.15 nf g* during the ageing (Heberling, pers. comm.). Anpttistinctive feature is the
simultaneous use ofBa and?*Ra tracers in the KIT-INE experiments. However, the
presence of Ra cannot be invoked as being the cafusiee change in recrystallization
mechanism, since Ra was present in experimentsad@, but not in experiment A, which
was carried out with®*Ba only (as in the mentioned published studies).

Clearly, any further progress in this subject wdkpend on the ability of using in-situ
microscopic methods to unravel the operating digsmi-precipitation mechanisms.
Modelling of such batch experiments will not befgignt to resolve this issue.

13
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Figure 4.3.5: From top to bottom, modelling results for KIT-INEcrystallization data for
experiments A (circles), B(rhombs), C(squares) ar{ttiBngles) . See text for explanations.
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Thermodynamic Modelling

We used the combinédBa and®*Ra data to model the formation of secondary (R&Bag)
for experiments B, C and D with the help of GEM-&&e code (http://gems.web.psi.ch).
Values of pi] (moles of barite recrystallized per liter of stdun) were calculated directly from
experimental**Ba(solution)}**Ba(total) ratios £ /As) and are time independent. For a given
value of A/As) both homogeneous and continuous recrystallizatimalels yield identical
values. It is not possible to correlate the resaftour thermodynamic calculations to the
heterogeneous recrystallization model, since thisaipartial equilibrium model, i.e. the
internal parts of the crystals are declared ashaig in equilibrium with the solutions.
Although tools are now being developed to deal vatith non-equilibrium systems (see
Kulik and Thien, deliverable D4.2), this work is pmogress and beyond the scope of the
present study. Fig. 4.3.6 summarizes the restitBeocalculations in a single plot showing
the measured aqueous Ra concentrations as a furétibe amount of recrystallized barite.
The data are compared to GEMS calculations where atbowom of either ideal (thick
continuous curves) or regular solid solutions witteraction parameterg = +1.0 (dotted
curves) andap = -1.0 (broken curves) were assumed. The resultst goi formation of
(Ra,Ba)SQ solid solutions close to ideality in all three expeents, independently of the
added Ra concentrations. This result contrasts with updated results from the FZJ
experiments, which indicate regular solutions witbderately positive interaction parameter
in the long-term (@— 1 for t > 200 days). Note however that the modelldT-INE
experiments reach only a reaction time of 179 days.

1.E-07 -

© KIT-INEexp B

GEMS results (ideal SS)

— — ——GEMS results (reg SS, a0=-1.0)

------- GEMS results (reg SS, a0=+1.0)
A KIT-INEexp C

------- GEMS results (reg SS, a0=+1.0)

GEMS results (ideal SS)

— — ——GEMS results (reg SS, a0=-1.0)
¢ KIT-INEexp D

------- GEMS results (reg. SS, a0=+1.0)

GEMS results (ideal SS)

— — ——GEMS results (reg. SS, a0=-1.0)

[Ra] (mol/l)

1.E'1O T L L T T T T T
1.E-07 1.E-06 1.E-05 1.E-04

[n] (mol/l)

Figure 4.3.6: Experimental data from Ra-barite interaction expeents carried out at KIT-
INE compared to predicted Ra equilibrium concentnagidor ideal and regular solid solution
models as a function of the amount of recrystallizarite.
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Modelling of CHALMERS data

Experimental

Ra uptake experiments on self-produced barite warged out at room temperature with
simultaneous addition d?Ra and***Ba tracers to monitor the recrystallization kinstic
Three solutions (System 1, 2, 3) containing 100 .61 M NaSO, and 0.05 g of BaSQ
were prepared in 250 ml plastic bottles and preliegated during 10 days. Thereaftéf"Ra
and **Ba spikes were added. In System 3, dfifBa was added (Ra-free experiment). The
pH of the final suspensions was 5.4. Blank testhaut addition of barite showed that no
tracer adsorption on the walls of the vessels foake.

Recrystallization Kinetics

Surface normalized rates based BrBa data cannot be modeled precisely because the
specific surface area of the BaSsdlid was not determined experimentally. Based hen t
information that the synthesized BaS@as passed through 0.5-1.0 mm sieves and assuming
a “roughness factor” of two, a value of = 0.0036 M g* was estimated. The “roughness
factor” was determined from available BET surfaceaard particle size data of other barite
powders.

Fig. 4.3.7 shows the best fits for two experimeatgainst the previously discussed
homogeneous and heterogeneous recrystallizatiorlsyaabtained using the aforementioned
oo value. The continuous recrystallization model wasnfl to be inappropriate and is
therefore not shown.

=
o

1.00 §-

homogeneous

133 133
Basolution/ Batotal [ - ]

homogeneous

133 133
Basolution/ Batotal [ - ]

heterogeneous

o
f

o

0 10 20 30 40 50 60 70 10 20 30
time [d] time [d]

@) (b)
Figure 4.3.7: Best fits of'*Ba data from two BaS@racers interaction experiments in
0.01 M NaSQ;: (a) System 1 = test with simultaneous additiorf’dRa and'**Ba tracers

(only data before addition of a secoffdRa aliquot are considered); (b) System 3 = Ra-free
test with addition of**Ba only.

16



7"EC FP — SKIN /Deliverable 4.3 Enzo Curti :Kiicetnd Thermodynamic Modelling

In spite of the large uncertainties in recrystaliian rates introduced by the approximate
value of the barite specific surface area, theerurmodeling results can nevertheless be used
to identify the appropriate recrystallization megisan. As clearly shown in Fig. 4.3.7a, the
data obtained from the System 1 experiment can balyeproduced by the homogeneous
recrystallization model. It is not possible to abta satisfactory fit with the heterogeneous
model, which requires an exponential decrease et¥Ba activity in solutioni(e. a linear
decrease in the semi-logarithmic plots of Fig. A.3Conversely, the data of system 3 define a
linear trend, following the heterogeneous recriigation model.

We have currently no explanation why in the twoekpents two different recrystallization

mechanisms should operate; we can only suggesthisatifference may be related to the
presence (System 1) or absence (System 3) of ramliwsolution. Note that the estimated
recrystallization rates of 60 pmolfd™ and 15 umol M d* derived from the best fits of

System 1 and System 3 data, respectively, are tboe upper limit of values derived in the
experiments o€Curti et al.(2010) andBosbach et al. (2010).

System 1 was a double spiking tést, a second aliquot 6f°Ra was added 42 days after the
start of the experiment. At that time, more thaf636¥ the initial?**Ra had already decayed.
Fig. 4.3.8 shows simultaneously th&Ba and?*Ra aqueous concentration data for this
experiment. After the addition of the secditRa spike at 42 days, tH&Ba concentration
temporarily increased until 45 days (although ncose aliquot of**Ba spike was added),
before it then continued to decrease. The closefupeo40 - 60 days interval (Fig. 4.3.8b)
shows clearly that**Ba starts to increase exactly at the time of tlesé***Ra addition.

This short-term, transitory increase'ifBa is an indication that the Ra-barite formed ater
first tracer addition was at least partially dissal soon after addition of the secofftRa
aliquot. Because most of ti&Ra from the first spike had already decayed attiha (and
therefore the secondary Ra-barite had “revertedaltoost pure BaS£) the addition of a
second radium aliquot must have caused a destimiiz and thus dissolution of the first
(now almost radium free) solid, causing a net sdeaf ***Ba to the aqueous phase. The
decrease if**Ra concentration between 42 and 45 d indicateslsineous growth of a new
secondary Ra-barite. The fact that we can obsetvanaitory increase ift-Ba implies that
the net rate of**Ba release from the first secondary barite exce¢uedate of**Ba uptake
by the new solid, a quite fortuitous and lucky girstance revealing the details of the growth
and dissolution reactions taking place in thiseyst

Thermodynamic Modelling

The data obtained at CHALMERS for the System 1 erpant could not be modelled in the
same way as the KIT-INE data and the experimen@uofi et al. (2010) since the Ra uptake
was monitored using the short-livedRa tracer ¢, = 11.3 days) instead of the long-lived
?*Ra (t2 = 1600 years). Usingf"Ra has the advantage of decreasing the detectinfér

below the picomolar level and avoids generatinggiwed radioactive waste. The cost,
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however, is that solid solution equilibria will fidfy shift during the laboratory experiments
because of fast decay, which is at a comparablestale as barite growth rates. Because
?2Ra decays completely t8’Pb within a few months, the Ra concentrations (R@Ba)SQ
solid solution will decrease significantly duringperiments with duration of up to 60 days.

142E710Jr 3.0E-13
System 1'

1.06-10 T 25613
13 % Ba-133

8.0E-11 [ 1 20813
[ 3Ba], . : ¢ ®Ra-223 [223Ra],
mol dm 6.0E-11 ) ii pH=13 | 1.5E-13 mOIde

a0e-11 | . . 1 1.0£-13
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Figure 4.3.8: *®8Ba and?*Ra concentrations as a function of reaction time $ystem 1
experiment: (a) entire experiment; (b) close-upgha time interval shortly before and after
the second®Ra spike addition at t=42 days.
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From the technical point of view, the CHALMERS expeents cannot be modelled exactly
in the same way as done for systems doped #fita, because the amount of total Ra in the
system is not constant on the time scale of laboyaexperiments. Therefore, GEMS
calculations were not be carried out with the usteahtive “process” producing model curves
as shown in Fig. 4.3.6. A “point by point” strateggs used, by which a separate calculation
was carried out for each single data point, takirtg account the decay 6f°Ra at each
sampling time. Moreover, because after additionthef second®Ra aliquot it is no longer
possible to determinen] quantitatively (due to release 6FBa from the dissolving first
recrystallized phase), solid solution thermodynagatculations had to be restricted to the
data before 42 days. This limits our modelling capglo the three data points of System 1
att =2, 8 and 13 days.

A short account of the essential input parametedskay results of the GEMS calculations is
given in Table 4.3.2. In order to define the init&istem, saturation equilibrium was first
calculated for pure barite in 0.01 M M0, at the appropriate pH (adjusted by “adding” HCI).
This yields the background Ba concentration at the ®f the experiment, [BaS{2.: The
amount of pure barite recrystallized at the givemet [n]inp, calculated from the best fit of
133Ba data, was then added to [BaRQ yielding the total concentration of Ba$that has to
be specified in the GEMS calculations, [Bah6.

Table 4.3.2: Main input (green) and output (blue) of the threENES calculations carried out
to model (Ra,Ba)SOsolid solution formation during System 1 experimdgach row
corresponds to a single experimental point (sangplimes at 2, 8 and 13 days).

GEMS-ID [BaSO4]sat [N]inp [BaSOulinp  [RaCla]inp [NJout [Ra] X(Ra) ao

mol/kgw mol/kgw mol/kgw mol/kgw mol/kgw mol/kgw [-] [-]

CHALM-1-2d 2.96E-07 1.49E-07 4.45E-07 2.28E-13 1.50E-07 1.58E-13 4.67E-07 0.71
CHALM-1-8d 2.96E-07 7.48E-07 1.04E-06 1.58E-13 7.44E-07 5.96E-14 1.32E-07 1.14
CHALM-1-13d 2.96E-07 1.48E-06 1.77E-06 1.17E-13 1.47E-06 2.78E-14 6.05E-08 1.21

GEMS then calculates the aqueous speciation in tdynamic equilibrium with the most
stable solid(s), which is in our case a (Ra,Ba)S@id solution. The properties of the solid
solution must be specified by selecting appropnateraction parameters. In our model, we
selected a regular solid solution model requiringirggle interaction parameter, which is
sufficient for dilute binary solid solutions of thikind (Henry’'s law region). In our
calculations, the interaction parameterdY¥/mol] or a=Wg/RT) was varied until the output
Ra concentration in aqueous solution matched tiperarental values. The results of this
fitting procedure, shown in the right-most columinTable 1, indicate consistently positive
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interaction parameters. These values are close eothoretical @ (+1.0) calculated by
Vinograd et al. (2013) and to the long-term values approached in thedxpériments. They
are also close to the lower limit of thgrange inferred in the experiments ©firti et al.
(2010) (1.5-2.5). These values however differ from the HNE results, which point to solid
solutions close to ideality.

20



7"EC FP — SKIN /Deliverable 4.3 Enzo Curti :Kiicetnd Thermodynamic Modelling

Appendix A1 — Development of the “continuous recryllization” model

1. Model development

The model postulates that the reacting mineral stssifN equally sized cubic particles with
edge lengtla, [m] (Fig. AL1.1):

(s/y, L
P8

In the equation aboveS(L), is the initial solid to liquid ratio [kg i, L is the volume of
aqueous solution [ pis the mineral density [kg 1.

(A1.1)

The basic idea is that, before a given monolayethefprimary solid is dissolved and re-
precipitated, the whole previously formed secondaryd must recrystallize again in order to
adjust to the new solution composition. This me&as &ll monolayers (except the “last” one
at the core of the particle) will have to recrystal repeatedly. In other words the total
amount of mineral recrystallized (the integrallaisany time larger than the net amount of
recrystallized solid.

For instance, recrystallization of the layer witidex k=2 implies that the first layer must
recrystallize a second time, and the layer witrexki=3 can recrystallize only after thel
layer recrystallizes a third time and tHe=2 layer a second time. Therefore, the
recrystallization ok mineral layers requires the following effective@mmt of reprecipitation:

n(k):%[ag—(ao—z ko’ | (AL.2)

Assuming a constant effective recrystallizatiorer® [mol m? s7] it is then possible to
calculate the time required for the net recrystation of k-layers

t(k) =At (1+ 2 + 3+.K) = t(k) =t(k-1) +kAt (AL1.3)
where

3 ~(a,~2d)’
At O RWo, 3 (Al.4)

whereW is the molar weight of barite [g mYjl Equation Al.4 is valid when the total amount
recrystallized is small (a few % max.) comparedhi total amount of primary mineral. This
approximation is in general good on the time soéleboratory experiments and allows one
to treatAt as a constant, which greatly facilitates the @gion of an explicit solution of the
model (see later).

It is convenient here to make a clear distinctietween the “effective”R) and the “bulk”
(Ro) recrystallization ratesR. represents the rate at which the mineral is dissbland
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reprecipitated at the microscopic (monolayer) scalereasR, corresponds to the
macroscopic kinetics, i.e. the net amount of minexerystallized per unit time and surface
area at any given reaction timedefining S as the initial total surface area, one obtains:

& = nk=1 :ag_(a_Zd)3
AtS AtWo, §

(A1.5)

__n(y _a—(a-2kd)’ AL6
P TS T () W, 4 (A0

A

v

>0 >0

Recystallized

4 solid™>~]

time

Fig. A1.1 : Sketch of the proposed recrystallization modebvang the state of a particle
after recrystallization of 1 and 3 monolayers, resfively. Parameters and symbols are
defined in the text.

Note that whileR. is a model constanR, is a function ok and thus varies (decreases) with
time. R. andR, are normalized to thmitial surface area of the dissolving mineral. This is
physically not entirely correct, for the followitgyo reasons:

(1) The model assumes that the effective dissolutianafit monolayer per unit exposed
surface area is constant, however for large valfiesS(t) << S, soRy(t) should be
corrected for the decrease in surface to maintgimyaical meaning.
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(2) Reis in principle constant with time, if we regahdst quantity as a constant rate of
destruction of chemical bonds. Under this premaséarge reaction progress
geometrical effects will tend to increase Revalue, due to the fact that when the
particles become very small, the ratio of monolay@ume to particle surface
iIncreases.

Alternatively, analogous rate&%{e , R*, [mol I* s%]) can be defined relative to the solution
volume. Such rates are insensitive to changesriaciarea, but we preferred to stick to the
usual surface normalization model to facilitate panison with data from other experiments.

2. Recursive and explicit forms of the model

The recursive model yields following expressionstfae amount of recrystallized barite and
time as a function of the indéx

n(k):%[ag—(ao—z kd°| (AL7)

t(k) :g(k+1)At (A1.8)

Equation Al.7 yields the total number of moles ofviyegrown barite aftek monolayers of
barite have recrystallized. In equation A1/8,is the time of recrystallization of a single
monolayer. Equation Al1.8 is the explicit form of tihecursion series representing the
recrystallization process (eq. A1.3), itk) = At (1 + 2 + 3 + ....K) which is an arithmetic
series of the type

k
S =dd a with general solutior§, =g[2q+( k-1) d] (A1.9)
=

The series of interest is the particular solutior@f A1.9 fora; = 1 andd = 1. The timeAt is
related to the surface normalized effective realiigation rate R, by:

r]k:l

— AtO— e (A1.10)

&DAtUO(S/ b, L Ro,(9 1), L

One should remember that there is no differencevdst bulk and effective recrystallization
rate for the first monolayer, therefore we can evnit-; in the numerator. Note also that an
approximation equality sign was introduced. The ergaation would require to usgt) and
(S/D)(t), but since this would make it impossible to deran analytical explicit solution for
n(t), we were forced to introduce this approximatidhe approximation is however good for
the present laboratory-scale experiments, wheng @mhinor fraction of the initial barite was
dissolved.
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Equation A1.10 can be further developed by substguexplicit expressions fam=1 andN,
the total number of particles:

a§—(a—2d)3
RWa, §

Now it is evident thafit can be treated as a constant with adjustable gaeaR. That iSRe
must then be found by fitting the experimental déttter solving egs. A1.7 and Al1.8 fdr
the following equation is obtained:

At = (A1.11)

1/3
2=
% (ao Kj JAZ +8ALO 1
. 1 (AL.12)
2d 24t 2

from which the explicit analytical solution faft) is derived:

3
n(t) =K1 a3 —[ao+ d[l——‘wﬂﬂ (A1.13)

At
where
s/l L
KE’(\)A’/\I | ngo (A1.14)
3 _ _ 3
At = % (A1.15)
0

The explicit solution has following advantages coredao the recursive form:

- R can be fitted directly in a spreadsheet. The reoeiraethod requires to first ft;
R. can be calculated only after this step.

- A small number of points is sufficient to generateves for long time spans. The
recursive method requires hundreds or thousannigest/als.
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