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THE EQUILIBRIUM H,O + HD = HDO + H,. 

BY L. FARKAS AND A. FARKAS. 

Received 4th September, 1934. 

The equilibria of chemical reactions involving light and heavy hy- 
drogen (H and D) of the type 

were first discussed by Urey and Rittenberg who showed tha t  in general 
the equilibrium constant of such reactions 

AH + BD + AD + BH 

will differ from unity on account of the different zero point energies, 
masses and moments of inertia of the corresponding " light " and " heavy " 
compounds. 

The present paper deals with the equilibrium 
H,O + H D  + HDO + H,. 

Bonhoeffer and Rummel 2, found the equilibrium constant of this 
reaction to be 3-8 a t  room temperatures and we obtained4 in some 

1 Urey and Rittenberg, J .  Chew. Physics, I ,  137, 1933. 
2 Bonhoeffer and Rummel, Natuvwzss., 22, 45, 1933. 
3 Bonhoeffer, 2. Elektrochem., 40, 469, 1934. 

Farkas and Farkas, Proc. Roy. SOC., A., 146, 623, 1934. 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
34

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

T
ol

ed
o 

on
 1

/3
/2

02
0 

5:
49

:2
9 

A
M

. 
View Article Online / Journal Homepage / Table of Contents for this issue

https://doi.org/10.1039/tf9343001071
https://pubs.rsc.org/en/journals/journal/TF
https://pubs.rsc.org/en/journals/journal/TF?issueid=TF1934_30_0


1072 THE EQUILIBRIUM H2O + HD = HDO + H2 

preliminary experiments * nearly the same value at this temperature and 
about 2 a t  IOOO C. The importance of this equilibrium which was 
pointed out in a preceding ~ a p e r , ~  however, suggested a more accurate 
study. We have carried out this investigation in the following way, 
making use of the fact that the exchange reaction between water and 
hydrogen takes place in the presence of certain catalysts :- 

(I) Heavy water of known D-content was brought into contact with 
hydrogen in presence of a catalyst and the change in the D-content of the 
hydrogen was followed until equilibrium was reached. Since in these 
series of experiments the heavy water was present in large excess, its 
D-content is relatively unaffected, thus permitting a high degree of ac- 
curacy in the determination of the equilibrium constant. 

(2) Heavy steam of known D-content and light hydrogen were mixed 
in certain proportions in the presence of a catalyst, and again the equilibrium 
concentration of D in the hydrogen was determined. This method was less 
accurate than the former, because small errors in the determination of the 
D-content of the hydrogen evidently affect the equilibrium constant con- 
siderably. 

For both methods the experimental arrangement was very simple. 
After having filled the reaction vessel of volume 8 C.C. with 0.5 g. heavy 

%D 

FIG. I. 

water and 
with several 
mgm. of palla- 
dium or plati- 
num black and 
the air ex- 
hausted, hy- 
drogen was 
added to 10-20 
mm. pressure. 
Then from time 
to time samples 
of hydrogen, 
about 0-004 C.C. 
a t  N.T.P. were 

withdrawn from the reaction vessel by means of a capillary lock (volume 
0.2 c.c.) and their D-content determined (after having frozen out the water 
vapour) by the microthermo-conductivity method.' The time required for 
the attainment of the equilibrium varied with temperature, activity and 
amount of the catalyst used, but was usually less than one or two hours. 
Fig. I shows the change of the D-content of the hydrogen with time when 
in contact with 66.8 per cent. heavy water a t  20' C. Practically the same 
concentration, namely, 38.2 per cent. D was reached, starting with go per 
cent. D, instead of H, and 66.8 per cent. heavy water. 

Table I. shows the equilibrium D-content in the hydrogen in per cent. 
(= G,, column 2), and the D-content of the water (= W,, column I) in 
equilibrium a t  20° C. In column 3 the ratio 

* In  fact, the present investigation will show that the equilibrium constants 
reported in previous papers were somewhat too high. The equilibrium constants 
given in our joint paper with Yudkin (Proc. Roy. SOG., I I ~ B ,  373, 1934) were 
obviously not very accurate, as indicated by their variation in different experi- 
ments. 

t The D-content of the water was determined by density measurements, and 
checked by the micro-thermoconductivity method, the water being decomposed 
on a hot tungsten filament to hydrogen and tungstic oxide. 

5 Farkas and Farkas, J .  Chem. Physics, 2, 468, 1934. 
6 Horiuti and Polanyi, Nature, 132, 819, 1933. 
7 Farkas and Farkas, Proc. Roy. SOC., Id@, 467, 1934. 
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L. FARKAS AND A. FARKAS I 0 7 3  

the vessel was sealed up 
after having been filled, D-Content of the D-Content of the 
heated for one or two 
hours, and then the WD. GD. 
whole hydrogen was 
taken out by breaking 20.5 7'4 
a suitable glass peak by 25'9 9.8 

magnet. (The results 66.8 38.5 

Table IV.) 

Water in Per Cent. Hydrogen in Per Cent. 

means of an electro- 41-0 17'9 

obtained are given in 73'6 46.8 

Ratio 
GE - WD, 
G~ - WE 
3-22 
3-21 
3-19 
3-22 
3-17 

Original Mixture. Equilibrium Mixture. 

Per Cent. D. Hydrogen Steam 

Steam. GD-1 V,.) 

8-1 19.4 12-7 13'7 
10'0 19'4 11.8 12.8 
7'0 70.8 46.9 53'1 

Hydrogen in the Per Cent. D. per Cent. D. mm. Hg . 

The Calculation of the Equilibrium Constants. 
The equilibrium between the six molecular species H, HD, D,, H,O, 

HDO and D,O in the gaseous state is given by the equilibria 

Ratio 
GH * VD 
GD - VH -. 

1-00 

1-29 
1-10 

These three equilibria define completely all other equilibria involving 
these molecular species, and the constants of all other equilibria can be 
expressed in terms of these three constants, e.g. 

when water was used. 
* Such an absorption of gas did not matter in the first series of experiments 
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I074 THE EQUILIBRIUM 

H3O + D2 + D2O + H, 

H,O + D, + HDO + HD, 

HDO + HD $ D,O + H,, 

D,O + HD + HDO + D,, 

It is possible to derive the constant K3 from the experimental results, 
provided K ,  and K,  are known, in the following manner. 

In a temperature region in which the rotational motion of the mole- 
cules is fully excited and the vibrational motion is not yet excited the 
equilibrium constants K ,  and K,  are given by 

--In K,= In 4 (8) G D  -1n-- ~ E H D  - E H ~  - ED* -51n MiD 
RT 2 MH* - MD2 IHI - ID, 

M and I designating the masses and moments of inertia of the corres- 
ponding molecules in the case of water I’ represents dI,. I ,  . I,, where 
I,, I ,  and I ,  are the three moments of inertia of the water molecule 
and E the zero point energy given by 

E = hc (80 - &OX) (10) 

h = Planck’s constant, c = velocity of light, o = vibrational frequency 
and wx = the anharmonicity constant ; in the case of water we have to 
consider the three vibration frequencies w,, on, wa and put for the zero 
point energy: 

E = hc “4%- - +&,) + (4% - &rx*) + (Boa - goax,) 
- ~ ~ u n x ,  - a ~ U a x u 6  - g~*a&d] (104 

The term In 4 is introduced since symmetrical molecules are transformed 
into unsymmetrical ones. 
Kl was derived by Urey and Rittenbergl using the known mass, 

zero point energy and moment of inertia of H, and the values for the 
molecules HD and D2 calculated from the mass of D according to the 
general formulae for the isotopic effect in molecular spectra. The formula 
obtained 

log K ,  = - $ + 0.6276 . (11)  

2 ~ m  - E H ~  - ED* =A& = - 155 cal., 

using the numerical values, was proved experimentally by Rittenberg, 
Bleakney and Urey.8 

The constant K,  was calculated by Topley and Eyringg using a set 

* Rittenberg, Bleakney and Urey, J. Chem. Physics, 2, 48, 1934. 
Topley and Eyring, J. Chem. Physics, 2, 217, 1934. 
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L. FARKAS AND A. FARKAS I075 

the values opposite. Temperature 
OC. 

Table 111. Column 2, the D-content 3 

by equation (13). The percentage of 65 
the molecules H,, HD, D,, H,O, I 0 0  

The actual calculation of the 
equilibrium constant K,  is shown in 

of the vapour VD, has been obtained 20 
40 

HDO and D,O in the gaseous phase 

of frequencies and moments of inertia for the molecules HDO and D,O 
derived half-empirically, and is given by 

PH,OI~D~O 

1-18 $ 
1-15 
1-125 
1.09 
1’057 

- ( 1 4  log K2 = - 34’1 -+ 0.6231 . T 
2EHDO - EHzO - ED*O = AE, = - 156 cal. 

Whereas there is very little doubt that the constant Kl is correct 
within a few per cent. the uncertainty in the constant K, is somewhat 
greater, since both the vibrational frequencies and the anharmonicity 
constants for the molecules HDO and D20 are not well known. Never- 
theless we will see that the values for K,  employed must be nearly the 
correct ones. 

In order to obtain the equilibrium constant K ,  for the gaseous phase 
we have to calculate the D-content of the water vapour VD from the D- 
content of the water W D  which is different from the former owing to the 
different vapour pressures of H20 and D20. To calculate V D  from WD 
we can assume as first approximation that the vapour pressure of HDO * 
will be the algebraic mean between that of H,O and D,O i e . ,  the vapour 
pressure of mixtures of H20 and D20 varies linearly with the concentra- 
tion of the components. Then 

* This compound does not exist alone in the liquid phase, since the equilibrium 
H,O + D,O + zHDO is immediately established by ionisation. 

t Practically the same result is obtained if one assumes, cf. Topley and E y r i ~ ~ g , ~  
that the vapour pressure of HDO is the geometric mean of those of H,O and D,O 
and the vapour pressure of a mixture of H,D and D,O is given by 

P = &T [(H80)pH,0 + (HDo)pHDO f ( D a o ) ~ D , O l ~  

the distribution of the molecules H,O, HDO and D,O in the liquid being governed 
by the same equilibrium as in the gaseous phase, namely, by the equilibrium 2. 

$ Extrapolated. 
lo Lewis and Macdonald, J .  Amer. Chem. SOC., 55, 3057, 1934. 
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1076 THE EQUILIBRIUM H20 + HD = HDO + Hz 

Per Cent, D in the 

Water. Vapour. Gas. 

w;o. v ~ .  G ~ *  

TABLE III.-TEMPERATURE 20' C. 

Water. 

(HDO). (HIO). (DsO). 

20.5 28.4 7.4 
25.9 23-2 9.8 
41.0 37-5 17.9 
66.8 63.6 38.5 
73.6 70.8 46.8 

I I 

31-4 63.8 4-8 
36.8 55-7 7.5 
459 36.1 18.0 
42-2 12.1 45.7 
37.2 7-8 55.0 

1 I-I- 
29-1 67.0 3-9 
34'3 59'65 6-05 
44-6 40.2 15.2 
44.0 14-4 41-6 
39'5 9'4 51.1 

13-5 85.85 0.65 
17-36 81-52 1-12 
28.5 67.85 3-65 

47.2 29-6 23-2 
45'2 38.9 15'9 

Mean 

3-12 
3.10 
3-02 
3-01 
2-99 

3-05 
- 

2-76 
2-70 
2.64 
2.63 
2.64 

2-67 
- 

with K ,  = 3-27 at 20' C., and the analogous relations for HDO, D,O 
and H20 with K, = 3-22 a t  20' C.* In a similar way the equilibrium 
concentrations of HDO, D20 and H20 in the liquid have been calculated, 
assuming the same equilibrium constant K2 for the liquid as for 
gaseous phase. The equilibrium constants for the gaseous reaction 

H,O + HD + HDO + H, 

are listed in column 5.  
together with the equilibrium constant 

of the reaction 

the 

(17) 

% D in the d e r  
FIG. 2. 

(u) Water vapour ; (b) Hydrogen. 

As i t  will be observed the 
equilibrium constants calculated in 
this way are very nearly independ- 
ent of the concentration, and give 
the mean value of 2.67 for the 
gaseous system and 3'05 for the 
water-hydrogen system at 20' C. 
In Fig. 2 the D-content of water 
vapour and of hydrogen in equili- 
brium with water of different 
D-content is shown graphically. 

The experiments a t  other tem- 
peratures up to IOOO C. have been 
evaluated in a similar way. The 
constants listed in Table IV. re- 
present means of the values ob- 
tained in different series and with 

samples of water of different D-content 

* As an elementary calculation shows, K8 is identical with the ratio eD 
if K ,  = K1 = 4. That the values for this ratio listed in Table I. are nearly 
independent of the concentration is explained by the fact that Kl and K ,  do not 
difIer much from 4. 

GD* VB 
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L. FARKAS AND A. FARKAS I077 

Et. c',",:. :it. 2;. 
D. HDO. H&. Da0. 

Table V. contains the results obtained a t  450" C. when the vapour 

The theoretical formula for the equilibrium constant K3 is given by 
of heavy water was mixed with hydrogen. 

Percent. Per Cent. Per Cent. Percent. 
D' HD. Hx D4 

For the sum of the second and third term in this expression we obtain 
- 0.1335 (using decimal logarithms) if we assume that the geometric 

13.7 23.4 74-6 2-0 
12.8 32.2 76.1 1.7 
53.1 49.0 22-4 28.6 

configuration of 
the water mole- 
cule is not 
changed when 
the H-atom is Temperature 

D-atom. The 
value of AE, 
= ~ H D O  + 'H, - 
EHrO-QHD can 65 
be derived by I00 
comparison of 
the theoretical 

- 

replaced by a O C .  

3 
40 

12.7 22.0 76.3 1'7 1-09 
11.8 20.7 77-85 1-45 1-10 
46.9 49.2 28.5 22-3 1-26 

Mean 1-15 

TABLE IV. 

I 

3'6 
2-8 
2.6 
2'2 

3'46 
2-64 
2'5 7 
2-13 

KS. 

2'97 
2-46 
2'3 7 
2'00 

formula (18) with the experimental values for K,  listed in Tables III., 
IV., and V. The AE3 values calculated in this way vary somewhat about 
750cals. Fig, 3 shows that the equilibrium constants calculated on the 
basis of the formula 

log K3 = - 750 - 0.1335 . . (ISU) 2-3 RT 
are in very good agreement with the experimental values. Thus the 
heat of reaction of (3) is + 750 cals. a t  absolute zero and the free energy 
change AF0 a t  298.1' abs. 568 cals. 

TABLE V.-TEMPERATURE 450' C. 

I Hydrogen. I Water Vapour. 
I I _ _  

I I 

From AE3 = 750 cals. we obtain for E H ~ O  - EHDO = 750 + 817 = 1567 
cals. as the difference in the zero point energies of the two water species 
H,O and HDO. This difference in the zero point energies can also be 
calculated from spectroscopic data according to the formula I O ~ .  
Bartolorn6 and Clusius l1 have recently investigated the infra-red spec- 
trum of the moIecules D,O and HDO. The harmonic frequencies (in 
cm.-l) deduced from the observed frequencies are listed in Table VI. 

l1 Bartholome and Clusius, Naturwiss., 22, 420, 1934 ; 2. Elektrochem., 40, 
529, 1934- 
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1078 THE EQUILIBRIUM H20 + HD = HDO + Ha 

mu. wn. 

HSO 3895 3803 
HDO 3844 (2848) 
D,O 2850 (2707) 

together with some frequencies calculated according to theoretical 
formulae of Teller * l2 (in brackets). 

The six anharmonicity constants ox for the H,O molecule are known 
from Mecke’s analysis of the infra-red spectrum to be 40, 72, 20, 100, 
20 and 20 cm.-l, respectively. Assuming that wx varies with the square 
of the frequency in the isotopic molecule, as i t  is the case in diatomic 

m6. quencies, to small errors both in 
the determination of the vibra- 
tional frequencies of HDO and in 

1424 the experimental measurements 
1218 of K,  and to the incorrectness of 

the assumption that the binding 

1635 
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L. FARKAS AND A. FARKAS I079 

On the other hand we have no explanation for the discrepancy 
between the equilibrium constant K', = 3.8 found by Bonhoeffer and 
Rummel and the value K', = 3-05 (at 20' C.) found in this investigation 
although the former is the value in agreement with the zero point energies 
given above. 

In addition i t  may be mentioned that the evaluation of K,  is based 
(upon the values of K ,  obtained from formula 12 which are to a certain 
ldegree unreliable. The value of K,  is however not very sensitive to 
an alteration of K,  and the actual calculation shows that smaller values 
for K, (e.g., 2.6, AE, = - 280 cals.) would lead to a smaller K,  (higher 
values for K,  are very improbable) but that in this case the calculated 
K3 constants would show a marked shift with concentration. For this 
xeason it is very likely that the values of K,  actually used were nearly 
correct the more since the data of Table VI. give AE, = - 162 cals. 
The limit of error for AE, cannot exceed -J= 50 cals. even if we allow for 
the uncertainty in the value of K,. 

We are very much indebted to Professor E. K. Rideal, F.R.S., for 
his interest in our work and to the Central British Fund for German 
Jewry and to Imperial Chemical Industries for a financial grant. 

Summary. 
The equilibrium constant of the reaction H,O + HD + HDO + H, 

has been determined over the temperature range 
3ibrium constant in the gaseous state is 2-61 a t  
temperature according to the formula 

Laboratory of Colloid Science, 
University, Cambridge. 

3 to 450' C .  The equi- 
2 5 O  C. and varies with 
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