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The alkaline earth carbonates are an important class of minerals. This volume compiles
and critically evaluates solubility data of the alkaline earth carbonates in water and in
simple aqueous electrolyte solutions. Part 1, the present paper, outlines the procedure
adopted in this volume in detail, and presents the beryllium and magnesium carbonates.
For the minerals magnesite (MgCOs3), nesquehonite (MgCO3-3H,0), and lansfordite
(MgCO05-5H,0), a critical evaluation is presented based on curve fits to empirical and/or
thermodynamic models. Useful side products of the compilation and evaluation of the
data outlined in the introduction are new relationships for the Henry constant of CO,
with Sechenov parameters, and for various equilibria in the aqueous phase including the
dissociation constants of CO,(aq) and the stability constant of the ion pair MCO?(aq)
(M = alkaline earth metal). Thermodynamic data of the alkaline earth carbonates consist-
ent with two thermodynamic model variants are proposed. The model variant that
describes the Mg2+—HCO§ ion interaction with Pitzer parameters was more consistent
with the solubility data and with other thermodynamic data than the model variant that
described the interaction with a stability constant. © 2012 American Institute of Physics.
[doi:10.1063/1.3675992]
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1. Preface

1.1. Scope of the volume

Solubilities of alkaline earth metal carbonates in water
and aqueous solutions are of interest in many areas such as
biology, geology, hydrology, medicine, and environmental
sciences. Of particular significance is the interaction between
alkaline earth metal carbonates and carbon dioxide during
CO; storage in underground aquifers.

This volume contains compilations and evaluations of the
solubilities of the alkaline earth carbonates in water and sim-
ple electrolyte solutions. Solid phases containing mixed car-
bonates or mixed carbonates and hydroxides, solubilities in
mixed or non-aqueous solvents, solubilities in supercritical
water, and solubilities in sea water are excluded. The volume
is organized as follows:

Part 1 (this paper): Introduction, Be, Mg
Part 2: Ca
Part 3: Sr, Ba, Ra

Literature through 2009 was searched. For each of beryl-
lium carbonate and radium carbonate, only one reference is
available, and the solubilities given are doubtful. For magne-
sium carbonate about 25 references are available. Data are
available for three mineralogical types: the anhydrous salt
MgCO; (magnesite), the trihydrate MgCO5-3H,O (nesque-
honite), and the pentahydrate MgCO;5-5H,0 (lansfordite). For
calcium carbonate, about a hundred references were found
covering three well-defined crystallographical forms of anhy-
drous salt (calcite, aragonite, and vaterite) and two hydrates,
the monohydrate (monohydrocalcite) and the hexahydrate
(ikaite). There are fewer than 20 references each for strontium
carbonate (strontianite) and barium carbonate (witherite).

1.2. Unit conversions for compilations

The general equations for unit conversions are given in
the Introduction to the Solubility Data Series."* For many
conversions, like from mol 17! to mol kg_l, a density of the
liquid solution is needed.

The conversion from amount concentration to molality in
an aqueous system containing a dissolved salt and dissolved
CO, is given by

Csalt

100055

Mgale moll™
molkg™!  Psoution  Msa Csan Mco,  cco, ’

kgm=  kgkmol ' moll™! _kgkmol_1 moll~!
(1)

with mg,, the molality of the salt, ¢y, its amount concentra-
tion, Psolution the solution density, M, the molar mass of the
salt, Mo, the molar mass of CO,, and cco, its concentration.
If multiple salts are dissolved, each salt will result in a term
in the denominator of Eq. (1).

In systems open to CO,(g), the dominant dissolved species
in equilibrium with an alkaline earth carbonate is the alkaline
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earth metal ion, and bicarbonate, unlike systems in the ab-
sence of added CO,, where the dominant species are the
metal and the carbonate ions. Hence, in open systems the
value of M, applicable in Eq. (1) is 62 g mol™' larger than
the value of the metal carbonate. Improper use of Eq. (1)
leads to errors in excess of 5% at a concentration of
1 mol 171, which occurs in the case of nesquehonite and lans-
fordite at high CO, partial pressures.

The dissolved CO, concentration in open systems is on
the order of 0.035 mol 1"' per bar of CO, partial pressure at
25 °C, and is strongly temperature dependent. Hence, not
accounting for dissolved CO, can also generate errors in

DE VISSCHER ETAL.

excess of 5%, when the partial pressure is 40 bar. Even
salting out needs to be accounted for in some extreme cases,
especially when working with nesquehonite or lansfordite.
Not accounting for this effect would overestimate the
dissolved CO, concentration, and the molality. If none of
these precautions are taken, the error made can be in excess
of 10%. Hence, the nature of the dissolved salt, the dissolu-
tion of CO, and its salting out were appropriately accounted
for.

When mass concentrations analyzed as MCO;
(M = alkaline earth metal) are to be converted to molalities in
systems open to CO,(g), the appropriate equation is

M
1000 PMC(I)3 Mco31
my(HCo;), gl™ / gmol™ ?)
mol kg71 Psolution N MM(HCO3)2 Pmco; MMCO3 _ MCOz €Co,
gl! gmol™! gI”' / gmol™!  gmol ' moll™!
Solubility of CO, and salting out are discussed in later P Psat (4)

sections.

1.2.1. Density of pure water

A standard equation of state for fluid water was developed
by Wagner and PruB’ that accurately predicts all water prop-
erties in a wide range of temperatures and pressures. The dis-
advantage of this approach is that the equation for density is
an implicit one, making density calculations inconvenient
for compilation purposes. Therefore, an approximate explicit
equation was developed. The starting point of the approach
is the explicit equation suggested by Wagner and PruB* for
the density of liquid water at the saturated vapor pressure,
Psat> @s a function of temperature, which is valid from the tri-
ple point to the critical point of water,

Psat = Pc (1 + blel/3 + b232/3 + b305/3 + b4916/3

+ bs0% + b69“°/3> , A3)
where
pe =322 kg m > (critical density)
0=1-T/T,

T.=647.096 K (critical temperature)

by =1.99274064

by =1.09965342

b3 =—0.510839303

by =—1.75493479

bs=—45.5170352

bs=—6.74694450 x 10

The water density was then corrected for pressure using an
equation based on Tait’s law, but with temperature-dependent
coefficients A and B,

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012

 Apgy/(kgm™?)
B

1 In(1 + B(p/kPa — p, /kPa))

The saturated vapor pressure p, in Eq. (4) was also taken
from Wagner and Pru,?

T,
Pv = Pc €Xp <? (0110 + az()l‘s + a303 + a403'5
+as0" + a697‘5)> , (5)

with

Ppe = 22064 kPa (critical pressure)

T.=647.096 K (critical temperature)

a;=—7.85951783

a, =1.84408259

az=—11.7866497

a,=22.6807411

as=—15.9618719

ae=1.80122502

Equation (4) with 4th-order polynomials in 0 for A and B
were fitted to predictions of the Wagner and Pruf® equation
of state in the temperature range 273.15-473.15 K and the
pressure range from p,, to 20 000 kPa. The coefficients A and
B in Eq. (4) resulting from this fit are

A =op+ 010 + 00 + 30 +ac404, (6)

with
oy =7.4242997 x 10~°
o =—5.3019784 x 1078
o, =1.6188583 x 107’
a3 =—2.3371482 x 10~
oy =1.3239697 x 10’
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B =By + 10+ Br0* + B30° + B,0* )

Bo=6.1180105 x 10>

B =—4.4068335 x 10~

Br=1.3633547 x 10

B3 =—2.0035442 x 10>

= 1.1496256 x 10>

The consistency of Eq. (4) with the Wagner and Pruf?
equation of state is 0.004% (0.04 kg m>) or better in the
entire range tested.

1.2.2. Density of electrolyte solutions

Densities of electrolyte solutions were calculated with the
method of Krumgalz et al.,4 based on the Pitzer model. When
data was unavailable in Ref. 4, data of Krumgalz et al? valid
at 25 °C were used, with pure water density data at the tem-
perature of interest. In their model, Krumgalz et al* used the
somewhat obsolete pure water density calculations of Kell®
because those data or very similar values were used in most
experimental determinations of electrolyte solution densities.
In this work, the newly derived equations were used because
the Kell® equation is limited to 1 atm pressure.

At 273.15-373.15 K and 101.325 kPa, the deviation
between the Wagner and PruB® equation of state and the
Kell® equation is up to about 0.015 kg m > (standard devia-
tion 0.0061 kg m ). The deviation between the Wagner and
PruB® equation of state and the new equation is up to about
0.0062 kg m > (standard deviation 0.0046 kg m ). The dif-
ference between the Kell® model and the new equation is up
to about 0.017 kg m > (standard deviation 0.0090 kg m>).
Hence, the choice to use the new equation for water density
with the Krumgalzet al.* model for electrolyte solution den-
sity introduces a negligible inconsistency. Kell presented a
comprehensive equation for water density, including pres-
sure effects for up to 10 atm. Because of the limited pressure
range, this equation was not investigated in any detail.

To test the error introduced by applying the Krumgalz
model to high pressures, predictions with the model for NaCl
solutions were compared with values tabulated by Rogers and
Pitzer.® At atmospheric pressure, the model predicted densities
up to 0.16 kg m > lower than the values are tabulated by Rog-
ers and Pitzer.® At 20 000 kPa, the model predictions were up
to 2.5 kg m > above the tabulated values (NaCl(aq) has a neg-
ative apparent compressibility). Hence, unit conversions for
concentrated electrolyte solutions at high pressures should be
made with great care. However, in dilute solutions (m < 0.1
mol kg~ ") the error is acceptable (<0.11 kg m ™).

Even when solubilities of alkaline earth carbonates in pure
water are converted from mol 17! to mol kg_l, it is useful to
account for changes in solution density. For instance, the solu-
bility of the anhydrous CaCOj; polymorphs is around
0.01 mol kg_1 at 25 °C and p(CO,)=1 atm. The dominant
jons in solution are Ca>" and HCO;3 ~. The density of a 0.01
mol kgf1 Ca(HCO:s), solution is about 998.33 kg m >, whereas
the density of pure water is about 997.04 kg m . Not account-
ing for this effect would introduce an error of about 0.13%.

013105-5

1.2.3. Influence of dissolved gases on water
density

Kell’ investigated the influence of dissolved N,, O,, Ar,
and CO, on the density of water. The combined effect of N,,
0,, and Ar was found to be about 0.0003% and can be
ignored. The effect of CO, on the solution density depends on
the temperature and the CO, partial pressure. Its estimation
requires a value of the apparent molar volume of CO,(aq). As
CO, is a fairly ideal solute in the pressure range of interest, it
is assumed that apparent molar volume equals partial molar
volume. Kell” reviewed the literature available at the time,
and tentatively put forward a value of 38 cm® mol ', with lit-
erature values ranging from 28 to 38 cm® mol ', This range
was confirmed by Hnédkovsky ef al.,” who reported apparent
molar volumes for a wide temperature range. However, they
found a pronounced temperature dependence. Their values
compare well with other studies in the literature and are
largely consistent with the Wagner and PruB® equation of
state.'” When their data at 25-200 °C are fitted to a parabolic
equation in T/K, the following is obtained:

V/(cm® mol ') = 58.309 — 0.19758(T/K)
+ 0.00038030(T /K)*. (8)

When this equation is applied at 0 °C and 25 °C, values of
32.7 and 33.2 cm® mol ! are obtained, respectively. These
values compare well with values of the partial molar volume
suggested by Weiss'' (32.3+0.5 cm® mol™"), Barbero
et al'® (328+12 cm® mol™"), and Spycher et al.'?
(32.6 = 1.3 cm® mol™'). Based on these values, densities
were calculated at 0 °C (CO, solubility at partial pressure 1
bar about 0.075 mol kg_l) and at 25 °C (CO, solubility at
partial pressure 1 bar about 0.033 mol kg™ '). At 0 °C, the
density effect is negligible (<0.1 kg m) for partial pres-
sures below 0.12 bar, but is as high as 0.85 kg m > at a par-
tial pressure of 1 atm. At p(CO,)=12.5 bar, the error
introduced by ignoring the density effect is as large as 1%.
At 25 °C, the density effect is negligible (<0.1 kg m~—>) for
partial pressures below 0.28 bar, and is 0.36 kg m > at a par-
tial pressure of 1 bar.

The calculation of the solubility of CO, is discussed in
Sec. 1.3.3.

1.2.4. Ambient CO, mole fraction and altitude
correction of total pressure

In many studies total pressure is not reported, or simply
reported as atmospheric pressure. Neither is CO, mole frac-
tion in the gas phase mentioned in some older studies, or
merely indicated as “ambient.” However, barometric pres-
sure depends on altitude, and the ambient CO, mole fraction
has increased considerably in the last 150 years. Hence,
approximations were required to deal with such cases.

Barometric pressure p can be estimated with reasonable
accuracy using a single, constant temperature, using the fol-
lowing equation:

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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Mgh
p=pocxp (— %) ©)

in which py is the barometric pressure at sea level (assumed
to be 101 325 Pa), M is the molar mass of air (0.029
kg mol '), g is the acceleration due to gravity (9.80665 m
572), h is the altitude of the measurement (m), and R is the
ideal gas constant (8.314472 J mol ' K™ '). Using a tempera-
ture of 15 °C (288.15 K) leads to the approximate equation,

p/kPa = 101.325 exp(—0.00012 7/m). (10)

Unless ambient temperatures are extreme, the potential error
of Eq. (10) is less than the natural variation of the ambient
barometric pressures up to altitudes of well above 1000 m.

Ambient CO, concentrations have been measured at
Mauna Loa, Hawaii, since 1958,14 and from Antarctic ice
cores by Etheridge er al.'> Recently the validity of the ice
core measurements was confirmed by Siegenthaler er al.'®
Ice core data of Etheridge ef al.'® were systematically below
the Mauna Loa data by about 0.5-1 ppm (parts per million
by mole fraction). The standard deviation between the ice
core data and the Mauna Loa data was typically about 1-1.5
ppm. The data from both sources were pooled and empirical
equations were fitted to the concentration to obtain relation-
ships with year. The results were as follows:

1800 — 1939: y(CO,)/ppm
= 274.70 4 5.803
x exp(0.0131073 (z/year — 1800))
1940 — 1952: y(CO,)/ppm = 310.6
1953 — 2004: y(CO,)/ppm
= 277.03 4 1.2806
x exp(0.0214357 (t/year — 1800)).

(1)

The number of data points for the three periods is 30, 3, and
68. The standard deviation between the model and the data is
1.1 ppm, 0.75 ppm, and 1.2 ppm, respectively. When neces-
sary, the above equations were used to estimate ambient CO,
concentrations.

Johnston and Walker'” pointed out that ambient air has
variable CO, concentration, which leads to a serious loss of
accuracy when used in the determination of the solubility
constant of an alkaline earth carbonate. They recommend the
use of synthetic air-CO, mixtures. Hence, experiments with
ambient air should be treated with caution even when plausi-
ble estimates as given above are used.

1.3. Evaluations

The compiled data were evaluated in various ways includ-
ing the following:

 Data obtained with faulty or suspicious methodology were
rejected. An example is boiling the suspension after adding

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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the metal carbonate to eliminate CO,. This method has the
potential to eliminate CO, evolved from the dissolution of
the metal carbonate, or, conversely, trap CO, dissolved
prior to adding the metal carbonate due to the alkaline na-
ture of the minerals. Either way, the system is undefined
because the total carbonate concentration is unknown.

Empirical equations were fitted to the data, and outliers

were detected and eliminated.

e A simple thermodynamic model was developed for the
MCO; + H,O0 and MCO;5 + H,0 + CO, data (M = Mg, Ca,
Sr, Ba). The model was used to derive a solubility constant
of the alkaline earth carbonate for each measurement. The
solubility constants are then plotted versus temperature.
Outliers and data with spurious trends were eliminated.
Some data points rejected by the empirical model turned
out to be fairly accurate when considered with the thermo-
dynamic model. In such cases, the data points were
reverted to accepted status. The MCO; + H,O data were
more difficult to evaluate than the MCO5;+ H,O + CO,
data. Hence, the MCO5; + H,O + CO, data were evaluated
first, and thermodynamic solubility constant correlations
were fitted. These were introduced in the MCO; + H,O
model, and the data were evaluated by comparison with
the model results.

* For some cases, the consistency between the data sets was
checked against independent thermodynamic data. For the
specific case of calcite, aragonite, and vaterite, all data
were treated as a single data set, using thermodynamic
data to convert all solubility constants to calcite.

The empirical equations and the thermodynamic model
are discussed below. We stress that the model is used as a
tool for evaluating data, not as an end of its own. Hence, we
do not recommend any model. Thermodynamic data pre-
sented are data either predicted by this particular model, or
most consistent with the model, and should not be construed
as “reference” thermodynamic data.

1.3.1. Empirical equations for solubility

For an empirical equation to be a useful tool in the detec-
tion of outliers in solubility data, it is necessary that the equa-
tion has a realistic temperature and pressure dependence in a
wide range of conditions, with a limited number of adjustable
parameters. To that effect, an equation that mimics some
thermodynamic aspects of alkaline earth carbonate solubility
was selected. De Visscher and Vanderdeelen'® argued that
the solubility (s) of an alkaline earth carbonate is approxi-
mately proportional to the cubic root of the CO, fugacity:

4K K K ay
s/(molkg_l) _ 3 slcqa f(COZ)7 (12)
Koyyp Vlz—lco; bar

where K is the solubility constant of MCOs;, K, is the solu-
bility constant of CO,, K; and K, are the first and second
acid dissociation constant of CO,/carbonic acid, {CO,) is
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the fugacity of CO,, and the y values are activity coefficients.
Hence, the logarithm of the solubility can be written as

1 4K K K ay 1 CcO
lg(%> =zlg 7;(1 +—lg<f( 2))
mol kg 3 Koyye+ VHco; 3 bar

(13)

By assuming an equation of the form a + b/T + ¢ g T for the
first logarithm on the right-hand side of Eq. (13), an equation
of the following form is obtained:

s F(CO,) ¢ T
Ig| ——— ) = bl —+dlg| = |.
g(molkg1> @t g( bar ) JrT/KJr g(K)

Note that the fitting parameters (a, b, ...) in the equations in
this section are not meant to have the same meaning in each
equation. When ideal gas behavior is assumed, the fugacity can
be considered equal to the partial pressure. However, when
such an equation is adopted, all the non-idealities of the system
are absorbed in parameter b (which should approximate 1/3).
Preliminary tests with nesquehonite (MgCO3-3H,0) solubility
data in the MgCO3; + H,O + CO, system showed that this led
to an unrealistically large value of b (0.38), making the equa-
tion unreliable for use in an extended pressure range. Making b
temperature dependent did not solve the problem because it led
to an unrealistically large temperature dependence of b with
the MgCO;+ H,0O + CO, dataset. Instead, a more realistic
assumption relating fugacity to partial pressure was used. When
a second-order virial equation of state of the form,

013105-7

pVm = RT(1 + ap) (15)

is used, then the relationship between fugacity and partial
pressure is

f(CO2)\ _, (P(COs) a_p(CO,)
1g< bar2 > B lg< balr2 ) +ln(lO) balr2 - 19

If it is assumed that a is linearly dependent on temperature,
then the following equation is obtained:

Ig (@) =g <p(§§2)> + bp(CO,) /bar

+ ¢(T/K)(p(CO,) /bar). (17)
Substitution in Eq. (14) leads to an equation of the form,

s p(CO) p(COs)
lg| ——— | = bl -
& (mol kg1> atble ( bar ) ¢ bar

T p(COy) e T
K bar +T/—K+flg(ﬁ>. (18)

+d

Equation (18) showed a more realistic value of b (0.347) in
the preliminary analysis with nesquehonite, and was retained
for the evaluation.

1.3.2. Thermodynamic model for solubility

The following reactions are considered in the model:

MCO;-xH,0(cr) = M?* (aq) + CO3™ (aq) + xH,O(1) K, = (M*)(CO)a, (m°) 2, (19)
CO;(g) = CO,(aq) K. = (COx(aq))f ' (CO2(g)) () (m") ", (20)

CO,(aq) + H0(1) = H (aq) + HCO; (aq) Ky = (H")(HCO3)(COs(aq)) ~'ay! (m*) ™", 21
HCO; (aq) = H (ag) + CO3 ™ (aq) Ky= (H")(CO3 )(HCO; )" (m") ", (22)

H,O(1) = H" (aq) + OH" (aq) K= (H")(OH )ag,' (m*) 7, (23)

M**(aq) + OH™ (aq) = MOH" (aq) Kyion+= (MOH")(M*") ™' (OH™) ™' (m°), (24)
M?*(aq) +CO3 ™ (aq) = MCOS(aq) Kyicor= (MCO3)(M*")~!(CO37) ™ (m"), (25)

M** (aq) + HCOj3 (ag) = MHCO5 (aq) Kyico: = (MHCOY)(M*") ™ (HCO3 ) ™' (m°). (26)
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In Egs. (19)—~(26), round brackets denote activities, f denotes
fugacity, a,, refers to water activity, m° is the standard activity
(1 mol kg™, and ° is the standard fugacity (1 atm was used
as data were compiled in atm). The last equation was treated
as an optional equation in the evaluation, as the existence of
this ion pair has been subject to continuing debate for almost
50 years. The CO, dissolution reaction (Eq. (20)) was only
considered in the so-called open system (see Sec. 1.3.2.1).

1.3.2.1. Model equations for open system. By open
system, we mean the MCO; + H,O + CO, system containing
a solid MCOs; phase, a gas phase containing a known partial
pressure of CO,, and an aqueous phase in equilibrium with
the two other phases.

The condition of charge neutrality in the aqueous phase
leads to the following equation:

2[M**] 4 [MOH*] + [MHCO;] + [H]
= [HCO5] +2[CO3 7] + [OH ] 27)

This equation is written in terms of activities:

2(M*) N (MOH™) N (MHCO;) N (H")

vt VMoH* VMHCO} i
HCO;) 2(CO¥) (OH™

_(acoy) 2(c0b) o)
YHCO; Ycor- Yo~

To calculate solubility, each term in this equation will be cal-
culated in terms of the free metal ion activity (M>"). First a
relationship between free metal ion activity and hydrogen
ion activity is derived from Egs. (19)—(22),

KcKlefl/z(COQ) a(1+x)/2

20\1/2, on1/2
K, (fo)l/z w (M +> (I’}’l ) .

(1) =

(29)

The following relations can be derived from the reaction
equilibria:

f(COz)aw

(HCO5) = KKy sy ()’ (30)

(Co3) = KcKlem (m°)?, (31)

(OH) = i () (32)

(MOH*) = Kyon+ Ks % (m°), (33)
(MCOY) = Koo KoK Ko (C((;j;g%zﬂ (m°)?, (34)
(MHCO?) = KMHCO;KC&W (). (35)
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By substitution of Eq. (29), the following equations can be
derived:

KKK fRCO)a T,
(HCOy) =/ =% o)) (m")2,(36)

o0\2
(CO3") =K, % (37)
Ks (fo)asvl*)‘)/z

(OH™) =K. (m°)*?, (38)

w KCKlK?fl/Z(COZ) (M2+) 1/2

(MOH™)
1/2 (1-x)/2
—K K Ks (M2+) a\()v %)/ (fo)l/Z(mo)l/Z
MOH w KCK]Kz fl/z(Coz) )
(39)
KyicooKs
(MCO§) = =22 ("), (40)
(MHCOY)

KKK, f1/%(CO,)

—x 1/2 o\1/2
:KMHco}+ K ) a&,l *W(M”) (m )1/ )

(4D
Substitution into Eq. (28) leads to the following:
1-x)/2 1/2
2(M?) " Kyon+Kw K a (M**) ()2

Mz YMOH* KK K> fl/2(c02)

Kyucor KKK
x ()4~ S (€Ol
YMHCO! 2

1 KK Ky f'*(CO
" (M2+)1/2(m°)1/2+— KiKo f (1/22)
w VK ()

% q+)/2 (M2+)1/2(mo)1/2

w

_ 1 KKK Oy )ay T
VHCO; K (fO)'/z(M2+)l/2

2K, (m°)?

Yooy @ (M)

KW Ks (fo)asvl —x)/2

013/2
m°)e. (42
vou- V KKKz p12(C0,) (M2Y) 7 (m°) (42)

1/2

This is a fourth-order polynomial in (M>")'/2. After rear-

rangement, one obtains
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KvouKy [ Ko (9)ai™"”  Kunco [KKKif'*(CO2) (1 o
M 2 ()| won VKKK FA(CO) oy VK2 ()2
(m°)* ner (mo)Y? 1 KKKy f2(CO2) (142
ooV Tk o1z e
YH* s (f°) (43)
1/2 -,
- (M2+) / 1 KchKlfl/z(COZ) a(l—x)/z N K, K, (fo)l/za&l )/2
(mo)l/2 Tneoy Vo Ka (f°)1/2 " Yon- VKKK f1/2(COy)

K1

Tcor dy,

This equation has one positive real root, (M”)]/ 2(m°)7'/ 2,
which can be obtained by iteration. The solubility of the
metal carbonate, s, can be calculated as

s = [M*"] 4 [MOH'] 4 [MHCOJ | + [MCOY].  (44)

Substitution of the appropriate equations leads to
(M)

, Kuonky, TR a7 ()
Mt YMoH' KKK,  f1/2(CO,)
% (fo)l/Z(mo)l/Z
Kuncor KK K1 f'2(CO2) (1_0m naain1/2, ovi)2
+ 3 c (fo)1/2 a‘(N )/ (M +) (m ) /

S =

VMHCO; K>
Kucoths 45)
ay,

Equations (43) and (45) calculate the solubility of an alkaline
earth carbonate for a given set of equilibrium constants (and
hence the temperature), including K, and the fugacity of
CO,. In practice, our intention was to derive a value of Kj
for each solubility measurement. For that purpose, the value
of s was determined for different values of K, and K, was
determined from s by iteration. Within each iteration, the ac-
tivity coefficients and the water activity need to be known.
They were calculated with the Pitzer formalism, but for that
the concentration of all the species need to be known. Hence,
an iteration within the iteration was needed where Eq. (43)
was solved with provisional values of the activity coeffi-
cients, and the resulting concentrations were entered in the
Pitzer equations to obtain activity coefficients for the next
iteration, until convergence was reached.

1.3.2.2. Model equations for closed system. By
closed system, we mean the MCO5; + H,O system containing
a solid MCOj; phase and an aqueous phase. Experimentally
this system is much more challenging than the open system
because contamination of CO, from the surroundings can
influence the solubility markedly. Some studies attempted to
minimize this effect by stripping the solution with a CO,-
free gas after addition of MCO;. However, this leads to a
system that cannot be described as MCO5; 4+ H,O. Such sys-
tems were evaluated with great caution, or rejected. Because
the dissolution rate of the MCO3; + H,O system is extremely

low, equilibration can take weeks or months. Also, due to
the low solubility of most MCOj3 + H,O systems, recrystalli-
zation is extremely slow, which increases the risk of crystal
size effects. For these reasons, the evaluation of the open
system was conducted first, and closed system measurements
were evaluated by comparison with model predictions using
K values obtained in the open system evaluation.

Again the charge balance was used as a starting point
(Eq. (28)). This time a second balance is needed, as the
amount of alkaline earth metal in the solution must equal the
amount of total carbonate,

[M*'] + [MOH '] + [MHCO{] + [MCOY]
= [CO,(aq)] + [HCO; ] + [CO3 ]

+ [MHCO7] + [MCOY). (46)

Two species contain both a metal atom and a carbonate spe-
cies, and can be left out of the balance. The equation is writ-
ten in terms of activities,

(M*)

Vvt

. (MOH')

YMoH*

(COr(ag))
Yco,

(HCOy) N

YHCO;

(coi)
Ycor .
(47)

All the activities in Egs. (28) and (47) are written in terms of
the M*>" activity and the H' activity, in order to obtain two
equations with two unknowns,

K, (H")

(HCO:) =& e vy (48)
(COT) =&, m (m°)’, (49)
(OH) = (% ()" (50)
(MOH") = Kyon- K “W(ﬁf)” (), 6D
(COs(aq)) = K’f,;z % (52)
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(MCO3) = KyicooKs l(mo)> (53)
aW
K +Ks (HT
(MHCO; ) = Mmoo (), (54)

K 2 at

w

Substitution of the above equations into Eq. (47), and solving
for the metal ion activity, leads to

K (m°)*

Yeo- a{;,
€O TV (55)
(m°)

K(H')® | K(H")(m)
KiK>)co,a,™  Kavuco; @y,
1 KMOH* Kwaw
e Pmon (HY)

() =

Substitution of the same equations in the charge balance
Eq. (28) leads to

2(M*)  Kyont Kwaw (M*F)
paYes ymon (H')
KMHcong(H+) (HT)
Imnuco; Kaay, Tu
__ k(H)
; Kapyco; @, (M

(m°)

2K
Yooz @ (MPY)
Kyay,

0\2
- Yon- (H') () 0
By substituting Eq. (55) into Eq. (56), an equation in (H") is
obtained, which can be solved iteratively. Once (H") is
known, (M?") can be calculated, as well as the concentration
of all the species. Again, an additional iteration is required to
calculate the activity coefficients and the water activity. The
solubility predicted with the model is compared with meas-
ured values for evaluation.

(m°)*

2 (m®) +

1.3.2.3. The Pitzer ion interaction formalism. Ac-
cording to the Pitzer framework,'* ™ the activity coefficient
of a cation M and an anion X can be described as follows:

Iny, = ZXF + ch 2B.x + ZCcx)

+ Z Mg <2¢)Xa + Z mClpLXa)

+ Z(:>¢" Z mcm(', c’X
Flex] DD memCea +2> mudnx,  (57)
c a n

N9y = 23 F + Y mMa(2Byia + ZChta)

+ Z me <2¢Mc' + Z ma‘ﬁMca)

+ Za>a’ Z mama’l//Maa’
+ zm Z Z memgCeq + 2 Z My fon s (58)
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with

\/_ /
F=-A ( AT ( +b\/_)>+zc:za:mgma8(,a
+ ZC>C/ Z mcm(-’d)”/ + Za>a’ Z m”m“,qsim/' (59)

In the above equations, the subscripts a and ¢ refer to anions
and cations, respectively; z; is the charge number of ion i,
and Z (=), muz, + Y. mz.) is a measure of the charge
molality. B;; and C;; are single-electrolyte parameters, ¢;; is a
binary ion interaction parameter for ions with a charge of the
same sign, ¥ is a ternary ion interaction parameter, and 4,
is an ion-neutral species interaction parameter.

B, and B';; are functlons of i 10n1(: strength and depend on
two mput parameters, /3 and /3 . Parameters C;; are Writ-
ten in terms of input parameters C The parameters ¢;; are
written in terms of input parameters 0;;. Details, as well as
comprehensive tables of ion interaction parameters, are
given by Pitzer.”®> An abridged version of the model descrip-
tion is given in Pitzer.** The Pitzer parameters used in this
volume are given below (Secs. 1.3.3.6 and 1.3.3.7).

In the equations, Ay is the Debye-Hiickel parameter, and b
is a constant, taken to be 1. 2 Methods to calculate A are
given by Bradley and Pitzer,”> and by Archer and Wang.”¢
The latter scheme was used here. The difference between the
two schemes is negligible for the conditions considered in
this review.

1.3.2.4. Some thoughts on the calcium bicarbonate
jion pair. The existence of the calcium bicarbonate
(CaHCOj) ion pair (and other alkaline earth bicarbonate ion
pairs) has been subject to controversy for several decades.
As discussed below (Sec. 1.3.3.6), most studies conducted at
low ionic strength point at the existence of these ion pairs
(e.g., Plummer and Busenberg27), whereas studies conducted
at higher ionic strength do not point at any ion pairing (e.g.,
Pitzer et al.,”® He and Morsezg). De Visscher and Vanderdee-
len’® showed that some calcium carbonate solubility data are
consistent with the existence of the calcium bicarbonate ion
pair, whereas other solubility data are inconsistent with such
an ion pair. Their assumption is that crystal defects (e.g., sur-
face charge) could explain why some solubility data are
seemingly inconsistent with the existence of the calcium bi-
carbonate ion pair.

What may resolve the inconsistency in the data is to assume
that the ion pair exists, but is so weak that it disintegrates at
elevated ionic strength. This could be described mathemati-
cally by means of specific ion interaction coefficients between
CaHCO;Z and the dominant counter ion (e.g., Cl7). Harvie
et al.>' followed this approach for MgOH™. Given the specu-
lative nature of this approach, it was not adopted here, but the
MHCO;7 ion pair was included in the above thermodynamic
models as an optional species in this volume with a stability
constant, as opposed to using Pitzer parameters for the
M?"—HCO; interaction. The model variant with a MHCO7
ion pair (no M(HCOs), Pitzer parameters) will be denoted
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Model 1 in the evaluations; the model variant without
MHCOYJ ion pair (with M(HCO3), Pitzer parameters) will be
denoted Model 2.

1.3.3. Thermodynamic data

For the thermodynamic model, an attempt was made to use
equations generating accurate thermodynamic data in as wide
a range of conditions as possible. However, some of the equa-
tions may lose accuracy rapidly beyond 100 °C or 2 atm CO,
partial pressure. Given the current interest in CO, storage in
underground aquifers in the presence of alkaline earth car-
bonate minerals, studies to extend the validity of thermody-
namic data to more extreme conditions are much needed.

1.3.3.1. Solubility of CO,. Critical reviews of the solu-
bility of CO, have been made by Crovetto®> and by Carroll
et al.** Compilations are available from Scharlin et al.>* De
Visscher and Vanderdeelen'® found that the evaluation of
Crovetto®? at 0-80 °C is more consistent with the thermody-
namic data of CODATA? than the evaluation of Carroll
et al*® Thermodynamic properties derived from different
models are given in Table 1. A more recent review of CO,
solubility data is by Fernandez-Prini e al.>*® However, their
correlation has poor consistency with CODATA.*>
From the above studies, the equation of Crovetto’? is the
most appealing one because of its higher consistency with
CODATA, and because it is based on a large data set. How-
ever, the equation is valid for temperatures up to 80 °C only,
which is not adequate for the current evaluation. Crovetto>”
also developed an equation valid from 100 °C to the critical
point of water. This equation corresponds well with the equa-
tion of Fernandez-Prini er al*° to within a few percent
(except at the critical point), whereas the other correlations
typically deviate 10% or more in the high-temperature range.
The equations of Crovetto®> do not account for the fact
that a small fraction of the dissolved CO, will dissociate to
bicarbonate according to the reaction,
COy(aq) + HO(1) = H'(aq) + HCO; (aq).  (60)
Hence, the Henry constants derived by Crovetto’ are over-
estimates. At a CO, partial pressure of 1 bar, the speciation

TaBLE 1. Thermodynamic properties of the dissolution of CO, at 25 °C
derived from different semi-empirical equations

Source AH° /kJ mol ! AS°/Tmol 'K ™!
CODATAY —19.748 + 0.167* —94.425 +0.61
Harned and Davis’ —19.68 —94.05
Plummer and Busenberg?’ —19.98 —95.24
Carroll et al > —19.43 —93.21
Crovetto™? —19.79 —94.56
Fernandez-Prini et al.>® —19.06 —92.17

New equation —19.881 —94.869

“Confidence interval based on Berg and Vanderzee.>’3%

013105-11

introduces an error ranging from about 0.2% at 0 °C to about
0.6% at 75 °C. Since most experimental data used in the
review of Crovetto®> were at pressures around atmospheric,
the low-temperature equation of Crovetto®> was corrected to
account for this effect. The speciation of dissolved CO, was
calculated at 5 °C intervals in the range 0-80 °C. The ratio
of COy(aq) to total dissolved CO, (including HCO;J (aq)) is
the correction factor that needs to be multiplied by Crovet-
to’s Henry constant to obtain the real Henry constant. The
correction factor f- depends on temperature as follows:

fe =6.9621 x 107°(T/K)* — 6.0423 x 107°(T/K)*
+1.67501 x 107°T /K + 0.84953, (61)

in which T is the temperature in K. This equation is valid in
the temperature range 0-80 °C. The correction was only
applied to the low-temperature equation of Crovetto,’
because the high-temperature equation was obtained at much
higher p(CO,), which favors CO,(aq).

To obtain an equation that is highly accurate in a wide tem-
perature interval, an equation of the same form as Ferndndez-
Prini et al.*® was adopted, and fitted to values of the Henry
constant predicted by the corrected low-temperature equation
of Crovetto®* at 0-80 °C in steps of 5 °C, and to values of the
high-temperature equation of Crovetto™® at 100-360 °C in
steps of 20 °C. Larger steps were taken in the high tempera-
ture range to reflect the fact that the high-temperature correla-
tion is less accurate than the low-temperature correlation. In
its original form, the equation of Fernindez-Prini et al.*®
could be fitted to the values with an accuracy of 0.026 In
units, which was deemed inadequate for the current purpose.
The addition of a constant term to the equation improved the
fit to an accuracy of 0.0064 In units, well within the accuracy
of either equation of Carroll.>* The constant term was statisti-
cally highly significant. The equation is

0355
In (pk—H) _A + Bt +CT " exp(t) +D,  (62)
1v Tr Tr

in which ky is the Henry constant defined as f{COx(g))/
x(COy(aq)) (bar) with f{CO,(g)) the fugacity of CO,(g),
x(CO,(aq)) the mole fraction of CO,(aq), p;y is the saturated
vapor pressure of water (bar), T is the reduced temperature,
T/T. with T, the critical temperature of water, t=1—T,,
and A, B, C, and D are empirical constants.

The fit obtained with this procedure led to a predicted en-
thalpy of dissolution for CO, at 25 °C of —19.98 kJ mol ",
which is too high to be consistent with CODATA?® (see
Table 1). The CODATA value is based on accurate calori-
metric measurements of Berg and Vanderzee.*”*® The cause
of the discrepancy is the fact that both equations derived by
Crovetto®? appear to overestimate ki around 100 °C, leading
to an overestimated temperature dependence of ky at 25 °C.
This is probably due to the limited number of data points in
this range available to Crovetto.**> Adding a term in 7 did not
improve the fit. To eliminate the bias created by this, the
data used in the analysis was restricted to 0-70 °C for the
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low-temperature equation, and 160-360 °C for the high-
temperature equation. This brought the prediction of the
value of A .H° of dissolution of CO,(g) within the confidence
interval of the experimental value of Berg and Vander-
zee.”””® The values of A, B, C, and D are A=—9.14122,
B=2.81920, C =11.28516, and D = —0.80660.

For use in thermodynamic calculations involving electro-
lytes, it is appropriate to convert ky to mol kg~ ' bar !,
which yields the numeric value of the solubility constant for

infinite dilution K,
CO;(g) = COx(aq), (63)

which means K.=55.508/(ky bar ). These values, cor-
rected for pressure using the partial molar volume of Eq. (8)
and converted to a reference pressure of 1 atm, were used in
the evaluations.

Table 2 compares the new equation with the correlations
of Crovetto.>? The agreement is good when the correlations
are compared in their temperature range of application, but
the agreement is less at 80-150 °C. The data compiled in
Scharlin e al.>* do not allow for an unequivocal determina-
tion of non-idealities in dissolved CO,. For that reason, no
such non-idealities were assumed.

1.3.3.2. Salting out of CO,. Salting out of CO, can
have a significant effect on concentration to molality conver-
sions in concentrated salt solutions, at p(CO,)> 10 bar.
Hence, the effect was incorporated in the unit conversions
and in the thermodynamic models.

There are two formalisms to express salting out, which are
mathematically equivalent. The first approach is the Pitzer
approach discussed in Sec. 1.3.2.3. The second approach is

TaBLE 2. Henry constant of CO, predicted in this study and by Crovetto®>

ky (bar) K. (mol kg 'bar™')  ky (bar),low ¢ ki (bar), high ¢

t/°C this study this study Crovetto™? Crovetto>?
0 722.5 0.07683 724.8

20 1427.0 0.03890 1428.7

40 2357.4 0.02355 2345.9

60 3391.1 0.01637 3371.5

80 4378.7 0.01268 4391.6

100 5194.3 0.01069 5312.7
120 5763.2 0.009632 5840.3
140 6064.7 0.009153 6097.2
160 6118.5 0.009072 6115.6
180 5968.1 0.009301 5944.1
200 5665.0 0.009798 5633.9
220 5258.5 0.01056 5230.7
240 4790.2 0.01159 47714
260 4291.7 0.01293 4283.7
280 3784.8 0.01467 3786.0
300 3281.6 0.01692 3288.5
320 2784.8 0.01993 2792.8
340 2283.1 0.02431 2287.4
360 1724.1 0.03220 1721.2
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the Sechenov (sometimes spelled Setschenow) equation,
here applied to CO,,

0
€co, . Cco,
mol 17! mol 17!

KsccCs, (64)

with cco, the CO, solubility (mol 17" in the presence of salt
S, C%Oz the solubility in the absence of salt in otherwise
identical conditions, ¢, the salt concentration (mol 17 1), and
ke (1 mol™") the Sechenov coefficient.

The salt concentration can be indicated by the
concentration-based ionic strength /(cs) as well. In that case
the Sechenov coefficient is denoted kg ... When the Seche-
nov equation is written in terms of molality, the coefficient is
denoted kg,,,,. As with the Pitzer formalism, the Sechenov
coefficients resulting from a salt M, X, can be split into an

. . . . 3
anion and a cation contribution, o

kM,,,XA('(' =m koc +x kch~ (65)

Selected values of k). for the most relevant salts were taken
from Scharlin et al.>* based on the recommended values, and
the evaluator’s assessment of the reliability of the data. The
reader is referred to Ref. 34 for the sources of all the data, but
the most reliable data were generally the ones of Sechenov,*’
Markham and Kobe,41 Onda et al.,42 and Yasunishi and
Yoshida.** The data were used to estimate values of k.. and
kxee» as well as their temperature dependence, in a single
regression. It was assumed that the Sechenov coefficients of
ions of the same charge have the same temperature depend-
ence. K., the Sechenov coefficient of H', is taken equal to
0 by convention. The measured values of k). and their tem-
perature dependence are given in Table 3, together with their

TaBLE 3. Sechenov coefficients for CO, in various electrolyte solutions,34
together with fitted values

Salt T/K ksi(e)e (measured) ksi(e)e (fitted)
HF 298.07 —0.0096 —0.0103
293.02 —0.0130 —0.0070
303.02 —0.0081 —0.0135
HNO; 298.15 —0.0119 —0.0129
288.15 —0.0075 —0.0065
NH4Cl 298.15 0.0242 0.0265
288.15 0.0317 0.0330
(NH4)»SO,4 298.15 0.0518 0.0534
288.15 0.0531 0.0583
308.15 0.0487 0.0485
NH4NO; 298.15 0.0187 0.0106
MgCl, 298.15 0.0581 0.0578
288.15 0.0637 0.0629
308.15 0.0547 0.0526
MgSO, 298.15 0.0671 0.0701
273.15 0.0788 0.0808
313.15 0.0625 0.0636
Mg(NO3), 298.15 0.0465 0.0471
273.35 0.0599 0.0599
313.15 0.0415 0.0394
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TaBLE 3. Sechenov coefficients for CO, in various electrolyte solutions,34
together with fitted values—Continued
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TaBLE 4. Single-ion Sechenov coefficients and Pitzer A parameters for CO,
in electrolytes, with temperature dependence

Salt T/K ksi(e)e (measured) ksi(e)e (fitted)
CaCl, 298.15 0.0626 0.0612
308.15 0.0548 0.0560
Ca(NOs), 298.15 0.0504 0.0506
SrCl, 295 0.0667 0.0667
281 0.0750 0.0739
289.4 0.0720 0.0696
303 0.0590 0.0626
BaCl, 298.15 0.0715 0.0715
LiCl 298.15 0.0749 0.0832
Li,SO,4 298.15 0.1036 0.0912
NaCl 298.15 0.0995 0.0945
288.15 0.1010 0.1010
308.15 0.0931 0.0880
NaBr 298.15 0.0842 0.0887
288.15 0.0981 0.0952
293.15 0.0874 0.0920
Nal 293.15 0.0726 0.0772
Na,SO,4 298.15 0.0983 0.0987
288.15 0.1072 0.1036
308.15 0.0894 0.0938
NaNO; 298.15 0.0777 0.0786
288.2 0.0874 0.0850
308.15 0.0723 0.0721
KC1 298.15 0.0664 0.0667
KBr 298.15 0.0672 0.0609
KI 298.15 0.0541 0.0495
KNO; 298.15 0.0429 0.0508
273.15 0.0682 0.0670
313.15 0.0372 0.0411
RbCl 298.15 0.0580 0.0580
CsCl 298.15 0.0440 0.0440

fitted values from the regression. The estimated single-ion
Sechenov coefficients are given in Table 4, as well as their
temperature dependence. Table 4 also contains /Aco,; values
for the Pitzer formalism (in concentration units), together
with values put forward by Harvie et al.,31 Pitzer,23 and He
and Morse® (in molality units). Despite the difference
between concentration and molality, the agreement is fairly
good. The estimates also correlate fairly well with the Seche-
nov values for benzene estimated by De Visscher.> The esti-
mates were used in the compilations for unit conversion, and
in the evaluations for modeling (assuming k.. = kg, as an
approximation). As can be seen from the tables, there are no
data for bicarbonates and carbonates. However, ions with
charge —1 tend to have a low Sechenov coefficient, and car-
bonates do not occur at high concentrations in the systems
studied. Hence, it is assumed that the Sechenov coefficient
(and corresponding Pitzer parameters) are equal to O at
298.15 K for both ions. For the sake of consistency, the tem-
perature dependence was assumed to be the same as the tem-
perature dependence of similar (2-1 or 2-2) electrolytes. The
only alkaline earth carbonates with sufficiently high solubility
to create significant salting out of CO, are nesquehonite and
lansfordite.

Ai,co, 2ico”
Kice (298.15 K) (298.15 K)
Ion (i) (298.15 K) (this study) (Refs. 23, 29, and 31)
H* o° o° o°
Lit 0.0802 0.0923 —
Na* 0.0915 0.1054 0.100
K" 0.0637 0.0734 0.051
Rb* 0.0550 0.0633 —
Cs* 0.0410 0.0472 —
Mg** 0.1673 0.1926 0.183; 0.19460
Ca** 0.1776 0.2045 0.183; 0.19775
Sr2* 0.1892 0.2178 —
Ba*" 0.2085 0.2401 —
NH; 0.0236 0.0271 —
F —0.0103 —0.0119 —
- 0.0030 0.0034 0.005°
Br~ —0.0028 —0.0032 —
I —0.0143 —0.0164 —
NO3 —0.0129 0.0149 —
Nora 0.1131 0.1302 —
HSO; — — —0.003
dkjce di; _
Charge # /Kil %/K I
+ o° o°
- —0.000649 —0.000747
24 —0.000247 —0.000284
2— —0.001474 —0.001697

“In molality units.
"By convention.
“Harvie et al.>' report —0.005.

1.3.3.3. Fugacity of the gas phase. The evaluation of
Crovetto? of CO, solubility, on which the correlation used
here is based, explicitly accounts for non-idealities of the gas
phase. Hence, for consistency, the model used here should
incorporate such effects as well. Crovetto®> used second vir-
ial coefficients to calculate gas fugacities at low temperatures
(<80 °C) and low pressures (<2 atm), and cubic equations
of state at higher temperatures and pressures. In the current
evaluation, the objective is to achieve high accuracy (<0.1%
error in fugacity) in as high a temperature range as possible,
but at least in the 0—100 °C temperature and 02 bar pressure
range. We followed Crovetto®” in adopting the virial equa-
tion, but we included third virial coefficients as well. Virial
equations are usually written in terms of molar volume or
density, but following Spycher and Reed** we used pressures
instead. The relevant equations are given below. For a pure
gas, the compressibility factor is calculated as

Z=1+Bp+Cp* (66)
in which B’ and C’ are the second and third virial coefficients
of the pure compound, and p is the total pressure (bar). B’

and C’ are functions of temperature, calculated as described
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below. For a binary mixture of gases i and j, the compressi-
bility factor is calculated as

Z=1+B,p+ Crip’, (67)
in which
2 2
B = YiBj; + 2yiy;B; + v B}, (68)
Chuix = Y7 Clii + 3v%3,Clys + 3y Cly + 57 Clj (69)

In these equations, B'; and B'j; are second virial coefficients
of pure i and pure j, respectively. B';; is a second virial inter-
action parameter. C';;; and C';;; are third virial coefficients of
pure i and pure j, respectively. C';; and C';; are two different
third virial interaction parameters. y; and y; are mole frac-
tions of components 7 and j, respectively.

The basis of our fugacity model is the work of Spycher
and Reed,** who proposed equations to predict all the second
and third virial coefficients of the H,O-CO, system at tem-
peratures up to 350 °C. A more complicated system spanning
a much wider range of conditions has been proposed by
Duan et al.,45’46 but their level of detail is not required for
the current application.

The equations of Spycher and Reed were critically eval-
uated using independent data. Pure H,O virial coefficients
were tested with predictions of the Wagner and PruB® equa-
tion of state. Pure CO, virial coefficients were tested with
predictions of the Span and Wagner*’ equation of state. Mix-
ture data were evaluated with data of Patel and Eubank,48 an
accurate data set that was not used to derive the Spycher and
Reed equations.

Pure H,O vapor compressibility factor predictions (92 in
total) were made from the Wagner and PruB® equation of
state from low pressure to saturated vapor pressure, in the
temperature range 0-225 °C. The data were predicted well
with the Spycher and Reed fugacity model, with a standard
deviation of 0.00080 in Z. However, systematic deviations
were observed, and a re-evaluation of the parameters yielded
a markedly improved fit, with a standard deviation of
0.00022 in Z. The resulting equations are

Bjyomo/bar ' = by/(T/K)* + by /(T/K) + by,  (70)

in which T is the temperature (K), and b, =—12740.03,
by =43.67297, by = —0.0403470.

C;{ZO,HZO,HZO/baf2 = 2/(T/K)* +c1/(T/K) +co, (T1)

in  which ¢,=-72.2734,
=0.000209532.

Pure CO, vapor compressibility factor predictions (148 in
total) were made from the Span and Wagner®’ equation of
state, from low pressure to saturated vapor pressure, from
0 °C to the critical temperature, and up to 100 bar above the
critical temperature, up to 225 °C. If the critical region was
avoided, the Spycher and Reed fugacity model performed

¢1=0.0196293, and ¢
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moderately well, but inadequately for the current purposes,
with a standard deviation of 0.0084 in Z, 10 times less accu-
rate than the original model for H,O. Again, systematic devi-
ations were observed, especially at 0-100 °C. A re-
evaluation of the parameters improved the fit to a standard
deviation of 0.0033 in Z, still inadequate for the current pur-
pose. The systematic deviations remained, with most of the
lack of fit attributable to incorrect temperature dependence
of B’ and C'. Hence, the equations for B’ and C’' were
expanded to

Bo, co,/bar™" =b3/(T/K)* +by/(T/K)* +b1/(T/K) + b,
(72)

Cé:oz,coz,coz/b"ﬁ‘r_2 =c3/(T/K)* + e2/(T/K)
+C1/(T/K) + ¢p. (73)

This reduced the standard deviation considerably, but now
systematic deviations occurred near the critical region, due
to the inadequacy of the cubic virial equation. The points
with the highest deviation between the Span and Wagner®’
equation and the virial equation were progressively elimi-
nated until the fit between the models for the remaining data
were of the same accuracy as the pure H,O equations and the
mixture equations (see below). After eliminating 7 points, a
standard deviation of 0.00022 in Z was obtained, and none of
the residuals exceeded 0.001. The resulting coefficients were
by =—414041

by, =2249.61

by =—-6.01878
by =0.0056274
c3=—8869.62
¢, =48.8470
c¢;=-—0.0859163

co=0.000048233

The equation is valid for pressures up to 21 bar at 0 °C, up
to 28 bar at 25 °C, up to 48 bar at 50 °C, up to 100 bar at
75 °C, up to 75 bar at 100 °C, and up to 100 bar at 125—
225 °C. It was noted that inclusion of points near the critical
region caused systematic deviations in the entire pressure
range. This, in combination with the larger temperature range
of the original equations, is probably what caused the system-
atic deviations of the original model. At pressures above the
validity range, the equation of state of Span and Wagner*’
was used for calculations, assuming that the influence of
water vapor at such high CO, partial pressures is negligible.

A moderate agreement between the Patel and Eubank™®
data and the original model of Spycher and Reed** was
observed (standard deviation 0.0069 in Z), which improved
slightly after optimizing the pure-substance virial coeffi-
cients (standard deviation 0.0066 in Z). Re-estimation of the
coefficients in the equations improved the fit to a standard
deviation of 0.0012. Analysis of the residuals revealed that
there was an outlier in the data reported by Patel and
Eubank.*® As the residual of this point was almost exactly
—0.02 in Z, it is assumed that there was a typing error in the
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original paper. At T=473.15 K, p=21.8205 bar,
¥(CO,) =0.90, the reported value of Z=0.99710 should be
corrected to Z=0.97710. This improved the fit to a standard
deviation of 0.00020. Remarkably, this standard deviation is
less than half of the measurement uncertainty estimated by
Patel and Eubank™® for their own data (0.05%). At 2% water,
where the influence of water is very limited, the standard
deviation is about 0.00024, indicating that the data of Patel
and Eubank are highly consistent with the Span and Wag-
ner*’ equation of state. It is concluded that the data set is reli-
able enough for use in a critical evaluation. The virial
coefficients of interaction between H,O and CO, can be cal-
culated as follows:

Biy,0.co,/bar ! = —2641.62/(T/K)?
+9.29205/(T/K) — 0.009 1800, (74)

Cli0.1,0.c0,/bar 2 = —80.8005 /(T/K)?
+0.2949213/(T/K) — 0.000 264 526,
(75)

Cli,0.c0,.c0,/bar > = —1.198 6/(T/K)?
+0.0025559/(T/K) + 0.000 000 207.
(76)

From the virial coefficients, the fugacity coefficients ¢ can be

calculated. For a pure gas, the fugacity coefficient is given by
c’ 2

lndb:B'p—i—Tp. (77)

For component 7 in a binary gas mixture of components i and
J» the fugacity coefficient ¢, is given by

Ing, = (2()’13,11' +Y2B/2i) - B:nix)p
2
+(3 ()’%Cﬁl + 2y192Cly, +Y§C:‘22) - zqnix)%'
(78)

For this equation, the total pressure was converted from
atmosphere to bar.

1.3.3.4. Dissociation  constants  of  carbonic
acid. Accurate estimates of K; and K, of CO5(aq) are cru-
cial for an accurate determination of the solubility constant
based on solubility measurements. Langmuir*® pointed out
that CaCO; solubility measurements based on p(CO,) and
m(Ca2+) were inconsistent with solubility measurements
based on p(CO,) and pH when the value of —1gK; accepted
at the time (6.362 at 25 °C) was used, but that the inconsis-
tency disappeared when an older value of Harned and
Davis™® was used (6.351). The value of 6.362 has been pro-
ven incorrect in the meantime.

The most widely used correlations for the dissociation
constants of carbonic acid are the ones of Plummer and

013105-15

TaBLE 5. Enthalpy and entropy of the first dissociation of CO, at 298.15 K
estimated from different sources

Source AH° kI mol™"  AS° /T mol ™' K™
CODATA® 9.155+0.063*  —90.91*+1.13
Plummer and Busenberg®’ 9.109 —91.052

Li and Duan™ 9.063 —91.366
Harned and Davis®® (new smoothing) 9.407 —90.044
Harned and Davis®® reanalyzed 9.155" -90.819
New equation 9.155° —-90.813
Confidence interval based on Berg and Vanderzee.*”"

"Forced.

Busenberg.”’  Their equation yields a value of

—IgK, =6.351, consistent with Harned and Davis.”® De
Visscher and Vanderdeelen'® pointed out that this value is
slightly different from the value obtained with CODATA,*
and suggested a way to establish consistency with
CODATA.?® The values of the enthalpy of reaction and the
entropy of reaction at 25 °C are given in Table 5.

It is interesting to note that Plummer and Busenberg®’ did
not trust the values of the Henry constant of Harned and
Davis,50 but did consider the values of the first dissociation
constant of CO,(aq) (K;) of the same authors to be highly
accurate. The determination of K; with the methodology of
Harned and Davis™ requires values of the Henry constant, so
an incorrect value of the Henry constant would propagate
into an incorrect value of K. Plummer and Busenberg”’ did
not make any attempt to correct for this effect. Their equation
for K| as a function of temperature yields values that corre-
spond well with those of Harned and Davis™ (standard devia-
tion 0.00099 1g units). Hence it is worthwhile to consider the
accuracy of the Harned and Davis ® Henry constants.

When the Henry constants of Harned and Davis™® are
compared with predictions of the new equation derived in
this study, deviations up to about 1.9% are obtained. The
main causes of the difference are experimental error, incor-
rect smoothing (when the smoothing technique of Harned
and Davis™ is repeated, the values obtained differ by up to
0.0036 lg units from the smoothed values reported by the
authors), assumption of ideal gas, and neglecting dissociation
of CO,(aq). The values of K; of Harned and Davis™® were
recalculated using the procedure given below.

The original raw data were obtained with a Harned cell
(i.e., a platinum electrode in the presence of hydrogen gas
and a silver chloride-silver electrode without liquid junction)
using a CO,-H, mixture as the gas phase.”® Care had been
taken to have barometric pressure and an equilibrium water
vapor pressure in the cell. Measurements were done at 0—
50 °C, various CO,-H, mixing ratios, and an equimolal
mixture of NaCl and NaHCOj; in aqueous solution with
molalities m; of each salt ranging from 0.002 m to 0.1 m.
The electromotive force of the cell is given by

RT H,)'/?
g—p 4 KL ()

F (i a(Cr) )
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with E° the standard potential of the electrochemical cell
(V), R the ideal gas constant (8.314472 J mol ™' K™1),’' F
the Faraday constant (96 485.3383 C mol™"),’! f(H,) the fu-
gacity of H,(g) (bar), and a(H") and a(C1") the activities of
H™" and Cl™, respectively. The values of E° were taken from
Harned and Ehlers,52 and converted to 1 bar standard
pressure.
The equilibrium constant K is defined as

a(H")a(HCOY)

K= Coraq)ay

(80)

In the present analysis, CO,(aq) and H,O are assumed to be
an ideal solute and an ideal solvent, respectively. Hence,
a(COy(aq)) =m(COy(aq)) and a,, =x(H,O). An auxiliary
variable, K|, is defined as

7(C17)

A i
'y (HCOy)

81

In K| the electrostatic effects of the activity coefficients are
cancelled, leaving only specific ion interaction effects.
Hence, at the low concentration limit, K’; can be expected to
depend linearly on electrolyte concentration m;. Together
with the definition of the solubility constant of CO,,

m(CO,(aq)) (f°) m(COx(aq)) (%)

Ke =5(C0x(e) (m) ~ $(COA(e)) p(COA(e)) ()’
(82)

the above equations can be combined and solved for
_lg([(ll)’

~leKi = g7 fn o EmE) - %lgp((flj;)
VAP

In the calculation, it was assumed that H, did not have an
effect on the fugacities of HO and CO, in the gas phase. For
each experimental point of Harned and Davis,’® the corre-
sponding value of —Ig(K’;) was calculated. To account for
non-idealities of the gas phase, the values of (p(CO,)
+ p(H,0)) and y(H,O) were determined iteratively to obtain
the desired values of f{H,O) and p. Fugacity coefficients were
determined using the model described above. The 252 data
points were fitted to an equation of the following form:

B
—1gK' =A+——+Clg(T/K) +DT/K
8K = A+ g + C 18(T/K) +DT/

+ Emy (o) +F%. (84)

Note that italic K stands for equilibrium constant, whereas
roman K stands for kelvin (needed to balance units). Prelimi-

nary analysis, as well as simple smoothing of the original K
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data, indicated that there is a slight inconsistency with the
CODATA? enthalpy of reaction at 25 °C. The latter is based
on accurate calorimetric measurements of Berg and Vander-
zee.>3® For that reason, Eq. (84) was made consistent with
the measured enthalpy of reaction of H;=9155 J mol ' at
T, =298.15 K using the approach described below. The pro-
cedure is derived here for the more general temperature rela-
tionship of Eq. (85).

B E
IgK =A+ ——+ Clg(T/K) + DT/K + ———. (85
g g O/ +DT/ T 8

The enthalpy of reaction is given by the following general
equation:

o _ ppodInk

AH =In10-R

dlgk
T>—<°—. 86
T (86)

Equation (85) is substituted into Eq. (86) and applied to
ArHO :Hl forT= T],

2F
H1:1n10~RT12( + ¢ +D )

CTIK Wlo-T, ' T3/K?
87)
Equation (87) is solved for D,
H B C 2F
D ! (88)

T RI/KIn10  TK T,n10 | 73/K2
Substitution of D in Eq. (85) leads to

1T
lgK — T~ B
e R0 AT (T/K+T12/K>

T
+ (lg(T/K) i 10)c
1 2T
+ (—TZ/KZ —|——T13/K2)E. (89)

Coefficients A, B, C, and E can be obtained by linear regres-
sion of 1gk — H,T/RT#n 10 using 1/T + T/T?, 1g T-T/T,
In 10, and 1/T? + 2T /T, ? as independent variables. With an
equation of the form of Eq. (84), the coefficient £ in Eq. (89)
becomes zero.

The model fit revealed that the data set contained a large
number of outliers. These outliers tended to cluster, indicat-
ing that their nature was not random. Hence, all experimental
data with a deviation of at least 3 standard deviations between
the experimental value of —1g(K’;) and the fitted value were
eliminated, and the regression was repeated. Each successive
regression revealed new outliers. During the analysis it was
observed that all six experimental values of —Ig(K’;) at
m; =0.10385 mol kgfl were above the fitted values, indicat-
ing that this is also a cluster of outliers. Since the next value
of m; was 0.03687 mol kg ™', there was no reliable way of
testing the accuracy of these data. For this reason, all data at
m; =0.03687 mol kg~ were discarded. Eventually 231 data
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points were retained for the final regression. This regression
led to the following coefficients for Eq. (84):

A =—-499.857 532

B=16097.228

C=1959808158

D =—-0.109 766 58

E=-0.987 44

F=190.28

The sum of squares of the residuals was 0.006338, leading
to a standard deviation of 0.00530 Ig units between the ex-
perimental values and the fitted values of —1g(K’;). A value
of =0.0159 was used as a threshold deviation for defining
outliers. The residuals of the remaining data were checked
for correlation with p(CO,). The correlation coefficient
obtained was 0.05. Hence it was concluded that the non-
ideality of the gas phase was accounted for adequately, and
non-ideality of CO,(aq) was negligible. Equation (89) was
used to generate K; values (m; =0) at 5 °C intervals from
0-50 °C. The results are shown in Table 6 together with the
original values of Harned and Davis.>

As indicated above, the equation of Plummer and Busen-
berg?’ for K, corresponds well with the original values of
Harned and Davis.’® At higher temperatures, the values corre-
spond well with the data of Read™ (standard deviation 0.011
Ig units). A more recent correlation was developed by Li and
Duan.>* This correlation does not follow the values of Harned
and Davis as well (standard deviation 0.0092 lg units, almost
10 times higher than the Plummer and Busenberg®’ equation).
This is probably because Li and Duan® included data in the
derivation that was considered inaccurate by Plummer and
Busenberg.”” The major advantage of the Li and Duan®
equation is that it includes the effect of pressure. Other stud-
ies that became available since the study of Plummer and
Busenberg®’ are Patterson e al.>> and Park et al.>® Neither of
these seems to agree with the well-established earlier studies
to within experimental error, and were not considered here.

The temperature-dependent portion of the equation of Li
and Duan™ has the same form as the equation used by
Plummer and Busenberg.?’ Such an equation was fitted to
the data of Read”” at water vapor pressure and the reanalyzed

TaBLE 6. Values of —lg(K;) from the Harned and Davis®® experiments
obtained with different data analysis techniques

Original data —lg(Ky) Combined with Plummer and
t/°C analysis Reanalyzed Read™ data Busenberg27
0 6.5787 6.57944 6.57860 6.57782
5 6.5170 6.51517 6.51463 6.51555
10 6.4640 6.46080 6.46044 6.46258
15 6.4187 6.41535 6.41507 6.41802
20 6.3809 6.37792 6.37764 6.38108
25 6.3519 6.34768 6.34738 6.35106
30 6.3268 6.32388 6.32363 6.32733
35 6.3094 6.30582 6.30576 6.30933
40 6.2978 6.29286 6.29489 6.29655
45 6.2902 6.28442 6.28558 6.28855
50 6.2851 6.27996 6.28237 6.28493
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data of Harned and Davis,5 0 and combined with the pressure-
dependent portion of the equation of Duan and Li*’ (the coef-
ficients of Li and Duan®* contain errors). Because of the dif-
ference in accuracy of the measurements, the data of Harned
and Davis” obtained in an electrochemical cell were given a
ten times higher weight than the data of Read™ obtained with
conductivity measurements. When the heat of reaction at
298.15 K was not forced to be 9155 J mol ! (the value of
Berg and Vanderzee®"*®), a significantly different value was
obtained. Hence, the value was forced to be 9155 J mol !
using the approach expressed in Eq. (89). The result is

B T T E
IgK) =A+— lg=+D—-+—>
2K +T/K+C gK+ K+(T/K)2
T
F ¢ Meg)lip p
+ + 5+ (———)
T/K (T/K) T/K | \bar bar
T
Klg—
I J g v\ 2
+ 2+ K (i_p_) , (90)
T/K  (T/K) T/K | \bar bar

with

A =—-441.490 479

B=26901.0527

C=157.201 690 7

D=-0.072 199 67

E=-20038784

F=-19.578 015 21

G =925.620014 9

H=06.714 256 299

1=0.003 645 431 058

J=-0.174 388 404 4

K=-0.001 240 187 350

In Eq. (90), p, is the maximum of 1 bar and the saturated
vapor pressure of water. Predictions of Eq. (90) at 0-50 °C are
given in Table 6. The standard deviation between this equa-
tion and the reanalyzed data of Harned and Davis® is about
0.001 lg units. The standard deviation between the equation
and the data of Read™ is about 0.012 Ig units. Thermody-
namic properties of the first dissociation of CO,/carbonic
acid were calculated from Eq. (90) and compared with other
sources. The result is shown in Table 5. The reanalysis yielded
an entropy very close to the CODATA™ value.

The new equation (Eq. (90)) was used in the calculation of
K, in the evaluation.

Few determinations of K, of CO,/carbonic acid are avail-
able in the literature. The most accurate determination is by
Harned and Scholes.”® These data do not suffer from the
issues associated with determinations of K, because the CO,
concentration in the gas phase is negligible. Plummer and
Busenberg®’ relied heavily on these data for the determina-
tion of their semi-empirical equation for K,. Thermodynamic
data derived from this equation are not consistent with
CODATA® to within experimental error (see Table 7). The
enthalpy of reaction derived from the Duan and Li®’ equa-
tion was closer to the CODATA™ value, but this equation
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TaBLE 7. Enthalpy and entropy of the second dissociation of CO, at
298.15 K estimated from different sources

Source AH° /KJ mol ™' AS°/J mol ' K™*
CODATA® 14.698 £0.105*  —1484 = 1.5
Plummer and Busenberg?’ 14.901 —147.766
Plummer and Busenberg?’ recalculated 14.698" —148.433
Duan and Li*’ 14.681 —148.754

“Confidence interval based on Berg and Vanderzee. 37,38

Forced.

was not considered, for the same reason as with K;. There-
fore, predictions of Eq. (85) with the original Plummer and
Busenberg?®’ coefficients were generated at 5 °C intervals for
temperatures from 0 to 220 °C. New coefficients were then
calculated by linear regression using the approach of Eq.
(89) and the heat of reaction calculated from CODATA.*
Ig K, data at 0-50 °C were given a 10 times higher weight
than the rest of the data, because this is the temperature range
of the electrochemical data of Harned and Scholes,”® which is
considered more accurate than other data sets. Again, pressure
dependence as calculated by Duan and Li®’ was included in
the equation. The following result was obtained:

T T E
lgK A+—+C1 Dt
UK K (1/K)?
H1 T
| A O TR (2P
T/K (T/K)*>  T/K | \bar bar
KlgT
I J Kl/p pv)2
—— 91
i T/K+(T/K)2+ T/K (bar bar/ ’ ©D
with
A=-332.5306
B =17 540.07
C=120.13393

D =—0.065 459 69

E=—1277752.3

F=-12.81797624

G =0603.241703 5

H=4.419 625 804

1=0.001 398 425 42

J=-0.071418 479 43

K=-0.000473 667 239 5

The entropy of reaction derived from this equation is consist-
ent with CODATA® to within experimental error (see Table 7).

1.3.3.5. lonization constant of water. The most com-
prehensive evaluation of the ionization constant of water is
by Marshall and Franck.’® They developed an equation cal-
culating 1g K, as a function of temperature and water den-
sity. Naturally, the equation is very sensitive to the value of
the water density, so very accurate values need to be used.
Marshall and Franck derived their equation using the 1967
steam tables,60 which are somewhat different from the more
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recent Wagner and Pruf8® equation of state. The effect of the
difference on the predictions of the Marshall and Franck
equation is less than 0.001 lg units at low temperature, and
0.001-0.003 at 200-300 °C. Given the fact that the exact
value of K,, is not critical for thermodynamic calculations
related to alkaline earth carbonate solubilities, this accuracy
is sufficient. In the evaluation, pure water densities for K,
were calculated with the Wagner and Pruf® equation of state.
In the course of this study, a new standard for 1g K, values
was published by Bandura and Lvov.®' For applications in
aqueous solution thermodynamics, the difference between
the old and new formulations is small (a few percent or less).

The AH° of ionization predicted by the equation of Mar-
shall and Franck® was 55.557 kJ mol ™', slightly different
from their own reported value (55.65 kJ mol_l), and signifi-
cantly different from the CODATA®® recommended value
(55.815 = 0.08 kJ mol'). The formulation of Bandura and
Lvov®! (Model 1II in their paper) leads to a AH° value of
56.378 kJ molfl, even less consistent with the CODATA
value. The new formulation was not used for that reason.
Note that the uncertainty of 0.08 kJ mol ™" is a conservative
estimate, based on the uncertainty of the individual com-
pounds. In critical evaluations where accurate values of K,
are more important, a re-evaluation of Model II of Bandura
and Lvov®' would be useful.

1.3.3.6. Metal-carbonate ion pairing. Both bicarbonate
and carbonate can form ion pairs with alkaline earth metal
ions in aqueous solution. The metal carbonate ion pair is
only significant at extremely low solubility, i.e., at low CO,
partial pressure, and at high pH. The metal-bicarbonate ion
pair has a significant effect on solubility calculation at all
conditions and slightly influences the CO, partial pressure
dependence of the solubility. Unfortunately, the properties of
MHCO; are more subject to debate than the properties of
the MCOY ion pair.

The relevant stability constants of the ion pairs are defined
as follows:

P (MHCOY) ©2)
e W) (HCO; )

MCO?
KMCOQ = ( 3) 93)

(M*)(co3™)

The first measurements of MgHCO; and CaHCO; were
made by Greenwald®* using a titration technique and solubil-
ity measurements in KHCOj; at approximately 22 °C. With
the titration technique, Greenwald found a value of Kyyco:
of 5.9 = 0.3 for Mg and 6.3 = 0.4 for Ca. Based on solublhty
measurements, a value of 6.6 = 1.0 was obtained for Ca.
Jacobson and Langmuir® were very critical of these results.
They were obtained at supersaturation with respect to the
alkaline earth carbonate, so there was a risk of precipitation,
which would have led to an overestimate of the stability con-
stant. Also, recalculated values were quite different from the
original ones.
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An overview of experimental values of KMHCO+ is given in
Table 8. Data of Neuman e al., Hostetler Langmulr 66
Nakayama,®” Jacobson and Langmuir,> Martynova ez al.,®®
Pytkowicz and Hawley,69 Siebert and Hostetler,70 Plummer
and Busenberg,27 Le Guyader et al.,71 Busenberg et al.,72 and
Busenberg and Plummer’? are listed. The tabulated values are
not very consistent, as was also observed by Burton.”* In
Burton’s’* review, it was suggested that the determination of
stability constants depends on assumptions about the existence
of other ion pairs, e.g., in the calculation of the ionic strength.

It has been observed that the association of metal bicar-
bonates has a pronounced Ac), as does the first dissociation
of carbonic acid. However, the following reaction has a neg-
ligible Ac,:

M?*(aq) + H,0(1) + CO,(aq) = MHCOJ (aq) + H"(aq).
94)

013105-19

Hence, the equilibrium constant K of this reaction can be
described as A + B/T with great accuracy over an extended
temperature range.”

Hence, it is much easier to determine the temperature de-
pendence of the equilibrium constant of reaction (94). Based
on this idea, and the data of Table 8, an equation of the form
A+ B/T was fitted to the data, transformed to Eq. (94) by
adding Eq. (21) to Eq. (26) (i.e., adding Eq. (90) to the
Ig Kyco: data), and the resulting equation was transformed
back to an equation for Ig Kyinco; by subtraction of Eq. (90).
The result is an equation of the form of Eq. (85). For
lg KMéHCO* and Ig Kcanco: » the data of Pytkowicz and Haw-
ley® were discarded as they reported stoichiometric instead
of thermodynamic constants and the results deviated by
almost an order of magnitude from other data; for
ngCcho;’ the datum of Neuman er al.®* was discarded
because the temperature of the experiment was not reported,

TaBLE 8. Stability constants of alkaline earth bicarbonate ion pairs

Source M t/°C IgK Method
Greenwald® Mg 22 0.771 = 0.022 Titration®
Ca 22 0.799 = 0.027 Titration®
0.820 £ 0.061 Solubility of CaCO;"
Neuman er al.%* Ca ni® 0.387 + 0.095 Cation exchange; /=1 mol 1
Hostetler® Mg 25 0.95*=0.1 pH of CO,/MgCl, solutions
Langmuir®® Mg 25 1.37 PpH and solubility of nesquehonite
Nakayama®’ Ca 25 1.249 = 0.019 Ca-selective electrode®
1.268 = 0.027 pH of CaCl,/CO; solutions®
Nakayama and Rasnick® Ba 25 1.519 + 0.024 pH of BaCl,/CO, solutions
Sr 25 1.244 £ 0.039 pH of SrCl,/CO, solutions
Jacobson and Langmuir®® Ca 15 0.88 Conductometry
25 0.99
35 1.16
45 1.29
Martynova et al.%® Ca 22 1.27 Ton-selective electrodes’
60 1.64
70 1.77
80 1.82
90 1.94
98 2.01
Pytkowicz and Hawley® Mg 25 0.21 Titration®
Ca 25 0.29 Titration®
Siebert and Hostetler® Mg 10 1.051 =0.018 Potentiometric titration
25 1.066 +0.012
40 1.108 = 0.006
55 1.160 = 0.011
70 1.230 £0.017
90 1.337 £0.007
Plummer and Busenberg?’ Ca 25 1.29 £0.04 pH of bicarbonate solutions’
4.4 0.91 £ 0.06 Solubility of aragonite at varying p(CO,)
15.1 0.97 £ 0.06
25 1.14 +0.07
35 1.17 £0.07
45 1.21+0.10
65 1.21 +0.08
80 1.27 +0.08
90 1.35+0.10
Le Guyader ez al.”' Ca 25 1.14 Solubility of calcite at varying p(CO,)
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TaBLE 8. Stability constants of alkaline earth bicarbonate ion pairs—Continued

Source M t/°C IgK Method
Busenberg et al.”? Sr 5 0.933 = 0.058 pH of bicarbonate solutions
5.3 0.846 = 0.216
25 1.142 £ 0.068
25 1.220 £ 0.080
45 1.455 £0.027
46 1.505 +0.093
60 1.699 = 0.068
80 2.020 = 0.030
Busenberg and Plummer”? Ba 5 0.764 = 0.074 pH of bicarbonate solutions
25 0.935 = 0.063 pH of bicarbonate solutions
25 1.049 = 0.022 Conductometry
25 0.950 = 0.050 Witherite solubility at varying p(CO,)
45 1.225 = 0.021 pH of bicarbonate solutions
60 1.467 £ 0.057
79.3 1.753 £0.061
80 1.752 £0.084

*Methods were criticized by Jacobson and Langmuir.%®
®Not indicated.
©Accuracy probably overrated.®®

9Unclear method, especially on data analysis and interpretation.

“Value reported is the stoichiometric stability constant.
fAverage of two different electrode solutions.

and because of deviation from the other data. Due to fewer
data points and the lack of consistency between studies, the
Ba data should be considered with more caution than the
other data. The following coefficients were obtained:

C =—-157.2016907

D =0.072199 67
E =2003878.4

forall Ig K; MHCO;}

A =437.909 531
B =-27415.3023

for 1g KMcho;

A =439.872327
B = —27988.8390

for 1g Kcanco;

A =442.037210
B = —28608.2259

for Ig KSrHco3+

A = 440.836 635
B = —28283.5739

for 1g Kpancor

The activity coefficient of MCOY has also led to confusion in
the literature. Reardon and Langmuir’® investigated the ac-
tivity coefficient of MgCOg and found that it followed the
following relationship with the ionic strength at 25 °C:

lg7(MgCOj) = —0.631. (95)

This is a much stronger ionic strength dependence than normally
encountered with neutral species. Millero and Thurmond’’ found
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lgy(MgCOJ) = +0.056/. (96)

Konigsberger er al.”® also found an increase of the activity
coefficient of MgCO] in the presence of NaClO,
(A(MgCOJ,ClO;) = 0.081). In a later paper, a slight
decreasing effect was found (4(MgCOY,ClO;) = —0.07),”
which was the result of a slightly different choice for the
stability constant of MgCO(3). A non-zero value of
2(MgCOJ,CIO;) could indicate that what Reardon and
Langmuir’® observed was a specific ion interaction.

Greenwald® estimated Kytgcoq to be 230 and K9 to be
1000, based on titration experiments at approximately 22 °C.
Reardon and Langmuir’® found a value of 690 for Mg at
25 °C in their determinations of the activity coefficient of the
ion pair. An overview of these and other literature values is
given in Table 9. Values of Nakayama,®’ Nakayama and
Rasnick,80 Lafon,81 Benes and Selecké,82 Martynova et al.,68
Pytkowicz and Hawley,® Reardon and Langmuir,®* Siebert
and Hostetler,** Plummer and Busenberg,”’ Le Guyader
et al.,71 and Busenberg and Plummer’> are listed.

Plummer and Busenberg?’ used a value of —0.5 as a coeffi-
cient of 7 in Eq. (95) in their calculations. Harvie er al.’'
assumed an activity coefficient of unity for MgCOg. He and
Morse® followed this example for the sake of consistency
because they used some of the parameters of Harvie er al.>!
Konigsberger er al.” did not introduce an ionic strength de-
pendence other than a Pitzer parameter for the MgCO$ —ClO,
ion-neutral interaction. Given the inconsistency of the data, it
seems appropriate to follow the example of He and Morse.” In
the absence of strong electrolytes, the effect of y(MgCOQ) on
solubility calculations is negligible.
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TABLE 9. Stability constants of alkaline earth carbonate ion pairs

Source M t/°C lgK Method
Greenwald® Mg 22 2.37 Titration®
Ca 22 3.0 Titration®
Nakayama®’ Ca 25 1.984 = 0.027 Ca-selective electrodes®
Lafon®! Ca 25 3.1+03 Literature solubility data calcite
Benes and Seleck4® Ba 25 3.78 Dialysis
Martynova et al.®® Ca 22 4.39 Ton-specific electrodes®
60 5.34
70 5.55
80 5.74
90 5.82
98 6.00
Pytkowicz and Hawley69 Mg 25 2.05 Titration®
Ca 25 2.21 Titration*
Reardon and Langmuir®? Mg 10 2.79+0.10 Potentiometric titration
25 2.88 £ 0.05
41 3.03 £0.07
51.5 3.17 £0.08
Ca 9.5 3.04 +0.04
25 3.15+0.08
41 335+0.11
Reardon and Langmuir®? Mg 25 2.84 pH of solutions®
Siebert and Hostetler®* Mg 10 2.89 £0.019 Potentiometric titration”
25 2.984 £0.028
40 3.07 +0.021
55 3.18 = 0.026
70 3.28 +0.042
90 3.41 £0.067
Plummer and Busenberg?’ Ca 5.5 3.13£0.02 pH of CaCl,/K,COj3 solutions
25 3.20 £ 0.07
40 3.42+0.11
60 3.63 +0.16
80 3.92+0.18
Le Guyader ez al.”' Ca 25 4.44 Solubility of calcite
Millero and Thurmond”’ Mg 25 3.00 Potentiometric titration
Busenberg er al.”? Sr 47 2.571 +0.052 pH of SrCl,/K,COs solutions
25 2.764 = 0.067
40 2.974 +0.071
60 3.284 = 0.061
80 3.506 = 0.142
Busenberg and Plummer”? Ba 5 2.556 +0.021 pH of BaCl,/K,COs solutions
25 2.697 £0.048
40 2.786 = 0.041
60 3.012 £0.042
80 3.227 £0.044
Felmy et al.”° Sr 22 2.81 Solubility of SrCO5 in Na,COs solutions®
Ca 22 3.15 Solubility of CaCOj5 in Na,CO; solutions®

*Methods were criticized by Jacobson and Langmuir.%®

bAccuracy probably overrated.®

“Unclear method, especially on data analysis and interpretation.

9Value reported is the stoichiometric stability constant.

“Consistent with 1gy(MgCO9) = —0.631.

No ionic strength dependence was assumed (average I was around 0.1 mol kg™ '). Hence, Ig K could be overestimated
by as much as 0.06.

#Pitzer model used.
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Sverjensky er al.®® developed a correlation that allowed a
tentative calculation of the stability constants of the alkaline
earth metal carbonate ion pairs up to about 350 °C and the
saturated vapor pressure of water. It is worthwhile to note
that the values are on the order of 107 at 300 °C, so signifi-
cant ion pairing should be expected at high temperatures.

Based on the data of Table 9 and the predictions of Sver-
jensky et al.,¥ coefficients of Eq. (85) were determined for
the stability constants of the MCOY ion pairs. The data of
Greenwald® were not used due to deviations from other data
for Mg, and due to the critique of Jacobson and Langmuir;®®
data of Pytkowicz and Hawley® were not used because of
the difference with the other data, and because the values are
stoichiometric, not thermodynamic; data of Nakayama67
were discarded due to large deviation from other data, and
the critique of Jacobson and Langmuir;®* data of Martynova
et al.®® were discarded due to lack of clarity of the methods
used, and due to inconsistency with other data; data of Le
Guyader et al.”' and Bene§ and Seleckd® were discarded
due to large deviation from other data. The coefficients of
Eq. (85) for the metal carbonate ion pairs obtained are

A =2403.544 158

B = —133162.968 6
C = —869.0072054
D = 0.363 80638

E =7808760.2

for 1g Kyjeco0:

A =3423.002821

B =—-198599.9198
C =-1226.6370290
D = 0.483834 83

E =12202744.3

for 1g Koo

A =2135.555983

B =-120124.3157
C =-769.9401475
D =0.31981538

E =7108522.7

for Ig K. srcol:

A =3191.711219

B = —184628.6732
C=—-1145.1828522
D = 0.45623323

E =11364494.3

for 1g Kg,con:

Pitzer’s virial formalism for describing ion activity coeffi-
cients forms an alternative to using ion pair equilibrium con-
stants in some cases. Pitzer er al.*® recommend using ion
pair equilibrium constants when they are on the order of
1000 or greater. For smaller values of the stability constant,
they recommend relying on the Pitzer formalism. Harvie
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et al.*' suggested a limit of 500 for 2-2 type ion pairs, and 20

for 2-1 type ion pairs. When the stability constant exceeds
these values, the ion activity coefficient at low electrolyte
concentration is not well represented by the Pitzer formalism.
Harvie et al.>' concluded this from a comparison between the
Pitzer model and the extended Debye-Hiickel model with ion
pairing. This analysis did not consider any specific interaction
between the ion pair and the indifferent electrolyte.

The relevant Pitzer parameters for this study are the ones
for M(HCO3),. Reported values are summarized in Table 10.
The parameters of Pitzer er al.*® are based on electrochemi-
cal measurements in a Harned cell, in aqueous M(HCO3),—
MCl, mixtures (M =Mg and Ca). Their values were con-
firmed by He and Morse,29 who used potentiometric titra-
tions of the carbonic acid system in CaCl, and MgCl,
solutions for their determinations, at 0-90 °C. The values of
Harvie et al.®' were obtained from solubility data of calcite,
and reported “within a range of possible values consistent
with the data”. Loos et al.®® based their values on solubilities
as well. The values deviate widely from the other reported
values, and should not be used for any other purpose than to
describe a limited calcite solubility data set. For Mg(OH),,
the values of the Pitzer parameters reported by Harvie
et al>" are much closer to values reported by others, prob-
ably because K'; and K’, data in seawater were included in
the estimate. It is concluded that estimating Pitzer parame-
ters from alkaline earth carbonate solubility data alone is not
recommended.

Temperature relationships for the Pitzer parameters of
Mg(HCO3), and Ca(HCO3), were derived from data of Pit-
zer et al.*® and He and Morse?® (for 0-90 °C). To avoid ex-
cessive curvature (second-order term) that would lead to
extreme values upon extrapolation, the curvature was based
on other ion pairs in an extended temperature range.”* The
results are

TaBLE 10. Pitzer parameters for M(HCO3),

Source M /°C pO po c?
Millero and Thurmond”’ Mg 25 0.0193  0.584 —
Harvie et al.>! 25 0.329 0.6072 —
Pitzer et al.®® 25 0.033 0.85 —
He and Morse®® 0 0.129 0.476 —
25 0.03 0.80 —
50 —0.085 1.816 —
75 —0.16 2.250 —
90 —0.24 2.569 —
Harvie et al.®! Ca 25 0.4 2.977 —
Pitzer et al.®® 25 0.28 0.3 —
He and Morse®® 0 0.481 0.428 —
25 0.20 0.30 —
50  —0.007 0.242 —
75 =021 0.206 —
90 —0.467 0.162 —
Loos et al.®¢ 25 —0.104 1.68 —
De Visscher and Vanderdeelen'® 25 145 386 —1.01
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Bungiicoy, = — 19113 + 769.53 57T3¥, 97)
B o, = 143043 - 559;).60 . 48;220 o
ﬁg):(nc03)2 — 37313 4 1371.42 52‘&, 99)
B o, = 3005 - 2812.46 . 48?;220. (100)

The ionic strength dependence of the stability constant of
CaHCO5 can be captured by the Pitzer formalism as well,
with, for example, Pitzer parameters for the CaHCO§r —ClI™
interaction (compare the approach of Harvie er al' for
MgOH™), as discussed above (see Sec. 1.3.2.4). A similar
approach, but with a 4 (ion-neutral) interaction parameter,
was used by Konigsberger et al.”®’® for the interaction
between MgCOY and C1O, .

The interpretation of solubility data in terms of ion pairing
with bicarbonate and carbonate has been in debate since
Langmuir’s 1968 paper.** He noted that, while measurable
stability of the ion pairs has been observed, the pH depend-
ence of calcite solubility found by Grézes and Basset®’ is
inconsistent with the existence of the CaCOY ion pair.

De Visscher and Vanderdeelen™ used a Pitzer model to
examine the consistency between CaCO; solubility data and
the existence of carbonate and bicarbonate ion pairs. They
did not find any inconsistency between the examined solubil-
ity data and the existence of the CaCOj ion pair. With
respect to CaHCOY, the solubility data could be divided into
two subsets: one consistent with the existence of the ion pair
and one inconsistent with its existence. The study of Grezes
and Basset®” belonged to the latter. So what Langmuir®®
interpreted as inconsistent with the existence of the calcium
carbonate ion pair can also be interpreted as inconsistent
with the existence of the calcium bicarbonate ion pair.
Lafon®' pointed out that the data of Grézes and Basset®’
closely agree with predictions assuming a CaCOQ ion pair,
whereas the absence of the ion pair would require an unreal-
istically high solubility constant of CaCO;. Although the
sources are not always entirely clear on this point, it seemed
to us that the studies that had taken the most efforts to elimi-
nate error due to small crystal size, crystal defects or surface
charge were in the group that are consistent with the exis-
tence of the bicarbonate ion pair. Hence, we concluded that
the inconsistency is an experimental artifact of a number of
solubility studies, at least at low ionic strength.

In the current study, two options were evaluated. The first
option (Model 1) was to use a stability constant for the
MHCO;7 ion pair (Eq. (85) with the coefficients given
above), and to set the Pitzer parameters for M(HCO3), equal
to zero. No Pitzer parameters for MHCO7 interactions with
other ions were assumed, and neither was an ionic strength
dependence of Kyinco; » which may render Model 1 unrealis-
tic at high ionic strength. The second option (Model 2) was
to set the ion pair stability constant equal to zero, and to use
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the respective Pitzer parameters (Eqs. (97)—(100)). For Sr
and Ba, the same values as for Ca were used.

1.3.3.7. Other ion pairs. Davies and Hoyle® found that
the stability constant of the CaOH" ion pair is 20. This
means that hydrolysis of calcium is negligible at pH values
normally encountered in alkaline earth carbonate solubility
measurements. Nancollas® reports 1g Kyop+ values of 2.58,
1.40, 0.83, and 0.64 for Mg, Ca, Sr, and Ba, respectively.
Harvie ef al.>' pointed out that the Pitzer model adequately
accounts for this ion pair. However, they did include a stabil-
ity constant for MgOH"' in their model (154;
lg Kyeon: = 2.19). Felmy er al.’® explicitly included a
CaOH" ion pair in their Pitzer model (Kc,op+ = 14.8;
lg Kc,ont = 1.17), but they did not include a StTOH™ ion
pair. Additional measurements on the MOH™ ion pair were
reported by Stock and Davies,91 Bell and Prue,92 Bell and
George,93 Gimblett and Monk,94 Bates et al.,95 Martynova
et al.,68 McGee and Hostetler,96 Seewald and Seyfried,97 and
a compilation of Baes and Mesmer.”® These are summarized
in Table 11. It is clear from the data of Seewald and Sey-
fried”” that the CaOH " ion pair becomes more important as
the temperature increases, which will have to be addressed in
future modeling efforts at higher temperatures.

Harvie e al.®' found that no stability constant is needed
for the CaOH" interaction, but it is remarkable that they
needed to include a f® parameter in their model, which is
normally restricted to 2-2 electrolytes. The parameter B2 in
these models is, in fact, meant to emulate the ion pair stabil-
ity constant. For MgOH " they used a lg K of 2.188, which is
within the experimental error of the experimental value of
McGee and Hostetler.”® Konigsberger et al.”® largely fol-
lowed the approach of Harvie er al.,’! but assumed ion pair-
ing between Ca®" and OH ™ (stability constant about 12 at
25°C; Ig K=1.078) along with the Ca(OH), Pitzer parame-
ters of Harvie ef al.,>' who assumed no such ion pairing in
their model. Unlike Harvie et al.,31 Konigsberger et al”®
needed this inclusion of a stability constant to correctly pre-
dict portlandite (Ca(OH),) solubility. They used a value con-
sistent with Harvie er al>' for the magnesium ion pair
(Ig K =2.215). Pitzer parameters for this class of interactions
are given in Table 12. We followed Konigsberger er al.”® in
including both a stability constant and Pitzer parameters in
the model, except for MgOH™", which has a sufficiently high
equilibrium constant to replace Pitzer parameters; we
assumed [5(2) =0 for all 1-2 ion pairs. For Sr(OH),, we
assumed Pitzer parameters that are the average of the param-
eters for Ca and Ba. The stability constants used were

279.22
lg Kygon+ = —0.9904 + +0.0076236T,  (101)
480.19
lg Keqon- = —4.2598 + —— + 0.01311087,  (102)
176.49
lgKsion+ = —1.1979 +———-+ 000481897,  (103)
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TaBLE 11. Stability constants of alkaline earth hydroxide ion pairs

Source M t/°C lgK Method
Stock and Davies®' Mg 25 2.59* Conductometric titration
Bell and Prue® Ca 25 1.29 Rate of OH ™ catalyzed reaction
Ba 25 0.64 Rate of OH™ catalyzed reaction
Bell and George™ Ca 0 1.37 Solubility CalOs in KOH(aq)"
25 1.40
40 1.48
Gimblett and Monk™ Ca 15 1.337+0.018 Potentiometry
25 1.367+0.020
35 1.398+0.021
Sr 5 0.780%0.025
15 0.804%0.014
25 0.824+0.014
35 0.860+0.015
45 0.893+0.017
Ba 5 0.620%0.035
15 0.602%0.017
25 0.638+0.018
35 0.688+0.021
45 0.721+0.022
Bates et al.”® Ca 0 1.02 Potentiometry®
10 1.12
25 1.14
40 1.375
Martynova et al.*® Ca 22 1.3 Ton-selective electrodes
60 2.80
70 3.06
80 3.50
90 3.56
98 3.88
McGee and Hostetler”® Mg 10 2.182+0.08 Potentiometric titration
25 2.206*0.05
40 2.291+0.03
55 2.372*0.03
70 2.445+0.04
90 2.544+0.09
Baes and Mesmer”® Mg 25 3.56 Compilation
Ca 25 1.15 Compilation
Sr 25 0.71 Compilation
Ba 25 0.53 Compilation
Seewald and Seyfried”’ Ca 100 2.06 Solubility of Ca(OH),"
200 2.85
300 3.99
350 4.79
Felmy et al.”® Ca 22 1.17 Solubility of Ca(OH),®
Sr 22 — Solubility of Sr(OH),’

“Recalculated as 2.19 by Harvie er al.>'

"Value reported is the stoichiometric stability constant.

“Data analysis required the assumption that y(Cl17) =y(OH").
At 500 bar.

“With Pitzer parameters.

No ion pairing required when Pitzer parameters were used.

181.80
lg Kgon+ = —1.4394 + - + 0.0049638T.  (104)

These equations are based on the data in Table 11, except the
data of Baes and Mesmer,98 which are not original data and
deviate from other values, the data of Bell and George,93 which

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012

are stoichiometric stability constants, and Martynova et al.,68
which showed poor correspondence with other data and proved
unreliable for other ion pairs as well. For the data point of Stock
and Davies,”! the recalculated value of Harvie et al.’! was used.

From solubility data of nesquehonite (MgCO3-3H,0) in
concentrated Na,CO; solutions, Konigsberger er al.”®
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TasLE 12. Single-electrolyte Pitzer parameters for M(OH), TaBLE 13. Two-electrolyte ion interactions

Source Electrolyte  ¢/°C pO s s> c? Source Parameter Value t/°C
Harvie et al.’! Ca(OH), 25 -0.1747 —-0.2303 —-5.72% Harvie et al.’! 0(Mg, H) 0.10 25
Pitzer” Ba(OH), 25 0.172 12 Harvie et al.*! 0(Ca, H) 0.092 25
Pitzer™ 0(Mg, Ca) 0.007 25
“Not used in the current study Pitzer®? 6(Sr, H) 0.0642 25
Pitzer* 0(Ba, H) 0.0708 25
. . Harvie et al.*! A(OH, CO 0.10 25
concluded the existence of a Mg(CO, )3~ ion pair. Felmy H:::iz 2213‘ H(IEICO C(S))) o004 5

et al®® concluded the existence of Ca(CO,);” and ' T '

Sr(CO3) " ion pairs in similar experiments in concentrated

Na,COs solutions. However, they indicated that there is an
alternative explanation (activity coefficient decrease) of their
data that does not require assuming these ion pairs. However,
Konigsberger et al.”® could not explain the linear increase in
solubility with increasing Na,COs; concentration by a
decrease of the activity coefficient. Given the pronounced
activity coefficient decrease of MgCOQ with increasing ionic
strength found by Reardon and Langmuir,’® the existence of
Ca(CO,);” and Sr(CO,); ion pairs, while the most plausi-
ble explanation, is not proven. The stability constant can be
defined as the equilibrium constant of the reaction:

M?*(aq) +2C0%~ = M(CO;3); (aq).

For Sr, Felmy et al.’® found a value of lg K of 3.31; for Ca
they found a value of 3.88.

Konigsberger ef al.”® included a Mg(CO3)§7 species in their
thermodynamic model, based on their study,78 where Na,CO5
was found to increase the solubility of nesquehonite and eite-
lite. The stability constant was determined, and a value of
lg K=3.91 was found. They analyzed data on the stability of
MgCO0 in the presence of NaClO, and found that the electro-
lyte increased /(MgCO ). In their 1999 study,”® they found a
decrease. Pitzer parameters depend on each other, as well as
on thermodynamic equilibrium constants selected in the evalu-
ation. The seeming inconsistency is due to a difference in the
value of Kyca9 used in the two studies. Riesen et al.”” and
Konigsberger et al.”® also included a Mg(HCO, )9 ion pair,
with stoichiometric stability constant Ig K’ of 0.6.

In the current study, no species of the form M(CO,);” (aq)
or M(HCO,)? (aq) were assumed.

Alkali metals and alkaline earth metals form ion pairs
with chloride to some extent.”*'° However, the stability
constants are small (<10), and this effect can be accounted
for adequately using the Pitzer approach. In the case of the
alkali chlorides, the stability constants are less than 1, so the
existence of the ion pairs is questionable.'! It is not possible
to clearly distinguish such ion pairing from other forms of
ion interactions.

Table 13 summarizes some relevant Pitzer parameters for
this study.

1.3.4. Independent thermodynamic data

Bickstrom'%? investigated the heat of transition of arago-
nite into calcite by calorimetric measurements of the heats of

solution of calcite and aragonite in aqueous acid solutions.
The result was 126 + 84 J mol ', If the measured value is
correct, thermodynamic data of the solubility of calcite and
aragonite should be consistent with this data to within exper-
imental error. Konigsberger er al.'® investigated the Gibbs
free energy of the aragonite-calcite transition by a potentio-
metric technique involving a calcite-saturated solution and
an aragonite-saturated solution. They found that the Gibbs
free energy of transition is —830 J mol ', and the enthalpy
of transition is 540 J mol ', significantly higher than the cal-
orimetric data of Bickstrém.'%% In a later study they adjusted
their values to —840 +20 J mol™' and 440 =50 J mol !,
respectively. Rock and Gordon,'® using a similar technique,
found a Gibbs free energy of transition of —1381 J mol ',
which is inconsistent with the other studies. This value is dis-
carded for that reason. Hacker er al.'®® determined the
calcite-aragonite transition pressure at temperatures of 200—
800 °C. Crawford and Fyfe'% obtained a value at 100 °C.
These results can be converted to a Gibbs free energy of
transition by means of the thermodynamic relationship,

dG = vdp — SdT. (105)
Additional information is obtained from c¢, data of calcite
and aragonite reported by Barin ef al.,'"”” which leads to the
following Ac, relationship for the aragonite-calcite

transition:
Ay—ccp/(Tmol ' K™') = 18.0257 — 0.0185620T
1006352
-— (106)

Equation (106) is valid between 298 and 700 K. This equa-
tion predicts much higher enthalpies of transition at elevated
temperature than measured by Wolf et al 108 However, Wolf
et al.’s enthalpy of transition is inconsistent with the temper-
ature dependence of the transition pressure measured by
Hacker et al.'® For that reason, Eq. (106) is kept. Equation
(106) allows calculation of the thermodynamics of transition
from aragonite to calcite over the entire temperature range
using only the enthalpy and Gibbs free energy of transition
at 298.15 K. These two variables were used as adjustable
variables to obtain the best fit with the Gibbs free energy
data of Konigsberger er al.,'” of Hacker et al.,'” and of
Crawford and Fyfe.'% The best fit was obtained with a Gibbs
free energy of transition of —832.1 J mol ™' and an enthalpy
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of transition of 290.1 J mol~'. The analysis indicates that the
Konigsberger et al.'®® data overestimate the temperature de-
pendence of the Gibbs free energy, whereas the calorimetric
data of Bickstrom'®? underestimate it. Based on this infor-
mation, the coefficients to Eq. (85) for IgK, .. are derived.
The result is as follows:

A=-6.116 08

B =398.779
C=2.167 991

D =—0.000 484 780
E=-26282.67.

These results lead to an entropy of transition of 3.76 J
mol ! Kil, almost identical to the value measured calori-
metrically by Stavely and Linford'®® (3.72 T mol ' K™).

Similar reasoning was applied to the measurements of
Wolf et al.''® on the vaterite-calcite transition. Based on
their ¢, data of vaterite and calcite, and enthalpies of transi-
tion at 313 K and at 630-770 K, the following equation for
the heat capacity of transition is estimated:

Ay_ccp/(Jmol ' K™) = —32.0965 + 0.05132595T

1506324

= (107)

Assuming a Gibbs free energy of transition at 298.15 K of

—3100 J mol ', the coefficients to Eq. (85) for lgK,_. are
derived as follows:

A=10.819 28

B =—-466.995

C=-3.800312

D =0.001 340 469

E =39 340.34.

Based on the thermodynamics of transition, solubility data
on aragonite and vaterite can be evaluated by comparing the
equivalent calcite solubility, and vice versa.

When the heat of dissolution of an alkaline earth carbonate
can be calculated from reliable thermodynamic data (e.g.,
magnesite, calcite), the temperature dependence of the solu-
bility constant can be calculated. This can improve the accu-
racy of the evaluation when data are scarce (e.g., magnesite).

1.3.5. Solubility in salt solutions: a SIT approach

The specific ion theory (SIT) is a modified form of a for-
malism proposed by Guggenheim''' and others to describe
activity coefficients in concentrated electrolytes. In its mod-
ern form, the general equation for the activity coefficient of
an ion in a complex electrolyte mixture is

2
AZ \/_ Z ,j mp

1+ 15VI
where A is the Debye-Hiickel constant (0.5115 at 25 °C)y!2
and &(i,j) is the specific ion interaction parameter. The sum-
mation is over all the ions, but &(i,j) = 0 whenever i and j are
ions of the same sign. &(i,j) is determined from ). data of the
single electrolyte i,,j, (assuming ions i"* and j"'"):

gy, = (108)
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mnA\/_
Y S\f

lgy. = &(l, j)m,j,- (109)

m-—+n

Hence, no mixed-electrolyte data is needed to predict activity
coefficients in mixtures, making this method less accurate,
but less prone to error propagation than the Pitzer model.

The water activity is calculated from the osmotic coeffi-
cient ¢:

(110)

ay = €Xp <—¢MH20 Z m,‘> s

where Mpy,o is the molar mass of water (0.01801528 kg
molfl), m; is the molality of ion i, and the summation is over
all ions. The osmotic coefficient is calculated as

21n(10)A
(15 m

1
X <1 + 15\/i - m
In(10) .
2ZmiZ;8<lm’)milnja
i

—21n(1 ¥ 1.5xﬁ)>

(111)

where the summations are over all ions. Again, &(i,j) =0
whenever i and j are ions of the same sign. Values of &(i,))
are taken from Preis and Gamsjiger,''? or derived from y.
data.'"?

In open systems (MgCO;5 + H,O + CO,), the approximate
Eq. (12) is a convenient way to predict solubilities in the
presence of electrolytes, where yyp+ and pyco, are calculated
from Eq. (108). Values of (M, HCO3) are not available,
but as the molalities of M*" and HCO3 tend to be small
compared with the added salt, this should not affect the result
markedly.

1.4. Remaining issues

The most significant open issue in our understanding of
the solubility of the alkaline earth carbonates is our limited
knowledge of the properties of the alkaline earth carbonate
and bicarbonate ion pairs. Here are some suggestions to
resolve those issues.

Pitzer et al.*® investigated the Mg-HCO5; and Ca-HCO;
interactions in a Harned cell at 25 °C. This is probably the
most reliable route to a better understanding of this interac-
tion. Experiments should be conducted at lower chloride
concentrations than investigated by Pitzer et al., to include
the ionic strength range usually observed in solubility experi-
ments. On the other hand, data at high Mg2+ and HCO3 con-
centrations are needed to cover the range of concentrations
found in nesquehonite and lansfordite solubility measure-
ments. Experiments should also be conducted at tempera-
tures other than 25 °C, and for Ba and Sr as well. In
particular, high-temperature (100-300 °C) data should be
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determined, as K MHCO; is expected to be orders of magnitude
larger in this temperature range compared to room tempera-
ture, and therefore easier to detect. As indicated by Harvie
et al.,’" high-temperature determinations would be useful for
the Mg-OH interaction as well, and possibly even for other
M-OH interactions.

Some researchers measured both pH and dissolved alkaline
earth metal concentration in their solubility measurement.
Langmuir® demonstrated how the pH can be used to quantify
ion pairing in these experiments. The disadvantage of this is
that pH is a single-ion quantity that is not unequivocally defined
at the high ionic strengths that occur when dissolving hydrated
magnesium carbonates. A thermodynamically more rigorous
option would be to determine solubility in a Harned cell in the
presence of small quantities of chloride, and with a CO,-H, gas
phase. However, in view of the slow dissolution rates usually
observed in solubility experiments, care must be taken not to
leach electrode solution from the reference electrode.

2. Solubility of Beryllium Carbonate

2.1. Critical evaluation of the solubility of beryllium
carbonate in aqueous systems

Evaluator:

Jan Vanderdeelen, Department of
Applied Analytical and Physical
Chemistry, Ghent University,
Ghent, Belgium

Components:

(1) Beryllium carbonate;
BeCOs; [13106-47-3]

(2) Carbon dioxide;

CO,; [124-39-8]

(3) Water; H,O; [7732-18-5]

It might be surprising that only one very old reference''* is
found for the solubility of beryllium carbonate in water. At that
time, little care was given to control of experimental conditions
such as temperature and partial pressure of CO,. In addition, lit-
tle information is given on the purity or crystallinity of the car-
bonate. From Gmelin,'" it is questionable whether BeCO5(cr)
is a stable solid in the absence of CO,(g) or at ordinary CO,
partial pressure, although it may be stable at higher pressures.

If BeCOs(cr) actually exists, it should have a higher solu-
bility than MgCOs(cr) and be subject to hydrolysis in contact
with water to form hydroxo complexes or mixed hydroxy
carbonates.

2.2. Data for the solubility of beryllium carbonate in
aqueous systems

Components:

(1) Beryllium carbonate;
BeCOs; [13106-47-3]

(2) Carbon dioxide;

CO,; [124-39-8]

(3) Water; H,O; [7732-18-5]

Original Measurements:

4G, Klatzo, Die Constitution der
Beryllerde, Dissertation, Dorpat
(1868); J. Prakt. Chem. 106, 207
(1869); Z. Chem. 5, 129 (1869).

Variables:
T/K: ambient
p(CO,)/bar: unknown

Prepared by:
J. Vanderdeelen

013105-27

Experimental Values

25 ml of water contained 0.0897 g BeCO3-4H,0.
Solubility (compiler): 0.0254 mol 1.

Auxiliary Information

Method/Apparatus/Procedure:

35 ml of the solution were evaporated, calcined and weighed as BeO.

Source and Purity of Materials:

BeCO;: powdered beryl (Limoges) was calcined in the presence of K,CO5
until a liquid mixture was obtained. After cooling, H,SO,4 was added, and
the mixture was heated and filtered. The filtrate was concentrated by
evaporation. After several precipitations, concentrated (NH4),SO4 solution
was added and the mixture was shaken vigorously for 10 h. This procedure
was repeated several times. Basic beryllium carbonate was precipitated by
boiling, collected on a filter and washed with hot water. The solid was
suspended in water, flushed with CO,(g) for 36 h and filtered in a CO,
atmosphere. The filtrate was diluted with HSO,. After 3 weeks, crystals of
BeCO;-4H,0 were formed as verified by analysis.

Estimated Error:
No estimates possible.

3. Solubility of Magnesium Carbonate

3.1. Critical evaluation of the solubility of
magnesium carbonate in aqueous systems

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Sodium chloride;
NaCl; [7647-14-5]

(3) Sodium carbonate;
Na,CO3; [497-19-8]

(4) Sodium sulfate;
Na,SOy; [7757-82-6]

(5) Potassium hydrogen carbonate;
KHCO3;; [298-14-6]

(6) Sodium nitrate;
NaNOs; [7631-99-4]

(7) Magnesium chloride;
MgCly; [7786-30-3]

(8) Sodium hydroxide;
NaOH; [1310-73-2]

(9) Sodium hydrogen carbonate;
NaHCOs; [144-55-8]

(10) Sodium perchlorate;
NaClOy; [7601-89-0]

(11) Perchloric acid;
HCI1Oy; [7601-90-3]

(12) Potassium chloride;
KCl; [7447-40-7]

(13) Ammonium chloride;
NH,4CI; [12125-02-9]

(14) Lithium chloride;
LiCl; [7447-41-8]

(15) Water; H,O; [7732-18-5]
(16) Carbon dioxide;
COy; [124-37-9]

Evaluators:

Alex De Visscher, Department of
Chemical and Petroleum
Engineering, and Centre for
Environmental Engineering
Research and Education (CEERE),
Schulich School of Engineering,
University of Calgary, Calgary,
Alberta, Canada

Jan Vanderdeelen, Department of
Applied Analytical and Physical
Chemistry, Ghent University,
Ghent, Belgium
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Magnesium carbonate, MgCO3, [546-93-0] occurs in three
crystalline varieties: anhydrous, commonly known as mag-
nesite, MgCO; [13717-00-5], trihydrate, MgCOs5-3H,O
[5145-46-0], referenced as nesquehonite [14457-83-1], as
well as pentahydrate, MgCO3-5H,0, [61042-72-6] called
lansfordite [5145-47-1]. Although hydrates with a gradual
increase from 1 to 5 water molecules have been cited by
Gmelin,'" it is questionable whether they are not to be con-
sidered as mixtures of the physically identified anhydrous,
tri- and pentahydrate. Synthesis and chemical characteriza-
tion of the anhydrous and both hydrated magnesium carbo-
nates are given by Menzel.''® The anhydrous form occurs
widely as an alteration product of rocks rich in magnesium,
as beds in metamorphic rocks, in sedimentary deposits and
as a gangue mineral in hydrothermal ore veins. In Europe it
is found in excellent crystalline form at Obersdorf in Austria
and at Snarum, Norway. The trihydrate form, nesquehonite,
occurs as a recent product formed under normal atmospheric
conditions of temperature and pressure. It is mainly found at
Nesquehoning near Lansford, Pennsylvania, USA. The pen-
tahydrate seems often to be found in association with the tri-
hydrate. The references for aqueous solubility data of
magnesite and nesquehonite, as shown in the compilation
sheets, also mention the synthesis of both. A very straightfor-
ward synthesis and crystal structure investigation of lansfor-
dite is given by Liu ez al.'"’

3.1.1. Overview of solubility data

A synoptic review on the specifications of the crystallo-
graphic variety of the magnesium carbonate used, the num-
ber of data shown in the 32 primary literature

sources®® 78791107146 ot the specific temperature or range and

DE VISSCHER ETAL.

the system involved to which the magnesium carbonate solu-
bility data refer is shown in Table 14. From these references
three separate groups, based on the mineralogical variety,
were identified:

1. Magnesite, [13717-00-5];"!8-1227125.128.129.

134-137,140-144

2. Nesquehonite [14457-83-1] or MgCO3-3H,O [5145-46-
(];06-78:79.119-122,126,120-134.137.139,142,145.146

)

3. Lansfordite [5145-47-1] or MgCO;3-5H,O [61042-72-
6].127:133.138.139

MgCO3,

The four data of Lubavin,122 of which two refer to magne-

site and two to nesquehonite, as well as the four by Halla
and van Tassel,"*! were discarded because the partial pres-
sure of CO, used in the experiments is referenced as
“unknown” by the authors. Moreover, in the latter reference
there is a pronounced difference between the results obtained
using a natural and a synthetic magnesite, making them unre-
liable for further consideration. The data of Auerbach'*®
were rejected because the system was a closed system with a
gas phase of unknown volume. Hence, the system is not
properly defined. Cesaro'®’ found nesquehonite crystals in
the system after an experiment with lansfordite. The experi-
ment was conducted at unknown “ambient” temperature. For
these reasons, the data were rejected. The data of Leick'??
cannot be kept for further consideration because the solubil-
ity was determined in boiling water, which means that the
total carbonate of the dissolved magnesite is not conserved,
and there is no equilibrium with a known CO, partial pres-
sure. This makes the system neither closed nor open to
CO,(g) for the purpose of this evaluation. Furthermore,
Konigsberger et al.”® showed that the magnesite-brucite

TaBLE 14. Overview of magnesium carbonate solubility data in aqueous systems

Ref. Temperature range/°C Solid phase Number of data System used Considered for evaluation
118 5 MgCO; [§ MgCO; + H,0 + CO, Yes
119 10-40 MgCO;-3H,0 7 MgCO5-3H,0 + H,0 + CO, Yes
19 MgCO5-3H,0 1 MgCO;-3H,0 + H,0 Yes
120 13.4-100 MgCO5-3H,0" 17 MgCO5-3H,0 + H,0 + CO, Yes
121 12 MgCO;-3H,0" 1 MgCO;-3H,0 + H,O Yes
3.5-50 MgCO5-3H,0" 6 MgCO5-3H,0 + H,0 + CO, Yes
12 MgCO5-3H,0" 8 MgCO;3-3H,0 + H,0 + CO, Yes
122 26 MgCO5-3H,0 1 MgCO5-3H,0 + H,0 + CO, No
26 MgCO; 1 MgCO; + H,0 + CO, No
26 MgCO5-3H,0 1 MgCO;-3H,0 + H,0 + CO, + NaCl No
26 MgCO; 1 MgCO; + H,0 + CO, + NaCl No
123 12-16 MgCO; 1 MgCO;3 +H,0 Yes
124 ~22° MgCO; 1 MgCO; + H,0 + CO, Yes
125 23 MgCO; 1 MgCO; + H,0 Yes
23 MgCO; 7 MgCO3 + H,0 + NaCl Yes
24 MgCO; 1 MgCO; + H,O Yes
24 MgCO; 8 MgCO; + Na,SO4 + H,O Yes
25 MgCO; 1 MgCO; +H,O Yes
25 MgCO; 7 MgCO; + H,0 + Na,CO5 Yes
355 MgCO; 9 MgCO; + H,0 + Na,SO, Yes
37.5 MgCO; [§ MgCO; + H,0 + CO, + NaCl Yes
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TaBLE 14. Overview of magnesium carbonate solubility data in aqueous systems—Continued

013105-29

Ref. Temperature range/°C Solid phase Number of data System used Considered for evaluation
126 15,25,35 MgCOs5-3H,0 3 MgCO5-3H,0 + H,0 + CO, No
15, 25,35 MgCO3-3H,0¢ 27 MgCO;-3H,0 + H,0 4 CO, + KHCO;4 No
127 Ambient MgCO5-5H,0 1 MgCO3-5H,0 + H,O + CO, No
128 ~0 MgCO; 12 MgCO; +H,O Yes
~0 MgCO; 6 MgCO; + H,0 + NaCl Yes
~0 MgCO3 [§ MgCO; + H,0 + NaNO; Yes
~0 MgCOs3 6 MgCO; + H,0 + Na,SO, Yes
~0 MgCO; 3 MgCO; + H,0 + Na,CO;3 Yes
~0 MgCO; 3 MgCO; + H,0 + MgCl, Yes
129 20 MgCO;* 1 MgCO; + H,0 + CO, Yes
20 MgCO;¢ 1 MgCO; + H,0 4 CO, + NaCl Yes
20 MgCO5-3H,0 2 MgCO5-3H,0 + H,0 + CO, Yes
130 25 MgCO;-3H,0 12 MgCO;-3H,0 + H,0 + CO, Yes
131 25 MgCO;-3H,0 6 MgCO;-3H,0 + H,0 + CO, Yes
132 18 MgCO;-3H,0 8 MgCO5-3H,0 + H,0 + CO, Yes
0-60 MgCO;-3H,0 8 MgCO5-3H,0 + H,0 + CO, Yes
133 5-60 MgCO5-3H,0 12 MgCO5-3H,0 + H,0 + CO, Yes
—1.8t020 MgCO5-5H,0 6 MgCO5-5H,0 + H,0 + CO, Yes
134 18 MgCO; 4 MgCO; +H,0 Yes
18 MgCO; 2 MgCO; + H,0 + CO, Yes
18 MgCO;-3H,0 2 MgCO5-3H,0 + H,0 + CO, Yes
135 100 MgCO; 4 MgCO; + H,O No
100 MgCO; 5 MgCO; + H,0 + NaCl No
100 MgCO; 5 MgCO;3 + H,0 + Na,SO4 No
100 MgCO; 4 MgCO; + H,0 + Na,CO; No
100 MgCO; 4 MgCO; + H,0 + NaOH No
136 25,38.8 MgCO; 2 MgCO; + H,0 + CO, Yes
137 25 MgCO; 1 MgCO; + H,0 + CO, Yes
25 MgCO;-3H,0 1 MgCO5-3H,0 + H,0 + CO, Yes
138 0 MgCO5-5H,0 4 MgCO5-5H,0 + H,0 + CO, Yes
139 0-53.5 MgCO;-3H,0 9 MgCO5-3H,0 + H,0 + CO, Yes
0-15 MgCO;-5H,0 3 MgCO5-5H,0 + H,0 4 CO, Yes
140 25-200 MgCO; 7 MgCO; +H,0 Yes
141 21 MgCOs; 4 MgCO; + H,0 + CO, No
66 25 MgCOs5-3H,0 1°¢ MgCO5-3H,0 + H,0 + CO, No
142 25,50 MgCO3 21 MgCO; + H,0 + CO, + NaClO,4 + HCIO4 No
25,50 MgCOs5-3H,0 [§ MgCO; + H,0 + CO, + NaClO4 + HCIO4 No
143 25 MgCO; 15 MgCO; + H,0 + CO, + NaClO,4 + HCIO4 No
144 ~90 MgCO; 3 MgCO3 + H,0 + CO, Yes
78 25 MgCO;-3H,0 3 MgCO5-3H,0 + H,0 + CO, Yes
25 MgCO5-3H,0 13 MgCO;-3H,0 + H,0 + CO, + Na,CO; Yes
79 25-50 MgCO5-3H,0 10 MgCO5-3H,0 + H,0 + CO, Yes
145 25-40 MgCO5-3H,0 3 MgCO5-3H,0 4 H,0 Yes
15-35 MgCO;-3H,0 36 MgCO5-3H,0 + H,0 + NaCl Yes
15-35 MgCO;-3H,0 33 MgCO;-3H,0 + H,0 + NH,Cl Yes
15-35 MgCO;-3H,0 36 MgCO;-3H,0 + H,0 + MgCl, Yes
25 MgCOs5-3H,0 12 MgCO5-3H,0 + H,0 + KCl Yes
146 25-35 MgCO5-3H,0 24 MgCO;3-3H,0 + H,0 + NaCl + MgCl, No
25-35 MgCO;-3H,0 24 MgCO;-3H,0 + H,0 + MgCl, + NH,Cl No
25-35 MgCO;-3H,0 24 MgCO5-3H,0 + H,0 + LiCl Yes
25-35 MgCO;-3H,0 24 MgCO;-3H,0 + H,0 + MgCl, + LiCl No

“Although the mineralogical variety used is not clearly specified by the authors, after examination of the solubility data it is assumed that the solid refers to
magnesium carbonate trihydrate (evaluators).
®Authors state that the temperature refers to an “approximate” value.
“Some data of this reference refer to supersaturated concentrations of KHCOs(aq) which may generate a second solid phase or a mixed solid phase made up by
magnesium carbonate and potassium carbonate or hydrogen carbonate.

9Authors state that an amorphous natural magnesium carbonate was used.
“The single result is given in terms of pH-p(CO,) data, amounting to 7.11 at p(CO,) =0.97 atm.
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(Mg(OH),) phase transition occurs thermodynamically at
CO, partial pressures on the order of 10”7 atm at room tem-
perature and at increasing partial pressures with increasing
temperature. Other studies with similar difficulties will be
discussed in the evaluation. The data of Riesen'** and
Horn'*? refer to systems with two added electrolytes (HClO,4
and NaClO,) and were not analyzed here. However, analysis
by the compiler reveals issues with both studies. Most data
of Dong et al."*® refer to systems with two added electrolytes
as well, and were not considered. Garrels et al."¥ state that,
notwithstanding the use of very pure natural magnesite, no
conclusive pH at equilibrium of the aqueous magnesium car-
bonate suspension was recorded, so this reference was nei-
ther compiled nor evaluated. Because in the study of
Roques'*® analytical data were only displayed graphically
and did not allow a proper quantification, we decided to
reject the data for both the compilation and the evaluation.

3.1.2. Analytical methods used for dissolved
magnesium determination

The solubility of magnesium carbonate in water was
measured by various methods summarized here:

(a) in some references, 8120124134 15 clear analytical

method was mentioned by the authors;

(b) sampling of a defined volume of the supernatant at equi-
librium, followed by evaporation to dryness and weigh-
ing of the residue as MgCOz; or as MgO after
calci11ati011;“9’127’132

(c) titration of the alkalinity of the solution at equilibrium
using a standardized HClI or H,SO; solu-
tion, 1211123.126.128.130136.137.141 1 o tigration with a
standard NaHSO, solution;129

(d) after equilibration of the suspension, the excess of solid
was determined by weighing and compared to the initial
mass added;122

(e) soluble magnesium was precipitated as MgNH4PO, or as
Mg,P,0; and weighed,'?>128:131.133.135:137 yi6ino the first
precipitate; in one case'>' it was redissolved in an acid
and titrated with an alkaline solution;

(f) complexometric titration with EDTA,;’8-7%-137-140.142-145

(g) pH measurement of the solution at equilibrium;®®

(h) atomic absorption spectrometry;'**

(i) total carbon determination as TOC.!#>-146

3.1.3. Magnesite

3.1.3.1. MgCO3+ HoO+ CO,. Nine references
124120.134136.137. 141144 ponoed  primary  data of  the
MgCO; + H,0 + CO, system. Two'?>!'*! of these have been
rejected a priori in Sec. 3.1.1. The remaining seven''®'?*
129,134,136,137.144 (111 be evaluated here. In total, there are
only 16 data points, covering the temperature range 5-91 °C
and the p(CO,) range 0.00029-6 atm. Hence, a critical evalu-
ation can only be tentative at best.

Of the 16 data points, the point of Cameron and Briggs'**
should be considered with caution because the temperature

118,122,
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was given as “approximate.” The data point of Wells'*’

should be considered with caution because the magnesite was
described by the author as “amorphous.” From the context, it
seems that the material was not amorphous in a strict sense,
but the crystals were too small to be visible to the naked eye.
One other data point, by Béir,134 requires caution because it
refers to “precipitated MgCO5” with a solubility almost ten
times higher than a magnesite sample. One data point of Christ
and Hostetler'** did not show equilibrium, and is discarded a
priori, leaving 15 data points. The data are shown in Table 15.

For a quick test of the reliability of the data, the value of
s/pl/ 3(CO,) (in mol kg ™! bar~'/3) was plotted versus temper-
ature. The result is shown in Fig. 1. A group of 10 data points
(of which one is invisible due to overlap) shows s/ pl/ 3(C02)
values below 0.02 mol kg™ bar~'/? and decreases with tem-
perature, as expected. The other six data points are at much
higher values and show no particular trend. These are consid-
ered outliers for the following reasons. Four of these are from
Wagner,''® a data set with irregular and unrealistically strong
pressure dependence. These points can be discarded for that
reason. One of the other points is the measurement of Bir'>*
with precipitated MgCO3, and is discarded as well. The
remaining point is by Cameron and Briggs'?* and is very close
to the outlier of Bir.'** It is discarded for that reason. None of
the discarded data points have sufficiently high solubility to
be due to nesquehonite or lansfordite. The two data points of
Wagner''® at s/pl/B(COZ) <0.02 mol kg™ bar /3 were dis-
carded as well.

With only 7 data points remaining, the empirical equation
for open systems (see Sec. 1.3.1), which has 6 adjustable pa-
rameters, cannot be reliably fitted. Hence, an evaluation with
this equation was not attempted.

A thermodynamic model (see Sec. 1.3.2.1) was fitted to
each data point using the solubility constant as the only fit-
ting parameter. Two variants were used. Model 1 assumes
the existence of a MgHCOj ion pair (no Mg(HCO3), Pitzer
parameters); Model 2 assumes no such ion pair, but includes
Mg(HCOs), Pitzer parameters. The result is shown as calcu-
lated solubility constant as a function of temperature in Fig.
2 (Model 1) and Fig. 3 (Model 2). An equation of the form
of Eq. (85) is fitted to the solubility constant data. The coeffi-
cients D and E were kept equal to zero because of the small
number of data points.

An unconstrained regression led to a predicted Ig K of
—7.9140 for Model 1 and a predicted 1g K of —7.8243 for
Model 2 at 25 °C. The predicted temperature derivative of
lg K, was —0.0020 K~' for Model 1 and +0.0051 K" for
Model 2. Based on thermodynamic data of Cox ef al.*® and
Chase,'*® a Gibbs free energy of dissolution of 44.844 kJ
mol " and an enthalpy of dissolution of —30.54 kJ mol ' is
calculated. These lead to a lg K of —7.86 and a temperature
derivative of 1g K of —0.0180 K~'. The uncertainty of lg K
based on the thermodynamic data is at least 0.2, whereas the
uncertainty of its temperature derivative is only a few per-
cent. It follows that the unconstrained regression leads to an
accurate estimate of Ig K, but not of its temperature deriva-
tive. For this reason, the regression was constrained to be
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TaBLE 15. Data collected for the evaluation of the solubility of magnesite in the system MgCO; + H,O + CO,

Primary solubility Molality Mg(aq) Considered by
Ref. #/°C  p(CO,)/atm data (authors) m/mol kg™ ! (evaluators) evaluators
Mass ratio (MgCO;/H,0)
118 5 1 1/761 0.0156 No
5 2 1/744 0.0160 No
5 3 1/134 0.0890 No
5 4 1/110.7 0.1079 No
5 5 1/110 0.1085 No
5 6 1/76 0.1576 No
Mass conc. Mg>" /g 1™
124 22¢ 0.00029 0.182 0.00749 No
129 20 0.00029 0.018 0.00074 Yes
Mass conc. MgCO; g 17
134 18 0.00031 0.08 0.00095 Yes
18 0.00031 0.7 0.00830 No
Amount conc. MgCOs/mmol 17"
136 25 0.955 16.5 0.01657 Yes
38.8 0.932 12.87 0.01298 Yes
Molality MgCOs/mmol kg ' solution
137 25 0.987 16.5 0.01649 Yes
Molality MgCOs/mmol kg™

144 90.3 0.312 1.98 0.00198 Yes
91 0.0274 0.95 0.00095 Yes
90.5 0.308 1.74 0.00174 No

*Approximate value.

consistent with an enthalpy of dissolution of —30.54 kJ
mol ' using an approach similar to the one outlined in Sec.
1.3.3.4. Based on Egs. (85) and (87), assuming D =0 and
E=0, the following equations are derived for the data
analysis:

Hilg(T/K 1 In10 - 1g(T/K
TR (L IO
RT (T/K) (T1/K)
(112)
H; Blnl0
C=t o, (113)
RT, (T, /K)
0.14
2 012 .
g [
2 01
2 .
o 0.08 1
E .
SN 0.06 o
e
2 0.04
2
"
0.02 - .
H ° .
0 T T \ T ®
0 20 40 60 80 100
ti°’C

FiG. 1. Solubility of magnesite in MgCO5 4+ H,O + CO, systems divided by
the cubic root of the equilibrium CO, partial pressure.

where A, B, and C are coefficients of Eq. (85); H; = —30540
Jmol ™', and T; =298.15 K.

All seven data points corresponded well with the fitted
equation after constrained regression, and were accepted in
the evaluation. The result is as follows:

For Model 1: A =37.3217; B = —607.21; C = —17.39522

For Model 2: A =50.4529; B = —1238.00; C = —21.88062.

-5.5
° o
-6
-6.5
-7 o
<
w 7.5
°
8 - 'y
-8.5 )
-9 L]
\
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0 10 20 30 40 50 60 70 80 90 100

t/°C

FiG. 2. Solubility constants of magnesite derived from solubility data in the
system MgCO;5; + H,O 4 CO, (solid symbols: accepted data; open symbols:
rejected data) with Model 1 (with MgHCO7 ion pair); predictions of Eq.
(114) (line).
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FiG. 3. Solubility constants of magnesite derived from solubility data in the
system MgCO; + H,O + CO, (solid symbols: accepted data; open symbols:
rejected data) with Model 2 (without ion pair); predictions of Eq. (115)
(line).

Bénézeth et al.'>® conducted electrochemical measurements

of the solubility constant of magnesite. In the temperature
range 0-70 °C, their K, values are within 25% of the values
of Model 1 reported here, and within 10% of Model 2. How-
ever, at higher temperature, our models seriously overesti-
mate the solubility. It follows that the Ac, of solution is
much more strongly negative than the above coefficients
suggest.

Considering the good agreement between our calculated
values of K and the measured values of Bénézeth et al.,lso it
seems reasonable to adopt the Ac, value found by Bénézeth
et al.,lso —387.97 J mol ! K_l, and force the g K expres-
sion to be consistent with this value. Because Ac) = C /R in
Eq. (85) when D=E =0, this means setting C equal to

DE VISSCHER ETAL.

—46.66201. From Eq. (113) it follows that B equals
—4446.81, and A is the only remaining variable. A is simply
the weighted average of lg K,—B/(T/K) —C 1g(T/K). A
value of 122.5203 is obtained for Model 1 and a value of
122.5940 for Model 2. Hence, the following expressions are
obtained:

For Model 1:

lgK, = 122.5203 — 4446.81 /(T /K) — 46.66201 1g(T /K)
(114)

For Model 2:

lg K, = 122.5940 — 4446.81 /(T /K) — 46.66201 1g(T /K)
(115)

The temperature dependence of K obtained with the equa-
tions and derived from the individual data points is shown in
Fig. 2 for Model 1 and in Fig. 3 for Model 2.

At 25 °C, Egs. (114) and (115) predict 1g K of —7.8565 for
Model 1 and lg K of —7.7828 for Model 2. Both values are
consistent with thermodynamic data. The following thermody-
namic data of dissolution at 25 °C are obtained from Egs. (114)
and (115): 44.84 kJ mol ™' (Model 1) and 44.42 kJ mol '
(Model 2) for AyG°, and —252.84 I mol ' K~ (Model 1) and
~251.43 J mol™" K" (Model 2) for AyS°. As indicated
above, a value of —30.54 kJ mol ™' was set for Ay;H°.

Equations (114) and (115) were used to make predictions
of the solubility with Model 1 and Model 2. The result is
shown in Table 16 for all data points. The difference
between the model predictions is a subjective measure of the
uncertainty of the actual solubility. The deviation between
the models is highest at low temperature and at low CO, par-
tial pressure, and lower at medium and high temperatures.
However, due to the limited number of data points, these

TasLE 16. Evaluation of magnesite solubility in the system MgCOj3 + H,O + CO,. Model 1 = with MgHCO3 ; Model 2 = no MgHCO;

Measured Fitted solubility Deviation from Fitted solubility Deviation from

Ref. t/°C p(CO,)/atm solubility /mol kg™! (Model 1)/mol kg™! Model 1 (%) (Model 2)/mol kg™! Model 2 (%) Accepted
118 5 1 0.0156 0.03518 —55.66 0.03138 —50.29 No
5 2 0.0160 0.04848 —67.20 0.04193 —62.08 No
5 3 0.0890 0.05863 50.94 0.04975 77.91 No
5 4 0.1079 0.06714 59.51 0.05617 90.66 No
5 5 0.1085 0.07459 44.52 0.06172 74.67 No
5 6 0.1576 0.08094 92.73 0.06664 134.11 No
124 22° 0.00029 0.00749 0.00088 752.57 0.00092 709.75 No
129 20 0.00029 0.00074 0.00093 —20.14 0.00098 —24.11 Yes
134 18 0.00031 0.00095 0.00101 -5.99 0.00106 —10.58 Yes
18 0.00031 0.00830 0.00101 721.34 0.00106 681.22 No
136 25 0.955 0.01657 0.01748 —5.63 0.01646 —0.27 Yes
38.8 0.932 0.01298 0.01129 15.19 0.01088 19.48 Yes
137 25 0.987 0.01649 0.01773 —6.96 0.01667 —1.03 Yes
144 90.3 0.312 0.00198 0.00189 4.99 0.00191 3.76 Yes
91 0.0274 0.00095 0.00076 24.56 0.00079 30.03 Yes
90.5 0.308 0.00174 0.00187 —6.85 0.00189 —7.96 No

#Approximate value.
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TaBLE 17. Data collected for the evaluation of the solubility of MgCOj3 in
the system MgCO; + H,0 + CO, + NaCl

p(CO,)/  Molality NaCl  Solubility MgCO3
Ref. ¢/°C atm my/mol kg ! m /mol kg ! Accepted
125 375 1* 0.120 0.2100 No
375 1* 1.012 0.2161 No
37.5 1* 2.182 0.2030 No
37.5 1* 3.016 0.1837 No
37.5 1* 4.205 0.1553 No
375 1* 5.829 0.0816 No
129 20 0.00029 0.469 0.0012 Yes

“Equilibrated at room temperature.

remain tentative estimates of the actual solubility. The fit
provided a slightly smaller sum of squares of the residuals
for Model 1 (0.171 1g units squared) than for Model 2 (0.188
Ig units squared). There is no significant quality difference
between the fits.

3.1.3.2. MgCO3+ H>O+ CO2+ NaCl. The number of
solubility data of this quaternary system is limited to seven:
six from Cameron and Seidel'** at 37.5 °C and a CO, partial
pressure of 1 atm, and one from Wells'?® at 20 °C and
atmospheric CO, partial pressure. The data are shown in Ta-
ble 17. After an approximately constant magnesite solubility,
a steady decrease with increasing concentration of NaCl(aq)
was found in the data of Cameron and Seidel.'* The solubil-
ity does not extrapolate to a realistic solubility at zero NaCl
(see Sec. 3.1.3.1). Hence, this data set is not accepted for fur-
ther analysis. The data point of Wells'*® was accepted
because the solubility reported in this reference in the ab-
sence of NaCl (0.00074 mol kg~ ') was accepted, and
because extrapolation to the solubility in the presence of
0.469 mol kg~ ' NaCl using SIT (0.00138 mol kg~ ") corre-
sponds well with the measured value (0.0012 mol kg~ "). The
SIT procedure is outlined in Sec. 1.3.5. For the SIT extrapo-
lation, an ion interaction parameter for MgCl, was obtained
by fitting the SIT model to activity-coefficient data of Robin-
son and Stokes.''? The value obtained was 0.184. The value
for NaHCOs, 0, was taken from Preis and Gamsjiger.''? The
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Fi. 4. Solubility of magnesite in the system MgCO;+ H,O measured
(open symbols: rejected data) and predicted with Model 1 (solid line) and
Model 2 (dashed line).

value for Mg(HCOs3),, which influences the calculation to a
much lesser extent, was assumed to be equal to zero.

3.1.3.3. MgCOs+ H50. For this system, six referen-
ces! 2125 128.134135.140 qpe found in the primary literature.
One of them'** was rejected a priori in Sec. 3.1.1. Data of
Morey'*® were also rejected due to transformations to cal-
cium hydroxide found by the author. The analytical data of
the four remaining references'>"'#>'2%13% are shown in Table
18. Comparing the data, it is clear that there is no consistency
in the data. This is probably because, for all the references
that present a detailed methodology,'**'?>1?® the solution
was stripped after adding MgCOs;, indicating that these are
not pure MgCO; + H,O systems. As indicated in Sec. 3.1.1,
there is a risk of brucite formation under these conditions.”®

Thermodynamic models for this system (see Sec. 1.3.2.2)
with solubility constants of Eqgs. (114) and (115) were used
to make predictions of the solubility consistent with the data
for systems open to CO, (Sec. 3.1.3.1). Again, Model 1
assumes MgHCO7 ion pairing; Model 2 assumes no such
ion pairing; the interaction is calculated with Pitzer parame-
ters instead. The result is shown in Fig. 4 and in Table 19.

TaBLE 18. Data collected for the evaluation of the solubility of magnesite in the system MgCO; + H,O

Molality Mg(aq) Considered

Ref. t/°C Primary solubility data (authors) m/mol kg~ ' (evaluators) by evaluators
Mass conc. Mg/mg per 100 ml
123 15.6 51.8 0.00213 Yes
Mass conc. MgCO3/g 17!
125 23 0.176 0.00209 Yes
24 0.216 0.00257 Yes
25 0.223 0.00265 Yes
Mass conc. MgCOs5/mg 17!
128 0 94.3 0.00112 Yes
Mass conc. MgCOs/g 17!
134 18 0.067 0.00080 Yes
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TaBLE 19. Comparison of magnesite solubility in the system MgCO; + H,O with model predictions

Measured Solubility Deviation from Solubility Deviation from
Ref. t/°C solubility /mol kg " Model 1/mol kg™ Model 1 (%) Model 2/mol kg ™" Model 2 (%) Accepted
123 15.6 0.00213 0.000248 758.85 0.000269 691.01 No
125 23 0.00209 0.000232 800.20 0.000251 731.85 No
24 0.00257 0.000230 1016.12 0.000249 931.83 No
25 0.00265 0.000228 1060.22 0.000247 973.08 No
128 0 0.00112 0.000292 283.06 0.000320 250.39 No
134 18 0.00080 0.000243 229.86 0.000263 204.13 No

All experimental points are far above the model predictions,
indicating that none of these systems were entirely free of
external CO,. Apparently, brucite formation was not an issue
in these experiments. In fact, Cameron and Seidel'® indi-
cated specifically that they opened the stopper of the flask
periodically after boiling to expel CO,. This may have intro-
duced external CO, back into the system. Stripping CO, out
of a solution is less effective after adding magnesite because
of its alkaline nature, trapping the CO, as bicarbonate.
Hence, none of the experimental data are acceptable.

The data of Morey'® are below the predicted values in
Fig. 4, confirming that the results were influenced by a less
soluble phase.

3.1.3.4. MgCO3+ H,O+ salt. Five  references'*>'?%
135:142.143 contain analytical data for these systems. The ana-
lytical data of Leick'* were omitted because the author
states that a possible conversion from magnesium carbonate
towards hydroxide might have occurred during boiling,
which probably results from the metastability of the former
in the absence of an external CO, supply. Based on similar
reflections, the analytical data of two of the remaining refer-
ences'?'?® are treated with suspicion.

Two references'?'?® contain analytical data for the sys-
tem MgCO;+ H,O +NaCl. The concentrations of NaCl
added vary considerably in the two data sets. The data are
shown in Table 20. Both sources have rejected data on the
MgCO3 + H,O system, and neither has solubility data that

TaBLE 20. Data collected for the evaluation of the solubility of MgCOj3 in
the system MgCO; + H,O + NaCl

Molality NaCl Solubility MgCO;

Ref. t/°C my/mol kg ! my /mol kg ! Accepted

125 23 0.485 0.00502 No
23 1.038 0.00637 No
23 1.888 0.00720 No
23 2.664 0.00682 No
23 4.341 0.00599 No
23 5.207 0.00520 No
23 6.536 0.00401 No

128 0* 0.0100 0.00152 No
0* 0.0200 0.00159 No
0* 0.0502 0.00143 No

extrapolates to a realistic solubility at zero NaCl concentra-
tion. For these reasons, none of the data are accepted.

Two references'?>'?® contain analytical data for the sys-
tem MgCO; + H,0 + Na,SO,4. The data are shown in Table
21. The data are rejected for the same reasons as discussed
for the previous system.

Two references'?'?® contain analytical data for the sys-
tem MgCO; + H,0 4 Na,COs3. The data are shown in Table
22. In spite of the common ion, the data of Cameron and
Seidel'* show a pronounced increase of the solubility with
increasing Na,CO;5; concentrations, which may be due to
Mg(CO3)§_ ion pair formation.”® The data of Gothe'*® show
a more expected trend, but still extrapolate to too high a con-
centration at zero Na,COs; concentration. The data are
rejected for the same reasons as discussed for the previous
systems.

One reference'?® contains analytical data for the system
MgCO3 + H,O + NaNOs3. The data are shown in Table 23.

TaBLE 21. Data collected for the evaluation of the solubility of MgCOj3 in
the system MgCO; + H,0 + Na,SO,

Molality Na,SO,4 Solubility MgCO;
Ref. t/°C m,/mol kg~ m, /mol kg ! Accepted
125 24 0.178 0.00698 No
24 0.389 0.00990 No
24 0.684 0.01229 No
24 1.165 0.01501 No
24 1.401 0.01575 No
24 1.887 0.01670 No
24 2.077 0.01681 No
24 2.296 0.01760 No
35.5 0.002 0.00156 No
35.5 0.297 0.00691 No
35.5 0.585 0.00907 No
35.5 0.840 0.01097 No
35.5 1.077 0.01175 No
35.5 1.364 0.01288 No
35.5 1.652 0.01352 No
35.5 1.836 0.01376 No
35.5 2.250 0.01432 No
128 0* 0.0025 0.00172 No
0* 0.0050 0.00192 No
0* 0.0125 0.00179 No

#Approximate, according to the authors.

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012

#Approximate, according to the authors.
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TaBLE 22. Data collected for the evaluation of the solubility of MgCOj3 in
the system MgCO; + H,0 + Na,CO;

013105-35

TaBLE 24. Data collected for the evaluation of the solubility of MgCOj3 in
the system MgCO; + H,0 + MgCl,

Molality Na,COj3 Solubility MgCO; Molality MgCl, Solubility MgCO;

Ref. t/°C my/mol kg ! my /mol kg ! Accepted Ref. t/°C my/mol kg ! my /mol kg ! Accepted
125 25 0.219 0.00343 No 128 0* 0.0025 0.000557 No

25 0.481 0.00607 No 0* 0.0050 0.000468 No

25 0.819 0.01069 No 0* 0.0125 0.000419 No

25 1.213 0.01574 No

25 1.540 0.01969 No “Approximate, according to the authors.

25 1.747 0.02381 No

25 2.066 0.02822 No
128 0* 0.0050 0.00117 No

0 0.0100 0.000634 No cipitation of Mg(HCO;),. Indeed, upon decompression,

0 0.0250 0.000186 No physical change of the precipitate was observed. By working

“Approximate, according to the authors.

The data are rejected for the same reasons as discussed for
the previous systems.

One reference'?® contains analytical data for the system
MgCO3 + H,O 4+ MgCl,. The data are shown in Table 24.
The data are rejected for the same reasons as discussed for
the previous systems.

3.1.4. Nesquehonite

3.1.4.1. MgCO33H,0+ H>O+ CO,. In the compiled
literature, 16 references®®78:79-119-122.1260.120-134.137.139 oy
the aqueous solubility of magnesium carbonate trihydrate,
MgCOj3-3H,0, in the presence of an external and constant
CO, supply. Of these, two references'**'? were rejected a
priori (see Sec. 3.1.1), and one reference® only reported a
pH value, leaving 13 references for consideration, with 112
data points. The data are shown in Table 25.

From the seven data points published by Beckurts,''* only
the six obtained at a well-defined CO, partial pressure were
considered, thus rejecting a priori the one referring to an
unknown partial pressure. Although not clearly specified by
Engel and Ville,'*® we assume after examination that the sol-
ubility data refer to magnesium carbonate trihydrate and not
to anhydrous magnesium carbonate. All data are retained
except the point at 100 °C, which was conducted in boiling
water. The data of Engel'?' were retained, except the point
at zero CO, partial pressure. The data of Haehnel'** show a
marked break in the solubility increase with increasing
p(CO,) at 16-18 atm. This increase was attributed to the pre-

TaBLE 23. Data collected for the evaluation of the solubility of MgCOj3 in
the system MgCO; + H,0 4+ NaNOj;

Molality NaNO; Solubility MgCO;
Ref. t/°C i /mol kg ! m, /mol kg ! Accepted
128 0* 0.0100 0.00146 No
0* 0.0200 0.00165 No
0* 0.0501 0.00163 No

#Approximate, according to the authors.

at subzero temperatures, the solid Mg(HCO3), could be iso-
lated. Hence, the data points at p(CO,) > 16 atm need to be
discarded. This includes the experiments at constant pressure
and varying temperature. Hence, of the 112 data points, 98
are retained.

For a quick test of the reliability of the data, the value of
s/p1/3(C02) (in mol kg_1 bar_1/3) was plotted versus tem-
perature. The result is shown in Fig. 5. The scatter of the
data is considerable. Data sets that deviate substantially from
other studies are Beckurts,119 who found low solubilities,
Engel,lzo who found high solubilities with a curvature mark-
edly different than other data sets, Kline,130 who found di-
vergent CO, partial pressure dependence of nesquehonite
solubility, Haehnel,'** who found high solubilities with too
strong CO, partial pressure dependence, and Bir,'** whose
data essentially agreed with Haehnel’s. Konigsberger’®
found low solubilities compared to the trend of the empirical
model. Without these data sets, the 54 remaining data points
fit the empirical regression Eq. (18) well, with a standard
deviation of 0.013 in lg scale. The coefficients of Eq. (18)
are as follows:

a=9.71217
b=0.347 56
¢c=0.111 80
d=—0.000 379 32
e=1390.12
f=-4.7170.

Coefficient b corresponds well with the expected value
(1/3). The predicted solubilities of Eq. (18) are shown in Ta-
ble 25.

The thermodynamic model variants were fitted to the ex-
perimental data to derive solubility constants. Data that were
rejected above also corresponded poorly with the other data
when solubility constants were compared. Additionally, the
data of Mitchell*' were rejected due to poor correspondence
with other data (0.25-0.5 lg units difference in K). Now the
data of Haehnel'** below 18 atm are within the range of other
data, although there is still a pronounced CO, partial pressure
dependence of the calculated solubility constant. Likewise,
the data of Konigsberger’® correspond well with the other
data. The data of these sources are included in the thermody-
namic model fits. This leads to 57 accepted data points, the
solubilities included in the thermodynamic model fits.

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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TaBLE 25. Data collected for the evaluation of the system MgCO3-3H,0 + H,O + CO,, and fit with empirical model

Molality Molality
Mg(aq)/mol kg~ Used in Mg*"/mol kg~ Deviation
Ref. t/°C p(CO,)/atm Original data (authors) (evaluators) Considered model fit (fitted) (%)
Mass ratio (MgCO;-3H,0/H,0)
119 20 Unknown 1/72.4 0.0999 No — —
20 2 1/30.5 0.2374 Yes No 0.3267 —27.33
20 3 1/26 0.2786 Yes No 0.3766 —26.03
20 4 1/21.1 0.3435 Yes No 0.4168 —17.59
10 5 1/17.09 0.4243 Yes No 0.6188 —31.43
15 5 1/18.60 0.3898 Yes No 0.5275 —26.10
40 5 1/44.64 0.1621 Yes No 0.2487 —34.81
Mass conc. MgCO; p/g 17"
120 19.5 0.978 25.79 0.3097 Yes No 0.2579 20.08
19.5 2.08 33.11 0.3992 Yes No 0.3359 18.83
19.7 3.18 37.3 0.4509 Yes No 0.3878 16.26
19.0 4.68 43.5 0.5278 Yes No 0.4544 16.16
19.2 5.58 46.2 0.5617 Yes No 0.481 16.79
19.2 6.18 48.51 0.5906 Yes No 0.499 18.36
19.5 7.48 51.2 0.6248 Yes No 0.5294 18.03
18.7 8.98 56.59 0.6928 Yes No 0.5815 19.14
13.4 0.973 28.45 0.3414 Yes No 0.3051 11.88
19.5 0.982 25.79 0.3097 Yes No 0.2582 19.93
29.3 0.962 21.945 0.2638 Yes No 0.1971 33.83
46.0 0.906 15.7 0.1893 Yes No 0.1266 49.57
62.0 0.789 10.35 0.1254 Yes No 0.083 51.02
70.0 0.699 8.1 0.0984 Yes No 0.0668 47.36
82.0 0.499 4.9 0.0599 Yes No 0.0464 29.09
90.0 0.314 24 0.0295 Yes No 0.0339 —12.93
100 0 0.0 0.0000 No —
Mass conc. MgCO; p/g 17!
121 12 0* 0.970 0.0115 No —
12 0.486 20.5 0.2451 Yes Yes 0.2484 —1.33
12 0.986 26.5 0.3177 Yes Yes 0.319 —0.41
12 1.486 31.0 0.3725 Yes Yes 0.3694 0.83
12 1.986 342 0.4117 Yes Yes 0.4104 0.33
12 2.486 36.4 0.4388 Yes Yes 0.4456 —1.52
12 2.986 39.0 0.4708 Yes Yes 0.4769 —1.27
12 3.486 42.8 0.5180 Yes Yes 0.5054 2.50
12 5.986 50.6 0.6155 Yes Yes 0.6229 —1.19
3.5 0.992 35.6 0.4272 Yes Yes 0.4093 4.38
18 0.980 22.1 0.2649 Yes Yes 0.269 —1.52
22 0.974 20.0 0.2398 Yes Yes 0.2405 —0.31
30 0.958 15.8 0.1895 Yes Yes 0.1932 —1.93
40 0.927 11.8 0.1418 Yes Yes 0.1479 —4.15
50 0.878 9.5 0.1145 Yes Yes 0.1137 0.67
Mass conc. Mg>™ p/g 17!
129 20 0.00029 0.39 0.0158 Yes Yes 0.0151 4.70
20 0.00029 0.34 0.0142 Yes Yes 0.0151 —-5.91
130 25 0.9684 0.2135 Yes No 0.2214 —-3.57
25 0.1116 0.06266 Yes No 0.1048 —40.18
25 0.0432 0.04601 Yes No 0.0753 —38.93
25 0.0150 0.03127 Yes No 0.0522 —40.05
25 0.0069 0.02507 Yes No 0.0398 —37.05
25 0.00334 0.02210 Yes No 0.0309 —28.59
25 0.00160 0.01859 Yes No 0.024 —22.43
25 0.00093 0.01624 Yes No 0.0198 —18.17
25 0.000887 0.01593 Yes No 0.0195 —18.40
25 0.000845 0.01566 Yes No 0.0192 —18.42
25 0.000680 0.01512 Yes No 0.0178 —15.05
25 0.000510 0.01437 Yes No 0.0161 —10.78
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TaBLE 25. Data collected for the evaluation of the system MgCO3-3H,0 + H,0 + CO,, and fit with empirical model—Continued

Molality Molality
Mg(aq)/mol kg " Used in Mg /mol kg ! Deviation
Ref. t/°C p(CO,)/atm Original data (authors) (evaluators) Considered model fit (fitted) (%)
Amount conc. Mg** ¢/mol 17!
131 25 6 0.376 0.3839 Yes Yes 0.411 —6.60
25 9 0.450 0.4617 Yes Yes 0.469 —1.55
25 11 0.485 0.4990 Yes Yes 0.4998 —0.16
25 13 0.505 0.5207 Yes Yes 0.5265 —1.10
25 16 0.530 0.5482 Yes Yes 0.5607 —2.24
25 21 0.613 0.6378 Yes Yes 0.6071 5.06
Mass% MgCO5; 100 w
132 18 2 3.50 0.4433 Yes No 0.3458 28.20
18 2.5 3.74 0.4762 Yes No 0.3743 27.23
18 4 4.28 0.5516 Yes No 0.4428 24.58
18 10 5.90 0.7898 Yes No 0.6205 27.28
18 16 7.05 0.9708 Yes No 0.7446 30.37
18 18 7.49 1.0421 No — — —
18 35 7.49 1.0578 No — — —
18 56 7.49 1.0720 No — — —
0.0 34 8.58 1.2584 No — — —
5.0 34 8.32 1.2068 No — — —
10.0 34 7.93 1.1360 No — — —
18.0 34 7.49 1.0570 No — — —
30.0 34 6.88 0.9527 No — — —
40.0 34 6.44 0.8805 No — — —
50.0 34 6.18 0.8381 No — — —
60.0 34 5.56 0.7435 No — — —
Mass% MgO 100 w
132 5 1 1.530 0.4029 Yes Yes 0.3927 2.61
10 1 1.314 0.3431 Yes Yes 0.3395 1.06
15 1 1.143 0.2964 Yes Yes 0.2945 0.63
20 1 0.9858 0.2541 Yes Yes 0.2564 —0.89
25 1 0.8654 0.2220 Yes Yes 0.2239 —0.84
30 1 0.7634 0.1950 Yes Yes 0.1961 —0.55
35 1 0.6780 0.1727 Yes Yes 0.1722 0.27
40 1 0.6017 0.1528 Yes Yes 0.1517 0.72
45 1 0.5323 0.1348 Yes Yes 0.134 0.61
50 1 0.4718 0.1192 Yes Yes 0.1186 0.48
55 1 0.4083 0.1029 Yes Yes 0.1053 —2.28
60 1 0.3648 0.0918 Yes Yes 0.0937 —2.02
Mass conc. MgCO; p/g 17"
134 18 1 27.8 0.3340 Yes No 0.2709 23.29
18 2 35.1 0.4233 Yes No 0.3458 2241
137 25 1 0.2146 Yes Yes 0.2239 —4.14
139 0 1 0.4234 Yes Yes 0.4558 —7.11
5 1 0.4041 Yes Yes 0.3927 2.92
8 1 0.3787 Yes Yes 0.3597 5.29
20 1 0.2535 Yes Yes 0.2564 —1.12
25 1 0.2269 Yes Yes 0.2239 1.35
40 1 0.1528 Yes Yes 0.1517 0.72
45 1 0.1325 Yes Yes 0.134 —1.11
50 1 0.1151 Yes Yes 0.1186 —2.98
53.5 1 0.1062 Yes Yes 0.1091 —2.67
Molality MgCO5 m/mmol kg~
78 25 0.0088 31 0.031 Yes No 0.0433 —28.47
25 0.047 58 0.058 Yes No 0.0776 —25.23
25 0.108 76 0.076 Yes No 0.1036 —26.62
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TaBLE 25. Data collected for the evaluation of the system MgCO3-3H,0 + H,0 + CO,, and fit with empirical model—Continued

DE VISSCHER ETAL.

Molality Molality
Mg(aq)/mol kg " Used in Mg /mol kg ! Deviation
Ref. t/°C p(CO,)/atm Original data (authors) (evaluators) Considered model fit (fitted) (%)
Molality MgCOs m/mol kg ™'
79 25 0.968 0.2199 0.2199 Yes Yes 0.2214 —0.67
28 0.962 0.2074 0.2074 Yes Yes 0.204 1.69
31 0.955 0.1922 0.1922 Yes Yes 0.1881 221
33 0.950 0.1810 0.1810 Yes Yes 0.1782 1.56
35 0.944 0.1692 0.1692 Yes Yes 0.1689 0.16
38 0.934 0.1595 0.1595 Yes Yes 0.156 227
41 0.922 0.1509 0.1509 Yes Yes 0.144 4.77
44 0.909 0.1382 0.1382 Yes Yes 0.1331 3.84
47 0.894 0.1265 0.1265 Yes Yes 0.123 2.85
50 0.877 0.1196 0.1196 Yes Yes 0.1137 5.19
“Ambiguous.

An equation of the form of Eq. (85) is fitted to the solubil-
ity constant data. Using coefficients D and E did not improve
the fit between the equation and the data. Hence, they were
set equal to 0. The unweighted regression led to a predicted
standard Gibbs free energy of dissolution of 32.13 kJ mol '
(Model 1) or 30.06 kJ mol ! (Model 2). Based on the en-
tropy of nesquehonite of 195.627 J mol™' K™ ' at 25 °C
measured calorimetrically by Robie and Hemingway,"”" and
the standard entropies reported by Cox et al.,*” a standard
entropy of solution of —172.777 Jmol "K' is obtained.
Combining with the standard Gibbs free energies above, a
standard enthalpy of solution of —19.39 kJ mol ' (Model 1)
or —21.45 kJ mol ! (Model 2) is obtained, which leads to a
temperature derivative of 1g K; of —0.0114 (Model 1) or
—0.0126 (Model 2). The slopes actually observed were
—0.0062 (Model 1) or —0.0088 (Model 2), which are some-
what too low. It was observed that the slope of lg K was
diminished by the high-pressure data of Engel,'?! which may
be due to an inaccurate description of the Mg-HCO; ion
interactions in the models. For that reason, the experiments

0.45

o
~
o

035 1 ope
!

o
w
!

L

0.25 - .

©
N}

o
o
(¢)]

sIp'3(CO,) Imol kg™ bar173

°
N
o
.
o
.

0.05 5

0 20 40 60 80
ti°C

100

Fic. 5. Solubility of nesquehonite in MgCO;-3H,0 + H,0 + CO, systems
divided by the cubic root of the equilibrium CO, partial pressure.
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of Engel'?! at CO, partial pressures above 1 atm were
weighted inversely proportional to the pressure in atmos-
pheres. The experiment of Yanat’eva and Rassonskaya'* at
0 °C unrealistically led to a lg K value below the value at
5 °C. For this reason, the data point at 0 °C was given a
weight of 0.5. All other accepted data points were given a
weight of 1. The new slopes of lg K resulting from the
weighted regressions are —0.0074 and —0.0098 for Model 1
and Model 2, respectively. The fit is improved but still sub-
stantially below the expected values. For that reason, the
regressions were forced to be consistent with a given entropy
of solution at 25 °C. The approach is similar to the one out-
lined in Sec. 1.3.3.4. Assuming coefficients £ and F in Eq.
(85) to be zero, the regression equation is

In 10

Sl 1gT N _
R(1 + In(T1 /K)) _A<1 1+ In(T1 /K) gT>
B

+7

(T/K)’

lgKs —

(116)

where 71 =298.15 K, and S, is the entropy of solution at 7.
Coefficient C in Eq. (85) is then calculated as

S —RAIn10

c="L 0
R(1+InTy)

(117)

A constrained regression with §; =—172.777 J mol ' K'
led to a marked deterioration of the fit. Considering that the
uncertainty of the standard entropy of Mg?"(aq) is
4 J mol ' K™', and the uncertainty of the standard entropy
of CO3 (aq) is 1 J mol™' K™', §; was increased to
—167.777 J mol ' K~ '. The results of the constrained
weighted regressions were as follows:
For Model 1 (with MgHCOY ion pair):

lgK, = 77.6714 — 2913.02/(T/K) — 29.715731g(T/K).
(118)
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For Model 2 (without MgHCO; ion pair):

lg K, = —18.2455 + 1464.72/(T/K) + 3.259811g(T/K).
(119)

At 25 °C, these equations predict Ig K of —5.6286 for Model
1 and 1g K of —5.2667 for Model 2. Figure 6 shows the solu-
bility constants obtained with Model 1, together with
Eq. (118); Fig. 7 shows the solubility constants obtained
with Model 2, together with Eq. (119).

Thermodynamic data at 25 °C obtained with the two equa-
tions above are 32.13 J mol~! (Model 1) and 30.06 J mol !
(Model 2) for the standard Gibbs free energy of dissolution,
and —17.89 J mol ™" (Model 1) and —19.96 J mol™~" (Model
2) for the standard enthalpy of dissolution. As indicated
above, the standard entropy of dissolution was taken to be
~167.777 Jmol ' K.

Based on Eqgs. (118) and (119), predicted solubilities were
calculated for all data points. The results are shown in Table
26. At pressures near atmospheric, the models agree well,
with decreasing agreement towards higher temperatures. At
pressure extremes, much less agreement between the models
was obtained. The experimental solubilities tend to agree
better with Model 2 (no MgHCOY) (sum of squares of the
residuals 0.112 lg units squared) than with Model 1 (sum of
squares of the residuals 0.617 lg units squared). As the same
observation was made with lansfordite, it is concluded that
MgHCOYJ is not stable at the high ionic strengths associated
with these experiments. Model 1 is not recommended as a
description of aquatic systems in equilibrium with either of
these minerals. A model variant with Pitzer parameters for
the interaction between MgHCOS and other ions, or with an
ionic strength dependence of Kyignco; » may not have these
weaknesses. However, the development of such models is
beyond the scope of this study. Here as well as in the lansfor-
dite case (below), it appears that the CO, partial pressure de-
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FiG. 6. Solubility constants of nesquehonite derived from solubility data in
the system MgCO;5-3H,0 + H,O + CO, (solid symbols: accepted data; open
symbols: rejected data) with Model 1 (with MgHCO7 ion pair); predictions
of Eq. (118) (line).
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FiG. 7. Solubility constants of nesquehonite derived from solubility data in
the system MgCO;5-3H,0 + H,0 + CO, (solid symbols: accepted data; open
symbols: rejected data) with Model 2 (without MgHCO ion pair); predic-
tions of Eq. (119) (line).

pendence of the measured solubility is systematically less
strong than the dependence predicted by the models. We
tested if this could be explained by the Mg(CO3)§_ ion pair,
using the stability constant of Konigsberger,”® but this spe-
cies takes up less than 1% of the dissolved magnesium.
Hence, it is concluded that Mg(CO,);~ does not affect solu-
bility in the absence of added carbonates, and this species
was not taken into further consideration. Alternatively, the
Pitzer parameters of Mg(HCO3), may not be accurate at the
high concentrations encountered here. It follows that some
data rejected in this evaluation may actually be valid.

3.1.4.2. MgCO33H-0+ HO+ CO,+ salt. There are
three references’>'?>'2 reporting data on the solubility of
nesquehonite in the system MgCO;5-3H,O + H,0 + CO,
+salt. Two references'**'?° have been rejected a priori,
Ref. 122 because the CO, partial pressure was marked as
“unknown,” and Ref. 126 because the system was a closed
system with a gas phase of unknown volume, leading to an
undefined system. The only remaining study’® reported 13
data on the solubility of nesquehonite in the system
MgCO3-3H,0 + H,O 4+ CO, + Na,COj;. The data are sum-
marized in Table 27.

The data show increasing nesquehonite solubility at high
Na,CO;5 concentrations, which was attributed to the forma-
tion of a Mg(CO,);” ion pair. Based on the accuracy of the
solubility data in the MgCO3-3H,0 + H,O + CO, system
obtained in the same study, it is likely that the data in Table
27 are accurate, but as there is no way of testing this accu-
racy with independent information, it would be premature to
accept these data.

3.1.4.3. MgCO3 3H-0+ H20. Only three data
sets'1?121:143 are available for the solubility of nesquehonite
in the system MgCO;-3H,0 + H,0, two of which date back
to the 19™ century. They are summarized in Table 28. Model

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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TabLE 26. Evaluation of nesquehonite solubility in the system MgCO3-3H,0 + H,0 + CO,. Model 1 = with MgHCO7; Model 2 = no MgHCO3

Measured Fitted solubility Deviation from Fitted solubility Deviation from
Ref.  1/°C  p(CO,)/atm  solubility/molkg™'  (Model 1)/mol kg ™" Model 1 (%) (Model 2)/mol kg ™" Model 2 (%) Accepted
119 20 2 0.2374 0.3938 —39.72 0.3631 —34.62 No
119 20 3 0.2786 0.5013 —44.43 0.4461 —-37.55 No
119 20 4 0.3435 0.5963 —42.39 0.5175 —33.66 No
119 10 5 0.4243 0.9810 —56.75 0.7698 —44.88 No
119 15 5 0.3898 0.8142 —52.12 0.6716 —41.96 No
119 40 5 0.1621 0.3651 —55.60 0.3247 —50.08 No
120 195 0.978 0.3097 0.2657 16.56 0.2590 19.56 No
120 195 2.08 0.3992 0.4096 —2.54 0.3762 6.12 No
120 197 3.18 0.4509 0.5244 —14.02 0.4639 —2.81 No
120 19 4.68 0.5278 0.6790 —2227 0.5785 —-8.76 No
120 192 5.58 0.5617 0.7514 —25.25 0.6301 —-10.86 No
120 192 6.18 0.5906 0.8004 —26.21 0.6645 —11.12 No
120 195 7.48 0.6248 0.8939 -30.10 0.7291 —14.31 No
120 187 8.98 0.6928 1.0315 —32.84 0.8188 —~15.39 No
120 134 0.973 0.3414 0.3234 5.55 0.3149 8.41 No
120 195 0.982 0.3097 0.2663 16.29 0.2595 19.33 No
120 293 0.962 0.2638 0.1952 35.13 0.1916 37.69 No
120 46 0.906 0.1893 0.1205 57.10 0.1219 55.35 No
120 62 0.789 0.1254 0.0771 62.65 0.0831 50.92 No
120 70 0.699 0.0984 0.0615 60.12 0.0691 4235 No
120 82 0.499 0.0599 0.0413 45.01 0.0510 17.43 No
120 90 0.314 0.0295 0.0288 2.26 0.0390 —24.27 No
121 12 0.486 0.2451 0.2297 6.72 0.2370 3.44 Yes
121 12 0.986 0.3177 0.3418 —-7.04 0.3319 —4.28 Yes
121 12 1.486 0.3725 0.4335 —14.08 0.4047 —~7.95 Yes
121 12 1.986 0.4117 0.5157 —20.16 0.4660 —11.65 Yes
121 12 2.486 0.4388 0.5903 —25.66 0.5200 —15.61 Yes
121 12 2.986 0.4708 0.6599 —28.65 0.5686 —-17.19 Yes
121 12 3.486 0.518 0.7257 —28.62 0.6130 —15.50 Yes
121 12 5.986 0.6155 1.0199 —39.65 0.7952 —22.60 Yes
121 3.5 0.992 0.4272 0.4645 —8.04 0.4411 -3.16 Yes
121 18 0.98 0.2649 0.2791 —5.08 0.2719 —2.58 Yes
121 22 0.974 0.2398 0.2451 —2.15 0.2392 0.27 Yes
121 30 0.958 0.1895 0.1909 —-0.72 0.1875 1.08 Yes
121 40 0.927 0.1418 0.1423 —0.37 0.1419 —0.04 Yes
121 50 0.878 0.1145 0.1074 6.61 0.1101 4.03 Yes
129 20 0.00029 0.0158 0.0090 75.47 0.0147 7.66 Yes
129 20 0.00029 0.0142 0.0090 57.70 0.0147 —3.24 Yes
130 25 0.9684 0.2135 0.2229 —4.20 0.2178 -1.97 No
130 25 0.1116 0.06266 0.0730 —14.11 0.0832 —24.65 No
130 25 0.0432 0.04601 0.0471 -2.29 0.0570 —19.27 No
130 25 0.015 0.03127 0.0299 4.56 0.0386 —~19.00 No
130 25 0.0069 0.02507 0.0220 14.03 0.0297 —15.69 No
130 25 0.00334 0.0221 0.0167 31.97 0.0238 —7.06 No
130 25 0.0016 0.01859 0.0131 41.82 0.0194 —4.37 No
130 25 0.00093 0.01624 0.0111 46.03 0.0169 —3.84 No
130 25 0.00087 0.01593 0.0109 46.02 0.0166 —4.22 No
130 25 0.000845 0.01566 0.0108 4474 0.0165 —521 No
130 25 0.00068 0.01512 0.0102 48.49 0.0157 -3.97 No
130 25 0.00051 0.01437 0.0094 52.35 0.0148 —3.08 No
131 25 6 0.3839 0.6458 —40.55 0.5540 —30.70 No
131 25 9 0.4617 0.8300 —44.37 0.6926 -33.33 No
131 25 11 0.499 0.9399 —46.91 0.7745 —35.57 No
131 25 13 0.5207 1.0427 —50.06 0.8503 —38.76 No
131 25 16 0.5482 1.1859 —53.77 0.9565 —42.69 No
131 25 21 0.6378 1.4050 —54.60 1.1115 —42.62 No
132 18 2 0.4433 0.4207 5.37 0.3867 14.64 Yes
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TabLE 26. Evaluation of nesquehonite solubility in the system MgCO3-3H,0 + H,0 + CO,. Model 1 = with MgHCO3 ; Model 2 = no MgHCO3 —Continued

Measured Fitted solubility Deviation from Fitted solubility Deviation from
Ref. t/°C p(CO,)/atm solubility /mol kg ! (Model 1)/mol kg ! Model 1 (%) (Model 2)/mol kg ! Model 2 (%) Accepted
132 18 2.5 0.4762 0.4809 —0.97 0.4326 10.08 Yes
132 18 4 0.5516 0.6384 —13.60 0.5496 0.36 Yes
132 18 10 0.7898 1.1324 —30.25 0.8804 —10.29 Yes
132 18 16 0.9708 1.5303 —36.56 1.1115 —12.66 Yes
132 18 18 1.0421
132 18 35 1.0578
132 18 56 1.072
132 0 34 1.2584
132 5 34 1.2068
132 10 34 1.136
132 18 34 1.057
132 30 34 0.9527
132 40 34 0.8805
132 50 34 0.8381
132 60 34 0.7435
133 5 1 0.4029 0.4415 —8.75 0.4217 —4.46 Yes
133 10 1 0.3431 0.3692 —7.06 0.3571 —3.91 Yes
133 15 1 0.2964 03114 —4.82 0.3028 —2.12 Yes
133 20 1 0.2541 0.2648 —4.04 0.2577 —1.41 Yes
133 25 1 0.222 0.2269 —2.14 0.2212 0.38 Yes
133 30 1 0.195 0.1957 —0.35 0.1913 1.93 Yes
133 35 1 0.1727 0.1697 1.80 0.1669 3.48 Yes
133 40 1 0.1528 0.1482 3.12 0.1469 4.05 Yes
133 45 1 0.1348 0.1302 3.57 0.1303 3.44 Yes
133 50 1 0.1192 0.1149 3.72 0.1166 2.26 Yes
133 55 1 0.1029 0.1020 091 0.1051 —2.07 Yes
133 60 1 0.0918 0.0909 0.97 0.0953 —3.68 Yes
134 18 1 0.334 0.2823 18.32 0.2746 21.65 No
134 18 2 0.4233 0.4207 0.62 0.3867 9.47 No
137 25 1 0.2146 0.2269 —5.40 0.2212 —-2.97 Yes
139 1 0.4234 0.5332 —20.59 0.4966 —14.74 Yes
139 5 1 0.4041 0.4415 —8.47 0.4217 —4.18 Yes
139 8 1 0.3787 0.3961 —4.40 0.3816 —0.77 Yes
139 20 1 0.2535 0.2648 —4.27 0.2577 —1.64 Yes
139 25 1 0.2269 0.2269 0.02 0.2212 2.60 Yes
139 40 1 0.1528 0.1482 3.12 0.1469 4.05 Yes
139 45 1 0.1325 0.1302 1.80 0.1303 1.68 Yes
139 50 1 0.1151 0.1149 0.15 0.1166 —1.26 Yes
139 535 1 0.1062 0.1056 0.53 0.1083 —1.95 Yes
78 25 0.0088 0.0310 0.0241 28.42 0.0322 —3.70 Yes
78 25 0.047 0.0580 0.0489 18.59 0.0589 —1.50 Yes
78 25 0.108 0.0760 0.0720 5.53 0.0820 —7.37 Yes
79 25 0.968 0.2199 0.2228 —1.30 0.2177 0.99 Yes
79 28 0.962 0.2074 0.2031 2.13 0.1988 431 Yes
79 31 0.955 0.1922 0.1852 3.80 0.1820 5.58 Yes
79 33 0.950 0.1810 0.1745 3.74 0.1719 5.29 Yes
79 35 0.944 0.1692 0.1645 2.88 0.1625 4.13 Yes
79 38 0.934 0.1595 0.1507 5.83 0.1496 6.59 Yes
79 41 0.922 0.1509 0.1382 9.16 0.1381 9.27 Yes
79 44 0.909 0.1382 0.1270 8.85 0.1278 8.17 Yes
79 47 0.894 0.1265 0.1167 8.39 0.1184 6.80 Yes
79 50 0.877 0.1196 0.1073 11.42 0.1100 8.72 Yes
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TaBLE 27. Data collected for the evaluation of the solubility of MgCOj3 in
the system MgCOj3-3H,0 4 H,0 + CO, + Na,COj3 (all data from Ref. 78 at
25°C)

Molality Na,CO3 Solubility MgCO;
p(CO,)/atm m,/mol kg ™! my/mol kg~
0.0088 0.1 0.012

0.5 0.017
0.6 0.021
0.75 0.026
0.8 0.029
0.9 0.034
1.0 0.039
1.15 0.046
1.45 0.051
0.047 0.35 0.014
0.7 0.022
0.108 0.3 0.021
0.6 0.021

predictions for all data points were made with Model 1 (with
MgHCO; ion pair) and with Model 2 (without MgHCO7
ion pair). Measured and predicted solubility data as a func-
tion of temperature are shown in Fig. 8 and Table 29. The
deviations with predictions of Model 1 are around 100%, but
the deviations with Model 2 are only about 0-10%, all
underestimations. Considering that there are indications that

TaBLE 28. Data collected for the evaluation of the solubility of nesquehonite
in the system MgCO5-3H,0 + H,O

Molality

DE VISSCHER ETAL.
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FiG. 8. Solubility of nesquehonite in the system MgCO5-3H,0 + H,O meas-
ured (solid symbols: accepted data) and predicted with Model 1 (solid line)
and Model 2 (dashed line).

this model underestimates the solubility at low equilibrium
CO, partial pressures, this is a good agreement between the
model and the data, and all data points are accepted. Further
research into the Mg>" —HCOj ion interaction is needed to
elucidate this point.

3.1.4.4. MgCO3 3H,0+ H-O+ salt. Only two referen-
ces'*>1%® provide data for these systems, both from the same
research group. As the MgCO3-3H,0 + H,O data of this
group were accepted, there is reason to believe that the
MgCO3-3H,0 + H,O +ssalt  data are reliable. A SIT

approach that can reliably evaluate the data requires more

sophistication than was necessary in the
Primary solubility m/ﬁii'ﬁ;)’l Considered MgCOs +. H,0 + CO, system, and “.]as not attempted.. How-
Ref.  1/°C data (authors) (evaluators) by evaluators ever, detailed thermodynamic modeling may be of assistance
here, and provide new information on the relevant ion
Mass ratio interactions.
(MgCO03-3H,0/H,0)
119 19 1/658 0.0110 Yes
Mass conc.
MgCOs/g 17" .
21 12 0.970 0.0115 Yes 3.1.5. Lansfordite
Molality 3.1.5.1. MgCO35H,0+ HoO+ COy. Only four refer-
MgCO,/mmol kg ences' 27133138139 dealing with aqueous dissolution of mag-
145 25 0.009612 0.009612 Yes X K
30 0.008782 0.008782 Yes nesium carbonate pentahydrate in the presence of a fixed
40 0.008893 0.008893 Yes partial pressure of CO, were found in the literature. The data
point of Cesaro'?’ was discarded a priori (see Sec. 3.1.1),
TaBLE 29. Comparison of nesquehonite solubility in the system MgCO5-3H,0 + H,0 with model predictions
Measured Solubility Deviation from Solubility Deviation from
Ref. t/°C solubility /mol kg ™" Model 1/mol kg™ Model 1 (%) Model 2/mol kg™ Model 2 (%) Accepted
119 19 0.0110 0.00507 116.99 0.00996 10.43 Yes
121 12 0.0115 0.00540 112.79 0.01113 3.29 Yes
145 25 0.009612 0.00481 99.74 0.00922 4.21 Yes
145 30 0.008782 0.00462 90.11 0.00875 0.37 Yes
145 40 0.008893 0.00428 107.74 0.00808 10.01 Yes
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TaBLE 30. Data collected for the evaluation of the solubility of lansfordite in the system MgCO;-5H,0 + H,0 + CO,

Ref. t/°C p(CO,)/atm Primary solubility data (authors) Molality Mg2+ exp./mol kg~ ! (evaluators) Considered for evaluation
Mass% MgO 100 w

133 —1.8 0.987 1.526 0.4020 Yes
0 0.987 1.496 0.3936 Yes
5 0.987 1.423 0.3732 Yes
10 0.987 1.363 0.3565 Yes
15 0.987 1.312 0.3424 Yes
20 0.987 1.256 0.3270 Yes

Mass% Mg 100 w

138 0 1.93 1.16 0.5158 Yes
0 2.90 1.34 0.6042 Yes
0 3.87 1.47 0.6699 Yes
0 9.68 2.02 0.9654 Yes

Molality Mg(HCO3), 7/ /mmol kg~ 'solution

139 0 1 339.2 0.3580 Yes
10 1 318.6 0.3349 Yes
15 1 310.8 0.3262 Yes

leaving only 13 data points from three references. The data
are shown in Table 30.

For a quick test of the reliability of the data, the value of
s/p1/3(C02) (in mol k;{l bar71/3) was plotted versus tem-
perature. The result is shown in Fig. 9. The figure shows that
the data have a high degree of consistency. Due to the small
number of data points, it was not possible to apply the empir-
ical model of Eq. (18), but given the degree of consistency
of the data, none of the data points is rejected for further
evaluation.

The thermodynamic model variants were fitted to the ex-
perimental data to derive solubility constants. An equation of
the form of Eq. (85) is fitted to the solubility constant data.
The small number of data points and the narrow temperature
interval precluded the use of more than two terms of the
equation. Hence, coefficients C, D, and E were set equal to
0. The results were as follows:
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Fic. 9. Solubility of lansfordite in MgCO3-5H,0 +H,0+ CO, systems
divided by the cubic root of the equilibrium CO, partial pressure.

For Model 1 (with MgHCOY ion pair):

lgKy = —0.9359 — 1309.52/(T/K) (120)
For Model 2 (without MgHCOJ ion pair):
lgKs = —2.6026 — 710.97/(T/K). (121)

At 25 °C, these equations predict Ig K of —5.3281 for Model
1 and Ig K of —4.9872 for Model 2. Figure 10 shows the
solubility constants obtained with Model 1, together with
Eq. (120); Figure 11 shows the solubility constants obtained
with Model 2, together with Eq. (121).

Based on Egs. (120) and (121), predicted solubilities were
calculated for all data points. The results are shown in Table
31. All data points agree well with the regression fits. The
experimental solubilities tend to agree better with Model 2
(no MgHCOY) (sum of squares of the residuals 0.015 Ig
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FiG. 10. Solubility constants of lansfordite derived from solubility data in
the system MgCO3-5H,0 + H,0 + CO, (accepted data) with Model 1 (with
MgHCO3+ ion pair); predictions of Eq. (120) (line).
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FiG. 11. Solubility constants of lansfordite derived from solubility data in
the system MgCOj3-5H,0 + H,0 + CO, (accepted data) with Model 2 (with-
out MgHCOJ ion pair); predictions of Eq. (121) (line).

units squared) than with Model 1 (sum of squares of the
residuals 0.105 Ig units squared). It is concluded that
MgHCO7 is not stable at the high ionic strengths associated
with these experiments. Model 1 is not recommended as a
description of aqueous systems in equilibrium with nesque-
honite or lansfordite without further modifications. Further
improvements of the relevant Pitzer parameters may improve
estimates of solubility of nesquehonite and lansfordite, espe-
cially at high CO, partial pressures.

At water activities approaching 1, the transition tempera-
ture between nesquehonite and lansfordite predicted from
Egs. (119) and (121) (Model 2) is 9.93 °C. Ponizovskii
et al."*® found a slightly higher transition temperature: 12 °C.

3.1.6. Conclusion

Based on the thermodynamic model fits to the accepted
solubility data, it is possible to put forward thermodynamic

DE VISSCHER ETAL.

properties of magnesite, nesquehonite, and lansfordite con-
sistent with the data and the models used. While data will be
put forward for both model variants, Model 2 is clearly supe-
rior to Model 1 in describing the data. This does not mean
that the existence of MgHCO7 ion pairs is refuted for mag-
nesium. It is possible that ion interactions between
MgHCO; and other ions render Model 1 inaccurate. How-
ever, it is beyond the scope of this volume to explore this
possibility. Based on systematic trends in the deviations
between the models and the accepted solubility data, it is
concluded that even Model 2 does not describe the
Mg2+—HCO3_ interaction adequately. Future research
should address the description of this interaction, and the
accepted solubility data from this volume can offer a valua-
ble testing ground for such an improved description. Given
this unresolved issue, the proposed thermodynamic data
should not be construed as “recommended.”

For magnesite at 25 °C, we follow Chase'* in proposing
AH® = —1111.69 kJ molfl, slightly above the values of
Konigsberger er al.’” Consistent with this, we propose
§°=65.84 I mol ' K™' for Model 1, and $° = 64.43 J mol '
K~' for Model 2. These values are very close to the value
proposed by Chase,'*® 65.84 J mol~' K~'. Considering the
findings for nesquehonite (below), an estimate below the
measured value should be expected. From the S° values,
entropies of formation can be calculated, leading to the fol-
lowing Gibbs free energies of formation: A;G° = —1028.12 kJ
mol ! for Model 1 and AG° =—1027.70 kJ mol ! for Model
2. The better agreement of the calculated K, data of Model 2
with the measured data of Bénézeth er al.'*® favors Model 2.

For nesquehonite at 25 °C, an entropy value of
§°=190.627 J mol ™' K~! is put forward, five units lower
than the value of Robie and Hemingway.'”' The reason to
change the entropy of nesquehonite, and not Mg**(aq) or
CO? ™ (aq), is to maintain consistency with CODATA.?>> We
propose  AH°=-—1981.83 for Model 1, and
AH® = —1979.76 for Model 2. The latter is closer to the
value put forward by Kénigsberger et al.”® From these data,

TasLEe 31. Evaluation of lansfordite solubility in the system MgCOj3-5H,0 + H,O + CO,. Model 1 = with MgHCOZ ; Model 2 = no MgHCO;

Measured Fitted solubility Deviation from Fitted solubility Deviation from
Ref. t/°C p(CO,)/atm solubility /mol kg ! (Model 1)/mol kg ! Model 1 (Model 2)/mol kg ! Model 2 Accepted
133 —1.8 0.987 0.4020 0.3395 18.40 0.3779 6.38 Yes
0 0.987 0.3936 0.3375 16.62 0.3724 5.68 Yes
5 0.987 0.3732 0.3338 11.79 0.3582 4.20 Yes
10 0.987 0.3565 0.3328 7.11 0.3457 3.14 Yes
15 0.987 0.3424 0.3343 243 0.3342 2.44 Yes
20 0.987 0.3270 0.3381 —3.28 0.3244 0.81 Yes
138 0 1.93 0.5158 0.5009 2.97 0.5076 1.61 Yes
0 2.90 0.6042 0.6433 —6.08 0.6103 —1.00 Yes
0 3.87 0.6699 0.7704 —13.05 0.6936 —3.41 Yes
0 9.68 0.9654 1.4065 —-31.36 1.0189 —5.25 Yes
139 0 1 0.3580 0.3401 5.28 0.3747 —4.46 Yes
10 1 0.3349 0.3354 —0.14 0.3479 —-3.72 Yes
15 1 0.3262 0.3368 -3.16 0.3364 -3.03 Yes
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the following Gibbs free energies of formation follow:
AG°=—1726.83 kJ mol™'  for Model 1, and
AG° =—1724.76 kJ mol~" for Model 2. The lower p(CO,)
dependence of K calculated with Model 2 favors this model.

For lansfordite at 25 °C, no thermodynamic data from the
literature are put forward. Consequently, and as the result of
the much smaller data set, the thermodynamic data proposed
here are substantially less accurate than the values put for-
ward for magnesite and nesquehonite. The enthalpies put for-
ward are AgH° =-2596.45 KkJ mol™"' for Model 1, and
AH® = —2584.99 kJ mol ™' for Model 2. The proposed en-
tropy values are S° = 180.67 J mol~' K™' for Model 1, and
§°=212.58 Jmol ' K~ for Model 2. The Gibbs free ener-
gies that follow are A;G° = —2199.39 kJ mol ™' for Model 1,
and A(G° =—2197.44 kJ mol~! for Model 2. The entropy
data put forward here are at variance with the data of
Konigsberger er al.”’ However, our values have a fairly large
uncertainty, as no independent thermodynamic data was
used. The lower p(CO,) dependence of K, as well as the
higher entropy predicted with Model 2, favors this model.
Model 1 predicts that lansfordite has a lower entropy than
nesquehonite, which is unlikely to be realistic.

3.2. Data for the solubility of magnesium carbonate
in aqueous systems

Components: Original Measurements:

(1) Magnesium carbonate; 18R, Wagner, J. Prakt. Chem. 102,
MgCO3; [546-93-0] 233 (1867).

(2) Carbon dioxide;

COy; [124-37-9]

(3) Water; H,0; [7732-18-5]

Variables: Prepared by:

T/K=278 J. Vanderdeelen

p(CO,)/bar=1-6 Alex De Visscher

Experimental Values

Solubility of MgCO5 at =5 °C

Mass fraction Molality
Mass ratio MgCO; 100w MgCO;/mol kg™!
p(CO,)/atm (MgCO5/H,0) (compiler) (compiler)*
1 1/761 0.1312 0.0156
2 1/744 0.1342 0.0160
3 1/134 0.7407 0.0890
4 1/110.7 0.8952 0.1079
5 1/110 0.9009 0.1085
6 1/76 1.2987 0.1576

#Assuming Mg(HCOs3), as dominant species (see Sec. 1).

The author states that at p(CO,) =3 to 6 atm an important
increase of the solubility occurs, while between 4 and 5 atm
the increase is very limited.

013105-45

Auxiliary Information

Method/Apparatus/Procedure:
No information given.

Source and Purity of Materials:
MgCOs: synthetic, no indication about crystallinity.

Estimated Error:
No estimates possible.

Components: Original Measurements:

(1) Magnesium carbonate; "9H. Beckurts, Arch. Pharm. 218,
MgCOs3; [546-93-0] 429 (1881).

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Variables: Prepared by:

T/K=292-313 J. Vanderdeelen

p(CO,)/bar =0-5

Experimental Values

Solubility of MgCO5-3H,0

Molality

Mass fraction MgCO;
p(COy) Mass ratio MgCO3-3H,0 100wy  m/mol kg’1

t/°C  Jatm  (MgCOs-3H,0/H,0) (compiler) (comp.)*
19 None 1/658 0.1517 0.0110
20  Unknown 1/72.4 1.3624 0.0999
20 2 1/30.5 3.1746 0.2374
20 3 1/26.0 3.7037 0.2786
20 4 1/21.1 4.5249 0.3435
10 5 1/17.09 5.5279 0.4243
15 5 1/18.60 5.1020 0.3898
40 5 1/44.64 2.1910 0.1621

#Assuming Mg(HCO3), as dominant species (see Sec. 1).

Auxiliary Information

Method/Apparatus/Procedure:

The solid was boiled in water, then cooled in the presence or absence of
CO,(g). The suspension was shaken and a sample was filtered and
evaporated, then weighed as MgO. Equilibrium was obtained after 36 h.

Source and Purity of Materials:

MgCOs;: dolomite (Diez, Lanthal; 54.50 mass% CaCOs;, 44.67 mass%
MgCOs;) was slightly calcinated, then shaken with water. The suspension
was flushed with CO, at 5-6 atm until most MgCO; dissolved without
dissolving CaCOs;. After filtration, the filtrate containing Mg(HCO3;), was
boiled to precipitate MgCOs. After a few recrystallizations, fine needles
were obtained. Analysis gave MgCO3-3H,0.

Estimated Error:
No estimates possible.
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Components: Original Measurements: Components: Original Measurements:

(1) Magnesium carbonate; 1200, Engel and J. Ville, C. R. (1) Magnesium carbonate; 12\, Engel, Ann. Chim. Phys. 13,
MgCOs3; [546-93-0] Hebd. Seances Acad. Sci., Ser C 93, MgCOs5; [546-93-0] 344 (1888).

(2) Carbon dioxide; 340 (1881). (2) Carbon dioxide;

COy; [124-37-9] COy; [124-37-9]

(3) Water; H,O; [7732-18-5] (3) Water; H,O; [7732-18-5]

Variables: Prepared by: Variables: Prepared by:

T/K =286-373 J. Vanderdeelen T/K=276-323 J. Vanderdeelen
p(CO,)/bar=1-9 Alex De Visscher p(CO,)/bar=0-6, 1 Alex De Visscher

Experimental Values

Experimental Values

Solubility of MgCO; Solubility of MgCO5-3H,0
Solution Molality Mass Amount
Mass conc. density” MgCO;° conc. conc. Molality Solution
t/°C  p/atm  p(CO,)/atm MgCOs;p/egl™"  /kgm™>  /molkg* p(CO,)  MgCOs*  MgCOs®  MgCOs®  density”
t/°C  p/atm  /atm p/gl™"  /moll™'  /molkg™' /kgm™?
19.5 1.0 0.978 25.79 1034.0 0.3097
19.5 2.1 2.08 33.11 1044.3 0.3992 12 0° 0° 0.970 0.0115 0.0115 1000.9
19.7 32 3.18 373 1050.3 0.4509 12 0.5 0.486 20.5 0.2431 0.2451 1028.6
19.0 4.7 4.68 435 1059.5 0.5278 12 1 0.986 26.5 0.3143 0.3177 1037.1
19.2 5.6 5.58 46.2 1063.4 0.5617 12 1.5 1.486 31.0 0.3677 0.3725 1043.6
19.2 6.2 6.18 48.51 1066.7 0.5906 12 2 1.986 34.2 0.4056 0.4117 1048.3
19.5 7.5 7.48 51.2 1070.6 0.6248 12 2.5 2.486 36.4 0.4317 0.4388 1051.6
18.7 9.0 8.98 56.59 1078.7 0.6928 12 3 2.986 39.0 0.4626 0.4708 1055.4
p/mm p(CO») 12 4 3.486 42.8 0.5076 0.5180 1061.1
Hg /mm Hg 12 6 5.986 50.6 0.6001 0.6155 1072.6
13.4 751 739 28.45 1039.4 0.3414 3.5 1.0f 0.992 35.6 0.4222 0.4272 1052.5
19.5 763 746 25.79 1034.0 0.3097 18 1.0 0.980 22.1 0.2621 0.2649 1029.4
29.3 762 731 21.945 1025.8 0.2638 22 1.0 0.974 20.0 0.2372 0.2398 1025.4
46.0 764 688 15.7 1011.7 0.1893 30 1.0f 0.958 15.8 0.1874 0.1895 1017.4
62.0 764 600 10.35 997.7 0.1254 40 1.0f 0.927 11.8 0.1400 0.1418 1008.6
70.0 765 531 8.1 990.5 0.0984 50 1.0f 0.878 9.5 0.1127 0.1145 1001.6
82.0 765 380 4.9 978.9 0.0599
90.0 765 239 24 969.7 0.0295 “The author claims that analytical results are expressed per liter of water.
100.0 765 _ 0.0° _ _ The method of determination reveals that they are expressed per liter of

#According to compiler.
bAssuming Mg(HCOs3), as dominant species (see Sec. 1).
“After prolonged boiling.

It is not clear to which mineralogical variety the material
used refers. A more thorough examination is required before

this extended data set is useful for evaluation (compiler).

Auxiliary Information

Method/Apparatus/Procedure:
No information given.

Source and Purity of Materials:
Mg(HCOs3),, no other information given. 121

Estimated Error:
No estimates possible; however, the method systematically
overestimates.'?!

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012

solution (compiler).

PCalculated by compiler.

“Assuming Mg(HCO3), as dominant species (see Sec. 1).

dEstimated by compiler.

°CO,-free water.

"The author mentions that these results were obtained at “atmospheric” pres-
sure; elsewhere the author states that water was “loaded with carbonic acid
at atmospheric pressure” (translation by compilers).

Solubility of alkaline earth metal carbonate changes propor-
tionally to the cube root of the CO, partial pressure (author).

Auxiliary Information

Method/Apparatus/Procedure:

Experiments were conducted in a closed vessel [M. Engel, Ann. Chim. Phys.
7,260 (1886)]. The mixture was agitated for 1 h, after which equilibrium
was established. Solubility was measured using alkalinity titration with
sulfuric acid.

Source and Purity of Materials:
MgCO5-3H,0: trihydrate, no other information given.

Estimated Error:
No estimates possible.
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IUPAC-NIST SOLUBILITY DATA SERIES. 95-1

Components:

(1) Magnesium carbonate;
MgCOs; [546-93-0]

(2) Sodium chloride;

NaCl; [7647-14-5]

(3) Carbon dioxide;

CO,; [124-37-9]

(4) Water; H,O; [7732-18-5]

Original Measurements:
'22N. N. Lubavin, Zh. Russ. Fiz-
Khim. Obsh. 24, 389 (1892).

Variables:

T/K=299

p(CO,)/bar = unknown
NaCl =0, 2.5 mass%

Prepared by:
B. R. Churagulov
Alex De Visscher

Experimental Values

Solubility of MgCO;5-3H,0 at t =26 °C

Molality Molality
Mass fraction NaCl Mass fraction MgO m,;
NaCl 100 w,  m,/mol kg~ MgO 100w, /mol kg™ Solid phase
0 0 0.0812 0.0202 MgCO;-3H,0
0.0027 0.00067  Natural magnesite
2.525 0.4313* 0.125 0.0317 MgCO;-3H,0
0.4320° 0.0048 0.00122  Natural magnesite

“It was assumed that mass fraction referred to composition before adding
MgCO3-3H,0.

No indication of absence or equilibration with atmos-
pheric CO,; nothing is known about crystallinity.

Auxiliary Information

Method/Apparatus/Procedure:

Suspensions were shaken for 4 days at 26 °C, then filtered. Excess solid was
determined gravimetrically and CO, by mass loss in a Bunsen gas apparatus.
H,0 was found by difference after heating and after correcting for CO, loss.

Source and Purity of Materials:

MgCO5-3H,0: trihydrate, obtained by precipitation of MgSO,4 with
Na,COs;. Crystals were washed free of sulfate. Solid was trihydrate by
analysis; composition (mass%, determined and theoretical) MgO, 29.78
(28.98); CO,, 31.56 (31.88); H>0, 39.01 (39.13); Na absent. Natural
magnesite: composition (mass%) MgO, 44.28; CO,, 46.32; CaO 1.39;
Fe,03, 0.43; insol. 5.84; H,O 2.38.

Estimated Error:
T: precision 0.5 K.
Dissolution data: relative precision 10%.

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Original Measurements:
123 P, Treadwell and M. Reuter,
Z. Anorg. Chem. 17, 170 (1898).

Variables:
T/K =288

Prepared by:
J. Vanderdeelen
Alex De Visscher

013105-47
Experimental Values
Solubility of MgCO; atr =~ 15 °C
Solubility of
t/°C  p(CO,) /atm  EMg/mgper 100 ml  MgCO; /mmol per 100 ml
12.1 201.6 8.295
14.8 201.6 8.295
12.9 201.6 8.295
13.7 201.6 8.295
15.6 0.0135 149.2 6.139
15.3 0.0107 122.4 5.036
14.2 0.0062 86.5 3.559
15.0 0.0060 78.8 3.242
15.1 0.0033 65.5 2.695
15.1 0.0021 59.4 2.444
15.6 0.0014 56.6 2.329
14.6 0.0003 54.5 2.242
14.6 0 53.6 2.205
13.8 0 52.9 2.177
154 0 52.0 2.139
16.0 0 S1.1 2.102
15.6 0 51.8 2.131

Speciation into MgCO3 and Mg(HCO3), in solution is also
calculated by the authors, i.e., mass conc.=0.6410 g 1!
as MgCOj3 and 1.9540 g 1" as Mg(HCOs;), (authors) or as
sum of mass concentration Mg=0.509 g 1~' or amount
concentration = 0.0210 mol 17! (compiler) for the last data
point.

Auxiliary Information

Method/Apparatus/Procedure:

Starting from the solution obtained below, CO, is progressively expelled
and the Mg concentration in solution is measured. The sum of bicarbonate
and two times the carbonate concentrations are determined by acid titration.

Source and Purity of Materials:

MgCO;: Commercial MgO was the starting material, transformed into
carbonate in CO,-enriched water and transferred to bicarbonate. After
several weeks, suspension is filtered and CO, is expelled from the solution.

Estimated Error:
No estimates possible.

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Original Measurements:
124, K. Cameron and L. J. Briggs,
J. Phys. Chem. 5, 537 (1901).

Variables:

T/K = approx. 295

p(CO,)/bar = atmospheric
conditions: 2.9 x 10~ (compiler)

Prepared by:
J. Vanderdeelen
Alex De Visscher

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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Experimental Values

Solubility of MgCOs at 7 &~ 22 °C and CO, mole fraction 3.0 x 10~ * leading
to p(CO,)=2.9 x 10~* atm after altitude correction and accounting for
water vapor pressure (assumed by compiler; authors state that experiments
were carried out at atmospheric conditions)

Equilibration Mass conc. Molality

time/d Mg*t /g1 Mg /mol kg~ ! (compiler)

29 0.1530 0.00630

46 0.1837 0.00756

101 0.1808 0.00744
av."0.182 av.” 0.00749

“Average for time =46 and 101 d.

Auxiliary Information

Method/Apparatus/Procedure:
MgCO; was suspended in distilled water and air, and washed by passing
through dilute H,SO,4 continuously for different lengths of time.

Source and Purity of Materials:
MgCOs;: synthetic with no further specifications.

Estimated Error:
No estimates possible.

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Sodium chloride;
NaCl; [7647-14-5]

(3) Sodium sulfate;
Na,SOy; [7757-82-6]

(4) Sodium carbonate;
Na,CO3; [497-19-8]

(5) Carbon dioxide;

COy; [124-37-9]

(6) Water; H,O; [7732-18-5]

Original Measurements:
125p, K. Cameron and A. Seidel, J.
Phys. Chem. 7, 578 (1903).

Variables:

T/K=296-310

No CO; or p(CO,)/bar =1

Salts: Na,CO3, Na,SO,4 and NaCl at
variable concentration

Prepared by:
J. Vanderdeelen
Alex De Visscher

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012

DE VISSCHER ETAL.

Experimental Values

Solubility of MgCO; (1) in aqueous NaCl (2) solutions, in the absence of
COzi

Run 1: r=23°C
Molality
Molality NaCl Mass conc. MgCO;
Mass conc.  mp/molkg™'  MgCO; my/mmol kg Solution
NaCl p,/g 17" (compiler)  p,/gl17" (compiler)  density®/kg m >
0.0 0.000 0.176 2.09 996.92
28.0 0.485 0.418 5.02 1016.82
59.5 1.038 0.527 6.37 1041.09
106.3 1.888 0.585 7.20 1070.50
147.4 2.664 0.544 6.82 1094.53
231.1 4.341 0.460 5.99 1142.48
272.9 5.207 0.393 5.20 1170.14
331.4 6.536 0.293 4.01 1199.28

“Determined experimentally by the authors. Sample checks prove the den-
sity to be accurate to within about 0.2%, hence the authors’ densities were
used in the unit conversions.

Possibly traces of CO,(g) may have entered the system
and may have been absorbed by the solutions (authors).

Solubility of MgCO; (1) in aqueous Na,SOy (3) solutions, in the absence of CO,:

Run2:1=24°C
Molality Molality
Na,SO,; Mass conc. MgCO;
Mass conc. ms/molkg~'  MgCO; m;/mmol kg™ Solution
Na SO, p3/g 17" (compiler) p;/g1™" (compiler)  density®/kg m >
0.00 0.000 0.216 2.57 997.52
25.12 0.178 0.586 6.98 1021.24
54.76 0.389 0.828 9.90 1047.60
95.68 0.684 1.020 12.29 1080.95
160.80 1.165 1.230 15.01 1133.85
191.90 1.401 1.280 15.75 1157.34
254.60 1.887 1.338 16.70 1206.03
278.50 2.077 1.338 16.81 122391
305.10 2.296 1.388 17.60 1241.99
“Determined experimentally by the authors.
Run3:t=355°C
Molality Molality
Mass conc. Na,SOy4 Mass conc. MgCOs3
Na,SO, c3/molkg™"  MgCO;  m;/mmol kg™ Solution
p3/g 1! (compiler) pi/gl™! (compiler) density®/kg m~?
0.32 0.002 0.131 1.56 995.15
41.84 0.297 0.577 6.91 1032.89
81.84 0.585 0.753 9.07 1067.23
116.56 0.840 0.904 10.97 1094.77
148.56 1.077 0.962 11.75 1120.38
186.70 1.364 1.047 12.88 1151.70
224.00 1.652 1.088 13.52 1179.82
247.20 1.836 1.100 13.76 1196.32
299.20 2.250 1.130 14.32 1236.52

“Determined experimentally by the authors.
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IUPAC-NIST SOLUBILITY DATA SERIES. 95-1

Solubility of MgCO; (1) in aqueous Na,CO; (4) solutions, in the absence of
COzZ

Run4:¢t=25°C

Molality Molality
Mass conc. Na,CO3 Mass conc. MgCO;
Na,COs my/molkg™"  MgCO;  m;/mmol kg Solution
pa/g 1! (compiler) pi/gl™! (compiler)  density* /kg m™*
0.00 0.0000 0.223 2.65 996.84
23.12 0.219 0.288 343 1019.89
50.75 0.481 0.510 6.07 1047.72
86.42 0.819 0.879 10.69 1082.47
127.30 1.213 1.314 15.74 1118.91
160.80 1.540 1.636 19.69 1147.66
181.90 1.747 1.972 23.81 1166.05
213.20 2.066 2.317 28.22 1189.38

“Determined experimentally by the authors.

Solutions were not boiled after the addition of magnesium
carbonate.

Solubility of MgCO; (1) in aqueous NaCl (2) solutions:

Run 5: r=37.5 °C, p(CO,) =1 atm (“in equilibrium with an atmosphere of

carbon dioxide”)

Molality Molality
Mass conc. NaCl Mass conc. MgCOs3 Solution
NaCl my/mol kg~' Mg(HCO3), m;/mmolkg™" density /kgm>
02/g 1! (compiler) p1/g 1! (compiler)® (compiler)
7.0 0.120 30.64 210.0 1034.8
56.5 1.012 30.18 216.1 1040.8
119.7 2.182 27.88 203.0 1085.7
163.7 3.016 24.96 183.7 1117.0
224.8 4.205 20.78 155.3 1159.8
306.6 5.829 10.75 81.6 1217.1

“Assuming Mg(HCO3), as dominant species (see Sec. 1).
According to the authors, reaction flasks were equilibrated
with CO,(g) at room temperature and afterwards the temper-

ature was raised to 37.5 °C.

Auxiliary Information

Method/Apparatus/Procedure:

2 g of MgCOj5 was added to 100 ml solution containing a given salt at
different concentrations, and then boiled to expel dissolved CO,. During
cooling, the stoppers of suspensions were removed from time to time and then
shaken for about 3 d in closed bottles. With NaCl, CO,(g) was present at 1
atm. Mg was determined gravimetrically as pyrophosphate, carbonate by acid
titration, NaCl by argentimetry, sulfate as BaSO,. In presence of Na,CO3, Mg
was precipitated as MgNH4POy, in large excess of NH3 or NH,Cl.

Source and Purity of Materials:
MgCOs;: pure powdered with no further specifications (authors).

Estimated Error:
No estimates possible.

013105-49

Components:

(1) Magnesium carbonate;
MgCOs; [546-93-0]

(2) Potassium hydrogen carbonate;
KHCO3; [298-14-6]

(3) Carbon dioxide;

CO,; [124-37-9]

(4) Water; H,O; [7732-18-5]

Original Measurements:
126 Auerbach, Z. Elektrochem. 10,
161 (1904).

Variables:

T/K =288, 298, and 308
p(CO,)/bar = unknown
Salt: KHCOs at variable
concentrations

Prepared by:
J. Vanderdeelen
Alex De Visscher

Experimental Values

Solubility of MgCO; (1) in aqueous KHCOj; (2) solutions

Amount
concentration Solubility
t/°C  c(KD)/mol 17 ¢;(Mg*")/mol 17 Solid phase
15 0 0.0095 MgCO;-3H,0
0.0992 0.0131 MgCO;-3H,0
0.1943 0.0167 MgCO;-3H,0
0.3992 0.0211 MgCOj3-3H,0 (not stable)*
0.2861 0.0192 MgCO5-3H,0
+ MgCO3-KHCO5-4H,0
0.5243 0.0097 MgCO5-KHCO3-4H,0
0.6792 0.0074 MgCO;-KHCO5-4H,0
0.981 0.0028 MgCO;-KHCO3-4H,0
25 0 0.0087 MgCO5-3H,0
0.0985 0.0115 MgCO;-3H,0
0.2210 0.0149 MgCO;-3H,0
0.3188 0.0175 MgCOs5-3H,0
0.3434 0.0181 MgCO;-3H,0
0.4216 0.0205 MgCOj3-3H,0 (not stable)®
0.4985 0.0217 MgCOj3-3H,0 (not stable)*
0.3906 0.0196 MgCO5-3H,0
+ MgCO;3-KHCO5-4H,0
0.5893 0.0128 MgCO5-KHCO3-4H,0
0.6406 0.0117 MgCO;-KHCO5-4H,0
0.788 0.0089 MgCO5-KHCO;-4H,0
1.125 0.0061 MgCO;-KHCO3-4H,0
35 0 0.0071 MgCO;-3H,0
0.1092 0.0098 MgCO;-3H,0
0.2001 0.0132(M* MgCO;-3H,0
0.2811 0.0142 MgCO;-3H,0
0.3704 0.0163 MgCO5-3H,0
0.4847 0.0177 MgCO;-3H,0
0.5807 0.0198 MgCOj3-3H,0 (not stable)*
0.5088 0.0184 MgCO5-3H,0
+ MgCO3-KHCO5-4H,0
0.6231 0.0153 MgCO;-KHCO3-4H,0
0.9535 0.0119 MgCO;-KHCO3-4H,0

“Value questioned by the authors.

The system was a closed system with a gas phase of unknown
volume. Hence, total carbonate was not conserved in the liquid
phase, and the equilibrium CO, partial pressure is unknown.

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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Auxiliary Information

DE VISSCHER ETAL.

Auxiliary Information

Method/Apparatus/Procedure:

Small amounts of solid were shaken in a thermostat with freshly prepared
KHCO;. Equilibrium was attained after 1-4 days. Solutions were quickly filtered,
analyzed for total alkalinity by titration versus methyl orange; Mg as Mg(OH),
after expelling CO,(g) by boiling and addition of a known amount of NaOH.

Source and Purity of Materials:
MgCOj5: prepared according to Knorre [G. V. Knorre, Z. Anorg. Chem. 34, 260
(1903)] to give fine needle crystals. M, = 0.1386; theor. 0.13841 for MgCOs-3H,0.

Estimated Error:
No estimates possible.

Original Measurements:
127G, Cesaro, Bull. CI. Sci. Acad. R.
Belg. 1910, 234 (1910).

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Variables:

T /K= ambient

p(CO,)/bar = atmospheric
conditions = 3.0 x 10~ (evaluators)

Prepared by:
J. Vanderdeelen
Alex De Visscher

Experimental Values

Solubility: mass ratio MgCO;-5H,0/H,0 =1/267

wy, mass% of the hydrated form, MgCO5-5H,0 = 0.373 (compiler)
wa, mass% of the anhydrous form, MgCO; = 0.1803 (compiler) (see below)
Molality Mg?", m(Mg*") = 0.0214 mol kg ' (compiler).

Nesquehonite crystals were detected by microscope in the residue of the solubility
experiment, leading to the conclusion (author) that during the determination of the
amount solubilized, which was obtained by evaporation of the solution, both
lansfordite and nesquehonite crystals were observed in the residue.

Mass% of hydrated form (MgCO5-5H,0) was converted to mass% of
anhydrous form (MgCO;) using: wa =M awy/My, where wy is mass% of
the anhydrous form, M, and My the molar masses of the anhydrous and the
hydrated form, wy the mass% of the hydrated form.

Method/Apparatus/Procedure:

Crystals were ground and suspended for two weeks in water at room
temperature. Mg content was determined by weighing after evaporation of
part of supernatant.

Source and Purity of Materials:

MgCO5-5H,0: calcined dolomite was suspended in water and flushed with
CO,(g) at 5-6 atm until Ca was dissolved. After filtration, the filtrate was let
to stand to release CO, to the gas phase. Clear, 3—5 mm crystals formed
from supersaturated solution. Relative density (1.75) and analysis confirmed
the pentahydrate. Chemical analysis revealed the following composition:
MgO: 22.80%; CO,: 25.43%; H,0: 51.77%.

Estimated Error:
No estimates possible.

Original Measurements:
'28F. Gothe, Chem. Z. 39, 305
(1915).

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Sodium carbonate;
Na,COs; [497-19-8]

(3) Sodium nitrate;
NaNOs; [7631-99-5]

(4) Sodium sulfate;
Na,SOy; [7757-82-6]

(5) Sodium chloride;
NaCl; [7647-14-5]

(6) Magnesium chloride;
MgCly; [7786-30-3]

(7) Water; H,O; [7732-18-5]

Prepared by:
J. Vanderdeelen
Alex De Visscher

Variables:

T/K= approx. 273

Salts: variable at various mass
concentration

Experimental Values

Solubility of MgCO; (1) in water and aqueous electrolyte (2) solutions at approximately 0 °C

Mass conc. Mass conc. Mass conc. Molality Solution
Molality MgCO; MgCO; MgCO; MgCO; density
Mass conc. iy /mol kg ! pi/mgl! py/mgl? pi/mgl! ¢y /mmol kg ! /kgm™?
Salt /g 1! (compiler) (titrimetry) (gravimetry) (mean, author) (mean, compiler) (compiler)®
None 95.8 96.5
92.4 94.0
90.7 91.0 94.3,5=33 1.12,5=0.04 1000.0
99.1 101.6
94.1 92.5
924 91.9
NaNO; 0.85 0.0100 122.6 123.1 122.9 1.46 1000.4
1.7 0.0200 136.1 141.5 138.8 1.65 1001.7
4.25 0.0501 1344 140.0 137.2 1.63 1002.7
Na,CO; 0.53 0.0050 98.6 1.17 1000.5
1.06 0.0100 53.5 0.634 1001.1
2.65 0.0250 15.7 0.186 1002.9

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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Mass conc. Mass conc. Mass conc. Molality Solution
Molality MgCOs5 MgCO5 MgCO5 MgCO3 density
Mass conc. m,/mol kg ™! pi/mg 1! py/mg 1! pi/mg 1! ¢;/mmol kg~ /kgm™?
Salt p2/8 1! (compiler) (titrimetry) (gravimetry) (mean, author) (mean, compiler) (compiler)®
Na,SOy4-10H,0 0.805 0.0025 146.2 1439 145.1 1.72 1000.2
1.61 0.0050 159.6 164.5 162.1 1.92 1000.5
4.03 0.0125 151.2 150.3 150.8 1.79 1001.6
NaCl 0.585 0.0100 126.0 130.6 128.3 1.52 1000.3
1.17 0.0200 132.7 136.1 134.4 1.59 1000.7
2.93 0.0502 117.6 124.5 121.0 1.43 1002.1
MgCl,-6H,0 0.51 0.0025 47.0 0.557 1000.0
1.02 0.0050 39.5 0.468 1000.2
2.55 0.0125 353 0.419 1000.9

#Assuming Mg(HCOs3), as dominant species (see Sec. 1) for pure water, and values for the pure salt solutions in the case of experiments in salt solutions.

Auxiliary Information

Method/Apparatus/Procedure:

Distilled water or salt solution, 1 1, was added to 0.5 g MgCOs;. After
evaporation to 200 ml, the flasks were stoppered, cooled in ice overnight
and filtered. Carbonate was determined by titration with H,SO, (methyl
orange indicator) or by gravimetry as Mg,P,0-.

Source and Purity of Materials:
MgCOs;: Merck, “very pure.”
Salts: Kahlbaum, “pure.”

Estimated Error:
See deviation in table.

Components:
(1) Magnesium carbonate;
MgCOs3; [546-93-0]

Original Measurements:
129R. C. Wells, J. Am. Chem. Soc.
37, 1704 (1915).

(2) Sodium chloride;
NaCl; [7647-14-5]
(3) Carbon dioxide;

COy; [124-37-9]

(4) Water; H,O; [7732-18-5]

Variables:
T/K =293
p(CO,)/bar = atmospheric

Prepared by:
J. Vanderdeelen
Alex De Visscher

conditions (3.0 x 1074, compilers)
Salt: none and NaCl

Experimental Values

Solubility of magnesium carbonate at 20 °C and p(CO,) =2.9 x 10~* atm (accounting for altitude correction and water vapor pressure)

3

Equil. Mass conc. Mass conc. Mass conc. Amount conc. ¢;/mol 1! Solution density /kg m™
Solid phase time pr/g 1 Mgt p1/g 17 HCO; p1/g17 O3 (compiler) Mg (compiler)*
Magnesite 37 0.017 0.055
61 0.018 0.065
Avg. 0.018 0.060 0.00074 999.9
35° 0.028" 0.086" 0.0012" 1020.7
Nesquehonite® 47 0.39 0.84 0.29
65 0.38 0.83 0.28
Avg. 0.39 0.84 0.29 0.0158 1001.9
Nesquehonite! 19 0.34 0.61 0.31
22 0.35 0.60 0.30
29 0.34 0.59 0.32
Avg. 0.34 0.60 0.31 0.0142 1001.7

#Assuming Mg(HCO3), as dominant species (see Sec. 1).
"In the presence of 27.2 ¢ NaCl 1" or 0.469 mol kg~

“When CO, was expelled from a supersaturated solution of Mg(HCOs3), in water, crystals of MgCO5-3H,O (as confirmed by chemical analysis) appeared after

3 d. Data on approach to equilibrium are not given here.
“From undersaturation.
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Auxiliary Information

Method/Apparatus/Procedure:

Air was filtered through cotton and distilled water before bubbling through
suspensions of the solid in containers in a thermostat. Samples were taken
from 1 h to 30-60 d. Carbonate and bicarbonate were determined by
titration with NaHSOy, first with phenolphthalein indicator, then with
methyl orange.

Source and Purity of Materials:

MgCO;: Amorphous magnesite, Placer County, Colorado; composition
(mass%): MgO: 46.82; CO,: 51.75; SiO,: 0.09; Fe,03: 0.11; Al,O5: 0.09;
CaO: 0.05; H,0O: 0.67; sum: 99.58.

Salts: Kahlbaum “pure.”

MgCO;-3H,0: by flushing out CO, with air from a supersaturated solution
of Mg(HCO3),.

Estimated Error:
No estimates possible.

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,0; [7732-18-5]

Original Measurements:

30w . D. Kline, “Equilibrium in the
System Magnesium Carbonate,
Carbon Dioxide and Water,” Ph.D.
dissertation (Yale University,
1923); J. Am. Chem. Soc. 51, 2093

(1929).
Variables: Prepared by:
T/K =298 J. Vanderdeelen

p(COy)/bar =0.000510-0.9684

Experimental Values

Solubility data of MgCO3-3H,0 at 25 °C

Molality

total Molality Molality Molality

base HCO;3 Cco3~ Mg*H®
p(COy)/atm  m/molkg™  m/molkg™  m/molkg™'  m/molkg '
0.9684 0.4269 0.4269 0.2135
0.1116 0.12536 0.12366 0.00085 0.06266
0.0432 0.09202 0.08998 0.00102 0.04601
0.0150 0.06254 0.06022 0.00116 0.03127
0.0069 0.05014 0.04468 0.00273 0.02507
0.00334 0.04430 0.03548 0.00436 0.02210
0.00160 0.03718 0.02698 0.00510 0.01859
0.00093 0.03248 0.02119 0.00565 0.01624
0.000887 0.03186 0.02046 0.00570 0.01593
0.000845 0.03132 0.01990 0.00571 0.01566
0.000680 0.03024 0.01872 0.00576 0.01512
0.000510 0.02873 0.01710 0.00582 0.01437

*m(MgCO3) calculated from charge balance: m(MgCO;) = m(Mg>")
= m(HCO;3)/2 + m(CO%).

Data included in the 1929 paper. From the original data, it
was observed that with increasing partial pressure the molal-
ity of carbonate reaches a maximum when the pressure is
about 0.00038 atm and then gradually decreases. Corre-
spondingly, it was observed that the appearance of the crys-
tals of MgCOs5-3H,O remained unchanged throughout the

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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course of the experiment at all pressures greater than
0.00038 atm, but at lower pressures the solid appeared to
become very fined-grained, indicating therefore a change
from carbonate to hydroxide. The duration of the experiment
was insufficient to ensure complete conversion of the solid
phase from carbonate to hydroxide (author). Data in the pres-
ence of a Mg(OH), solid phase are not reported here.

Auxiliary Information

Method/Apparatus/Procedure:

Fine powder and water were placed in flasks in a thermostat at 25 °C. An
air-CO,(g) mixture was bubbled through the suspension. Equilibrium was
reached in 3 days. The effluent gas was analyzed for CO, by the Ba(OH),
method. Total base was found by titration with acid (methyl orange).
Bicarbonate was found by adding to Ba(OH), solution and titrating excess
base with acid (phenolphthalein). Carbonate was found by difference.

Source and Purity of Materials:

MgCOs5-3H,0: (1) Kahlbaum trihydrate, contaminated with Mg(OH),; (2)
precipitated by addition of a weak solution of KHCO; to a concentrated solution
of MgCl, at 20-22 °C. The initial slimy precipitate became granular after 10
min., was washed until free of chloride or potassium, then dried at ca. 25 °C.
Next, pure CO,(g) was bubbled through a suspension of the product for 5 days
and the undissolved solid was filtered off. After a few hours, hexagonal crystals
formed, which were separated and washed with CO,-saturated water and dried
at room temperature. A second crop formed after 1 d. Analysis (mass% for crops
1 and 2, with theoretical values for MgCO;-3H,0 between brackets); MgO
20.08: 30.2 (28.15); CO,(g): 31.71, 32.1 (31.81); H,O (by difference): 39.21,
37.7 (39.04). Similar analyses were found for the Kahlbaum product.

Estimated Error:
No estimates possible.

Components:

(1) Magnesium carbonate;
MgCOs5; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Original Measurements:
3A. E. Mitchell, J. Chem. Soc.,
Trans. 123, 1887 (1923).

Variables: Prepared by:
T/K=298 J. Vanderdeelen
p(CO,)/bar =6-21 M. Tsurumi

M. Ichikuni

Alex De Visscher

Experimental Values

Solubility of MgCO5-3H,0 at 25 °C

Solution

Amount Amount Molality Mg** density

conc. conc. m/mol kg~ Jkgm™>

p(CO,)/atm Mg** /mol 1! Co, /mol 1! (compiler)* (compiler)

6 0.376 0.896 0.3839 1042.0
9 0.450 1.147 0.4617 1051.3
11 0.485 1.250 0.4990 1055.8
13 0.505 1.350 0.5207 1058.6
16 0.530 1.395 0.5482 1062.3
21 0.613 1.738 0.6378 1072.8

#Assuming Mg(HCO3), as dominant species (see Sec. 1).

Downloaded 27 Mar 2012 to 132.163.193.247. Redistribution subject to AIP license or copyright; see http://jpcrd.aip.org/about/rights_and_permissions



IUPAC-NIST SOLUBILITY DATA SERIES. 95-1

Auxiliary Information

Method/Apparatus/Procedure:

Solid was added to a silver vessel about 2/3 filled with water. The particles
were small enough to remain in suspension by a flow of CO,(g). After
equilibrium had been reached (no equilibration time provided), the
suspension was filtered through cotton wool. CO,(g) was measured by a
Bourdon gauge and CO, in solution was measured by the method of
Johnston [J. J. Johnston, J. Am. Chem. Soc. 37, 947 (1916)]. Mg was
precipitated as magnesium ammonium phosphate from the boiling solution.
After standing 4 h, the precipitate was washed in ammonia and air dried at
60 °C, dissolved in excess dilute sulfuric acid and titrated with KOH
(methyl orange end point).

Source and Purity of Materials:

MgCO5-3H,0: 1. Method of Knorre [G. Knorre, Z. Anorg. Chem. 34, 260
(1903)]. 2. Modification of method of Gjaldbaek [J. K. Gjaldbaek, Kgl.
Landbohojskole Aarskrift 1921, 245 (1921)]. In both, air is blown through a
solution of equal volumes of 1 M MgSO, and 2 M NaHCO; for 48 h at

18 °C. Both methods gave a crystalline product which was freed from
sulfate by washing with water.

Estimated Error:
T: precision =0.1 K.

Components: Original Measurements:
(1) Magnesium carbonate; 1320, Haehnel, J. Prakt. Chem. 108,
MgCOs3; [546-93-0] 61 (1924).
(2) Carbon dioxide;
CO,; [124-37-9]
(3) Water; H,O; [7732-18-5]
Variables: Prepared by:
T/K=273-333 J. Vanderdeelen
p(CO,) /bar =2-56 H. Tsurumi
M. Ichikuni

Alex De Visscher

Experimental Values

Solubility of MgCO5-3H,0

t=18°C p(CO,) =34 atm
Mass Mass

fraction Molality® fraction Molality®

p(CO,)/atm  MgCO3100w  /molkg ™' /°C MgCO5100w /mol kg '
2.0 3.5 0.4433 0.0 8.58 1.2584
2.5 3.74 0.4762 5.0 8.32 1.2068
4.0 4.28 0.5516 10.0 7.93 1.1360
10.0 5.90 0.7898 18.0 7.49 1.0570
16.0 7.05 0.9708 30.0 6.88 0.9527
18.0 7.49 1.0421 40.0 6.44 0.8805
35.0 7.49 1.0578 50.0 6.18 0.8381
56.0 7.49 1.0720 60.0 5.56 0.7435

#Assuming Mg(HCO3), as dominant species (see Sec. 1).

Constant solubility at p(CO,) > 18 atm indicates precipita-
tion of Mg(HCO3), (compiler). There were indications that
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this phase was indeed formed, but converted back to
MgCO3-3H,0 upon decompression.

Auxiliary Information

Method/Apparatus/Procedure:

Saturated solutions were prepared in a Pt vessel provided with an
electrically driven Pt stirrer and contained in an autoclave. The mixture was
stirred vigorously for 1 h, then left to settle for 1/2 h, after which the
supernatant was withdrawn through a Pt tube. Equilibrium was always
approached from supersaturation by decreasing the CO, partial pressure. Mg
was determined as MgO after calcining a sample.

Source and Purity of Materials:
MgCO;-3H,0: synthetic material without other details.

Estimated Error:
No estimates possible.

Components:
(1) Magnesium carbonate;
MgCOs5; [546-93-0]

Original Measurements:
133G. Takahashi, Eisei Shikenjo
Hokoku (Bull. Nat. Hyg. Sci.) 29,

(2) Carbon dioxide; 165 (1927).
CO,; [124-37-9]
(3) Water; H,O; [7732-18-5]
Variables: Prepared by:
T/K=271-333 J. Vanderdeelen
p(CO,)/bar = approx. 1 M. Tsurumi

M. Ichikuni

Experimental Values

Solubility of MgCO3:
Solid phase: MgCO5-3H,0 and p(CO,)= 1 bar

Solution Mass Mass Solution Molality
density fraction fraction density Mg(HCOs3),
p/kgm™? MgO CO, p/kgm™? /mol kg ™!
t/°C (exp.) 100w 100w (calc.)® (compiler)
5 1040.7 1.530 3.232 1049.1 0.4029
10 1036.0 1.314 2.736 1040.6 0.3431
15 1032.0 1.143 2.270 1033.9 0.2964
20 1028.7 0.9858 2.109 1027.6 0.2541
25 1025.0 0.8654 1.839 1022.6 0.2220
30 1021.0 0.7634 1.572 1018.0 0.1950
35 1017.0 0.6780 1.381 1013.9 0.1727
40 1013.5 0.6017 1.206 1009.9 0.1528
45 1009.7 0.5323 1.044 1006.0 0.1348
50 1005.0 0.4718 0.922 1002.2 0.1192
55 1000.8 0.4083 0.833 998.2 0.1029
60 998.0 0.3648 0.764 994.6 0.0918
#Assuming Mg(HCO3), as dominant species (see Sec. 1).
Solid phase: MgCO5-5H,0
Solution Mass Mass Solution Molality
density fraction fraction density Mg(HCOs3),
p/kgm™? MgO CO, p/kgm™? /mol kg !

t/°C (exp.) 100w 100w (calc.)® (compiler)
-1.8 1041.1 1.526 3.410 1051.0 0.4020
0 1040.7 1.496 3.219 1049.5 0.3936
5 1039.5 1.423 2.942 1045.6 0.3732
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Solution Mass Mass Solution Molality Auxiliary Information
density fraction fraction density Mg(HCO3), Method/Apparatus/Procedure:
3 -3 —1
p/kgm MgO CO;, p/kgm /mol kg No information given.
t/°C (exp.) 100w 100w (calc.)® (compiler)
Source and Purity of Materials:
10 1038.3 1.363 2.962 1042.2 0.3565 MgCOs: natural and precipitated solid.
15 1037.3 1.312 2.744 1039.1 0.3424 MgCO5-3H,0: no information given.
20 1036.3 1.256 2.606 1035.8 0.3270

Estimated Error:
CO,-free air: see table, footnote c.
Other measurements: no estimates possible.

#Assuming Mg(HCO3), as dominant species (see Sec. 1).

Auxiliary Information

Components:
(1) Magnesium carbonate;

Original Measurements:

Method/Apparatus/Procedure: 1357, Leick, Z. Anal. Chem. 87, 415

The solids were placed on a Dewar vessel provided with a mechanical stirrer MgCOs3; [546-93-0] (1932).

and a CO,(g) inlet. After equilibrium had been established, part of the (2) Sodium chioride;

supe.rnatar.lt was withdrawn, filtered .and analyzed. Mg was determined NaCl; [7647-14-5]

gravimetrically as py}'ophosphate, dlssolved CO, a? loss of mass after (3) Sodium sulfate;

release of gas on adding a mineral acid to the solution. NapSOy: [7757-82-6]

Source and Purity of Materials: (4) Sodium carbonate;

MgCO5-3H,0: prepared by mixing MgSO,4 and Na,COj solutions in Na,CO;; [497-19-8]

proportion 9:1. The precipitate was washed with CO,-saturated water. (5) Sodium hydroxide;

MgCO3-5H,0: prepared as for MgCO5-3H,0, but #/°C =0 to 5. Dried NaOH; [1310-73-2]

precipitate contained (mass% with theoretical values in parentheses): (6) Water; HyO; [7732-18-5]

CO,: 24.69 (25.24); MgO: 23.19 (23.11); H,O (by difference): 52.12 R

(51.65). Variables: Prepared by:
T/K=373 J. Vanderdeelen

Estimated Error: salts = variable at various mass

No estimates possible. concentrations

Experimental Values
Components:

(1) Magnesium carbonate;
MgCOs5; [546-93-0]

(2) Carbon dioxide;

COy; [124-37-9]

Original Measurements:
1340, Biir, Zentralbl. Mineral. Geol.

Solubility of MgCOj; in aqueous salt (2) solutions at 100 °C
Paleontol. 1, 46 (1932).

Alkalinity against

(3) Water; H,0; [7732-18-5] Mass conc.  Equilibration PP* MOP MgO
Salt salt 1! time /d meql ' /meql™'® /meql '®

Variables: Prepared by: p2/e / /meq /meq /med
T/K=291 J. Vanderdeelen None 2.5 0.50 150 150
p(CO,)/bar =0-2 Alex De Visscher 5.0 0.50 1.50 1.45
24 0.20 0.40 0.40
. 48 0.15 0.20 0.15
Experimental Values NaCl 5 25 075 230 235
Solubility of MgCO; at 1= 18 °C 12.5 2.5 1.00 3.30 3.28
25.0 2.5 1.10 3.70 3.73
Mass 50.0 2.5 1.20 3.90 3.90
conc. Solution Molality 12.5 16 0.25 0.30 0.35
MgCO;  density” MgCO;" p(COy) Solid Na,SO4 5 2.5 0.85 2.70 2.65
p/gl™" /kgm™  m/mol kg~ /atm phase 12.5 2.5 1.40 4.20 4.10
B 25.0 2.5 1.90 5.30 5.35
0.067¢ 998.7 8.0x 10~ CO, free Magnesite 50.0 25 250 6.50 6.35
0.08 998.7 9.5x107*  Air saturated” Magnesite 125 16 0.30 0.50 0.45
0.7 999.6  83x 1077  Airsaturated® Precipitated MgCOs5 Na,CO 5d 25 175 555 0.45

2CO3 . . . .
27.8 1037.2 0.3340 1 MgCO;-3H,0 12,54 25 4.40 13.0 0.27
35.1 1047.5 0.4233 2 MgCO;-3H,0 50.0¢ 25 19.25 50.30 0.28

d

*Compiler. 12.5 16 7.50 12.60 0.15

bAssuming Mg(HCOs3), as dominant species (see Sec. 1).
“Average of four values: 0.065, 0.061, 0.069, and 0.072.
dAmbient air with p(CO,) =3.1 x 10~* atm (compiler).
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Alkalinity against

Mass conc.  Equilibration PP* MO® MgO

Salt salt p,/g 17! time /d Jmeq 17! /meql™'¢ /meql ¢
NaOH 9.0° 25 2.90 9.50 0.45
18.0° 2.5 9.10 18.50 0.40
36.0° 2.5 25.60 36.25 0.30
18.0° 16 12.25 18.10 0.15

“PP: phenolphthalein.

"MO: methyl orange.

1 meq MgO =20 mg MgO 1" or 42 mg MgCO5 1",
“Inmeql', 1 meql '=0.5mmol 1",

°In mmol 17,

A conversion of magnesium carbonate into hydroxide
probably occurred during boiling which results from the
instability of magnesium bicarbonate (authors); composition
clearly depends upon equilibration time, confirming the
instability of this compound (compiler).

Auxiliary Information

Method/Apparatus/Procedure:

To 0.5 g solid material, 400 ml distilled water, freed of CO,, was added and
boiled. After quick filtration, alkalinity in the filtrate was titrated with HC1
versus phenolphthalein and methyl orange. Mg was precipitated as
phosphate.

Source and Purity of Materials:
MgCOs: synthetic, starting from magnesium bicarbonate, without further
details.

Estimated Error:
No estimates possible.

Original Measurements:
135E. Halla, Z. Phys. Chem., Abt. A
175, 63 (1936).

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Variables:
T/K=298 and 312
p(CO,)/bar = approx. 1

Prepared by:
J. Vanderdeelen
Alex De Visscher

Experimental Values

Solubility of MgCOs; solid phase was MgCOj3 as magnesite

Amount
conc. Solution Molality
p(COy)  p(CO,)  MgCOs density® MgCO;
t/°C  /mmHg /atm ¢/mmol 17" p/kgm™  m/mol kg™
25 726 0.955 16.5 999.3 0.01657
38.8 709 0.933 12.87 994.4 0.01298

“Calculated by compiler.

013105-55

Auxiliary Information

Method/Apparatus/Procedure:

The solid was kept in suspension by a stream of CO,(g) passing through the
thermostated reaction bulb. After equilibrium was reached, 200 ml samples
were titrated with H,SO,.

Source and Purity of Materials:
MgCOs5: natural gel-magnesite from Kraubath, Obersteiermark, Ca-free.

Estimated Error:
T: precision 0.1 K.

Components:

(1) Magnesium carbonate;
MgCOs5; [546-93-0]

(2) Carbon dioxide;

Original Measurements:

137L. G. Berg and L. A. Borisova,
Zh. Neorg. Khim. 5, 1283 (1960);
Russ. J. Inorg. Chem. (in English) 5,

COy; [124-37-9] 618 (1960).

(3) Water; H,O; [7732-18-5]

Variables: Prepared by:
T/K =298 J. Vanderdeelen

p(CO,)/bar =about 1 Alex De Visscher

Experimental Values

Solubility of MgCO3 at t=25 °C and p(CO,)=about
1 atm (given as Mg>" by authors): 16.50 mmol kg~ ' for
magnesite as solid phase; 210 mmol kg~ ' for nesquehonite
as solid phase.

The authors state that the solubility at saturation is expressed in mmol per
kg solution (m';). To convert to mmol per kg solvent (m;), the following
equation was used iteratively: m; =m', /(1 —m'y M — m',M,) with

M =molar mass of Mg(HCO3), in kg mol ™!, and index 2 refers to CO,.
Expressed in mmol per kg solvent, the solubility is 16.49 mmol kg ' for
magnesite, and 214.6 mmol kg~ for nesquehonite.

Auxiliary Information

Method/Apparatus/Procedure:

Vessels with inlets for introduction of CO,(g) were placed on a thermostat at
25 °C. The contents were agitated for 3-8 months until equilibrium was
established. Mg was determined gravimetrically as pyrophosphate and with
trilon titration against chromogen black ET-00; total alkalinity by acid titra-
tion with 0.1 M HCl (methyl orange indicator).

Source and Purity of Materials:
MgCOs;: prepared by calcining hydromagnesite at 300-350 °C and
p(CO,) =70-80 atm and commercial NaHCOs;.

Estimated Error:
T: precision 0.5 K.
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Experimental Values
Components: Original Measurements:
(1) Magnesium carbonate; "3SA. M. Ponizovskii, N. M. Run 1. Solubility of lansfordite at t =0 °C
MgCOs3; [546-93-0] Vladimirova, and F. A Gordon-
(2) Sodium hydrogen carbonate; Yanovskii, Zh. Neorg. Khim. 5, Mass
NaHCOj5; [144-55-8] 2587 (1960); Russ. J. Inorg. Chem. p(CO,)/ fraction Molality
(3) Sodium chloride; (in English) §, 1250 (1960). kg cm 2 p(CO,)*/atm Mg 100w Mg P m/mol kg~ Solid phase
NaCl; [7647-14-5]
(4) Magnesium chloride; 2.0 1.93 1.16 0.5158 MgCO;-5H,0
MeCl; [7786-30-3] 3.0 2.90 1.34 0.6042 MgCO5-5H,0
(5) Carbon dioxide; 4.0 3.87 1.47 0.6699 MgCO5-5H,0
CO,; [124-38-9] 10 9.68 2.02 0.9654 MgCO5-5H,0
(6) Water; H,0; [7732-18-5]
*Authors data using 1 kg cm ™2 =0.968 atm.
Variables: Prepared by: bAssuming Mg(HCO3), as dominant species (see Sec. 1).
T/K=273 J. Vanderdeelen
p(CO,)/bar =2-10 Alex De Visscher
Salt: various at variable
concentrations
Run 2. Solubility of lansfordite at =0 °C and p(CO,) =4 kg cm 2 or 3.87 atm
Composition of the liquid phase
Na*t Mg** oy HCO;

Mass% Molality® Mass% Molality® Mass% Molality® Mass% Molality®
100w, m,/mol kg ! 100w, my/mol kg~ 100w, my/mol kg ™! 100w, my/mol kg ! Solid phase
7.04 3.29 1.97 0.859 16.08 5.40 0.89 0.147 NaCl + NaHCO; + MgCO3-5H,0
1.22 0.537 1.02 0.424 8.35 1.493 NaHCO; +MgCO5-5H,0
1.36 0.599 1.07 0.445 0.60 0.170 7.94 1.414 NaHCO; + MgCO5-5H,0
1.60 0.707 1.07 0.445 1.93 0.555 6.30 1.102 NaHCO; + MgCO3-5H,0
6.96 3.252 1.94 0.814 15.88 5.325 0.87 0.144 NaCl + NaHCO; + MgCO5-5H,0

8.69 3914 25.21 9.508 0.23 0.038 MgCO;-5H,0 + MgCl,-6H,0
0.05 0.022 8.60 3.872 25.00 9.403 0.27 0.044 NaCl + MgCO5-5H,0 + MgCl,-6H,0
0.14 0.061 8.60 3.872 25.41 9.609 0.18 0.029 NaCl + MgCO5-5H,0 + MgCl,-6H,0
“Approximation.

Run 3. Solubility of lansfordite at r =0 °C and p(CO,) = 10 kg cm > =9.68 atm
Composition of the liquid phase
Na* Mg** cl- HCO;3
Mass% Molality® Mass% Molality® Mass% Molality® Mass% Molality®
100w, n,/mol kg ™! 100w, my /mol kg ! 100w, my/mol kg ™! 100w, m, /mol kg ! Solid phase

0.93 0.408 1.96 0.823 12.32 2.303 NaHCO; +MgCO5-5H,0
1.20 0.528 1.87 0.784 2.44 0.705 8.31 1.486 NaHCO; + MgCO5-5H,0
2.88 1.289 2.00 0.840 8.85 2.739 2.50 0.420 NaHCO; + MgCO5-5H,0
4.96 2.269 2.98 1.264 15.61 5.218 1.26 0.209 NaCl + NaHCO; + MgCO5-5H,0
#Approximation.

The stable phase was nesquehonite above 12—15 °C and lansfordite below 12 °C. Molalities

the data with a single solid phase were evaluated.
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Auxiliary Information

Components: Original Measurements:
Method/Apparatus/Procedure: (1) Magnesium carbonate; %90, K. Yanat’eva and I. S.
A plastic-lined steel autoclave was used, sealed at the bottom with a porous MgCOs; [546-93-0] Rassonskaya, Zh. Neorg. Khim. 6,
glass plate and provided with a needle valve to withdraw liquid samples. (2) Carbon dioxide; 1424 (1961); Russ. J. Inorg. Chem.
The lid held a thermometer pocket and two tubes, one for charging the CO,; [124-37-9] (in English) 6, 730 (1961).

reagents and flushing with CO,(g), the other attached to a CO,(g) cylinder

. (3) Water; H,O; [7732-18-5]
through a return valve. Pressure was measured with a gauge. The autoclave

was contained in a cooler and its contents were stirred. Variables: Prepared by:
Salts were pure grade. T/K =273-363 J. Vanderdeelen
Mg was determined by EDTA titration (chromogen black indicator), CI™ by p(CO,),/bar = approx. 1 M. Tsurumi
Mohr titration, HCOj by acid titration with HCI. Equilibrium was attained M. Ichikuni

in 2-3 days.

Alex De Visscher

Source and Purity of Materials:

MgCO;-5H,0: prepared from a solution of NaHCOj; saturated with CO,, to
which a concentrated solution of MgSO,4 was added dropwise in an amount
equivalent to the NaHCO;. Nesquehonite started to crystallize in 24 h,
continuing for 7-10 days. Crystals were filtered, washed in CO,-saturated
water, then ether. Crystal identity was checked by optical crystallography.
The trihydrate transformed into pentahydrate in water below 12 °C.

Estimated Error:
T: precision 0.2 K.

Experimental Values

Solubility of magnesium carbonate trihydrate and pentahydrate at p(CO,) ~ 1 atm (elsewhere the authors describe the conditions as “under CO, at ~1 atm”,
which is an ambiguous statement).

Specific Mg(HCO3), Density solution

content 7’ /mmol kg ™" experimental Molality Mg(HCOs3), Density solution Solid
t/°C solution® p/gml! m/mmol kg~ ' solvent” calculated”® p/kg m? phase
0 397.6 1.0470 423.4 1053.1 MgCO5-3H,0
5 380.7 1.0456 404.1 1049.3 MgCO5-3H,0
8 358.1 1.0419 378.7 1045.4 MgCO5-3H,0
0 339.2 1.0404 358.0 1045.1 MgCO;-5H,0
10 318.6 1.0381 334.9 1039.7 MgCO5-5H,0
15 310.8 1.0372 326.2 1037.2 MgCO5-5H,0
20 244.1 1.0285 253.5 1027.6 MgCO5-3H,0
25 219.3 1.0249 226.9 1023.1 MgCO5-3H,0
40 149.3 1.0156 152.8 1009.8 MgCO5-3H,0
45 129.9 1.0132 132.5 1005.7 MgCO5-3H,0
50 113.1 1.0128 115.1 1001.7 MgCO5-3H,0
53.5 104.5 1.0116 106.2 999.2 MgCO5-3H,0
55 100.3 1.0097 101.9 998.0 4MgCO3-Mg(OH),-4H,0
60 78.4 1.0082 79.4 993.1 4MgCO;3-Mg(OH),-4H,0
70 45.5 1.0056 45.8 983.8 4MgCO3-Mg(OH),-4H,0
90 17.5 1.0020 17.6 968.0 4MgCO;3-Mg(OH),-4H,0
14 312.0 MgCO;5-3H,0 + MegCO3-5H,0
54.3¢ 102.0 MgCO;3-3H,0 + 4MegCO;3-Mg(OH),-4H,0

“To convert specific Mg contents (n';) expressed as mol/kg solution to molalities (72;) as mol/kg solvent with M the molar mass in kg mol ', the following
equation was used: m; =m'y /(1 — 'y M — m',M5) where index 2 refers to CO, (compiler). It was assumed that p(CO,) = 1 atm.

®According to compiler.

“Data were obtained graphically (authors).
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Auxiliary Information

Method/Apparatus/Procedure:

Suspensions were stirred continuously in a thermostat for several days;
equilibrium was reached in 7-8 h. The liquid was sampled periodically; total
alkalinity was titrated with HCI (methyl orange indicator). Mg was
determined as by Yanat’eva [O. K. Yanat’eva, Izv. Sekt. Fiz.-Khim. Anal.
Inst. Obshch. Neorg. Khim. Akad. Nauk SSSR 20, 252 (1950)].

Source and Purity of Materials:

MgCO5-3H,0: by mixing solutions of MgSO, and NaHCO;. Salt was
washed, then air-dried. Concentrated solutions of Mg(HCO3), at variable
temperatures show branches according to crystallization of the tri- and the
pentahydrate.

Estimated Error:
No estimates possible.

Components:
(1) Magnesium carbonate;

Orignal Measurements:
149G, W. Morey, Am. Mineral. 47,

MgCO3; [546-93-0] 1456 (1962).

(2) Carbon dioxide;

COy; [124-37-9]

(3) Water; H,O; [7732-18-5]

Variables: Prepared by:

T/K =298-473 J. Vanderdeelen
Experimental Values
Solubility of MgCO;

Mass fraction Molality
t/°C MgCO; 10 MgCO3/mmol kg~ ' (compiler)
25 42 0.050
60 8.2 0.097
100 11.8 0.140
130 12.8 0.152
160 12.5 0.148
180 11.2 0.133
200 8.0 0.095

XRD showed that MgCO5; was converted completely to
Mg(OH), above 150 °C, and that some crystals of sepiolite
(2Mg0-3Si0,-2H,0) and dolomite were found at the outlet
of the reactor. These extraneous phases were attributed to
impurities in the magnesite. By titration with NaOH, free
CO, in the exit water was: none below 150 °C, 0.5, 1, 3, and
7 ppm at 154, 165, 167, and 184 °C, respectively.

Auxiliary Information

Method/Apparatus/Procedure:

The apparatus is described by Morey [G. W. Morey and R. O. Fournier, Am.
Mineral. 46, 688 (1961)]. A stainless steel reaction tube, volume 10 ml, was
closed at each end by a stainless steel filter. The tube was placed in a
furnace and pure water, free of CO,, was pumped through at 200 atm (above
the vapor pressure of water), so that the water would remain liquid. Mg was
determined by EDTA titration.

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012

DE VISSCHER ETAL.

Source and Purity of Materials:
MgCOs5: magnesite from Brazil, crushed, sieved to 24—48 mesh.

Estimated Error:
No estimates possible.

Orignal Measurements:
'IE_ Halla and R. van Tassel,
Radex-Rundschau, 42 (1964).

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Variables: Prepared by:
T/K =294 (average) J. Vanderdeelen
p(CO,)/bar = unknown Alex De Visscher

Experimental Values

Solubility of magnesite (1) at 7/°C between 19 and 23, average 21 (authors),
in the presence of a CO, gas phase

Solid phase Dissolution time /d Solubility ¢;/mmol 17!
Unknown 800 4.7

Natural magnesite Unknown 16.0
Synthetic magnesite 141 2.3
Synthetic magnesite 191* 2.5
Synthetic magnesite 336 2.5°

2.2 mmol 1-' Mg(HCOs), solution was used as the initial liquid phase to
reduce the dissolution time.

" Authors indicate that the dissolved Mg concentration did not increase in the
145 days after the previous experiment.

Auxiliary Information

Method/Apparatus/Procedure:

CO, gas was washed in a 20% solution of KHCO; and then bubbled for 800
days through the magnesite suspension in run 1 and for 141 days in run 2.
Presumably concentrations were found by acid titration.

Source and Purity of Materials:

MgCOs;: (1) Natural from Kraubach, Steiermark, Austria. Microscopic
analysis showed non-crystalline material. Analysis (mass%): MgO: 46.0;
CaO: 1.1, Fe,05: 0.3.

(2) Synthetic. By heating 0.2 M Mg(HCOs3), overnight in a closed vessel at
150 °C. Analysis (mass%): MgO, 47.2, 52.3 from loss on heating. XRD
indicated very pure magnesite.

Estimated Error:
T: £2 K.
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Components: Orignal Measurements: Molality
(1) Magnesium carbonate; 6D, Langmuir, J. Geol. 73, 730 p(COy) —lg(Molality IMg*
MgCOs; [546-93-0] (1965). Solid phase /atm H™/mol kg /mol kg ! Ig *Kpo"
(2) Carbon dioxide;
CO.: [124-37-9] 0.912 5.378 0.05284 9.44
(3) Water; H,0; [7732-18-5] 0.912 5.221 0.1030 9.41 )
avg. 9.42 +0.03
Variables: Prepared by: Magnesite 0.912 6.042 0.01047 10.06
T/K=298 J. Vanderdeelen (synthetic) 0.912 5.997 0.01219 10.04
p(CO2)/bar=0.97 0.912 5.910 0.01849 10.05
0.912 5.791 0.03020 10.02
0.912 5.748 0.04046 10.06
Experimental Values 0.912 5.658 0.05395  10.01
" b
For a nesquehonite suspension, the pH at equilibrium is Nesquehonite 0,912 7122 0?;8 122‘1‘ =002
7.11 at 25 °C and p(CO,) =0.97 atm. 0912 7061 0.1683 1331
0.912 6.986 0.2051 13.24
0.488 7.194 0.1371 13.21
Auxiliary Information avg. 13.27 + 0.05°

Method/Apparatus/Procedure:

A few g of solid were placed in a 30 ml reaction vessel in 15 ml distilled
water at controlled CO, partial pressure. After several days the pH was

recorded.

Source and Purity of Materials:

MgCO5-3H,0: synthetic nesquehonite was used: reagent-grade basic mag-
nesium carbonate was dissolved in CO,-saturated water at room temperature
and filtered. The filtrate was degassed at 35 °C. A snowy product was
obtained, “X-ray pure” and well crystallized.

Estimated Error:
T: =0.1 K.

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Sodium perchlorate;
NaClOy; [7601-89-0]

(3) Perchloric acid;

HCI1Oy; [7601-90-3]

(4) Carbon dioxide;

CO,; [124-37-9]

(5) Water; H,O; [7732-18-5]

Orignal Measurements:

92w F. Riesen,
“Thermodynamische
Untersuchungen am Quaternéren
System Ca*"-Mg?" — CO, — H,O".
Inauguraldissertation (Ph.D.
dissertation) (University of Berne,
Switzerland, 1969).

Variables:

T/K =298.15 and 323.15
P(CO,)/bar = 0.488-0.912
pH=5.2-5.8 (HCIO,)
Salt: NaClO, (background
electrolyte)

Prepared by:
E. Konigsberger

Experimental Values

Solubility of magnesium carbonate at 25 °C and constant ionic strength

I=3.0mol kg~ ! (Na)ClO,

Molality
p(CO,) —lg(Molality Mg*"
Solid phase /atm H"/molkg™")  /molkg ™' 1g *Kpo"
Magnesite 0912 0.00889 9.46
(natural) 0.912 0.01349 9.42
0.912 0.02748 9.39

K o= [EMg>"] p(CO,) /[H' .
"Compiler.

Solubility of magnesium carbonate at 50 °C and constant ionic strength
I1=3.0mol kg~' (Na)ClO,4

Molality
p(COy)  —lg(Molality =Mg*t
Solid phase /atm H'/molkg ")  /molkg™' lg *Kpo"
Magnesite 0.834 5.586 0.00450 8.75
(natural) 0.834 5.474 0.00800 8.77
0.834 5.224 0.02612 8.79
0.834 5.083 0.05047 8.79
0.834 4978 0.07551 8.75
0.834 4910 0.1005 8.74
avg. 8.77 £ 0.02°
Magnesite 0.834 5.767 0.01047 9.33
(synthetic) 0.834 5.764 0.01219 9.36
0.834 5.663 0.01849 9.36
0.834 5.631 0.03020 9.35
avg. 9.35+0.01°
Nesquehonite 0.834 7.072 0.0848 12.99
0.834 6.862 0.1570 12.84
avg. 12.92 +0.08"

“K o= [EMg*>"] p(COy) /[H'%.
° Compiler.

Auxiliary Information

Method/Apparatus/Procedure:

The percolation type solubility cell of Schindler et al. [P. Schindler, M.
Reinert, and H. Gamsjdger, Helv. Chim. Acta 51, 1845 (1968)] was used.
Measurements were performed using the “pH variation method.” Solid
phases were equilibrated with HC10,4/NaClOy solutions of varying initial
HCIO, molality at constant ionic strength /= 3.0 mol kg~ (Na)CIO,. All
equilibrium constants were calculated in terms of molalities. During each
dissolution run, p[H] = —lg(Molality H" /mol kg~ ') was measured; constant
pl[H] indicated solubility equilibrium (equilibration times for magnesite
were up to 6 weeks at 25 °C). Before and after each run, electrodes were
calibrated in terms of molalities, using HC104/NaClOy, solutions of constant
I. Reference electrodes were connected via ‘Wilhelm’ salt bridges

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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(I=3.0 mol kg~ NaClO,), and liquid junction potentials were taken into
account. Total Mg>" molalities of the equilibrated solutions were
determined by complexometric titration with EDTA. When 1g{[ZMg
p(COy)} was plotted vs. p[H], data fell on straight lines with slopes of —2,
indicating that equilibrium was attained.

A striking result of this study was that natural and synthetic magnesite samples
led to internally consistent but different solubility constants. The author also
determined formation constants of magnesium (hydrogen-)carbonato complexes
at [ =3.0 mol kg’1 (Na)ClO, using a coulometric method (see also Riesen

et al®®). These complexes were found to increase the solubility of nesquehonite
but not that of magnesite. Riesen'** reported solubility constants of nesquehon-
ite that were corrected for complex formation: Ig *Kg,o = 13.08 = 0.03 for 25
°Cand 12.77 = 0.03 for 50 °C.

Konigsberger et al.”® derived a Pitzer model that allowed the calculation of
solubility constants for these minerals at zero ionic strength. Appropriate
combinations of (trace) activity coefficients of reacting species and water
activities for the ionic medium resulted in corrections to 1g *K,, of —0.18 for
magnesite and —0.31 for nesquehonite at 25 °C. Together with the solubility
and dissociation constants of carbon dioxide, this results in Ig Ko = —8.92
and —8.30 for natural and synthetic magnesite respectively (compiler). Both
values are considerably lower than the values shown in Figs. 2 and 3.

For nesquehonite, the results for zero ionic strength and 25 °C are

1gK o= —5.39 (corrected for ion pairing) and Ig Ky = —5.20 (without
correction for ion pairing). It should be noted that the latter value may have
a higher uncertainty because the activity coefficients of the ion pairs were
not taken into account during the extrapolation to zero ionic strength.
Nevertheless, there is a good agreement of these two values with the
calculated curves shown in Figs. 6 and 7, respectively.

For 50 °C, similar calculations employing the temperature-dependent Pitzer
model of Kénigsberger ez al.” give the following results for zero ionic
strength: 1g Ko = —9.67 and —9.09 for natural and synthetic magnesite,
respectively; 1g Ky = —5.82 for nesquehonite corrected for ion pairing and

lg Ko = —5.67 for nesquehonite without correction for ion pairing (compiler).
Again, for magnesite both values are considerably lower than the curves shown
in Figs. 2 and 3, while at least the first value for nesquehonite is in reasonable
agreement with the calculated curve shown in Fig. 6. Although the Pitzer
model is likely to have a larger uncertainty at 50 °C than at 25 °C, the tempera-
ture dependence of the solubility constants for magnesite is unusually large.

2+

Source and Purity of Materials:

MgCOs;: (i) well crystallized natural sample from Trieben, Austria; (ii)
sample synthesized according to Marc and Simec [R. Marc and A. Simec, Z.
Anorg. Chem. 82, 17 (1913)].

MgCO;-3H,0: by slow degassing of CO, from a solution of Mg(HCO3),.

Estimated Error:
T: £0.1 K.

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Sodium perchlorate;
NaClOy; [7601-89-0]

(3) Perchloric acid;

HCIOy; [7601-90-3]

(4) Carbon dioxide;

CO,; [124-37-9]

(5) Water; H,O; [7732-18-5]

Orignal Measurements:
143, Horn, Radex-Rundschau, 469
(1969).

Variables:

T/K=298.15
p(CO,)/bar = approx. 1
pH=5.3-5.9 (HCIO,)
Salt: NaClO, (background
electrolyte)

Prepared by:
E. Konigsberger

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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Experimental Values

Solubility of magnesite at 25 °C and constant ionic strength / = 3.0 mol 17"
(Na)ClO4

Initial Molarity p(CO,) —lg(Molarity Molarity

H™/mol 17! Jatm  H"/mol1™') XMg*"/mol 1™’ 1g *Kpo"
0.20000 0.9186 5.319 0.10180 9.61
0.19940 0.9120 5.297 0.10130 9.56
0.19940 0.9145 5.306 0.10060 9.58
0.08000 0.9165 5.494 0.04488 9.60
0.08000 0.9005 5.535 0.04417 9.67
0.08000 0.9145 5.483 0.04479 9.58
0.02285 0.9191 5.754 0.01518 9.65
0.02285 0.9125 5.746 0.01524 9.64
0.02285 0.9165 5.750 0.01549 9.65
0.01206 0.9108 5.822 0.01009 9.61
0.01206 0.9243 5.866 0.01082 9.73
0.01206 0.9243 5.845 0.01044 9.67
0.00382 0.9191 5.920 0.00675 9.63
0.00382 0.9125 5.937 0.00693 9.67
0.00382 0.9191 5.930 0.00682 9.66

avg. 9.63 +0.05°

S K 0= [EMg>"] p(CO,)/[H' .
° Compiler.

Auxiliary Information

Method/Apparatus/Procedure:

The percolation type solubility cell of Schindler ez al. [P. Schindler, M.
Reinert, and H. Gamsjdger, Helv. Chim. Acta 51, 1845 (1968)] was used.
Measurements were performed at 25 °C using the “pH variation method.”
Solid magnesite was equilibrated with HC1O,/NaClO, solutions of varying
initial HCIO,4 molarity at constant ionic strength / = 3.0 mol 17! (Na)ClO,.
All equilibrium constants were calculated in terms of molarities. During
each dissolution run, p[H] = —lg(Molarity H" /mol 1~ ') was measured; plH]
values that were constant for 3 days indicated solubility equilibrium
(equilibration times for magnesite were up to 5 weeks). Before and after
each run, electrodes were calibrated in terms of molarities, using
HC10,/NaClOy, solutions of constant /. Reference electrodes were
connected via “Wilhelm” salt bridges (/ =3.0 mol 17! NaClO,). Total Mg2+
molarities of the equilibrated solutions were determined by complexometric
titration with EDTA. When 71/2lg{[ZMg2+] p(CO,)} was plotted vs. p[H],
data fell on straight lines with slopes of ca. 1, indicating that equilibrium
was attained.

The author determined the formation constant of a magnesium
hydrogencarbonato complex at / =3.0 mol 1~ (Na)ClO, from the
differences between measured [ZMgH] and free [Mg2+] calculated from
charge balance. The solubility constant corrected for complex formation was
1g #Kgpo=9.58 = 0.06,"* which is not significantly different from the value
1g *Kpo=9.63 £ 0.05 calculated from the analytical data given above. It
should be noted that equilibrium constants for homogeneous reactions
calculated from heterogeneous equilibria are often of rather low accuracy.
Konigsberger et al.”® derived a Pitzer model that allowed the calculation of
solubility constants for magnesite at zero ionic strength. Appropriate
combinations of (trace) activity coefficients of reacting species and water
activities for an ionic medium of 7 = 3.5 mol kg~' (Na)ClOy (corresponding
to I=23.0 mol 1! (Na)CIO,) resulted in corrections to lg *Kp0 of —0.13 for
magnesite at 25 °C. Together with the solubility and dissociation constants of
carbon dioxide and a correction for the change of concentration units (—0.06),
this results in 1g Kyy = —8.59 at zero ionic strength and 25 °C (compiler). This
value is considerably lower than the values shown in Figs. 2 and 3.
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Source and Purity of Materials:

MgCOs5: sample synthesized according to Jantsch and Zemek [R. Jantsch
and F. Zemek, Radex-Rundschau, 110 (1965)]. Chemical analysis in weight
% (calculated values between brackets): MgO: 47.86 (47.82); CO,: 52.16
(52.18). It is mentioned that X-ray analysis (Debye-Scherrer method) before
and after equilibration with aqueous media only showed lines attributable to
magnesite. Microscopic investigation revealed rather large rhombohedra
typical for magnesite.

Estimated Error:
T: £0.2 K.

013105-61

Components:

(1) Magnesium carbonate;
MgCOs3; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Orignal Measurements:
144C L. Christ and P. B. Hostetler,
Am. J. Sci. 268, 439 (1970).

Variables:
T/K = approx. 363
p(CO,)/bar =0.0274, 0.308, 0.312

Prepared by:
J. Vanderdeelen

Experimental Values

Approach to saturation for solid phase as MgCO;

Run 1

Run 2 Run 3

1/°C=90.3, p(CO,) =0.312 atm

1/°C =91, p(CO,) =0.0274 atm

1/°C=90.5, p(CO,) = 0.308 atm

Equil. Molality Equil. Molality Equil. Molality
time/h pH Mg>"/mol kg™* x 10° time/h pH Mg>"/mol kg ~* x 10° time/h pH Mg*"/mol kg™' x 10°
0.5 5.55 66" 4.9 7.09 90" 0.5 4.88 7*
1.8 6.04 115° 46 7.00 90* 35 5.15 16"
2.8 6.12 136" 94 7.06 95* 7.7 5.35 22%
6.6 6.30 165* 196 7.11 99* 24 5.56 38
23 6.26 193* 410 7.17 90 48 5.74 51°
48 6.29 202°% 652 7.13 97 102 5.97 73"
96 6.30 210 935 7.11 91 168 6.06 86"
198 6.38 210 1180 7.25 88 265 6.21 108*
413 6.47 197 1391 7.21 107 488 6.29 129°
655 6.45 202 1682 7.18 86 751 6.29 131
938 6.44 193 1996 7.13 91 990 6.29 132
1182 6.42 202 2546 7.10 89 1351 6.39 141
1394 6.42 202 3265 7.11 106 1854 6.39 144
1685 6.41 172 3526 7.11 104 2573 6.32 154
1998 6.46 191 3367 6.31 160
2549 6.31 187 3911 6.30 174
3268 6.38 200

3531 6.40 210

Mean 6.40 198 Mean 7.15 95

s.d. 0.05 7 s.d. 0.05 7

“Plots of pH and m(Mg> ") against time by the compiler showed that these values in the table could reasonably be deleted to find average values for columns 2,
3, 5, and 6. However, for columns 8 and 9, m(Mg”") rose rapidly to a shoulder value, then continued to increase with time, so that no clear averages could be

calculated.

Auxiliary Information

Method/Apparatus/Procedure:

Magnesite was suspended in distilled and deionized water in a thermostated
polypropylene vessel and stirred with a PTFE-coated magnetic stirrer. Pure
CO,(g) or a CO»(g)-N, mixture containing 9.7 mol% CO,, pre-saturated
with water at the run temperature, was bubbled through the suspension.
Determination of p(CO,) by Matheson gauge, pH by combination electrode.
Samples were filtered through a 0.45 pm Millipore filter and analyzed for
Mg by AA. XRD of magnesite before and after experiments did not differ
significantly. Trace amounts of Fe (0 to 10~ mol kg™"), K™ (ca. 10~* mol
kgfl), Cl™ (ca. 10~* mol kgfl), and Ca>" (ca. 1-14x 107> mol kgfl) were
found in the filtrates.

Source and Purity of Materials:

MgCOs;: 1. Magnesite, Red Mountain, CA; dense, fine-grained (runs 1 and
2); 2. Magnesite, Snarum, Norway, aggregates of coarse cleavage fragments
(run 3). Ground samples screened to 200-325 mesh/inch. XRD: no indica-
tion of other phases.

Estimated Error:

T: £0.2-0.3 K.

Precision on m(Mg*"): =3 %.
pH: +£0.04.

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012
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Components:

(1) Magnesium carbonate;
MgCOs; [546-93-0]

(2) Carbon dioxide;

COy; [124-37-9]

(3) Sodium carbonate;
Na,COg; [497-19-8]

(4) Water; H,O; [7732-18-5]

Orignal Measurements:

78E. Konigsberger, P. Schmidt, and
H. Gamsjiger, J. Solution Chem.
21, 1195 (1992).

Variables:

T/K =298.15

p(CO,)/atm = 0.0088, 0.047, 0.108
m(Na,COs) /mol kg ™' = 0-1.45

Prepared by:
Alex De Visscher

Experimental Values

Solubility of MgCO5-3H,0 (1) in aqueous Na,COj; (3) solutions at 298.15 K

p(CO,)/atm ms/mol kg™ Solubility, m; /mmol kg "
0.0088 0 31
0.1 12
0.5 17
0.6 21
0.75 26
0.8 29
0.9 34
1.0 39
1.15 46
1.45 51
0.047 0 58
0.35 14
0.7 22
0.108 0 76
0.3 21
0.6 21

Values of m3 and m; were read from a figure in the origi-
nal paper (compiler).

Auxiliary Information

Method/Apparatus/Procedure:

The percolation type solubility cell of Gamsjdger and Reiterer

[H. Gamsjéger and F. Reiterer, Environ. Int. 2, 419 (1979)] thermostated at
25 °C was used. Partial pressure of H,O in the gas entering the vessel was
kept nearly identical to the partial pressure of the gas leaving the vessel, by
presaturation. During each dissolution run, pH was measured. Constant pH
indicated equilibrium. Total Mg2+ molalities were determined by
complexometric titration with EDTA.

Source and Purity of Materials:

Nesquehonite was prepared by aging a Mg(HCO3), solution at room
temperature with slow degassing of CO,. BET area was less than 0.5 m*
g~ '. Chemical analysis in weight % (calculated values between brackets):
MgO: 29.17 (29.14); CO,: 31.77 (31.80). It is mentioned that optical and
scanning electron microscopy as well as X-ray analysis before and after
equilibration with aqueous media showed no solid phases other than nesque-
honite. CO, and N,: “high purity.”

Estimated Error:
T: =0.05 K.

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012

Components:

(1) Magnesium carbonate;
MgCOs5; [546-93-0]

(2) Carbon dioxide;

CO,; [124-37-9]

(3) Water; H,O; [7732-18-5]

Original Measurements:

7PE. Konigsberger, L. C.
Konigsberger, and H. Gamsjager,
Geochim. Cosmochim. Acta 63,
3105 (1999).

Variables:
T/K=298.15-323.15
p(CO,)/bar = approx. 1

Prepared by:
E. Konigsberger

Experimental Values

Solubility of MgCOs. Solid phase is MgCO5-3H,0 and p(CO,) + p(H,0) =1
atm. The results are shown in Fig. 3(a) of Kénigsberger er al.;’® the numerical
values given below were provided by the authors.

Molality
t/°C p(CO,)/atm =Mg*" /mol kg "
25.00 0.968 0.2199
28.00 0.962 0.2074
31.00 0.955 0.1922
33.00 0.950 0.1810
35.00 0.944 0.1692
38.00 0.934 0.1595
41.00 0.922 0.1509
44.00 0.909 0.1382
47.00 0.894 0.1265
50.00 0.877 0.1196

Auxiliary Information

Method/Apparatus/Procedure:

The thermostated percolation type solubility cell of Gamsjiger and Reiterer
[H. Gamsjédger and F. Reiterer, Environ. Int. 2, 419 (1979)] was used. Partial
pressure of H,O in the gas entering the solubility vessel was kept nearly
identical to the partial pressure of the gas leaving the vessel. This was
achieved by presaturation of pure CO,(g) and using condensers, which were
cooled to ca. 2 °C, on both the presaturation and solubility vessel.
Equilibration times were 1 to 3 days, depending on the temperature. Total
Mg*" molalities were determined by complexometric titration with EDTA.

Source and Purity of Materials:
Nesquehonite was prepared according to the method described by
Konigsberger er al.”®

Estimated Error:
T: £0.05 K.
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1

Components: Original Measurements: Solution density m,/mol kg™ Solubility
(1) Magnesium carbonate; 5M. Dong, W. Cheng, Z. Li, and 1/°C ca/mol 1! p/kg 1" (authors) (compiler) MgCO; m;/mmol kg '
MgCOs3; [546-93-0] G. P. Demopoulos, J. Chem. Eng.
(2) Sodium chloride; Data 53, 2586 (2008). 35 0.1 1.0012 0.1005 11.91
NaCl; [7647-14-5] 0.3 1.0052 0.3037 15.78
(3) Ammonium chloride; 0.5 1.0148 0.5073 18.02
NH,CI; [12125-02-9] 0.7 1.0202 0.7148 20.15
(4) Magnesium chloride; 0.9 1.0289 0.9218 21.66
MgCly; [7786-30-3] 1.0 1.0333 1.0258 22.05
(5) Potassium chloride; 1.5 1.0526 1.5545 24.09
KCl; [7447-40-7] 2.0 1.0720 2.0940 25.28
(6) Water; H,0; [7732-18-5] 2.5 1.0897 2.6494 25.89

3 3.0 1.1078 3.2173 26.03
281531315 Alor De Viomhen 33 11253 38012 25.17

4.0 1.1432 4.3984 23.92

salts: various, at 0—4 mol 1!

Experimental Values Solubility of MgCO5-3H,0 (1) in aqueous NH4Cl (3) solutions

. . Solution
Solubility of MgCO3-3H,0 (1) in water density Solubility
kgl™! ms/mol kg~ ! MgCO
1/°C Molality MgCOs /mmol kg™ t/°C c3/mol 17! l()e{ut}};lors) E({ompilegr) my/ m%nol i(g"
2 0.009612 15 0.1 1.0011 0.1004 31.97
30 0.008782 03 1.0046 03035 55.13
40 0.008893 0.5 10105 0.5083 67.90
Data at higher temperatures were reported as well. How- 8; igigj 33;32 Zggi
ever., solid samples from these experiments showed transfor- 10 L0179 10369 92,62
mation to an amorphous form. 15 1.0273 1.5838 108.9
2.0 1.0355 2.1540 122.4
Solubility of MgCO5-3H,0 (1) in aqueous NaCl (2) solutions 25 1.0446 27446 138.8
 Solution density _m/mol kg Solubiliy ig 1'8‘5‘22 3'3;‘7‘; i;‘ii
t/°C ¢y/mol 17" p/kg1™ " (authors) (compiler) MgCO; m;/mmol kg 55 o1 L0013 01004 2330
15 0.1 1.0037 0.1002 13.43 0.3 1.0028 0.3040 55.89
0.3 1.0101 0.3022 18.48 0.5 1.0092 0.5089 70.81
0.5 1.0165 0.5064 21.72 0.7 1.0120 0.7183 82.84
0.7 1.0270 0.7099 23.63 0.9 1.0160 0.9299 93.82
0.9 1.0361 0.9151 25.55 1.0 1.0190 1.0357 98.36
1.0 1.0364 1.0225 26.58 1.5 1.0259 1.5862 118.21
1.5 1.0562 1.5487 28.68 2.0 1.0347 2.1558 132.90
2.0 1.0758 2.0857 29.99 2.5 1.0400 2.7586 146.76
2.5 1.0932 2.6397 30.53 3.0 1.0479 3.3806 155.98
3.0 1.1113 3.2052 29.25 3.5 1.0517 4.0487 163.97
3.5 1.1306 3.7795 28.53 35 0.1 1.0003 0.1005 35.62
4.0 1.1455 4.3873 25.60 0.3 1.0010 0.3046 59.16
25 0.1 1.0012 0.1005 12.72 0.5 1.0057 0.5107 71.72
0.3 1.0090 0.3026 16.41 0.7 1.0084 0.7209 89.31
0.5 1.0165 0.5064 19.73 0.9 1.0129 0.9329 99.11
0.7 1.0241 0.7120 21.42 1.0 1.0154 1.0396 102.01
0.9 1.0320 0.9189 23.14 1.5 1.0227 1.5916 124.71
1.0 1.0364 1.0225 22.82 2.0 1.0305 2.1656 141.22
1.5 1.0563 1.5486 26.04 2.5 1.0396 2.7598 154.39
2.0 1.0758 2.0857 26.50 3.0 1.0459 3.3882 168.54
2.5 1.0932 2.6397 27.26 3.5 1.0523 4.0459 175.60
3.0 1.1113 3.2052 27.32
3.5 1.1306 3.7795 26.23
4.0 1.1455 4.3873 25.21
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Solubility of MgCO5-3H,0 (1) in aqueous MgCl, (4) solutions Auxiliary Information
Solution Method/Apparatus/Procedure:
density my Solubility 200 ml salt solution was introduced in Erlenmeyer flasks equipped with a
4 p/kg1™! /mol kg™" MgCO; magnetic stirrer and sealed with a glass stopper. After temperature
t/°C J/mol 17! (authors) (compiler) my /mmol kg™’ equilibration in a thermostated water bath, the flask is open briefly to add 3 g
of nesquehonite. Standard equilibration time was 6 h. Supernatant was
15 0.1 1.0057 0.1004 9.477 filtered with 0.22 pm syringe filters. Solubility was measured either as Mg
0.3 1.0206 0.3024 11.68 by complexometric titration with EDTA, or as C with the TOC method. The
0.5 1.0375 0.5051 14.07 remaining solid phase was tested for transformations with X-ray diffraction.
0.7 1.0510 0.7111 15.30 . .
0.9 1.0661 0.9180 17.66 Source and Purity of Materials:

Nesquehonite: synthesized from a 0.5 mol 1~ MgCl, solution and a 0.5 mol

10 1.0725 1.0232 1871 1"! Na,COj solution, mixed at 40 °C. Precipitate was tested with X-ray dif-
15 1.1065 1.5565 23.53 fraction. Needle-shaped crystals were obtained. By analyzing a known dis-
2.0 L1415 2.1029 27.71 solved amount by complexometric titration, the purity was estimated at
25 1.1767 2.6633 36.49 99 49%.
3.0 1.2106 3.2434 41.85
3.5 1.2438 3.8438 47.66 Estimated Error:
4.0 1.2752 44725 61.03 T: precision 0.1 K.
25 0.1 1.0035 0.1006 15.59 Complexometric titration: error < 0.5%.
0.3 1.0184 0.3031 16.51
0.5 1.0323 0.5078 18.24
0.7 1.0471 0.7140 19.85 Components: Original Measurements:
0.9 1.0643 0.9197 21.43 (1) Magnesium carbonate; '“®M. Dong, Z. Li, J. Mi, and G. P.
1.0 1.0703 1.0255 22.58 MgCO3; [546—93—0] Demopoulos, J. Chem. Eng. Data
15 1.1065 15565 27.13 (2) Sodium chloride; 54,3002 (2009).
2.0 1.1417 2.1024 32.51 NaCl; [7647-14-5]
2.5 1.1730 2.6739 38.48 (3) Magnesium chloride;
3.0 1.2052 3.2624 48.36 ?ﬁfiﬁ;’igfj:gj lride‘
W e e G Nmcrnases
35 0.1 1.0021 0.1007 20.62 (5) Lithium chloride;
LiCl; [7447-41-8]
0.3 1.0160 0.3038 21.24 (6) Water; HO: [7732-18-5]
0.5 1.0321 0.5079 22.06
0.7 1.0474 0.7137 22.98 Variables: Prepared by:
0.9 1.0614 0.9224 22.77 T/K =298, 308 Alex De Visscher
1.0 1.0680 1.0280 25.88 salts: LiCl; various, in binary
15 1.1018 1.5642 27.85 mixtures, at 0-4 mol ™'
2.0 1.1334 2.1209 30.02
2.5 1.1716 2.6779 33.58
3.0 12024 32724 35.65 Experimental Values
3.3 1.2354 3.8796 38.59 Solubility of MgCO33H,0 (1) in aqueous NaCl (2) +MgCl, (3) solutions
4.0 1.2609 4.5452 41.18
Solution
density ny ms Solubility
Solubility of MgCO5-3H,0 (1) in aqueous KCl (5) solutions at 25 °C s s p/kg 1! /mol kg! /mol kg! MgCO,
t/°C /mol 1! /mol 1" (authors) (compiler) (compiler) m, /mmol kg!
Solution density ms/mol kg™ Solubility MgCO;
es/moll™! p/kg1™" (authors) (compiler) my /mmol kg ! 25 0.2 0.05 10068 02019  0.0505 7.047
PR
0.2 1.0066 0.2017 15.03 0.2 0.2 1.0180 0.2026 0.2026 8.734
0.3 1.0114 0.3033 17.05
035 10123 0.3549 17.60 0.2 0.25 1.0224 0.2027 0.2533 9.845
0.4 10149 04061 18.93 0.2 0.3 1.0264 0.2028 0.3042 10.73
05 1.0206 05085 19.50 0.2 0.35 1.0320 0.2030 0.3553 11.20
PR O
06 1.02552 0.6118 20.32 0.2 0.5 1.0420 0.2035 0.5088 13.06
0.7 1.0290 0.7166 21.01
08 10336 0.8214 2175 0.2 0.55 1.0452 0.2038 0.5606 13.63
0.9 10394 0.9256 214 0.2 0.6 1.0484 0.2042 0.6125 14.29
1.0 1.0434 1.0322 22.78
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Solution Solution
density my ms Solubility density Solubility
c ¢ p/kgl™" /molkg™' /molkg ™! MgCOs p/kgl™! ms,/mol kg ! MgCO;
t/°C /mol 1! /mol 1" (authors) (compiler) (compiler) m, /mmol kg~! t/°C ¢s/mol 1! (authors) (compiler) my/mmol kg'
35 0.2 0.05 1.0045 0.2024 0.0506 10.43 0.6 1.0112 0.6087 24.48
0.2 0.1 1.0087 0.2025 0.1013 10.38 0.7 1.0136 0.7114 25.43
0.2 0.15 1.0113 0.2030 0.1522 11.09 0.8 1.0144 0.8159 27.35
0.2 0.2 1.0152 0.2032 0.2032 11.01 0.9 1.0204 0.9163 28.18
0.2 0.25 1.0191 0.2033 0.2542 11.72 1.0 1.0204 1.0225 29.18
0.2 0.3 1.0239 0.2033 0.3050 12.24 1.3 1.0268 1.3379 32.00
0.2 0.35 1.0270 0.2037 0.3564 12.64 1.5 1.0320 1.5489 33.76
0.2 0.4 1.0306 0.2039 0.4078 13.27 35 0.1 0.9948 0.1010 16.02
0.2 0.45 1.0347 0.2040 0.4591 14.10 0.2 0.9976 0.2022 20.43
0.2 0.5 1.0400 0.2039 0.5098 14.45 0.3 1.0004 0.3037 21.49
0.2 0.55 1.0421 0.2045 0.5623 14.88 0.4 1.0036 0.4054 25.92
0.2 0.6 1.0458 0.2047 0.6141 15.50 0.5 1.0052 0.5081 26.75
0.6 1.0072 0.6111 31.35
0.7 1.0104 0.7138 32.32
Solubility of MgCO5-3H,0 (1) in aqueous MgCl, (3) + NH,4Cl (4) solutions 0.8 1.0128 0.8173 36.06
. 0.9 1.0152 0.9211 37.43
Solution . 10 10172 10258 39.44
density ms my Solubility
cs 4 p/ke ! /mol kg” /mol kg71 MgCO, 1.3 1.024 1.3417 40.59
t/°C /mol 1! /mol 1! (authors) (compiler) (compiler) m;/mmol kg~ L5 1.0304 L5515 43.27
25 0.2 0.1 1.0128 0.2023 0.1012 22.06
0.2 0.2 1.0160 0.2028 0.2028 29.35 Solubility of MgCO5-3H,0 (1) in aqueous MgCl, (3) + LiCl (5) solutions
0.2 0.3 1.0160 0.2039 0.3058 34.99 ]
02 04 10196 02043  0.4085 40.37 i‘;‘;ﬁf“ Solubili
02 05  1.0212 02050  0.5126 44.82 . e plke ad mamol kg~ msfmol kg MgCO3y
02 0.6 1.0236 0.2057 0.6170 48.04 t/°C /mol 1"' /mol 1! (authors) (compiler)  (compiler) m;/mmol kg '
0.2 0.7 1.0244 0.2066 0.7232 53.10
0.2 0.8 1.0260 0.2074 0.8297 55.42 25 0.5 0.1 1.0356 0.5083 0.1017 12.88
0.2 0.9 1.0280 0.2082 0.9367 57.69 0.5 0.2 1.0372 0.5096 0.2038 12.99
0.2 1.0 1.0292 0.2091 1.0453 59.70 0.5 0.3 1.0392 0.5108 0.3065 13.11
0.2 1.3 1.0336 0.2116 1.3756 62.92 0.5 0.4 1.0424 0.5113 0.4091 13.17
0.2 1.5 1.0372 0.2132 1.5993 64.50 0.5 0.5 1.0440 0.5127 0.5127 13.26
35 0.2 0.1 1.0100 0.2029 0.1015 24.99 0.5 0.6 1.0472 0.5133 0.6159 13.37
0.2 0.2 1.0132 0.2034 0.2034 32.35 0.5 0.7 1.0492 0.5144 0.7202 13.51
0.2 0.3 1.0140 0.2043 0.3065 39.19 0.5 0.8 1.0516 0.5154 0.8247 13.48
0.2 0.4 1.0152 0.2052 0.4104 45.44 0.5 0.9 1.0528 0.5170 0.9307 13.70
0.2 0.5 1.0184 0.2056 0.5141 49.55 0.5 1.0 1.0552 0.5180 1.0361 13.96
0.2 0.6 1.0212 0.2062 0.6185 53.99 0.5 1.3 1.0620 0.5212 1.3552 14.20
0.2 0.7 1.0208 0.2074 0.7259 59.16 0.5 1.5 1.0676 0.5228 1.5684 14.41
0.2 0.8 1.0240 0.2079 0.8315 63.16 35 0.5 0.1 1.0324 0.5099 0.1020 13.71
0.2 0.9 1.0252 0.2088 0.9394 65.79 0.5 0.2 1.0344 0.5111 0.2044 14.01
0.2 1.0 1.0272 0.2095 1.0475 67.35 0.5 0.3 1.0368 0.5120 0.3072 14.18
0.2 1.3 1.0304 0.2124 1.3803 70.02 0.5 0.4 1.0392 0.5130 0.4104 14.42
0.2 1.5 1.0344 0.2139 1.6041 71.44 0.5 0.5 1.0420 0.5138 0.5138 14.57
0.5 0.6 1.0440 0.5150 0.6179 14.89
0.5 0.7 1.0464 0.5159 0.7223 15.14
Solubility of MgCO5-3H,0 (1) in aqueous LiCl (5) solutions 0.5 0.8 1.0484 0.5171 0.8274 15.21
. 0.5 0.9 1.0500 0.5185 0.9334 15.47
Solution . 05 10 10520 05198 1.0395 15.63
density Solubility
p/ke ! ms/mol kg—l MgCO, 0.5 1.3 1.0580 0.5234 1.3609 15.90
1°C esjmol1”t (authors) (compiler) g fmmol kg 0.5 15 10648 05243 15730 16.10
25 0.1 0.9988 0.1005 14.66
0.2 1.0000 0.2017 17.32
0.3 1.0040 0.3026 19.36
0.4 1.0064 0.4043 21.25
0.5 1.0108 0.5053 22.77

J. Phys. Chem. Ref. Data, Vol. 41, No. 1, 2012

Downloaded 27 Mar 2012 to 132.163.193.247. Redistribution subject to AIP license or copyright; see http://jpcrd.aip.org/about/rights_and_permissions



013105-66

Auxiliary Information

Method/Apparatus/Procedure:

200 ml salt solution was introduced in Erlenmeyer flasks equipped with a
magnetic stirrer and sealed with a glass stopper. After temperature
equilibration in a thermostated water bath, the flask is open briefly to add 3 g
of nesquehonite. Standard equilibration time was 6 hours. Supernatant was
filtered with 0.22 pm syringe filters. Solubility was measured either as Mg
by complexometric titration with EDTA, or as C with the TOC method. The
remaining solid phase was tested for transformations with X-ray diffraction.

Source and Purity of Materials:

Nesquehonite: synthesized from a 0.5 mol 1! MgCl, solution and a 0.5 mol
17! Na,COj5 solution, mixed at 40 °C. Precipitate was tested with X-ray diffrac-
tion. Needle-shaped crystals were obtained. By analyzing a known dissolved
amount by complexometric titration, the purity was estimated at 99.4 %. 145

Estimated Error:
T: precision 0.1 K.

Complexometric titration: error < 0.5 %.'*
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