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Abstract
The correct determination of the kinetic model and the kinetic parameters that describe a heterogeneous process is key to 
accurately predicting its progress within a wide range of conditions, which is one of the main purposes of kinetic analysis. 
Albeit ideal kinetic models continue to be used to gain insight about the process mechanism, they are constrained by certain 
assumptions that are rarely met in real experiments and limit their applicability. This is the case of contracting (or inter-
face) kinetic models, which are one of the most commonly used. Thus, the ideal kinetic model R2 is derived by assuming 
a cylindrical contraction in the radial direction but not contemplating the possibility of a contraction in the direction of the 
axis of the cylinder. Moreover, in the case of the ideal model R3, it is assumed that contraction takes place simultaneously 
in particles of identical dimensions in all three directions of space (spheres or cubes). Here, it is revisited this type of model, 
and it is considered the contraction of particles with different geometries, namely cylinders with different aspect ratios and 
rectangular cuboids. Besides, a novel generalized interface reaction model is proposed, which covers all the studied cases and 
broadens the range of applicability to more complex situations involving different geometries and inhomogeneous particle 
sizes. Finally, the proposed model is applied to the analysis of the experimental thermal dissociation of ammonium nitrate, 
previously described in the literature as a sublimation process. It is proved that the novel kinetic model provides a more 
accurate description of the kinetics of the reaction and better prediction capabilities.
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Introduction

The kinetic analysis of heterogeneous processes is a pow-
erful tool applied for studying a myriad of processes. For 
instance, kinetic analysis has been applied to biomass energy 
production [1], thermochemical energy storage [2], food 
processing [3], polymer curing [4–8] and decomposition 
[9–12], hydration and dehydration [13–15], pyrolysis [16], 
sintering [17–19], crystallization [20–23], etc. Its success 
lies in its capability to provide useful information that can be 
employed for predicting the progress of a process in a wide 
range of operating conditions, including those that cannot be 
reached under laboratory experimental conditions.

The general equation for heterogeneous kinetics [24–26] 
can be written in its differential form as follows:

And in its integral form as follows:

(1)
d�

dt
= A exp (−E∕RT)f (�)
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where � is the converted fraction ,A is the pre-exponential 
factor, E is the apparent activation energy, T  is the tempera-
ture, k is the rate constant, and f (�) and g(�) are mathemati-
cal functions corresponding to the kinetic model describing 
the geometrical progress of the reacted volume in its differ-
ential and integral forms, respectively. One of the families 
of ideal kinetic models most commonly used in literature for 
describing heterogeneous processes is the contracting kinetic 
models, also known as interface models. Many different pro-
cesses such as the thermal decomposition of limestone [27], 
the dehydration of salt hydrates [28], the thermal dissocia-
tion of ammonium nitrate [29] or the thermal decomposi-
tion of novel 2D materials [30, 31] have been defined in 
terms of these kinetic models. These models assume that 
reaction starts on the particle surface, and reaction rate is 
determined by the advancement of the interface inside the 
particles. Depending on the shape of the particles, different 
kinetic models are derived. Thus, R2 model is derived for 
cylindrical particles, R3 for spherical (or cubic) particles 
and F0 for unidirectional contraction with constant surface 
area. For the derivation of all these models, it is assumed 
that all particles are identical in shape and size. Previous 
studies have reported that the inhomogeneity in particle size 
strongly affects the shape of f (�) [32]. Thus, the particle size 
distribution (PSD) influences the kinetics in such a way that 
a process obeying an interface reaction mechanism may even 
seem driven by a diffusion-controlled kinetic model [33]. 
Moreover, ignoring aspects related to the geometry of the 
particles might lead to erroneous conclusions when using 
ideal kinetic models from the literature to fit experimen-
tal data. Some authors have proposed using semi-empirical 
equations [34–38], but these models are used just as fitting 
equations that do not provide any physical meaning.

In this work, the interface kinetic models are revisited 
and new models for more realistic conditions are defined, 

(2)g(�) = ∫
1

f (�)
d� =

t

∫
0

A exp
(

−
E

RT

)

dt = kt
including a model for cylindrical particles and two directions 
reaction progress, and a model for rectangular cuboidal par-
ticles and three directions reaction progress. Furthermore, 
a generalized kinetic model for contraction of bodies with 
different geometries is proposed, which covers, not only 
conventional models such as R2, R3 and F0, but other more 
complex geometries and particle size distributions. Finally, 
the model has been validated with a real case: the kinetics 
of the thermal dissociation of ammonium nitrate.

Theoretical foundation

Standard interface ideal kinetic models proposed 
in literature: R2, R3 and F0

Ideal interface kinetic models are proposed by assuming 
quite simplistic conditions. Thus, in the case of the R2 
kinetic model, illustrated in Fig. 1 (left), the cylindrical 
interface that separates the reacted volume from the unre-
acted volume contracts radially according to [39]:

where r and r0 are the radius interfaces at the instants t and 
t = 0 , and k′ represents the rate of contraction, which obeys 
an Arrhenius-type relationship with temperature. In this 
case, the converted fraction can be expressed as follows:

or

where k = k�∕r0 is the rate constant. The fact that k depends 
on the radius of the particles explains why the PSD plays a 
relevant role in the kinetics of a sample that reacts according 
to a contracting area model [32]. The kinetic model R2 is 

(3)r = r0 − k�t

(4)� = 1 − (1 − kt)2

(5)g(�) = 1 − (1 − �)
1

2 = kt

Fig. 1  Schematic illustration 
of interface reaction standard 
kinetic models for cylindrical 
(R2, left), spherical (R3, center) 
and unidirectional (F0, right) 
contraction

l 0

Radial cylindrical contraction:
described by R2

Spherical contraction:
described by R2

Unidirectional contraction with
constant surface area:

described by F0
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applicable as long as the cylinder is much longer than wider. 
Nonetheless, since it does not consider the possibility of 
contraction in the direction of the cylinder axis, it cannot be 
applied to situations in which both dimensions, height and 
radius, are comparable and the cylinder contracts both radi-
ally and longitudinally.

In the case of the R3 kinetic model, shown in Fig. 1 
(center), corresponding to the contraction of a sphere (or a 
cube), the converted fraction could be described, following 
the same procedure shown above, as follows:

or

The R3 kinetic model is applicable only for a perfect 
sphere (or cube) that is not distorted in any direction.

The zero-order kinetic model (F0) might be interpreted 
as a unidirectional contraction with constant surface area as 
shown in Fig. 1 (right). In this case, the converted fraction 
could be described by the following equation:

Novel interface kinetic model for cylindrical 
particles and two directions reaction progress

As mentioned in the previous section, in the proposal of the 
R2 kinetic model, it is assumed that the process advances 
only radially. Here, it will be considered a more realistic 
situation where the process progresses in both directions. 
Thus, for a cylindrical particle of radius r0 , height l0 and 
density �0 (see Fig. 2, left), the initial mass of the particle 
can be expressed in terms of these parameters as follows:

If the particle undergoes a process in which the trans-
formation rate is proportional to the surface of the inter-
face, separating reacted (in purple in Fig. 2 on the right) 

(6)� = 1 − (1 − kt)3

(7)g(�) = 1 − (1 − �)
1

3 = kt

(8)g(�) = � = kt

(9)m0 = �0�r0
2l0

and unreacted parts (in green), the process rate can be 
expressed as follows:

where r and l are the radius and the height, respectively, 
of the interface that separates the fractions converted and 
unconverted, and C the proportionality constant. The mass 
of the particle at the time t is given by:

Being �1 the density of the converted volume. Thus, the 
derivative can be expressed as follows:

By combining Eqs. (10), (11) and (12), it follows:

Equation (13) only admits as solutions:

Being k� = C∕(�0 − �1) . It should be noted that a factor 
of two must be incorporated to align the rate of height 
contraction with Eq. (13). Therefore, integrating Eqs. (14) 
and (15) and taking into account the initial conditions, it 
follows:

Then, by substituting the expressions for r (Eq. 16) and 
l (Eq. 17) into Eq. (11), the mass of the cylindrical particle 
can be defined as a function of time:

Consequently, the converted fraction can be calculated 
as follows:

Introducing the aspect ratio defined as � = l0∕2r0 , 
Eq. (19) becomes:

(10)
dm

dt
= −C

(

2�rl + 2�r2
)

(11)m(t) = �1�r
2
0
l0 + (�0 − �1)�r

2l

(12)
dm

dt
= (�0 − �1)�

(

2rl
dr

dt
+ r2

dl

dt

)

(13)
(

2rl
dr

dt
+ r2

dl

dt

)

= −
2C

(�0 − �1)

(

rl + r2
)

(14)
dr

dt
= −k�

(15)
dl

dt
= −2k�

(16)r = r0 − k�t

(17)l = l0 − 2k�t

(18)m(t) = �1�r
2
0
l0 + (�0 − �1)�

(

r0 − k�t
)2(

l0 − 2k�t
)

(19)�(t) = 1 −

(

r0 − k�t
)2(

l0 − 2k�t
)

r2
0
l0

2r0
2r

0

1

0

l 0 lρ
ρ

ρ

Fig. 2  Schematic illustration of the bidirectional contraction model 
for a cylinder
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With k = k�∕r0 . Note that Eq. (20) reduces to Eq. (4) 
(corresponding to the R2 model) when � → ∞ , that is when 
the contraction takes place only in the radial direction of 
the cylinder. Furthermore, for � = 1, the converted fraction 
evolves according to the kinetic model R3 (Eq. 6). Further-
more, Eq. (20) shows that the process progresses toward the 
inner of the particle while the interface that separates the 
converted material from that unreacted one contracts radially 
at rate k and longitudinally at rate k∕�.

Figure 3a shows � as a function of the time normal-
ized with the interval needed to attain the full conversion 
( � = 1 ) for different aspect ratio (ε) values. Albeit it does 
not affect the plot, the rate constant was set at k = 1 for the 
six presented curves. It might be observed in Fig. 3a that 
as � decreases, the time evolution of � tends to a straight 
line, which is equivalent to a zero-order (F0) kinetic model, 
f (�) = 1 , corresponding with a process where the surface 

(20)�(t) = 1 − (1 − kt)2
(

1 −
k

�
t
) remains constant (for example for the vaporization of a liq-

uid). This is consistent with what it is expected taking into 
account that when 𝜀 ≪ 1 the contracting rate in the longi-
tudinal direction is much larger than that accounting for the 
radial contraction (i.e., k∕𝜀 ≫ k, for 𝜀 ≪ 1 ). Consequently, 
while the particle completely contracts in the longitudi-
nal direction, its radius and, hence, its surface ( ∼ 2�r2 for 
𝜀 ≪ 1 ) remains almost constant during the entire process, as 
in the case described by the F0 kinetic model. Moreover, as 
� increases, the shape of the curves resembles, as expected, 
the contracting area R2 kinetic model. In this latter case, the 
contraction mainly occurs radially, while the particle length 
remains approximately constant.

The relationship between the parameter � and the kinetic 
model can be more clearly seen in Fig. 3b, where the kinetic 
model obtained in each case, normalized to their values for 
� = 0.5 , have been plotted. The normalized kinetic model 
has been calculated as follows: according to Eq. (1), under 
isothermal ( T = constant ) conditions, the kinetic model is 
proportional to the derivative: d�∕dt = kf (�) , being k the 
proportionality constant. Therefore, by dividing d�∕dt , cal-
culated by differentiation of Eq. (20), between the value of 
the derivative for � = 0.5 , the normalized kinetic model can 
be obtained:

In the limits, the kinetic models obtained are F0 and R2, 
which correspond to � = 0 and � → ∞ , respectively, while 
for � = 0 it yields the R3 kinetic model (Fig. 3b).

Novel interface kinetic model for rectangular 
cuboidal particles and three directions reaction 
progress

As mentioned in the introduction section, the R3 interface 
kinetic model assumes either a cube or a sphere where the 
process progresses in three dimensions at the same rate. A 
more general situation will be a rectangular cuboid with 
edges a, b and c , as shown in Fig. 4.

By applying in this case, the same reasoning used for the 
cylinder in Sect. "Novel interface kinetic model for cylin-
drical particles and two directions reaction progress", the 
following expression is obtained for the converted fraction 
as a function of time:

In the particular case, when all dimensions of the cuboid 
are identical (a cube): a0 = b0 = c0 , Eq. (22) turns into:

(21)
d�

dt

d�

dt �=0.5

=
f (�)

f (� = 0.5)

(22)�(t) = 1 −

(

1 −
k��

a0
t

)(

1 −
k��

b0
t

)(

1 −
k��

c0
t

)
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Fig. 3  a Converted fraction as a function of the time normalized 
with the interval needed for the process completion (normalized pro-
cess time), for several values of � . b Normalized kinetic model and 
comparison with the zero-order (F0), the contracting area (R2) and 
the contracting volume (R3) models. The simulations were conducted 
setting k = 1
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That corresponds to the 3-D interface reaction model 
R3. Moreover, in the case that two edges are equal and one 
is different, a0 = b0 ≠ c0 , Eq. (22) reduces to Eq. (20) by 
simply redefining the constants: k = k��∕a0 and � = c0∕a0 , 
which corresponds to the case of the model presented in 
Sect. "Novel interface kinetic model for cylindrical parti-
cles and two directions reaction progress" for cylindrical 
particles and two directions reaction progress. Therefore, 
Eq. (22) shows a general expression that covers all interface 
kinetic models.

Figure 5a, b shows, as a way of example, the time evolu-
tion of the converted fraction and the normalized kinetic 
model, respectively, for a rectangular cuboid with edges 
a0 = 0.1 µm, b0 = 0.5 µm and c0 = 2 µm, simulated assum-
ing k′′=10−4 µm  s−1.

Generalized semi‑empirical interface reaction 
kinetic model

The two novel kinetic models proposed in Sect. "Novel 
interface kinetic model for cylindrical particles and two 
directions reaction progress" (Eq. 20) and in Sect. "Novel 
interface kinetic model for rectangular cuboidal particles and 
three directions reaction progress" (Eq. 22) are an advanced 
approach for interface reaction kinetic models that con-
sider the progress of the process in different directions of 
the space for asymmetrical particles. Nevertheless, the f (�) 
function cannot be directly derived from Eqs. (20) and (22) 
for these two models.

In this section, it is proposed a generalized semi-empir-
ical equation that fits not only Eqs. (20) and (22) for any 
values of ε or a0 , b0 and c0 , but that also fits conventional 
interface growth models and their deviations due to, for 
example, particle size distribution.

Standard empirical models, such as the Sestak–Berggren 
equation, f (�) = c�m(1 − �)n(−ln(1 − �))p , and the n-order 
reaction kinetic model, f (�) = A(1 − �)n , fail to fit the two 

(23)�(t) = 1 −

(

1 −
k��

a0
t

)3

newly proposed interface models for different values of ε 
and combinations of a0 , b0 and c0 . As a way of example, 
Fig. 6a shows the best fit of both the Sestak–Berggren and 
n-order models, to data plotted in Fig. 5b, corresponding to 
a cuboid with edges a0 = 0.1 µm, b0 = 0.5 µm and c0 = 2 
µm and  k�� = 10−4 µm  s−1. As might be observed, even for 
the Sestak–Berggren equation, the best-fitting line exhibits 
large deviations when � → 0 and � → 1 . These deviations 
are even larger in the case of the n-order kinetic model. Fur-
thermore, the values of the squared correlation coefficient 
(R2) (included in the figure legend) indicate that the fit is not 
acceptable, suggesting the need for proposing a new fitting 
equation. Thus, the following parametric function that is a 
hybrid between the zero-order kinetic model and an interface 
n-order reaction model is proposed:

with two fitting parameters, � and n . Note that f (� = 0.5) = 1 
regardless of the value of the fitting parameters. From now 
on, Eq. (24) is referred as generalized interface reaction 

(24)f (�) = 1 + �

[

(1 − �)n −
(

1

2

)n
]

b

c
0b 0

ρ 1
ρ

0
c

0
α

α

Fig. 4  Schematic illustration of the interface kinetic model for rectan-
gular cuboidal particles and three directions reaction progress
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model (R +). Figure 6b shows the best fit of the R + model to 
data plotted in Fig. 5b. The result is significantly better than 
those achieved with either the Sestak–Berggren equation or 
the n-order kinetic model (Fig. 6a), yielding a correlation 
coefficient very close to 1, which quantitatively demonstrates 
the high quality of the fitting.

The newly proposed generalized R + model fits properly 
every interface kinetic model curve that has been tested. 
As a way of example, Table 1 collects the values of � 
and n needed for reconstructing the curves represented 
in Fig.  3b, corresponding to cylindrical particles and 
two directions process progress, together with their cor-
responding squared correlation coefficients. As might be 

observed, the R + model adjusts the kinetic models curves 
with high accuracy, yielding very high correlation coef-
ficients for all cases. Actually, in the case of the ideal R3 
( � = 1 ), R2 ( � → ∞ ) and F0 ( � = 0 ) kinetic models, these 
correlation coefients have a value of 1. Figure 7 shows, as 
a way of example, the fitting for � = 10 , which represents 
the less favorable case according to the correlation coef-
ficient obtained (Table 1). As shown in Fig. 7, even for 
this case, the R + model properly fits the curve. Therefore, 
the R + model can be used to describe the contraction of 
particles with different geometries including simple and 
complex cases.

Furthermore, real samples usually consist of particles 
with inhomogeneous particle size (broad distribution). 
To test the newly proposed R + model for describing such 
complex situation, an isothermal curve has been simulated 
assuming that the sample is composed of cylindrical parti-
cles with the same radius but with an aspect ratio distribu-
tion given by lognormal function (Fig. 8a):

being � and v the parameters that define the shape of the 
lognormal. For this sample, the total converted fraction can 
be expressed as follows:

where N� = P(�)Δ� and �� are the number of cylindrical 
particles with aspect ratio � and its corresponding con-
verted fraction, respectively. Therefore, taking into account 
Eq. (20), the converted fraction can be defined as follows:

(25)P(�) =
1

��

√

2�
exp

�

−
(ln� − �)2

2v2

�

(26)� =

∑

�
���N�

∑

�
�N�

(27)�(t) =

∑

�

�

1 − (1 − kt)2
�

1 −
k

�
t
��

�P(�)Δ�

∑

�
�P(�)Δ�
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Fig. 6  a Fitting of the Sestak–Berggren and the n-order kinetic model 
to data plotted in Fig. 5b (dots) corresponding to a cuboid with edges 
a
0
= 0.1  µm, b

0
= 0.5 µm and c

0
= 2 µm and  k�� = 10

−4 µm   s−1. 
For the Sestak–Berggren equation, the best-fitting parameters are: 
C = 1.17, n = − 0.22, m = 0.94, p = − 0.95 and R2 = 0.8889. In the case 
of the n-order kinetic model: A = 1.14, n = 0.15 and R2 = 0.83604. b 
Fitting of the R + model to data plotted in Fig. 3b: � = 0.49, n = 0.86 
and R.2 = 0.9999

Table 1  Values of � and n needed for reconstructing the kinetic mod-
els plotted in Fig. 3b

ε µ n R2

0 (F0) 0 – 1
0.01 0.01999 0.99500 1
0.1 0.19816 0.95252 0.99998
1 (R3) 1.58740 0.66667 1
10 1.45601 0.57935 0.99992
100 1.41718 0.50926 1
ε→ ∞ (R2)
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Figure 8b shows the time evolution of � . The simula-
tion was conducted assuming � = 0.5 and v = ln(20) for the 
aspect ratio distribution and a process rate of k = 10−2  s−1. 
The difference between two consecutive values of � was 
Δ� = 10−5 . Figure 8c shows the normalized kinetic model 
calculated according to Eq. (24) and represented by dots. 
The best-fitting line using the R + model has been plotted 

in the same graph as a continuous red line ( � = 1.44 and 
n = 0.55 ). The value of R2 = 0.99997 obtained demonstrates 
the capability of the proposed R + model to describe the pro-
cess. Therefore, the R + generalized kinetic model proposed 
here can be used as an umbrella that cover complex con-
traction geometries and even the case of broad particle size 
distribution.

Experimental

Ammonium nitrate of 99.0% purity (Panreac) was used in 
this study. The experiments were conducted under both iso-
thermal and linear heating rate conditions utilizing a ther-
mogravimetric analyzer (TGA) Q650 from TA Instruments. 
Small amounts of sample ( ∼ 3 mg) were used to minimize 
the heat and mass transfer phenomena. The isothermal 
curves were recorded at 140, 148 and 155 °C, with a flow 
rate of 100 mL  min−1 of  N2. The experiments under linear 
heating conditions were carried out using a heating rate of 
0.05 °C  min−1 and two different gases, namely  N2 and Ar 
(100 mL·min−1).

Kinetics of the thermal decomposition 
of ammonium nitrate

Figure 9 shows the time evolution of the converted fraction 
for the thermal decomposition of ammonium nitrate under 
isothermal conditions at 140 °C, 148 °C and 155 °C. These 
temperatures were selected below the melting point ( ∼ 170 
oC) to ensure that the decomposition takes place in the solid 
state. Actually, it has been reported in literature that under 
these conditions the process corresponds to sublimation 
[29].

Isothermal data are conventionally analyzed using a 
model-fitting procedure based on the integral form of the 
general kinetic equation for heterogeneous kinetics (Eq. 2).
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Thus, the isothermal experimental curves are fitted with a 
set of different kinetic models, g(�) , from literature to deter-
mine which one yields the best linearization of experimen-
tal data when g(�) is plotted as a function of time. Table 2 
collects the integral form of some ideal kinetic models 
ranked according to the average squared correlation coef-
ficient obtained in the linear fitting to g(�) versus time for 
the experimental data presented in Fig. 9.

The kinetic model R2 is the one with the highest value of 
R2 and deserves special attention. Indeed, R2 has been pre-
viously identified as the model driving the thermal decom-
position of ammonium nitrate, being the process described 
as a dissociative sublimation [29]. Nevertheless, the fitting 
of the experimental data (Fig. 9) to the R2 kinetic model 
(included in Fig. 10a) shows deviations for all three experi-
mental curves.

Thus, it was considered of interest to test the R + model 
for analyzing this process. Nonetheless, since the proposed 

kinetic model depends on the parameters � and n , finding the 
general analytical expression for g(�) is non-trivial. Instead, 
the integral is approximated by a sum. Thus, the value of g at 
the instant t = tN is estimated by:

where N is the number of measurements up to the instant 
t = tN , and �(ti) is the converted fraction at t = ti . Using the 
method described in detail in [40], the values of the param-
eters that best linearize g as a function of t were determined, 
finding � = 2.08 , n = 0.13 and < R2 >  = 0.9999. The results, 
plotted in Fig. 10b, demonstrate that R + is more suitable 
for describing the sublimation process of ammonium nitrate 
than R2 (Fig. 10a). Figure 10c shows a comparison between 
the normalized kinetic models R2 and R + considering 
� = 2.08 , n = 0.13 , as obtained from the kinetic analysis. 

(28)g
(

t = t
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)
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N
∑
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)

− �
(
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)

1 + �(
(

1 − �
(

t
i

))n
− (0.5)n)

Table 2  Squared correlation 
coefficient obtained in the linear 
fitting to g(�) versus time for 
some ideal kinetic models from 
the literature

Kinetic model g(�)  < R2 > 

Contracting area: R2 1 − (1 − �)1∕2 0.9948
Zero-order: F0 � 0.9889
2D Avrami–Erofeev equation: A2 [−ln(1 − �)]1∕2 0.9853
Contracting volume: R3 1 − (1 − �)1∕3 0.9801
3D Avrami–Erofeev equation: A3 [−ln(1 − �)]1∕3 0.9475
2D diffusion: D2 (1 − �)ln(1 − �) + � 0.9174
3D diffusion, Jander equation: D3 (1 − (1 − �)1∕3)

2 0.7680

R + : � = 2.08 and n = 0.13 1 + 2.08
[

(1 − �)0.13 − (1∕2)0.13
] 0.9999

Fig. 10  a and b: g(�) as a 
function of time for the thermal 
decomposition of ammonium 
nitrate, and fittings to inter-
face reaction kinetic model 
R2 and the proposed model 
(R + :� = 2.08 , n = 0.13 ), 
respectively. c Normalized 
kinetic models: R2 and R + . 
d Determination of the pre-
exponential factor and apparent 
activation energy from the 
Arrhenius plot
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It should be highlighted that stablishing a direct correla-
tion between the fitting parameters and the characteristics 
of the particle size distribution and the particle shapes is not 
straightforward and further research is necessary.

Values of rate constant, k, can be directly calculated 
from the slopes of the lines in Fig. 10a and b, as showed by 
Eq. (2). Moreover, the values of the pre-exponential factor 
and the apparent activation energy can be determined from 
the intercept and the slope, respectively, of the best-fitting 
line to the plot of ln k versus 1∕T  (Arrhenius plot):

Figure 10d shows the Arrhenius plots for the two com-
pared models. Albeit the value of the pre-exponential fac-
tor depends on the kinetic model, the apparent activation 
energy values coincide. Indeed, it has been previously dem-
onstrated that the apparent activation energy determined 
from the kinetic analysis of isothermal data is independent 
of the model [41]. The determined value for the activation 
energy E =(103 ± 3) kJ  mol−1 is in good agreement with 
those reported in the literature for this process [29].

Figure 11 shows a comparison between experimental data 
recorded under linear heating conditions at 0.05 °C  min−1 
and the predictions performed using the two models com-
pared in Fig. 10 (R + and R2), with their corresponding 
kinetic parameters. Previous studies on sublimation pro-
cesses have pointed out gas diffusion in the solid–gas bound-
ary as the rate-limiting step for low carrier gas flow rates 
[42, 43]. Nonetheless, the flow rate used in our experiments 
was high enough to discard this influence. To demonstrate 
this, two experiments were conducted using gases with dif-
ferent diffusion coefficients, namely  N2 and Ar. As may be 
seen in the figure, both experimental curves overlap showing 

(29)lnk = lnA −
E

RT

that gas diffusion does not play a significant role due to the 
high flow rates employed. The curves represented as con-
tinuous lines were simulated using the Runge–Kutta method 
with the conditions: T(t = 0) = 50 °C and �(t = 0) = 10−4. 
As might be observed, the prediction performed with 
R + fits reasonably well the experimental data, while using 
the kinetic model R2 led to a difference of two and a half 
hours in the time prediction to reach full conversion ( � = 1 ). 
Therefore, Fig. 11 serves for validating the results of the 
kinetic analysis as the kinetic parameters could be used to 
properly predict the thermal behavior of the material even 
under heating conditions different from those used for the 
analysis. Furthermore, it illustrates that the correct selection 
of the kinetic model strongly compromises the predictions 
of the completion time of a process [44].

Conclusions

In this work, novel bidirectional and tridirectional contrac-
tion reaction mechanisms for particles that exhibit differ-
ent geometries have been proposed. Thus, in the bidirec-
tional case, it has been studied the contraction of cylinders 
with different aspect ratio, �, values within a wide range 
� ∈ [0.01, 100] . This is a general case that not only describes 
conventional contracting area kinetic models such as R2 
( � → 0, a cylinder much longer than wide), R3 ( � = 1 , sphere 
or cube) or F0 ( � → ∞ , contraction without change in reac-
tion interface, traditionally associated with vaporization 
processes), but also many other possible realistic situations. 
Moreover, the contraction of rectangular cuboids has also 
been analyzed. In this latter case, dimensions of particles 
are different in the three directions of the space. Moreover, 
a novel generalized interface reaction model (R +) has been 
proposed, that not only covers all the studied cases but also it 
can be applied to more complex situations involving different 
geometries and inhomogeneous particle size distributions. 
The validation of the proposed model has been conducted 
through the analysis of the experimental thermal dissocia-
tion of ammonium nitrate in the solid state, which has been 
previously described as a sublimation process. Albeit the 
kinetics of the process resembles a contracting area model 
R2, the kinetic equation proposed here describes the reac-
tion more accurately. Thus, although the apparent activation 
energy value determined here is in good agreement with 
those previously reported in the literature, the predictions 
capabilities of the newly proposed model are more accurate, 
as it has been demonstrated with experimental data.
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