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ABSTRACT

Solubility experiments were conducted for the dissolution reaction of brucite,

Mg(OH), (cr):
Mg(OH); (cr) + 2H' = Mg** + 2H,0

Experiments were conducted from undersaturation in deionized (DI) water and 0.01 M—
4.0 M NaCl solutions at room temperature. In addition, brucite solubility was measured
from supersaturation in a single experiment in which brucite was precipitated via drop-
wise addition of 0.1 m NaOH into a 0.1 m MgCl; solution. The solubility constant at
infinite dilution calculated from the experimental results in DI water and 0.01 M NaCl
solution using the Davies equation is:

logK? =17.2+0.3 (20)
The log K7 obtained from the supersaturation results by using the specific interaction

theory (SIT) is 17.1£0.4 (2o).

By using known Pitzer interaction parameters, the experimental results in the
0.01 M to 4.0 M NaCl solutions were modeled with the computer code NONLIN.
According to the modeling, the dimensionless standard chemical potential (u”/RT) of
brucite is —335.36+0.69 (20), with the corresponding Gibbs free energy of formation of

brucite, A .G , being —831.3+1.9 (20) kJ mol™". In combination with the auxiliary

7 198 beucite
thermodynamic data of CODATA, the logK? is calculated to be 17.2+0.3 (26) based on
the above derived Gibbs free energy of formation for brucite. The above three activity

coefficient models give a consistent solubility constant when modeling the results of the

different experiments.



INTRODUCTION

An accurate knowledge of the thermodynamic properties of brucite (Mg(OH)2) is
critical for understanding its importance in nuclear waste isolation. Brucite has become
significant to waste isolation projects due to its use in engineered barriers for nuclear
waste repositories. Crystalline MgO, which hydrates rapidly to brucite, is the only
engineered barrier certified by the US Environmental Protection Agency (EPA) at the
Waste Isolation Pilot Plant (WIPP) located near Carlsbad, New Mexico, USA (e.g.,
Krumhansl et al., 2000; Xiong and Snider, 2003; Xiong and Lord, 2006). An Mg(OH),-
based engineered barrier is also proposed for the German Asse salt mine repository
(Schilessler et al., 2002). The geochemical functions of the engineered barrier in the
WIPP are (1) to consume CO; possibly produced by microbial degradation of organic
materials in waste packages, and (2) to buffer the pH and fco, of the repository
(Krumbhansl et al., 2002; Xiong and Snider, 2003). Experimental work at Sandia National

Laboratories conducted at room temperature and atmosphetic Pco, indicates that MgO

first hydrates to brucite, which in turn is carbonated to form hydromagnesite (5424)
(Mgs(CO;5)4(OH),#4H,0) (Xiong and Snider, 2003). Consequently, the thermodynamic
properties of the brucite-hydromagnesite (5424) assemblage are of great significance to
the performance assessment (PA) because actinide solubility is strongly affected by fcoz.
In addition, PA is important to the demonstration of the long-term safety of nuclear waste
repositories, as assessed by the use of probabilistic performance calculations.

A literature review of the thermodynamic properties of brucite shows that there is
a substantial discrepency in the values of A/(G°pncite reported in the literature. These

values range from —830.4 (Harvie et al., 1984), —831.9 (Brown et al., 1996}, —833.5



(Robie and Hemingway, 1995), to —835.9 kJ mol™ (Konigsberger et al., 1999). Using the
AG hydromagnesite (s424) Trom Konigsberger et al. (1999), the predicted log fc0; in
equilibrium with the assemblage brucite—hydromagnesite (5424) would range from —5.96
(AGorucite from Harvie et al., 1984) to —4.84 (Aﬁ°bmcite from Konigsberger et al., 1999).
The above discussion shows that a much betier constrained value for AJG"bm-.w is required
to accurately assess the role of brucite in nuclear waste repositories. For this reason, a
series of solubility experiments involving brucite in NaCl solutions ranging from 0.01 M
to 4.0 M were conducted at room temperature. These experiments were used to derive
new values of AfG brycite by extrapolation to infinite dilution via Pitzer formalism. A
similar study conducted by the Institut fiir Nukleare Entsorgung (Altmaier et al., 2003)
show results consistent with those reported in this study, initially summarized and
reported in 2003 (Xiong, 2003). The results obtained in this study are also used to
demonstrate the significance of the thermodynamic properties of brucite in nuclear waste

isolation by performing calculations of important geochemical parameters such as pH.

METHODOLOGY

All materials (NaCl, MgCl,6H,0, Mg(OH),, NaOH) used in this study are
reagent grade from Fisher Scientific. Deionized (DI) water with 18.3 MQ) was produced
by a NANOpure Infinity Ultra Pure Water System from Barnstead. Degassed DI water
was used for preparation of all starting solutions. The degassed DI water was obtained by
bubbling high purity argon gas (purity 99.996%) from AIR GAS, inc. through DI water
for at least one hour, following a procedure similar to that described by Wood et al.

(2002). Starting solutions were prepared such that the equilibrium solubility was



approached from both under- and supersaturation with respect to brucite. For the
undersaturated experiments the starting solutions included DI water and NaCl solutions
ranging from 0.01 to 4.0 M NaCl. The supersaturation experiment used a 0.1 m MgCl,
starting solution.

All experiments were conducted at room temperature (22.5 £ 1.5 °C). For each of
the experiments undersaturated with respect to brucite, 5 grams of Mg(OH); (cr) was
placed into a 30-mL Oak Ridge centrifuge tube containing 30 grams of starting solution
(NaCl solution or DI water). In order to determine the equilibrium brucite solubility from
the direction of supersaturation, about 450 mL of 0.1 m MgCl, solution was placed in a
500 mL polyethylene bottle. Brucite was subsequently precipitated from the solution via
drop-wise addition of a 0.1 m NaOH solution. All experiments (both under- and
supersaturation) were placed on an INNOVA 2100 Platform Shaker (New Brunswick
Scientific, Inc.) at a shaking speed of 140 RPM for the duration of the experiments.

At specific intervals, the pH of each experimental solution was measured with an
Orion-Ross combination pH glass electrode. Before each measurement, the pH meter
was calibrated with three pH buffers (pH 4, pH 7 and pH 10). For solutions with jonic
strengths higher than 0.1 M, the observed solution pH values were converted to
hydrogen-ion concentrations (pcH) using a correction factor, A (see below).

The relation between the pH electrode reading (pHob) and pcH can be expressed
as (Rai et al., 1995):

pcH=pHe + A (1
The correction factor, A, is defined as:

A =log yu+ + (F/2.303RT) AE; (2)



where yy+ is the conventional activity coefficient of H', Fis Faraday constant, R is the
gas constant, T is the temperature in Kelvin, and AE; is the difference in liquid junction
potential between standards and solution. Both terms on the right-hand side of Eq. (2}
are not independently measurable, but the combination can be determined.

Rai et al. (1995) conducted extensive studies to investigate the correction factors
{A) in concentrated NaCl and Na;80, electrolytes for various Orion-Ross combination
electrodes. The linear relation between A values and concentrations for NaCl solutions
obtained by Rai et al. (1995), is expressed as:

A=0.159X (3)
where X 1s the NaCl concentration in molality. This expression is valid for NaCl
solutions up to 6.0 m in concentration. They also performed a study to evaluate the
dependence of the A values on an individual electrode by using a number of different
Orion-Ross electrodes. They concluded that there is no significant difference in A values
for different electrodes and that the linear relation between A values and concentrations
of NaCl and Na;SO4 obtained can be applied to different NaCl and Na;SQj solutions.
Therefore each electrode does not need to be individually calibrated.

After a pH measurement was taken, approximately 3 mL of solution was
withdrawn from an experimental run. The soltution was filtered using a 0.2 um syringe
filter. The filtered solution was then weighed and acidified with 0.5 mL of concentrated
HNO; (TraceMetal grade from Fisher Scientific). The extracted solution was then
diluted to 10 mL with DI water so that dissolved EMg*" and Na" concentrations could be
determined. Using a technique successfully demonstrated by Xiong and Wood (1999;

2001}, the steady state conditions were intentionally disturbed by recharging each



experimental run from the direction of undersaturation. The purpose of recharging is to
monitor whether the equilibrium is attained (Xiong and Wood, 1999; 2001). This was
accomplished by adding fresh matrix solution in approximately the same amount that was
withdrawn after completing three or four samplings. In subsequent sampling(s),
deviations in the solution chemistry from the previous samplings were not observed.

This suggests that the experiments successfully re-equilibrated after each recharge.
Because the experimental runs were periodically recharged with matrix solutions, the
results should not be used for kinetic studies,

The chemical analyses of solutions were performed with a Perkin Elmer dual-
view inductively coupled plasma-atomic emission spectrometer (ICP-AES) (Perkin
Elmer DV 3300). Calibration blanks and standards were precisely matched with
experimental matrices. The correlation coefficients of calibration curves in all
measurements were better than 0.9995. The analytical precision is better than 1.00% in
terms of the relative standard deviation (RSD) based on replicate analyses.

Solid phase identification was performed by using the Brucker X-ray Diffraction.

There is no new phase observed,

EXPERIMENTAL RESULTS

Results for the experimental runs starting with DI water and 0.01 M NaCl solution
are listed in Table 1. Experimental results from the supersaturated run (0.1 m MgCl;
starting solution) are tabulated in Table 2. All other experimental resuits are tabulated in

Table 3. In Figure 1, a plot of log szg!(mHJr)2 versus time is shown for the 0.1 M NaC(Cl

experiment that approached equilibrium from undersaturation with respect to brucite.



The plot in Figure 1 also shows the results for the supersaturation experiment in which
brucite was precipitated from a 0.1 m MgCl, solution. Because these two experimental
runs have similar ionic strengths (1 =0.105 m to 0.114 m for the 0.1 M NaCl experiment;
and I =0.242 m to 0.269 m for the 0.1 m MgCl, experiment), the consistent results from
these sets of experiments indicate that the reversal was attained (Figure 1). Al other
results are plotted in Figure 2. The molar concentration of the 0.1 M NaCl solution was
converted to a molal scale by using the conversion factor recommended by Grenthe et al.
(1992). The ionic strength of the experiment with the 0.1 m MgCl, solution from which
brucite was precipitated by drop-wise addition of 0.1 m NaOH was calculated using the

Na and Mg concentrations determined by ICP-AES, and the original Cl concentration:
l 2 2 2
Im:5(2 xm, +1"xm,_+1"xm,) 4

In order to obtain thermodynamic properties for brucite from the experimental
results discussed above, the solubility data needs to be extrapol;':lted to infinite dilution.
For the very low ionic strength experiments (those starting with DI water and 0.01 M
NaCl) the Davies equation (Davies, 1938) was used to extrapolate the experimentally
determined equilibrium quotients (Table 1) to infinite dilution. The results from the
supersaturated experiment (Table 2) were extrapolated to infinite dilution using the
Specific Interaction Theory (SIT) interaction coefficients estimated by Xiong (2006).
Data from the higher ionic strength experimental runs in 0.1 to 4.0 M NaCl solutions
(Table 3) were extrapolated to infinite dilution by using the Pitzer equations as employed

in the computer code NONLIN (Felmy, 1990; Babb et al., 1996).



The results obtained from the extrapolations using the Davies equation and the
SIT model to infinite dilution are the equilibrium constants for the brucite dissolution
reaction:

Mg(OH), (s) + 2H™ = Mg** + 2H,0 (%)

The extrapolations made with the Pitzer equations via the NONLIN code give the
dimensionless standard chemical potential (u°/RT) of brucite, which can be converted to
the standard Gibbs free energy of formation of brucite (A/G). These values can then be
used in conjunction with the u/RT or AL values for each of the aqueous species in Eq.
(5) to calculate the dissolution constant of brucite.

In the Davies equation (Davies, 1938), the activity coefficient is calculated from:

I
logy, =4,z ( L +0.37 ) (6)

1+ \/Z

where y; is the activity coefficient of species #; A, the Debye-Hiickel slope for the activity
coefficient (from Helgeson and Kirkham, 1974); z; the charge of species i, and [, the
ionic strength on a molal scale.

According to Xiong (2006), the extrapolation to infinite dilution for the reaction
Eq. (4) by using the SIT model is given by:

logK? =log Q~2D + g(Mg™", CI") I - 2e(H", C") I, + 2 log a0 (N
where log Q is an equilibrium quotient for the reaction given by Eq. (5) at a given ionic
strength; g(Mg2+, CI) and e(H", CI") are the interaction coefficients of the Bronsted-
Guggenheim-Scatchard specific interaction theory recommended by Xiong (2006); an,o
is activity of water; and D is the Debye-Hiickel term.

The Debye-Hiickel term is given by:



D= A, (8)
1+ pﬂ

where o is the minimum distance of approach between ions, which is taken as 1.5
(Ciavatta, 1980).

The activity of water is calculated from the expression (e.g., Guilaumont et al.,
2003):

..¢ka

In(10)x 55.51 ®

log Apopy =

where ¢ 1s the osmotic coefficient of the solution and the summation is taken over all

solute species & with molality m,_ in the solution. Fora 1:1 electrolyte in which the

contributions from all minor species have been ignored, Eq. (9) can be simplified to:

_2XmNXX¢

10
In(10) x 55.51 (10)

loga,,, =

For calculations using the experimental results of the 0.1 m MgCl, solution, the osmotic
coefficient is from Rard and Miller {1981).

The Pitzer interaction parameters used in the NONLIN modeling are listed in
Table 4. The molal concentrations of ", Na", Mg®*, CI” and OH are used as inputs.
Among these, my+ and myg2+ are measured values, whereas my,+ and mcr—are the initial
concentrations of the starting solutions. The molar scale is converted to the molal scale
according to the conversion factors for NaCl solutions compiled by Guillaumont et al.
(2003). The OH concentrations are calculated by using the measured my;" and the

dissociation quotients of water in NaCl solutions at 25 °C (Busey and Mesmer, 1978).
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The results in Tables 1-2 and 5 suggest that the solubility constants calculated
from three activity coefficient models are in excellent agreement within the given

uncertainty.
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DISCUSSIONS AND APPLICATIONS

The logarithmic solubility constants obtained in this study are 17.210.3 (2¢) for
the undersaturation experiments and 17.1£0.4 (2c) for the supersaturation experiment.
These results are in excellent agreement with the logarithmic solubility constant of
17.1£0.2 (20) reported by Altmaier et al. (2003).

The change in enthalpy for the brucite dissolution reaction (Eq. 5) is given as -112
kJ mol ™' by Brown et al. (1996). Based on this value and the auxiliary enthalpy data

from CODATA for Mg2+, H', and H,O (Cox et al., 1989),a A H 5 e Value 0 —926.7

298 brvecrie
kJ mol™ can be derived:
AH = AMg+ + 2AH 120 — AH brucite — 28H 1+ (10)

Using the A G, , . derived from this study in combination with the auxiliary

thermodynamic data of CODATA for the elements (Cox et al., 1989), the derived

Srsarmere 15 4946 (26) J K™ mol™ according to the Gibbs-Helmholtz equation:
AG =AH -T) S (11)

The summation of standard entropies is obtained based on the following reaction:

Mg (s) + 02 (2) + Ha (g) = Mg(OH): (s) (12)
In the calculation of the uncertainty propagation for the standard entropy of brucite, only
the uncertainties associated with the Gibbs free energy of formation of brucite, and
associated with entropies of the elements are considered. As Brown et al. (1996) did not
provide the uncertainty for their enthalpy data, the uncertainty propagation for the

standard entropy of brucite does not include the uncertainty of enthalpy.

12



Altmaier et al. {2003) provided detailed descriptions regarding the solubility

constants for brucite (log K) in the literature. In particular, they pointed out that the
log K? (16.30) caiculated from the thermodynamic properties selected for brucite in the

compilation of Helgeson et al. (1978) is inconsistent with several previous studies and
their results. Their assessment is well supported by the present study. It should be
emphasized that since the thermodynamic properties for brucite suggested by Helgeson et
al. (1978) were included in many databases such as SUP in the EQ3/6 package (Wolery,
1992), revised thermodynamic properties of brucite must be used for modeling systems
containing brucite. Otherwise, the predicted pH values may differ from the real values by
approximately 0.5 units.

Furthermore, as demonstrated by Xiong and Snider (2003) and Xiong and Lord
{2006), the carbonation product of brucite at room temperature is hydromagnesite (5424).

Therefore, the logfco, in the repository would be controlled by the equilibrium butfer

assemblage of brucite-hydromagnesite (5424), before hydromagnesite (5424) is
converted to magnesite. According to the following reaction,

SMg(OH)x(s) +4COx(g) = Mgs(CO3)4(OH),*4H,0(s) (13)
thus if the value of the Gibbs free energy of formation for brucite is changed, the

predicted logfco, will be different. In Table 6, the log/co, predicted by using the Gibbs

free energy of formation for brucite from this study and from Helgeson et al. (1978) are
compared. In these above calculations, the Gibbs free energy of formation for
hydromagnesite (5424) is taken from Robie and Hemingway (1995) and the other

auxiliary data are taken from Cox et al. (1989). The results in Table 6 show that the

13



logfco, predicted by using the data for brucite from Helgeson et al. (1978) is higher than
that predicted by using the data derived in this study by nearly one order of magnitude.
Since actinides can form strong aqueous complexes with carbonate, this
difference may have a significant effect on the solubility of actinides. As an example, the
FMT code (Novak, 1996; Babb and Novak, 1997; Wang, 1998; Xiong et al., 2005) was
used to calculate the solubility of Am(III) in a 5 M Na(l solution in equilibrium with the
brucite-hydromagnesite assemblage (Table 7). As shown in Table 7, if the Gibbs free
energy of formation of brucite from Helgeson et al. (1978) was used, the solubility-

controlling phase for Am(III) would be AmCO;OH(s) at the fco, (107! bars) buffered

by the assemblage brucite-hydromagnesite (5424). In contrast, if the Gibbs free energy
of formation of brucite from this study is used, the solubility-controlling phase would be

Am(OH)s(s) at the fco, (107> bars) buffered by the assemblage brucite-hydromagnesite

(5424). Furthermore, the solubility of Am(IlI) in the former case is higher than that in

the latter case by a factor of 4.6 (Table 7).

SUMMARY

This study recommends that the solubility constant for the brucite dissolution
reaction as written in Eq. (4) be 17.240.3 (2¢), and the standard Gibbs energy of
formation, and standard entropy of brucite be ~831.3+1.9 (20) kJ mo!™" and 49+6 (25) J

K™ moi™, respectively.
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Table 1. Experimental results from the experiments BRCT-1 starting with deionized (DI)

water and BRCT-2 in 0.01M NacCl solution.

number time,
hour

BRCT-1-1F 701 10.04 331107 9.92x107 —1.78x107 17.42
BRCT-1-2F 890 10.12 3.34x107 1001072 —1.79%x10} 17.58
BRCT-1-3F 1205 10.06 3.54x107  1.06x1072  —1.84x10™ 17.49
BRCT-1-4F 1633  9.98 241x107°  7.23x107°  —1.55x10™ 17.19
BRCT-1-5F 1896  10.10 1.88x107°  5.63x10°  —1.39x10™ 17.33
BRCT-1-6F 2377 10.15 2.03x107°  6.09x107°  -1.44x107! 17.46
BRCT-1-7F 2879  10.20 1.62x107°  4.85x10°  —1.30x107" 17.48
BRCT-1-8F 3217 10.09 1.67x107°  S5.01x10° —1.32x107" 17.27
BRCT-1-9F 3406 10.05 1.70x1072  5.10x107°  —1.33x107° 17.20
BRCT-1-10F 3550 10.03 1.74x107°  5.23x10° —1.34x10" 17.17
BRCT-1-11F 3744  10.09 1.22x1072  3.66x107°  —1.14x10™" 17.15
BRCT-1-12F 3913  10.01 1.26x107%  3.79x10°  —1.16x10™ 17.01
BRCT-1-13F 4222 10.09 1.36x10°  4.09x10°  —1.20x10 17.20
BRCT-1-14F 4730 10.01 1.49x107°  4.46x107  —1.25x107" 17.07
BRCT-1-15F 4971  10.07 1.10x102  3.20x107°  —1.09x10™ 17.07
BRCT-1-16F 5475  10.01 1.06x107°  3.17x10° —1.07x107" 16.94
Average 17.240.3 (20)
BRCT-2-1F 702 10.05 3.44x107 1.69x1072 —2.67x107" 17.37
BRCT-2-2F 890  10.13 3.63x10°  1.73x10% —2.70x107" 17.55
BRCT-2-3F 1205 10.07 3.70x10°  1.75x107% —2.71x10™ 17.44
BRCT-2-4F 1633  10.05 2.41x107 1.49x102% —2.47x107! 17.24
BRCT-2-5F 1896  10.03 2.50x107°  1.51x1072 —2.49x107 17.21
BRCT-2-6F 2377  10.08 2.62x107 1.53x102  —2.51x107" 17.33
BRCT-2-7F 2879  10.12 2.03x107°  1.4I1x1072  —2.39%107" 17.31
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BRCT-2-8F 3217 1005 2.09x107°  1.42x107%  —2.40x10™ 17.18
BRCT-2-9F 3406 10.00  2.15x107  1.44x107°  —2.42x10™" 17.09
BRCT-2-10F 3550 10.06  223x107°  1.45x107 —2.43x107 17.23
BRCT-2-11F 3744  10.08 1.45x107°  1.30x102  —2.27x10" 17.10
BRCT-2-12F 3913  10.00  1.53x10°  131x107 -2.28x107 16.96
BRCT-2-13F 4222 10.07 1.66x107%  134x10%  —2.31x107 17.13
BRCT-2-14F 4730 9.98 1.78x107°  1.36x107% —2.34x107" 16.98
BRCT-2-15F 4791  10.03 1.37x107°%  1.28x107%  —2.25x10~ 16.97
BRCT-2-16F 5475  10.04 1.51x107°  1.31x10% —2.28x10™ 17.03
Average 17.240.3 (20)
- A Equilibrium constants at infinite dilution (log K°) are computed by using measured

pHp, measured my2+, and log Vg2t calculated from the Davies equation, assuming

unity for activity of water and brucite. The measured pHo, Was not corrected because

the ionic strength is so low.
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Table 2. Experimental results from the experimental run BRCT-SYN-1 in which brucite was precipitated from 0.1 m MgCl, solution
by dropwise addition of 0.1 m NaOH.

Sample number Erlrllr; | Mg pHap myt g2t I, log Q Tog K°°
hour
BRCT-SYN-1-1F 24 6.35x107 934 441101 627x1077  2.57x10"! 17.55 17.25
BRCT-SYN-1-2F 214  6.46x1072  9.32 461x107"°  6.40x1077  2.60x10™ 17.52 17.22
BRCT-SYN-1-3F 133 6.51x107%  9.27 5.18x1071"  6.20x102  2.56x107 17.41 17.10
BRCT-SYN-1-4F 480  6.50x107  9.37 411x107"°  620x102  2.57x10° 17.61 17.30
BRCT-SYN-1-5F 695 7.98x107  9.37 411107 537x107% 2.47x107 17.55 17.24
BRCT-SYN-1-6F 864 7.91x107  9.24 55510710 523x10%  2.44x107 17.28 16.97
BRCT-SYN-1-7F 1173 7.83x107 933 4511070 536x107  2.46x107 17.47 17.16
BRCT-SYN-1-8F 1681 842x107%  9.25 542x1071°  524x107  2.47x10” 17.30 16.99
BRCT-SYN-1-9F 1922 7.78x107  9.30 483x107""  5.16x102  2.42x107 17.39 17.08
BRCT-SYN-1-10F 2426  7.93x107  9.27 518x107°  520x102  2.44x107! 17.34 17.03
BRCT-SYN-1-11F 2997  7.82x107% 9.1l 748x107°  5.18x102  2.43x107 17.02 16.71
BRCT-SYN-1-12F 3433  7.94x102  9.14 6.98x107""  531x107%  2.46x107 17.08 16.78
BRCT-SYN-1-13F 3697 8.14x107 911 748x107"  531x1072  2.47x107 17.02 16.72
BRCT-SYN-1-14F 5447  8.14x107%  9.22 581x107° 640102 2.69x10~ 17.32 17.02
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BRCT-SYN-1-15F
BRCT-SYN-1-16F
BRCT-SYN-1-17F
BRCT-SYN-1-18F
BRCT-SYN-1-19F
BRCT-SYN-1-20F
BRCT-SYN-1-21F
BRCT-SYN-1-22F
BRCT-SYN-1-23F
BRCT-SYN-1-24F
BRCT-SYN-1-25F

Average

5856

8833

9169

10776
11642
12047
12284
1339]
14304
26692
35830

8.14x10 2B
8.14x1072B
8.14x107%"
8.14x10728
8.14x10728
8.14x1072"8
8.14x1072"8
8.14x10 2B
8.14x102B
8.14x1072B
8.14x10728

9.51
9.40
9.38
9.48
9.42
9.42
9.42
9.39
9.39
9.29
9.38

2.98x10
3.84x1071°
4.02x107"°
3.19x107"°
3.66x107"
3.66x107"°
3.66x107"
3.93x107"°
3.93x107'°
4.94x10°"°
4.02x1071°

6.04x10™
5.80x107
5.83x107
4.27x107
4.39x107
4.12x1072
433x1072
431x107
4.41x107
4.52x107*
5.17x107

2.62x107
2.57x107!
2.57x107!
2.26x107™
2.29x10™
2.23x10™
2.28x10™
2.27x107!
2.29x10™
2.31x10™
2.44x107!

17.83
17.60
17.56
17.62
17.51
17.49
17.51
17.45
17.46
17.27

17.51
17.41£0.4(20)

17.57
17.34
17.30
17.36
17.25
17.23
17.25
17.19
17.20
17.01

17.25
17.140.4(25)

A Equilibtium constants at infinite dilution are obtained by using the SIT model for extrapolation based on the interaction coefficients,
e(Mg™", CIN), and e(H", CI7}, recommended by Xiong (2006).
B Those values are not measured, and it is assumed that they are similar to that of BRCT-SYN-1-13F.
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Table 3. Experimental results from the experimental runs in various NaCl solutions from 0.1 M to 4.0 M.

Sample number Medium Run time, h pHob Myt Mg+ Mo

BRCT_3-1F 0.l MNaCl 702 10,08 8.02x 107! 4.18£0.10x1074  2.07x10™
BRCT-3-2F 890 10.22 5.81x10" 4.3240.06x1074  2.86x10™
BRCT-3-3F 1205 10.12 7.31x107" 4.6140.04x107>4  227x107
BRCT-3-4F 1633 10.09 7.84x1071 3.04+0.10x107>*  2.12x107*
BRCT-3-5F 1896 10.04 8.79x107" 2.96x107 1.89x107*
BRCT-3-6F 2401 10.14 6.98x107"! 3.21x107 2.38x107
BRCT-3-7F 2879 10.20 6.08x107" 2.17x107 2.73x107*
BRCT-3-8F 3217 10.09 7.84x107" 2.28x107° 2.12x10°*
BRCT-3-9F 3406 10.05 8.59x10 " 2.29x107 1.93x107*
BRCT-3-10F 3550 10.12 7.31x107"! 2.38x107° 2.27x107*
BRCT-3--11F 3744 10.14 6.98x107" 1.66x10 2.38x107
BRCT-3-12F 3913 10.06 8.39x107! 1.72x107 1.98x10™
BRCT-3-13F 4222 10.13 7.14x107" 1.83x10° 2.32x10°*
BRCT-3-14F 4730 10.04 8.79x107" 1.88x107? 1.89x107
BRCT-3-15F 4971 10.10 7.66x107" 1.38x107° 2.17x107
BRCT-3-16F 5476 10.08 8.02x107"! 1.49x107 2.07x107*
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BRCT-4-1F 1.LOMNaCl 702 10.00 6.89%x 107 5.48x107 2.77x107*
BRCT—4-2F 890 10.07 5.86x107"! 5.58x10° 3.26x107*
BRCT-4-3F 1205 10.03 6.43x107"! 6.01x107° 2.97x107*
BRCT—4-4F 1633 9.83 1.02x107"° 4.19x107° 1.88x10™
BRCT—4-5F 1896 9.78 1.14x107° 4.37x107° 1.67x10™
BRCT—4-6F 2377 9.84 9.95x107""! 4.38x107 1,.92x107
BRCT—4-7F 2879 9.98 721x107" 3.10x107° 2.65x107
BRCT-4-8F 3216 9.94 7.91x10™" 3.29x107° 2.42x107
BRCT—4-9F 3406 9.84 9.95x107"! 3.32x107 1.92x107*
BRCT-4-10F 3550 9.89 8.87x107"! 3.46x107° 2.15x107
BRCT—4-11F 3744 9.98 7.21x107" 2.11x107° 2.65x107
BRCT—4-12F 3913 9.90 8.67x107"! 2.26x107 2.20x107
BRCT-4-13F 4222 9.94 7.91x107" 2.44+0.00x107>4  2.42x107*
BRCT—4-14F 4730 9.86 9.51x107" 2.71x10°7 2.00x10™
BRCT-4-15F 4971 9.94 7.91x107"! 2.06x107 2.42x107*
BRCT—4-16F 5476 9.91 8.47x107 ! 2.26x107 2.25x107
BRCT-5-1F 20MNaCl g3 9.78 7.73x10° 1 4.70x107> 1.93x10°*
BRCT-5-2F 309 9.72 8.88x107"! 6.69x107 1.68x107
BRCT-5-3F 480 9.73 8.67x107!! 4.51x107 1.72x107
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BRCT-5-4F 787 9.71 9.08x107"" 5.21x107 1.64x10™
BRCT-5-5F 1295 9.65 1.04x107"° 5.32x10° 1.43x107
BRCT-5-6F 1536 9.71 9.08x107"! 3.91x107° 1.64x10™*
BRCT-5-7F 2040 9.67 9.96x107"! 4.14x107° 1.50x107
BRCT-5-8F 2611 9.54 1.34x10 " 4.27x107 1.11x107™
BRCT-5-9F 3047 9.66 1.02x107"? 3.21x10°3 1.46x107*
BRCT-5-10F 3311 9.56 1.28x1071° 3.48x107 1.16x107*
BRCT-5-11F 5063 9.66 1.02x107Y 3.69x107 1.46x107*
BRCT-5-12F 5470 9.96 5.11x107" 3.78x107> 2.92x107*
BRCT-6-1F 30MNaCl o3 9.71 6.0dx107"! 3.64x107 1.66x10*
BRCT—6-2F 309 9.60 7.78x107" 5.49x10° 1.29x10™
BRCT-6-3F 480 9.58 8.15x107!! 4.19x107 1.23x107*
BRCT-6-4F 787 9.59 7.96x10°"! 4.67x107 1.26x107*
BRCT-6-5F 1295 9.54 8.93x107" 5.11x107° 1.12x107*
BRCT-6-6F 1536 9.57 8.34x107"! 3.63x107 1.20x107
BRCT—6-7F 2040 9.53 9.14x107" 3.92x10°7 1.10x107
BRCT—6-8F 2611 9.39 1.26x10°*° 3.64x107° 7.94x107
BRCT-6-9F 3047 9.49 1.00x1071° 2.94x107 1.00x107
BRCT-6-10F 3311 9.44 1.12x10°1° 3.13x107 8.91x107



BRCT—6-11F 5063 9.66 6.78x107!! 3.32x107° 1.48x107
BRCT—6-12F 5470 9.85 4.38x107" 3.49x107 2.29x107*
BRCT-7-1F 94 9.63 4.70x107" 3.62x107 1.35x10™
BRCT-7-2F 309 9.52 6.06x107!! 5.28x107* 1.04x107
BRCT-7-3F 480 9.47 6.80x107"! 4.17x107 9.32x107°
BRCT-7—4F 787 9.50 6.35x107" 4.66x107 9.98x10°°
BRCT-7--5F 1295 9.45 7.12x107" 5.04x107° 8.90x107°
BRCT-7—6F 1536 9.47 6.80x107" 3.21x107 9.32x10°°
BRCT-7-7F 2040 9.42 7.63x107!! 3.54x107 8.30x107°
BRCT-7-8F 2611 9,28 1.05x107"° 3.62x107 6.02x107°
BRCT-7-9F 3047 9.38 8.37x107!! 2.81x107 7.57x107°
BRCT-7--10F 3311 9.33 9,39x107" 2.90x107 6.75x107
BRCT-7-11F 5063 9.15 1.42x107"° 8.87x107 4.46x107°
BRCT-7-12F 5470 9.53 5.92x107"! 8.74x10? 1.07x10°*

A Replicate analyses.
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Table 4. Pitzer interaction parameters and dimensionless standard chemical potentials

used in NONLIN modeling
Binary interaction parameters *
i j B2, kg mol™ B, kg mol™ ¢ kg® mol™
H' Cr 0.1775 0.2945 0.0008
Na' Cr 0.0765 0.2664 0.00127
Na' OH 0.0864 0.253 0.0044
Mg** ClI 0.35235 1.6815 0.00519

Ternary interaction parameters

i J k 6y, kg mol™ Wi, kg mol™®
Na® H CI- 0.036 —0.004
Na' Mg™ Cr 0.07 -0.012
H* Mg Cr 0.10 —0.011
OH" Cr Na* —0.050 —0.006

Dimensionless standard chemical potentials (u>/RT) *

HO(D) —95.6635
H* 0

Na' -105.651
Mg** ~183.468
Cl- —52.955
OH —63.435

A All binary and ternary interaction coefficients are taken from the compilation of the
FMT database (Babb et al., 1996; Babb and Novak, 1997), which is based on Harvie et
al. (1984). Dimensionless standard chemical potentials are also from the FMT database
(Babb et al., 1996; Babb and Novak, 1997).
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Table 5. Dimensionless standard chemical potentials and Gibbs free energies of
formation for brucite derived from solubility data of this study in NaCl solutions by

using NOLIN

Experimental Data Sets for Modeling u A, Gl s s
[ﬁ ]298.l5, brucite kJ mol™

BRCT-2-1F, BRCT-3-1F, BRCT—4-1F, —334.883 -830.114
BRCT-5-1F, BRCT-6-1F, BRCT-7-1F
BRCT-2-2F, BRCT-3-2F, BRCT—4-2F, -334.670 —829.586
BRCT-5-2F, BRCT-6-2F, BRCT-7-2F
BRCT-2-3F, BRCT-3-3F, BRCT—4-3F, -334.952 —830.285
BRCT-5-3F, BRCT-6-3F, BRCT-7-3F
BRCT-2-4F, BRCT-3-4F, BRCT—44F, -335.295 —831.136
BRCT-54F, BRCT-64F, BRCT-7-4F
BRCT-2-5F, BRCT-3-5F, BRCT—4-5F, —-335.471 -831.572
BRCT-5-5F, BRCT-6-5F, BRCT-7-5F
BRCT-2-6F, BRCT-3-6F, BRCT-4-6F, —335.387 —831.364
BRCT-5-6F, BRCT-6-6F, BRCT-7-6F
BRCT-2-7F, BRCT-3-7F, BRCT4-7F, -335.421 -831.448
BRCT-5-7F, BRCT-6-7F, BRCT-7-7F
BRCT-2-8F, BRCT-3-8F, BRCT—4-8F, —335.886 -832.601
BRCT-5-8F, BRCT-6-8F, BRCT-7-8F
BRCT-2-9F, BRCT-3-9F, BRCT—4-9F, -335.904 —832.645
BRCT-5-9F, BRCT-6-9F, BRCT-7-9F
BRCT-2-10F, BRCT-3-10F, BRCT-4-10F, | -335.776 -832.328
BRCT-5-10F, BRCT-6-10F, BRCT-7-10F
BRCT-2-11F, BRCT-3-11F, BRCT-4-11F, | -335.666 —832.055
BRCT-5-11F, BRCT-6-11F, BRCT-7-11F
BRCT-2-12F, BRCT-3-12F, BRCT-4-12F, | -335.146 —-830.766

BRCT-5-12F, BRCT—-6-12F, BRCT-7-12F

Average

—335.3610.77 (20)

-831.3+1.9 2o)

Mg(OH), (s) + 2H =Mg"" + 2H,0

logK® =17.240.3 (20)*

A The solubility constant is calculated from the derived average standard Gibbs free
energy of formation of brucite in conjunction with the auxiliary data for Mg2+, H;O(1)

and H' from Cox et al. (1989).
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Table 6. Fugacity of CO, gas buffered by the assemblage of brucite and hydromagnesite

(5424) at 25 °C by using different Gibbs free energy of formation of brucite.

Buffer Assemblage Buffer Reaction log feoy'

Brucite-hydromagnesite (5424) SMg(OH)(s) + 4COx(g) = —4.61"
Mg5(C03)4(0H)2-4H20(s)
5SMg(OH)a(s) + 4COx(g) = -5.50¢

Mgs(CO3)4(OH)*4H>0(s)

% In all calculations, thermodynamic data of CO;(gas) and HyO(]) are from CODAT (Cox
et al., 1989), and the data of hydromagnesite (5424) is from Robie and
Hemingway (1995).

® The Gibbs free energy of formation of brucite is from Helgeson et al. (1978).

© The Gibbs free energy of formation of brucite is from this study.
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Table 7. Predicted solubility of Am(IIT) in a 5 M NaCl solution in equilibrium with
brucite-hydromagnesite (5424) at different values of the Gibbs free energy of

formation of brucite.

Source of A fG"

20815, brucire

Solubility-controlling Phase

Predicted Solubility of

for Am(111) Am(IIl)

Helgeson et al. (1978) AmOHCO; Am(CO;3);" " 1.08x107 m
Am(CO3)™: 1.36x10° m
Am(CO3):7: 1.34x10% m
Am(OH),": 9.36x10°m
AmCO;":  1.99x10%m
Am(OH)®% 1.51x10™%m
AmOH?":  2.33x10" m
Am*": 1.49x107° m
AmCP:  235x10"”m
AmCL":  952x10m
TAm(I):  1.45x107m

This Study Am(OH), Am(CO3):7: 1.39x107° m
Am({COs3),: 1.99x107 m
Am(CO;3), ™ 1.53x107° m
Am(OH),": 1.33x10% m
AmCO;"  3.28x10Mm
Am(OH)% 5.58x10™"m
AmOH*:  1.18x10'm
Am*": 2.77x107% m
AmCI*:  434x107%m
AmClL":  1.78x10""m
SAm(ID):  3.14x10°m
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Figure Captions

Figure 1. A plot showing the attainment of reversal in experiments starting from both
undersaturation and supersaturation.

QBRCT-3, from undersaturation using brucite as.
19.5 1 starting material in 0.1 M NaCl

ABRCT-SYN-1, from supersaturation by precipitating |
1% 1 bruche via drop-wise addition of 0.1 m NaGH inta 0.1
m MQCI2 solution

0 5000 10000 15000 20000 25000 30000 35000 40000
Time, hours
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Figure 2. A plot showing all other experimental results starting from undersaturation.
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