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Volumetric Properties of Aqueous Sodium Hydroxide from 273.15 to 
348.15 K 

John M. Slmonson' and Robert J. Rythert 
Chemistry Division, Oak Ridge National Laboratoty, Oak Ridge, Tennessee 3783 1 

Densltles of aqueous sodlum hydroxide solutlons were 
measured wlth a vlbratlng tube denslmeter from 0.06 to 
25.2 mobkg-l at temperatures from 278 to 318 K and 
pressures from 0.7 to 34.4 MPa. Values of the apparent 
molar volumes V4 calculated from the measured densltles 
are compared wlth available llterature results at slmllar 
expertmental condltlons. The V# are correlated as 
functlons of temperature, pressure, and composttion wlth 
the volumetrlc form of the Ion lnteractlon model to 
moderately hlgh molalltles; an arbltrary power series In 
ml'* Is used at hlgher molalltles. Specific volumes of 
NaOH(aq) are tabulated at smoothed temperatures, 
pressures, and molalltles. Standard-state partlal molar 
volumes, expanslvttles, compressibllltles, and heat 
capacltles calculated from the treatment are consistent 
wlth the reactlon thermodynamlc propertles of water and 
avallable values for NaCl(aa) and HCltaa). 

I ntroductlon 

The volumetric properties of aqueous base solutions are of 
interest in a number of industrial and geochemical applications. 
A knowledge of the density and compressibility of NaOH(aq) is 
required to analyze the results of other thermodynamic mea- 
surements, including flow calorimetric experiments. The high 
solubility of sodium hydroxide in water presents a severe test 
of the range of applicability of semiempirical representations 
of solution densities. I n  the present work a vibrating tube 
densimeter was used to determine densities of NaOH(aq) to 25 
mobkg-' at temperatures from 278 to 318 K and pressures 
from 0.7 to 35 MPa. These results are compared with other 
available density measurements. A consistent set of the 
available results is treated with the ion interaction model through 
the upper molality limit of applicability. An arbitrary power 
series in m ' I 2  is fitted to the results at higher molalities. Smooth 
values of volumetric properties calculated at regular intervals 
in temperature, pressure, and composition are tabulated. As 
a check of the consistency of the treatment, the reaction 
thermodynamic properties for the ionization of water are cal- 
culated with the standard-state partial molar quantities for 
NaOH(aq) obtained in this work. 

Experlmental Sectlon 

Eleven solutions were prepared by weight dilution of 50% 
analytical grade NaOH(aq) (Fisher Sclentlflc). Final molalitles 
of the diluted solutions ranged from 0.06 to 25.2 mol-kg-'. 
Solutions were handled In argon atmosphere and stored under 
argon in high denslty polyethylene bottles to avoid contamination 
by atmospheric COP. Addltlon of barium hydroxide to a 1 
mol-kg-' solution gave no indication of carbonate contamination. 
All base solutions were standardized to better than f0.1% by 
titration with standard hydrochloric acid. 

Relative densltles were measured wlth a vibrating tube den- 
simeter with a stainless steel u-tube (Mettler-Paar Model 512). 
Measurements of the period of vibration were within f 1 ppm. 
The cell was thermostated with a refrigerated circulating bath. 
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The bath temperature and the temperature of the vibrating tube 
mounting block were measured to fO.O1 K with calibrated 
platinum resistance thermometers. Pressures were generated 
with a hand-operated pump (HIP Equipment Co.) and measured 
to fO.O1-MPa precision with a compensated Bourdon tube 
pressure gauge (Ashcroft Digigage). 

Calibrations of the densimeter were performed frequently 
with deionized distilled water and 5.000 mobkg-' NaCl(aq) ref- 
erence fluids. Densities of water at experimental conditions 
were calculated from the equation of state of Haar, Gallagher, 
and Kell(1); densities of the reference NaCNaq) were calculated 
from the low-temperature ion interaction representation given 
by Rogers and Pitzer (2). The accuracy of these reference 
density values is taken to be within 100 ppm over the tem- 
perature and pressure ranges of interest here. 

At a given temperature, the vibrating tube was filled with 
water and the period measured at three pressures (0.7, 20.7, 
and 34.4 MPa). This calibration series was repeated with 
standard NaCl(aq), followed by measurements on the NaOH(aq) 
solutions. Repeat calibrations were carried out at regular in- 
tervals (about 4 h between calibrations) to ensure against drift 
or shifting of the oscillator frequency over time. Replicate 
measurements indicated experimental precision within 100 ppm 
in the relative density. 

Results and Model Equatlons 

The measured frequencies of the vibrating tube give the 
relative densities of NaOH(aq). These values were used with 
the equation of state for water of ref 1 to calculate the apparent 
molar volume V4 through 

where p is the solution density, po is the density of water, M2 
is the formula weight of the solute, and m is the molality. 
Values of V, are listed in Table I .  

The ion interaction treatment of electrolyte solution thermo- 
dynamics developed by Pitzer (3) has been applied to a wide 
variety of experimental results over broad ranges of tempera- 
ture, pressure, and solution composition. Of particular interest 
in this work is the pressure derivative form of the model, giving 
a parametric equation for the apparent molar volume. The 
equations have been used by Rogers and Pitzer (2 )  in their 
correlation of the available volume data for NaCl(aq). Pabalan 
and Pitzer (4) recently applied this treatment to the apparent 
molar volume data for NaOH(aq) to 623 K at saturation pres- 
sure. A more limited temperature range is considered here, and 
the results in high and low molality ranges are treated sepa- 
rately in order to obtain a more accurate representation of the 
available results at low molalities near ambient temperature. 
Apparent molar compressibilities K# calculated from the V# 
values at high pressures are fitted consistently with literature 
values determined from sound-speed measurements. 

The ion interaction expression for the apparent molar volume 
is 
V #  = 

V o 2  + L J ~ Z M Z X I A V ~ ( I )  + 2v,vxRT[mBV + m2(u,.,zM)CV] 
(2) 

where u, vM, and vx are the number of ions, cations, and anions, 
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Table I. Measured ADDarent Molar Volumes of NaOH(aa) 
m l  277.73 287.74 297.26 307.74 317.48 

(mol-ke-’) K K K K K 

0.0601 
0.1005 
0.2025 
0.4937 
1.0202 
2.0303 
4.0570 
6.0890 

10.1434 
15.2540 
25.0202 

0.0601 
0.1005 
0.2025 
0.4937 
1.0202 
2.0303 
4.0570 
6.0890 

10.1434 
15.2540 
25.0202 

0.0601 
0.1005 
0.2025 
0.4937 
1.0202 
2.0303 
4.0570 
6.0890 

10.1434 
15.2540 
25.0202 

V ,  at 0.69 MPa 
-8.539 -6.591 -5.091 
-7.536 -6.131 -4.850 
-7.491 -5.557 -4.290 
-6.413 -4.721 -3.568 
-5.068 -3.470 -2.540 
-2.748 -1.630 -0.678 
0.372 1.115 1.714 
2.618 3.198 3.545 
5.843 6.258 6.508 
8.638 8.949 9.142 

11.768 12.028 12.151 

V ,  at 20.68 MPa 
-6.353 -4.713 -4.532 
-5.284 -4.278 -3.735 
-5.445 -3.860 -3.110 
-4.589 -3.150 -2.246 
-3.455 -2.091 -1.315 
-1.348 -0.410 0.382 

1.461 2.084 2.588 
3.502 3.992 4.279 
6.467 6.823 7.037 
9.075 9.347 9.515 

12.030 12.264 12.375 

V,  at 34.47 MPa 
-4.282 -2.357 
-3.648 -2.387 
-3.934 -2.360 -1.908 
-3.358 -2.014 -1.279 
-2.362 -1.116 -0.471 
-0.440 0.388 1.097 
2.163 2.702 3.165 
4.070 4.489 4.753 
6.867 7.180 7.378 
9.353 9.594 9.755 

12.196 12.409 12.518 

-5.597 
-4.557 
-3.956 
-2.939 
-1.869 
-0.179 

2.090 
3.924 
6.696 
9.290 

12.261 

-3.443 
-2.783 
-2.322 
-1.611 
-0.659 
0.878 
2.943 
4.637 
7.201 
9.649 

12.478 

-6.592 
-4.239 
-2.592 
-1.215 
-0.091 

1.459 
3.459 
5.074 
7.518 
9.869 

12.608 

-5.047 
-4.053 
-3.268 
-2.325 
-1.378 
0.183 
2.350 
4.101 
6.858 
9.427 

12.381 

-3.631 
-2.669 
-2.009 
-1.102 
-0.266 

1.163 
3.152 
4.771 
7.351 
9.779 

12.595 

-3.210 
-1.976 
-1.273 
-0.372 
0.424 
1.784 
3.663 
5.200 
7.665 

10.003 
12.730 

respectively, zM and z x  are the ionic charges, and A, is the 
limiting slope for the apparent molar volume as defined by 
Bradley and Pitzer (5). The partial molar volume at infinite 
dilution is vo2, R = 8.31441 cm3-MPa.K-’.mol-‘, and Tis the 
absolute temperature. The limiting law function is given by 

h ( ~ )  = In (I + b~”* ) /2b  (3) 

with b = 1.2 kg1’2-mol-’’2. The volumetric second virial coef- 
ficient is a function of ionic strength given by 

Bv = + 2pCi)v[1 - (1 + aZ1’2) e ~ p ( - a Z ” ~ ) ] / a ~ I  (4) 

The coefficient CY = 2.0 kg1’2.mol-”2, and the interaction pa- 
rameters are 

p v  = ( a p / a p ) ,  (5a) 

p w  = (a$’’/ap )T (5b) 

2cv = (dC,/dp), (5c) 

where d is the third virial parameter for the osmotic coefficient. 

Review of Llterature Data 

A number of investigators have measured the density of 
NaOH(aq) at 0.1 MPa in the temperature range from 273.15 to 
348.15 K. Akerlof and Kegeles (6), Hitchcock and McIlhenny 
(7), and Hayward and Perman (8) measured densities with 
borosilicate glass pycnometers. Millero, Hoff, and Kahn (9) 
measured p - p o  with a magnetic-float densimeter. Hershey, 
Damesceno, and Millero ( lo ) ,  Allred and Woolley ( 7 7 ) ,  and 
Roux, Perron, and Desnoyers ( 72) have measured p - p o  using 
vibrating tube densimeters, and Herrington, Pethybridge, and 
Roffey ( 73) reported densities obtained with a titanium dilatom- 

eter. For consistent incorporation into the set of results used 
in the data analysis, reported densities or density differences 
were converted to V, values by use of eq 1 and the equation 
of state for water of reference 1. Weights were assigned to 
the V, values based on the estimated uncertainty of the ex- 
perimental values propagated through eq 1. 

A series of isothermal least-squares fits of eq 2 to the data 
was carried out as a check of the consistency of the various 
sets of results. The ion interaction treatment has the form of 
a virial equation in the interaction parameters, with corre- 
sponding limitations to its application at very high molalities, and 
was applied only to those results below 8.5 mol.kg-‘. The more 
recent studies show good internal precision in the dependence 
of V, on molality; the differences between sets of results are 
often significantly larger than the apparent uncertainties in a 
given set of values, particularly at low molalities. These dif- 
ferences lead to variation of as much as f2  cm3-mol-‘ in 
values of Po2 calculated by extrapolation of the individual sets 
of results to infinite dilution. Results of the more recent studies, 
including this work, were weighted according to the estimated 
uncertainty in the reported values. The older data of ref 6-8 
were given reduced weight in the analysis due to observed 
systematic differences in V, values as discussed below. 

The variation with temperature of V, was accounted for by 
assigning a temperature dependence to the parameters of eq 
2: 

Q = U ~ , Q  + u ~ , O / ( T -  227) + ~ 3 , 0 T +  u,,0T2 (6) 

where Q is Po2, Po)’, pi),, or 2Cv and the u , , ~  are adjustable 
parameters. Values of the optimized parameters are listed in 
Table 11. Rogers and Pitzer (2) found that the $‘)v parameter 
was not needed in their analysis of the volumetric data for 
NaCHaq). Pabalan and Pitzer (4) also found that this parameter 
was not necessary in their recent treatment of the results for 
NaOH(aq). Here the coefficient was found to be defined sta- 
tistically and was retained. 

A series of plots of the residuals of fitting V, values with eq 
2 and 6 are shown at various temperatures in Figure 1. The 
standard error of the fit was 0.2 cm3-mol-‘, with most of this 
error due to disagreement of the various sets of results rather 
than lack of precision of a given set of values or a systematic 
deviation in the fi. The data of Millero, Hoff, and Kahn (9) and 
of Hershey, Damesceno, and Millero (70), which show excellent 
internal precision and extend below 0.1 mobkg-l, should es- 
sentially determine the values of Po2 at the temperatures 
studied by these workers. The residual plots of Figure 1 show 
that these values extrapolate to significantly different intercepts 
from other sets of results except at 298.15 and 308.15 K. A 
plot against temperature of Po2 values determined from iso- 
thermal fits of the data of ref 9 and 70 show a much sharper 
maximum at lower temperature (near 318 K) than is consistent 
with the results at higher temperatures, and show deviations of 
about 1 cm3.mol-’ from a smooth temperature dependence. 
These low concentration values have been retained in the data 
analysis, although the reason for the systematic deviation of 
these results from other studies is not clear. 

Values of V, taken from Akerlof and Kegeles (6) show 
systematic differences from the more recent sets of results. 
The results of Hitchcock and McIlhenny (7) and of Hayward and 
Perman (8) are somewhat more scattered than those of Akerlof 
and Kegeles but have a similar systematic behavior in the fit 
residuals. These older sets of values were retained in the 
recent fit of Pabalan and Pitzer ( 4 ) ,  but the reported standard 
fit deviations were large. The temperature range of interest is 
much smaller in the present study, and the molality range has 
been limited in an effort to obtain the most accurate repre- 
sentation consistent with the body of results available. Thus the 
older results, all carried out in corrodible borosilicate glass 
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FI ure 1. FR residuals 6Vm = Vm(caicd) - V,(obsd) from fit of 0.1-MPa results to eq 2 at temperatures shown. 0, this study; 0, ref 12; A, 
ref 70; V, ref 13; A, ref 9 ;  0, ref 7 7 ;  0, ref 6; I, ref 7; e, ref 8 .  

pycnometers, have been given reduced weights in this analysis. 
I t  is apparent from Figure 1 that the internal precision of the 

experimental resutts of this study is not as good as that of some 
of the other recent studies. This increased scatter in the results 
may be attributed at least in part to difficuttles In controlling the 
temperature of the vibrating tube cell using a circulating water 
bath. 

For solution densities near 1 g . ~ m - ~  the error in the relative 
density 6p is approximated by 

(7) 

The largest errors in the relative density are near f 1000 ppm; 
this maximum is in the range of 3-6 mobkg-l at all tempera- 
tures. Within this level of accuracy, specific volumes of 
NaOWaq) calculated from the fitted V, results are listed in Table 
111. 

6p = 6V,/(40 + 1000 /m)  

Results at Hlgh Molalltles 

Values of V# obtained in this study extend to near 25 mol. 
kg-'; Akerlof and Kegeles (6 ) ,  Hayward and Perman ( 7 ) ,  
Hitchcock and McIlhenny (8) ,  and Roux et ai. (72) also report 
results above 8 mol-kg-l. The ion interaction treatment may 
be extended to include higher power terms in the molality, as 
demonstrated in the work of Holmes et ai. (74) and of Ana- 
thaswamy and Atkinson (15) in modeling the thermodynamic 
properties of HCl(aq) and CaCl,(aq), respectively, to high ionic 
Strengths. In  the present case, this extension of the model is 
less satisfactory. The tendency of high-order power series to 
oscillate through a set of results is well-known. Most of the 
available densities at high molalities were determined in those 
studies which show a systematic deviation from the f i  reported 
above: also, the results of this work are relatively widely spaced 
in molality above 8 molskg-l. To avoid adversely affecting the 
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fit of results at lower molalities, a different empirical equation 
has been used to represent the volumetric results at high mo- 
lalities. Akerlof and Kegeles (6) noted that their values of V 
coukl be represented with a simple linear dependence on m "< 
with different slopes at high and low molalities at a given tem- 
perature. A similar approach has been adopted here, where 
V, values at high molalities have been fitted to an arbitrary 
power series in m ' I 2 .  Least-squares fits of the data from 8 to 
25 mobkg-l showed that the linear dependence on m 1'2 gave 
systematic curvature in the fit residuals. This curvature was 
greatly reduced by assuming a dependence of V, on molality 
at high molalities given by 

V ,  = z ,  + z2m112 + ~ g m  

where the parameters z, are functions of temperature: 

z, = a, + b,T + c , / ( T  - 227) (9) 

The systematic difference between sets of results has been 
discussed above. Given these differences, the results of ref 
6-8 have again been given reduced weight in the least-squares 
analysis. Thus the parameters of eq 8 and 9 are determined 
almost completely by the results reported here and the highest 
molality points of Roux, Perron, and Desnoyers (72); eq 8 is 
therefore valid only from 278 to 318 K at molalities from 8 to 
25 mobkg-'. No attempt has been made to force agreement 
of the V, values at 8 mobkg-' calculated from the two fitting 
equations. Agreement of V, calculated from eq 2 and 8 is 
within f0.2 cm3.mol-' at 8 mobkg-', giving values of the spe- 
cific volume calculated from the two fits approximately within 
the fitting uncertainty of the lower molality treatment. The 
standard error of fit of the results at high molalities was 0.27 
cm3.mol-'; noting this higher error of fit of the available data, 
the last digit in the tabulated specific volumes of NaOH(aq) at 
0.1 MPa from 8 to 25 mol-kg-' calculated from eq 8 is not 
significant. 

Results at Higher Pressures. Compressibiilties 

The speed of sound in NaOH(aq) has been measured to 1 
molekg-' in the temperature range of interest by Hershey et al. 
(70), and Roux et al. (72) reported values at 298.15 K. The 
apparent molar compressibility K, of these solutions is given by 

where p and Po are the isothermal compressibilities ( l lp)  X 
(8 p l d  P ) ~  for NaOH(aq) and pure water. The adiabatic com- 
pressibility p, is related to the speed of sound w through 

P, = l / ( W 2 P )  (1 1) 

and to the isothermal compressibility by 

where cyT = (-l/pXd pldT),  and cp is the specific heat capacity 
of the solution. Values of Po, ao, and wo for water were cal- 
culated from the equation of Haar, Gallagher and Kell (7 ) .  The 
speed of sound in NaOH(aq) was calculated from measure- 
ments reported ( 10, 72) as differences in the speed of sound 
between NaOH(aq) and water AW = w - wo. 

The required values of the specific heat capacity were ob- 
tained by fitting the appropriate form of the ion interaction 
treatment to the apparent molar heat capacities Cp ,, reported 
by Roux et al. ( 72) and by Allred and Woolley ( 7 7). 

CP,, = 
C p o 2  f L'lZp,$xx(A J ~ ( Z )  + 2vMvXRT[/??BJ + m2(Vp,$~)CJ] 

(13) 

In  eq 13, BJ is related to the adjustable parameters for the 

apparent molar heat capacity flou and fll' as given for 8' in 
eq 4. The parameters epo2, flop, fll', and C J  were assigned 
the temperature dependence given in eq 6; values of these 
parameters determined by fits of the data through 6 mobkg-l 
are given in Table IV. The standard error of fit of the apparent 
molar heat capacities was 1.5 J.K-'-mol-'. 

Approximate values of K, were calculated from the results 
reported here by averaging the finite differences AV, / A p  for 
the 0.7-20.6-, 0.7-34.4-, and 20.6-34.4-MPa pressure inter- 
vals. Two equations were used to represent the molality de- 
pendence of K, . In  this case the ion interaction model was 
used over the range 0-6.5 mobkg-', and the arbitrary power 
series in m ' I 2  was fitted to the results at higher molalities. The 
appropriate equation for the ion interaction treatment is 
K #  = 

z o 2  - {VlZMZXIAKh(I) + 2 V ~ V ~ w [ m 6 ~  + m2(V&~)CK] l )  
(14) 

where A, = (dAv/dp), ,  BK = (dS'/dp),,  CK = (dC'/dp), ,  
and zo2 = -(dPo2/dp),.  Each of the composition-independent 
parameters of eq 14 was assigned the temperature depen- 
dence given by eq 6. I n  this case the second pressure de- 
rivative of the pc') parameter was not needed to represent the 
compressibiliiies. Temperatureindependent parameters needed 
to calculate the coefficients of eq 14 are given in Table V. 

Values of the parameters of the corresponding form of eq 
8 

(15) 

were obtained by fitting the apparent molar compressibilities 
above 6.5 mol-kg-l; the temperature dependence of the k, is 
given by eq 9. The parameters needed to calculate k, at the 
temperature of interest are given in Table V. As with the 
piecewise definition of the molality dependence of the apparent 
molar volume, no attempt has been made to force agreement 
of the values or composition derivatives of K~ into agreement 
near the changeover composition (6.5 mol-kg-l). Inspection 
of the plots of K, against m ' I2 at various temperatures in Figure 
2 illustrates that there are no large differences in value or slope 
of K ,  in the crossover region. A representative portion of the 
K, values calculated from the sound speed data of Hershey et 
al. (70) are also shown in Figure 2; values calculated from the 
sound speeds measured at 298.15 K by Roux et al. (72) are 
in excellent agreement with those of ref 70. 

The apparent molar compressibilities are assumed inde- 
pendent of pressure over the range considered here, leading 
to the expression for V, as a function of pressure: 

V,@) = V,(O.l MPa) - (p - 0 . 1 ) ~ ~  (16) 

Specific volumes of NaOH(aq) at 20.0 and 40.0 MPa calculated 
from eq 16 and the appropriate equations for V, and K, are 
given in Table 111. 

K, = k ,  + k2m112 + k 3 m  

Discussion 

One of the purposes of treating experimental volumetric re- 
sults at finite molalities with a model which includes the elec- 
trostatic limiting law with other terms needed at higher m d a l i i s  
is to extract values of the standard state properties. Calculated 
values of Po2, €02, and R o 2  at 0.1 MPa are listed in Table VI, 
where E o 2  is the standard-state partial molar expansivity. The 
values of E o 2  were determined here by fitting eq 14 to the K~ 

calculated from the results of Hershey, Damesceno, and Miller0 
(70) and from Roux, Perron, and Desnoyers (72), with corre- 
sponding very good agreement of the values of Table V I  with 
those given in ref 70 and with the value at 298.15 K of -7.88 
cm3-MPa-'.mol-' obtained by Mathleson and Conway (76). E o 2  
has been reported at 283.15, 298.15, and 313.15 K by Roux 
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- 

- 

- 

Table IV. Fitting Parameters for the Apparent Molar Heat Capacity of NaOH(aq) 

Ea 13: 0-6.0 m, 278.15-328.15 K, 0.1 MPa 

4.0 

0.0 

0.0 

,$O)J/ pJ/ 2CJJ 
Q (J.K-$.mol-') ( kgK-2.mol-1) (kg.K-2.mol-') ( kg2.K-2-mol-2) 
41 3.14595 X lo3 1.16508 X 10" 1.68895 X -3.24698 X lo-' 
42 -3.58904 X IO' -6.35167 X -3.24273 X 10" 1.60831 X lov3 
93 -1.43654 X 10' -6.60292 X lo4 -4.22279 X 10" 1.82581 X 10" 
4 4  1.73497 X low2 9.81818 X lo-' -2.69073 X IO4 

O 2 1  

- 

- 
318K *--* - 

Table V. Fitting Parameters for the Apparent Molar Compressibility of NaOH(aq) 

Eq 14: 0-6.5 m, 273.15-323.15 K 
8 zo2/ (cm3.MPa-'.mol-') ,9(0)K/ (~m~.kg.MPa-~.mol-') 2CK/(cm3~kg2.MPa-2.mol-2) 

0.0 

0.0 

-1.38604 
-9.39619 X lo-' 
8.16550 X 

-1.25354 X 

1.01784 X 10" 
-2.20494 X lo-' 

1.90754 X lo4 

-5.50920 X 

Eq 15: 6.5-25 m, 273.15-323.15 K 
k, / (cm3-MPa-'.mol-') k,/ (~m~.kg'/~.MPa-'.mol-~/~) ks / (cm3. kpMPa-'.mol-*) 

-2.37890 X lo-' 
4.96112 X lo4 

Table VI. Standard-State Volumetric Properties for 
NaOH(aq) at 0.1 MPa 

278.15 -8.387 
288.15 -6.739 
298.15 -5.595 
308.15 -4.807 
318.15 -4.292 
328.15 -3.999 
338.15 -3.896 
348.15 -3.962 

19.8 -10.3 
13.6 -8.93 
9.48 -7.90 
6.41 -7.17 
3.98 -6.73 
1.94 
0.16 

-1.45 

et al. and may be calculated at various temperatures by dif- 
ferentiation of the equations for Po2 given by Hershey et at. and 
by Pabalan and Pitzer (4). The values calculated from the 
treatment given here agree within 1.5 cm3.K-'.mol-' with those 
of Pabalan and Pitzer through 318.15 K, with the difference 
increasing to 3.5 cm3.K-'-mol-' at 348.15 K. Agreement with 
the values given by Roux et at. is excellent at 298.15 and 
313.15 K and within 5 cm3.K-'.mol-' at 283.15 K. Differentia- 
tion with temperature of the two equations for Po2 given by 
Hershey et at. gives E o 2  higher than those in Table V I  by more 
than a factor of 2 at 278.15 K, with better agreement at higher 
temperatures. This difference is clearly due to the larger 
negative values of Po2 at low temperatures obtained by Her- 
shey et at. 

The Po, values reported by various investigators fall within 
a range of about f l  cm3-mol-' over the temperature range 
considered here. Agreement of the Po2 of Table V I  with those 
calculated by Allred and Woolley ( 7 7 )  at 283.15, 298.15, and 
313.15 K is within f0.2 cm3-mol-'; at 298.15 K Po2 of Table 
V I  is 0.35 cm3-mol-' more negative than the value given by 
Hepler, Stokes, and Stokes (77). The values reported here are 
more negative at all temperatures than those calculated by 
Herrington et at. (73), with a difference of about 0.7 cm3.mol-'. 
The residuals of fitting the results of ref 73 were never as large 
as the differences in V o 2 ;  the small fit errors to these data 
coupled with the relatively high lower molalii limit of the results 
(0.5 m) lead to the noted difference in the standard-state vol- 
ume. The intercepts calculated by Roux, Perron, and Des- 
noyers (72) cut through the present set of values, being more 
negative by 0.4 cm3.mol-' at 277.15 K and 0.6 cm3.mol-' less 
negative at 313.15 K. The large differences in E o 2  determined 
in this study from those calculated from the treatment of Her- 
shey, Damesceno, and Millero (70) are reflected in the stand- 

5.56269 X lo-* -2.34474 X 
-9.42947 X low5 
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Flgure 2. Apparent molar compresslbilities from A, ref 10; 0, this 
study. SolM curves calculated from eq 14; dashed curves calculated 
from eg 15. 

ard-state volumes, where the volumes of ref 70 are about 1 
cm3.mol-' more negative at 273.15 and 348.15 K and 0.8 
cm3.moI-' higher at 298.15 K. The present values lie about 0.5 
cm3.mol-' below those calculated by Pabalan and Pitzer from 
273.15 to 308.15 K, but do not drop as steeply at higher tem- 
peratures, and are less negative by 0.3 cm3.mol-' at 348.15 
K. On the basis of the differences between sets of results as 
described above, the accuracy of Po2 at 0.1 MPa in this tem- 
perature range is estlmated to be f0.5 cm3.mol-'. 

One application for the standard-state values detailed above 
is in calculating reaction thermodynamic properties in aqueous 
solution. Standard-state properties of NaOH(aq) may be com- 
bined with those for NaCl(aq), HCl(aq), and H,O to give the 
reaction thermodynamics for the ionization of water 

AYo = Po2(NaOH) + Po2(HCI) - Po2(NaCI) - Y0(H20) 
(17) 

In the present case, the AYo for Y = V, E, K, and Cp may 
be calculated from eq 17 and the results of this study for 
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E expansivity 
Z ionic strength 
v, ' apparent molar volume, heat capacity, compressi- 

C, ,, , bility 

NaOH(aq), combined with those of Haar et al. ( 1 )  for H20, 
Pitzer, Peiper, and Busey (18) for NaCl(aq) and Hershey et al. 
(10) and Holmes et al. (14) for HCl(aq). AVO and ACP0 
calculated from eq 17 at 273.15, 298.15, and 323.15 K agree 
with those given by Sweeton, Baes, and Mesmer (19) within 
their estimated uncertainties, except for ACPo at 298.15 K 
where the calculated value of -213.6 J.K-'-moT1 compares with 
a' value of -231 f 6 from Sweeton et al. These authors in- 
cluded results over a very wide temperature range (to 573.15 
K), and the more recent heat capacity results were not available 
at the time of their analysis; these factors result in the relatively 
large discrepancy noted at 298.15 K. The AVO of -22.51 
cm3*mol-' calculated from eq 17 at 298.15 K and the heat 
capacity change given above are in good agreement with the 
values ACPo = -215 J.K-'"or' and AVO = -22.10 cm3.moI-' 
selected in the critical review of Hepler and Hopkins (20). Gwen 
the very close agreement of izo2 values of this work with those 
of Hershey et al., the differences in AKO calculated from the 
two representations for the NaOH(aq) properties are negligible. 
Taking Into account the relatively large uncertainties estimated 
for the standard-state properties calculated from the treatment 
reported here, the more important contribution of the present 
study is in the measured values at high concentrations rather 
than as a source of significantly improved values of standard- 
state thermodynamic properties. 
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Glossary 
ak , bk,  temperature-independent fit parameters for power 

series 
parameter of ion interaction model 
specific heat capacity at constant pressure 
molality-independent parameters of power series fR 
solution molality 
pressure in MPa 
temperature-independent fit parameters of ion in- 

limiting slopes for apparent molar volume and com- 

ion interaction coefficients 

teraction model 

pressibility 

standard-state partial molar volume, heat capacity, 
compressibility 

parameter of ion interaction model 
solution thermal expansion coefficient 
molality-independent coefficients of ion interaction 

isothermal and adiabatic compressibility coefficients 
fit residual V,(calcd) - V,(obsd) 
densities of solution and water 
speed of sound in solution and in water 

model 

Regletry No. NaOH, 1310-73-2. 
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