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Phase Equilibria in Dimethylhydrazine-Water System

LEE T. CARLETON
Aerojet-General Corp., Azusa, Calif.

The design of a distillation process for separating
pure asymmetrical dimethylhydrazine from aqueous solu-
tion requires vapor-liquid equilibrium data for the binary
system dimethylhydrazine-water.

A series of equilibrium vapor and liquid compositions
and temperatures at atmospheric pressure were deter-
mined experimentally. Plotting these values in the usual
ways gave smooth, plausible curves. These data are un-
usual in that the activity coefficients calculated from them
deviate widely from conformity with the Gibbs-Duhem
equation. A few additional determinations at 102 mm.
of mercury showed the occurrence of a high-boiling azeo-
trope at reduced pressures.

1956

INTRODUCTION

In one process for the preparation of asymmetrical
dimethylhydrazine (DMH), the reaction product consists
of the desired dimethylhydrazine in dilute aqueous solution,
together with various impurities. If dimethylhydrazine is
to be isolated by distillation, the principal problem is
separation from water.

Several trial distillations in efficient columns under
various operating conditions showed that dimethylhydrazine
of satisfactory purity could be taken off as distillate, but
with only partial recovery. Evidently, design of an effi-
cient distillation process requires a basic analysis of the
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separation; for this purpose, a study wasundertakenof the
phase cquilibria between vapor and liquid in the simple
binary system.

APPARATUS

The apparatus used is all glass, of a form cvolved
at the Shell Development Co. It is described in the litera-
ture as an apparatus ‘‘of the Othmer type, with internal
agitation supplied by a Cottrell vapor pump’’ (3). Actually,
although this apparatus recirculates condensate in the same
manner as an Othmer still, it differsfrom it in the follow-
ing ways:

A cylindrical boiler has a recessed bottom for the in-
sertion of a heating clement, Within the boiler a bell covers
the recess in such a manner that all boiling takes place
under the bell, and the boiling mixture of liquid and vapor
rises continuously to the top of the bell, The top of the bell
is constricted, then branches into two prongs of a Cottrell
pump, which throw the boiling liquid onto a central ther-
mometer well. (Use of the Cottrell pump ensures an ac-
curate determination of equilibrium temperature and is
supcrior to arrangements in which the thermometer is
suspended either in the body of boiling liquid or in the
vapor space.) A hood attached to the thermometer well
covers the pump and deflects spray downward into the
liquid. The entire vapor space is slightly superheated

TABLE 1.
PHASE EQUILIBRIA OF DIMETHYLHYDRAZINE-WATER

Temp., ° C.,

Fraction DMH, Wt. % DMH, Mole 760 mm. 71 Y2
Liquid 1.10 0.33 99.9 0.395 0.999
Vapor 1.52 0.46

Liquid 3.8 1.2 99.8 0.372  0.990
Vapor 5.0 1.6

Liquid 6.5 2.0 99.6 0.421 0.978
Vapor 9.3 3.0

Liquid 10.3 3.4 99.4 0.448  1.000
Vapor 16.0 5.4

Liquid 11.75 3.9 99.25 0.422 0.968
Vapor 16.9 5.8

Liquid 25.6 9.3 98.1 0.522  0.985
Vapor 39.8 16.5

Liquid 36.8 14.9 95.8 0.619  0.967
Vapor 58.0 29.3

Liquid 55.2 27.0 87.8 0.829 0.968
Vapor 80.4 55.1

Liquid 70.4 41.6 79.4 0.929  1.054
Vapor 89.5 719

Liquid 89.5 71.9 68.3 0.994 1.143
Vapor 96.6 89.5

Liquid 92.0 77.6 66.7 1.016 1.192
Vapor 97.8 92.9

Liquid 93.0 85.0 64.5 1.014 1.6292
Vapor 98.1(twice)  94.0

Dimethylhydrazine 62.2 1.000

Accuracy questionable because of difficulties of analysis at this

concentration,
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by a metal sheath, electrically heated and insulated,
covering the outside of the boiler, This arrangement pre-
vents enrichment of the vapor in rising up and out through
the boiler. Splashing of liquid into the vapor space and
subsequent evaporation is prevented by the hood,

The vapor emerges from a lateral tube joined to the
boiler near its top. As in the Othmer still, it is condensed
and the condensate is accumulated in a small tube, up to
a constant volume fixed by an overflow line. The overflow-
ing condensate returns to the bottom of the boiler. The
opening of the linc is enlarged, so that the condensate is
premixed with the boiler contents before it enters the
boiler proper. Boiler and condensate accumulator are
provided with stopcocks for sampling.

In the particular apparatus used here, the volume of
boiling liquid is about 60 ml. and the volume of condensate
in the accumulator is about 5 ml.

In operation, the boiler is charged with a mixture of
the desired composition, and boiling is begun and con-
tinued until the accumulator has been flushed several
times with condensate and the thermometer-well tempera-
ture, which rises slowly at first, has leveled off at a
constant value, QOperation is continued for 10 to 15 min-
utes after the steady-state temperature is reached. Boil-
ing is then stopped and samples of liquid and condensed
vapor are withdrawn for analysis,

The equilibrium pressure may be maintained at any
desired value by connecting the condenser vent toa mano-
stat. For the study of the dimethylhydrazine-water system,
the apparatus was filled with an atmosphere of nitrogen at
ambicnt pressure.

[t is of interest to compare the present method with
other equilibrium still methods. A single separation was
performed on the system ethylene dichloride-toluene, for
which accurate data are available in the literature (5).
Comparison of the measured results (analyses by re-
fractive index) with those from the literature gives:

Measured Literature

Equilibrium temp., © C.,760 mm. Hg  91.3 92.2 90.2
Liquid compn, x, mole ¢ E.D, 599 58,5 70.0
Vapor compn.,y, mole % E.D. 78.2 76.5 B4.4

y/X 2.40 231 232

Volatility ratio,y = ‘:m

MATERIALS AND ANALYSIS

Because of the scarcity of pure dimethylhydrazine at
the beginning of this study, it wasnecessary to use several
different specimens. Each had been prepared by concen-
trating the recaction product from a pilot preparation—
first, either by salting out or by a preliminary distil-
lation, and then by carefully fractionating the concentrate
and seclecting a center cut. The degree of purity was es-
tablished by titration with standard acid, with an inde-
pendent check by potentiometric titration with potassium
iodate. Thus, the following were used in preparing the
mixtures charged to the equilibrium still:

DMH, Wt. §
Specimen By acid By KlOg Other Properties
a 99.9 993 nd0 =1.4074; d3° =0.786
b 98.4 99.6
c 99.0 101.4

Becausce of difficulties in standardizing the procedure
for analysis with potassium icdate, samples from the
equilibrium runs were all analyzed by titration with stand-
ard acid.

Decomposition of dimethylhydrazine is believed to be
negligible under the conditions of the experiment, from
all present knowledge. Thus on determination of vapor
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pressure in a closed system, no trace of volatile decom-
position products had been detectable up to the highest
temperature, 50° C, On prolonged boiling under anatmos-
pheric pressure of nitrogen, no change inboiling tempera-
ture and little change in other physical propertieshad been
noted. However, to minimize possible decomposition ef-
fects, no material was re-used more than once. That is,
charges of wholly fresh material were made after every
run or after every other run,

EXPERIMENTAL RESULTS

The results of the phase equilibrium study are a
series of corresponding values of vapor composition,
liquid composition, and temperature, The experimental
temperatures were taken at 748 ¥ 3 mm. pressure for
all runs for presentation, and these values were all cor-
rected to 760 mm. of mercury by adding 0.4° C. (Table I),
When temperature was plotted against liquid and vapor
composition, and vapor composition against liquid compo-
sition, the series of points shown in Figures 1 and 2 was
obtained.

CORRELATION OF RESULTS

These results were examined further for consistency
by application of the Gibbs-Duhem equation. For this pur-
pose, activity coefficients of the two components were cal-
culated as

* 760 760
(DMH) v) = 2L (Water) vy =92
Py Xy Py X2
where

p? is pressure (mm. of mercury) of pure dimethylhy-
drazine at the equilibrium temperature.

p% is pressure (mm. of mercury) of pure water at the
equilibrium temperature.

x and y are, respectively, liquid and vapor compo-
sitions (mole fractions).

Values of p(l) were not available from existing vapor
pressure equations, because these do not extend into a
sufficiently high range of temperatures. Accordingly it
was necessary to derive an estimated relationship. This
was taken as the equation of the straight line relating
log p and the reciprocal of the absolute temperature pass-
ing through the atmospheric boiling point (Sietermined here
and the accurate value of 122.44/293.095" K. from Aston,
Wood, and Zolki (2). The relation is

mgmmmq=ssm1-ﬂ%l2

where T is absolute temperature, © K. Useof this equation,
particularly for extrapolation, may result in some error,
but this is small in comparison with the effects of other
factors on the activity coefficients. The calculatedactivity
coefficients are shown in Table I,

The Gibbs-Duhem equation gives

o e S0 g W
dxl dxl
This is conveniently transformed (6) to
fll Yl (2)
n dx, = 0
0 (’G‘) 1

When Equation 2 is applied to the tabulated activity
coefficients, it appears at a glance that they do not satisfy
the equation. The discrepancy is very large. The actual
value ot 7 indilute solution is far smaller than the equation
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Figure 1. Vapor-liquid equitibrium for asymmetrical
dimethylhydrazine and water at 760 mm. of
mercury

would predict. The low activity of dimethylhydrazine in
dilute solution explains the difficulties in obtaining good
recoveries by simple distillation of dilute feeds. (It also
indicates a tendency toward azeotrope formation, and a few
additional measurements at 102-mm. of mercury pressure
showed that a high-boiling azeotrope containing about 6
mole % dimethylhydrazine does indeed occur.)

This behavior marks the systerm as unusual, andmerits
discussion. Because so many binary systems follow Equa-
tion 1 with fair accuracy, there is a tendency to forget
that this equation and its various integrated forms (the
Margules and van Laar equations, as well as Equation 2)
apply rigorously only under conditions of constant pres-
sure and temperature. In actual measurements either the
temperature or pressure is held constant, and the other
quantity must vary with the composition. The consequence,
as pointed out by Ibl and Dodge (4), is that under isobaric
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F igure 2. Relationship between vapor and liquid compositions
at equilibrium for asymmetrical dimethylhydrazine
and water at 760 mm. of mercury
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conditions the left-hand side of Equation 1 is not equal to
zero, instead, the true equality is

dinYy 4 4r
L o 3)
1 1 RT™ dx
where aH is the integral molal heatof mixing at the com-
position defined by xj and x3. While inmany binary systems
aH and dT/dx are sufficiently small to make Equation 1 a
good approximation for Equation 3, one cannot overlook the
cases in which the right-hand side of Equation 3 is not
negligible—e.g., the case of acetic acid and water (1), al-
though this is complicated by the occurrence of association
in the vapor. Thus, thebehaviorof Yt and 72 in the present
system may be accounted for by assigning appropriate
values to aH.

dln')’l
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Volumetric and Phase Behavior in the Nitric Acid-
Nitrogen Dioxide—Water System

H. H. REAMER, W, H. CORCORAN, AND B. H. SAGE
California Institute of Technology, Pasadena, Calif.

Pressure- volume-temperature measurements on
three mixtures of nitric acid, nitrogen dioxide, and water at
physical and chemical equilibrium were made attempera-
tures between 190° and 340° F. and at pressures up to
5000 pounds/square inch absolute. The ratio of the weight
fraction of water to the sum of the weight fractions of
water and nitric acid was kept essentially constant.

This restricted ternary system showed a decrease in
bubble-point pressure at physicochemical equilibrium with
increasing concentration of nitrogen dioxide. The bubble-
point pressure reached a minimum at 0.10 weight frac-
tion nitrogen dioxide and gradually became greater at high-
er weight fractions. At the lower concentrations of nitrogen
dioxide, chemical equilibrium at 190 F, was achievedonly
aftenseveral hours elapsed. As the concentration of nitro-
gen dioxide was increased, theapproach toequilibrium was
more rapid.

Experimental information is available concerning the
volumetric and phase behavior at physical equilibrium of
nitric acid andits mixtures with water and nitrogen dioxide.
Klemenc and Rupp (6) contributed materially to the knowl-
edge of the volumetric behavior of the liquid phase at at-
mospheric pressure. Taylor compiled information con-
cerning the bubble-point pressure of mixtures of nitric
acid and water (19). The freezing points of the nitric acid-
water system were investigated, and at least two hydrates
of nitric acid were reported (8). Forsythe and Giauque (4)
added greatly to the knowledge of the thermodynamic prop-
erties of nitric acid and its mixtures with water. Sprague
(17) proposed several analytical expressions for varia-
tions in specific weight with composition for the nitric
acid-nitrogen dioxide-water system. All of the above stud-
ies were made at physical equilibrium only, without regard
for the gradual chemical rearrangement which takesplace
in these systems even at ambient temperature.,

Information obtained at both physical and chemical
equilibrium for pure nitric acid (11, 15,20), the nitric ac-
id~-nitrogen dioxide system (2), the nitric acid-water sys-
tem (3), and for samples of commercial redand white fum-
ing nitric acid (12) isavailable. Additional information con-
cerning mixtures of nitric acid, water, andnitrogen dioxide
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during their approach to physical andchemical equilibrium
was obtained (20).

Insufficient experimental information is available to
predict the volumetric and phase behavior of ternary mix-
tures of nitric acid, water, and nitrogen dioxide in the
composition interval normally encountered in industrial
practice. For this reason an investigation of the specific
volume and the bubble-point pressure of three mixtures
of nitric acid, water, and nitrogen dioxide was made. All
three of the mixtures were selected so as to yield a ratio
of the weight fraction of water to the combined weight
fractions of nitric acid and water of approximately 0.090.
The investigation was carried out at pressures up to S000
pounds/square inch absolute in the temperature interval
between 190° and 340° F. Thetimerequiredfor the attain-
ment of chemical equilibrium at temperatures below
190° F, was great enough to render investigation unprofit-
able at lower temperatures. All measurements were made
at both chemical and physical equilibrium except thatlim-
ited information is included concerning the approach to
chemical equilibrium.

EQUIPMENT AND METHODS

The methods and equipment employed in this investi-
gation were the same as those used (11) for the study of
the behavior of pure nitric acid at physical and chemical
equilibrium. The sample was confined within a glass pis-
ton-cylinder combination (11) which was surrounded by
a fluorinated hydrocarbon confined within a stainless
steel pressure vessel., Introduction and withdrawal of the
fluorinated hydrocarbon accomplishedthe change in volume
of the sample within the glass piston-cylinder combi-
nation, Clearances between the piston and cylinder were
sufficiently small so that there was very little tendency for
loss of the sample into the fluorinated hydrocarbon. Ex-
perience with this equipment indicates that the relative
probable error in the measurement of specific volume was
0.6%, after calibration as a function of pressure and tem-
perature.

The quantity of nitrogen dioxide employed was deter-
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