
Russian Chemical Bulletin, Vol. 42, No. 11, November, 1993 1811 

Kinetics and mechanism of thermal decomposition 
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The kinetics of thermal decomposition of melted hydroxylammonium nitrate have been 
investigated by the rate of heat production in the temperature range 84.8--120.9~ The 
decomposition proceeds with autocatalysis and up to 60 % of conversion the rate of the 
process increases proportionally to the square of the degree of decomposition. The initial 
rate is proportional to the square of the concentration of HNO 3 formed due to dissociation 
of the salt. The activation energy of this process is 15.3_+1.8 kcal/mol. It is suggested that the 
initial stage the process proceeds via interaction between N205 and NH3OH +, whereas the 
subsequent acceleration is due to oxidation of NH3OH + by nitrogen oxides formed as well 
as by nitrous acid. 
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Hydroxy lammonium nitrate N H O H  �9 H N O  3 (HAN)  
belongs to the class of  onium salts whose specific feature 
is the equil ibr ium character  of  their  format ion and, as a 
consequence,  the presence in the salts of the molecular  
forms of  the initial sal t -forming compounds.  1 Hydroxy- 
lamine and nitric acid, with pronounced reducing and 
oxidizing properties,  respectively, are capable of  inde- 
pendent  thermal  t ransformations even at room tempera-  
ture. For these reasons, HAN is of  interest as an object 
capable of  several routes of  conversion: thermolysis of  
the N H 2 O H  and H N O  3 formed by dissociation and 
interaction between acid and salt. The kinetic regulari- 
ties of  the thermal  decomposi t ion  of  H A N  in the indi- 
vidual state have not been studied. There are only 
qualitative observations of  changes in the Raman spec- 
tra of  an 11 M aqueous solution of  I-IAN and of  its 
decomposi t ion  products at pressures of  several kilobars, z 

Experimental 

The initial compound was prepared by an exchange reac- 
tion between NaNO 3 (pure grade) and hydroxylammonium 
sulfate 2NH2OHH2SO 4 (HAS) (analytically pure grade) ac- 
cording to a specially developed procedure. About 8 moles of 
distilled water was added to a mixture of fine crystalline salts 
containing 2 moles of NaNO 3 and 1.05 mole of HAS. The 
viscous mass was heated with constant stirring on a water bath 
(92 ~ ) until complete dissolution of the salts. The flask with the 
solution was kept for 1--1.5 h at -20~ The viscous mass 

formed in the dry chamber was washed with -50 ml of abs. 
ethanol divided into 4--5 portions. The alcohol solution of 
HAN was filtered from the solid residue on a ceramic filter. 
About 30 ml of dry. diethyl ether was added to the obtained 
solution, following which the mixture was allowed to settle for 
15--20 rain. After the alcohol-ether solution of HAN was 
filtered off from the residue under reduced pressure on a water 
bath (30~ most of the solvent was carefully removed from 
it. The remainder of the solvent was frozen into an entrain- 
ment separator cooled with liquid nitrogen. HAN was consid- 
ered dry when the vapor pressure in the system became less 
than 10 .2 Torr at a water bath temperature of 60--65~ The 
pressure was measured with a VIT-2 vacuum gauge. The 
obtained preparation was repeatedly recrystallized and dried as 
described above. Specially prepared solvents were used for the 
synthesis. Rectified alcohol was treated with KMnO 4 (the 
solution of 0.5 g of KMnO 4 in 200 ml of alcohol was kept for 
12 h, the precipitate of MnO 2 formed was removed by decant- 
ing), dehydrated by refluxing with CaO, and then distilled. 
Ether was preliminarily purified from peroxides by treating 
with Na2SO 3 solution, then with solutions of KMnO 4 and 
NaOH, 3 dried for l day with CaC12, and distilled. The thermal 
stability of HAN became considerably worse when unpurified 
solvents were used. 

The concentration of NH2OH was measured by iodometric 
titration in a weakly basic medium of HAN. It turned out to 
be 34.24 %, which corresponds to a purity of 99.6 % for the 
preparation. The content of Na + in HAN determined on a 
flame photometer (Flame Photometer, Model "A", EEL, 
England) was 0.l--0.05 %, the qualitative reaction of SO42- 
to barium chloride indicated the absence of this ion in the 
obtained salt. 
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Results and Discussion 

Acording to the 1R spectroscopy data, the gaseous 
final products of  HAN decomposition are NO 2, NO, 
N20,  and H20. The kinetics of thermal decomposition 
were studied by the rate of heat release 4 under isother- 
mal conditions in completely thermostatted preliminar- 
ily evacuated glass ampules in the temperature range 
84.8 to 120.9~ which is higher than the melting point 
T m (43--44~ at filling degrees m / V o f  1-10-3+27-10 -3 
g c m  -3. The decomposition of HAN is characterized by 
a strong acceleration; the maximum rate is 200--500- 
fold greater than the initial one, and this ratio notice- 
ably increases with the increase in m~ K Typical kinetic 
curves of the salt decomposition are presented in Fig. 1. 

The decomposition of -60% of HAN is described 
by the following kinetic law 

drl/dt = k[(l - q) + k2(l - n)-n 2, (l) 
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where q < 0.6. 
At higher conversions autoacceleration of the reac- 

tion depends more strongly on rl (Fig. 1). The value of 
k I essentially decreases as the ratio m/V increases 

(Fig. 2). The values of the initial rate at different m/V 
and temperatures are presented in Table 1. 

The estimate of the average value of the full heat 
effect of HAN decomposition at -100~ and m/V  = 
2-10-3_+3-10-3 g cm -3 is 380 cal g- l .  The values of k I at 
re~V= 2.5-10 -3 g cm -3 are found by interpolation from 
the experimental data in Fig. 2. Their temperature 
dependence is 

I 16450 • 450) 
k~ = 4.2 .t04exp RT (2) 

The introduction of ammonia at 110.4~ and m/V = 
2.75.10 .3 g cm -3 noticeably increases (dQ/dt)lt=o; the 
time at which the sharp acceleration of the reaction 
occurs simultaneously increases as well (Fig. 1). Addi- 
tions of 5--20 molar per cent of 100% HNO 3 result in 
vigorous decomposition of the salt even at -20~ there- 
fore the study was performed in dilute HNO 3 solutions. 
For this purpose, the dependence of the decomposition 
rate of a mixture containing 1/3 tool. fractions of HAS 
and 2/3 mol. fractions of NaNO 3 has been studied. This 
mixture models HAN in HNO 3 solutions of different 
concentrations. The characteristic kinetic curves of de- 
composition of these systems are presented in Fig. 3. 
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Fig. 1. Kinetic curves of HAN decomposition in the melt at 
101.5 (1, 2) and 110.4~ (3), m/V(g cm-1): 
2.56-10 -3 (1), 0.68.10 -3 (2), 2.75-10 -3 g cm -1 (3) (+7.7 mol,% 
of NH3). 

Fig. 2. Dependence of k 1 on the ratio m/Vat HAN decompo- 
sition: 120.9 (1); 101.5 (2); 84.8~ (3). 
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Table 1. Initial rates of decomposition of NH2OHHNO 3 in 
the melt under different conditions 

Table 2. Initial rates of decompositions of mixtures of 
2NH2OH.H2SO 4 with NaNO 3 in solutions of HNO 3 at 122.2~ 

T~ m/V'lO 3 d-~t u t  d~q~ t= 0 105 kef" 108 [NH3OH+]0 / M [HNO3]0 / M dQI 
' " ~  t=0  

t=0 

~ g cm -3 cal (h g)-I s-I s-I  cal (h g)-I 

84.8 3.13 4.75 0.35 0.74 
9.0 1.64 0.12 0.73 

11.4 0.95 0.069 0.53 

101.5 0.68 29.7 2.17 1.15 
1.85 15.8 1.16 1.51 
2.56 15.2 1.ll 1.98 

16.9 1.2 0.088 1.00 

110.4 8.36 9.87 0.72 4.10 

110.4" 2.75 88.4 6.46 

120.9 1.03 55.2 4.04 3.30 
2.34 44.1 3.22 5.46 
5.35 17.3 1.27 4.68 

* NH3, 7.8 mol.%. 
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1.41 --  3.42 
1.43 1.55 7.45 
1.42 2.42 33.5 
1.42 2.76 33.0 

The initial decomposi t ion  rates of  these mixtures are 
tabulated in Table 2 ((dQ/dt)lt=_ o relates to 1 g of  HAN).  

The decomposi t ion  was also s tudied in more  con-  
cent ra ted  H N O  3 solutions tip to 9 M, but when the 
concentratio1~ of  acid was more than -2 .8  M the reac- 
t ion managed to develop while the ampule  was being 
heated,  and most  of  the initial N H 3 O H  + ions under-  
went t ransformat ions  during this period.  The release of  
NO 2 is observed in ampules  conta in ing mixtures  with 
2.8 M (and more)  H N O  3 immedia te ly  after the heating 
period,  and the free volume of  the ampule  becomes  dark 
grayish-brown,  which does not  occur  before the sharp 
autoaccelera t ion of  the react ion when the concent ra t ion  
of  H N O  3 is lower. Acc9rding to l i terature data,  s,6 ther-  
mal d e c o m p o s i t i o n  of  H A N  at 25~ occurs  with 
autoaccelera t ion only in H N O  3 solut ions with concen-  
trat ions greater than 2.5 mol / l .  

The obtained data about  the essential  inf luence of  
the addi t ion of  H N O  3 and N H  3 on the initial  rates of  
HAN decompos i t ion  attest that  the process occurs  via 
the molecu la r  forms of  the initial  acid and base formed 
as the result of  the dissociat ion of  the  salt (Eq. (3)) and 
not  t h rough  d e c o m p o s i t i o n  o f  the  ionic  form of  
N H 3 O H  +, because thermal  decompos i t ion  of  some salts 
of hydroxylammonium,  for example,  perehlorate  (HAP),  7 
occurs more  slowly (by more than  ten t imes)  in the 
initial stages at the tempera tures  studied. 

Kdl 
NH3OH+ + NO 3- NH2OH/ + HNO3/ 

ll 
g--gas NH2OHg + HNO3g 

(3) 

Fig. 3. Kinetic curves of decomposition of mixtures of HAS 
(1/3 tool. fractions) with NaNO 3 (2/3 mol. fractions) in 
solutions of HNO 3 at 122.1~ 
[NH3OH +1 = 1.41 M, [HNO3] = 0 (1); 
[NH3OH +] = 1.43 M, [HNO3] = 1.55 M (2); 
[NH3OH +] = 1.42 M, [HNO31 = 2.42 M (3): 
[NH3OH +] = 1.42 M, [HNO31 = 2.76 M (4). 

The addi t ion of  anhydrous HNO3,  as compared  with 
NH3, has a greater  effect on the  rate of  H A N  d e c o m p o -  
sition. This indicates that  H N O  3 plays a de te rmin ing  
role in the initial stages of  the  in terac t ion  between 
H N O  3 and the ionic or molecu la r  form of  NH2OH.  In 
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order to estimate the value of the initial HNO 3 concen- 
tration in the melt, one should take into account that 
the equilibrium 

~2 
NH3OH+ + NH20H ~ [NH3OH+'NH2OH] (4) 

is essentially shifted to the right, and in HAP at 108.5~ 
Kd2 is close to 7 liters/mol. 7 From equilibria (3), (4) 
using concentrations instead of activities, and assuming 
equimolarity of the HNO 3 formed and the sum of 
NH2OH and NH3OH+.NHzOH,  and that C o >> 
[HNO3]0j , C o >> [NH2OH]0j, one can obtain for the 
initial time: 

[HNO3Ioj = K,hl/2Co 

I// + Kd2C 0 + P0,h " ]1/2 

J g R7~ o 

(5) 

[NH2OH]o,/ = KdlI/2Co] VI _ 2__R_rc_o I 
+ " C  Po,h I 

^d2 o + 2 - - ~ o J  

(6) 
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Fig. 4. Dependence of the natural logarithm of the effective 
constant of HAN decomposition on temperature. 

where C O is the initial concentration of HAN ill the 
melt; V t, Vg are volumes of the liquid and gaseous 
phases in the ampule; P0,h and P0,n are pressures of 
NH2OH and HNO 3 above the pure components at the 
corresponding temperature. 

The dependences (5), (6) are obtained with the 
assumption that the pressures of the HNO 3 and NH2OH 
vapor are proportional to their molar fractions in the 
melt of HAN and to the vapor pressures above the pure 
components. It follows from dependences (5), (6) that 
the initial rate of HAN decomposition must not depend 
on the ratio re~V, if the interaction of the molecular 
forms of NH2OH and HNO 3 in the melt plays a key 
role. The drop in the initial rate with the increase in m~ 
V can be explained by the fact that the interaction 
between NH3OH + and HNO 3 is limiting in the decom- 
position process. The experimental results obtained are 
satisfactorily described by a kinetic law suggesting that 
the reaction is second order with respect to the acid 
(Eq. (7)). 

dlNH3OH+]ll -k[NH3OH+]0 . [HNO3]~t 
" 1 1 = 0  = 
I 

(7) 

In this case, proceeding from Eq. (5) and taking into 
account that the value Kd2Co in the numerator of this 
dependence is considerably greater than the other terms, 
the initial decomposition rate of the pure salt can be 
presented in the form of Eq. (8). 

_~tq,= ~ = kKmKd2Co 3 1 (8) 
V+ + Po,,, 
Vg 2 RTC o 

According to dependence (8), the initial rate of 
HAN decomposition decreases as m~ Vincreases because 
VI/ Vg = mHAN/ ( Vg PHAN). The values kef = k Kdl Kd2 Co 3 
(Table 1) calculated from correlation (8) are indepen- 
dent of m~ V, differing by not more than 40 % from the 
average value at a fixed temperature, and are described 
by an exponential dependence oll temperature (Fig. 4). 

kef = 13.73-exp(-15300+1800/RT), s -l  (9) 

For the calculation of kef , values of P0,n estimated 
from the literature data 8 were used; the value of OHAN 
was taken to be equal to 1500 g/l. 

The fact that the reaction is second order with 
respect to HNO 3 at the initial stages of decomposition 
of the pure salt probably means that there is interaction 
between NH3OH + and nitrogen(V) oxide or the 
nitronium cation formed as the result of the following 
equilibrium reactions: 

(1o) HNO 3 + HN03,~,----- N205 ~ NO 3- + NO2+ 
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Owing to Coulomb repulsion forces, the mechanism 
that includes an uncharged attacking agent is preferable 
(Eq. (11)). 

4- 

NHaOH+ + N205 -" HNO3 + NH3ONO2 (11) 

HNO + H2+NO 2 

Further transformations can occur by reactions es- 
tablished for the transformations of HAN in aqueous 
solutions of  HNO35,6 (reactions (12)--(16)). 

V~;NO 2 + NOa- ~ N2Q 4 + H20 (12) 

N204 + NH2OH ~ HNO + N203 + H20 (13) 

N204 + HNO..--,-~ HNO 2 + N203 (14) 

N203 + H20 ~ 2HNO 2 (15) 

HNO 2+NH3OH+ ~ H30++H20+N20 (16) 

In the melt of the salt, dissociation of N203 can 
occur to an essential extent: 

N203 ~ NO + NO 2 (17) 

with the subsequent equilibrium dimerization of NO 2. 
NO found in the decomposition products likely does not 
participate in the HAN transformations, because it re- 
acts at noticeable rates with NH2OH only in an alkaline 
medium, and N2, which is one of the reaction prod- 
ucts, 9 is not found in the products of HAN decomposi- 
tion. 

For aqueous solutions HAN decomposition accord- 
ing to the scheme of reactions (12)--(16) is confirmed 
by studies of labeled nitrogen in N H+3OH. The concen- 
trations of N?O with a label and the change in the 
concentration of HNO? in the system calculated using 
known reaction rate constants for (l 2)--(16) agree well 
with the experiment. 1~ 

In the case of the addition of ammonia to the 
system, which considerably increases the equilibrium 
concentration of N H2 ~ H, the decomposition of N H20 H, 
which occurs without autocatalysis under such condi- 
tions, begins to play a limiting role (Fig. t). At the 
decomposition of the pure salt the effective rate con- 

stant of the limiting stage is the product kKdlgd2Co 3 
(Eq. (8)). Hence, the effective activation energy can be 
presented as follows: 

Eef = E + AH~ + zxHz, (18) 

where E is the activation energy of the reaction between 
HNO 3 and NH+3OH; AH l is the enthalpy of HAN 
dissociation, Eq. (3); AH 2 is the enthalpy of complex- 
ation, Eq. (4), 

Proceeding from the values of enthalpies of forma- 
tion of HAN (-87  kcal/mol), NH2OH and HNO 3 
available in literature 8 (-27.5 and -41.3  kcal/mol, re- 
spectively), and assuming that heat of formation of the 
complex between NH2OH and HAN is close to the 
enthalpy of complexation of NH2OH with HAN (-10  
kcal/mol 7) and equals ( - 1 0 ) + ( - 1 5 )  kcal/mol, one can 
estimate that in the melt of HAN the activation energy 
of the reaction between HNO 3 and NH+3OH is 7--12 
kcal/mol. In aqueous solutions it is 25 kcal/mol. 6 

The scheme of reactions considered describes the 
experimentally observed drop in the initial decomposi- 
tion rate with the increase in the ratio m~ V, explains the 
increase in the degree of autoacceleration and also 
describes the composition of the products of  HAN 
decomposition. 
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