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Abstract Solubility experiments were conducted for the dissolution reaction of brucite,

Mg(OH)2 (cr): Mg OHð Þ2 crð Þ þ 2Hþ ¼ Mg2þ þ 2H2O. Experiments were conducted from

undersaturation in deionized (DI) water and 0.010–4.4 m NaCl solutions at 22.5�C. In

addition, brucite solubility was measured from supersaturation in an experiment in which

brucite was precipitated via dropwise addition of 0.10 m NaOH into a 0.10 m MgCl2
solution also at 22.5�C. The attainment of the reversal in equilibrium was demonstrated in

this study. The solubility constant at 22.5�C at infinite dilution calculated from the

experimental results from the direction of supersaturation by using the specific interaction

theory (SIT) is: log K�s ¼ 17:2� 0:2 2rð Þ with a corresponding value of 17.0 ± 0.2 (2r)

when extrapolated to 25�C. The dimensionless standard chemical potential (l�/RT) of

brucite derived from the solubility data in 0.010 m to 4.4 m NaCl solutions from under-

saturation extrapolated to 25�C is -335.76 ± 0.45 (2r), with the corresponding Gibbs free

energy of formation of brucite, Df G
�
298:15;brucite, being -832.3 ± 1.1 (2r) kJ mol-1. In

combination with the auxiliary thermodynamic data, the log K�s is calculated to be

17.1 ± 0.2 (2r), based on the above Gibbs free energy of formation for brucite. This study

recommends an average value of 17.05 ± 0.2 in logarithmic unit as solubility constant of

brucite at 25�C, according to the values from both supersaturation and undersaturation.
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1 Introduction

An accurate knowledge of the thermodynamic properties of brucite (Mg(OH)2) is important

for nuclear waste isolation. Brucite has become significant to waste isolation projects owing

to its use as 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) for the Waste Isolation Pilot Plant (WIPP) located near Carlsbad,

New Mexico, USA (e.g., Krumhansl et al. 2000; Xiong and Snider 2003). An Mg(OH)2-

based engineered barrier is also proposed for the German Asse salt mine repository

(Sch}ussler et al. 2002). The geochemical functions of the engineered barrier in the WIPP are

(1) to consume CO2 possibly produced by microbial degradation of organic materials in the

waste and waste packages and (2) to buffer the pH and fugacity of CO2 gas (fCO2
) of the

repository (Krumhansl et al. 2000; Xiong and Snider 2003). Experimental work at Sandia

National Laboratories conducted at room temperature and atmospheric PCO2
indicates that

MgO first hydrates to brucite, which in turn is carbonated to form hydromagnesite (5424)

(Mg5(CO3)4(OH)2 � 4H2O) (Xiong and Snider 2003; Xiong and Lord 2008). 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 fCO2
. 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 discrepancy in the values of Df G
�
298:15;brucite reported in the literature. These

values range from -831.4 (Harvie et al. 1984), -831.9 (Brown et al. 1996), -833.5 (Robie

and Hemingway 1995), to -836.5 kJ mol-1 (Königsberger et al. 1999). Using the

Df G
�
298:15;hydromagnesiteð5424Þ from Königsberger et al. (1999), the predicted log fCO2

in

equilibrium with the brucite–hydromagnesite assemblage (5424) would range from -5.96

(Df G
�
298:15;brucite from Harvie et al. 1984) to -4.84 (Df G

�
298:15;brucite from Königsberger et al.

1999). The above discussion shows that a much better constrained value for Df G
�
298:15;brucite

is required to accurately assess the role of brucite in nuclear waste repositories. For this

reason, a series of solubility experiments involving brucite from the direction of under-

saturation in DI water, and NaCl solutions ranging from 0.010 to 4.4 m (molality), were

conducted at room temperature. In addition, in order to assess the reversal in equilibrium,

one experiment was conducted from the direction of supersaturation with respect to bru-

cite. These experiments were used to determine the solubility constant of brucite and

derive new values of Df G
�
298:15;brucite via the computer modeling. These results were ini-

tially summarized and reported in 2003 (Xiong 2003). In the meantime, Altmaier et al.

(2003) also conducted a similar solubility study on brucite. However, all of their experi-

ments were from the direction of undersaturation, and therefore, the attainment of the

reversal in equilibrium was not demonstrated in their study, which is important to solubility

studies, especially those at low temperatures. This communication reports the results

obtained in this study. In light of this, the significance of the thermodynamic properties of

brucite in nuclear waste isolation is demonstrated by performing calculations of important

geochemical parameters such as log fCO2
.

2 Methodology

All materials (NaCl, MgCl2 6H2O, Mg(OH)2, NaOH) used in this study are reagent grade

from Fisher Scientific. Deionized (DI) water with 18.3 MX was produced by a NANOpure
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Infinity Ultra Pure Water System from Barnstead. Degassed DI water was used for prep-

aration 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 1 h,

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 0.010 to 4.4 m NaCl. The

supersaturation experiment used a 0.10 m MgCl2 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 g of Mg(OH)2 (cr) was placed into a

30-ml Oak Ridge centrifuge tube containing 30g 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 0.10 m MgCl2 solution was placed in a 500 ml poly-

ethylene bottle. Brucite was subsequently precipitated from the solution via dropwise

addition of a 0.10 m NaOH solution. All experimental solutions (both under- and super-

saturation) 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 cali-

brated with three pH buffers (pH 4, 7, and 10). For solutions with ionic strengths higher

than 0.10 m, the observed solution pH values were converted to hydrogen-ion concen-

trations (pcH) in molality 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 ¼ pHob þ A ð1Þ
The linear relation between A values and concentrations for NaCl solutions for various

Orion-Ross combination electrodes obtained by Rai et al. (1995) is expressed as:

A ¼ 0:159X ð2Þ

where X is 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 elec-

trodes. They concluded that there is no significant difference in A values for different

electrodes.

After a pH measurement was taken, certain amounts of solution were withdrawn from

an experimental run. The solution was filtered using a 0.2 lm syringe filter. The filtered

solution was then weighed and acidified with 0.5 ml of concentrated HNO3 (TraceMetal

grade from Fisher Scientific). The extracted solution was then diluted to 10 ml with DI

water so that dissolved RMg2+ and Na+ concentrations could be determined.

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 using a Bruker AXS, Inc., D8 Advance X-ray

diffractometer (XRD) with a Sol-X detector. XRD patterns were collected using CuKa

Aquat Geochem (2008) 14:223–238 225

123



radiation at a scanning rate of 1.33�/min for a 2h range of 10–90�. No new phase is

observed (see representative XRD patterns in Fig. 1). The crystallite diameters of brucite

were measured using a JEOL JSM-5900LV scanning electron microscope (SEM) with an

energy dispersive spectroscopy (EDS) of the ThermoNORAN Vantage digital acquisition

system.

3 Experimental Results

Results for the experimental runs starting with DI water are given in Table 1. Experi-

mental results from the supersaturated run (0.10 m MgCl2 starting solution) are tabulated

in Table 2. All other experimental results are tabulated in Table 3. In Fig. 2, a plot of

log mRMg/(mHþ ) versus time is shown for the 0.10 m NaCl experiment that approached

equilibrium from undersaturation with respect to brucite. The plot in Fig. 2 also shows

the results for the supersaturation experiment in which brucite was precipitated from a

0.10 m MgCl2 solution. Because these two experimental runs have similar ionic strengths

(I = *0.11 m for the 0.10 m NaCl experiment; and I = *0.25 m for the 0.10 m MgCl2
experiment), the consistent results from these sets of experiments indicate that the

reversal was attained after about 2,000 h (Fig. 2). This serves as the criterion for

selecting experimental results to calculate the equilibrium constants and to do the

modeling. The ionic strength of the experiment with the 0.10 m MgCl2 solution from

which brucite was precipitated by dropwise addition of 0.10 m NaOH was calculated

using the Na and Mg concentrations determined by ICP-AES, and the original Cl

concentration:
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Fig. 1 Representative XRD patterns of brucite after the experimental runs. (a) XRD patterns for the
experimental run from supersaturation (BRCT-SYN-1) started with 0.1 m MgCl2. (b) XRD patterns for the
experimental run from undersaturation (BRCT-3) in 0.1 m NaCl
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Im ¼
1

2
22 � mMg þ 12 � mNa þ 12 � mCl

� �
ð3Þ

In order to obtain thermodynamic properties for brucite from the experimental results

discussed above, the results from the supersaturated experiment (Table 2) were extrapo-

lated to infinite dilution using the Specific Interaction Theory (SIT) interaction coefficients

estimated by Xiong (2006).

The results obtained from the extrapolations using the SIT model to infinite dilution are

the equilibrium constants for the brucite dissolution reaction:

Mg OHð Þ2 sð Þ þ 2Hþ ¼ Mg2þ þ 2H2O ð4Þ

The extrapolation to infinite dilution for the reaction Eq. 4 by using the SIT model is

given by:

log K�s ¼ log Q� 2Dþ e Mg2þ; Cl�
� �

Im � 2e Hþ; Cl�ð ÞIm þ 2 log aH2O ð5Þ

where log Q is an equilibrium quotient for the reaction given by Eq. 4 at a given

ionic strength; e(Mg2+, Cl-) and e(H+, Cl-) are the interaction coefficients of the

Table 1 Experimental results from the experiment BRCT-1 starting with deionized (DI) water

Experimental
run number

Run time,
hour

pHob mMg2þ Im log cMg2þ log K� b

BRCT-1 701 10.04 3.31 9 10-3 9.92 9 10-3 -1.78 9 10-1 N/A

890 10.12 3.34 9 10-3 1.00 9 10-2 -1.79 9 10-1 N/A

1205 10.06 3.54 9 10-3 1.06 9 10-2 -1.84 9 10-1 N/A

1633 9.98 2.41 9 10-3 7.23 9 10-3 -1.55 9 10-1 N/A

1896 10.10 1.88 9 10-3 5.63 9 10-3 -1.39 9 10-1 N/A

2377a 10.15 2.03 9 10-3 6.09 9 10-3 -1.44 9 10-1 17.46

2879a 10.20 1.62 9 10-3 4.85 9 10-3 -1.30 9 10-1 17.48

3217a 10.09 1.67 9 10-3 5.01 9 10-3 -1.32 9 10-1 17.27

3406a 10.05 1.70 9 10-3 5.10 9 10-3 -1.33 9 10-1 17.20

3550a 10.03 1.74 9 10-3 5.23 9 10-3 -1.34 9 10-1 17.17

3744a 10.09 1.22 9 10-3 3.66 9 10-3 -1.14 9 10-1 17.15

3913a 10.01 1.26 9 10-3 3.79 9 10-3 -1.16 9 10-1 17.01

4222a 10.09 1.36 9 10-3 4.09 9 10-3 -1.20 9 10-1 17.20

4730a 10.01 1.49 9 10-3 4.46 9 10-3 -1.25 9 10-1 17.07

4971a 10.07 1.10 9 10-3 3.29 9 10-3 -1.09 9 10-1 17.07

Average 17.2 ± 0.3 (2r)c

17.0 ± 0.3 (2r)d

a The solubility data in which the experimental time exceeded 2,000 h by using the criterion set by the
reversal mentioned in the text are selected for calculation of solubility constants
b Equilibrium constants at infinite dilution (log K�) are computed by using measured pHob, measured mMg2þ ,
and log cMg2þ calculated from the Davies equation, assuming unity for activity of water and brucite. The
measured pHob was not corrected because the ionic strength is very low
c Value at 22.5�C
d Value extrapolated to 25�C. In the extrapolation, all entropies are from Cox et al. (1989), and all heat
capacities are from the compilation of Königsberger et al. (1999)
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Table 3 Experimental results from the experimental runs from the direction of undersaturation in various
NaCl solutions from 0.010 to 4.4 m

Experimental
run number

Medium Run
time, h

pHob mHþ mMg2þ mOH�

BRCT-2-1F 0.010 m
NaCl

702 10.05 8.88 9 10-11 3.44 9 10-3 1.14 9 10-4

BRCT-2-2F 890 10.13 7.39 9 10-11 3.63 9 10-3 1.38 9 10-4

BRCT-2-3F 1205 10.07 8.48 9 10-11 3.70 9 10-3 1.20 9 10-4

BRCT-2-4F 1633 10.05 8.88 9 10-11 2.41 9 10-3 1.14 9 10-4

BRCT-2-5F 1896 10.03 9.30 9 10-11 2.50 9 10-3 1.09 9 10-4

BRCT-2-6F 2377a 10.08 8.29 9 10-11 2.62 9 10-3 1.23 9 10-4

BRCT-2-7F 2879a 10.12 7.56 9 10-11 2.03 9 10-3 1.34 9 10-4

BRCT-2-8F 3217a 10.05 8.88 9 10-11 2.09 9 10-3 1.14 9 10-4

BRCT-2-9F 3406a 10.00 9.96 9 10-11 2.15 9 10-3 1.02 9 10-4

BRCT-2-10F 3550a 10.06 8.68 9 10-11 2.23 9 10-3 1.17 9 10-4

BRCT-2-11F 3744a 10.08 8.29 9 10-11 1.45 9 10-3 1.23 9 10-4

BRCT-2-12F 3913a 10.00 9.96 9 10-11 1.53 9 10-3 1.02 9 10-4

BRCT-2-13F 4222a 10.07 8.48 9 10-11 1.66 9 10-3 1.20 9 10-4

BRCT-2-14F 4730a 9.98 1.04 9 10-10 1.78 9 10-3 9.74 9 10-5

BRCT-2-15F 4791a 10.03 9.30 9 10-11 1.37 9 10-3 1.09 9 10-4

BRCT-3-1F 0.10 m
NaCl

702 10.08 8.02 9 10-11 4.18 ± 0.10 9 10-3 b 2.07 9 10-4

BRCT-3-2F 890 10.22 5.81 9 10-11 4.32 ± 0.06 9 10-3 b 2.86 9 10-4

BRCT-3-3F 1205 10.12 7.31 9 10-11 4.61 ± 0.04 9 10-3 b 2.27 9 10-4

BRCT-3-4F 1633 10.09 7.84 9 10-11 3.04 ± 0.10 9 10-3 b 2.12 9 10-4

BRCT-3-5F 1896 10.04 8.79 9 10-11 2.96 9 10-3 1.89 9 10-4

BRCT-3-6F 2401a 10.14 6.98 9 10-11 3.21 9 10-3 2.38 9 10-4

BRCT-3-7F 2879a 10.20 6.08 9 10-11 2.17 9 10-3 2.73 9 10-4

BRCT-3-8F 3217a 10.09 7.84 9 10-11 2.28 9 10-3 2.12 9 10-4

BRCT-3-9F 3406a 10.05 8.59 9 10-11 2.29 9 10-3 1.93 9 10-4

BRCT-3-10F 3550a 10.12 7.31 9 10-11 2.38 9 10-3 2.27 9 10-4

BRCT-3-11F 3744a 10.14 6.98 9 10-11 1.66 9 10-3 2.38 9 10-4

BRCT-3-12F 3913a 10.06 8.39 9 10-11 1.72 9 10-3 1.98 9 10-4

BRCT-3-13F 4222a 10.13 7.14 9 10-11 1.83 9 10-3 2.32 9 10-4

BRCT-3-14F 4730a 10.04 8.79 9 10-11 1.88 9 10-3 1.89 9 10-4

BRCT-3-15F 4971a 10.10 7.66 9 10-11 1.38 9 10-3 2.17 9 10-4

BRCT-4-1F 1.0 m
NaCl

702 10.00 6.89 9 10-11 5.48 9 10-3 2.77 9 10-4

BRCT-4-2F 890 10.07 5.86 9 10-11 5.58 9 10-3 3.26 9 10-4

BRCT-4-3F 1205 10.03 6.43 9 10-11 6.01 9 10-3 2.97 9 10-4

BRCT-4-4F 1633 9.83 1.02 9 10-10 4.19 9 10-3 1.88 9 10-4

BRCT-4-5F 1896 9.78 1.14 9 10-10 4.37 9 10-3 1.67 9 10-4

BRCT-4-6F 2377a 9.84 9.95 9 10-11 4.38 9 10-3 1.92 9 10-4

BRCT-4-7F 2879a 9.98 7.21 9 10-11 3.10 9 10-3 2.65 9 10-4

BRCT-4-8F 3216a 9.94 7.91 9 10-11 3.29 9 10-3 2.42 9 10-4

BRCT-4-9F 3406a 9.84 9.95 9 10-11 3.32 9 10-3 1.92 9 10-4

BRCT-4-10F 3550a 9.89 8.87 9 10-11 3.46 9 10-3 2.15 9 10-4

BRCT-4-11F 3744a 9.98 7.21 9 10-11 2.11 9 10-3 2.65 9 10-4
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Brønsted-Guggenheim-Scatchard specific interaction theory recommended by Xiong

(2006); aH2O is activity of water; and D is the Debye-Hückel term.

The Debye-Hückel term is given by:

Table 3 continued

Experimental
run number

Medium Run
time, h

pHob mHþ mMg2þ mOH�

BRCT-4-12F 3913a 9.90 8.67 9 10-11 2.26 9 10-3 2.20 9 10-4

BRCT-4-13F 4222a 9.94 7.91 9 10-11 2.44 ± 0.00 9 10-3 b 2.42 9 10-4

BRCT-4-14F 4730a 9.86 9.51 9 10-11 2.71 9 10-3 2.00 9 10-4

BRCT-4-15F 4971a 9.94 7.91 9 10-11 2.06 9 10-3 2.42 9 10-4

BRCT-5-1F 2.1 m
NaCl

93 9.78 7.73 9 10-11 4.70 9 10-3 1.93 9 10-4

BRCT-5-2F 309 9.72 8.88 9 10-11 6.69 9 10-3 1.68 9 10-4

BRCT-5-3F 480 9.73 8.67 9 10-11 4.51 9 10-3 1.72 9 10-4

BRCT-5-4F 787ra[ 9.71 9.08 9 10-11 5.21 9 10-3 1.64 9 10-4

BRCT-5-5F 1295 9.65 1.04 9 10-10 5.32 9 10-3 1.43 9 10-4

BRCT-5-6F 1536 9.71 9.08 9 10-11 3.91 9 10-3 1.64 9 10-4

BRCT-5-7F 2040a 9.67 9.96 9 10-11 4.14 9 10-3 1.50 9 10-4

BRCT-5-8F 2611a 9.54 1.34 9 10-10 4.27 9 10-3 1.11 9 10-4

BRCT-5-9F 3047a 9.66 1.02 9 10-10 3.21 9 10-3 1.46 9 10-4

BRCT-5-10F 3311a 9.56 1.28 9 10-10 3.48 9 10-3 1.16 9 10-4

BRCT-5-11F 5063a 9.66 1.02 9 10-10 3.69 9 10-3 1.46 9 10-4

BRCT-6-1F 3.2 m
NaCl

93 9.71 6.04 9 10-11 3.64 9 10-3 1.66 9 10-4

BRCT-6-2F 309 9.60 7.78 9 10-11 5.49 9 10-3 1.29 9 10-4

BRCT-6-3F 480 9.58 8.15 9 10-11 4.19 9 10-3 1.23 9 10-4

BRCT-6-4F 787 9.59 7.96 9 10-11 4.67 9 10-3 1.26 9 10-4

BRCT-6-5F 1295 9.54 8.93 9 10-11 5.11 9 10-3 1.12 9 10-4

BRCT-6-6F 1536 9.57 8.34 9 10-11 3.63 9 10-3 1.20 9 10-4

BRCT-6-7F 2040a 9.53 9.14 9 10-11 3.92 9 10-3 1.10 9 10-4

BRCT-6-8F 2611a 9.39 1.26 9 10-10 3.64 9 10-3 7.94 9 10-5

BRCT-6-9F 3047a 9.49 1.00 9 10-10 2.94 9 10-3 1.00 9 10-4

BRCT-6-10F 3311a 9.44 1.12 9 10-10 3.13 9 10-3 8.91 9 10-5

BRCT-6-11F 5063a 9.66 6.78 9 10-11 3.32 9 10-3 1.48 9 10-4

BRCT-7-1F 4.4 m
NaCl

94 9.63 4.70 9 10-11 3.62 9 10-3 1.35 9 10-4

BRCT-7-2F 309 9.52 6.06 9 10-11 5.28 9 10-3 1.04 9 10-4

BRCT-7-3F 480 9.47 6.80 9 10-11 4.17 9 10-3 9.32 9 10-5

BRCT-7-4F 787 9.50 6.35 9 10-11 4.66 9 10-3 9.98 9 10-5

BRCT-7-5F 1295 9.45 7.12 9 10-11 5.04 9 10-3 8.90 9 10-5

BRCT-7-6F 1536 9.47 6.80 9 10-11 3.21 9 10-3 9.32 9 10-5

BRCT-7-7F 2040a 9.42 7.63 9 10-11 3.54 9 10-3 8.30 9 10-5

BRCT-7-8F 2611a 9.28 1.05 9 10-10 3.62 9 10-3 6.02 9 10-5

BRCT-7-9F 3047a 9.38 8.37 9 10-11 2.81 9 10-3 7.57 9 10-5

BRCT-7-10F 3311a 9.33 9.39 9 10-11 2.90 9 10-3 6.75 9 10-5

BRCT-7-11F 5063a 9.15 1.42 9 10-10 8.87 9 10-3 4.46 9 10-5

a Experimental data employed for NONLIN modeling to derive the dimensionless chemical potential
b Replicate analyses
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D ¼ Ac
ffiffiffiffiffi
Im

p

1þ q
ffiffiffiffiffi
Im

p ð6Þ

where Ac is the Debye-Hückel slope for the activity coefficient (from Helgeson and

Kirkham 1974); and q 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., Guillaumont et al. 2003):

log aH2O ¼
�/

P

k

mk

ln 10ð Þ � 55:51
ð7Þ

where / is the osmotic coefficient of the solution and the summation is taken over all

solute species k with molality mK in the solution. For a 1:1 electrolyte in which the

contributions from all minor species have been ignored, Eq. 7 can be simplified to:

log aH2O ¼
�2� mNX � /
ln 10ð Þ � 55:51

ð8Þ

For calculations using the experimental results of the 0.10 m MgCl2 solution, the

osmotic coefficient is taken from Rard and Miller (1981).

The dimensionless standard chemical potentials (l�/RT) of brucite were derived from

the solubility data from a wide range of ionic strengths in 0.010 to 4.4 m NaCl solutions

(Table 3) from undersaturation by using the computer code NONLIN (Felmy 1990; Babb

et al. 1996), which employs the Pitzer equations. Then, the dimensionless standard

chemical potential of brucite obtained via the NONLIN modeling can be converted to the

standard Gibbs free energy of formation of brucite (DfG). Finally, these values can be used

in conjunction with the l�/RT or DfG values for each of the aqueous species in Eq. 4 to

calculate the solubility constant of brucite. The Pitzer interaction parameters from Harvie

et al. (1984) and dimensionless standard chemical potentials from Robie et al. (1978) and
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Fig. 2 A plot showing the attainment of reversal in experiments starting from both undersaturation and
supersaturation
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Harvie et al. (1984) used in the NONLIN modeling are listed in Table 4. The molal

concentrations of H+, Na+, Mg2+, Cl- and OH- are used as inputs. Among these, mHþ and

mMg2þ are measured values, whereas mNaþ and mCl� are the initial concentrations of the

starting solutions. The OH- concentrations are calculated by using the measured mHþ and

the dissociation quotients of water in NaCl solutions at 25�C (Busey and Mesmer 1978).

As the solubility measurements were conducted at 22.5�C (295.65 K), thermodynamic

data are extrapolated to standard temperature, 298.15 K, by using the following equation

for temperature dependence of Gibbs free energy, assuming constant entropy and heat

capacity over this temperature range,

DG�T ¼ DG�298:15 � T � 298:15ð ÞDS�298:15 þ
Z T

298:15

DC�pdT � T

Z T

298:15

DC�pd ln T ð9Þ

In extrapolations, all entropies are from Cox et al. (1989), and all heat capacities are

from the compilation of Königsberger et al. (1999).

The results in Tables 2 and 5 suggest that the solubility constants calculated directly

from the SIT model and from the dimensionless standard chemical potential obtained using

Table 4 Pitzer interaction parameters and dimensionless standard chemical potentials used in NONLIN
modeling

Binary interaction parametersa

i j b(0), kg mol-1 b(1), kg mol-1 C/, kg2 mol-2

H+ Cl- 0.1775 0.2945 0.0008

Na+ Cl- 0.0765 0.2664 0.00127

Na+ OH- 0.0864 0.253 0.0044

Mg2+ Cl- 0.35235 1.6815 0.00519

Ternary interaction parametersa

i j k hij, kg mol-1 Wijk, kg2 mol-2

Na+ H+ Cl- 0.036 -0.004

Na+ Mg2+ Cl- 0.07 -0.012

H+ Mg2+ Cl- 0.10 -0.011

OH- Cl- Na+ -0.050 -0.006

Dimensionless standard chemical potentials (l�/RT)b

H2O(l) -96.415

H+ 0

Na+ -106.485

Mg2+ -185.159

Cl- -53.345

OH- -63.982

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)
b Dimensionless standard chemical potentials at 298.15 K are from Robie et al. (1978), and Harvie et al.
(1984), which have been extrapolated to 295.65 K according to temperature dependence of Gibbs free
energy (Eq. 9). In the extrapolation, all entropies are from Cox et al. (1989), and all heat capacities are from
the compilation of Königsberger et al. (1999)
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the NONLIN modeling of the solubility data in NaCl medium are in excellent agreement

within the given uncertainty. In addition, the average solubility constant calculated from

the experiment started with DI water by using the Davies equation (Table 1) is also

consistent with the above results.

4 Discussions and Applications

The logarithmic solubility constant of brucite determined from the direction of supersat-

uration in this study is 17.0 ± 0.2 (2r). The Gibbs free energy of formation of brucite

derived from the solubility data from the direction of undersaturation in NaCl medium is

-832.3 ± 1.1 (2r) kJ mol-1. The solubility constant calculated from the Gibbs free

energy of formation of brucite in conjunction with the auxiliary data for Mg2+, H2O(l) and

H+ from Cox et al. (1989) is 17.1 ± 0.2 (2r). Therefore, the solubility constant obtained

from the supersaturation experiment is consistent with that obtained from the experiments

from undersaturation within the experimental uncertainty. According to the solubility

constants from both supersaturation and undersaturation, an average value of 17.05 ± 0.2

in log unit is recommended as the solubility constant of brucite.

Based on SEM analyses, the crystallite diameters of brucite in the experiment from

supersaturation range from 0.63 to 23 lm with an average of 5.2 ± 3.2 lm in accordance

with 323 measurements. Similarly, the crystallite diameters of brucite in experiments from

undersaturation range from 0.57 to 15 lm with an average of 5.4 ± 3.3 lm according to

63 measurements. In the study of the effect of particle size on surface energy of brucite,

Hostetler (1963) concluded that the surface energy contribution to the solubility of brucite

is ‘‘sensibly insignificant’’ when diameters of brucite grains are larger than *0.15 lm.

Therefore, the crystal sizes described above suggest that the surface energy contribution to

the Gibbs free energy is insignificant in this study.

As mentioned before in the Introduction, Altmaier et al. (2003) also conducted a sol-

ubility study on brucite. All their experiments were from undersaturation without

demonstration of the attainment of equilibrium. Instead, they treated the steady state

Table 5 Dimensionless standard chemical potentials and corresponding Gibbs free energies of formation
for brucite derived from solubility data of this study from the direction of undersaturation in NaCl solutions
by using NONLINa

Experimental data sets for modeling [l�

RT
]295.65,brucite [l�

RT
]298.15,brucite Df G�298:15;brucite

kJ mol-1

BRCT-2-6F to BRCT-2-15F; BRCT-3-6F to
BRCT-3-15F; BRCT-4-6F to BRCT-4-15F;
BRCT-5-7F to BRCT-5-11F; BRCT-6-7F to
BRCT-6-11F; BRCT-7-7F to BRCT-7-11F

-338.55 ± 0.45
(2r)

-335.76 ± 0.45
(2r)b

-832.3 ± 1.1
(2r)b

Mg(OH)2 (s) + 2H+ = Mg2+ + 2H2O log K�s;298:15 = 17.1 ± 0.2 (2r)c

a The solubility data from the direction of undersaturation selected for the NONLIN modeling to derive the
dimensionless standard chemical potential are those in which the experimental time exceeded 2,000 h by
using the criterion set by the reversal mentioned in the text
b Extrapolated to 298.15 K according to the temperature dependence of Gibbs free energy (Eq. 9). In the
extrapolation, entropy is from Cox et al. (1989), and heat capacity is from the compilation of Königsberger
et al. (1999)
c 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+, H2O(l) and H+ from Cox et al. (1989)
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concentrations as equilibrium concentrations, and used the steady state concentrations to

calculate the equilibrium constants. While the plots of log mHþ as a function of experi-

mental time were presented in their study, indicating the reach of the steady state in log

mHþ , it is unclear about the concentrations of RMg as a function of time, as they were

simply not presented. As the raw data were not provided in their study, it is unclear how the

data were selected to calculate the equilibrium constants, and therefore it is impossible to

do the re-calculations without the raw data. Nevertheless, it seems that the equilibrium

constants (17.1 ± 0.2) at 22�C presented in their study are in fair agreement with those

obtained in this study within the experimental uncertainty.

Altmaier et al. (2003) questioned the validity of the standard entropy of brucite

(S�298:15;brucite = 63.14 J K-1 mol-1) in the literature, which came from the original work

of Giauque and Archibald (1937). This value is adopted by many thermodynamic tables.

Their question is largely based on Df H
�
298:15;brucite value of -926.7 kJ mol-1 calculated

from enthalpy changes for the brucite solubility reaction determined by McGee and

Hostetler (1977) and Brown et al. (1996). When combined with Df G
�
298:15;brucite of

-831.9 kJ mol-1 they mentioned, the above Df H
�
298:15;brucite would lead to a much lower

S�298:15;brucite of 50.6 J K-1 mol-1. However, they did not mention that there is a body of

calorimetric studies concerning the determination of Df H
�
298:15;bruciteas tabulated by Gurvich

et al. (1994). The Df H
�
298:15;brucite recommended by Gurvich et al. (1994) based on calo-

rimetric studies is -924.35 ± 0.3 kJ mol-1. By using Df G
�
298:15;brucite of -832.3 kJ mol-1

suggested by this study, S�298:15;brucite from Giauque and Archibald (1937), and the auxiliary

data from CODATA (Cox et al. 1989), Df H
�
298:15;brucite is calculated to be

-923.3 ± 1.1 kJ mol-1, which is consistent with the value adopted by Gurvich et al.

(1994). Therefore, it can be concluded that the question of Altmaier et al. (2003) on

S�298:15;brucite of Giauque and Archibald (1937) is largely unfounded, when Df H
�
298:15;brucite

determined by calorimetric studies is considered.

As demonstrated by Xiong and Snider (2003), and Xiong and Lord (2008), the car-

bonation product of brucite at room temperature is hydromagnesite (5424). Therefore, the

log fCO2
in the repository would be controlled by the equilibrium buffer assemblage of

brucite-hydromagnesite (5424), before hydromagnesite (5424) is converted to magnesite.

According to the following reaction,

5Mg OHð Þ2 sð Þ þ 4CO2 gð Þ ¼ Mg5 CO3ð Þ4 OHð Þ2 � 4H2O sð Þ ð10Þ

thus if the value of the Gibbs free energy of formation for brucite is changed, the predicted

log fCO2
will be different. In Table 6, the log fCO2

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 log fCO2
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 0.65 orders 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 5.6 m (5 M, molarity) NaCl 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, which was adopted in

the SUP database of EQ3/6 code (Wolery 1992), the solubility-controlling phase for
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Am(III) would be AmCO3OH(s) at the fCO2
(10-4.83 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)3(s) at the fCO2

(10-5.48±0.24 bars) buffered by the assemblage brucite-hydromagnesite (5424). Further-

more, the solubility of Am(III) in the former case is higher than that in the latter case by a

factor of 4.6 (Table 7).

Table 7 Predicted solubility of Am(III) in a 5.6 m (5 M) NaCl solution in equilibrium with brucite-
hydromagnesite (5424) at different values of the Gibbs free energy of formation of brucite

Source of
Df G�298:15;brucite

Solubility-controlling
phase for Am(III)

Predicted solubility of Am(III)

Helgeson et al. (1978) AmOHCO3 Am(CO3)3
3-: 1.08 9 10-7 m

Am(CO3)2
-: 1.36 9 10-8 m

Am(CO3)4
5-: 1.34 9 10-8 m

Am(OH)2
+: 9.36 9 10-9 m

AmCO3
+: 1.99 9 10-10 m

Am(OH)3
o: 1.51 9 10-10 m

AmOH2+: 2.33 9 10-11 m

Am3+: 1.49 9 10-13 m

AmCl2+: 2.35 9 10-15 m

AmCl2
+: 9.52 9 10-17 m

RAm(III): 1.45 9 10-7 m

This study Am(OH)3 Am(CO3)3
3-: 1.39 9 10-8 m

Am(CO3)2
-: 1.99 9 10-9 m

Am(CO3)4
5-: 1.53 9 10-9 m

Am(OH)2
+: 1.33 9 10-8 m

AmCO3
+: 3.28 9 10-11 m

Am(OH)3
o: 5.58 9 10-10 m

AmOH2+: 1.18 9 10-11 m

Am3+: 2.77 9 10-14 m

AmCl2+: 4.34 9 10-16 m

AmCl2
+: 1.78 9 10-17 m

RAm(III): 3.14 9 10-8 m

Table 6 Fugacity of CO2 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 fCO2

a

Brucite–hydromagnesite
(5424)

5 Mg(OH)2(s) + 4CO2(g) = Mg5(CO3)4(OH)2 � 4H2O(s) -4.83b

5 Mg(OH)2(s) + 4CO2(g) = Mg5(CO3)4(OH)2 � 4H2O(s) -5.48 ± 0.24c

a In all calculations, thermodynamic data of CO2(gas) and H2O(l) are from CODATA (Cox et al. 1989), and
the data of hydromagnesite (5424) are from Robie and Hemingway (1995)
b The Gibbs free energy of formation of brucite is from Helgeson et al. (1978)
c The Gibbs free energy of formation of brucite is from this study; the uncertainty of log fCO2

is calculated
from the uncertainty in Gibbs free energy of formation of brucite estimated in this study
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5 Summary

This study recommends that the solubility constant for the brucite dissolution reaction as

written in Eq. 4 be 17.05 ± 0.2 (2r), and the standard Gibbs energy of formation of brucite

be -832.3 ± 1.1 (2r) kJ mol-1.
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