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THE PRODUCTION OF DEUTERIUM OXIDE AND THE DETERMINATION
OF ITS DENSITY=*

This is a translation of an artical written by A.
I. Shatenshteyn, L. M. Yakimenko, V. R. Kalinachenko and Ye.
A, Yakovleva, which was published in Zhurnal Neorganicheskoy
Khimii (Journal of Inorganic Chemistry) Vol II, No 5, Moscow,
1957, pages 985-994,7

The volume of a mixture of deuterium oxide and pro-
tium oxide is equal to the sum of the volumes of the compo-
nents. This is a prerequisite for the derivation of the
Longsworth=-Swift equation /"1, 2 7, which establishes the
dependence of the desnity of water on the concentration of
deuterium. To calculate the corresponding constants, it 1is
necessary to know exactly the density of both deuterium
oxide and protium oxide / 3 /. Many studies / 4-12 / have
been devoted to the production of deuterium oxide and the
determination of its density, as well as to the determina-
tion of its coefficient of thermal expansion.

The current study was undertaken in order to verify
and increase the precision of the existing data. It is
very important to compare the results of independent measure-
ments of the density of deuterium oxide, which is of funda-
mental importance for the isotopic analysis of heavy water.
It is for this reason that this paper is published although
similar studies [_13-15_7 have appeared in print after the
completion of our work, o5

Twenty kilograms of heavy water (dog”" = 1.,10752,
containing 99.81 at.%D), to which 750 g o% potassium tetro-
xide (K?O ) were added, were subjected to electrolysis to
obtain pure deuterium oxide. The weight of the electrolyte
at the end of the experiment, which lasted without interruption

% The work was completed in 1950 with the participation of
G. V. Paletskiy, B. K. Danchenko, A. V. Zakrzhevskaya,
V. ii. Trokhova, R. A. Markozyan, Z. A. Tkachek, T. F.
Mezhetitskaya, A. I. Trekhunkovae, V. I. Podolyan, 4. Ya,
Mamonina, A. A. Volkova and V. M. Dolinina.




for 15 days, was 1.8 kg; the concentration of deuterium,

calculated according to Reley's / Rayleigh's ?_/ fermula,

reached 99:996997 at, %D, *

The apparatus described below enabled the follewing
samples of 7ater to be obtained:

A -- deuterium oxide, sythstized from deuterium and electro-
lytic oxygen;

B -- deuterium oxide, synthetized from deuterium and atmos-

i pheric oxygen;

B*-- deuterium oxide, synthetized by oxidation of deuterium
over a cupric oxide which has the isotopic compésitien
of atmospheriec oxygen;

C -- water, synthetized from compressed hydrogen and elec=-
trolytic oxygen.

The comparison of the density of samples H and B and
the measuring of densities of sample C permitted us to judge
the degree of enrichment of heavy water with the heavy oxygen
isotope.

Gases subjected to synthesis were carefully purified
and 2ll measures were taken which guaranteed the conserva-
tion of the isotopic composition of atmospheric oxyeng.
Special methods permitted the purification of deuterium oxide,
the measurement of its electrical conductivity, and the si-
multaneous filling of three pycnometers in the absence of
air. The specific resistance of the purified deuterium oxide
varied between 400,000 and 1,000,000 ohm. The density of
samples was measured during the whole course of electrolysis.
Two instruments were alternately used for the purification.
Twe sets of pycnometers, calibrated many times by two persons
independently, were also utilized.

The basic measurements were carried out at 250, The
degsity of deuterium oxide was also measured at 30, 40, and
50°,

Description of the Equipment to Produce 100% Deuterium Oxide

Figure 1 is a diagram of the equipment. A one-celled
electrolyzer 1(d = 30 cm), with electrodes of 700 cm surface
area served for carrying out the electrolysis.

The electrodes were hollow and were cooled internally
by & stream of water, The cathode was made of iren, and the
anode of nickel-plated iron. An asbestos diaphragm separated
the twe electrodes. The electrodes were insulated frem the

% The volume diminished seven-fold; £ = 5.



frame by a layer of paranite. The electrolyte entered the
ancde and cathode area of the cell from below; the gases
were led upwards separately from the cathode and anode part

of the cell through the opening into the frame. The elec=-
trolyzer was provided with a nozzle (2) to take electrolyte
sanples., Two supply tenks (5) with a capacity of 13 1 each
were used, Their presence guarantees the circulation of
electrolyte and the equalization of the concentration of
deuteriun and alkali in the electrolyte. They are situ-
ated over the electrolyzer. Sight glasses (3) are located
under the . tanks.
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The blowing through the apparatus and loading of the
electrolyte were carried out by means of connecting plpes
6 in the tanks. The 6onnecting pipe is closed by a protec-
tive valve of nickel=plated etopprer foil. - '

Oxygen and deuteriim enter into the coolers 7, made
of stainless steel, where the vapors are condensed and
splashes are partially retained. Deuterium then enters in-
to the water-cooled splash interceptor ll.

The rate of intake of deuterium is regulated by a
calibrated mercury rheometer 12, Deuterium enters through
the mercury commutator 13 into the oven 14, which is filled
with paladinized pumice and into which electrolytic oxygen
or air is introduced. Vapor~like deuterium oxide is con-
densed in the vertical condenser 15 cooled by running water,
and is collected in the flask 17, ground to the cone, It
is located at the end of the condenser and its end is below
the neck of thé flask. The flask communicates with the air
by means of the valve of the transition section of part 16,

Gascous deuterium can be switched over, if desired,
for oxidation by the cupric oxide which fills the metal
column 18 heated by an electric current. The vapors of
deuterium oxide are condensed in the metal cooler 19 and are
collected in the ground flask 21, The flask communicates
with the atmosphere through the Bunsen valve 20, Cupriec
oxide is obtained by oxidation of copper by atmospheric
oxygen. The switching over of deuterium is carried out by
changing the level of mercury in the commutator 13. The
whole path followed by deuterium is made of stalnless steel.
Individual parts are welded togethcr.

Electrolytic oxygen penetrates into the oven 22 filled
with paladinized pumice where it is freed from the admixed
deuterium, The vapors of deuterium oxide formed in this
manner are condensed in the glass cooler 23, from which the
condensate is periodically poured off,

Oxygen then enters through the three-way stop cocks
24 and 28 into the oven 14 for burning deuterium; it can
also be directed by turning the three-way cock 24 into the
system reserved for further drying. Oxygen passes through
the metal cylinder 25, in which a copper spiral tube is
located. Ligquid oxygen passes through this spiral tube, and
electrolytical oxygen enters into the controlling quartz
trap immersed in a dewar flask filled with liguid oxygen.

The rate of penetration of the electrolytic oxygen
is measured with a rheometer 27. The flow of oxygen ends
in the oven 29 filled with paladinized pumice. Oxygen from
the tank dried by passing through trap 45, and cooled by



liquid oxygen also enters the oven through the three~way stop
cock 47. Water vapor, synthetized from electrolytic oxygen

and hydrogen from the tank, is condensed in the cooler 30 and
the condensate is collected in:the flask 32, The lines fol-
lowed by douterium and electrolytic oxygen are connected by

a U shaped differential mercupy manometer 8, which permits the
determination of the pressure drop in the system. Electrolytic
gases selectod for analysis are led out through the stop cocks
9 located over the manometers

Atmospheric air which enters from the compressor pass-
es through a large layer of actlvated carbon 33, on top of
which are located glass wool and a layer of silica gel cooled
by & strecam of water 34. The final drying of the air takes
place as for oxygen.

Air can be used by turning the three<way stop cocks
28 and 28 so as to burn deuterium in the oven 14 or to burn
tank hydrogen in oven 39. This last operation was carried
out several times in order to determine the isotope content

of tank hydrogen.

Deuterium Oxide Production

Three liters of heavy water (99,9 at .% D) were poured
into the electrolyzer before the start of the basie experiment.
After addition of X;0, the electrolysis was carried out for
10 hours, after which the electrolyte was poured off and the
basic experiment was started.

At the start of the electrolysis the currcnt was 60
amp., It was raiséd during the course of the experiment to
150 amp. The water samples were selected in gquantities of
200-250 g, and each time the first 50 g portion was dis-
carded, When deuterium was burned in the air inside the flask,
an increase in the level of the nitrogen resulted, and it
therefore was led ouf through the pipe in section 16. Increase
in gos level was also created by burning deuterium in elect-
rolytic oxygen owing to the fact that not all the deuterium
was burned.

Thus, contact of deuterium oxide with the atmospheric
air was excluded, Immediately after the removal of the sam-
ple, the flask was closed with a carefully ground stopper
and a ground outer cap. Thus, the purifying of deuterium
oxide was started.



The Purification of Deuterium Oxide

It is very important that deuterium oxide be puri-
fied and its density measured, so that it will not be

diluted with "light" water. The device shown in Fig, 2
serves this purpose.

View along the arrow A
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mhe flack with the samnple was connected to a care-
fully dried device made of quartz and the product was dis-
tilled. The distillate entered into the electrolytic cell
and flowed into the receiver, The device communicates with
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the atmosphere through a Bunsen valve. When the specific
resistance of water exceeded 400,000 ohm, the receiver with
woter was ranoved and instead, a reservoir was connected,
Tiree Wirtz®' systeam / 11 7 pyenometers were installed at
the bottom of this reservoir. These pycnometers have a
capvacity of 25 ml and are provided with a neck shaped like
a Ehick-walled capillary having an opening 0.1 mm in dia-
neter,

At the end of the distillation, the reservoir with
deuteriunm cxide was removed from the device and cuickly
cannected to the psrt used to £ill up the pyenometers,

The system was alternately evacuated and filled with care-
fully dried &air, :

The density was measured as described in /3 7.
Stand%rd water wifh a specific electrical conductivity of
3.10°% ohm™*, em™ ™ was used to calibrate the pycnometers.
The temperature in the thermostat was maintained within
£ 0,010 it was measured with two calibrated thermometers
the readings of which coincided within 0.05°, The weigh-
ing was conducted within ¥ 0.00005 g. The weights were
subjected to gowernmental calibration before and after the
experiment., The maxinmum discrepancy between the data of
two calibrations was 0.2 mg for large weights and +0,07 ng
for snall weights. Each weighing was carried out four,
changing the peosition of the pycnometer and of the weights
on the balance each time. The average of weighings was
taken and the weights in vacuum were calculated / 3 7,

Let us consider, as sn example, the results of
weighing one of the pycnometers - empty, and filled with
gtandaerd water: 8-97993, 8:979959 8.97996, 8-97994, 80979939
8.97997, Average 8. 97995.

23,27637, 23.27645, 23.27623, 23.27625, 23.27645,
23.27645, 23.27643, Aversge 23,27638,

The Results of Measurenments

Table 1 and 2 show the average values of measure -
nents of samples of deuterium oxide and samples B taken
during electrolyeis,



Table 1

Density of camples of deuterium oxide containing electro-
lytic oxyzen

S [ ° i . o
~ » | @ b e D i .
: ~ d Date! > dg, o
Dete BFEH® £ | A | Dete MR T |
7 . , |
181V 1950 } 1A !«i,wnsJ g 1021, 1ozaay 1950 1 oBA i1, 30775, | 1, 10484,
V956 | 2A | 1007ST,| 4,043, 1 25V 1950 | A i 10775, | 1, 10454,
AV 30 | BA | 1407671 111043, | 6V 180 | BA®| 110778y 1740452
Ay los | AN 110G Vaoaess | v 1ok | ova | 1010777, ] 1,10453,
Bty e | M T Vaome I 251V 1950 | 10a |1)107780 | 116454,

¥ The measurenent was made 10 hours af ar purification of
the sample,

Table 2

Density of samples of deuterium oxide containing atmos-
pheric oxvgen ‘

. s Lo N t f o .
Date &mﬁi&cm 3} ! @ ; Date! Rfgthe & % &
gamples obtained by burning BV 1950 ; aﬂltzgm% 1,10442,
eunteriun 1?3 4.0V 185 O | 4,1077041 1,10446
“ o L 1 | B | ) LR e
- 257V R 768, | 1,10444,
51V 1950 | 131, 10678, :3:&33 21V 1950 | 1ZB¥ 1107603 110436,
181V 1950 | 3B'|1,10731,| 1,10407, || Samples ob i
191V 1050 | 4B | Ga0rr, | 1110623, || g % 5 tained by burning
201V 1950 | 61 | 1.10765, 110441, || 260V 1950 | 4D 1,40760, 1,10445,
221V 4850 | TR | 010768} §,40444s Il 27.1V 1950 | 21 1,107704] 1,10448,

% The neck of the flask burst and the sample was poured
inte another flask,

After the ninth day of the electroclysis, the density
values of samples B remalned practically unchanged.

Table 3 6iveb density values of deuterium oxide,
baged on the isotopic composition of atmospheric oxygen,
which were taken into account while comnutlng its density
at 25¢,



Table 3

Density of deuteriuum oxide

f 2 T '—‘l’v E3 i .
EE" {Jf A £ v : -
Dete§le ¢ | & P el ¢ | 4 |
T aarage ! WEge
‘ _ .
- [ 1,10447; 1 1,10774, 1--6,00005 i, : !1,10547 1,107 00
i 93}1,@&44;52 $110769, ia,mm;,g"ﬁg 157 1 108420 1'3353{ D oo00s:
i:,w@abd 110769, *,o,cmxz(,%g E 110446 | 1,10770, |40, 00000,
ox pu b1 1,10447 L 1,40775, 140, 00001 4l . 1,40447, 1 1,10 X
T | 103 11i0des | 11a0770; Loloaonth T | 1o £110767: | 0100002
D 4,104460 ] 1,40770,1 0, 000004 19 F1,10448, | 1, 10772, 141, 00002,

Aversge deneity velues: Ty 110446, d R 1,10770,

Tet us compare the dengities of sanples A and B
taken on the same day. The differrence in density (&4
ghould be related to the excess in the content of 018 in
heavy water obtained by electrolysis, The difference in-
orcased considerably in proportion to the electrolysis of
deuterium oxide, '

A

Date Ad
251V 0, 00003,
260V 000008,
rRAY 0,007
2RIV RURVES N

. making into secount that the volume of electrolyte
diminished only 2.15 %inmes from 25 to 28 April, it is dife
ficult to explain the observed effect, if we keep in nind
the values of the coerficients of separation of isotopes
of oxygen given in the literature, during electrolysis.

Ve heve no data regarding the coeffients of separation of
isotopes of deuterium oxide.

Ssanvnles of water obitained by burning tank hydrogen
in electrolytic oxygen were subjected to the following
methods of purification: oxidation by ¥MnO4 in aeild and

ailkali nedia, and subsequent distillation in 2 guartz ap-
paratus, After purification by using the flostation

nethod, the density of the sanples and of standsrd water
(Ad in v) were conpared., vemples were taken from 19-24

April.

3



Dates ad

190V R
ERAY #1
211V i3
22V 44
PARAN a7
2407 44

Dispersion could b2 explained Dy incomplete drying of elec—
trolytic oxygen derived from deuterium oxide and by s par-
tial froctionation of oxygen, becwuse a condensation of
oxygen in the traps was noticed in some experiments.,

The concentraticn of heavy isotopes of oxygen in
heavy water wes measured at the gtart of the experiment by
means of the iron-vggor method /16 7. It was found to be
eoual to 0,08 at.%0"", -

Results of the thiee independent determinations (the
conparison of densities of samples A and B, the neazsuring
of densities of samples O, and the determination of concen-
trations of heavy isotopes of oxygen by neans of the iron-
vapor nethod) agreed with on ancther (80+20y) within ex-
verinented error,

Measuring of Density of Deuterium Oxide at 30, 40, and 500°C

) The ratics of the wvolumes of pycnometers Vspe/Vis.,

Vi /Vase, Vooe Vor.  were Getermined by careful calibration,
These were equal te 1.00000q, ©.9999%9>, 0,993963, respective-
ly. These valuss differ from those calculated by taking
into account the diiation of gquartz. The discrepancy could
be explained possibly, by the slight evaporation of water
from the capillary wiih increase in tempersture, The re-
sults of the densgityv messuremnents of deuterium oxide at 30,
40, and 500 sre given in Table 4. '

P..l
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Table 4

PUOSERSIFIIRR P

Density of deuterium oxide alt 30, 40, and 500 ¢,

®onjeta i o o at e mpotu L £, “C d a
10847, ; 1,40392,
4R W HRE N fua 36 4.40331,
9546, | 140732,

H N ]

5 i | £, 10002,
it B 40 ’ o104 4 1,10003,
: aﬂam%
) 1,08571, 1,09074,
11 55 100558, 4 10A 6 109575,
! 1.08572, ] 1,09576,

Averagze values of density of samples a,
Y SE: A BT L B U t, °C | W7y 400 %00
o4 ' » ‘ ¥ ! oYY g Sty Bid

Deuteriun HiOu%;Lmh%ﬂiiﬁﬁ% tith elpcﬂiJuﬁh‘f”U“aifﬁﬂ%
oxide with : I troiytic | * !
atrogpheric | ' . E oxygen 5 i
axyEen

Tet us establish the density of samples with
atnoopieric oxygen according te the equation:

Let us deduct QGOODU, {the difference between the
dencity of gample 10A and the average value acoapUVd for
deuterium oxide with atmospheric oxygen. Ses Table 5, line
2, fron the density of the sample with electrolytic oxygen.

Table 5

Density of deuterium oxide at 25, 30, 4C, and 50°

§0° ) AT 5 55°
i

'
i
i
i

L1, 10436,

1110448,

dL Aver- 1.10445,
age

£,00095, | 1,08571,
1.09094 | 1.09567,

1,04992, | 109569,

?

1140323,
1,10323,

1,40323,
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Discussion of Results

Let us consider possible errors.

Preparation of deuterium oxide, Incomplete drying of
electrolvtic oxygen will not reflect on the redults, because
gas can be moistened by deuterium oxide from the electrolyte
in which the concentration of deuterium is practically equal
to the concentration of deuterium in the gas when it attains
1ts fixed value. Incomplete drying of the air could cause
a dilution of deuterium oxide by "1ight" water. However as
a rule this did not happen because the highest values of the
dinsity of samples B coincided with the density of samples
B+, which were prepared by calcining cupric oxide at a high
temperature. The penetration of moisture from the air dur-
ing the synthesis of samples A was excluded., At the same
time, the density of samples A and B differed by 0.00002 =
0.00008, and this difference increased regularly, which 1s
explained probably, by the separation of isotopes of oxygen.

Selecting samples of deuterium oxide. A small amount
of moisture, which does not exceed 0.0002g (see /[ 37), re-
mains on the surface of the flask after it has been dried.
Therefore, when the volume of the deuterium oxide equals
200 ml the dilution is immeasurably small, There is also
no direct relation between the duration of sampling and its
density.

No of the Duration of o5
sample sampling d4

11B 3 he 25 min. 1.,104444

7B 4 h., 10 min. 1.10444,

8B 5 h., 25 min, 1,104424

As a rule, the interval between the end of sampling
and the beginning of purification did not exceed 0,5 hour.

Purification of samples. DMoisture adsorbed on the
walls of the apparatus is of no importance if we recall the
great volume of the sample. The fact that the device has
to be opened twice for a fraction of & minute -~ when the
receiver is replaced by the reservolr with the pycnometers
and after the end of distillation -- is also of no importance.

The filling of the reservolr with deuterium oxide
during distillation lasted 1.5 hours. Desplte the presence
of four necks, the deuterium oxide 1is not diluted. We be-
came convinced of that after removing the reservoir which
contained the pycnometers and which was filled with deuterium

12



oxide from the device. This was stopped and left for 10
hours. The density of deuterium oxide (sample 8A) was mea-
sured after that experiment and was found to correspond to
the density of the samples analyzed by the usual method,s*

Density measurement! GControl tests showed that if
pycnometers filled with Dy0 are left for 10 hours, their
weight does not change‘apgreciably. Usually the pycnometers
were weighed directly after filling and thermostating and
after a delay of half an hour for weighing.

A detailed analysis of possible errors shows that we
had deuterium oxide of a concentration very close to 100%.

Let us evaluste the maximum effect of varilous errors,
which can occur while measuring the density, on the density
measurement., 1) errors of weighing, gd; = + 0.,000006;
2) errors of converting the weighings to thelr value in
vacuo, Mfds = 4 0.000004; 3) errors in volume determina-
tions: for %he first set of three pycnometers [xds =
4+ 0.000008, for the second set of threc pycnometers, hdz =
L 0.000003. (The majority of measurements were carried out
with the second set of three pycnometers); 4) fluctuations
in thermostat temperature, Ad, = 1 0,000004; 5) error in
temperature measurements, (d. = + 0.000003, If these
errors were to be added, the érror in density measurements
would be equal to 0,000025 - gsoooosoo Let us compare the
density of deuterium oxide (d5g) obtained by different
authors (Table 6).

Table 6
Deuterium oxide density _

Author | Year! ase Author [Year | d@?
Taylor,Sel- . Voskuil, |
wood /57 1934{1,1079 |Barash /13/ 11945 [1,10774,4
Timmermans/6/ | 1936}1,10791 |Our data 1950 }1.10770%
Tronstad, Vladimirskiy,
Brun /[7/ . 1938}1,10765+%| XKats /15/ 11951 |1.10770
Johnston /87 |1939|1.10754 |Ditto 1952 |1.10772
Kirshenbaum

/137 194511,10775 " 1953 11.10774

+# It is interesting to note that when 100% deuterium oxide
was poured from one flask to another (sample 12B) its
density diminished by 0,000085. Relative Humidity = 60%.

13



continuad Irom table 6

% Tre izcitoplie composition of the oxysen corresponded to
the composition of atmospheric oxyzenj in other samples

oxygen had the same conposition as ordinary water.

The difference in densities due to the variation in
concentration of 0L® is 0,000007. After correction, the |
Caverace of the last sgix measurenents will not difler from
" one another by nmore than 0,0000%, and they will be:

i’g = 1,107725 + 0.00002
A note by Isborg and Iundberg / 17 7, in which they
provosed to introduce a correction into the results of the
nessurerents of Tronstad and Brun eppeared in 1954, As
you know, the last two scientists tained two values for
the density of deuteriug oxide: dg = 1,10737 and 1.10726.
The first one is for 0+0 enriched déuterium oxide follow-
ing the separation of isotopes of oxygen through electro-
lyvsis. The second is for samples obtained by burning
deuteriun in otmogpheric oxygen. Isborg and Iundberg con-
sider the first value as more reliable since a penetration

heric oxyvgen. The authors propose to introduce_g correc-

on (- 0,00002) into the excessive content of 018 (in~

sad of 0.00011, as proposed by Tronstad and Brun). Then,

xing into accoun;,the coefficient of expansion Dp0 /9 7,

é = 1.10735 or d5d = 1.10774. The density value ohtained

n this manner corrésponds to the data of the most recent

studies, However, the correction is apparently too small.
In all studies /9 - 12_7dedicated to neasuring the

enparature c§§ffieient of the density of deuterium oxide

12

b *

ek b Q

he density 4 according to the date of Tronstad and
run, was taken as a basis, This data was found to be
0.00006 lower than the wvalues which we obtained. If we
introduce the necessary correction, we will obtain the
value given in Table 7. '

N
+
B
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Table 7

Avaccru

Dengity of deuterium oxide at 30, 40 and 50°

Gnng, . Wirtz Chang Ouwr  Schrader
oo Chiend0 . 1% ‘Tunp 12 data Virtz 14 Average
1{1941) 1Qﬂ? 1@4@ 19)0 1951 .

.. - ’
! :‘ i !

BT 1,038 D roszs 41034 D 140328 1 4,10303

I Fog,0m003 0 ,09998 | £,08695 106005 L1 0096

. TR Poa,o0a62 | 1060571 ) 4,08068 1 4,08598 1 1,08570

date wnich we obtaoined coincides with the aver-
of deunsity. ‘

. table of D O dens¢bzeu at temperzture intervals
?;ﬁ; rom 10¢ %o lOOO (see 3) wag compiled, This tahle
18 Easad en our meagurenents and on the critical analysis

of nessur 1@ni; of *pe *embera”ure coeffioient of exnan~

i . o tk t¢me. . ’

In 1954, L&QOTg and Lundberg /17 7 compiled a

table in whick the ' values coincide withiB + 0,00002 with
i et the table compiled by A, I. Shatensteyn in

Conclusions

Lo An spparstus to obtain deuteriun oxide was con-
| structed, =znd pre Di?"*l@ﬁ“ of deuterium oxide of high iso-~
tonic purity were nads.

2. ‘The dengity of deuterium oxide was neasured at
tenperatures of 25, 30, 40 and 50¢,
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