
Gawhimia n Camochimia Aaa Vol. 50, pp. 2225-2233 001a7037/66/s3.00 + .oo 
0 Rrpmon JOUIMIS Ltd. 1986. Printed in U.S.A. 

The solubility of BaC03(cr) (witherite) in CO*-Hz0 solutions between 0 and 
!IO”C, evaluation of the association constants of BaHCOi(aq) and BaCOj(aq) 

between 5 and 8O”C, and a preliminary evaluation of the thermodynamic 
properties of Ba*‘(aq) 

EURYBLADES BUSENBERG and L. NIEL PLUMMER 

U.S. Geological Survey, Mail Stop 432, Reston, VA 22092, U.S.A. 

(Received April 14, 1986; accepted in revised form June 26, 1986) 

Abstract-One hundred and 6tIy new measurements of the solubility of witherite were used to evaluate the 
equilibrium constant of the reaction BaCO&r) = Ba*‘(aq) + Ca-(aq) between 0 and 90°C and 1 atm total 
pressure. The temperature dependence of the equilibrium constant is given by 

1ogK=607.642+0.1210987-20011.25/T-236.4948logT 

where T is in degrees Kelvin. The log K of BaCO&r), the Gibbs energy, the enthalpy and entropy of the 
reaction at 298.15 K are -8.562. 48.87 Id. mol-‘. 2.94 kJ - mol-’ and - 154.0 J - mol-’ * K-‘. remectivelv. 
The equilibrium constants are consistent with an’aqueous model that includes the ion pairs’RaJkOf(a& 
and RaCO’&aq) Three different methods were used to evaluate the association constant of BaHCOf(aq), and 
all yielded similar results. The temperature dependence of the association constant for the reaction Ba2+(aq) 
+ HCO;(aq) = RaHCOf(aq) is given by 

logKm= -3.0938 +O.O13669T. 

The log of the association constant, the Gibbs energy, the enthalpy and entropy of the reaction at 298.15’K 
are 0.982, -5.606 kJ - mol-‘, 23.26 kJ - mol-’ and 96.8 J - mol-’ - K-l, mspectively. The temperature depen- 
dence of the equilibrium constant for the reaction Ba2’(aq) + Ca-(aq) = EtaC@(aq) is given by 

The log of the association constant, the Gibbs energy, the enthalpy and entropy of the reaction at 298.15’K 
are 2.71, -15.49 kJ*mol-‘, 14.84 kJ.mol-’ and 101.7 J*mol-‘*K-l. 

The above model leads to reliable calculations of the aqueous speciation and solubility of witherite in the 
system BaCO&Os-HsO from 0 to more than 90°C. Literature data on wither& solubility were re-evaluated 
and compared with the results of this study. 

Problems in the thermodynamic selections of Ba compounds are considered. Newer data require the 
revision of ArH” and AX;” of Ba2+(ao) to -532.5 and -555.36 kJ * mol-I, respectively, for agreement with 
solubility data. ’ 

. _I 

INTRODUClION 

ALL NATIJRAL ALKALINE earth carbonate minerals 

demonstrate at least limited solid solution behavior. 
In order to begin to interpret the solubility and equi- 
librium controls on mineral-water reactions with these 
solid solutions, detailed knowledge of the end-member 
solubility products is required. We have already re- 
ported such data for calcite, aragonite, and strontianite 
(BLUMMER~~~ BUSENBERG, 1982; BUSENBERG et al., 

1984). In preparing a thermodynamic study of the ara- 
gonite-witherite and witherite-strontianite solid solu- 
tion series, we found that the witherite solubility prod- 
uct was not well known. Furthermore, there are con- 
tradictory data on the ion pair formation of Ba” with 
HCO; and Ca-, necemary to calculate the aqueous 
speciation of Ba in natural waters. 

The solubility of wither&e (BaCOs) has been of in- 
terest to both geologists and chemists for the past one- 
hundred and thirty years. The solubility has been de- 
termined in pure water by BINEAU ( 1857), SCHLOEZGING 
(1872), HOLLMAN (1893), CANTONI and G~GUELIA 

( 1905), KERNOT et al. ( 1908), WEISENBERGER ( 19 14), 

HEYROVSKP and BEREZICK~ (1929), and TOWNLEY 

et al. (1937). The solubility in pure water at various 
CO2 partial pressures was determined by BINEAU 

(1857), S~HLOESING (1872), McCoy and SMITH 

(191 I), HAEHNEL ( 1924), GARREL~ et al. (1960), and 

MALININ ( 1963). The aolubility in various salt solutions 
was determined by CANTONI and GCIGUELIA (1905), 
KERNOT ti a/. ( 1908), BAMANN and SALLINGER ( 192 1 ), 
TOWNLEY et al. (1937), NASANEN (1946), BENT% and 
SELECKA (1973), and MILLERO et al. (1984). Our re- 
calculated values of the equilibrium constant from 
these literature data vary over three orders of magni- 
tude, and the temperature dependence of the equilib- 
rium constant is not known. 

There has been only one determination at 25°C of 
the association constant of BaHCOf(aq) (NAKAYAMA 
and RASNICK, 1969) and this value is significantly dif- 
ferent from the values of all the other association con- 
stants of the alkalineearth metals. Two determinations 
of the BaCO$q) association constant are available at 
25°C (BEN& and SELECKA, 1973; PALMER and VAN 
ELLXK, 1983), but the two values differ by more than 
one order of magnitude. 

The present study attempted to resolve all major 
problems in the aqueous mode1 for the system 
BaCOs(cr)-C02-Hz0 between the temperatures of 0 
and 90°C. In addition, a comparison was made of three 
different methods for the determination of the asso- 
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ciation constants of metal-bicarbonate complexes. The 
first method used potentiometric pH measurements. 
the second used specific conductance measurements, 
and the third used the determination of solubility as a 
function of CO2 partial pressure (0.003 to 1 atm). In 
the solubility method, the association constant of the 
BaHCOf(aq) was varied until all trends in the equilib- 
rium constant of 13aCOj(cr) with Pco, were eliminated. 
The results of these calculations are given. 

Finally, the thermodynamic properties of Ba*‘(aq) 
are re-examined for internal consistency with our ob- 
served witherite equilibrium constant. 

EXPERIMENTAL 

Analytical methods 

Barium concentrations were determined using !iltered bar- 
ium bicarbonate solutions acidified with a few drops of HCI. 
The solutions were evaporated to dryness in Teflon’ beakers 
at I IO’C. The solid was redissolved in deionized water, was 
passed through a strong cation exchange column (Rexyn 10 I- 
H) and each Ba exchanged for two hydrogen ions. The released 
hydrogen ions were titrated with a standard base. This pro- 
cedure was checked against standard Ca and Ba solutions that 
were acidified and evaporated to dryness by the above pro- 
cedure. The standaxd &tions were pm from J. T. Baker 
Chemical Co. 100.00 + 0.01 nercent Ultrex CaCG and Ald- 
rich Chemical Co., Inc. 99.99’9 percent BaCO,. Thi accuracy 
of this procedure for the determination of Ba is about 0.2 
percent. 

The gas phase 

Commercial liquilied Co, and COrN2 mixtures were used. 
The CO, partial pressure was calculated from room barometric 
pressure using the equation 

p 
cq 

= (B - V+ 0.4h/D) 
760 Xc% 

where B is the barometric pnzfure in mm Hg, V is the satu- 
ration water vapor pressure at the experimental temperature 
in mm Hg, and X, is the volume fraction of CQ in the gas. 
The term 0.4hfD represents the over-pressure of CO2 and cor- 
rects for the depth of the bubbler in the solution (HILLS and 
IVES, 1949). The depth of the bubbler (h) is in mm, and D is 
the specific Bravity of Hg ( 13.6 g - cm-‘). Equation 1 was found 
valid for Co, by PLUMMER and BUSENBERG ( 1982). Bubbling 
rates in all experiments were from about 100 to 200 ml per 
minute. 

General procedures and apparatus 

AU experiments were performed in jacketed reaction vessels 
maintained to within O.OYC of the desired temperature. The 
potentiometric instruments used in this study were previously 
described by PLUMMER and BUSENBERG (1982) and Bus- 
ENBERG ef al. ( 1984). Potentials were measured to the nearest 
0.01 mV simultaneously by up to four independently cali- 
brated glass electrodes. The electrodes were calibrated with 
N.B.S. Standard Reference Material 185e (potassium hydrogen 
phthalate), 186~ (potassium dihydrogen phosphate and di- 
sodium hydrogen phosphate) and 187b (Borax). The pH of 
the buffers at 25°C are 4.004, 6.863 and 9.183, respectively. 

’ The use of brand/firm names in this report is for identi- 
fication purposes only and does not constitute endorsement 
by the U.S. Geological Survey. 

The uncertainty in pH of these primary standards is esumated 
by N.B.S. not to exceed lrO.005 pH units below 50°C and 
-cO.OlO pH units above 50°C. 

Experimental procedures used to determine BaHCO;(a@ 
ana’ BaC@(aql 

The procedure used for the potentiometric determination 
of BaHCOf(aq) has been previously used to determine the 
SrHCOf(aq) and has been described in detail by BUSENBERG 
et al. (1984). 

In the solubility method, the solubility of BaCOs(cr) was 
measured in 5 different COl-N* gas mixtures ranging from 
317 ppm to 100 percent CO*. Using an iterative computer 
program, the association constant of BaHCO&q) was varied 
until all trends in the equilibrium constant of BaCO,(cr) with 
Pco, were eliminated. This procedure is described in detail by 
PLUMMER and BUSENBERG (1982). 

In the conductivity method, an Orion Research. Inc. (Model 
101) conductivity meter was used. The output potential of 
this instrument was measured with a Fluke Manufacturing 
Co. model 8000A digital multimeter to the nearest 0.01 mV. 
The cell constant was determined with a 0.0100 M KCI stan- 
dard solution. The linearity of the instrument’s response was 
checked using a second standard 0.00500 M KCi solution. 
The calibration of the instrument was checked before and 
after all measurements. The temperature of the solutions was 
maintained at 25.00 + O.Ol”C. The conductivities were cor- 
rected to 25.OO”C using the temperature coefficient of the 
solutions by the procedure described by RAND et al. (1976). 
The accuracy ofthe conductivity measurements is about 0.05 
percent. 

Procedures previously used to evaluate CaCO$aq) were also 
used in this study (PLUMMER and BUSENBERG, 1982) except 
that BaC& was substituted for CaC& 

Preparation of BaCO,(cr) and aging of the solid 

The BaCO&r) was prepared from a 0.1 M solution of 
Ba(OH)2 and Co, gas at 78°C. The reagent grade Ba(OH)2 
was further purified by five successive rccrystaliizations. In 
this procedure, a saturated Ba(OHk solution is prepared at 
IOO’C, this solution is cooled to 2°C and the liquid is dis- 
carded. The procedure takes advantage. of the 20-fold decrease 
in the solubilitv of Ba(OHh between 100 and 2°C. The 
BaCO&r) was &pared‘by &ly bubbling 100 percent CO2 
for 24 hours into a 10 liter solution of 0.1 M Ba(OH)I at 78% 
The solid was aged in this solution at 78°C for thirty days, 
washed several times with deionized water, dried at 1 10°C 
for 48 hours and stored in a glass bottle. The solid consisted 
of highly uniform, elongated crystals of 3 X 24 pm size. This 
BaCO&r) is significantly coarser than most commercial re- 
agent grade material which consists of smaller cm of less 
than about I X 1 pm size. Natural witherites ofkn contain 
significant amounts of MgCOs, CaCOJ and SrCO, in solid 
solution. Reagent grade BaCO&r) are solid solutions con- 
taining approximately 0.3 and 1.6 mole percent CaCOs and 
SrCQ, respectively. The solid prepared in this study contains 
less than 0.05 and 0.1 mole percent CaCOl and SrCO,, re- 
spectively. 

Experimental procedures used to determine the solubility 
of BaCO&r) are identical to those used for SrCO&zr) and 
CaCOs(cr) and are described in detail by PLUMMER and BUS 
ENEIERG ( 1982) and BUSENBERG et al. ( 1984). 

AQUEOUS MODEL 

Individual ion activity coefficients were calculated 
by the modified Debye-Hiickel equation of TRl_JE?GDELL 
and JONES (1974). 

Log yi = (-Ati \ri)/( 1 + BHi fi) + hil, (2) 
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where A and E are temperature dependent constants 
(HAMMER, 1968). Zi is the charge of the ith ion, and I 
is the ionic strength (I = 0.5 2 mirf). The V&ES of 

d, used for Ba2+, BaHCOf , HCO; , a-, H+ and OH- 
are 4.42, 5.4, 5.4, 5.4, 9.0, and 3.5, respectively. The 
values of the b term are 0.095 for Ra” and 0.0 for all 
the other ions. The values of cii and bi for Ba2’ were 
calculated from the mean activity data of chloride salts 
by the mean salt method (MACINNES, 19 19). The 
aqueous model is identical in all other details to that 
of PLUMMER and BUSENBERG ( 1982). 

RESULTS 

The association constant of BaHCO;(aq) 

The association constant of RaHCO&q) for the re- 
action 

Ba”(aq) + HCO;(aq) = BaHCOf(aq), 

is defined by 

(3) 

(4) 

The BaHCOf(aq) association constant determined by 
the potentiometric method was calculated from mea- 
surements of Pc0,, total Ba and pH. The measured pH 
was corrected for liquid-junction potential using the 
Henderson equation (BATES, 1973; PLUMMER and 
BUSENBERG, 1982). The PCs, total Ba, measured and 
corrected pH, and the association constants are given 
in supplementary materiaL2 The results are summa- 
rized in Table 1. The iterative procedure used to cal- 
culate the association constant is described by Bus- 
ENBERG et al. ( 1984). 

The conductivity method used to determine the 
RaHCOf(aq) association constant is similar to the 
method previously used by JACOJMN and LANGMUIR 
( 1974) to determine log K of CaHCOf(aq). The theo- 
retical conductivity of Ba2’(aq) plus two HCO;(aq), 
and BaHCOf(aq) plus one HCO;(aq) were calculated 
using the Onsager equation as modified by ROBINSON 
and STOW ( 1954, 1970) 

&= *,,_ 2.801 X 1061~,~21q~o+~~.25(1~~l + 1st) 

ttT)“?l+ \r4) rl(~Wr 1 
vi 

‘(1 +rra) (5) 

where a = 4.75 and is the mean near distance of closest 

* Sac NAPS document no. 04424 for 8 pages of supple- 
mentary material. Order from NAPS c/o Microfiche Publi- 
cations, P.O. Box 3513, Grand Central Station, New York, 
N.Y. 10163. Remit in advance in U.S. funds only $7.75 for 
photccopies or $4.00 for microfiche. Outside the U.S. and 
canada,aQd~ofs4.5oforthefirst2op;leesands1.oo 
forcachof10pagesofmakalthematk,$S.5Oforrnkr&he 
postage. 

Table 1. Sumary of the average 
experimental and calculated 
values of log KeahCO;. 

Exp. Calc.1 
log K Stand. log K Method3 

t 'C BaHCOj Oev. BaHCOj No.* Used 

5.0 0.764 0.074 0.708 10 P 
25.0 0.935 0.063 0.962 51 P 
25.0 1.049 0.022 0.982 18 C 
25.0 0.95 0.05 0.982 
25.0 0.976 0.062 0.962 : :4 
45.0 1.225 0.021 1.255 24 P 
60.0 1.467 0.057 1.460 15 P 
79.3 1.754 0.061 1.724 18 P 
80.0 1.752 0.084 1.733 12 P 

kalculated using eon. 7. 
2Number of determinations. 
3P = potentiometry, C = conductivity, 
S = variation of solubility as a 

function of PC02, and A = average 
of 3 methods. 

4This value was used at 25'C to 
calculate the least swat-es fit. 

approach of the hydrated cation and. anion, I is 
the ionic strength, K equals 50.29 X 10s(~T)-?$ q 
= lw2l/Kl~11 + Iz2lXlz2l~ + IzMl, fl is the cation 
transport number or X?/(X? + A!>, the subscripts 1 and 
2 represent cations and anions, respectively, T is in 
degrees Kelvin, zl is the charge of the cation, A? is the 
limiting conductance of the cation, A0 = X! + A!, A0 
is the equivalent conductance, c is the dielectric con- 
stant of water, and 7 is the viscosity of water. The A0 
ofBaHCOfisnotknown,butwasansumedtobeequal 
to the X0 of HCOS based on the similarity of the two 
ions. All constants in Eqn. 5 needed for computation 
were obtained from ROBINSON and STOW ( 1970). 

The calculated specific conductance (& was corn- 
puted from the calculated equivalent conductance 

Pc=u (6) 

where C is the concentration of the salt in equivalents 
per dm3. 

The concentrations of Ba2+(aq) and BaHCOf(aq) 
necesmry to obtain the observed conductivities were 
calculated using an iterative computer program. Four 
measurements of conductivity were made at e&h of 
the 18 different solution concentrations of Ba(HCO& 
and are shown in Fig. 1. Details of the conductivity 
measurements are given in the supplementary mate- 
riaL2 The average value of log Km& obtained from 
conductivity measurements is compared with the other 
values in Table 1. 

In the third method used to determine BaHCOf(aq), 
the solubiity of BaCO,(cr) was carefully measured at 
5 different CO2 partial pressures and 25’C. Figure 2 
shows how the choice of log K-f afkcts the cal- 
culated equilibrium product of RaCO&) as a function 
of Pm. Using the value of 1.52 for log Km ob- 
tained by NAKAYAMA and RASNKK ( 1969), the equi- 
librium constant of BaCO&r) varies with Pw AU 
trends in log K-,(cr) with PCS disappear if the value 
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RG. 1. Calculated specific conductances of Be(HCO& so- 
lutions assuming all Ba is present as BaHCOf(aq) or as 
Qa2+(aq). The observed results are shown. 

of the association constant of BaHCO3+(aq) is near 0.98 
at 25°C. The results are compared in Table 1. 

In summary, all three methods yield similar values 
for the lo8 association constant of BaHCOf(aq) at 
25”C, within the uncertainty of each method (Table 1 
and Fig. 3). 

The temperature dependence of the association 
constant is giveh by the equation 

logKBrHco;= -3.0938 +O.O13669T, (7) 

where T is in degrees Kelvin. The value of U.Y82 for 
log KM,; at 298.15”K obtained in this study is vep 

similar to the values obtained for the bicarbonate as- 
sociation constants of the other alkaline-earth metals 
(BUSENBERG et al., 1984) but significantly smaller than 
the 1.52 value obtained by NAKAYAMA and RASNICK 
(1969). 

The association constunt ofBaCO;(aqj 

The association reaction is represented by the equa- 
tion 

Ba2’(aq) + CO:-(aq) = BaCO$aq). (8) 

The equilibrium constant is defined by the equation 

K aacop = 
Glaco~ 

a&+&--;~ 
(9) 

The procedures used to measure this association con- 
stant are identical to the procedures used to measure 
the association constants of SrCO~(aq) (BUSENBERG et 
al., 1984) and CaCO$@q) (PLUMMER and BUSENBERG, 
1982). The association constants were determined from 
the change in pH of KHC03-K&Or-KC1 solutions 
when a small amount of BaClr was added. The differ- 
ence in pH resulting from the addition of BaClz is be- 
lieved to be more accurate than absolute pH values, 
because liquid-junction potentials are essentially un- 
changed between the initial and final solutions. The 
log K-t was varied with the computer program 
PHBEEQE (PARKHURST et al., 1980) in order to re- 
produce the difference in pH between initial and final 
solutions. The difference between the observed and 
calculated pH of the initial solution was usually within 
0.01 pH unit and rarely exceeded 0.02 pH units. 

Ftc. 2. The effect of the log association constant of BaHCOf(aq) used (0.98, this study; 1.52, NAKAYAMA 
and RASNICK, 1969) on the calculated equilibrium constant of witherite as a function of CO2 partial pressure 
at 25°C. Error bars are 22 standard deviations. 
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FIG. 3. The temperature dependence of the log association constant of BaHCOf(aq). 

The initial and final compositions of the solutions, 
the difference in pH and the computed association 
constants for BaCO$q) are given in the supplemen- 
tary material. The results are summarized in Table 2 
and shown in Fig. 4. 

The variation of log K of BaCOj(aq) with temper- 
ature is given by the equation 

log K-t = -0.113 + 0.00872 1 T. (10) 

Equation (10) gives 2.71 for log Kd at 298.15”K, 
which is in good agreement with the value of 2.78 re- 
ported by PALMER and VAN ELDIK (1983), and signif- 
icantly different from the value of 3.78 obtained by 
BEN& and SELECKA (1973). 

The equilibrium constant of witherite, BaCOj(cr, 

The solubility of BaCO&r) is given by the reaction 

BaCO&r) = Ba”(aq) + Ca:-(aq). (11) 

The equilibrium constant is defined by the equation 

K&&cr) = a&z+--. (12) 

Table 2. Sumnary of the 
average experimental 
and calculated values 

of log KBaCq- 

Exp. Calc.1 

t'c 
log K Stand. log K 
BaCq Oev. BaCOj No.* 

5.0 2.556 0.021 2.536 28 
25.0 2.697 0.048 2.710 36 
40.0 2.786 0.041 2.841 40 
60.0 3.012 0.042 3.016 16 
80.0 3.227 0.044 3.190 20 

kalculated using Eqn. 10. 
*Number of determinations. 

Table 3 gives the experimental solubility of 
BaCO&r) as a function of temperature and Ce, partial 
pressure. The calculated pH and log equilibrium con- 
stants are also given. A summary of the average log K 
values for each temperature is presented in Table 4 
and these values were used to calculate the temperature 
dependence of the equilibrium constant, as given by 
the equation 

log K-,(cr) = 607.642 + 0.1210983 

-20011.25/T-236.4948logT (13) 

where Tis in degrees Kelvin. Equation 13 is valid from 
0 to 90°C. 

There are approximately 20 reported studies of the 
solubility of BaCOr(cr) in various solutions and tem- 
peratures and most of these give sufficient data for the 
recalculation of the equilibrium constants. The recal- 
culated log K-,(cr) values are given in the supple- 
mentary material and compared with our values in 
Fig. 5. Several points falling outside the boundaries of 
Figure 5 are not shown. 

There is excellent agreement between the values for 
log K-,(cr) determined in this study and those of 
MILLERO et al. (1984) at 25°C (-8.56), M&OY and 
SMITH (1911) at 25’C (-8.58), HOLLMAN (1893) at 
24.2% 18°C and 8.8”C (-8.57, -8.56 and -8.68, 
respectively) and SCHLOESING( 1872) at 16’C (-8.62). 
All other log K-,(cr) differ by more than 0.05 log 
units. Values as small as -8.8 (TOWNLEY et al., 1937) 
and as large as -5.5 (BE- and SELECK& 1973) have 
been reported for the equilibrium constant at 25°C. 
The only high temperature study is that of MALININ 
( 1963). Malinin’s data at 100°C and various CO, par- 
tial pressures are about 0.5 log units smaller than the 
value of the equilibrium constant calculated from the 
data of this study. The lower values are not surprising 
because other hydrothermal bomb studies for carbon- 
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FIG. 4. The temperature dependence of the log association constant of BaCO$q). 

ate miner& have yielded similar lower values (PLUM- (8) and (11) at 298.15 K were evaluated from the tem- 
MER and BUSENDERG, ~~~~;BUSENBERG~~ al, 1984). jxratw dependence of the equilibrium constants. The 

The thermodynamic properties of the reactions (3), results are summarized in Table 5. 

Table 3. Experimental volubility of BaCO3(cr) in CO2-Ii20 solutions 4s a 
function of temperature. Concentration of Ba is {II moles.kg-l 
of solution. 

PC02 Total Calc. log K 
t 'C atin. Ba BaCO3(cr) t°C 

PC02 Total Calc. log K PC02 Total Calc. log K 
PH atm. Ba pH BaCOj(cr)t "C atm. Ba pH B&03(v) 

-0.2 0.9936 10.30 5.930 -8.135 21.2 0.9513 8.149 5.990 -8.565 
-0.2 0.9913 10.24 5.929 -0.741 21.2 0.9428 8.157 5.994 -8.560 
-0.2 0.9970 10.26 5.927 -8.741 27.6 0.9567 8.187 5.991 -8.558 
-0.2 0.9825 10.26 5.933 -0.735 27.6 0.9604 8.149 5.988 -8.564 
-0.2 0.9846 10.20 5.930 -a.742 27.6 0.9454 8.190 5.997 -8.552 
5.0 0.9812 9.756 5.934 -8.701 27.6 0.9632 8.232 5.991 -8.554 
5.0 0.9812 9.921 5.941 -8.681 27.6 0.9559 8.215 5.993 -8.553 
5.0 0.9834 9.992 5.942 -8.675 27.6 0.9554 8.189 5.992 -8.557 
5.0 0.9862 10.00 5.942 -8.675 29.8 0.9636 7.924 5.988 -8.570 
5.0 0.9832 9.997 5.943 -0.674 29.8 0.96OO 7.944 5.991 -8.566 
5.0 0.9888 9.991 5.940 -8.676 29.0 0.9578 7.954 5.993 -8.564 
5.0 0.9912 9.991 5.939 -8.678 29.8 0.9433 7.967 6.000 -8.555 
10.0 0.9928 9.605 5.944 -8.642 29.8 0.9424 8.015 6.003 -8.548 
10.0 0.9870 9.664 5.949 -8.632 29.8 0.9489 8.056 6.002 -8.545 
10.0 0.9725 9.570 5.952 -8.637 29.8 0.9572 8.045 5.997 -8.551 
10.0 0.9782 9.666 5.953 -8.628 35.0 0.9457 7.52 6.010 -8.559 
10.0 0.9864 9.626 5.948 -13.636 35.0 0.9317 7.49 6.013 -8.559 
15.0 0.9780 9.30 5.963 -8.595 35.0 0.9307 7.47 6.012 -8.562 
15.0 0.9691 9.29 5.966 -8.592 35.0 0.9401 7.453 6.007 -8.569 
15.0 0.9680 9.25 5.965 -8.596 35.0 0.9389 7.523 6.011 -8.558 
15.0 0.9682 9.245 5.960 -8.602 35.0 0.9338 7.508 6.00% -8.572 
15.0 0.9763 9.303 5.963 -8.594 35.0 0.9313 7.420 6.009 -8.570 
15.0 0.9713 9.265 5.964 -8.596 35.0 0.9440 7.536 6.010 -8.558 
15.0 0.9681 9.269 5.965 -8.594 40.3 0.9145 6.993 6.028 -8.572 
15.0 0.9784 9.158 5.956 -8.612 40.3 0.9155 6.998 6.028 -8.572 
15.0 0.9826 9.035 5.949 -8.629 40.3 0.9242 7.015 6.024 -8.513 
15.0 0.9851 9.069 5.949 -8.626 40.3 0.9163 7.017 6.028 -8.569 
15.0 0.9851 9.092 5.950 -8.623 40.3 0.9142 7.OO2 6.028 -8.571 
15.0 0.9784 9.093 5.953 -8.620 40.3 0.9286 7.045 6.024 -8.571 
20.2 0.9650 8.838 5.976 -8.572 44.9 0.9025 6.623 6.042 -8.583 
20.2 0.9661 8.849 5.976 -8.571 44.9 0.8989 6.525 6.038 -8.598 
20.2 0.9747 8.897 5.974 -8.569 44.9 0.89% 6.478 6.035 -8.606 
20.2 0.9668 8.864 5.976 -8.570 44.9 0.9OOtl 6.531 6.038 -8.597 
20.2 0.9784 8.865 5.971 -8.575 44.9 0.8957 6.538 6.011 -8.594 
20.2 0.9674 8.850 5.975 -8.572 45.0 0.8951 6.518 6.040 -8.596 
25.0 0.9636 8.37 5.982 -8.569 45.0 0.0101 6.541 6.034 -8.599 
25.0 0.9646 8.32 5.983 -8.571 45.0 0.9076 6.530 6.035 -8.600 
25.0 0.9636 8.37 5.986 -8.564 45.0 0.9063 6.543 6.036 -8.597 
25.0 0.9637 8.456 5.986 -8.557 45.1 0.9083 6.532 6.035 -8.599 
25.0 0.9618 8.438 5.986 -8.559 50.3 0.8647 6.094 6.064 -8.610 
25.0 0.9607 8.420 5.985 -8.561 50.3 0.8%8 6.062 6.O62 -8.616 
25.0 0.9542 8.441 5.989 -8.555 50.3 0.8745 6.078 6.059 -8.618 
25.0 0.9641 8.471 5.986 -8.555 So.3 0.8666 6.077 6.062 -8.614 
25.0 0.9671 8.471 5.985 -8.557 50.3 0.8646 6.049 6.062 -8.618 
25.0 0.9670 8.447 5.984 -8.560 50.3 0.8788 6.092 6.057 -8.617 
25.0 0.2832 5.357 6.333 -8.S4O 50.3 0.8782 6.091 6.0% -8.617 
25.0 0.09439 3.560 6.644 -8.533 54;8 OAO9 5.699 6.076 -8.642 
25.0 0.09439 3.565 6.645 -8.531 54.9 0.8332 5.641 6.082 -8.643 
25.0 0.0287 2.232 6.969 -8.565 54.9 0.8441 5.684 6.079 -8.640 
25.0 0.000303 0.4576 8.270 -8.544 54.9 0.8441 5.712 6.081 -8.635 

54.9 0.8429 5.685 6.080 -8.639 
54.9 0.8445 5.678 6.079 -8.642 
54.9 0.8373 5.712 6.085 -8.631 
55.0 0.8313 5.614 6.OB2 -8.646 
55.0 0.8345 5.643 6.082 -8.642 
60.1 0.7914 5.224 6.110 -8.669 
60.1 0.7925 5.211 6.109 -8.672 
60.1 0.8012 5.211 6.104 -8.677 
60.1 0.7933 5.253 6.111 -8.664 
60.1 0.7912 5.248 6.112 -8.664 
64.8 0.1483 4.805 6.135 -8.701 
64.8 0.74% 4.803 6.135 -8.708 
64.8 0.7524 4.819 6.134 -8.706 
64.8 0.7574 4.710 6.133 -8.713 
64.8 0.7591 4.840 6.131 -8.105 
64.8 0.7546 4.854 6.135 -8.700 
64.8 0.7514 4.797 6.132 -8.711 
64.8 0.7412 4.816 6.14O -8.700 
64.8 0.7330 4.771 6.141 -8.706 
65.0 0.7479 4.81 6.137 -8.131 
69.8 0.6989 4.391 6.165 -8.749 
69.9 0.6986 4.386 6.165 -8.749 
69.9 0.6920 4.401 6.171 -8.742 
70.0 0.6791 4.342 6.174 -8.740 
70.0 0.6891 4.374 6.171 -8.746 
74.9 0.6042 3.878 6.216 -8.797 
75.3 0.6075 3.840 6.213 -8.808 
75.3 0.6075 3.891 6.218 -8.794 
15.6 0.6071 3.864 6.218 -8.800 
75.6 0.6136 3.889 6.216 -8.798 
75.6 0.6091 3.868 6.217 -8.801 
75.7 0.6003 3.829 6.220 -8.805 
75.7 0.5963 3.841 6.225 
75.7 0.5867 3.854 6.232 
80.2 0.5155 3.459 6.279 

-8.7913 
-8.788 
-8.832 

80.2 0.5187 3.436 6.273 -8.842 
80.2 0.5324 3.483 6.267 -8.838 
80.2 0.5312 3.474 6.267 -8.840 
80.2 0.5255 3.477 6.272 -8.835 
80.3 0.53% 3.475 6.269 
80.4 0.5232 3.440 6.272 :If*t:': 
80.5 0.5279 3.457 6.210 -&I42 
89.8 0.2967 2.463 6.456 -8.932 
89.9 0.2942 2.465 6.461 -8.927 
90.0 0.3004 2.459 6.452 -8.939 
90.0 0.3095 2.527 6.449 
90.0 0.3072 2.510 6.450 :;*g 
90.0 0.2912 2.449 6.464 -a:930 
90.0 0.2864 2.431 6.469 -8.920 
90.1 0.2974 2.451 6.456 -8.935 



Wit&rite solubiity in Co, + Hz0 2231 

Table 4. Sunmary of the average 
experimental and 
calculated values 
of log K witherite. 

Obs. Stand. Calc.2 
t°C N0.l Log K Oev. Log K 

-0.2 5 -8.739 0.004 -8.740 
5.0 7 -8.680 0.010 -8.678 

10.0 5 -8.635 0.005 -8.632 
15.0 12 -8.607 0.014 -8.598 
20.2 6 -8.572 0.002 -8.574 
25.03 10 -8.561 0.006 -8.562 
25.04 5 -8.555 0.012 -8.562 
21.2 2 -8.563 0.005 -8.559 
27.6 6 -8.556 0.004 -8.558 
29.8 7 -8.557 0.010 -8.557 
35.0 8 -8.563 0.006 -8.561 
40.3 6 -8.571 0.002 -8.573 
45.0 10 -8.597 0.006 -8.589 
50.3 7 -8.616 0.003 -8.613 
54.9 9 -8.640 0.005 -8.639 
60.1 5 -8.669 0.006 -8.680 
64.8 9 -8.706 0.004 -8.707 
65.0 1 -8.705 --- -8.709 
69.9 5 -8.747 0.003 -8.748 
74.9 1 -8.797 --- -8.790 
15.3 2 -8.801 0.010 -8.794 
75.7 6 -8.798 0.006 -8.797 
80.2 5 -8.837 0.004 -8.838 
80.4 2 -8.841 0.002 -8.841 
89.8 1 -8.932 --- -8.932 
go.0 7 -8.930 0.006 -8.933 

1Number of determinations. 
2Calculated value using eqn. 13. 
Slean of the -0.96 atm. CO2 
partial pressure. 

4Hean of the average values of 
five CO2 partial pressures. 

Preliminary evaluation of A/?. A$F’ and 9’ of 
Bd+(ad 

Many of the thermodynamic data selections for Ba 
depend on the thermodynamic values for the key 
compounds BaO(cr) and BaQcr). The NBS analysis 
and documentation of the thermodynamic information 
on Ba compounds was published by PARKER (1969) 
and the selections by PARKER et al. ( 197 1). The selec- 
tions were later republished in a combined NBS pub 
lication (WAGMAN et al., 1982). These selections for 
Ba compounds were made prior to the determination 
of A/Ho of BaO(cr) by PITZGIBBON et al. (1973) and, 
therefore, the thermodynamic data for Ba compounds 
are in need of major revision (PARKER written 
commun.). 

The status of the Ba selections and the reasons for 
some of the inconsistencies will he briefly explained 
with the aid of Table 6 which summarizes data from 
three major thermodynamic complications and pre- 
sents our provisional values for various aqueous Ba 
@X&S. 

The selection for the Ba compounds by NBS are 
based on the heats of solution of Ba(cr) and BaCl&) 
in dilute HCl (EHRLKH et al., 1963). The only enthalpy 
value for BaO@r) then available was that of MAH 
(1963); this value of A/H” of -582.0 kJ . mol-’ was 
recognized as inconsistent with the other data and was 
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Fw3.5. The temperature dependence of the log equilibrium 
constant of titherite. The recalculated literature data that fall 
within the boundaries of this hgurc are shown. 

rejected (PARKER, 1969; PARKER et al., 197 1; PARKER, 
written commun.). 

Because of the serious experimental difficulties in 
the direct determination of AJ~ of BaO(cr) from the 
combustion of Ba(cr) with 02(g) (MAH, 1963; PIrz- 
GIBBON et al., 1973), the Russian Ba compilations 
(NAuMov~~~~., 197l;G~~s~~oezal., 1979)ambased 
on the heat of solution of Ba(cr) and BaH&r) in HCl 
and the direct hydrogenation of Ba(cr) (VOROB’EV et 
al., 1968). The A/H” value for Ba*‘(aq) obtained is 
significantly different from that of NBS (Table 6). Rea- 
sonable values for log K and Afi“ for witherite (Eqn. 
11) can be obtained using the data of NAUMOV et al. 
( 197 1). The later Russian thermodynamic compila- 
tions have changed the thermodynamic selections for 
BaCO&zr) (GLUSHKO et al., 1979) to reflect a newer 
determination of A#’ of BaO(cr) (FITZGIBBON et al., 
1973). This was done without any adjustments of the 
thermodynamic selections for Ba”(aq), the conse- 
quence is an extremely low value of -10.1 for log 
K-,(cr) (Eqn. 1 I) calculated from the compilation 
of GLUSHKO et al. ( 1979). 

A similar problem exists in the compilation of ROBIE 

et al. ( 1979). The earlier thermodynamic selections for 
Bao(cr) were based on the data of MAH ( 1963) in ROBIE 

Table 5. Sumnary of thermodynamic data at 298.15 K. 

Reaction log K 
Number 298.1VK 

A,G' D 

KJ.mol-1 
Art? 

KJ.mol-1 J.m?l.K-1 

3 0.982 -5.606 23.262 96.8 

1: 
2.71 -15.486 14.841 101.7 

-8.562 48.869 2.940 -154.0 
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Table 6. Sumnary Of recomwnded values dnd comparison ~11th other ther~dynam,c dar.6. we text +r,r deta,,r. 
Units of enthalpy. Gibbs energy and entropy are kJ.mol-1. LJ.RIOI-1. and .J.~o~-~.K-~. 
of all data II 298.15K. 

Temperatup. 

Substance Uagman et al.(19821 
and State AfW bfF 5" 

Glushko et a1.(1979) Roble et al.{19791 ’ 

AfW AT- 5" 
ThlS study 

Afti" -\iG" 5" 1 i,H' hfGO '- 

1 tlultgren et al . (1973) 
2 Robie et fi.71979). Glushko et al. (1979) -- 
3 5' of muu'i?iko et al. (1979) was used. A value of 8.13 JAWI-l.K-1 IS calculated "sln~~ the second law method 

and eqn. 13. 
-- 

and WALDBAUM (1968). These were replaced with the 
data of RTZGIBBON et al. (1973) with adjustments in 
the thermodynamic selections of BaCOs(cr) but, with- 
out any approximate changes in the NBS thermody- 
namic selections for Ba”(aq). The incompatibility be- 
tween the aqueous Ba2’ data and revised data for 
BaCOs(cr) results in a high value for the calculated log 
equilibrium constant (-7.64) for the dissolution of 
witherite from the tables of ROBIE et al. (1979). 

80°C. The temperature dependence of the equilibrium 
constant is given by the expression 

logKMco;= -3.0938+0.013669T. 

where T is in degrees Kelvin. 
(2) The association reaction for the formation of 

BaCO$(aq) (Eqn. 8) was evaluated in the temperature 
range of 5 to 80°C. The temperature dependence of 
the association constant is given by the equation 

A log &,,&cr) of -8.560 and Lln.Ho of 1.52 
kJ * mol-’ is calculated from the internally consistent 
data of NBS (PARKER, 1969; PARKER et nl., 197 1; 
WAGMAN et al., 1982) for Eqn. 11. The log K is in 
excellent agreement with our experimentally deter- 
mined log K of -8.562, but a value of 2.94 k.I . mol-’ 
is obtained for &,..H” from our data. The NBS data 
need significant revisions for the thermodynamic for- 
mation property selections of BaO(cr) and BaCOs(cr); 
therefore, sign&ant revisions in the thermodynamic 
formation selections of Ba2+(aq) are required to pre- 
serve the internal consistency of the tables. 

log Kbw; = 0.113 + 0.00872 1 T. 

(3) One hundred and fifty new measurements were 
made of the solubility of BaC03(cr) between 0 and 
90°C. The temperature dependence of the equilibrium 
constant (Eqn. 12) is given by the equation 

logK_,(cr) = 607.642 + 0.121098T 

- 2001 1.25/T - 236.4948 log T. 

Our experimental data provide a different pathway 
for the determination of thermodynamic values for 
Ba2’(aq). From the temperature dependence of the 
equilibrium constant and using the second law method, 
the various thermodynamic properties can be deter- 
mined. Combining these results with the thermody- 
namic selections for BaC03(cr) (Table 6) and the final 
recommended selections of CODATA (WAGMAN, pri- 
vate commun., cited in BUSENBERG et al., 1984) for 
CO:-(aq) and HCO;(aq), the A@‘, A,H’, and S” for 
Ba*‘(aq), BaCO’: (aq) and BaHCO; (aq) were evalu- 
ated. 

(4) Our calculated equilibrium constant for BaCO&r) 
is identical to the value found by MILLERO et al. ( 1984) 
and in very good agreement with the recalculated values 
from the data of MCCOY and SMITH ( 19 1 1 ), HOLLMAN 
(1893), and SCHOESING (1872). We define for the first 
time the temperature dependence of the witherite 
equilibrium constant. 

(5) Three different methods were used at 298.15 K 
to evaluate the association constant of BaHCOf(aq). 
The results are similar and demonstrate that careful 
pH measurements can yield association constants as 
accurate as those obtained by conductivity measute- 
ments and the solubility method. 

PARKER ( 1969) fixed the value of the difference be- 
tween the enthalpies of formation of BaO(cr) and 
BaCMcr) at 305.0 kl . mol-‘. Accepting the value of 
FITZGIBBON et al. ( 1973) for A@’ of BaO(cr), requires 
a value of A,H’ of -853.1 M - mol-’ for BaCh(cr). 
These values for Ba2’(aq), BaC03(cr), and BaCMcr) 
are in agreement with PARKER’S (written commun.) 
suggested preliminary values. 

(6) Provisional values for the enthalpy and Gibbs 
energies of formation for Ba2’(aq), BaHCO;(aq) and 
BaCO$aq) at 298.15 K and 1 atm total pressure are 
given in Table 6. 
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