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Ammonium Dinitramide —Water: Interaction and Properties

Niklas Wingborg*
Swedish Defence Research Agency, FOI, Grinddgesearch Centre, SE-147 25 Tumba, Sweden

The interaction between ammonium dinitramide (ADN) and water was experimentally investigated by determining
the solid-liquid phase diagram for the system ABMater and by measuring its critical relative humidity at 25

°C. Additionally, the density of aqueous ADN solutions of different compositions were measured in the temperature
range from (5 to 85JC. The properties of ADN were compared to ammonium nitrate (AN), and the results show
that ADN is more hygroscopic than AN. The density data show that aqueous ADN solutions behave as an ideal
solution, with a partial molar volume independent of the composition. This made it possible to determine the
molar volume and the density of pure ADN in the liquid state as well as the volumetric contraction of molten
ADN on solidification and cooling.

Introduction Table 1. Properties of ADN

Ammonium dinitramide (ADN), NEIN(NOy,),, is a relatively density at ambient temperatuye, 1.81gcm=37
newly discovered inorganic solid salt, mainly intended as an melting point 91.5¢°
oxidizer in solid rocket propellants:3 Some of the properties Lnxgjsgﬁlzg}';ﬁgw 122‘207%%210'
of ADN are presented in Table 1, and an overview of different heat of formation —148 kImol-1 3
synthetic routes for its preparation have been described by heat of combustich 424 k3mol*

Venkatachalam et dlSimilar to ammonium nitrate (AN), N
NOs, ADN is hygroscopic and readily soluble in water. The
hygroscopic properties are of importance to determine how ADN
should be stored and handled. The interaction between ADN
and water and the physical properties of ADN in the liquid state
are also of fundamental importance. The latter has partially been
studied theoretically using molecular dynamics calculatfons. .
This work focused on the interaction between ADN and water  DSC measurements were performed using a Mettler Toledo
by measuring some of its physical properties. A few of the DSC30 vx_/|th I_|qU|d nitrogen (_:oohng. The measuring cell was
preliminary results have previously been published in a proceed-Purged with nitrogen (50 mimin™) and the sample weight was
ing paper® Data for AN was used in this study as a comparison @Pproximately 3 mg. The temperature was adjusted using a
and to check the reliability of the measurement procedures. Thethrée-point calibration with indium (ME-29749 Mettler-Toledo,
results obtained are useful to increase the understanding of ADNSweden), \{vater, anq anhydrous, high puriyoctane (no.
and as a help in the development of ADN-based propellants. 29:698-8 Sigma-Aldrich, Sweden). All reported temperatures
are average values of two measurements, deviating at the most
Experimental Section by 0.4°C.
. . . . ) The critical relative humidity of ADN was determined by
Materials. The following chemicals were used in the experi-  measuring the relative humidity above a saturated aqueous ADN
mental work. They were used as received with no further gqution confined in a 100 mL Erlenmeyer flask, using a

aWeight percent of excess oxygen calculated as described in ref 9.
b Calculated as described in ref 10.

using a Perkin-Elmer Lambda-40 UV/VIS spectrophotometer.
All the reported solubility data are average values based on at
least three separate measurements.

purification: ammonium dinitramide (ADN), NEN(NOz)z, (1ot Rotronic A1 hygrometer. All measurements were performed at
no. 2002-7034 Eurenco Bofors, Sweden) and ammonium nitrate 5 constant temperature of 250 with the flask submerged in
(AN), NH4NO;3, (No. 09891 Sigma-Aldrich, Sweden). a thermostat bath. The hygrometer was calibrated with a

HPLC-grade water (no. 07-421802 Tamro MedLab, Sweden) saturated aqueous solution of Mg(§@ (no. 63087 Sigma-
was used in the preparation of the aqueous solutions and in theAldrich, Sweden). To check the calibration at slightly higher
calibration of the analytical apparatus. relative humidity, a saturated aqueous solution of NaBr (no.

Methods. The solubility of ADN and AN in water was 71330 Sigma-Aldrich, Sweden) was used. The reported values
determined by preparing saturated solutions in test tubes atwere read after equilibration of the relative humidity in the flask
constant temperatures. The temperature was controlled using avas achieved.
thermostat bath. After equilibrium was achieved, liquid samples A Mettler Toledo DE40 density meter was used to determine
(~30 mg of ADN solution and~10 mg of AN solution, the density of agueous solutions of ADN and AN, respectively.
respectively) were withdrawn using a syringe. The samples were The solutions were prepared at different concentrations in steps
weighed prior to dilutionn 1 L of water. The concentration of  of 0.05 molar fractions. The maximum concentration of each
ADN and AN in the liquid phase were then determined by salt was determined by their solubility at room temperature.
measuring the UV absorption at 284 and 201 nm, respectively, Calibration of the density meter was done using water. All

reported densities are the average of at least two measurements
* E-mail: niklas.wingborg@foi.se. Fax:+46 8 5550 3949. deviating less than-20~* g-cm~3,
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Table 2. Solubility of ADN in Water at Different Temperatures 100
temperature°C) solubility (wt %} @ DSCT y
f
-15.0 58.3(0.2) 80 4 DSC T L
~10.0 62.7 (0.2) ° 2
0.0 69.3 (0.1) i
20.0 78.1(0.1) ol [T Rer8 I
aThe values within parentheses are the experimental standard deviation. %)
[<]
Table 3. Data for the Liquidus Line on the Water-Rich Side in the o 401 -
Phase Diagram in Figure 2 %
WADN T2 (°C) WADN T2 (°C) g 20 4 i
0.000 0.0 0.171 -3.1 g
0.049 0.4 0.251 -45 =
0.090 -1.2 0.300 —5.6
0.136 —2.2 0.403 —8.7

a Compositions are given in weight fraction ADM/Apn).

Heating rate: 10 K/min.

J =274
2 Vo= 0136 -40 I . | .
T 0,0 0,2 0,4 0,6 0,8 1,0
0 -
Weight fraction ADN

&) 27 Figure 2. Solid-liquid phase diagram for the system ABMater. The
s 4] curved lines are fitted quadratic polynomials. The different symbols indicate
S the experimental methods and reference used.
= -6
3 Table 4. Critical Relative Humidity (%) at 25.0 °C
I

81 exptl data lit. dat¥? corrected exptl data

10 - Mg(NOs), 52.8 52.9 52.9

ADN 55.1 55.2
-12 4 T, NaBr 57.5 57.6 57.6
-14 . ' ; T . . . eutectic composition was found to bepy = 0.58, which
43 200 A0 0 oo 2030 4 corresponds to a mole fractioabn) equal to 0.167. The
Temperature (°C) reported eutectic composition for the system-AMater isway
Figure 1. Typical DSC thermogram on an ADNvater mixture. = 0.428 &an = 0.144) with a melting point in the range of
(—16.7 to—16.8)°C.1213

Results and Discussion Critical Relative Humidity. The results from the critical

relative humidity measurements are shown in Table 4. As can
be seen, the measured values were approximately 0.2 % lower
as compared to the literature data. The experimental data were
thus accordingly adjusted, and the critical relative humidity for
ADN was determined to be 55.2 % at 280. This means that

the relative humidity must be below 55.2 % to prevent ADN
from absorbing moisture from the atmosphere. This is lower
than the corresponding value for AN, which is reported to be
61.9 % at 25.0°C.10

Solubility of ADN in Water. Table 2 shows the solubility of
ADN in water at different temperatures. Measurements below
—15 °C were prevented due to freezing of the aqueous ADN
solution. The measurement procedure was checked by measurin
the solubility of AN in water at 20.0C and was found to be
65.6 wt %, with a standard deviation of 0.3 %. This is in good
agreement with literature data (65.5 %8)thus showing the
reliability of the technique used. As shown, the solubility of

ADP'\kl\ n wg?er IS cc;n3|torllere;blyth|grj§r as c;)m;_)rar((ajd tto A.N' Molar Volumes and Liquid DensitiesTable 5 presents the
ase biagram for In€ system ater. 10 determine results from the density measurements at 2&M®mn aqueous
the phase diagram of the system ABWNater, the solubility ADN and AN solutions, respectively

data in Table 2 was complemented by DSC measurements on The volume V) of a binary aqueous salt solution can be

aqueous ADN solutions of different compositions. Figure 1 calculated according to

shows the result from a typical DSC measurement where the

onset of the first endothermic melting pedk, corresponds to V=n,Ve +n\Ve (1)

the eutectic melting of ADN-water, and the peak temperature

of the second peaRy, corresponds to the final melting of water  wherev is the partial molar volume, which in general depends

in contact with the solutiof: on the composition of the solution, ands the number of moles
With increasing weight fraction ADNWupn), the second peak  of water and salt respectively, as indicated by the subscript w

was shifted to lower temperatures until gradually merging with and s. The mean molar volume of the solution\Vi,= V/(ny

the first peak. Thus, atiapy > 0.4 the peak temperature;, + ng which, in combination with eq 1, can be rewritten as
could not be determined. The onset of the first péak,was ~
not altered by the composition, and the average of the eutectic Ve =Vp + x(V° — V,,°) 2)

melting point was found to be-15.3 °C, with a standard

deviation less than 0.2C. The results are shown in Table 3 By using the results from the density measurements in Table 5,
and in Figure 2, where the melting point of pure ADN is taken the mean molar volume of the solutions were calculated’as
from Lobbecke et af.(Table 1). From the phase diagram, the = I\7I/p, whereM = x,M,, + xMs. The results are shown in



1584 Journal of Chemical and Engineering Data, Vol. 51, No. 5,

Table 5. Densities p) of Aqueous ADN and AN Solutions at
Different Compositions at 25.0°C?

PADN/H,0 PAN/H,0
WADN XADN g-cm 3 WaN XAN g-cm 3
0.00000  0.00000 0.9970 0.00000  0.00000  0.9970
0.26581  0.04995 1.1224 0.18946  0.04998  1.0759
0.43414  0.10024 1.2156 0.33046  0.09998  1.1396
0.54737  0.14938 1.2867 043920 0.14985  1.1922
0.63191  0.19955 1.3446 0.52612  0.19992  1.2366
0.69628  0.24976 1.3916 0.59724  0.25023  1.2746
0.74682  0.29989 1.4306 0.65587  0.30018  1.3073
0.78836  0.35105 1.4642

a Compositions given in both weightf and mole X) fractions.

Table 6. Results from the Regression Analysis

ADN AN
r2 0.99995 0.99975
Vi femd-mol-1 17.98 (0.03) 17.98 (0.04)
Ve/cmd-mol-1 74.08 (0.17) 51.23 (0.24)
pdgrem3 1.675 (0.004) 1.562 (0.007)

aV,* andVs are the molar volumes for water and the salts, respectively;
psis the density of the salts in the liquid state; afds the linear correlation
coefficient. All properties at 25.0C. The values within parentheses are
the standard deviation.
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Figure 3. Mean molar volume for aqueous ADN and AN solutions as a
function of the mole fraction of respective salt at 25@
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Figure 4. Density of aqueous ADN and AN solutions at 250 as a
function of weight fraction of respective salt. Solid lines: calculated values
using eq 4. Dots: experimental data from Table 5 and ref 14.

The value of the molar volume for AN was compared to
literature data (50.93 and 51.69 at (20 and @D)respectivelyp
showing good agreement. The calculated molar volume of water
was in both systems less than 0.5 % lower than the molar
volume of pure water, calculated as," = Mu/pw, using
literature density data for water (0.997&cm 3 at 25.0°C).10

As a consequence of an ideal solution there isA\bon
mixing and the volume of a binary aqueous salt solutioK' is
= Vw *+ Vs, which can be rewritten as

W, W,
1:_W+_5 (4)
P Pw  Ps

By using eq 4, the density of aqueous solutions of ADN and
AN respectively were calculated using the values of the liquid
densities in Table 6 and the density of pure water at 26.0
(0.9970 gcm~3).10 The calculated densities (shown in Figure 4
as solid lines) were found to deviate, at the most, with5 %
and —0.6 % for the aqueous ADN and AN solutions, respec-
tively, as compared to the experimental data shown in Table 5.
To determine the molar volume and the liquid density of ADN
at other temperatures, the density of the aqueous ADN solutions

Figure 3, where the mean molar volumes are shown as a functionVere measured between (5 and 85) Measurements at higher

of the mole fractionX) of the respective salt. Density data of
aqueous AN solutions found in the literatiffavere used as
comparison, as seen in Figure 3, showing good agreement.

The results in Figure 3 show linear relationships; thus, linear
equations were fitted to the data. The density data of aqueou
AN solutions found in the literatutéwas however not used in

the linear regression analysis. Excellent linear correlations were

found as seen in Figure 3 and in Table 6 by their correlation
coefficients (?) close to unity. From this analysis it seems that
the partial molar volumes/) are independent of the composi-

tion and thus equal to the molar volumes of the pure substances

(V*). This shows that aqueous solutions of ADN and AN, in
this respect, can be considered as ideal solutions. Equation

was thus rewritten as eq 3, and the molar volumes of pure water,

ADN, and AN were calculated. The results are shown in Table
6 together with the corresponding densities of ADN and AN in
the liquid state, calculated ag = Vs/Ms:

Vo= Vw‘ + Xs(vs‘ - Vw.) 3

S

temperatures were prevented by bubble formation in the density
meter. The results are shown in Table 7.

The molar volumes and the liquid densities were then
determined by using the same procedure as above and the data
in Table 7. The results are shown in Table 8 and in Figure 5.
At all temperatures the solutions were close to ideal, as indicated
by correlation coefficients close to unity. The maximum
deviation of the molar volume of water in Table 8 was found
at 5.0°C and was approximately 0.7 % lower than the literature
value for pure water.

The results in Table 8 can be used to calculate the density of
aqueous ADN solutions at different compositions, at tempera-

2tures between (5 and 83L. At temperatures above 2&, the

accuracy will be better than 0.5 % thanks to the better agreement
with ideal behavior, as shown by the higher correlation
coefficient ¢2) in Table 8. By extrapolating the liquid density

in Figure 5 to higher temperature, the liquid density of ADN at
100 °C was estimated to be 1.62agn—3. This is 11 % lower
than the density of solid ADN at ambient conditions, as shown
in Table 1. Thus, pure molten ADN at 100C will, on
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Table 7. Densities (gcm~3) of Aqueous ADN Solutions at Different Compositions \apn) and Temperaturest

WADN 5.0°C 15.0°C 35.0°C 45.0°C 55.0°C 65.0°C 75.0°C 85.0°C
0.00000 1.0000 0.9991 0.9940 0.9902 0.9857 0.9806 0.9749 0.9686
0.26581 1.1324 1.1277 1.1168 1.1106 1.1043 1.0973 1.0905 1.0829
0.43414 1.2284 1.2224 1.2091 1.2018 1.1948 1.1870 1.1795 1.1713
0.54737 1.3008 1.2940 1.2796 1.2717 1.2644 1.2562 1.2488 1.2405
0.63191 1.3596 1.3523 1.3373 1.3290 1.3217 1.3133 1.3058 1.2974
0.69628 1.4072 1.3995 1.3842 1.3758 1.3684 1.3599 1.3525 1.3442
0.74682 1.4464 1.4387 1.4232 1.4147 1.4073 1.3988 1.3914 1.3833
0.78836 b 1.4723 1.4565 1.4482 1.4405 1.4323 1.4246 1.4165

aDensity data at 25.0C are shown in Table %.Not measured due to freezing of sample.
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Figure 5. Molar volume and density of ADN in the liquid state as a function of temperature. The lines are fitted quadratic polynomials.

Table 8. Molar Volumes for Water (V') and ADN (Vapn®) and
Density of ADN (papn) in the Liquid State at Different
Temperatures.r? Is the Linear Correlation Coefficient

T Vyy® 2P Vi* © Vapn® P PADN

°C r2 cm¥mol~!  cmPmol~* cmi-mol?! g-cm—3

5.0 0.99983 17.89(0.06) 18.02  72.83(0.33) 1.703 (0.008)
15.0 0.99991 17.91(0.05) 18.03 73.57 (0.22) 1.686 (0.005)
250 0.99995 17.98(0.03) 18.07  74.08(0.17) 1.675 (0.004)
35.0 0.99997 18.06(0.03) 18.12  74.52(0.13) 1.665 (0.003)
450 0.99999 18.15(0.02) 18.19  75.02(0.08) 1.654 (0.002)
55.0 0.99999 18.25(0.01) 18.28 75.42 (0.06) 1.645 (0.001)
65.0 1.00000 18.37(0.01) 18.37  75.88(0.03) 1.635(0.001)
75.0 1.00000 18.48(0.01) 18.48  76.25(0.03) 1.627 (0.001)
85.0 1.00000 18.62(0.01) 18.60 76.65 (0.04) 1.618(0.001)

a Calculated using the density data of the aqueous ADN solutfoFise
standard deviation is given within the parenthe§&alculated ad/y*
Muw/pw Using literature density data for watér.

crystallization and cooling to ambient temperature, shrink by
11 %.

Conclusions

ADN is more hygroscopic than AN, as shown by its higher
solubility in water (ADN 78.1 % and AN 65.5 % at 20°C)
and its lower critical relative humidity (ADN 55.2 % and AN
61.9 % at 25.0°C). Hence, to prevent ADN from absorbing
moisture during handling, storing, and processing, the relative
humidity in the atmosphere must be below 55 %. ABMater
forms a eutectic mixture at 58 % ADN, with a melting point of
—15.3 °C. The partial molar volume of ADN in aqueous
solutions is independent of the composition and thus equal to
the molar volume of pure ADN. Thus, in this respect, an aqueous
ADN solution can be considered as an ideal solution. The molar

volume of ADN and its corresponding density in the liquid state
was determined between (5 and 86)and was at 25.0C 74.08
g-mol~t and 1.675 eem~3, respectively. As a consequence of
an ideal solution, the density of aqueous ADN solutions at
different compositions can easily be calculated with good
accuracy, deviating at the most by 0.5 % at 2820 At higher
temperatures the deviation is lower. By extrapolating the density
of pure ADN in the liquid state to higher temperatures, the
shrinkage on solidification and cooling of ADN from 10C

to room temperature was estimated to be 11 %.
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