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The electrical conductances of 0.0100 and 0.0501 m aqueous ammol'lia olutions were measured to 800° and 
4000 bars. Measurements are also reported for 0.0398 ?It NaOH solutions to 3000

, togeth:ll' with estimates 
of Ao(NaOH) over the same temperature range. From the measurements on the ammonia solutions and esti
mates of the limiting equivalent conductances of ammonium hydroxide, conventional equilibrium constants 
for the hydl'Oly is of ammouia were calculated. From these values and their isothermal variation with the 
concentration of water, the complete constants, KO, were obtained thltt are independent of changes in dielectric 
constant or in density. 

A convenient method for studying equilibria involv
ing 'oilS ill aqueous electrolyte solutions at supercritical 
tern erature and pressures is the measurement of their 
elec rical conductances. Equilibrium constants for 
ioni dissociation reactions htwe been calculated from 
mee urements of this kind over wide ranges of tem
per ture and density. Recent studies in our laboratory 
hav included those of NaCl,2a NaBr,2b and HBr.3 This 
pre ent paper gives conductance measurements on 
0.0 and 0.05 1n solu tions of ammonia to 700°. i\Iea
sur ments were a lso performed at 800°, but the con
duc ances at this temperature were essentially zero 
eve at 4000 bars. From these measurements and with 
estimates for the limiting equivalent conductance of 
NH + + OH- at several temperatUl'es and den ities, 
con entional equilibrium constants for the hydrolysis of 
a :lOnia were calculated to 700°. 

1ll:e present paper also includes some rneal:lurements 
on p.0098 rn NaOH solu tions to 300°. From these 
mc' suremeut , estimates were made of the limiting 
equ valent conductances of NaOH as a function of 
den 'ity to 300°. By using these limiting conductances 
a lOl g with assumptions based on the previously ob
ser ed behavior of other strong electrolytes at high 
ten peratures and pressures, estimates were made of 
t.he limi ting equivalent conductance of N uOH to 800 0

• 

Ex erimental Section 
he equipment and procedureI'; \Iseci for t.hese mea-
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:,;urements have been described previously. 2a All con
ductance measurements were made with the cell con
taining no pressure seals in the high-temperature 
region. A stock solution of approximately 1 m am
monia was prepared from reagent grade ammonium 
hydroxide (J. T. Baker Chemical Co., Phillipsburg, 
N. J. , 30% NH3) and conductivi ty water. This 
stock solution was standardized, by using weight 
buret techniques, against potassium acid phthalate. 
From the stock solution, 0.0100 and 0.0501 m am
monia solutions were prepared and their conductances 
were measured to 800° and 4000 bars. 

A 0.0098 m NaOH solution was prepared from a 
standard 1.0 N NaOH solution (Fisher Scientific Co., 
Fair Lawn, N. J.) and tandardized in the same man
ner as described for the tock solution of ammonium 
hydroxide. Reliable measurements on the NaOH 
solution were obtained only at temperatures below 
300°. At 400° and above, the solution concentration 
changed rapidly because of the reaction of NaOH with 
the Ah03 insulation tube in the high-temperature region 
of t he cell. Thorough flushing of the conductance cell 
was carried out at the temperature and pressure of the 
experiment, but even then reliable values of conduc
tances could not be obtained above 300°. 

(1) Research sponsored by the U. S. Atomic Energy COlllmititiiOIl 
under contract with Union Carbide Corporation. 

(2)(a) A. S. Quist and W. L. Marshall . J . PhY8. Chem., 72. 684 
(1968); (b) A. S. Quist and W. L. Marshall, ibid., 72. 2lO0 (1968). 

(:3) A. S. Quist and W . L. Marsha ll , ibid., 72, 1545 (1968). 
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Two different illller electrotles wcre useu with the COII
tluctance cell. Their cell COLlstants were 0.495 and 
0 .. 525 cm-1 as determined from measurements on 0.01 
Demal KCl olutions at 25.00 ± 0.01 0. Conductivity 
water obtained from a quartz still was used to prepare 
all solutions. 

The experimental measurements on these alkaline 
solutions were not as accurate as those for the previous 
electrolytes. 2,a Reaction with the AbOa tube, men
tioned above, and pickup of CO2 from the air in trans
ferring these solutiolls from the stock bottle to the 
apparatus introduced errors not found in studying 
acidic or neutral solutions. Also, with the ammonia 
solutions the conductances were very low at high tem
peratures, and therefore the effects of ionic impurities 
became appreciable. Thus, although the measure
ments at low temperatures can be considered reliable to 
within approximately 2%, the uncertainty was much 
greater at high temperatures and low pressures. 

Results and Discussion 

Results. The measured conductances were convert/ed 
to both specific and equivalent conductances by the 
methods described previously. 2a Figures 1 and 2 show 
specific conductances of the ammonia solutions as a 
function of pressure at the temperatures of the experi
ments. Figure 3 presents isobaric specific conductances 
as a function of temperature for a 0.0100 m ammonia sol
ution. The maxima in these curves near 150° and the 
subsequent sharp decrease with increasing temperature 
as compared with the behavior of NaC}2a and aBr2b 

indicate that these solutions contain relatively few ions 
at high temperatures. Hydrolysis constants for am
monia were calculated and are presented in a later sec
tion of this paper. 

Figure 4 gives isotherms of equivalent conductances 
as a function of density fo r the 0.0501 'In ammonia 
solution. Again, comparison of these results with the 
NaCI and NaBr data2 indicates that aqueous am
monia i· an extremely weak electrolyte at high tem
peratures. Tables I and ]J contain smoothed values of 
the conductances of the ammonia solutions at integral 
temperatures and densities. The values in parentheses 
represent conductances at saturation vapor pressure at 
that temperature. 

Figme 5 presents the results for the NaOH solutions, 
given as the specific conductance as a function of pres
sure at temperatures to 285°. From these measure
ments, NaOH appears to behave as a strong electrolyte 
at least to 300°. Equivalent conductances of 0.0098 
1n N aOH at integral temperatures and densities are 
given in Table III. 

Estimation oj the Limiting Equivalent Conductances 
oj NH40H and NaOH to 800°. Limiting equivalent 
conductances for ammonium hydroxide could not be 
calculated from the experimeutal measurements. Since 
it is a very weak electrolyte, accurate measurements 
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Figure 2. Specific conductances of 0.0501 m NH,OH soltltiollS 
as a function of pressLll'e at several temperatLll·es. 
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F igLu'e 3. Isobaric variation of specific conductances of 0.0100 
m NH,OH solutions as a function of temperatlU'e. Pressures 
of 500 to 4000 bars. 

could not be made at low enough coucentratiou' to 
permit reliable extrapolations of the conductances to 
infinite dilution. Therefore, the limiting equivalent 
conductances for ammonium hydroxide necessary for 
the calculation of ionization constants from the con
ductance measurements were obtained indirectly. Esti
mates of Ao(NH.OH) were calculated as described 
below and were based primarily on assumed similarities 
in the behavior of Ao(NaOH) and Ao(NH40H) . . 

Volume 72, N1I1nber 9 S eptember lVU8 
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Tabl I: The Equivalent ConducLances (cm' ohm - l equiv - I ) of 0.0100 ?II 

NH. H Solutions at Integral Temperat.ures and Densities 

Tem Density I g em -a 
0 . 70 0 .75 0.80 0.85 0 . 90 0.95 l.00 l.05 l.1O 1.15 

7 .1 13.0 22.5 36 .0 
(10. i ) 11.0 21..') :J9.7 
(21) .0) iJ8.4 66 .6 ] 13 

56 .0 
;l l . O 4i'i . fl 70.4 
aiJ.H :)2 .0 71'.1' 

17 .0 23 .0 ;:16 .4 :,6.0 8::1 .0 
18.4 26.0 :l9.2 

JO .O 13.0 18.8 28 .8 42.0 
8.0 11.0 17 . .') 
6.0 9.0 Ui.O 

7.0 
6 .0 

Tabl IT: The Equivalent Conductances (cm' obm - I equiv -') of 0.0501 m 
NH4 H Solutions at Integral T ernperatl\l'es and Densities 

Dent4iuy. g em 
0 . 50 0 . 55 0.60 0 . 66 0 . 70 0.7fi 0 . 80 0 .8r, 0 . 90 0 . 95 1.00 1.05 1.10 

(1] .2) 17.5 82 5H 
1 0 25.5 45 
200 (9 .9) 13 . 1 20.3 32 .0 !lR 
~O 15.H 24 .3 37.2 
;{()O ;'.4 7 .7 11 .2 17 .4 27 .6 41.7 

;~ 
.') .4 8.0 12 .3 19 . .') 

0 .2 0 .7 1.2 2.0 ;L1 5.4 R.'l 13 . .') 21.2 
50 0.2 0.7 1.1 1.9 3.1 .':i .4 15 .6 14 . .') 

.,)00 0.2 0 .7 1.0 1.8 3.0 5.4 8.8 15.5 

.~50 0.8 1.6 3.0 .'i .4 9 .0 

~O 0.6 1.5 3 .0 5.4 9.4 
!)O 0 .1i 1.4 2.9 
00 0.4 1.2 2.15 

Tab e In: 'I'll!' Eq uivnJent Conrluctanccs of 0.0098 II! NaOH Solutions flt In tegral Tcrnp<'rat1ll'cs and Densities 

'remp, 
·c 

o 
25 

100 
200 
300 

0 . 70 0 . 75 

(1100) 1090 

0 . 80 0 .85 

(908) 
1085 1074 

I 
Wright, Lindsay, and Druga4 reevaluated the con-

du tance measUl'ements of Noyes5 on aqueous NaOH 
sol tions to 218 0 and obtained limiting equivalent con
du tances at saturated vapor pressures. These Ao 
va~ es were later extrapolated to 3000

•
6 E t imates of 

Ii iting conductances of NaOH from our present data 
to 3000 were obtained by solving t he Onsager con
du tance equation7 

A = Ao - {aAo + (3)VC (1) 

for Ao, usmg the measured equivalent conductance of 

Th Journal of Physical Chemistry 

Density, g em -. 
0 .90 0 .95 l.00 1.05 1.10 1.15 

134 144 142 134 
(236) 236 239 235 
(563) .563 5.57 547 

904 890 872 
1060 1050 1040 

0.0098 m NaOH. Values for a and {3 were calculated 
at each temperature and density from reported dielectric 
constants8 and viscosities9 , 10 of water. These esti-

(4) J. M. Wright, W. T. L indsay, Jr., and T . R. Druga, Report No. 
W APD-TM-204, Bettis Atomic Power Laboratory , Westinghouse 
E lectric Corp., Pittsburgh, Pa., June 1961. 

(5) A. A. Noyes, et at., P ublication No. 63, Carnegie Institution of 
Washington, Washington, D. C., 1907. 

(6) A. S. Quist and W. L. Marshall, J . Phys. Chem., 69, 2984 (1965). 

(7) L . Dnsager, Physik. Z., 28. 277 (1927). 

(8) A. S. Quist and W. L . Marshall, J . Phys. Chem., 69. 3165 (1965) . 
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mated limiting equivalellt conductances are hown in 
Figure 6 as a function of solvent density. The values 
at saturation vapor pressure agree very well with the 
previously reported values,6 except at 0° where the 
present values are approximately 7% higher. 

The linear relationship between limi ting equivalent 
conductance and density shown in Figure 6 at 100-300° 
for NaOH has been observed previously at temperatures 
from 100 to 800° for KHS04,1l NaCI,2a NaBr,2b and 
HBr. a 1\ I oreover, at temperatures above 400° , the 
limiting equivalent conductances for several electl'O
lytes2, 11 have been observed to be independent of 
temperature at constant density. In the e instances, 
the slope of the line (Ao vs. density) was the same at 400° 
as at 300°. Therefore, b,l' assuming that NaOH be
haves like the previously reported electrolytes, by using 
the slope of the 300° isotherm from Figure 6, and by 
using an estimated Ao(NaOH) at 400° at a particular 
density, an equation can be written that will give a 
value for Ao(NaOH) at all densities at 400° and above . 
When log Ao(NaOH) values at a density of 0.8 and 0.9 
g cm- 3 were plotted against T(OK)-I at temperatures 
to 300° and then extrapolated to 400° in a manner con
sistent with the observed behavior of NaCI to 400°,211 
values of Ao(NaOH) of 1260 and 1205 were obtained at 
·!QO°, 0.8 and 0.9 g cm-a, respectively. With these 
value ', together with the relationship of Ao vs. den-ity 
observed at 300° (Figure 6) , the following equation wa!; 
obtained to represent the limiting equivalent conduc
tance of N aOH at 400° and above 

Ao(N aOH) = 1770 - 630d (2) 

where d is the den ity of the solution . 
Limiting equivalent conductances for NH40H to 

300° were estimated by assuming that the relationship 
between Ao(NH,OH) and solvent density would be the 
same as that observed for Ao(NaOH). h'om the slopes 
of the lines for Ao(NaOH) vs. density at 0- 300° shown 
in Figure 6 and the Ao's for NH~OH at saturation vapor 
pressure at these same temperatures,6 values of Ao
(NH40H) were calculated and are presented ill Table 
IV. Limiting equivalent conductances at 150, 250, 
and 350° were obtained by interpolation and extrapo
lation of plots of log Ao vs. T(OK)-l (at constant den
sity). Estimates for limiting equivalent conductances of 
ammonium hydroxide from 400 to 800° are given by 
the equation 

Ao(NR,OH) = 1910 - 630d (3) 

which was obtained by a procedure similar to that u ed 
in calculating the correspollding equation for N aOH 
(eq 2). 

(9) K. H. Dudziak and E. U. Franck, Bel'. 131t7UIenoes. Phys. Chem .• 
70, 1120 (1966). 

(10) K. E. Bett and J. B. Cappi, Nat1.re, 207, 620 (1965). 

(11) A. S. Quist and W. L. Marshall. J. Phys. Chem., 70, 3714. 
(1966). 

l' ol1tme 72, Number 9 September 1968 
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Ta Ie IV: Estimates of the Limiting Equivalent Conductances of NH,OH to :{50° 

Temp. D ensity, I( em - 3 

·C 0 . 70 0 . 75 0 . 80 0 . 85 0 .90 0 .95 1.00 1.05 1.10 1. 15 

0 14.'; l.'iii lii3 144 
2.'i (272) 272 275 270 

]00 (653 ) 648 640 6:{2 
J,iO 865 83ii 805 
:WO (109,; ) 107:') ]04ii 101:) 

~;jO 1200 116;) 1140 
:JOO (1400) In; 1:340'; l:~JO 1280 1250 1220 
:{iiO 1420 1::I8ii 13.')r, la2;j J290 1260 

Table v: Negative Logarit,hm of the Conventional Equilibrium Constant, K , 
Io the Hydrolysis of Ammonia in Water [NHa(H 20 ) ~ NH3 + + OR- ]" 

mp. Density , g em _I 

· C 0 . 50 0 .55 0 . 60 0 . 65 0 . 70 0 . 75 0 . 80 

0 
25 
00 
50 
00 
50 
00 6 .2.'! 5 .90 

F 
6.30 5 .90 

9.4 S3 7 .7.') 7.25 6 .7fj 6 .30 fi .90 
50 lJ .4 8.3 7 .80 7 .30 6 . 0 6.30 ,j .8ii 

.)00 !I .4 8 . :~ 7.90 7 . ~.j 6 .8ii 6 .3.'i ,j .8.; 
.'i0 8.l0 i .45 6 .8ii 6 .3.') :'; .80 
'00 8 .3.'> 7 .50 6 .85 6 .35 .'> . 7!i 
!i0 8 .. ')0 7 .5.') 6 .90 
00 8 .70 7.70 6 .90 

The standard st at e is the hypothetical 1 M solution. 

alculalion of the Hydrolysis Constants fol' Aqueous 
A ,mom:a to 8000

. The hydrolysis of aque011H nmm(llIia 
Cli 1 be represented by the equations 

3(H20) j + kH20 ~ 

NH.,(H20)", + + OH(H20)" - (4a) 

KO aNH. (H ,O)", +G.OH (H ' O)n-
(4b) 

aNH.( H,O) an,o 
k 

KO = K / aH,O k (4c) 

log K = log KO + lc log aH,O (4d) 

were KO is the complete equilibrium constant, in
cl ding water of hydration, and is independent of 
ch nges in dielectric constant 01' in density,12 ,'3 K is 
th conventional equilibrium constant, a represents 
ac ivity, and .I, In, and n are hydration numbers. The 
co ventional constant can be calculated from the ex
pe 'imental data by the equations 

()ZCo 
K = 1 _ --;±2 (5) 

Th J01Lmal of Physical Chemistry 

0 . 85 0 .90 

(.'i . 4,.5) .') .20 
ii.15 

5 . fi."j 5 .10 
.'i .fiO 5 .0fi 
!j .40 ii .OO 
.'i .35 
.i . :~() 

0 . 95 1.00 

4 .60 
(4 .80) 4 .80 
(4 .85) 4.45 

4 .35 
4 .75 4 .30 
4.70 4.30 
4 .6fi 4 .2.') 

A e = - S(z) 
Au 

1. 05 1.10 1. 15 

4 .10 3 .5ii 3.0ii 
4 .15 3..')5 
3 .90 3 .35 
3.80 
3.75 

(G) 

where () is the fraction ionized, Co is the stoichiometric 
NHa molarity, S(z) is a function defined by Shedlovsky L4 

that is based on an empirical extension to the Onsager 
limiting-conductance equation , and f± is the mean 
molar activity coefficient of NH.,+ and OH- calculated 
by the equation 

(7) 

In eq 7, A is the theoretical Debye-Huckel limiting 
slope for a 1 : 1 electrolyte and J is the ionic strength 
calculated from the equation 

1= ()Co (8) 

(12) W. L. Mar hall and A. S. Quist, P 1·OC. Nat. A cad. Sci ., 58, 90l 
(1967). 
(13) A . S. Quist and ,v. L. Marshall , J . Phlls. Chem ., 72, 1536 
(1968). 
(14) T. Shedlovsky, J. Franklin Inst. , 225, 739 (1938). 
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DENSITY (g em -3) 
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Figure 7. Log K(molar units) for the equilibrium NH3(H 20) ~ NH. + + OIl- as a function of the logarithm of the molar 
concentration of waLeI' at temperatures from 0 to 700°. 

In order to obtain the best value of K when it was 
calculated from more than one concentration of NH4-

OH, the above equations were used in the form l4 

1 1 Cr,AS(z).f± 2 
- = - + --

A8(z) 1\0 I<.A02 

A nonlinear least-squares method If. was u 'eel to fi t the 
data to the above equation. Value of the negative 
logarithm of the cOllventional equilibrium constant for 
the hydroly is of ammonia calculated from the equiva
lent conductances in Tables I- II (and by using the 
Ao(N H 40H) value from Table IV and eq 3) are given 
in Table V. Since the Ao( H 40H) value' are estimates, 
it is of interest to consider the effect of a change in Ao 
upon the calculated K. In general, it was found that a 
10% decrease in Ao caused approximately a 20% in
crea'e in K. 

If the activity of water in eq 4d i taken to be equal 
to its molar concentration,12 ,13 then isothermal plot, of 
log K vs. log CH,o (where CH,n is the molar concentra
tion of water) might give straight line, with slope k. 
This behavior is observed generally, as shown in Figure 
7. The slopes of the isotherms decrease with in
creasing temperature, but seem to reach a constant 
value near 16- 17 between 400 and 500°. Values of k of 

31, 29, 25, 21, and 18 were obtained for temperatures of 
0, 2£5, 100, 200, and 300°, respectively. Previously, 
NaCI was found to have a constant value of k equal t.o 
10.2 from 400 to 8000

•
2a For HBr this value of k ill 

erea:;;ed hom 12 to 16 with increasing temperature from 
400 to 800°. 3 

By using a constant value of k = 16.5, values of the 
logarithm of the complete constant KO were calculated 
to be -34.0, -33.0, -32.9, and -33.1 at temperatures 
of 400 • .')00, 600, and 700°, respectively. These results 
indicate that t1Ev ° approaches zero at temperatures 
abnve 400°. 

Plots of the cOllventional log K vs. T(OI{)-l at several 
con. tant densities are given in Figure 8. The slopes of 
these line give some graphic indications of the behavior 
of !:J.Ev ° for the complete equilibrium over a wide range 
of temperature. Thus at low temperatures t1Ev ° will 
be positive and appears to a,pproach the value of zero at 
high temperature:;;. The, harp decrease in log K above 
:")00° at densities or O.G!) and 0.60 g cm -3 is believed not 
to be real but only gives an indication of the uncertainty 
in the values of K at higb temperatures and low den-

(15) M. H . Lietzke, United States Ato.mic Energy Commission 
Report OHNL-3259. Oak Ridge Nntional Laboratories, Oak Ridge, 
Tenn .• 1962. 
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TEMPERATURE (OC) 

800 600 400 300 200 100 25 o 
-2 I I I I I I I I I I 

1.15 9 cm-3 x 
1.10 x x 

-4 
---I 1.05 x- x -x_ ~ .---. x 

I 
I 

1.00 x-x_ -. -.t;:;;: I--x_x_ I---x -
0 -X--x_ t-x- 0.95 -- x 

x -0.. 

+ 
+<;t 

- -x-x-x_l--x 0.90 -X_x_ 
I 
z -6 
n 

-x-x 0.85 
-X-X-x-x- -x-x 0.80 
--K_X~-X- -x--0.75 

0 
C\J 

I 

r() -8 
I 

»-x-x-x- - 0.70 c BATES AND PINCHING 
~-x-- -0.65 

- HAMANN AND STRAUSS x x x x -x-x- -0.60 
x 

-0.55 x -x-x-

6 x x 
~ 
01 ..-,c:-)(- ... 0.50 
0 

-10 

-12 
1.0 1.5 2.0 2.5 3.0 3.5 

1000/T(°K) 

F gw'e 8. Log K(molar units ) for t he equilibrium NH3(H20);=: NH, + + OH - as a functioll of T ( OK)-l at solvent dellSities 
fl m 0.50 to 1.15 g cm - 3. 

s·ties. It should be Jloted t hat in t he region (0- 400°) 
"\ here k changes wi th temperature, K O does not repre
s nt precisely the same eq uili brium at each temper
a ure. 3 

Previous determinatiotls of the ionization com;tall t 
o ammonium hydroxide include the results of Bates 
a ld PillChing l6 from 0 to .50° at 1 atm by an emf method. 

ur value of -4.80 for log K at 25°, 1 atm, agrees well 
\ ith their value of -4.7.51 , but our' value of -4.60 at 
0°, 1 atm, i. ' considerably higher than the Bates and 
Ihnching value of -4.862. The comparative results 
. 'e included in F igure 8 and indicate that our own 

alue at 0° may not be reliable. This graph also con
t LinS a comparison of our results with those reported by 

amann and Strauss l7 at 25 and 4.')° at pressW'eR to 
2,000 atm; both results are in good agreement. The 

, he JfJl/J'J/al "I Physical Che m iBtr" 

present results may also be compared ill Figure 7 with 
values estimated previously by F ranckl 8 •19 to 640° . 
l·'igw·e 7 also includes the values obtained by Noyes· to 
306° at satW'ation vapor pressure. Our resul ts appear 
to be in very good agreement wi th the earlier work of 
Noyes. 
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