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Figure 2. pK, as a function of mass percent 2-methoxyethanol + 
water. 

By use of the constants A,  B, and C of the polynomials rep- 
resenting pK, as a function of T,  the standard molar thermo- 
dynamic quantities (&Go,, A$',, 4H0,) for the transfer 
process 
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Electrical Conductance of Liquid and Supercritical 
from 0 OC and 0.1 MPa to High Temperatures and 
Reduced-State Relationships 

Wllliam L. Marshall 
Chemistry Division, Oak Rhlge National Laboratory, Oak Rage, Tennessee 3783 1 

Tho electrkal conductance of llquld and supercritlcal 
water to high temperatures and pressures Is represented 
by an equation that Incorporates m e  earller observed 
trends and a newly dkovered roddciced-aiate relatlonshlp 
presented here. Cakulatlons wHh the equation are 
bdkved to dercrlbe within fl to f5% the speclflc 
conductance of llquld water at temperatures from 0 to 374 
OC and at pressures from saturated vapor pressur8 to 
1000 MPa ( I O  kbar). For supercritical water at fluld 
denrHles from about 0.3 to 1 g cm-a and at temperatures 
from 374 to 1000 OC, the uncertalntles probably will 
Increase from 5 %  to perhaps 15% at the highest 
temperatures and pressures. Some general concluslons 
on conductance behavlor are presented based on the 
observatlons. 

1. Introduction 

Reliable values of the electrical conductance of pure water 
at high temperatures are useful as background conditions for 
estimating ionic impurities by conductance measurements in 
steam cycles as well as for their fundamental value. However, 
there are only a few experimental measurements on the elec- 
trical conductance of water at high temperatures. I t  is very 
difficult to obtain and keep absolutely pure water in a contain- 
ment system at high temperatures and pressures, with the 

0021-956818711732-0221$01.50/0 

Water Evaluated 
Pressures. 

result that most experimentally determined conductances (of 
water) generally include also the conductances of the unre- 
moved (or introduced by corrosion of the containment vessel) 
electrolyte impurities. The earlier careful measurements that 
have been made are mostly at temperatures between 0 and 
25 OC at saturated vapor pressures, and these are reviewed 
in detail by Bignoid, Brewer, and Hearn (1) and by Light (2). 

There are, however, two carefully determined sets of ex- 
perimental measurements: those of Bgnold et al. ( 7 )  up to 271 
O C  and, recently, of Light up to 70 O C  (2). Although limited to 
liquid water under saturated vapor, these two sets provide es- 
sentially the only reasonably accurate, directly obtained values 
for comparing with calculated values at temperatures much 
above 25 OC by any equations that might be developed. 

The best procedure to obtaln the conductance of water is by 
an indirect method that applies (i) the extent of ionization of 
water as expressed by its ion product (K,) and (ii) the limiting 
ionic conductances of the hydrogen ion [X,(H+)] and the hy- 
droxide ion [A,(OH-)]. I f  these or their estimated values are 
available at a given temperature and pressure (or density), then 
the specific conductance of water can be calculated without 
assumptions. Its accuracy will depend upon the accuracy of 
the values of K,, X,(H+), and &(OH-) used in the calculation. 
An equation providing values of K, as a function of temperature 
from 0 to 1000 OC and pressures up to 1000 MPa is available 
elsewhere as an International Association for the Properties of 
Steam (IAPS) standard (3). The problem then is to obtain 
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m e  1. Lhitlng equivalent conductances of aqueous d u m  ddoride 
solutions vs. density, 0-800 OC. Limits of the proposed application 
up to 1000 MPa are indicated. 

values of Xo(H+) and Xo(OH-) for which the sum may be ex- 
pressed as A,(H+,oH-). There are published values of Xo(H+) 
and Xo(OH-) (4) for liquid water but only at saturated vapor 
pressures up to the vicinity of the critical temperature. Our 
present goal is to correlate available conductance measure- 
ments in quantitatively obtaining the sum of these two limiting 
conductances over a wide range of both temperature and 
pressure (or density). 

To do this, we have applied some relationships for limiting 
conductances of several electrolytes at temperatures from 0 
to 800 OC and pressures to 400 MPa, as first observed and 
interpreted in the pioneering studies of Franck (5-7) and later, 
with refinements and extensions, at this laboratory (4, 8- 78). 
These relationships are useful for extrapolating to regions where 
data do not exist. The procedure in developing an equation for 
describing the specific electrical conductance of water over a 
wide range of temperature and pressure is established by 
relating these earlier observed behaviors and some additional 
ones presented here. The resulting equation is given together 
with a comparison of its calculated values with the few directly 
measured values and the estimates of its accuracy over its 
suggested possible range of application (0-1000 OC; up to 1000 
MPa). 

2. Graphical Description and Initial Equations Applied for 
Representation of the Electrical Conductance 

There are available, in addition to the earlier classic papers 
of Franck (5- 7), several studies of the conductance-associa- 
tion behavior of aqueous electrolyte solutions at temperatures 
up to 800 OC and at pressures to 400 MPa (8-78). These 
studies show that an isothermal plot of the limiting equivalent 
conductance (A,) for a given 1-1 valence electrolyte vs. the 
density yields essentially a straight line over the experimental 
range of pressure. A further observation is that at 400-800 
OC, the values of A, for the different 1-1 valence salts fall 
essentially on the same straight line, and thus they provide 
approximately the same value of A. at an extrapolated limit of 
zero density (A,,,,). [Although presently it can be hypothesized 
that this conductance relationship will apply to very low densities 
( 70, 17), the only necessary condition here is that it applies 
over the proposed range of application.] 

Another trend observed previously is that at 400-700 OC 
values of A. for the 1-1 valence aqueous electrolyte acids HCI 
and HBr plotted against density, although yielding smaller slopes 
than for the 1-1 salts, nevertheless extrapolate to zero density 
to yield about the same value of A,, as that for the salts ( 70, 
74). [Again, whether conductances actually follow this be- 
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Flgure 2. Limiting equivalent conductances of aqueous hydrochloric 
acM solutions vs. density, 0-700 OC. Limits of the proposed application 
up to 1000 MPa are indicated. 
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Flgure 3. Limiting equivalent conductances of aqueous sodium hy- 
droxide solutions vs. density, 0-700 "C. Limits of the proposed ap- 
plication up to 1000 MPa are indicated. 

havior to the lower limit is not of consequence for application 
in describing conductances over the proposed limited ranges 
of density.] 

In the present study, we have discovered that the above- 
described isothermal straight lines for any given electrolyte 
(from the several studies referenced above) over a range of 
temperature from 100 to 400 OC appear to converge to a 
common point of high density (ph) where A. becomes equal to 
zero. [This common point of density is physically unattainable, 
but still can be applied as a constant in an equation for de- 
scribing conductances over experimentally attainable regions, 
where only relatively short extrapolations of density are re- 
quired.] Some examples of this behavior, for application here, 
are shown in Figures 1-3 by plots of the limiting equivalent 
conductances of aqueous NaCI, HCI, and NaOH ( 10, 12, 15), 
where for illustration the dashed straight lines are extended 
beyond the experimental ranges to the hypothetical conver- 
gence point. 

Figure 4 gives comparative behavior at temperatures of 400 
to 700 OC for Ao(HCI), Ao(NaOH), and Ao(NaCI). I t  shows for 
Ao(NaOH) that the straight line for its estimated behavior at 
400-700 OC, extrapolated from the straight lines in Figure 3 
describing low-temperature (0-300 "C) behavior, also produces 
about the same value of Aoo as that for NaCl and HCI at the 
high temperatures (1850 cm2 ohm-' equiv-'). Since limiting 
conductances are additive 

(1) I~,(H+,OH-) = A,(HCI) + A,(NaOH) - A,(NaCI) 
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Flgure 4. Llmitlng equivalent conductances of aqueous NaCi, HCI, 
NAOH, and [H+,OH-] at 400-700 "C plotted against density. [Included 
are values from ref 10 (MI), 72 (NaOH), and 15 (NaCl).] Limits of the 
proposed application are indicated by the continuous (undashed) lines. 

Ao(H+,OH-) must follow also a straight line relationship and 
extrapolate to the same value of Aw (at 400-700 OC), provided 
the above Observations and interpretations are correct. From 
Figures 1-3, the following equations for the straight lines taken 
to represent the behavior over the experimental ranges of 
density at 400-700 OC can be written 

Ao*(HCI) = AOO" - 500~' 

A,'(NaOH) = Aoo' - 752p" 

A,'(NaCI) = Aoo' - 1121~'  

Ao*(H+,OH-) = Aoo* - 131p" 

(2) 

(3) 

(4) 

from which by application of eq 1 

(5) 

at 400-700 "C where Aw' is taken to equal 1850. I n  eq 2-5, 
the superscript denotes dimensionless units as applied in the 
later equations. Thus, Ao'(HCI) equals Ao(HCl)l(cm2 ohm-' 
equiv-I). Several addltional examples for electrolytes adhering 
to these straight line relationships are given elsewhere ( 7 7 ,  73, 

By application of eq 1 and the eq 2-5 derived from the 
descriptions given in Figures 1-3, values of Ao(H+,OH-) are 
obtained. These values are thus represented also in Figure 4 
by a straight line that extrapolates to the perceived common 
value of A,. The extension to high densities of the resulting 
straight line for A,(H+,OK) in Figure 4 provides a value of 
density (pwh) at the intercept where A,(H+,OH-) will (by ex- 
trapolation only) equal zero. 

Values of Xo(H+) and X,(OK) at temperatures from 0 to 300 
OC (4 ) ,  at saturated vapor pressures, were used also to obtain 
corresponding values of Ao(H+,OH-). These values of A,- 
(H+,OH-) agree well with those obtained by application of eq 1 
with the descriptions of Figures 1-3. They are plotted in Figure 
5 to show their rapid Increase with increasing temperature and 
also to show the approach to a constant value. [Since at 400 
"C a published (but extrapolated) value of Ao(H+,OH-) was 
available, the corresponding value of density at 300 "C was 
used in Figure 5 for the description at the temperatures above 
300 "C. The purpose of Figure 5 Is to show graphically that 
A,,(H+,oK) appears to approach temperature independence at 
a constant density in the supercriticai temperature region.] 

Ao* = Aoo' + S'p' (6) 

was applied to the experimental values for NaCI, HCI, and NaOH 

76- 78). 

The form of eq 2-5 
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Figure 5. Limiting equivalent conductances of H+ plus OH- ions 
[Ao(H+,OH-)] in aqueous solution under saturated vapor pressure vs. 
temperature. 

Table I. Best Estimated Values of the Parameter Amn for 
NaCl, HCl, NaOH, and (Ht,OH-) and the Parameter, phb 

pwh(Ht,OH-)/ &,,/(cm2 ohm-' equiv-') 
T/OC NaCl HCl NaOH (H+,OH-) (gcm") 
0 150 355 235 440 4.38 

100 865 1132 1000 1267 6.54 
200 1445 1590 1535 1680 9.39 
300 1755 1800 1777 1822 12.06 
400 1850 1850 1850 1850 14.12 
500-1000e 1850 1850 1850 1850 15.3-15.9 

Best Estimates of ph/(g ~ m - ~ )  
T/OC NaCl HCl NaOH 

0-1000Csd 1.65 3.70 2.46 

a Limiting equivalent conductance at zero density. *Density at 
which A. hypothetically equals zero. Values above 400 OC based 
on extrapolation only. dValues of ph for NaCl, HCl, and NaOH 
appear to be independent of temperature within the accuracy of 
the extrapolations, while pwh (for Ht,OH-) changes significantly 
with temperature. 

shown in Figures 1-3, respectively, to yield values of Aoo* and 
the slopes S (with a negative sign) for each electrolyte and 
accordingly for (H+,OH-), as described at the several temper- 
atures. Calculated values of A,,,,(H+,oH-) and pwh together with 
calculated values of A,, and ph for the several electrolytes are 
given in Table I. However, to make the calculations for 
Aoo(H+,OH-) (Table I), the values of X,(H+) and Xo(OH-) from 
the published ionic conductances at saturated vapor pressure 
(4) were used as standards rather than those obtained by av- 
eraging and summing the separate high-temperature results in 
Figures 1-3. The low-temperature values used for Xo(OH-) 
closely agreed with the excellent values at 15-75 OC of Marsh 
and Stokes (79). I t  was felt that these published values ob- 
tained (and evaluated) from several sources probably were the 
more accurate, although there is insignificant difference in AM 
calculated from either approach. The slopes, S , are easily 
calculated since they equal -hoo*/ph*. 

Surprisingly, pwh changes moderately with temperature, in 
contrast to the essentially temperature-independent but different 
values of ph for NaCI, HCI, and NaOH, respectively. While the 
mathematical relationships are sound [that is, pwh(H+,OH-) can 
vary while the three separate values of ph remain tempera- 
ture-independent constants, with the four systems still showing 
mathematical agreement with both eq 1 and the form of eq 61, 
this differing behavior for pwh might appear to be inconsistent 
in describing a physical picture of separate ionic conductances. 
Nevertheless, the representation of Figures 1-3 based on the 
experimental observations appear to approximate reality within 
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Figure 6. Llmttlng equivalent conductances of H+ plus OH- ions 
[Ao(H+,OH-)] vs. density at several constant temperatures. Umlts of 
the proposed application up to 1000 MPa are indicated. 

and near the experimentally attainable reglons of density. 
Rather than try forcing pwh to be temperature-independent, we 
have taken it to vary as indicated from the NaCI, HCI, and NaOH 
measurements with their presumed accuracies. Further dis- 
cussion is given in section 5. 

Figure 6 shows representative calculated lines for A,,(H+,W) 
vs. p ,  with the proposed ranges for application. The limiting 
boundaries shown represent the density at saturated vapor 
pressure (below 374 'C) and that at 1000 MPa. The suggested 
limiting densities for application at 400-1000 "C WIN decrease 
with increasing temperature to values at 1000 "C of about 0.1 
and 0.8 g ~ m - ~  at 50 and 1000 MPa, respectively. With the 
possible exception that the description may be less reliable at 
the low densities (0.1-0.4 g cm-,), these ranges are those of 
application proposed for the equation presented in section 3. 
With this restriction that application should be limited to con- 
ditions described only between the indicated boundaries (Figure 
6), the isothermal behavior of Ao(H+,OK) is represented by the 
following equation 

A,+(H+,oH-) = [p,* - pwh* ]s *  (7) 

where ho(H+,OK) is the llmiting equivalent conductance (cm2 
ohm-' equiv-l), A,"(H+,OK) is Ao(H+,0H-)/(cm2 ohm-' equiv-l), 
pw is the density of water (g ~ m - ~ ) ,  pw+ = pw/(g cm-,), pWh is 
the hypothetical density (g ~ m - ~ )  at A,(H+,oH-) = O, pwh I -  - 
pwhl(g ~ m - ~ ) ,  S is the slope of A,(H+,OH-) vs. density (cm5 
ohm-' equiv-' g-'), and S *  = S/(cm5 ohm-' equiv-' g-l). 

Values of A,,(H+,oH-) and of p,,,, as a function of tempera- 
ture, as given in Table I, were fiied, respectively, to the fol- 
lowing two empirical equations 

Aoo'(H+,OH-) = 
1850 - 1/[1/1410 + A,? '  4- A, t+2  + A , t * ,  4- A,t",]  

(8) 

where the slope S of eq 7 equals - h ~ * / p * * ,  t is tempera- 
ture ("C), t' equals tl"C, and the parameters determined by 
a method of nonlinear least squares (20) are given as A = 

A, = -4-7.20708 E-12; B, = +3.26 E-4; B, = -2.30 E-6 and 
B ,  = + 1.10 E-8, where E represents the base 10 of the ex- 
ponent (thus, 1.0 E-2 = 0.01). Equations 8 and 9 fii the Table 
I values of h,(H+,OH-) and pwh with an average deviation of 
0.3% and 1 .O % , respectively. The full equation for the elec- 

+2.164 17 E-6; A2 = 4-1.81609 E-7; A ,  = -1.75297 E-9; 

4 I I I , I 

- *SIGNOLD. B R E W E R ,  HEARN(1871); EXPERIMENTAL - 
- A LIGHT(1814); EXPERIMENTAL U P  TO 70'C _- CALCULATED CONDUCTANCE WITH E Q .  10 

v- 3 

E, 

0 
0 100 2 0 0  300 400 

TEMPERATUREI'C 

Flgure 7. Comparison of the experimental values of water conduc- 
tance of Blgnotd et ai. ( 7 )  from 50 to 271 O C  and Light (2) to 70 OC 
with the present values calculated from eq 10. 

tricai conductance of water is given in the next section. 

3. The Equation for the Electrical Conductance of Water 

The equation for calculating the electrical conductance of 
liquid water (below 374 OC) and of supercritical fluid at pres- 
sures up to an estimated 1000 MPa is given as 

K,* = ho+(~+,~~-)~,*1~2(0.0~1)p,* (10) 

where K, is the specific conductance of water (ohm-' cm-'), 
K,* = K,/(ohm-' cm-l), K, is the ion product of water (mol 
kg-')', and K,' = K,/(mol kg-')'. 

An equation released by the International Association for the 
Properties of Steam (IAPS) describing K,* as a function of 
temperature and density over the ranges proposed in this paper 
is available elsewhere (3). Needed values of p," as a function 
of pressure and temperature are available from the 1984 In- 
ternational Formulation Committee Steam Tables (IAPS) (27 ), 
from which the IAPS equation for pw* (22) can be introduced 
directly into eq 10 above. 

The values of A&H+,OH-) obtained by summing the published, 
evaluated values of X,(H+) and X,(OH-) are believed to be ac- 
curate to 1 %, and the methods by which the descriptions of 
Ao(H+,OH-) as a function of temperature and pressure were 
deduced are described in Figures 1-6. The equations used are 
at this time empirical, and the only necessary condition sug- 
gested is that the equation given for h,(H+,OH-) reasonably 
describes the conductance behavior over the limited range of 
density for each temperature as shown in Figure 6. Again, the 
forms of eq 7-9 may not necessarily represent behavior outside 
the indicated boundaries but to this author they would appear 
to provMe a representation wmin the boundaries within 1 % to 
5% of the values of A,,(H+,OK). The user, however, may wish 
to decide personally on the extent of acceptance outsiie the 
range of experimental data, and where values of h,(H+,OH-) 
can be deduced directly from experiment. 

The uncertainties of eq 10 must also incorporate those of 
Kw*l12. By applying the uncertainties in log K," stated else- 
where (3), eq 10 is estimated to describe to fl to f5% the 
specific conductance of liquid water up to 374 "C and perhaps 
up to 1000 MPa. The uncertainties probably will increase from 
5 YO at the low temperatures to perhaps 15 % at the highest 
temperatures and pressures. 
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Table 11. Specific Conductance/(pS cm-') of Liquid and Supercritical Water Calculated by the Conductance Equation, 0-1000 
OC. UD to 1000 MPa (10 kbar) 

press./MPa 0 25 100 200 300 400 600 800 lo00 
satd vap 0.0115 0.0550 0.765 2.99 2.41 
50 0.0150 0.0686 0.942 4.08 4.87 1.17 (2.15 X lo4)' (2.22 X 10-6)o (6.16 X lo4)" 
100 0.0189 0.0836 1.13 5.22 7.80 4.91 0.134 6.94 x 10-3 1.40 X 
200 0.0275 0.117 1.53 7.65 14.1 14.3 4.65 0.831 0.198 
400 0.0458 0.194 2.45 13.1 28.9 39.2 33.8 17.8 8.20 
600 0.0667 0.291 3.51 19.5 46.5 71.3 85.7 65.4 41.6 
800 b 0.416 4.67 26.7 66.9 110 159 148 112 
lo00 b b 5.92 34.8 90.2 155 253 268 230 

"Values in parentheses are for very low fluid densities (0.08-0.16 g cmF3) and they may have much higher uncertainties of extrapolation 
than estimated in text. *Ice at  these pressures and temperatures (applies to Figures 1-3 and 6). 

4. Comparison with Experlment, and the Calculated 
Values 

Figure 7 shows a plot of the experimentally determined 
conductances of Signold et al. ( 7 )  at saturated vapor pressures. 
The curve drawn was calculated by eq IO, and this curve also 
closely reproduces the experimental values of Light (2) to 70 
OC. Light gives several equations to describe conductances of 
water under saturated vapor up to 300 OC, and the curve by 
eq 10 also closely fits the calculated curves of Light. The fit 
of eq 10 to these measurements and other calculations is well 
within the above-stated limits of accuracy. 

Table I1 provides representatbe values of the specific con- 
ductance of water in pS cm-' (IO" ohm-' cm-') calculated by 
eq 10 by using the 1984 International Formulation Committee 
Steam Tables equations for the pressure-volume-temperature 
behavior of water substance, as published elsewhere by Haar, 
Gallagher, and Kelt (22). 

5. Reduced-State Equation and Other Observatlonr 

Equation 6 for any particular electrolyte (including also water 
in the sense of this description) may be written in a reduced 
form 

where, at a given temperature, A, equals A,/&,, and pr equals 
p / p h  and where, for NaCI, HCl, and NaOH, the respective values 
of p h  (1.65, 3.70, and 2.46 g cm3) are essentially independent 
of temperature. From plotting limiting equivalent conductances 
of NaBr (73), NaI (Q), HBr (74), CaCI, ( 7 7 ) ,  and MgCI, ( 7 7 )  vs. 
density (at temperatures up to 400 OC), values of p h  for these 
electrolytes of 1.65 (NaBr), 1.62 (NaI), 1.85 (CaCI,), 1.75 
(MgCI,), and 3.46 (HBr) are obtained. These values of p h  for 
the saki are close to that of 1.65 for NaCl (Figure 1). Also, ph 

for HBr is close to that for HCI (Figure 2). The corresponding 
values of A,, for the above salts agree within 1.5% of those 
for NaCl given in Table I while values of Aoo(HBr) also agree 
within 1.5% of those for HCI in Table I. These agreements 
suggest the closeness to a universal relationship for the salts 
descrlbed by eq 11. The strongly differing values of Aoo and 
of Ph for the acids and bases compared with the salts, however, 
modify the proposed unbersal relationship as discussed below 
and soon to be presented in some detail (23). 

In  contrast to the above behavior for salts at temperatures 
below 400 OC, the marked change in pwh (for H+, OH-) with 
rising temperature and the dlffering values of Aoo for (H+,OW), 
HCI, and NaOH (Table I) is most certainly due to the effect of 
solvent hydrogen bonding on the mechanisms of conductance 
by H+ and OK ions, wtth perhaps the major effect exhibited by 
the H+ ion. At 400 OC and above, the effect of hydrogen 
bonding may have essentially disappeared: Aoo(H+,OH-) thus 

approaches the same value as for the salts, and pwh appears 
to change insignificantly above this temperature (Table I). 
Nevertheless, the smaller values for S above 400 OC than for 
the salts may still reflect differing intrinsic properties of the H+ 
and OH- ions. 

I t  would seem that values of Ph for HCI (also for HBr) and 
NaOH should also change markedly with temperature, but sig- 
nificant changes do not occur (Figures 2 and 3). This differing 
behavior can be rationalized by considering that both the hy- 
drogen and hydroxide ionic conductances at a constant tem- 
perature show only a small change with increasing density, as 
indicated in Figures 4 and 6, and thus the major change is due 
to the chloride ion (for HCI) and sodium ion (for NaOH). 

Since a limiting equivalent conductance for an electrolyte 
under a given condition of temperature and density is the sum 
of the separate ionic conductances, each isothermal straight 
line in Figures 1-3 could be described explicitly by separate 
lines for ionic conductances (if they were known as a function 
of density). However, from the observations, it can be reasoned 
that the separate lines (for each ionic conductance) cannot 
reach values of zero conductance at the same value of p h  

obtained from the behavior of A. for each separate electrolyte 
as described in Figures 1-3. Otherwise, a// acids, bases, and 
salts would show the same quantitative behavior and approach 
the same common value of ph. Since they do not all approach 
a common value (Figures 1-3 and the examples of other 
electrolytes cited above), it has to be reasoned that the values 
of p h  (Table I) are simply parameters in the descriptive equa- 
tions, and that actual conductances cannot follow a straight line 
throughout to this high density "limit" even if "achievable". 

Nevertheless, eq 11 and the preceding equations would ap- 
pear to be fully valid in the generally feasible, experimental 
ranges of density, that is, up to about 1.25 g ~ m - ~ .  In  this 
respect, it should be noted that the observed relationships do 
not follow the generally applied Walden's rule, which states that 
the product of limiting conductance and solvent viscosity is 
approximately a constant that is somewhat independent of 
temperature. Theoretical evaluation of eq 11, and the nature 
of changing ionic and molar conductances with increasing 
density and changing temperature, is a challenging endeavor. 
Some thoughts concerning this will be presented shortly (23). 

6. Conclusion 

An equation based on experimental correlations is presented 
for calculating the electrical conductance of liquid and super- 
critical water over a wide range of temperature and pressure. 
The observed, apparent straight-line relationship of limiting 
equivalent conductance vs. density, applied withln the equation, 
can be expressed as a reduced-state relationship. An imme- 
diate, practical use of the equation is the calculation of the 
(background) conductance of water for estimating very low 
concentrations of electrolyte impurities in steam generator 
water-steam cycles. The equation can also be applied to the 
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many fundamental studies of systems involving water as a 
reactant, qualified by the p d b l e  uncertainties of extrapolation 
into regions where experhnental and/or correlating data do not 
exist. 
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Vapor-LfquEd E 
and 2-Furalde)lyde/4-Methyl-2-pentanone 

hrm of the Mixtures 2-Furaldehyde/l-Butanol 

Torsten Hauschlkl,i Huey S. Wu, and Stanley I. Sandler" 

Department of Chemical Engineering, Universky of Dekrware, Newark, Delaware 19716 

Low-pressure loothermal vapor-llqukl equlliakwn has boen 
measured for pure P-furaldehyde and for 2-furrrldehyde 
separately wlth l-butanol and 4mothyl-2-p.ntanoe. 
Because of the ease with which 2-fursld.hyde both 
oxidizes and autoxidkes, special handling methods had to 
be devaioped. Actlvlty coeffklento derlved from our data 
have been correlated with five thermodynamic models and 
used to esthate UNIFAC group contribution parameters. 

Introduction 

Furfural or 2-fualdehyde is used In many inrlustrial processes, 
including as a selective solvent for separating saturated from 
unsaturated hydrocarbons, in the extractive distillation of C4 and 
C5 hydrocarbons, and as a chemical from which a variety of 
aliphatic and heterocyclic compounds can be synthesized. In  
the UNIFAC ( 1 ,  2) group contribution method of predicting 
actlvity coefficients, furfural is treated as a single group. In  
spite of its industrial importance, relatively few data on the 
binary vapor-liquid of mixtures contaiilng furfural appear In the 
literature (3). Thus, UNIFAC parameters are not available for 
the interactions of many groups with furfural. For this reason 
we chose to measure the vapor-liquid equilibrium of furfural 
wlth an alcohol and a ketone, each along two isatherms. There 
are no previously reported data for the systems we have 
measured. 

+Permanent address: Insmute for Thermodynamics and Plant Deslgn, Tech- 
nlcal University of Berlln, D-1000 Berlln 12, West Germany. 

Expef&nentai Sectlon 

The general equipment and procedures we used have been 
discussed previously (4). Therefore, the discussion here will 
be mainly conmed with the special problems and procedures 
involved in using furfural. Furfural is an extremely hazardous 
chemical (2 ppm atlowable exposure concentration over an 841 
day): in addition, it is easily absorbed through the skin and 
dangerous to the eyes. Furfural is not very stable; it is espe- 
cially susceptible to oxidation, though it also decomposes by 
reactions with acid and by heat (5-7). A very sensitive indi- 
cation of oxkiation is a change in color. Immediately after 
puriflcetion (using a 13-stage oklershaw column at low pressure 
under a nitrogen blanket) a clear liquid was obtained. Upon 
exposure to even small amounts of oxygen, the cdor changed 
to yellow, and then yellow/brown in several hours et room 
temperature, and more rapidly at elevated temperatures. Using 
a gas chromatograph/mass spectrograph unit, we have found 
that the main oxidation product is 2-fuoric acid. We tried sev- 
eral oxklatlon reaction inhibitors as suggested by Dunlop et al. 
(5) including trlethytamine, tripropylamine, and hydroquinone but 
all were ineffective at the temperatures of our experiments. 

Several major changes in our equipment and operating pro- 
cedure had to be made in order to make the measurements we 
report here. First, all traces of water and oxygen had to be 
kept out of the system. This included even trace amounts used 
in the nitrogen blanket in the purification and measurement 
steps. Thus we started with Grade 5 nitrogen, which was then 
passed through a steel cdumn containing one layer of man- 
ganese(I1) oxide and another of molecular sieves, before en- 
tering our system. Second, tubing to permit the direct transfer 
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