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Abstract

Reaction of brucite [Mg(OH),] with CO; produces various metastable hydrous magnesium
carbonates, which will eventually mature to the only thermodynamically stable phase, magnesite
(MgCQOs). Natural analog systems suggest that, at ambient temperatures, the transformation
from a key metastable phase, hydromagnesite [4MgCQO3eMg(OH),¢4H,0], requires hundreds of
years. A suite of experiments were conducted to elucidate mechanisms of transformation of
hydromagnesite to magnesite by varying ionic strength and concentrations of magnesiufn and
sulfate, and reacting hydromagnesite at temperatures between 110, 150 and 200°C. Arrhenius
equations were used to extrapolate rate information collected at elevated temperature down to
25°C. An “induction” period, an interval of minimal transformation, was observed in all
experiments. At 25°C, the induction period is estimated to require 18 to 200 years, with longer
times attributed to higher magnesium concentrations. Once the induction period is completed,
and more rapid transformation begins, the corresponding “half-lives” of hydromagnesite are
about 4.7 and 73 years. Activation energies for the rapid transformation period were estimated
to be between 81 and 100 kJ/mol. Transformation rates increased with increased ionic strength
and decreased magnesium concentration. Sulfate concentration indirectly affected rates, by
reducing magnesium activity through complexation. Two mechanisms for the transformation are
supported. In brines with low magnesium concentration, hydromagnesite dehydration with
concomitant formation of brucite and magnesite is favored. In brines with high magnesium
concentration, a hydromagnesite dissolution — magnesite precipitation process is favored. Those
mechanisms are also supported by Transmission Electron Microscopy (TEM) observations of

reaction products.
Introduction
The Waste Isolation Pilot Plant (WIPP), a licensed repository for permanent disposal of defense-

related transuranic nuclear waste, is situated in Permian bedded halite of the Salado Formation,

in southeastern New Mexico, USA (US DOE, 1996). The inventory for the repository contains a




significant mass of organic-rich laboratory debris contaminated with traces of actinide elements,
such as plutonium. An MgO backfill will be placed adjacent to the waste to scavenge carbon
dioxide produced as the waste is degraded by microbial activity (Bynum et al., 1999). The
primary purpose of the backfill is to control aqueous chemical conditions (pH and pCO3) to
minimize actinide solubilities, which will minimize predicted releases. Consequently,
understanding the details of how this backfill will evolve chemically is of considerable
importance. The nature of the magnesium carbonate mineral formed will affect chemical
conditions controlling actinide solubilities. In addition, formation of hydrous mineral phases,
including brucite [Mg(OH),] and hydrous magnesium carbonates, will impact the water budget
of the repository. Among the minerals formed in the MgO-CO,-H;O systems, the anhydrous
phase, magnesite (MgCOs) is the only thermodynamically stable mineral at room temperature, or
the WIPP-relevant temperature of 27°C (Langmuir, 1965; Lippmann, 1973). The kinetics of
maturation of hydrous magnesium carbonate phases to magnesite affect the repository water
saturation and chemical conditions, and must be considered in assessments of repository
performance. The objective of the work described herein, therefore, is to develop an
understanding of the kinetics of magnesite formation under WIPP-relevant conditions, to

facilitate improved understanding of aqueous chemical conditions in the repository setting.

Thermodynamics and Kinetics of the MgO-CO,-H.O System

The general thermodynamic constraints on the MgO-CO,-H,O system are understood relatively
well [Langmuir, 1965 #38; Lippmann, 1973 #40]. In the presence of liquid water, brucite is the
thermodynamically stable solid, until the carbon dioxide partial pressure reaches a value of about
10 atm, above which anhydrous magnesium carbonate (magnesite) becomes stable
(Lippmann, 1973, Figure 33). However, superimposed on this relationship are metastability
fields for hydromagnesite [4MgCO3eMg(OH)2#4H,0] and nesquehonite (MgCO303H,0). At
25°C, the brucite-hydromagnesite boundary occurs at a carbon dioxide partial pressure of about
10™** atm and the stability boundary between hydromagnesite and nesquehonite occurs when the
partial pressure of carbon dioxide reaches a value of about 102 atm (Lippmann, 1973, Figure

b3
27).
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We expect that carbon dioxide generation in the WIPP will be quite slow, creating carbon
dioxide partial pressures below the nesquehonite metastability field. Other experimental work in
WIPP brines shows that hydromagnesite forms to the complete exclusion of magnesite
(Papenguth et al., 1999). The thermodynamic relationships described above indicates this to be a
transient situation, but provides no insight into the time needed for transformation of .
hydromagnesite to the stable magnesite phase. The kinetics of maturation are complex, in spite
of the small number of chemical components in the MgO-CO,-H,0 system. In this regard, the
formation of magnesite has similarities to the difficulty geochemists have faced in understanding

the formation of dolomite at ambient temperature (see, for example, Brady et al., 1996).

Some insight into the likely kinetics of this transition can be gained from examination of natural
hydromagnesite occurrences. The most comprehensive description relates to occurrences in
brackish ephemeral lakes associated with a lagoon complex in southeastern Australia (Alderman,
1965; von der Borch, 1965). In lakes, assemblages of hydromagnesite-aragonite and magnesite-
dolomite (but not hydromagnesite-magnesite in the same sediment) are observed forming in
recent marine sediments. Also, the assemblage aragonite-magnesite is observed within one foot
of the surface in dried sediments from ancient Lake Bonneville, Utah (Graf et al., 1961). This
stratum was dated at 11,300 (+250) years. Clearly, the transformation of hydromagnesite to
magnesite may be ré.pid enough to be relevant in assessments of WIPP performance for the
period of regulatory concern (10,000 years). In contrast, under other geochemical conditions, the
transformation to magnesite may be quite slow. For example, Stamatakis (1995) described a
commercial grade deposit of hydromagnesite and huntite plus lesser amounts of magnesite of
upper Neogene age and suggests that hydromagnesite-aragonite assemblages occur in rocks as

old as Tertiary age.

The transformation of hydromagnesite to magnesite is complicated by the fact that
hydromagnesite contains an MgO component in addition to water and magnesium carbonate.
The transformation may occur by (1) supplying additional CO, to complete the carbonation, or,
(2) allowing sufficient time for the material to decompose into the thermodynamically favored

mixture of magnesite, brucite and water. Sayles and Fyfe (1973) conducted an experimental




study at 126°C, supplying additional CO; and found that, occasionally, brucite was present as a
reaction product. They used fluids with ionic strengths of 0.005 to 0.05 M. Despite the
relatively low ionic strengths used, a number of their findings have qualitative bearing on the
present work. First, elevated Mg levels were found to impede the transformation process.
Second, increasing the ionic strength accelerated the reaction. Third, increasing the solid to fluid
ratio increased the reaction rate. Fourth, a two-step reaction process was observed with an initial
induction period during which no transformation was observed, and after which the rate
accelerated with a fourth-order time dependence (t"). Sayles and Fyfe (1973) attributed this
latter observation to a variety of processes, relating both to the formation of initial magnesite
nuclei and then to the slow growth of magnesite even in the presence of these nucleation centers.
The time required for the solutions to achieve saturation, or the degree of super-saturation, seems

not to be implicated in the delay.

Materials and Procedures
Materials

Reagent-grade hydromagnesite used in this study was obtained from Eastman Kodak Company -
(Rochester, New York). The material was examined using powder X-ray diffraction (XRD) and
confirmed as a pure and well-crystallized hydromagnesite (Figure 1a). Natural magnesite, used
for constructing the calibration curve, was obtained from Ward’s Natural Science Establishment
Inc. (Rochester, New York). The XRD spectrum for magnesite showed that no other minerals

were present in detectable amounts (Figure 1b).

Two brines were used in the experiments: saturated NaCl solutions and a WIPP-specific brine
simulant. The chemical composition of the WIPP-specific brine simulant is modeled after brines
that may seep into the WIPP repository from the Salado Formation (Table 1). Its composition is
based on comprehensive analyses of fluid samples collected from “weeps” within the WIPP

repository (hence its name, generic weep, or “GW,” brine; Krumhansl et al., 1991). Other brines




that may enter the WIPP repository more closely represent the pure NaCl solutions, also used in

the experiments.

An additional set of experiments was conducted in brines in which the ionic strengths, MgCl,
concentration, and MgSQO4 concentration were systematically varied, to assess the impact of the
components found in the brines. Four sets of solutions were tested: (1) various concentrations
of NaCl; (2) GW brine with various MgCl, concentrations; (3) saturated NaCl solutions with

various amount of MgCl,; and (4) saturated NaCl with various amounts MgSOs.

Table 1. Chemical composition of GW brine

Reagent Mass Fraction
g in 1.000 kg water g in 1.000 L water

Na;S04 20.684 25.234
NaBr , 2.246 2.739
Na3B407¢10H,O 12.343 15.058
NaCl . 147.22 179.61
KCl 28.553 34.835
MgCl«6H,0 169.71 207.05
LiCl 0.152 0.186
CaCl,«2H,0 1.666 2.032
Deionized H,O 617.43 753.26
Total mass 1000.00 g 1222.00 g
Total volume 819.67 mL 1000.00 mL
Procedures
XRD Calibration Curve

A hydromag.nesite-magnesite calibration curve was constructed using integrated peak areas from
powder XRD patterns collected with a Philips-Norelco instrument, using nickel-filtered Cu-Ka
radiation and a diffracted-beam graphite monochromator. Analyses were conducted using a step
size of 0.05° 26 and a counting time of 4-seconds per step, equivalent to scanning rate of 0.75°

26/minute. Powders mounted on glass petrography slides were scanned from 10.00 to 45.00° 26,




a range that includes the 100 intensity hydromagnesite (011) and magnesite (104) peaks (Joint
Committee on Powder Diffraction data cards 25-513 and 08-479, respectively). To minimize
XRD analytical error, duplicate calibration analyses were made with maghesite contents of 0, 5,
10, 20, 25, 30, 40, 50, 75, 80, 90, 95, and 100 wt% by XRD. In this study, the peak ratio was

calculated as:

Rpeak = Pi/(P1+ P2) n

where P; and P; are the integrated XRD peak areas for magnesite and hydromagnesite,
respectively. Rpeax 1s plotted against weight fraction magnesite in Figure 2. The minimum
quantification limit of magnesite is about 3-5 wt%, which is similar to that reported by Sayles

and Fyfe (1973).

Transformation Rate Experiments

At room temperature, the transformation rate of hydromagnesite to magnesite is too slow to be
measured experimentally. Consequently, elevated temperatures of 110, 150 and 200°C (all
+4°C), were used to accelerate transformation. The Arrhenius equation was then used to

estimate rates at room temperature.

Transformation experiments were conducted in small titanium autoclaves. A 0.30-g mass of
hydromagnesite was placed in the autoclave along with 1.50 g of brine. Assembled autoclaves
were placed in a pre-heated sand bath in an oven at the desired temperature. Periodic sampling
and analysis allowed the extent of transformation to be monitored. Samples were collected on
filter paper after quenching the autoclave in water. Samples were washed with deionized water
to remove the soluble salts prior to preparation for XRD analysis. The time intervals of sampling
were dependent upon the temperature and the type of brine used. Days to weeks were required
for measurable transformation at 110 and 150°C, but at 200°C, significant transformation

occurred in several hours. The additional set of four experiments were conducted at 200°C for




120 minutes, a combination selected that allowed complete transformation in the saturated NaCl

solution.
Transmission Electron Microscopy

The samples for TEM studies were prepared by depositing annealed powder (reaction produ»cts)
on holy-carbon-coated Cu-grids. All TEM and electron diffraction results were carried out with a
JEOL 2010 HRTEM with an Oxford Link ISIS EDS system. The accelerating voltage of
200KeV was used. The point-to-point resolution of the HRTEM is 0.19 nm. Relatively low
electron beam dose was used for the TEM imaging of hydromagnesite-bearing reaction products

in order to reduce electron beam damage of the hydromagnesite.

Results and Discussion
Transformation Rates

Figure 3 illustrates the changes in mineralogical composition during the hydromagnesite to
magnesite transformation. The patterns in Figure 3 are typical in that no phases other than the -
original hydromagnesite and newly formed magnesite and brucite are evident. The absence of
intermediate phases is consistent with trends observed in natural transformation processes [Spotl,'
1994 #8] in which shrinkage (that 1s, dehydration) of hydromagnesite coincides with magnesite
formation, without the presence of other phases. Since no external supply source of CO; was
provided in our experiments, brucite would not be transformed into magnesite as described by

Davies and Bubela (1973).

The transformation rates of hydromagnesite to magnesite in GW brine and saturated NaCl brine

are summarized in Table 2 and they are also illustrated in Figure 4.




Table 2. Amount of hydromagnesite transformed to magnesite in two brines at three
temperatures (expressed in weight percent*).

Saturated NaCl GW Brine
Time 200°C 150°C 110°C 200°C 150°C 110°C
(hour) '
0.5 4.0

1 54

1.5 16

2 o1 1.8

2.5 96 2.1

3 3.9
4 4.5
5 ' 24
8 2.5 77
10 3.5
14 39
17 52
20 91
48 1.9
72 3.1
96 4.5
120 11
144 : 18
168 57
216 77

9 2.0
13 2.7
14 2.8
19 11
22 42
25 94
38 ' 4.5
53 6.6
65 14
74 23
92 55

*Note: XRD data were converted to wt% magnesite using the equation in Figure 2; the average

standard analytical error was 1.11 wt%.




Transformation of hydromagnesite to magnesite in a saturated NaCl solution is substantially
more rapid than that in the GW brine at all the three temperatures. In addition, there is clearly a
profound effect of temperature. As demonstrated in Table 2 and Figure 4, the time required for
complete transformation in the NaCl brine is similar to the time required to only initiate the

reaction in GW brine.
Estimation of Transformation Rates at Room Temperature

The transformation of hydromagnesite to magnesite is assumed to be a first-order reaction. The
equation used to calculate rate coefficients is the following, expressed in terms of the reactant,

hydromagnesite:
In(M/Mp) = -kt : )

where k (in hours™) is reaction rate coefficient, M/Mj is the fraction of the hydromagnesite
transformed at reaction time t (in hours), relative to the initial amount, My. By plotting the
fraction transformed as a function of reaction time, the reaction rate coefficient is obtained by
determining the slope of the relationship. In Table 3, the calculated reaction rate coefficients are

compiled for the experiments described above.

Table 3. Measured reaction rate coefficients [k (in hour™)] for the transformation of

hydromagnesite to magnesite (value in parentheses is the regression coefficient, R?).

Brine 200°C |  150°C | 110°C
k (RH
GW brine 0.308 (0.93) | 0.013 (0.93) | 7.39x 107 (0.91)
Saturated NaCl solution | 2.298 (0.91) | 0.313 (0.85) 0.019 (0.89)

To calculate the activation energy using the reaction rate coefficients (k) for the transformation

reaction, the empirical Arrhenius treatment was used:




log k = -[Ea/(2.303R)(1/T)] + A | G)

where T is temperature in Kelvin and R is the gas constant (8.3145 J/mol/K). The empirical
constants for activation energy, E., and A, can be deduced from the slope and intercept in plots
of k as a function of temperature (1/T), as illustrated in Figure 5. When the activation energies
(E.) for the hydromagnesite to magnesite transformation in the two brines were determined, the
following expression was used to calculate the rate coefficient (k;) for a reaction at a specific

temperature (T;) from a known rate coefficient (k;) determined at T,:

In(ky/kz) = (E/R)1/T; - 1/Ty) | (4)
The values of activation energies in the two brines and the estimated rate coefficients at 25°C are
listed in Table 4. Based on the rate coefficients, the “half-life” times of the hydromagnesite (that

is, the time required to transform one-half of the hydromagnesite into magnesite) at 25°C for GW

brine and saturated NaCl solution are 73 years and 4.7 years, respectively.

Table 4. Calculated activation energies and the estimated rate coefficient at 25°C.

Brines E. (kJ/mol) R* k (hour™) Standard deviation
GW Brine 100 0.9984 1.085x 10° 6.656 x 107
Saturated NaCl solution 81 0.9831 1.699 x 107 5727 x 10°

It is important to note that the rate coefficients calculated herein are based on the rates
representing the rapid portion of the transformation. As one can see in Table 2, transformation
consists of two stages. In the first stage, the reaction progresses slowly, requiring nearly one-half

of the total reaction time for only a few percent of hydromagnesite to convert to magnesite.

The induction period, in which about 4-5% of hydromagnesite was transformed into magnesite,
may result from slow magnesite nucleation. Once nuclei of magnesite form, transformation
accelerates. The duration of the induction period at 25°C was estimated using the Arrhenius

equation and the high temperature data summarized in Table 2. The calculated rate coefficients




for transformation in saturated NaCl solution and GW brine at 25°C are 6.67 x 107 and 6.51 x
10 hour™, respectively. In other words, it would require about 18 and 200 years to initiate rapid
transformation in the NaCl and GW brines, respectively. The relatively large standard deviations
for the rate coefficients (about one order-of-magnitude) are attributed to the relatively large

minimum quantifiable limit of XRD for magnesite at the onset of the transformation.

We attempted to estimate transformation half-life times using our data in Table 2 along with the
rate equation in Sayles and Fyfe (1973), a fourth-order relationship between reaction time (t*)
and magnesite formation. Using that appfoach, half-life times were on the order of 3 x 10” and 4
x 10* years, for reactions in GW brine and NaCl solution, respectively. Those transformation

times are significantly longer than those estimated for or observed in natural environments at

Lake Bonneville (Graf et al., 1961) and in southeastern Australia (Alderman, 1965, von der
Borch, 1965). It is likely that the fourth-order relationship used by Sayles and Fyfe ( 1973) is not
applicable to our experimental system, which involves a more complex chemical system, and

much higher ionic strengths.
Transformation Mechanisms

To elucidate transformation mechanisms, a series of experiments were conducted in which ionic
strengths, magnesium concentrations, and sulfate concentrations were varied. Two hypotheses
for reaction mechanisms were considered. We considered the direct dehydration of
hydromaghesite in which water molecules in the hydromagnesite structure are liberated and the

mineral restructures to form magnesite and brucite:
4MgCO3eMg(OH)204H,0 <> 4MgCO; + Mg(OH), + 4H,0 (5)

We also considered precipitation of magnesite from Mg”" and COs” that are liberated through

dissolution of hydromagnesite.

The two hypothesized reaction mechanisms may occur simultaneously during the reaction, but it

is likely that one will dominate in at least some cases. If the dissolution/precipitation dominates




transformation, the concentration of Mg in the solution would affect hydromagnesite dissolution
rate and, therefore, decrease the formation rate of magnesite. To test this, reaction rate
measurements were made in solutions with different concentrations of Mg and SOs.
Alternatively, if the conversion process is dominated by dehydration of hydromagnesite, the
effect of Mg concentration may be small, or even negligible. Water activity, however, may
affect dehydration of hydromagnesite, and was also tested by measuring extents of
transformation in NaCl solutions of varying ionic strengths. The results of these various tests are
summarized in Table 5. All of these experiments were conducted at 200°C for 2 hours, a
-combination allowing uniformity for comparison yet providing conditions where partial

transformation was observed in most cases.

Table 5. Extent of hydromagnesite to magnesite transformation as a function of solution

composition (temperature = 200°C; reaction time = 2.0 hours).

(Matrix 1) (Matrix 2) (Matrix 3) {Matrix 4)
As function of As function of As function of As function of [MgSO0.] in
NaCl ionic strength | [Mg] in GW brine [MgCl;] in saturated NaCl solution
saturated NaCl
solution
DF* wt% [Mg] wt% [Mg] wt% [Mg] [SO.] wt%
magnesite | g/l | magnesite | g/ | magnesite | g/L o/l magnesite
1/20 2.0{ 0.00 100 0.26 100 0.00 0.00 96
1/10 23| 1.24 49 051 100 1.00 4.06 42
1/5 38| 247 53 2.57 100 2.50 10.15 5.0
3/35 21| 4.95 2.2 5.15 51 5.00 | 20.31 2.5
4/5 87 | 12.37 1.6 | 10.30 10 7.50 | 3385 1.6
12.37 4.7

*DF = dilution factor of saturated NaCl solution (5.6M) expressed in volume fraction. For

example, a DF of 1/20 indicates 1 part saturated NaCl solution diluted to 20 parts solution.

The results in Table 5 indicate that three factors significantly influence the reaction rate. At

NaCl concentrations less than or equal to 1/5 of its saturation concentration (that is, <1.1M),

formation of magnesite is limited (during the 2-hour reaction period). Greater NaCl




concentrations result in significant extents of transformation. This observation supports the
hypothesis that dehydration of hydromagnesite is important, in that higher NaCl concentration

would promote the dehydration shown in equation (5).

In NaCl brine, transformation rate is also affected by magnesium concentration (Table 5, Matrix
3). Increased magnesium concentration (as MgCl,) significantly decreases the transformation
rate of hydromagnesite to magnesite, at concentrations greater than or equal to 5.15 g/I. Mg,

This effect may stem from magnesium inhibiting dissolution of hydromagnesite.

The effect of magnesium concentration on transformation in GW brine is significantly different,
in that much less magnesium is required to Signiﬁcantly diminish transformation rates (Table 5,
compare Matrix 2 and Matrix 3 results). This may be due to the presence of 0.18M SO in the
GW brine (Table 1), which would impact the formation rate of magnesite through a

complexation process:
Mg” + SO <> MgSOuaq ' (6)

The aqueous complex of magnesium sulfate reduces the activity of Mg®* in the solution and,
consequently, reduces the formation rate of magnesite (Rmgco3) from dissolved magnesium and

carbonate:
Rugcos = kp(Mg”")(COs™) (7)

where k;, is the precipitation rate coefficient. This hypothesis is indirectly verified by the results
of experiments conducted in mixtures of MgSO, in NaCl solutions (Table 5, Matrix 4). At
similar magnesium concentrations, transformation rates in GW brine and NaCl solution amended
with MgSQOy4 (Table 5, Matrix 2 and Matrix 4, respectively) are also similar. In both cases, the
sulfate ligand is available to reduce activity of Mg®". It is not likely that in saturated NaCl
solutions, the formation of MgCl” would be responsible for a significant decrease in Mg®*
activity, because that species is a weakly associated complex (log Kugar- = -0.1349; Wolery,

1992). In contrast, magnesite precipitation rate would be decreased significantly by the presence




of SO4 through formation of MgSQ4, because it is a strongly associated aqueous complex (log
Kmgsosaq = 2.4117;, Wolery, 1992). In summary, the dominant transformation mechanism in
GW brine is dissolution - precipitation. The presence of sulfate in GW brine promotes the
dissolution of hydromagnesite, but formation of MgSQO4 complexes reduces magnesite

precipitation rate.
Inferences from TEM Examinations

Additional information on reaction mechanisms was obtained with TEM examination of reaction
products from experiments conducted in saturated NaCl solution and in GW brine. Figures 6 and
7 show the morphologies of minerals as well as the electron diffractions of products in the
saturated NaCl and GW brines, respectively. Figure 6a, in whic‘h only 5% of added
hydromagnesite was transformed into magnesite, shows the coexistance of the reactant,
hydromagnesite, and product, magnesite in the reaction system. The rapid dehydration processs
resulted in pyramidal-shaped precipitates, Figure 6b. The original accicular morphology of
hydrmagnesite becomes blurred and indistincted because of dehydration. This observation
appears similar to that described by Spotl and Burns (1994), in which hydromagnesite shrinking
preceeds formation of magnesite. When about 95% of hydroxymagnesite was transformed into
magnesite, the pyramidal-shaped precipitates are the dominant product, Figure 6b, and are

identified as magnesite by XRD.

- In contrast, the magnesite formed in GW brine occurs as highly uniform rhombohedra (Figure
7b). This morphology has been observed by others in natural settings, as well as in laboratory
experiments configured so that magnesite was slowly crystallized from solution in the presence
of magnesium (Sayles and Fyfe, 1973). The acicular nature of the hydromagnesite is still
discernable (Figure 7a), indicating less dehydration compared to that in the saturated NaCl
solution (Figure 6a). The differences in morphologies of hydromagnesite in these two brines
supports conclusions drawn from the aqueous chemistry experiments, in that magnesite is
formed by different pathways in the two brines. A dissolution-precipitation transformation
process is dominant in GW brine due to a substantial magnesium concentration, whereas in the

saturated NaCl brine, a dehydration transformation process is dominant. From XRD analysis,




both the minerals in Figure 6b and 7b are the crystallized magnesites, the electron diffraction
pattern. The insert shows a sharp diffraction pattern for the product slowly formed in the GW
brine, figure 7b. However, a diffuse diffraction pattern, Figure 6b, was obtained for the
magnesite that formed rapidly in the pure NaCl brine. The diffuse nature of this pattern indicates
a low-angle boundary in the crystals, or a less perfect structure as compared with that in Figure
7b.

Conclusions

Experiments, conducted at elevated temperatures to elucidate transformation mechanisms of -
hydromagnesite to magnesite, showed increased transformation rates with increased ionic
strength and decreased magnesium concentrations. Sulfate concentration indirectly affected

rates, and may act by reducing magnesium activity through complexation.

An “induction” period, an interval of minimal transformation, was observed at the beginning of
all experiments. At 25°C, the induction period is estimated to require 18 to 200 years, with the
longer times attributed to higher magnesium concentrations. Once the induction period is
completed, and more rapid transformation begins, the corresponding “half-lives” of
hydromagnesite are about 4.7 and 73 years. Activation energies for the rapid transformation

period were estimated to be between 81 and 100 kJ/mol. |

Two mechanisms for the transformation are supported. In brines with low magnesium
concentration, hydromagnesite dehydration with concomitant formation of brucite and magnesite
is favored. In brines with high magnesium concentration, a hydromagnesite dissolution —
magnesite precipitation process is favored. Those mechanisms are also supported by TEM

observations of reaction products.
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Figure 1. X-ray diffraction pattens for hydromagnesite (a) and magnesite (b)
used in this study. Hydromagnesite used as reactant and standard
and magnesite is used for establishing the calibration curve. '
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Figure 2. Calibration curve for determining magnesite formed in the

reacted solids from hydromagnesite incubated with brine.
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Figure 3. Transformation of hydromagnesite to magnesite
as a function of reaction time in saturated NaCl

solution at 11 OOC.
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Figure 5. Calculation of activation energies (Ea) for both brines
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Figure 6. TEM images for solids collected in saturated NaCl solutions when approximately 5% (a) and 95% (b) of hydromagnesite were
transformed into magnesite at 200°C, respectively. The insert in (b) is the electronic diffraction pattern, indicating a
low-angle boundary for the magnesite crystals that formed rapidly in the NaCl solution.
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Figure 7. TEM images for solids collected in GW brine when approximately 5% (a) and 95% (b) of hydromagnesite were transformed
into magnesite, respectively, at 200°C. The insert in (b) is the electronic diffraction pattern for the magnesite slowly formed
in the GW brine. The sharp characteristic of the diffraction pattern indicates a highly crystalline structure.




