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Abstract

A relatively small amount of ammonium nitrate was thermally decomposed on a stainless steel hot plate
maintained at constant temperatures ranging from 240°C to 320°C. The hot plate is a part of the reactor
kettle with the closure atop of it. The reactor holds the decomposed gas whose pressure is measured by
means of a pressure transducer.

The reaction mechanism and the rate were determined by using the gas composition data and the
recorded kinetic curves.

Beyond 318°C. it was found that ammonium nitrate decomposes explosively.
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following reaction among many possible reactions.

Introduction NH.NO,—N,0+2 H,0
Many investigators in the past have concentrated Although considerable attempts have been made to
their efforts on the thermal decomposition of ammo- develop catalysts for the production of nitrous oxide,
nium nitrate for the production of nitrous oxide from it was reported that chromates, dichromates, or chl-
this reaction*™!». Therefore, their effort was limi- orides used as catalyst accelerated the side reaction
ted to the reaction mechanism and kinetics of the producing too much nitrogen©4-1®,
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Here we considered only two main decomposition
reactions producing N,O and N, in determining the
decomposition rate of ammonium nitrate, because
considerable amount of N, gas was detected by gas
chromatographic analysis in the thermal decomposition
of ammonium nitrate conducted without a catalyst at
the temperature range from 240°C to 330°C(13), and
other decomposition reactions producing negligible
amount of NO, O, and NO, were not considered.

The thermal decomposition rate of the main reac-
tions can be calculated from the total pressure incre-
ase due to the formation of gas products in the her-
metically sealed reactor and the results of anylyses
of the gas products by assuming the order of the
reaction, since each reaction produces equal moles of

gas products per mole of ammonium nitrate.

Decomposition Mechanism and Kinetics
When ammonium nitrate is heated, it is believed
that following reactions including dissociation reaction

are possible.

NH,NO,2NH,;+HNO, (1)
NH,NO,—N,0+2H,0 (2
NHNO,— 4N, + 2HNO,+ 21,0 (3)
NH,NO, »>NO+ 1 N,+2H,0 )
NHNOy—N,+ 4 0p+2H,0 (5)

NO and O, produced by reaction (4) and (5) com-

bines into NO, as follows;
NO+20,-NO0, ©)

As the amount of NO, NO, and O, produced by
reaction (4), (5), and (6) is negligible in comparison
with that of N,O and N,, reactions (4), (5) and (6)
are not considered here.

Feik ® and Wise @®

nitrate decomposes only after the dissociation equili-

reported that ammonium

brium, attained rapidly, is established.

According to Feick and Hainer ¢, the disso-

9N 31

ciation vaper pressure of ammonium nitrate is ex-
pressed by the following empirical correlation within
the range from 250°C to 350°C.

log,, P, (cmHg) =8. 503—%

If the ideal gas law is applied to the gas products,
the numbber of moles of ammonium nitrate dissoci-

P;V/2RT and the the number of moles of

ammonium nitrate that is to be decomposed after

ated is

the dissociation equilibrium has been attained is;
Ao=A (initial feed) —P, V/2RT

Assuming reactions (2) and (3) are first order, the
decomposintion rate of ammonium nitrate by (2) and
(3) becomes —dA/dt= (k,-Fk,) A and integrating

this equation, we obtain the following equation:
A=AExp (— (ki +k) t)

where ¢ is the time elapsed after the dissociation
equilibrium has been reached.

Denoting the total moles of products from reaction

(2) and (3) by B and C, respectively, the rate of
reaction (2) and (3)becomes
4B 3k, Axp (— (k4K 0
AL 3k A,Exp (— (k) )
Integrationg these equations, we obtain
_8kA, _ -
B=Shde (1-Exp (— (bi+k) D) ™
—_3kA, _ _
C=Bhle (1—Bxp (— (ki) 1), ®

and total moles of all products formed by reaction
(2) and (3) are

B+4C=34,(1—Exp (— (k+k)1)). 9)

The partial pressure exerted by all the decomposition

products is

B+C)RT
PBrc= ( +V) (10)
PBrc=Pr— P4 (11)

where p, is total pressure in the reactor and p, is the

dissociation pressure.
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we obtain, from equation (9}, (10) and (11),
(pe—pa) V=34, (1—Exp(— (k,+#;) t) RT.

Rearranging this equation results in

L~ (b pd g ) == kb, (12

From equation (7) and (8), the ratio of B to C is

B _ A

C k.

(13)

On the other hand, B and C, from the stoichiometric

point of view, can be expressed as

B=3nx.0 (14)

C=32my, (15)
From equation (13), (14), and (15), we obtain

kl — 4nNz0 (16)

k, Sny.

Therefore, decomposition rate of reaction (2) and
(3) can be determined from equation (12) and (16)

by measuring the total pressure change in the reactor

2. Sample Container
5. Heater
8. Switching Device

1. Reactor

4. Thermocouple-2

7. Gas Outlet Valve
10. Transformer-1 11.
13. Recorder

Transformer-2

and analyzing the final gas compositons.
Experiment

A schematic diagram of the experimenta! apparatus
is shown in Fig. 1.
To maintain the constant reaction temperature in
an exothermic decomposition reaction of ammonium
1

nitrate, 0.6g of ammonium nitrate dried for 4 hours

at 110°C was introduced onto a hot stainless steel
reactor bottom with a large heat capacity. Since heat
libe-

raises the

capacity of steel is about 1.2 Kcal/(°C), heat
rated from 0.6 g of ammonium nitrate
reactor bottom temperature by 0.1°C. The details of
reactor is shown in Fig.2. An electricai heater was
held from the bottom in close contact with the reactor
bottom, and its temperature was controlled with a
variable transformer. The temperature difference be-
tween the bottom and interior of the reactor was
reduced by controlling the input voltage to another
heater which was wound around the reactor wall and
attachments. The reactor was insulated with asbestos
and glass wool. The temperature of reactor was mea-
sured with 2 copper constantan thermocouples in-
the bottom, through a hole drilled

serted into

=l i

Thermocouple-1

Pressure Transducer

Potentiometer

MO

Gas-chromatography

Fig. 1 Schematic Diagram of Experimental Apparatus
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horizontally, and the interior of the reactor.
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Fig. 2 geéompo;ition Reactor
The procedure of introducing the solid ammonium
nitrate into the reactor is as follows, after the reac-
tor temperzture reaches a desired one, 0.6 g of ammo-
nium nitrate is charged into cup A attached to the
end of spindle B of the stuffing box shown in Fig.
2, and the cap of the reactor is closed. By rotationg

the hande of valve B,

onto the reactor bottom.

the solid sample is dropped

Table 1. Operating Conditions of Gas Chromatography
Column
column 1 stainless steel tube 4 mm¢ X2 m
column 2 copper tube 4 mmg x 3 m

Column material

column 1 0. 5—0. 7mm Active Carbon
column 2 60-80 mesh Molecular Sieve 5A
O ature 90°C
detector oven i 110°C
temperature
sample | 2 ml

carrier gas Helium, 25 ml/min.

|
chart speed !

| 40 mm/min.

Final gas composition was analyzed by gas chroma-
tography. Active carbon was used as the column
material for the separation of N,0, NO, NO, and air,

.and molecular sieve 5A for N, and O, separation.

A 33

The operating condition of the gas chromatography
is shown in table 1.

Pure N,, O0,, and N,0 were used for an absolute
calibration of the gas chromatographic analysis of
the product gases

NO used for the absolute calibration was prepared by
heating the mixture of ferrous sulfate (FeSo,), conc.
H,SO, and cenc. HNO, ¢,

NO was oxidized by pure oxygen to NO, for the
absolute calibration of this compound.

The result of absolute calibraiion of each compound

is shown in table 2.

Table 2. Results of the Absclute Caliberaticn

coluran Material ! Compeund g-mole/cm?
P

molecular sieve 5A | 0. P 456110
| N 4.50x107°

| R

I N,O ‘ 4.56x107°
Active Carbon NO : 4.54x107°
’ NO, J’ 4.72x107°

The pressure in the reactor was measured by pre-
ssure transducer by converting the pressure into elec-

trical signal.

Result and Discussion

The total presure changes in the reactor with time
at selected temperatures are shown in Fig.3. In Fig.
4 the total pressure changes are replotted against log
t.

Fig. 5-a and Fig. 5-b show plots of log (1-(pt-pd)
v/8A,RT) versus reaction time at the temperature
range from 245°C to 270°C and from 278°C to
309°C, respectively.

The values of (k,+%,), calculated from the slope of
each line in Fig.5-a and Fig.5-b,
Table 3.

Fig. 6 is a gas-chromatogram of the final gas

product obtained at 320°C. The molar ratio of N,O

were given in

to N, at each temperature was calculated from the

gas chromatographic analysis and given in Table 3.
The values of %, and &,

(12) and (16),
In Fig.7, log k, and log k, were plotted against

calculated from equation

were also presented in Table 3.
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1/T. Since both lines are straight as shown in the
. . . Lime (min.}
figure, previous assumptions are found to be reason-
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Fig. 7 Arrhenivs Plot
Table 3. Reaction Rate Constants
Temper- —
ature bk, mna/nnao R (1/sec) k, {1/sec)
(°C)
245 1.02x107° 1.43 3.66x107* 6.54% 107
253 1.70x107* 1.60 5.66x107* 1.13X 107*
261 2.59x107% 1.77 812x10™* 179X 107°
270 5.104107° 1.97 1.47x107° 3.63x 107°
278 867107 2.22 2.29x107* 6.38% 107°
285 1.86x1072 2.31 3.50x107° 1.01x 107*
208 2.40x1072 2.78 5.36x107° 1.84x 1072
309 4.98x1072 3.17 1..0Lx 1072 8.97x1072

The values of p; and A, at

selected reaction tem-

peratures were listed in Table 4.

/017 3s

Final pressure in the reactor after all ammonium
nitrate reacted may be predicted by adding the equi-
librium pressure p; to the partial pressure (pz.c)
fina1 €xerted by all the decomposition products and
this was also listed in Table 4.

Table 4. Predicted End Pressure

Tempesature (b (mﬁés) s ()
245 0. 0489 7.156x107% 1.475 1.524
253 0.0644  7.04x107 1.476 1.540
21  0.0835 6.91x10° 1.470 1.554
270 0.1127 6.72x107° 1.456 1.569
278 0. 1420 6.53x107% 1.436 1.578
285  0.1804 6.29x107° 1.396 1.580
208 0.2645 5.76x10° 1.312 1.577
309 0. 3640 5.15x107* 1.1983 1.557

The equations of %, and %, formulated from Fig.7
are expressed by;

log k,==9. 757—31, 300/2. 303 RT'
log k,==13. 155—38. 780/2. 303 RT

At 318°C and higher temperatures, explosive de-
composition reaction was found to take place as shown

in Fig. 4 and Fig. 8.

Conclusion

1) The yield of N,O decreases as the reaction tem-

perature increases.
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Fig. 8 Kinetic Curves of Thermal Decomposition of Ammonium Nitrate Near Explosion Temperature
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2) Between 240°C and 317°C, each decomposition 48, 1090 (1956).
reaction producing N,O and N, is first order, and 7. R.D. Smith; Trans. Faraday Soc.,53, 1341
the rate is expressed by; (1957) .

8. A.E.Bruszack, D.S.Burgess and E. L. Litchfield;
Rev. Sci. Imst., 34(7), 814 (1963).

k,=10'>"*%exp (—38, 780/RT) 9. A.G.Keenan and B, Dimitriades; Trans. Faraday
Soc., 57, 109 (1961).

10. W.A.Rosser, S.H.Inami and H, Wise: J. Phys.
Chem., 67, 1753 (1963).

k,=10>""exp (—31, 300/RT)

3) Above 318°C, an explosive reaction occurs.

Nomenclature
11. W.Y.Lee; master’s thesis, Seoul Natl. Univ.
p. ¢ the total pressure of the reactor. (1963} .
pa * the dissociation pressure of ammonium nitrate. 12 W.Y.Lee and C.S.Lee; J. KIChE., 2, 3
T : absolute temperature (°K). (1964) .
A : moles of ammonium nitrate at any time. 13. S.H.Lee; master’s thesis, Seou! Natl. Univ.
A (initial feed) : moles of ammonium nitrate initially (1972)
introduced into the reactor. 14. R.D.Smith; Trans. Faraday Soc., 53, 616
A, * moles of ammonium nitrate to be decomposed {1939).
after the dissociation equilibrium is established. 15. A.G.Keenan and B. Dimitriades; J. Chene. Phys.,
V : reactor volume. 37, 1583 (1962).
R : gas constant. 16. C.I.Colvin and A. C.Keenan; J. Chem. Phys.,
k, : reaction rate constant of reaction (2). 38 3033 (1963).
k, © reaction rate constant of reaction (3). 17. W.A.Rosser, S.H.Inami and H.Wise; Trans.
¢ : the time elapsed after the dissociation equilibrium Faraday Soc., 60, 1618 {1964).
is established. 18. C.I.Colvin and A.G. Keenan; Inorg. Chem., 4,
B : total moles of products from reaction (2). 173 (1965).
C : total moles of products from reaction (3). 19. G.Feick; J. Amer. Chem. Soc., 76, 5858(1954).
Pg+c ¢ the partial pressure exerted by all the decom- 20. A.A.Frost and R.G. Pearson; “Kinetics and Me-
posion products. chanism. ” 2nd ed., Wiley, New York, U.S. A.,
7N20 : moles of N,O produced. 1966.
ny, : moles of N, produced. 21. J.M. Smith; “Chemical Engineering Kinetics,”
2nd ed., McGraw-Hill, New York, U.S.A.,
1970.
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