
274 J. Chem. Eng. Date 1985, 30, 274-276 

Molar Volumes of the M e n  NaN0,-KN0,-NaNO, System 

Junlchl Mochhaga,' Katuo IgarasM, and Yawhlko Iwadate 

Department of Synthetic Chemlstty, Faculty of Engineering, Chiba University, YayoKho, Chlba 260, Japan 

The mdar volumes of the molten ternary 
NaNOs-KNOs-NaN02 system have been measured 
dlIatometricaUy under aknorpherk pr.rwre. The molar 
volumes are represented by emplrkal formulas as 
functlono of ta"&re and mole fractkn. The smoothed 
equatkn tor meiten NaNO, (7 m/o)-KNOs (44 
m/o)-NaNO, (49 m/o) mixture, called HTS, Is expressed 
as V,  = 34.63 + 1.885 x io-2r. 

Introdudlon 

Knowledge of molar volumes is often necessary for experi- 
mental and theoretical considerations on transport properties 
and structural information. A number of molar volume data 
have been reported by many authors ( 7 ) .  In  recent years, 
interest has been focused on various alkali-nitrate mixtures In 
the molten state as good heat storage materials (2 )  because 
of their low melting pdnts and chemical stabHlty over interme- 
diate temperature range ca. 400-700 K. 

As the molar volumes of these molten mixtures do not al- 
ways hold the addlthrity, the molar volume measurements of the 
molten alkali-nitrate and alkali-nitrite mixtures are needed to 
be carried out, the data being represented by the empirical 
polynomial formulas. I f  the densities are necessary, they can 
be obtained from dMding the averaged mdecular weight by the 
corresponding molar volume. 

The diiatometer technlque is most suitable for the molar 
volume measurement of molten mixture because the compo- 
sition change of the molten mixture due to vaporization of the 
component is very small. 

Experimental Sectlon 

Chemkak. The salts NaNO,, KNOB, and NaN02 used were 
of reagent grade. These salts were dried at a temperature 
lower than the melting poht of each by 50 K In vacuo for about 
10 h. Prim to the measurement it was confirmed by uttravldet 
spectrophotometry (3) that there were virtually nelther NO3- in 
NaNO, nor NO2- in NaN03 and KNOB. The composition of the 
melt was determined by accurately welghhg out the component 
salts, which remained unchanged during the experimental run. 

M a r  Volume Measurements. A transparent dilatometer 
made of quartz was employed. The schematic diagram of the 
apparatus is shown in Flgwe 1. The so-called "gold furnace" 
was used to heat the samples. This was made of concentric 
dual tubes of transparent quartz, and the external diameters of 
inner and outer tubes were 61 and 110 mm, respecthrely. The 
thickness of both tubes was about 2 mm. and the lengths of 
inner and outer tubes were 610 and 508 mm, respectively. As 
illustrated in Figure 1, a Kanthal wire heater has been wound 
noninductively on the outskle surface of Inner tube, and on both 
edge parts of this tube the heater has been wound closely to 
ensure unlform temperature distribution in this furnace. On the 
inslde surface of outer tube a thin goid film has been adhiblted 
to reflect the radiant heat. The meniscus of molten mixture In 
a dilatometer can be read through this gold film wlth a cathe- 
tometer. Since the thermal expansion coefficient of quartz is 
quite small, viz., 5.5 X IO-' K-' (4 ) ,  calibration runs were 
performed using distilled water. The error caused by thermal 
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Table I. Molar Volume Equations of Molten Binary 
Mixtures 

NaN0,- NaNOs- KNOS- 
system KNO," NaNOf NaNOt 

a0 0.383453+02 0.293263+02 0.293263+02 
a1 -0.182403+01 0.666553+01 0.163913+02 
0 2  -0.300683+01 -0.3386'73+01 -0).11112E+02 
a3 0.283853+00 0.119333+01 0.374003+01 
bo 0.25853E-01 0.157653-01 0.15765E41 
bl -0.109993-01 -0.928'72343 0,21244342 
b2 0.341573-02 0.56747E-02 0,63716342 
b3 0.13252E-03 -0.210833-02 0.159223-02 
U 0.60973-01 0.55833-01 0.13053+00 

min temp, K 523.2 503.2 413.2 

" The italicized species refers to the key component correspond- 
ing to the mole fraction in the empirical formula. The maximum 
temperature in the measurements (723.2 K) is common for every 
system. The notation E represents an exponential function with a 
base 10, Le., 3-01 = lo-'. See also Tables I1 and 111. 

expansion was estimated to be 0.05% at most. 

exptl point 129 143 178 

Results and Dlscumlon 

€st&natlon of Uncertahfy. In  order to indicate the uncer- 
tainty In the present work, comparisons were made among the 
recommended values and the measured ones for three pure 
melts. Here, the uncertainty Is deflned as a percent departure 
(pd) in the form 

pd = 100 X (experimental value - 
recommended value)/recommended value 

At 673 K, the uncertainty for NaNO, (5), KN03 (6), and NaNO, 
( 5 )  was found to be +0.16%, -0.22%, and +0.29%, re- 
spectively. Similar trends in pd were observed over the mea- 
sured temperature ranges. This means that the dilatometry is 
reliable enough to evaluate the molar volume of molten salt, 
although the Archimedean method has been utiiiied presently. 

*ary Systems. When x, y ,  and L represent the mole 
fractions of NaNO,, KNO,, and NaNO, in the binary mixtures, 
the mdar volumes of the molten mixtures are glven in the 
following forms: for NaN0,-KNO, and NaN03-NaN0, systems 

V ,  = Ea# + ( C ~ # ) T  
3 3 

n -0 n 1 0  

for KN0,-NaNO, system 

where V ,  is the molar volume of molten binary mixture in cm3 
mol-', an and bn the smoothed parameters, and Tthe absdute 
temperature. At first, the parameters a and 6 0 were deter- 
mined at x = 0, and the sums a.  + a, + a 2  + a ,  and b o  + 
b + b , + b3 were obtained at x = 1. Next, the other indi- 
vidual parameters were calculated by the method of least 
squares. The results for molten binary NaN0,-KNO, NaN- 
O,-NaNO,, and KN0,-NaNO, systems are listed in Table I, in 
which the key components as variables in the molten mlxtures 
are specified. 
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Table 11. Molar Volume Equations of Molten Ternary Mixtures along the Lines AA, 
NaNOa- NaN0,- NaN03- NaNOs- NaN03- NaN0,- NaN0,- 

(KNO3(O.85)- (KNOa(O.70)- (KNOg(O.57)- (KNOs(O.475)- (KNOa(O.455)- (KNOa(O.30)- (KNOa(O.15)- 
system *NaN02(0.15)) *NaN02(0.30)) *NaN02(0.43)) *NaN02(0.525)) *NaN02(0.545)) *NaNO2(o.70)) *NaN02(0.85)) 

AA1 
0.378943+02 
-0.153383+01 
-0.527583+01 
0.271413+01 
0.226983-01 
-0.470203-02 
-0.975183-03 
0.138243-02 
0.10253+00 

A A 2  
0.365923+02 
0.291123+01 
-0.185053+02 
0.127993+02 
0.20710E-01 
-0.402633-02 
0.777123-02 
-0.605233-02 
0.20183+00 

A.43 
0.355343+02 
-0.182853+01 
0.167493+01 
-0.158253+01 
0.196433-01 
-0.283933-03 
-0.399943-02 
0.304353-02 
0.10233+00 

min temp, K 483.2 463.2 443.2 
exptl point 179 184 190 

. c  

Flgwo 1. Dilatometer and support assembly: (a) quartz dilatometer, 
(b) ~Hlca Rber shield, (c) gokl-adhlbited tube, (d) Central heater 
(e) guard coli, (1) light source, (9) thermocouple, (h) cathetometer. 

Tsmary System. When X, Y ,  and Z are the mole fractions 
of *NO3, KNO, and *NO2 in the molten ternary mixture, the 
molar volumes of the mixtures shown by lines AA, and BB, in 
Figure 2 are given by the same forms as those for binary 
systems: for lines AA, 

3 3 

Vm = Ca,)c” + (Cb,)c”)T 
n =O n =O 

for lines BB, 
3 

The following relations hold good among these variables: 
x + y = y + z = z + x = l  

x +  Y + Z =  1 

for lines AA, 

x = x Y = (1 - X)y z = (1 - X)Z 

X = ( l - Y ) X  Y = y  Z = ( l - Y ) z  
for lines BB, 

The parameters a, and b, were determined by a similar pro- 
cedure in the case of molten binary mixtures. The numerical 
results are tabulated in Tables I1 and 111. According to the 
empirical formulas the molar vdumes could be reproduced with 
ease and accuracy, as demonstrated in Tables I ,  11, and 111. 
Especially for ternary systems, the data were smoothed along 
the lines AA, or BB,. A similar procedure has been employed 
for the molar volumes of molten NaCI-CsCi-MnCi, by Carmi- 
chael and Flengas (7). Owing to this treatment, the same type 
of expression as utilized in binary systems could be applied to 

A& U S  4 
0.350103+02 0.345263+02 0.328003+02 0.312443+02 
-0.456043+01 
0.992683+01 
-0.657793+01 
0.187513-01 
0.414813-02 
-0.145513-01 
0.100563-01 
0.94803-01 

413.2 
178 

-0.10850E+01 
0.502093+00 
-0.162643+00 
0.187693-01 
-0.285993-03 
0.332493-03 
-0.386383-03 
0.10033+00 

463.2 
177 

0.273883+01 
-0.405733+01 
0.231613+01 
0.177313-01 
-0.166103-02 
0.59768342 
-0.364363-02 
0.54413-01 

453.2 
162 

A 

0.326923+01 
-0.150053+01 
0.785133+00 
0.165703-01 
0.116353-03 
0.328303-02 
-0.156673-02 
0.59473-01 

483.2 
154 

C A7 A6 A4 A3 A2 B 

Flgure 2. Measured points in ternary format: (A) NaN03, (B) KN03, 
(C) NaNO,. 

Table 111. Molar Volume Equations of Molten Ternary 
Mixtures along the Lines BB, 

KN03- KN03- KN03- 
(NaNOJ0.15)- (NaNOd0.30)- (NaNOJ0.45)- 
*NaNOi(O.85)) 

0.301843+02 
0.119083+02 
-0.283573+01 
-0.913373+00 
0.157573-01 
0.605533-02 
0.225293-03 
0.382053-02 
0.83593-01 

BB1 
*NaNOi(O.70)) 
BB2 
0.309153+02 
0.894923+01 
0.200083+01 
-0.351953+01 
0.160693-01 
0.900883-02 
-0.651623-02 
0.729223-02 
0.19103+00 

*NaNOi(O.55)) 

0.317583+02 
0.669653+01 
0.675793+01 
-0.686763+01 
0.163213-01 
0.979883-02 
-0.106633-01 
0.103973-01 
0.72633-01 

BBa 

min temp, K 443.2 443.2 463.2 
exptl point 154 189 186 

ternary systems, in which the molar volume deviation from the 
additivity was assumed to be very small for binary systems. 
This assumption is almost valid as can be seen from Table I .  
No attempt was made to express the molar volume of ternary 
system by a unique formula since complexity is sure to occur 
in the formula due to a lot of parameters and cross terms. The 
molar volume isotherms are shown in Figure 3. 

In  the present ternary system, the NaN03(7 m/o)-KN03(44 
m/o)-NaNOA49 m/o) mixture called “heat transfer satt” (8) Is 
the most useful in industrial aspects: it is stable over the wide 
temperature range 415-727 K. The final expression of the 
molar volume Is in the form Vm = 34.03 + 1.885 X 10-,T. 
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N a N 0 3  

(45 .08  

A46 

NaN02 KN03 
( 3 8 . 9 9 )  ( 5 4 . 2 0 )  

Flguro 3. Molar volume isotherms at 613 K; unit cm3 mol-’. The 
numerical data on pure melts are designated In parentheses. 
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Supphmentary Materlal Avallabh: All of the original data on the molar 
volume of molten NaN03-KN03-NaN0, mixtures listed in computeroutput 
format (43 pages). In this data fib, the molar volumes are expressed as 
polynomial functions of composition and temperature by a least-squares 
method. Four significant figures are given for molar volume and tem- 
perature. The units used in the file are cm3 mol-’ for molar volume and 
K for temperature. Ordering information is given on any current masthead 
page. 

Liquid-Liquid-Vapor Phase Equiltbria of the Binary System Carbon 
Dioxide + n -Tridecane 

Davkl J. Fall and Kraemer D. Luks” 
Department of Chemical Engineering, The University of Tulsa, Tulsa, Oklahoma 74 104 

The binary mlxture carbon dioxide + n-tridecane Is 
studled as a system exMbltln(l Hquid-llquid-vapor 
equlllbrla. Pressure, temperature, and mdar volumes and 
compodtkns of the two IlqUW phases are reported for a 
heretofore undetected second liquld-llquld-vapor locus, 
making this binary mixture a type I V  system in the 
classlfkatlon of van Konynenburg and Scott. Thls second 
locus extends from a lower critical end point (L = L-V) at 
310.8 K and 81.1 bar to an upper crHkai end polnt (L-L 
= V) at 313.9 K and 87.2 bar. A discdon on the 
evolutlon of the Uqulbllquid-vapor equilibria in the 
homologous series of carbon dioxide + n-paraffln binary 
mixtures ir presented. 

Introductlon 

We have undertaken a detailed study of the multiphase 
equilibria behavior of CO, + hydrocarbon mixtures. Specific 
attention has recently been directed by us to the liquid-liquid- 
vapor (LLV) phase equliibrh behavior of the homdogous series 
of binary COP + n-paraffin mbmnes. These bmry mixtwes are 
important constituent pairs in C02 + crude oli systems as en- 

countered in CO,-enhanced recovery processes. These 
“natural” multicomponent systems ( 7 ,  2) have been known to 
exhibit LLV immiscibility, and it has become apparent that hy- 
drocarbon specles of size n-heptane and larger are responsible 
for generating that immiscibility. 

LLV immiscibility has been observed in a number of CO, + 
n-paraffin binary mixtures: n-heptane (3), n-octane (4-7) ,  
ndecane (8), n-undecane (5-7), ndodecane (9) ,  n-tridecane 
(5-7, 9), n-tetradecane (9), n-pentadecane (9), n-hexadecane 
(5-7) ,  n-nonadecane (70),  n-eicosane (10,  7 7 ) ,  and n-he- 
neicosane (70). Reference 3 demonstrated that n-heptane is 
the first of the n-paraffin homologous series to exhibit LLV 
immiscibility wkh CO,, while ref 10 identified n-heneicosane as 
the highest member of the series to do so. 

I t  has been generally heid that the LLV loci in this series of 
binary mixtures has been of two types, topographically speak- 
ing. For the hydrocarbons nheptane to n-tridecane, the LLV 
locus has evolved from the solid-liquid-vapor (SLV) locus 
bounding the lowpressure end of the LV region, with its lower 
end point being a quadruple point (Q point, or four-phase point, 
SUV) and its upper end point being a critical end point with 
liquld-#quid criticality (L = L-V). Hottovy et at. (9) reported that 
a change occurs in the nature of that LLV locus between n- 
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