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Thermodynamic Properties of Aqueous Magnesium Chloride Solutions
From 250 to 600 K and to 100 MPa
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A new general model that describes the thermodynamic properties of kagChas
been developed from a global fit to experimental results, including isopiestic molalities,
vapor pressure measurements, freezing-point depressions, enthalpies of dilution, heat
capacities, and densities, for this system. The model is based on a recent ion-interaction
treatment with extended higher-order virial terms, and on experimental results from 240
to 627 K at pressures to 100 MPa and molalities to 25-kgplt. © 1998 American
Institute of Physics and American Chemical SocigB0047-268808)00305-5
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erties of aqueous electrolyte solutions including those of
magnesium chloride. Recently, a Pitzer ion-interaction treat-
ment of thermodynamic properties of aqueous solutions of

Second-order parameters in the Pitzer model mgCl, and other alkaline—earth metal chlorides has been

made by Holmest all~3from 255 to 523 K and to pressures

of 100 MPa and molalities of 6.17 mdéig L. The model
gives an excellent representation of thermodynamic proper-
ties for these electrolyte solutions in the experimental tem-
perature, pressure, and concentration ranges. Additional re-

Apparent molar heat capacity at constantsults of thermodynamic properties for MgGig under

extended experimental conditions are availdbfé.Also, a
very comprehensive set of high-temperature, high-pressure
volumetric results has been reportédafter the Holmes
et al?>®work was published. Models that accurately describe
the excess properties of aqueous electrolytes over wide

Fourth-order parameters in the Pitzer model ranges of temperature, pressure, and concentration are essen-

tial to an understanding of chemical processes under extreme
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conditions. It is therefore desirable to extend the model ovework, we adopted this new formulation of the Pitzer model,

the full temperature, pressure, and concentration ranges favith two ionic strength-dependent terms in the third order

which data are available. coefficient(C) andC(?) and an ionic-strength-independent
In this study, we developed a new general model forfourth-order term D(%) to represent thermodynamic prop-

MgCl,(ag) solutions based on a recent ion-interaction treat-erties of the MgGl(ag).

ment with extended higher-order virial terd¥%sThe model The Pitzer equation to the fourth order for the excess

represents experimental results at temperatures from approXsibbs free energyGFE, of the solution of an electrolyte

mately 240 to 627 K, pressures from the vapor pressure df/IUMXUX can be written in general form as

the solution to 100 MPa, and molality to 25 rrkj 1. Com- GE AIA

parisons were made for our modell with the experimental data __ e In(1+ b\/l_)+2(VM 1) MPByx

and with the model of Holmest al. in the ranges where both wy,RT b

models are applicable. 2wy PP C o + 2( g5 2D 1

2. Thermodynamic Properties of MgCl  ,(aq) @
2.1. Description of Equations Bux = Bitx + Biix9(Xa1) + Bix9(Xs2)
The Pitzer ion-interaction mod@has been widely used to (xg1=ag "% Xgp=agl'?), @

describe the thermodynamic properties of electrolyte solu-

— (0 (1) (2)
tions both for the isothermal or isobaric composition depen- Caax = Chax + Chaxg(Xea) T Crxd(Xca)

dence of various thermodynamic functions and for global (Xe1=acil;  Xea=acsl), 3
representation of these quantities over a range of tempera-

tures and pressures. For representing thermodynamic proper- Dmx= D,(\f>)(+ DI(\A1>)<9(X01)+ DF\/|2>)<9(XD2)

ties of electrolyte solutions to higher concentrations, ex- B . B 3

tended ion-interaction models have been used in a number of (xp1=ap1l ™ Xpy=apal ™), )
investigations. Filippoet al?! and Anstiss and Pitz&rused 9(x)=2[1— (1+x)exp(—x)]/x2, (5)

higher order virial-coefficientto sixth ordey terms, in addi-
tion to those for the binary and ternary ion interactions, anthereﬁf\j’Q(, U, B, Clik, Clat. CR. DR, DR,
obtained satisfactory results for the treatment of activity andd Diz% are adjustable parametefisn-interaction param-
osmotic coefficients at 298 K in concentrated single anceters that are dependent on temperature and pressyye,
mixed electrolyte solutions. With these higher order termsa@ndvx are the stoichiometric numbers of cations and anions
Ananthaswamy and Atkinséh fitted activity and osmotic formed upon dissociatiorzy andzy are the charges of the
coefficient data as well as thermal property results forcation and the anion, respectively,, is the mass of water in
CaCl(aqg) solutions over the temperature range from 273 tokg. M is the molality of the electrolyte in solution,is the
373 K. Alternatively, Arche?*? extended the Pitzer model ionic strength, andh, is the Debye—Hckel parameter for
with an ionic strength-dependent third virial-coefficient term, the osmotic coefficient. The quantibyis a constant with the
and obtained good fits of the experimental results over th¥alue 1.2 kg>mol Y2 Values ofag;, ac;, andac, were
temperature range from 250 to 600 K at pressures to 10fpund to give the best global fit when chosen to be
MPa for NaClag)?® and from 260 to 623 K to 150 MPa for 2.0 kg’>mol”*2 0.4 kgmol™*, and 0.28 kgmol™*, respec-
NaBr(ag®* solutions. Archer’s extension of the Pitzer ion- tively. The B term was not needed so nags, value was
interaction model has been used in the modeling of a numbeielected. An ionic strength-independent fourth-order term,
of other aqueous electrolyte soluticfi€” Very recently, we D . Proved to be sufficient in representing the present da-
have presented equatidfiswith third, fourth, and higher- tabase, so nep; andap, were needed. The Debye—étkel
order virial coefficients as a function of ionic strength. Our coefficients used in the present work were calculated from
equations have been very effective in representing the conthe Archer and Wang dielectric-constant equafieand the
plex behaviors of MgGlag) and of CaCl(ag) to solid satu-  Hill equation of state for watef’

ration at 298 K. The ionic strength-dependent formulation in Appropriate differentiation of Eq(1) leads to the osmotic
our equations was selected such that at the third virial levecoefficient, ¢, the natural logarithm of the mean activity co-
the only difference from the Archer term for the osmotic efficient, Iny., the relative apparent molar enthaliy, , the
coefficient is the first power dof instead ofl Y2 in the expo- ~ constant-pressure apparent molar heat capaCity,, and
nential expressions. The expressions for Gibbs energy arile apparent molar volum¥, :

the activity coefficient are more complex for the Archer term

and progressively much more complex for the fourth and ¢—1=|zyzy|f?+
higher virials, but the corresponding expressions in our equa-

tions are relatively simple and retain the form of the second- 2(vyvy)? -

virial-coefficient level for all higher-order coefficients. The +—— — mMDyx, (6)
selection of such an ionic strength-dependent function has

been discussed in detail in a separate pApkr.the present fé=—A 1Y (1+b1?), (7)

2(vyvx)??

mBgy +

2( VMVX) 2
VA [
” mM“Cyx

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998



974 WANG, PITZER, AND SIMONSON

Biix = Bix+ Blix €XH —Xp1) + Biax €X)—Xg2), (8)

hx=2[Ci% + Ciax exp(—Xc1) +C& exp —Xca)],
9

Diix=3[Dix+ Diix eXp(—Xp1)+Diax exp—Xp2)],
(10
2(vmvx)
In y.=|zyzx|f"+ —— ” mBx
2(vyvy)32 2(vyvy)?
N (vmrx) m?Cy, + (vmrx) MDY,
(11

fY=—A [1Y4(1+b1")+(2/b)In(1+b1*?)], (12)

B,“(,,x—Z,B(O) (1)[9 (Xg1) +exp(—Xg1)]
+ Biax[ 9(Xa2) + Xl — Xg2) 1, (13)
Clix=3Cimx+ Ciix[ 9(Xc1) + 2 exp( —Xc1) 1+ Cia
X[g(Xc2) +2 exfd —Xc2) ], (14
D ix = 4D+ Diix[ 9(Xp1) + 3 ex —Xp1) ]+ D i
X[9(Xpz) +3 exgd —Xp2) 1, (15
v|zZpmzy | A
d,:%In(l+b|1’2)—2vMVXRT2[mBk,,x
+ ( m Vx)llzmzckﬂx+ Um mesDk/lx], (16)
ZmZy | A
P L T Msz| 2 In(1+b1)

— 2urxRTMBYy + (v ry) VAP Cy

+ vy rxm®Diyy ], 17
v|zpmzx| A
V¢=V2+%|n(1+b|l/2)+2VMVXRT[mB\|\C|X
+ (v ) Y2M2C Yy + vy kMDD ], (18)

wherev vm+ vx, Ay, A; and A, are the Debye—Hikel

Cix=(?Cux T?)p+ (2IT)(Cyx /dT)p, (23
Dix=(?Dyx /dT?)p+(2/T)(dDyx [dT)p, (24)

Byx = (Byx /dP)1, (25)
Cyx=(3Cx [IP)1, (26)
Dyix=(dDux /IP)1. (27)

2.2. Literature Sources for Thermodynamic
Properties

Sources of all of the experimental results used in this
study for the global least-squares fit are listed in Table 1.
These results were chosen primarily on the basis of their
coverage of wide ranges of temperature, pressure, or molal-
ity. Thus, in addition to the resuffs13:30-3941.42:44-65aq
by Holmeset al,>® the following high-temperature and/or
high-molality results were includedl) Newly published
volumetric data of Obsikt al.;'® (2) vapor pressure data of
Lindsay and Liu*® Urusova and Valyashk®;® and Emons
et al.;® (3) new enthalpy of dilution data of Wareg al°and
those of Gillespieet al!* and Simonsoret al'? at tempera-
tures greater than 523 K; artd) heat capacity data of White
et al®® for T>499 K. Additionally, freezing-point depres-
sion data of Rodebushand those from the International
Critical Tables of Numerical DatdICT)'® were also in-
cluded, together with those of Gibbard and GossnfArin,
extend the model down to a temperature of approximately
240 K. Additional data that were considered in the data
analysis also included vapor pressure results of Sl
and Derby and Yngvé&® isopiestic molalities of Kuschel and
Seidel*® heat capacity results of Salug al.®” and volumet-
ric results of Romankiw and Chdd,Salujaet al®>” and Pe-
pinov et all’

For the correct application of the least-squares method,
relative weights were assigned to each set of the experimen-
tal results to reflect their different variances. The assignment
of the weight was based on the compatibility of one set of
results with others, the thermodynamic consistency of the
data with other properties, and the precision of experimental
results as reported by the orlgrnal investigator. The assigned

and volume respectlvelﬁ)p ,andV9 are the apparent molar

and
Bux = (9Bux /dT)p= (B! dT)p+ (3BYix!/ IT)pY(Xa1)
+ (3Bl IT)pY(Xa2), (19)

Chix=(9Cwx /dT)p=(3Cax/ IT)p+ (ICI/IT)pg(Xc1)

+(IC{A I IT)p0(Xca), (20)
ix = (D yx [dT)p=(ID{/IT)p+ (D i/ IT) p0(Xp1)
+(ID A/ IT)pG(Xp2), (21)

Bux= (0*Bux /0T?)p+(2T)(Byx /dT)p,  (22)

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998

the lon-Interaction Parameters

In order to fit simultaneously all of the experimental re-
sults listed in Table 1, equations describing the temperature
and pressure dependence of the nonzero ion-interaction pa-
rameters B\% , B, C\%, CH, ¢ andD(®, andV?,
and Cg’Z are needed. In the prelimrnary study of this system,
the volumetric data were evaluated and were used to fit Eq.
(18) at various temperatures and pressures. The osmotic co-
efficient, enthalpy, and heat capacity data were then cor-
rected to a single pressure of 17.9 MPa in order to compare
the thermodynamic properties at various pressures from dif-
ferent authors. Isothermal fitting of these properties at vari-
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Relative
Property Method| T(K) P(MPa) m(mol-kg™%) NP Reference weighf

¢ iso 298.15 0.1 1.41-5.92 70 Rard and Mitfer 1.5
¢ iso 298.15 0.1 0.11-0.13 4 Rard and Miffer 1.5
¢ iso 298.15 0.1 0.11-2.02 27 Robinson and Stékes 0.17
) iso 298.15 0.1 0.31-3.80 26 Robinson and Béer 0.1%
& iso 298.15 0.1 1.14-5.92 24 StoRes 0.1+
¢ IS0 298.15 0.1 0.23-1.15 5 Wat al3® 15
& iso 298.15 0.1 0.08-2.76 17 Platfétd 1.5
) iso 298.15 0.1 0.39-2.09 10 Saatlal ¥’ 0.12
& iso 298.15 0.1 1.10-2.42 6 Frol@t al®® 0.12
¢ iso 298.15 0.1 0.43-2.00 8 Padova and Sad 0.12
b iso 289.15 0.1 0.75-1.87 6 Kuschel and Séfel 0.12
1) iso 373.45 sat 0.92-6.38 15 Fanghanel and Grjotffeim 0.12
1) iso 383-524 sat 0.42-3.95 192 Holmes and Meémer 1.0
1) fp 255-273 0.1 0.03-2.03 30 Gibbard and Gossrffann 0.12
) fp 240-273 0.1 0.01-2.94 9 IGT 6x10°3
¢ fp 240-267 0.1 0.92-2.94 6 Rodebtfsh 6x1073
) vp 348-573 sat 1.62-5.15 20 Liu and Linday 0.12
1) vp 398-573 sat 0.35 8 Lindsay and Riu 0.12
1) vp 573-623 sat 1.15-25.7 37 Urusova and Valya$hko 0.12
1) vp 523.15 sat 1.21-17.9 10 Urusova and Valyadhko 0.12
1) vp 523-573 sat 9.25 2 Urusova and Valyashko 0.12
) vp 402-513 sat 6.94-12.1 72 Emoetsal® 0.12
¢ vp 323-398 sat 2.10-4.10 30 Saébal 2 0.12
AHg cal 473-573 7.0-10.0 0.02-3.52 50 Simonsoral 12 0.5, 1.6
AHg; cal 523-598 10.3-13.2 0.03-1.04 95 Gillespieal 1* 1.0
AHg cal 293 0.1 0.18-5.90 8 Fricke 1.0
AHg cal 298.15 0.1 0.005-5.70 21 Jahn and Wholf 1.0
AHg; cal 298.15 0.1 0.0001-0.10 10 Lange and Stréfeck 0.5
AH g cal 303.15 0.1 0.17-1.21 7 Leung and Mill&ro 1.0
AHg; cal 373-473 sat 0.002-5.43 37 Mayrath and W8od 0.5, 1.6
AHg cal 523-573 20.5 0.10-1.55 18 Waegal X° 1.0
AHg cal 298.15 0.1 0.003-1.99 13 Snipetsal *° 0.5, 1.6
Cps cal 353-453 sat 0.22-0.90 24 Likke and Bromfey 15

p.d cal 349-598 2.33-17.9 0.03-2.26 346 Whteal 13 1.5, 1.0, 0.6

0 cal 298.15 0.1 0.04-5.52 20 Fedyainetval >* 0.3

b cal 283-403 sat 0.38-0.95 22 Eigen and Wréke 0.2

0d cal 298.15 0.1 0.46-5.11 12 Vasilet al>® 0.3

pd cal 298.15 0.1 0.14-5.03 14 Perrenal 6.0
Cp.o cal 298.15 0.1 0.01-0.34 8 Perrehal® 6.0
Cp.o cal 298-373 0.6 0.11-0.53 20 Salggal>® 15
Cp.o cal 298-373 0.6 0.44-5.19 28 Salgnal >’ 1.5
Coo cal 298-348 0.1 0.06-6.17 31 RusRov 0.3
V, vib 308-368 0.1 0.35-4.61 67 Connaughtral > 1.0
v, pycn/dilat 298.15 0.1 0.001-0.70 6 Ddfin 1.0
V, vib 298.15 0.1-40.6 0.03-2.95 34 Gates and Wbod 1.0
V, vib 278-318 0.1 0.01-5.43 144 Lo Surdbal®? 1.0
V, dilat 323-473 2.03 0.1-1.0 28 Efis 1.0
Vg mf 273-323 0.1-100 0.009-0.32 138 Chetral > 1.0
V, vib 297-372 0.6 0.44-5.19 28 Saligaal®’ 1.0
V, vib 297-372 0.6 0.11-0.53 20 Salugaal® 1.0

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998
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TaBLE 1. Literature sources for thermodynamic properties of aqueous Mgliitions—Continued

Relative
Property Method| T(K) P(MPa) m(mol-kg™%) NP Reference weight
v, vib 298.15 0.1 0.14-5.03 14 Perren al > 1.0
V, vib 298.15 0.1 0.004-0.34 9 Perren al > 1.0
Vy dilat 298.15 0.1 0.46-5.11 12 Vasilet al>® 0.01
V, dilat 298-348 0.1 0.06-6.17 15 RuskBv 0.01
V, vib 369-627 10-30 0.005-3.04 147 Obsilal 18 0.5, 1.0
Vg vib 298-318 0.1 0.54-3.31 30 Romankiw and Ciou 1.0

#Experimental methodiso) isopiestic;(fp) freezing point;(vp) vapor pressurgical) calorimetric;(vib) vibrating tube;(pycn pycnometrici(dilat) dilatomet-

ric; (mf) magnetic float.

PN—number of data points.

‘Relative weight was assigned such that for the osmotic coefficient, it is the ratio of the weight assigned to a specific data point to the weight assigned to
Holmes and Mesmer’s dat&ee Ref. 2for the enthalpy of dilution data, it is relative to that assigned to Gillespial. data;(See Ref. 1} for the apparent
molar heat capacities, it is relative to those assigned to Witd. (See Ref. 15data; and for the apparent molar volumes, it is relative to those assigned
to Perronet al. (Refs. 54 and 5bdata.

dCertain data points were weighted zero, based on the evaluation by Rard and(RifeB0.

®All data atm< 0.1 molkg™* were assigned a relative weight of 0.5.

'Data atm< 0.1 molkg™* were assigned a relative weight of 0.6, thos& at549 K were assigned 1.0, others were 1.5.

YData atm< 0.1 mokkg™ ! and T=573 K were assigned a relative weight of 0.5, others were assigned 1.0.

ous temperatures at this pressure gave a general indication of
the temperature dependence of the ion-interaction param-
eters. However, the existing experimental volumetric data do
not cover the entire temperature and concentration regions
where other types of thermodynamic data are available.
Therefore, corrections of the thermodynamic properties to a
single pressure based on the volumetric fit may be subject tg,
large uncertainties in the ranges where volumetric results d

not exist. But these isothermal and isobaric fits in our m't'alsimultaneously to a total of 2259 experimental points of vari-

investigation suggested the temperature and pressure deP%i'Is types listed in Table 1. Values of adjustable parameters

dent forms for the ion-interaction parameters and the appag, Eqs.(28)—(31) and (33)—(35) are listed in Table 2, along
ent molar volumes and heat capacities at infinite dilution, o '

. : ) \ ith their associated standard errors. The standard deviations
which our flr_1al global .ﬂt was based. The_ opt|mum forms forof the fit over the entire temperature, pressure, and concen-
these equations are listed below, whares in K andPin a4 ranges were 1.12 kol * for the enthalpy of dilu-
MPa. tion, 34.0 Jmol™*-K? for the apparent molar heat capaci-

Jo(T)=cy+c,T+csT2+c,/(647-T)4. (35

3. Results of Data Analysis
3.1. The Overall Fit

The global least-squares regression, which determined the
mperature- and pressure-independent parameters of the
fhodel equations, consists of fitting Ed$) and (16)—(18)

fO(T,P)=Fo(T)+Fy(T)-P+F,(T)-P?2, (29
wheref® stands for ion-interaction parameteg%%, Bi% .
c®., ¢, c@ , andD(9), and

FJ(T) = ajyl‘f‘ aj’2 In T+ ajy3T+ aj'4T2+ aj’5T3+ anGTlO
+a;7/(647-T)> (j=0,1,2, (29
V3(T,P)=Vy(T)+Vy(T)-P+Va(T)-P% (30

V,(T) = bi ’1+ bi,2 In T+ bi ’3T+ bi‘4T2+ bi,5T3+ bi ’GT:LO
+b; 7/(647-T)2 (i=1,2,3). (31)

The expression foﬁg,z follows readily from the relationship

(dCpldP)7=—T-(6?°VIIT?)p, (32
as
CoAT.P)=Jo(T)+J4(T)-P+(T)- P22
+J5(T)- P33, (33

Ji(T)=b; o/ T—2b; 4;T—6b; sT?—90b; ¢T°—6b; ;T/
(647-T)* (i=1,2,3), (34)
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ties, 0.030 for the osmotic coefficients, and 1.58enol ™!

for the apparent molar volumes; while those in the range of
T<524 K were 0.86 kdnol™!, 20.0 Jmol*.K ™%, 0.028,

and 0.64 cri-mol ™! for the enthalpies of dilution, apparent
molar heat capacities, osmotic coefficients, and apparent mo-
lar volumes, respectively. Table 3 summarizes the data re-
gression for each type of experimental result at various tem-
perature ranges. Calculated valuesggfin y.., Ly, Cp 4,
andV, based on Eqs6), (11), and(16)—(18) and param-
eters listed in Table 2 are given in Tables 4—8, respectively,
at the round molalities and at various temperatures and pres-
sures.

3.2. Volumetric Results

Figure 1 shows differences of the experimentally deter-
minedV , from those calculated using the fitted equations at
various temperatures and pressures. The only two sources of
volumetric data aT>473 K are those of Obsét al®and of
Pepinovet all’ Both data sets were measured to a pressure
of 30 MPa. However, these two data sets are not consistent
with each other. Values of , determined by Pepinogt al.
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TaBLE 2. Parameters for Eq$28)—(35)?

977

B(O)

,8(1)

c©

o 8 s
a1 —5.50111455E 01 7.70789E-03 7.21220552E 01 3.92013E-02 5.92428240E 00 1.19829E- 03
Ao 2 1.50130326H 01 1.56371E- 03 —1.77145085E 01 8.27895E 03 —1.65126386H 00 2.52317E 04
a3 —1.58107430E 01 1.29989E-05 1.14397153E01 2.87792E 05 1.89399822E 02 2.05489E- 06
agy 2.30409919E 04 2.58829E-08 —2.99972128E 05 3.93260E-09
ags —1.31768095E 07 1.84907E- 11 —1.43588435E 07 1.65808E 11 1.89174291E 08 2.84338E 12
Ao —1.26699609E 28 1.90820E-32 1.72952766E 27 7.87220E- 32
g7 2.82197499H 02 5.61996E- 02 3.41920714E 03 1.64626E- 01 5.49030201E 01 5.30195E- 03
aj; 4.50114048E 02 2.90080E- 06
a;, 2.28440612E 04 5.20074E-08 —1.08427926E 02 6.84641E 07
a3 8.39661960E 05 4.08623E-09 7.41041864E 05 4.39843E-09
aj, —4.60207270E 07 2.19045E-11 —5.99961498E 08 3.46722E-12
a5 6.21165614E 10 2.92386E-14
Q6 8.43555937E 31 5.21922E- 35 —1.77573402E 29 5.50889E 34
a7 —2.29668879H 02 1.00529E-03 —4.60562847E 00 6.73671E 05
az
azo
A3 —2.71485086E 07 1.78194E- 11
a4
a5 —1.39016981E 15 —2.82482E- 18
A6
a7 —1.11176553H-00 3.79926E-05 1.01000272E 01 8.33834E-05 1.40556304E 01 3.74694E- 06
cW o c® os DO o
a1 4.08980052E 02 1.51418E-05
a2 —1.02256042H 00 3.95536E- 04
a3 3.77018617E 02 1.44366E- 05 —2.28040769E 03 1.01829E-06 —2.95119845E 04 1.07475E-07
A4 —7.91682934E 05 2.96769E- 08 1.37425889E 05 4.43055E 09 6.91001227E 07 2.53134E 10
aos 5.91314258E 08 2.12441E- 11 —1.94821902E 08 4.99198E 12 —5.32314849E 10 1.98484E 13
Ao 1.04649784E 28 1.51454E- 32 3.97961809E 31 1.80555E 34
g7 —2.28493084H 02 4.76744E-02
CERY
aio
a3 —7.79259941E-05 4.19186E-09
ajy 4.28675876E 07 2.22100E-11
a;s —5.77509662E 10 2.91789E-14
Q16
a7
s —5.13962051E 04 4.38074E-08
as, 9.30761142E 05 7.88383E-09
a3
a4
ays —7.43350922E 13 45120417
Az
ay 7 1.127215578-00 3.85461E-05
v© oy Jo o

by1 —1.17446972E 04 1.01242E-00 Cy —1.85339983H-03 8.30088E-02
by, 2.86541606H 03 2.51507E-01 Cy 1.000243108 01 4.56226E- 04
by —2.27968076H 01 2.15585E-03 C3 —1.54388692E 02 6.08434E-07
b14 3.09897542E 02 3.09045E- 06 Cyq —8.54129389HE 10 1.72795E- 06

15 —1.92379975E 05 1.97867E-09
bie 1.67447187E 26 3.31428E- 30
b7 —1.91185804E 06 5.99660E- 01
by

2,2
b,3 —4.00100143E 04 7.23442E-08
b, 4
bys —2.43204343E 08 1.06579E-12
bae —6.04921882E 28 4.89952E- 32
b, 1.080249068 05 4.69334E 00
sy
b3, 1.19091585E 02 7.31144E-07
b33 —4.19764987E 04 2.59254E-08
b3, 7.93310194E 07 4.65755E-11
b5
bse
bs- —1.66310231H 03 9.09209E-02

&/alues following the parameters are the corresponding standard errors.
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TasLE 3. Summary of data regression for experimental results

Standard deviation

Property T/IK P/MPa m/mol-kg™* of fit?
V(/) 273-627 0.1-100 0.001-5.4 1.58
273-298 0.1-100 0.001-5.4 0.53
303-372 0.1-80 0.015-5.3 0.58
373-517 2-30 0.015-3.04 1.26
573 10-30 0.03-3.04 1.55
627 20-30 0.005-1.15 6.07
[ 254-623 0.1-Sat 0.03-25.7 0.030
254-298 0.1 0.03-5.92 0.0078
323-423 Sat 0.35-9.25 0.035
425-524 Sat 0.35-17.9 0.031
548-623 Sat 0.35-25.7 0.049
AHg 292-598 0.1-20.5  0.0001-5.9 1.12
292-303 0.1 0.0001-5.9 0.27
373-473 Sat-7 0.0016-5.4 0.57
523-598 7-20.5 0.017-3.5 1.26
cp«b 283-598 Sat-17.9 0.013-6.17 34
283-298 0.1 0.013-5.8 23
313-373 Sat-17.7 0.031-6.17 15
393-499 Sat-17.9 0.031-2.26 18
549-598 10.1-17.9 0.031-2.26 64

@Jnits are crm-mol~* for V,,, kJmol™* for AHy;, and JK™*-mol™* for
Cpo-

are about 15% less negative than those of Qdtsdl. at 573

K. Data of Obsilet al. for T<473 K are in accordance with

the 2 MPa data of Elli§ Thus, the Obsikt al. data were
included in the fit, while the Pepinost al. data were given
zero weight. Values 0¥, reported by Vasileet al>® at 298

K are systematically higher than those of the others at thi
temperature. Similar cases were also found for the Ru§kov

WANG, PITZER, AND SIMONSON

3.3. Osmotic Coefficient Results

The osmotic coefficient results used in this study were
obtained from three types of measurements. These are isopi-
estic molalities, vapor pressure decreases, and freezing-point
depression.

Goldberg and Nuttdif and Rard and Millef reviewed
the activity and osmotic coefficient data at 298 K for
MgCl,(ag. Rard and Miller also reported a comprehensive
set of isopiestic molalities of Mg@lag covering molalities
to 5.9 moltkg™!. Above 2.5 molkg?, the Rard and Miller
measurements give significantly higher osmotic coefficients
than the earlier data of Stok&sThe difference probably
arose from contamination with alkali chlorides in those ear-
lier measurement® The Rard and Miller values were
adopted for the isopiestic ratios. These and otheralues
from isopiestic measurements were recalculated using the
more recent equations for the reference solutes: Aféler
NaCl@ag), Clegg et al?® for H,SO,(ag), and Pitzeret all®
for CaCh(ag). Below 2.5 molkg™, the Rard and Millef’
and Goldberg and Nuttdfi evaluations of osmotic coeffi-
cients from different sets of measurements are essentially the
same. Only the values given large weights in these reviews
are significantly weighted in our calculations. A few more
recent measurements of Kuschel and Sé&%dekre also in-
cluded. Earlier freezing-point data of Rodebtfsand those
from ICT2® differ from those of Gibbard and Gossmé&hhy
more than 0.03 irp at 255 K and show a trend of increasing
difference with decreasing temperature. Rodebush and ICT
data were given reduced weight in the overall fit. Osmotic
coefficients from these sources differ from the values calcu-
éated using the present model by 0.025 at 255 K, and this
difference increases with decreasing temperature.

At higher temperatures, there are several important sets of

dat.a to 348 K. These data were given a substantially reducegl ., viic coefficient data that go beyond 500 K and cover
weight. The 298 K, 0.1 MPa values Wi, reported by Gates ity range to 25 mokg™* including the isopiestic mea-

and Wood! Dunn® Lo Surdoet al,%? Chenet al.®* Ro-
mankiw and Chol® and Perroret al>*®° agree within 1%.

surements of Holmes and Mesnferapor pressure measure-
ments of Liu and Lindsa§’’ Urusova and Valyashk ;2 and

These data were assigned the same weight in the fit. Atmonset al® In the Holmeset al?®treatment of MgGl(ag),

higher pressures, the Gates and Wiathta differ by less

the vapor pressure data were not included because those data

than 4% from those of Cheet al® at pressures from 10 to either could not be fit with their model with an acceptable
40 MPa. They were equally weighted at these pressures. Egfror of fi or are beyond the upper molality limit of their
lis’ data covers the intermediate temperature range from 328tudy. Osmotic coefficients from vapor pressure measure-
to 473 K at a pressure of 2.03 MPa, and are in accordanc@®ents of Liu and Lindsa@and from isopiestic measurements

with high-temperature, high-pressure data of Obs#l. and
were assigned the same weight as the Gdtsdl. data. Obsil

et al. data atm<0.1 molkg™! are relatively scattered, and

these data, together with their dataTet573 K, were as-

signed a lower weight than their results at higher molalities
Thus, standard deviations of the fit for apparent molar vol

umes are 0.53cPamol™? for 273 K=T=298K (P
=0.1-100 MPa), 0.58 chmol ! for 298 K<T<373 K
(P=0.1-80 MPa), 1.26 cfamol ! for 373 K= T<523 K
(P=2-30MPa), 1.55crhmol™* at T=573K (P
=10-30 MPa), and 6.07 chmol ! at T=627K (P
=20-30 MPa).
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of Holmeset al? differ by up to 0.05 with Liu and Lindsay
values being greater. On the other hand, value$ af 523

and 573 K from vapor pressure measurements of Liu and
Lindsay* and of Urusova and Valyashkbagree reasonably
with each other within their experimental uncertainties.
However, osmotic coefficients from vapor pressure measure-
‘ments show relatively large scatter, and therefore were given
smaller weights compared with those from isopiestic mea-
surements of Holmest al. under corresponding conditions.
The osmotic coefficients of Saket al*® at 1.05 molkg™*

and of Derby and YngV8 as calculated from their vapor
pressure data were far off those obtained from other data sets
in the corresponding temperature, pressure, and concentra-
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TaBLE 4. Calculated osmotic coefficients of MgClg) at saturation pressures using K. and parameters in Table 2

979

m/mol-kg! 373.15K 423.15 K 473.15 K 523.15 K 573.15 K 623.15 K
0.001 0.9560 0.9495 0.9404 0.9276 0.9074 0.8626
0.005 0.9161 0.9035 0.8853 0.8595 0.8212 0.7407
0.01 0.8942 0.8781 0.8541 0.8205 0.7722 0.6751
0.02 0.8717 0.8517 0.8211 0.7785 0.7196 0.6093
0.05 0.8460 0.8207 0.7807 0.7253 0.6533 0.5354
0.10 0.8332 0.8034 0.7568 0.6921 0.6105 0.4922
0.20 0.8289 0.7930 0.7403 0.6667 0.5721 0.4441
0.30 0.8344 0.7926 0.7354 0.6557 0.5494 0.4039
0.40 0.8461 0.7984 0.7364 0.6507 0.5335 0.3695
0.50 0.8628 0.8090 0.7416 0.6497 0.5223 0.3418
0.60 0.8835 0.8234 0.7501 0.6515 0.5148 0.3210
0.70 0.9074 0.8409 0.7612 0.6557 0.5103 0.3065
0.80 0.9339 0.8608 0.7743 0.6617 0.5084 0.2977
0.90 0.9623 0.8825 0.7891 0.6692 0.5086 0.2939
1.00 0.9921 0.9057 0.8053 0.6781 0.5106 0.2942
1.20 1.0548 0.9549 0.8407 0.6993 0.5191 0.3042
1.40 1.1201 1.0066 0.8791 0.7243 0.5326 0.3230
1.60 1.1869 1.0599 0.9198 0.7527 0.5505 0.3470
1.80 1.2547 1.1144 0.9626 0.7842 0.5721 0.3736
2.00 1.3235 1.1701 1.0072 0.8187 0.5973 0.4011
2.25 1.4112 1.2414 1.0656 0.8656 0.6333 0.4352
2.50 1.5010 1.3152 1.1269 0.9163 0.6738 0.4681
2.75 1.5935 1.3918 1.1909 0.9704 0.7183 0.4994
3.00 1.6891 1.4715 1.2576 1.0272 0.7661 0.5292
3.25 1.7879 1.5544 1.3269 1.0861 0.8166 0.5577
3.50 1.8900 1.6406 1.3984 1.1466 0.8691 0.5853
3.75 1.9954 1.7300 1.4719 1.2080 0.9231 0.6124
4.00 2.1038 1.8223 1.5471 1.2698 0.9778 0.6393
4.50 2.3289 2.0146 1.7012 1.3928 1.0877 0.6937
5.00 2.5619 2.2145 1.8579 15124 1.1956 0.7501
5.50 2.7990 2.4184 2.0149 1.6265 1.2989 0.8090
6.00 3.0357 2.6225 2.1698 1.7337 1.3963 0.8703
6.50 e 2.8229 2.3206 1.8332 1.4868 0.9334
7.00 3.0158 2.4656 1.9247 1.5702 0.9975
7.50 3.1975 2.6031 2.0080 1.6463 1.0616
8.00 3.3643 2.7317 2.0834 1.7154 1.1250
8.50 3.5128 2.8498 2.1509 1.7776 1.1870
9.00 3.6395 2.9562 2.2107 1.8333 1.2468
9.50 - 3.0495 2.2631 1.8828 1.3041

10.00 3.1284 2.3084 1.9265 1.3585
10.50 3.1918 2.3466 1.9646 1.4096
11.00 3.2382 2.3779 1.9975 1.4574
11.50 3.2665 2.4026 2.0255 1.5017
12.00 3.2755 2.4208 2.0489 1.5425
13.00 2.4382 2.0828 1.6135
14.00 2.4310 2.1014 1.6707
15.00 2.4003 2.1067 1.7148
16.00 2.3469 2.1009 1.7468
17.00 2.2717 2.0859 1.7676
18.00 2.1755 2.0637 1.7783
19.00 2.0363 1.7801
20.00 2.0058 1.7742
21.00 1.9741 1.7616
22.00 1.9433 1.7435
23.00 1.7213
24.00 1.6959
25.00 1.6687
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TaBLE 5. Calculated Iny.. of MgCl,(ag at saturation pressures using Efjl) and parameters in Table 2

m/mol-kg ™! 373.15K 423.15 K 473.15K 523.15 K 573.15 K 623.15 K
0.001 —0.1382 —0.1585 —0.1865 —0.2264 —0.2897 —0.4325
0.005 —0.2786 —0.3199 —0.3784 —0.4612 —0.5887 —0.8667
0.01 —0.3661 —0.4209 —0.4997 —0.6108 —0.7784 —1.1345
0.02 —0.4697 —0.5409 —0.6452 —0.7918 —1.0070 —1.4486
0.05 —0.6253 —0.7226 —0.8686 —1.0729 —1.3612 —1.9159
0.10 —0.7498 —0.8705 —1.0532 —1.3084 —1.6595 —2.2965
0.20 —0.8718 —1.0213 —1.2445 —1.5565 —1.9813 —2.7122
0.30 —0.9349 —1.1059 —1.3558 —1.7050 —2.1822 —2.9855
0.40 —0.9694 —1.1591 —1.4309 —1.8098 —2.3300 —3.1963
0.50 —0.9853 —1.1925 —1.4840 —1.8890 —2.4466 —3.3678
0.60 —0.9878 —1.2117 —1.5220 —1.9509 —2.5418 —3.5106
0.70 —0.9801 —1.2201 —1.5486 —2.0002 —2.6215 —3.6309
0.80 —0.9643 —1.2202 —1.5665 —2.0398 —2.6890 —3.7329
0.90 —0.9421 —1.2136 —1.5774 —2.0716 —2.7467 —3.8197
1.00 —0.9147 —1.2017 —1.5827 —2.0971 —2.7964 —3.8939
1.20 —0.8479 —1.1653 —1.5798 —2.1329 —2.8765 —4.0118
1.40 —0.7693 —1.1167 —1.5631 —2.1524 —2.9361 —4.0989
1.60 —0.6822 —1.0590 —1.5358 —2.1590 —2.9795 —4.1638
1.80 —0.5884 —0.9943 —1.5000 —2.1548 —3.0096 —4.2126
2.00 —0.4892 —0.9238 —1.4570 —2.1413 —3.0282 —4.2497
2.25 —0.3584 —0.8283 —1.3945 —2.1131 —3.0376 —4.2841
2.50 —0.2206 —0.7253 —1.3232 —2.0739 —3.0337 —4.3090
2.75 —0.0760 —0.6151 —1.2440 —2.0253 —3.0182 —4.3269
3.00 0.0752 —0.4979 —1.1579 —1.9687 —2.9929 —4.3394
3.25 0.2330 —0.3740 —1.0653 —1.9053 —2.9591 —4.3474
3.50 0.3973 —0.2436 —0.9669 —1.8362 —2.9183 —4.3516
3.75 0.5676 —0.1070 —0.8634 —1.7626 —2.8716 —4.3522
4.00 0.7438 0.0354 —0.7554 —1.6854 —2.8201 —4.3495
4.50 1.1118 0.3355 —0.5280 —1.5235 —2.7064 —4.3344
5.00 1.4968 0.6526 —0.2893 —1.3562 —2.5837 —4.3074
5.50 1.8939 0.9818 —0.0432 —1.1879 —2.4568 —4.2696
6.00 2.2973 1.3181 0.2067 —1.0215 —2.3292 —4.2223
6.50 B 1.6563 0.4571 —0.8593 —2.2034 —4.1671
7.00 e 1.9914 0.7053 —0.7027 —2.0808 —4.1056
7.50 B 2.3185 0.9487 —0.5527 —1.9627 —4.0394
8.00 L 2.6325 1.1849 —0.4098 —1.8497 —3.9700
8.50 e 2.9289 1.4116 —0.2746 —1.7422 —3.8986
9.00 L 3.2030 1.6267 —0.1473 —1.6404 —3.8264
9.50 e e 1.8284 —0.0279 —1.5445 —3.7542

10.00 L L 2.0145 0.0833 —1.4544 —3.6828
10.50 L 2.1833 0.1863 —1.3701 —3.6129
11.00 L 2.3329 0.2810 —1.2916 —3.5450
11.50 L 2.4614 0.3675 —1.2186 —3.4794
12.00 B 2.5671 0.4458 —1.1511 —3.4164
13.00 0.5778 —1.0318 —3.2991
14.00 0.6771 —0.9322 —3.1942
15.00 0.7442 —0.8506 —3.1023
16.00 0.7796 —0.7851 —3.0231
17.00 0.7839 —0.7338 —2.9563
18.00 0.7577 —0.6945 —2.9013
19.00 —0.6651 —2.8574
20.00 —0.6432 —2.8234
21.00 —0.6266 —2.7985
22.00 —0.6128 —2.7815
23.00 —2.7712
25.00 —2.7658
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TaBLE 6. Calculated. , of MgCl,(ag) at various temperatures and pressures usingH).and parameters in Tablé 2

373.15 K 473.15 K
m
mol-kg~? Py 5 MPa 10 MPa 20 MPa Ps 5 MPa 10 MPa 20 MPa
0.001 0.82 0.81 0.80 0.78 2.52 2.48 2.41 231
0.005 1.67 1.65 1.63 1.60 5.36 5.27 5.16 4.95
0.01 2.22 2.20 2.18 2.13 7.31 7.20 7.05 6.79
0.02 2.90 2.87 2.84 2.79 9.83 9.70 9.52 9.19
0.05 3.99 3.96 3.93 3.86 14.17 14.01 13.78 13.37
0.10 5.00 4.97 4.93 4.86 18.22 18.03 17.76 17.25
0.20 6.26 6.23 6.19 6.12 22.87 22.62 22.27 21.62
0.30 7.21 7.18 7.14 7.06 25.86 25.56 25.15 24.37
0.40 8.03 7.99 7.95 7.87 28.14 27.80 27.33 26.45
0.50 8.76 8.72 8.68 8.59 30.03 29.66 29.15 28.20
0.60 9.45 9.40 9.35 9.26 31.70 3131 30.76 29.75
0.70 10.10 10.04 9.99 9.89 33.22 32.81 32.24 31.18
0.80 10.71 10.66 10.60 10.49 34.64 34.21 33.62 32.53
0.90 11.31 11.25 11.19 11.07 35.99 35.54 34.93 33.82
1.00 11.89 11.82 11.75 11.63 37.27 36.81 36.19 35.07
1.20 13.01 12.93 12.86 12.71 39.71 39.23 38.58 37.43
1.40 14.10 14.02 13.93 13.77 42.02 41.51 40.83 39.64
1.60 15.18 15.08 14.99 14.81 44.21 43.67 42.96 41.72
1.80 16.24 16.14 16.03 15.84 46.30 45.73 44.98 43.68
2.00 17.30 17.19 17.08 16.87 48.30 47.70 46.91 45.53
2.25 18.61 18.49 18.37 18.15 50.68 50.04 49.19 47.71
2.50 19.92 19.79 19.67 19.43 52.94 52.26 51.35 49.77
2.75 21.22 21.09 20.96 20.71 55.11 54.39 53.43 51.76
3.00 22.52 22.38 22.24 21.98 57.19 56.45 55.45 53.71
3.25 23.80 23.66 23.52 23.25 59.20 58.45 57.44 55.65
3.50 25.07 24.92 24.78 2451 61.16 60.41 59.41 57.63
3.75 26.32 26.18 26.03 25.75 63.08 62.36 61.39 59.67
4.00 27.56 27.42 27.27 26.98 64.98 64.30 63.40 61.80
0.001 4.67 4.41 4.22 4.06 10.55 10.17 9.08 8.27
0.005 9.75 9.25 8.90 8.60 21.43 20.67 18.51 16.92
0.01 13.14 12.52 12.08 11.70 28.31 27.32 24.52 22.47
0.02 17.43 16.67 16.15 15.69 36.58 35.31 31.79 29.24
0.05 24.58 23.66 23.04 22.50 49.34 47.67 43.11 39.91
0.10 31.11 30.08 29.39 28.79 60.17 58.16 52.80 49.14
0.20 38.67 37.46 36.66 35.97 72.50 70.11 63.83 59.65
0.30 43.67 42.30 41.38 40.59 81.02 78.34 71.36 66.76
0.40 47.55 46.03 45.01 44.12 87.94 85.02 77.42 72.43
0.50 50.82 49.16 48.04 47.07 93.90 90.77 82.62 77.25
0.60 53.69 51.90 50.70 49.65 99.18 95.86 87.20 81.49
0.70 56.27 54.38 53.11 52.00 103.9 100.4 91.3 85.29
0.80 58.65 56.67 55.33 54.17 108.3 104.6 95.1 88.75
0.90 60.88 58.81 57.41 56.20 112.2 108.4 98.5 91.94
1.00 62.98 60.83 59.38 58.12 115.9 112.0 101.8 94.90
1.20 66.89 64.59 63.03 61.69 122.5 118.4 107.6 100.3
1.40 70.50 68.05 66.40 64.96 128.3 124.0 112.8 105.3
1.60 73.89 71.28 69.52 67.99 133.6 129.2 117.6 109.9
1.80 77.08 74.32 72.44 70.81 138.4 133.8 122.1 114.3
2.00 80.11 77.19 75.20 73.46 142.7 138.2 126.4 118.6
2.25 83.68 80.58 78.44 76.57 147.8 143.2 131.5 123.9
2.50 87.03 83.77 81.51 79.52 152.4 147.9 136.4 129.2
2.75 90.19 86.80 84.44 82.36 156.5 152.1 141.2 134.5
3.00 93.16 89.69 87.28 85.13 160.3 156.1 145.9 139.9
3.25 95.95 92.48 90.06 87.90 163.6 159.6 150.4 1455
3.50 98.59 95.18 92.81 90.69 166.5 162.8 154.8 151.1
3.75 101.1 97.82 95.56 93.54 168.9 165.6 159.1 156.7
4.00 103.4 100.4 98.4 96.50 170.8 168.1 163.2 162.5

®The unit ofL, is kJ-mol™™.,
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TaBLE 7. CalculatedC, , of MgCl,(ag) at various temperatures and pressures using Bjj.and parameters in Tablé2

373.15 K 473.15K 523.15 K
m 598.15 K
mol-kg ™! 5 MPa 10 MPa 17.9 MPa 5 MPa 10 MPa 17.9 MPa 5 MPa 10 MPa 17.9 MPal7.9 MPa

0.001 -271 —266 —258 —611 —587 —555 —1030 —948 —855 —3337
0.005 —259 —254 —247 —580 —556 —526 —965 —889 —803 —2947
0.01 —251 —247 —240 —559 —536 —506 —925 —852 =770 —2717
0.02 —241 —236 —229 —531 —509 —480 —878 —809 —731 —2462
0.05 —223 —218 —212 —484 —462 —433 —809 —744 —670 —2129
0.10 —207 —203 —-197 —439 —418 -390 —752 —691 —619 —1912
0.20 —-191 —188 —183 —388 —367 —340 —686 —627 —558 —1719
0.30 —183 —179 —175 —354 —334 —308 —637 —582 —515 —1592
0.40 =177 —174 —170 —329 —310 —285 —596 —544 —480 —1483
0.50 -172 —170 —166 —308 —290 —266 —560 —511 —450 —1385
0.60 —168 —165 —162 —290 —272 —249 —528 —481 —424 —1295
0.70 —164 —161 —158 —275 —257 —235 —500 —455 —400 —1215
0.80 —160 —157 —154 —261 —244 —222 —474 —432 —380 —1143
0.90 —156 —153 —150 —248 —231 —210 —450 —410 —361 —1078
1.00 —151 —149 —146 —236 —220 —199 —428 —391 —344 —1021
1.20 —143 —141 —137 —214 —199 —-179 —389 —356 —314 —923
1.40 —135 —133 —129 —195 —180 —162 —355 —325 —288 —842
1.60 —128 —126 —122 —177 —163 —146 —324 —297 —264 =773
1.80 -121 —119 —115 —161 —148 -132 —295 —271 —241 —-711
2.00 —115 -112 —109 —145 —134 —119 —268 —246 —220 —651
2.25 —107 —105 —102 —128 —118 —106 —236 —217 —193 =577
2.50 —101 -99 —96 -113 —104 —93 —207 -189 —167 e
2.75 —-95 —93 -90 —99 —-91 —82 —181 —163 —140

3.00 —89 —-87 -84 —86 -79 —71 —157 —138 —114

3.25 —83 -81 —78 =75 —68 —61 —137 —116 —88

3.50 =77 —75 —72 —65 —58 —51 —-121 —96 —63

3.75 -71 —69 —66 —56 —49 —41 -109 =79 —38

4.00 —65 —62 —59 —48 -39 —-30 —101 —64 -15

2The unit ofC,, , is JK~*-mol™,
bvalues in italic are extrapolated above the molality range of experimental data.

tion ranges, and were assigned zero weight in the fit. comprehensive database for the enthalpy of dilution of
Figure 2 shows comparisons of the experimental and calMgCl,(ag) at high temperatures and pressures covering the

culated osmotic coefficients at various temperatures fronnolality range to 5.4 moekg 1. Most of these results show

different sources. The fit is I’easonab|y gOOd and is within th%cceptab'e agreement with each other, and Consistency with

experimental uncertainties. The standard deviations of the fif,nse at near 298 K and with other thermodynamic functions.
are 0.0078 forT<298K, 0.035 for 323 KKT<423K,  yowever, it is worth noting that in both the Simonsenal.

0.031 for 423 T<524 K, and 0.049 foil >524 K. and Gillespieet al. measurements, a small amount of HCI

. X o _ X Was added in order to suppress the hydrolysis of Mip
systematic cyclic deviations which were not seen in our re-

cent treatment of MgGlag) and CaCj(ag) systems exclu- dilute solutions of this electrolyte. While Simonsea al.
sively at 298.15 K using the same equatidThis is due to added equal amounts of the acid (0.02 rkg! ") into both

the extension of the model to a wide temperature range. Aftreams to cancel out the dilution effect of HCI, Gillespie

N -1 :
improved representation of experimental results at low tem&t &l @dded ~0.01 motkg™= HCI only to solutions of

peratures T<298 K) may be obtained if the parameters MgCl,(ag before mixing. The addition of HCI into the so-
agy, aci, andac, in the present model are chosen to belutions of MgCh(ag complicates the treatment due to the
functions of temperature, but this will result in complex enhanced ion association of Kgwith CI~, and due to the
equations for the enthalpy and the heat capacity. The guidinghanging extent of association of HCI with changing ionic
consideration in the development of the present model was tstrength. There are large uncertainties in the association con-
treat all available results with an acceptable level of accuracgtant for the ion pair MgCl at high temperatures, as will be
while retaining the simplest possible forms for the temperadiscussed in Sec. 4.1, and any assumption of the association
ture, pressure, and composition dependence of all measure@nstants will lead to ambiguities in the calculated specia-
properties. tion. The effect of ion association on enthalpies of dilution is
especially large in dilute solutions at high temperatures. Re-
sults below 0.1 mokg ! were given lower weights. A few
The calorimetric results from Simonscet al,*> Wang  points from Simonsoet al. at 573 K in 0.05 molkg™* HCI
et al,'° Gillespieet al!! and Mayrath and Wod@ provide a  were not included in the calculation because they are signifi-

3.4. Enthalpy of Dilution Results
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TasLE 8. CalculatedV,, of MgCl,(aqg) at various temperatures and pressures usingH).and parameters in Tablé 2

373.15K 473.15K 573.15 K 623.15 K
m

mol-kg> 2MPa 10MPa 20MPa 30MPa 2MPa 10MPa 20MPa 30MPa 10MPa 20MPa 30MPa 20 MPa 30 MPa

0.001 9.09 9.24 9.83 10.86 —32.51 -—29.17 -25.45 -—2224 —-219.7 —159.7 —139.7 —824.4 —-479.8
0.005 9.71 9.84 10.41 11.41 —-30.40 -—-27.19 -23.60 -—20.48 -—205.7 —149.7 —131.7 —749.1 —443.0
0.01 10.09 10.21 10.76 11.76 —-29.15 -—-26.02 -—22.48 -—-19.40 -—197.7 —1441 -—-127.1 —7024 -419.2
0.02 10.53 10.64 11.17 12.15 -27.76 —-24.68 -—21.19 -18.12 -1889 —138.2 —-122.1 6475 —-390.2
0.05 11.14 11.22 11.72 12.67 —-25.77 —-22.75 -19.27 -16.15 -177.1 —130.7 —-1155 —567.5 -—346.1
0.10 11.58 11.61 12.07 1298 —-24.06 -21.08 -17.57 -1438 -167.8 —1251 -110.0 —-505.8 -3114
0.20 12.01 11.99 12.38 13.23 —-21.70 —-18.80 -—-15.32 -12.09 -155.6 —117.3 —102.2 —4419 -276.8
0.30 12.36 12.31 12.65 13.46 —19.70 -16.92 -1355 -10.37 -—1452 -110.2 —95.45 -3985 —2534
0.40 12.75 12.66 12.98 13.76 —17.91 -15.27 -12.03 -895 -—-1359 -—103.6 —89.45 —-361.9 -—-2325
0.50 13.17 13.07 13.37 14.14 -16.30 —13.81 -10.72 —-7.76 —127.6 —-97.77 —84.18 -—-3294 2124
0.60 13.63 13.53 13.82 1459 —-1485 -12.51 —9.57 —6.74 —120.3 —-9258 —-79.60 -3004 -—193.4
0.70 14.11 14.01 14.31 15.09 —13.53 —11.33 —8.54 -5.84 -113.7 —-87.99 7559 -2750 -—176.0
0.80 14.60 14.51 14.83 15.62 —12.32 -10.25 -7.61 —-5.04 -107.9 —-83.90 -—72.05 -253.6 -—160.9
0.90 15.10 15.02 15.36 16.16 —11.19 —9.25 —6.76 —-431 -102.5 —80.19 —68.86 —236.3 —148.8
1.00 15.59 15.53 15.89 16.72 -10.12 —-8.31 —5.95 -3.63 —-97.62 -—-76.77 —65.93 -—-223.5 -—140.2
1.20 16.54 16.51 16.92 1780 -8.11 —-6.52 —4.42 —233 —-8866 —70.50 —-60.58 -—212.0 -—135.2
1.40 17.41 17.43 17.89 18.82 -6.18 —4.80 —2.93 -1.05 -—-8045 -—-64.64 5554
1.60 18.20 18.26 18.77 19.76 —-429 —-3.10 —1.44 026 —7270 —-58.99 —-50.63

1.80 18.90 19.00 19.56 2060 -244 -1.41 0.07 161 —-6539 —53.54 —4581

2.00 19.51 19.65 20.26 21.35 -0.65 0.25 1.59 3.01 -58.64 —-4839 —-41.17

2.25 20.17 20.36 21.03 22.19 1.49 2.26 3.48 4.78—-51.29 —42.70 —35.87

2.50 20.74 20.97 21.72 22.95 3.41 4.13 5.28 6.54—4566 —38.26 —31.50

2.75 21.22 21.52 22.35 23.66 5.05 5.76 6.93 8.23—-42.31 —35.60 —28.47

3.00 21.66 22.04 22.95 24.36 6.32 7.10 8.37 9.78—41.78 —35.18 —27.20

®The unit of V4 is cn?-mol ™™,

cantly less negative than the other results in the same rangeis interesting to compare the calculated values from the
of molality, and the results could be affected significantly bymodel presented in this work with those from the Holmes
ion pairing. et al. model? Figures 5 and 6 show the calculatédand
Comparisons of the experimental and the calculated enn . of MgCl,(ag), respectively, at various temperatures at
thalpies of dilution from various sources are shown in Fig. 3.saturation pressure as a functionno¥?. The agreement be-
Standard deviations of the fit are 0.27#bl™* for T  tween values calculated from the two models is good for the
<373K, 0.57kdmol™* for 373K=T<523K, and osmotic coefficients. Constant differences inyincalculated

1.26 kJmol™* for T=523 K. from the two models are observed at 473 and 523 K at mo-
lalities to 6 molkg™ L. The present model and that of Holmes
3.5. Heat Capacity Results et al. are based on essentially the same set of experimental

Th blished heat it it ; ‘ results in this temperature range. However, the available os-
presseurzu aLS q ionczﬁtrei:t?cf)r??;%greessgf 52 803? vg; SePzn%e;a i; otic coefficient data at these temperatures do not extend to
' : R 2=~ sufficiently | laliti i i Icula-
MPa, and 0.01—6.2 mdig-%, respectively. Results of Eigen Sufficiently low molalities to permit unambiguous calcula

and Wicke?2 Ruskovs® Vasilev et al,® and Fedyainov tiop of In y.. through Gibbs.—Duhem integration, and the re-
et al>! were assigned lower weights due to the inconsistenc;llatlon between Iny.. and ¢_ Is therefore dependent to a_de_—
with other results under the corresponding conditions eSpeqree on the temperature-integrated treatment of the dilution
cially for m<1 mol-kg~%. Points atm<0.1 motkg™* fro;”n enthalpy results. The combination of additional emphasis on
the Whiteet al 1 data set were also give.n lower weights due@" accurate fit of the available dilution enthalpies at low
to the large scattering. Figure 4 shows the deviation plots fofrolalities and assumed similarity of the behavior of
the heat capacity results at various temperatures and preddClz(2g and CaCj(ag) led Holmeset al. to introduce a
sures as a function oh¥2 Standard deviations of the fit are t€rm in B?) which gives rise to the differences observed in
23 3mol 2.K™! for T<298 K, 15Jmol *.K 1 for 298 K  In y- between their work and the present model. This term

<T<373K, 18 Jmol 1.K™! for 373 K<T<500K, and also has a significant effect on the extrapolatioh gfvalues
64 Imol 1.K~1 for T>500 K. to infinite dilution at high temperatures; this point will be
discussed below in more detail. Further data of high preci-
sion at low molalities are needed to resolve fully the differ-
ences between the representations.

As the calculated values of thermodynamic properties Figures 7-9 show the calculatég,, C, 4, andV,, re-
agree reasonably well with experimental res(ftigs. 1-4,  spectively, as functions ah'”? at various temperatures and

3.6. Comparison with Holmes et al. Model
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Fic. 3. Differences between the experimental and calculated heat of dilution of ,lagCht various temperatures and pressures.

at saturation and higher pressures. Comparisons are alggent of the two treatments fo€ 0 at 523 K for m
given in these figures of values calculated from our modek g g motkg ™. The stronger dependence ©f, 4 on con-

with thosethOT the I—t|rcl>lmteet al. rgc;ldgl. It isarrmttige,tia:‘ the  centration at low molalities predicted from the Holmetsal.
agreement between the two models IS good= OF  treatment is essentially compensated by the more negative
the three properties. The differencesdp andC,, , at 523 K 0 . .

P extrapolated values o€, ,. However, this agreement is

were primarily due to the required extrapolation of Holmes babl hat fortuit d val lculated
et al. model. Data regression in our treatment included adgiPropably somewhat fortuitous, and va uesdy, calculate

tional high-temperature, high-pressure volumetric results Ofrom the present model should be preferred over those ex-
Obsil et al8 which were unavailable to Holmest al. Heat  trapolated from the treatment of Holmesal. at tempera-

capacity results of Whitet al. above 499 K were not in- tures significantly above 499 K.

cluded in the Holmest al. treatment as the next higher tem-  Below 0.01 molkg™, the L, values calculated from the
perature investigated in the experimental weBk9 K) was  Holmeset al. model decrease more rapidly with decreasing
well beyond the 523 K limit of the earlier treatment. molality than those calculated from our model, especially at
Thesehigher-temperature data were included in the preseb23 K. Values ofL, are largely determined by the ion-
correlation. It is interesting to note the relatively good agree-association properties in this region. It has been rféteht
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(a). T<373K

O Perron et al., 298 K, 0.1MPa
DSaluja et al., 298 K, 0.6 MPa
ASalujaetal, 323K, 0.6 MPa
X Saluja et al., 348 K, 0.6 MPa
X White et al., 349 K, 2.33 MPa
OWhite et al., 349 K, 4.96 MPa
+ White et al., 349 K, 10.1 MPa
-White et al., 349 K, 17.7 MPa
=Likke and Bromley, 353 K, sat

(b). 373 K< T <473 K

© Likke and Bromley, 373 K, sat
O Saluja et al., 373 K, 0.6 MPa

Alikke and Bromley, 393 K, sat
X White et al., 398 K, 2.33 MPa
X White et al., 398 K, 4.96 MPa
O White et al,, 398 K, 10.1 MPa
+White et al., 398 K, 17.9 MPa
-Likke and Bromley, 413 K, sat
=Likke and Bromley, 433 K, sat
@ Likke and Bromley, 453K, sat

(c). 473 < T <600 K

© White et al.,
DWhite et al.,
AWnite et al.,
X White et al.,
XWhite et al.,
O White et al.,
+ White et al.,

498 K, 4.96 MPa
498 K, 10.1 MPa
498 K, 17.2 MPa
548 K, 10.1 MPa
548 K, 17.7 MPa
573 K, 17.9 MPa
598 K, 17.9 MPa

Fic. 4. Differences between the experimental and calculated apparent molar heat capacities ghdyigCVarious temperatures and pressures.

in the very dilute region, the extrapolatdd, values for stants calculated from th8®> model are smaller than the
HCl(ag) calculated using thg®) model have a much less corresponding quantities in the speciation models. The trend
steep dependence on molality compared with those calcun Fig. 7 for L, is therefore expected. In the Holmegal.
lated using speciation models, and that ion-association cormodel, ion pairing in the dilute region was treated by intro-
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while our model simplified the treatment by assuming no ion
association of M§" with Cl~. Since enthalpy of dilution
data are not available at molalities below 0.01 rkgl'* at
T=523 K, and the ion-association constant for M@ not

mmlmolm.kg'm

Fic. 7. Relative apparent molar enthality, , of MgCl,(ag) as a function of
m*2 at P, and 20.5 MPa and at various temperatures. Dashed lines were

well known at high temperatures due to complications aris<alculated using Holmest al. model (Refs. 1 and 2 solid lines were cal-

ing from hydrolysis of Mg*(ag), determination of reliable
values ofL 4 in the dilute solutions, although needed, is be-

yond the scope of the present database.

5.0
....... Holmes et al.

40 | This study 298 K, 0.1 MPa

473K, P,

0.0 1.0 20 3.0 4.0

m"imol" kg2

Fic. 6. Values of Iny. for MgCl,(ag) at P and various temperatures as a
function of mY2 Dashed lines were calculated using Holne¢sal. model
(Refs. 1 and 2 solid lines were based on E(L1) and parameters listed in

Table 2.

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998

5.0

culated using Eq(16) and parameters listed in Table 2.

4. Discussion

4.1. Uncertainties in lon Association and
Hydrolysis Constants

lon association and hydrolysis in Mgfdg solutions
have been reported by a number of investigators at tempera-
tures greater than 523 K. Gillespa¢ al!* reported values of
K(MgCI*) from 523 to 598 K from their measurements of
enthalpy of dilution of MgCJ(ag and enthalpy of mixing of
MgCl,(ag) with HCl(ag at 10—13 MPa by a nonlinear least-
squares analysis. It has been pointed Zouthat the
K(MgCI") values derived by Gillespiet al. may not be
unigue because of the high covariance of the derived reaction
enthalpy and the small equilibrium constant values when de-
termined simultaneously from calorimetric results. Obsil
et al*® also derived values df (MgCI™) from 369 to 573 K,
which seem to be consistent with those of Gillespteal.
However, theilK values were obtained based on the assump-
tion that the activity coefficient of the MgClion pair is the
same as that of NaCl, and the mean-activity coefficient of
MgCl, in their calculation was obtained from the earlier
isopiestic data of Holmest al®® which were questioned by
Emonset al® and were superseded by later wérkhus, the
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on Eq.(17) and parameters listed in Table 2.

Fic. 9. Apparent molar volume/,,, of MgCly(ag) as a function oin*? at

P, and 30 MPa and at various temperatures. Dashed lines were calculated
using Holmeset al. model,(Refs. 1 and 2solid lines were calculated using

K values reported by Obsit al. may be less reliable. Sac- Ed.(18) and parameters listed in Table 2.

cocia and Seyfried determined values df(MgCI™) from

their solubility measurements for the assemblage

(talc+quartz) in the temperature range 573-673 K at 5(298—873 K, and obtained equations f&(CaCl") and
MPa using an iterative approach that gave the best fit of th&(MgCI™) valid from 673 to 873 K, assuming no hydrolysis
experimental fluid compositions. The derivation of the assoof C&" and M¢*. Holmeset all? used a differenK equa-
ciation constant from solubility measurements requires estition based on the ionization constants from Frantz and Mar-
mation of activity coefficients for the various species as-shall in the fitting of the high-temperature, low-molality en-
sumed to be present. When the association constant is smathalpy of dilution results for CaGlag, MgCl,(ag, and
the derivedK values are highly dependent on the assumedther alkaline earth metal chlorides. But their equation has
functional form of the nonideal behavior for activity coeffi- been tested through fitting to experimental results only to
cients, i.e., derived values depend strongly on the activity 523 K, and at 523 KK values calculated from their equation
coefficient model. Consequently, the determination of equiare about 0.5 log unit lower than those of Gillespteal. and
librium constant values for a specific reaction from measurei.0 log unit higher than those extrapolated from Frantz and
ments in mixed electrolyte solutions is often ambiguousMarshall. These differences become larger as temperature
model dependent, and probably not meaningful. Frantz andecreases. Also, values K{MgCl™) obtained by Gillespie
Marshalf® measured the electrical conductiviies of et al, Obsil et al, and Saccocia and Seyfried are consider-
CaCh(ag and MgCk(ag) solutions in the temperature range ably higher than both Holmest al’s and those extrapolated
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from the equation given by Frantz and Marshall. Thus, largegiven dilution. Quantitative representation of these compet-
uncertainties exist in the association constant for the ion paiing effects requires the application of a fully speciated model
MgCI* at high temperatures. for the mixed electrolytéMgCl,+HCI}(ag which is beyond
Hydrolysis of M¢* ion in high-temperature aqueous so- the scope of the available experimental results. Using any
lutions has been studied by Walthkfrom 573 to 873 K and assumed association constants to explicitly express the ion
hydrolysis constants were determined from their solubilityassociation could result in unnecessary complexity intro-
measurements. It was indicated that MgOidn is dominant  duced by the assumption of additional species of ambiguous
over Mg" at T>633 K at 100 MPa. Browret al.’2 used  molalities; therefore we prefer to use an alternate and simpler
potentiometric titration in a study of hydrolysis of ¥ig  description of the thermodynamic properties. The model pre-
from 333 to 473 K and determined formation constants ofsented here thus represents a workable approximation for the
Mg(OH),(s) in 0.1 and 1.0 mokg ! NaCl media. Palmer behavior of these solutions at high temperatures which rep-
and WesolowsiF also made potentiometric measurementsresents the widest set of available results with minimal as-
and derived values for the first hydrolysis constants of thesumptions concerning the speciation of the solutes in solu-
Mg?* ion from 273 to 523 K. Using the hydrolysis constants tion.
obtained in their own study and those reported by Walther at

higher temperatures and pressures, Palmer and Wesolowski 4.2. Relationship to Solid Properties
obtained an equation representkiMgOH") to 823 K with ) _ )
the uncertainty being claimed to be 0.5 log units. The properties of MgGlhydrates, MgGl- nH;0O, in equi-

The thermodynamics of Mgghg solutions at high tem- Iibriym with saturated solutions are rglated th(c_)ugh the ac-
peratures are challenging due to the simultaneous existen&lities of MgCl, and of HO at saturation molalities by Eq.
of ion association and hydrolysis of ¥ig It has been
pointed ouf® that the ion-association constants obtained AGP°
without considering the hydrolysis of Mg need to be modi- ~ — g =vm N My+vx Inmy+viny.+nina,, (36
fied to take account of MgOH This appears to be the same
in the reversal case, i.e., the hydrolysis constants derivehereAG’ is the Gibbs free energy change for the dissolu-
without taking account of ion pairing at elevated tempera-ion reaction
tures need to be re-evaluated. M, X, -nH,0=vyM*ZM+ 1 X~ Zx+nH,0, (37)

In the initial stage of this study, we introduced the param- Mo
eter8® to account for ion association in the dilute region atwhere my, and my represent molalities of the cation and
high temperature®. However, inclusion of this parameter anion, respectively, in saturated solution, aggds the activ-
did not seem to improve significantly the results of our glo-ity of water. The calculation for MgGI6H,0 at 298.15 K is
bal fit including those in the relatively dilute range at high given by Coxet al.”* Substitution of our present values for
temperatures T>>523 K), such as the enthalpy of dilution the activity and osmotic coefficients would make no signifi-
results of Simonsomet al!? The dilution enthalpy measure- cant change. But even at 298.15 K thermodynamic proper-
ments of Simonsoret al? in 0.02 molkg ™! HCI solution  ties, such as the enthalpy and Gibbs free energy of the dis-
are essentially consistent with the assumption of completgolution reaction for the solid Mg&InH,O, have large
dissociation of MgCJ, extending to low molalities. How- uncertainties. Coxt al. found that much more accurate val-
ever, their further results in more concentrated acid solutio/es for the standard-state enthalpies and free energies of for-
(0.05 motkg ™ HCI) show a marked departure which is not mation of Mg*(ag) can be obtained via MgS@BH,O and
consistent with a simple mixing effect. Two effects, both Mg(OH),. At higher temperatures, the uncertainties for
arising from ion pairing, contribute to the observed enthalp-Standard-state dissolution properties of the solid hydrates of
ies of dilution in these mixed solutions. Hydrochloric acid, MJCl are even greater; hence, they are not useful sources of
which is known to associate relatively strongly at highvalues of the activity and osmotic coefficients of aqueous
temperature8’ becomes increasingly ion paired as the dilu-MJCl,. Instead, the present results could be combined with
ent stream is mixed with the Mggstock solution. This ef- solubility data to give new estimates for the solid properties.
fect is endothermic, and effectively decreases the observed
(exothermig enthalpy of dilution. Concurrently, MgClion 5. Acknowledgments
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