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Abstract The effect of heating rate on the thermal

behavior of ammonium nitrate (AN) and on the kinetic

parameters of decomposition of AN and its blends with

limestone and dolomite was studied on the basis of com-

mercial fertilizer-grade AN and several Estonian limestone

and dolomite samples. Experiments were carried out under

dynamic heating conditions up to 900 �C at heating rates of

2, 5, 10 and 20 �C min-1 in a stream of dry air using

Setaram Labsys 2000 equipment. For calculation of kinetic

parameters, the TG data were processed by differential

isoconversional method of Friedman. The variation of the

value of activation energy E along the reaction progress a
showed a complex character of decomposition of AN—

interaction of AN with limestone and dolomite additives

with the formation of nitrates as well as decomposition of

these nitrates at higher temperatures.

Keywords Ammonium nitrate � Dolomite � Kinetics �
Limestone � TG–DTA � Thermal stability

Introduction

The kinetics of decomposition (gasification) of AN in solid

[1–5] and liquid phase [1, 6–8] as well as of phase stabi-

lized AN (PSAN) [9, 10] has been studied by several

authors, but there is no data about AN blends with dolomite

and limestone as additives.

Earlier, the influence of different lime-containing

materials on the thermal behavior of ammonium nitrate

(AN) was studied using combined TG–DTA–EGA (FTIR)

equipment varying the amount of additives in a wide range

from 5 mass% to mole ratio of AN/(CaO ? MgO) = 2:1

[11].

The aim of this research was to study the effect of

heating rate (non-isothermal conditions) on the thermal

behavior of AN and on the kinetic parameters of decom-

position of AN and its blends with limestone and dolomite.

Experimental

Materials

Commercial fertilizer-grade AN (34.4% N) (Tserepovetski

Azot Ltd, Russia) was under investigation. Three Estonian

limestone (from Võhmuta, Vasalemma, and Karinu

deposits) and three dolomite (Kurevere, Anelema and

Anelema wastes) previously ground (\45 lm) samples

were used as additives to AN. Anelema wastes were

obtained as a fine fraction from rubble manufacturing. The

chemical composition and specific surface area (SSA) of

the limestone and dolomite samples are presented in

Table 1. The content of total CaO in limestone was 52.9–

54.2 mass% and of total MgO 1.1–2.8 mass%. In dolomite

samples, the content of total CaO was in between 26.0 and

29.0 mass% and of total MgO 24.3–26.6 mass%. The

content of insoluble residue in limestone samples was 0.8–

1.3 mass%, in Kurevere and Anelema dolomite samples

3.2 and 5.8 mass%, respectively, and in Anelema wastes

12.4 mass%. The SSA of the samples studied was rela-

tively small (from 0.74 to 2.44 m2 g-1), being somewhat

bigger for dolomite samples.

More precise characterization of limestone and dolomite

samples used has been presented in [11] showing that all
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samples except Anelema wastes were relatively pure

limestone and dolomite.

Methods

To study the effect of heating rate on thermal stability of

AN, thermogravimetric equipment (Setaram Labsys 2000)

capable of simultaneous recording of mass loss (TG), dif-

ferential mass loss (DTG) and differential thermal analyses

curve (DTA) was used. The experiments were carried out

under dynamic heating conditions from 30 to 900 �C, or in

the case of neat AN to 400 �C, at heating rates of 2, 5, 10

and 20 �C min-1 in a stream of dry air (flow rate

120 mL min-1). Standard 100 lL alumina crucibles were

used. Sample mass was calculated on the basis of constant

mass of AN (6 ± 0.2 mg), the content of additives in the

blends was 20 mass%.

Results and discussion

Thermal analysis

No systematic dependence of the temperatures of endoef-

fect minimums on DTA curves corresponding to the prin-

cipal transitions of ANIV $ ANIII $ ANII $ ANI on the

heating rate were fixed. The most evident phenomenon was

that at lower heating rates these endoeffects occurred at

higher temperatures, but the transition of ANI $ ANmelt

was always shifted towards higher temperatures at higher

heating rates.

Table 1 Chemical composition and specific surface area (SSA) of limestone and dolomite samples

Sample Chemical composition (mass %)a BET SSA (m2 g-1)

CaO MgO CO2 I.R.b Al2O3 Fe2O3 Ssulphate

Karinu 52.92 2.76 38.98 0.80 1.72 0.08 0.04 0.74

Võhmuta 53.17 1.50 39.87 1.33 1.81 0.04 0.06 1.56

Vasalemma 54.22 1.14 40.45 0.75 1.50 0.09 0.09 0.89

Kurevere 29.04 24.40 41.87 3.17 0.64 0.21 0.09 1.70

Anelema 28.85 26.63 40.81 5.83 0.84 0.14 0.10 2.44

Anelema wastes 25.95 24.29 35.58 12.41 1.41 0.37 0.10 5.79

a Per dry mass
b Insoluble residue in aqua regia

Fig. 1 Thermal analysis curves

of AN blend with Vasalemma

limestone at a heating rate

of 2 �C min-1 (a) and

20 �C min-1 (b)
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For example, for neat AN at the heating rates of 2 and

20 �C min-1 the peaks of phase transitions of

ANIV $ ANIII $ ANII $ ANI on the DTA curves were

fixed, respectively, at 53.7 and 52.2 �C, 90.4 and 86.4 �C,

126.1 and 127.1 �C, but of ANI $ ANmelt at 165.2 and

167.2 �C. For the blend of AN with 20% Vasalemma

limestone these transitions at the heating rates of

2 �C min-1 (Fig. 1a) and 20 �C min-1 (Fig. 1b) occurred

at 55.0 and 50.2 �C, 89.1 and 84.2 �C, 126.8 and 125.5 �C,

respectively, and of ANI $ ANmelt at 158.7 and 162.1 �C.

At higher temperatures and in the case of neat AN these

phase transitions were followed at the heating rates of 2, 5,

10 and 20 �C min-1 by the decomposition exotherm of AN

with maximums on the DTA curve respectively at 239.6,

258.8, 262.9 �C (shoulders at 229 and 245 �C) and

282.9 �C (shoulder at 258 �C), thereby, the higher the

heating rate the more intensive the exotherm was (Fig. 2a).

At thermal treatment of AN blends with limestone or

dolomite additives a multi-peaked endotherm was fixed on

the DTA curves in the temperature interval of 180–280 �C,

characterizing interaction of AN with CaCO3 and

MgCO3*CaCO3 from natural limestone and dolomite

leading to the formation of calcium and magnesium nitrates

[11]. This endoeffect was followed, as a rule, by a more or

less intensive exoeffect, characterizing the decomposition

of residual AN. The decomposition exotherm of AN was

shifted towards higher temperatures and the intensities of

exotherms at that were much smaller as compared to neat

AN. At the heating rate of 2 �C min-1, it was especially

miserable or missing at all.

For example, at the heating rate of 2 �C min-1 for AN

with Vasalemma limestone additive an endotherm with

minimum at 226 �C was fixed on the DTA curve, which

was followed by a weak exoeffect with maximum at

258.2 �C (Fig. 1a). The total mass loss at heating up to

315 �C was 65.1%. At the heating rate of 20 �C min-1 the

endo- and exoeffect (the last one very intensive), were

fixed with minimum at 233 �C and maximum at 295.8 �C,

respectively, and the total mass loss at heating up to 320 �C

was 62.0% (Fig. 1b). For the AN blend with Võhmuta

limestone, the decomposition exotherm of AN at the

heating rate of 2 �C min-1 was missing and the maximum

of the exotherm on the DTA curve at heating rates of 5, 10

and 20 �C min-1 was shifted, respectively, 4.0, 11.4 and

30.9 �C towards higher temperatures as compared to neat

AN (Fig. 2a, b).

With the following increase in temperature the endo-

therms in between 350 and 600 �C characterized the

decomposition of previously formed Mg(NO3)2 and

Ca(NO3)2 and in between 600 and 700 �C the decompo-

sition of residual carbonates. On the DTA curve of AN

with Vasalemma limestone additive at the heating rate of

2 �C min-1, an endotherm with minimums at 513 and

525 �C, and with a shoulder at 459 �C, and another with

minimum at 626 �C were fixed (Fig. 1a). The total mass

loss at heating up to 535 and 700 �C was 87.5 and 89.0%,

respectively. At the heating rate of 20 �C min-1 two

endoeffects with minimums at 520 and 596 �C (and a

shoulder at 577 �C) and no endotherms at higher temper-

atures were fixed on the DTA curve. The total mass loss at

Fig. 2 DTA curves of neat AN

(a) and AN blends with

Võhmuta limestone (b) at

different heating rates
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heating up to 610 and 700 �C was 85.4 and 86.2%

(Fig. 1b), respectively, which means that there was only a

small amount of unreacted carbonates left.

Determination of kinetic parameters

The decomposition of AN and the interaction of AN with

limestone or dolomite additives with formation of nitrates

as well as the following decomposition of the nitrates at

higher temperatures have a complicated multi-step mech-

anism (Figs. 1, 2). In such situation, the reaction rate can

be described only by complex equations, where the acti-

vation energy E is no more constant but is dependent on the

reaction progress a (E = E(a)). The kinetic parameters are

evaluated by isoconversional method which involves

determination of temperatures corresponding to certain,

arbitrarily chosen values of a recorded in the experiments

carried out at different heating rates b [12–15].

The differential isoconversional method of Friedman

[12] was used to calculate kinetic parameters from non-

isothermal experiments. After baseline correction and

normalization, the TG data obtained at different heating

rates were processed with the AKTS Advanced Therm-

okinetics software [16].

From the generally accepted equation of the non-iso-

thermal kinetics:

b
da
dT
¼ f ðaÞAðaÞ exp �EðaÞ

RT

� �
ð1Þ

where a is the degree of conversion, f(a) is the function

dependent on the reaction mechanism, b is the heating rate,

T is the temperature in K, A pre-exponent factor in s-1 and

R is the gas constant, an equation corresponding to the

Friedman’s differential isoconversional method can be

obtained as follows:

ln b
da
dT

� �
¼ ln½A að Þf ðaÞ� � EðaÞ

RT
: ð2Þ

Replacing b(da/dS) with da/dt in the Eq. 2, the

Friedman analysis, based on the Arrhenius equation,

applies the logarithm of the conversion rate da/dt as a

function of the reciprocal temperature at different degrees

of conversion:

ln
da
dt

����
ai

¼ ln½Ai f ðai;jÞ� �
Ei

RTij
: ð3Þ

As the function dependent on the reaction model f(a) is

assumed to be a constant at each conversion degree ai,j (i—

index of conversion; j—index of heating rate), the depen-

dence of the logarithm of the reaction rate over 1/T is linear

with the slope of Ei/R.

The reaction rates for the decomposition of neat AN

and its blend with Vasalemma limestone with formation

of nitrates at lower temperatures (step I) are presented in

Fig. 3. The conversion rates (da/dt), measured at different

temperatures for different heating rates allowed to deter-

mine the kinetic parameters A and E presented in Fig. 4

for the overall process as a function of reaction progress.

The data for step II, decomposition of the nitrates formed

at lower temperatures during step I, are presented in

Fig. 5.

Fig. 3 Reaction rate da/dt
(DTG, normalized signals) for

the decomposition of neat AN

(a) and for the step I of AN

blend with Vasalemma

limestone (b) as a function of

temperature for different

heating rates. (The values of the

heating rate in (�C min-1) are

marked on the curves)
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The values of the activation energy for all the blends

studied are presented in Table 2.

The results presented in Table 2, and in Fig. 4 and 5b

express the complex character of the decomposition of AN

and its interactions with limestone or dolomite additives as

well as prove the formation (step I) and decomposition of

nitrates (step II), whereas the values of activation energy

and pre-exponential factor are visibly dependent on the

reaction extent.

For neat AN, the activation energy in the range of

conversion (decomposition) degree of 0.1 \ a\ 0.9 varies

in between 92.4 and 106.8 kJ mole-1 (pre-exponential

factor A from 4.41*106 to 2.94*108 s-1) (Fig. 4a) being at

that 0.9–12.9 kJ mole-1 higher than this calculated in [1]

by DSC signals (E = 92.7 ± 1.2 kJ mole-1, sample mass

*1 mg) using isoconversional method for non-isothermal

gasification of AN.

For AN blends with limestone and dolomite the value of

activation energy in the same range of a (decomposition

and interactions of AN with limestone and dolomite addi-

tives—step I) varied much more than for neat AN.

For example, for AN blend with Võhmuta limestone

Fig. 4 Activation energy E and

pre-exponential factor A
determined by Friedman

analysis as a function of the

reaction progress for the

decomposition of neat AN (a)

and for the step I of AN blend

with Vasalemma limestone (b)

Fig. 5 Reaction rate da/dt (a),

activation energy E and pre-

exponential factor A (b) for the

step II of AN blend with

Vasalemma limestone
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from 58.5 to 92.7 kJ mole-1 (pre-exponential factor A in

between 1.3*103 and 5.4*106 s-1), with Kurevere dolomite

from 30.2 to 125.5 kJ mole-1 (A in between 5.5 and

9.7*109 s-1). For step II (decomposition of Mg and Ca

nitrates), the value of activation energy also varied in a great

extent: for the AN blend with Võhmuta limestone from 156.3

to 292.9 kJ mole-1 (A in between 3.6*107 and 5.2*1017 s-1)

and with Anelema dolomite from 66.2 to 174.4 kJ mole-1

(A in between 1.1*102 and 8.8*109 s-1) (Table 2). These

results indicate that neither the decomposition of AN nor the

interactions in the AN blends with limestone or dolomite

additives follow a simple, but a complex reaction mechanism

including stages with both lower and higher activation

energies as compared to decomposition of neat AN.

Conclusions

No systematic dependence of the temperatures of endoef-

fect minimums on DTA curves corresponding to the prin-

cipal transitions of ANIV $ ANIII $ ANII $ ANI on the

heating rate were fixed, but the transition of ANI $ ANmelt

was always shifted towards higher temperatures at higher

heating rates.

These phase transitions at thermal treatment of neat AN

were followed by the decomposition exotherm of AN in

the temperature interval from 200 to 310 �C, thereby, the

higher the heating rate, the more intensive the exotherm

was.

At thermal treatment of AN blends with limestone or

dolomite a multi-peaked endotherm was fixed on the DTA

curves in the range of 180–280 �C, characterizing the

interaction of AN with CaCO3 and MgCO3*CaCO3 con-

tained in natural limestone and dolomite. This endoeffect

was followed, as a rule, by a more or less intensive exo-

effect characterizing the decomposition of residual AN.

The decomposition exotherm of AN was shifted towards

higher temperatures and the intensities of these exotherms

were much smaller as compared to neat AN, missing for

some blends at the heating rate of 2 �C min-1 at all.

The endotherms in between 350 and 600 �C character-

ized the decomposition of previously formed Mg(NO3)2

and Ca(NO3)2.

The variation of the value of activation energy E along

the reaction progress a shows the complex character of

decomposition of AN, the interaction of AN with limestone

and dolomite additives with formation of nitrates as well as

the decomposition of the nitrates formed at previous stages.

For neat AN, the activation energy in the range of con-

version (decomposition) degree of 0.1 \ a\ 0.9 ranges

from 92.4 to 106.8 kJ mole-1. For the blends of AN

with limestone and dolomite, the value of activation energy

in the same range of a varied in a greater extent than for neat

AN—depending on the limestone or dolomite added for step

I (decomposition and interactions of AN with limestone and

dolomite additives) from 30.2 to 172.4 kJ mole-1, for step II

(decomposition of Mg and Ca nitrates) from 59.7 to

292.9 kJ mole-1.
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