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a  b  s  t  r  a  c  t

Formalism  of  dispersive  kinetics  is  applied  for  the  decomposition  process  of  zinc  leach  residue  in an  inert
atmosphere.  Thermal  decomposition  has been  studied  in a  tubular  furnace  under  a constant  nitrogen  gas
flowing,  at  four  different  operating  temperatures.  It was  found  that  the  presented  dispersive  kinetic  model
can much  better  describe  the complex  decomposition  process  than  classic Šesták-Berggren  kinetic  model.
It was  shown,  that  increase  in the  values  of  dispersive  parameter  (�)  leads  to an  increase  in  dispersion  of
eywords:
inc leach residue
ispersive kinetics
istribution of the apparent activation
nergy

conversion  values,  together  with  the  appearance  of  the  distribution  of  the apparent  activation  energies.
It was  established  that  several  parallel  elementary  reactions  with  strictly  defined,  but  different  apparent
activation  energies,  contribute  to  the  overall  decomposition  process.  The  model  presented  in this  article
may offer  a more  physically  meaningful  approach  for the  treatment  of  the  kinetic  data  for  the  investigated
process,  compared  to that  of  standard  (i.e.,  non-dispersive)  kinetic  model.
econdary nucleation process

. Introduction

The classical chemical kinetics was formulated for isolated reac-
ions in homogeneous, three-dimensional systems [1].  However,
his approach fails in the solids [2,3]. The basic classical kinetic
quation to describe the processes in the solid state can be rep-
esented in the form:

d˛

dt
= kf (˛) (1)

here  ̨ is the degree of conversion or the extent of reaction, t is
he reaction time, k is the specific reaction rate (the rate constant),
hile f(˛) represents the proper function for a given reaction model

4], which describes the decomposition process. In practical cases,
he analytical form of the function f(˛) usually corresponds to the
rst order reaction kinetics.

 (˛) = (1 − ˛). (2)

Formally, the use of Eq. (1) is equivalent to a change of reaction
rder. In common practice, in that way one recovers the con-

tant specific reaction rate or the rate constant of classical kinetics
nd tries to describe its temperature-dependence by the Arrhenius
quation. From the variety of kinetic model functions f(˛), one can
sually choose the proper one [5],  to fit a given set of experimental

∗ Corresponding author. Tel.: +381 11 2187 133; fax: +381 11 2187 133.
E-mail address: bojanjan@ffh.bg.ac.rs (B. Janković).

040-6031/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.tca.2012.07.012
© 2012 Elsevier B.V. All rights reserved.

data, but sometimes one finds it necessary to use more than one
function for the same system differing only in crystallite sizes or
the amount of structural defects. The numerical values of the rate
constants are the model-dependent.

In addition, the deviations from the Arrhenius equation are quite
common, most probably due to the difference between the ideal-
ized process assumed in formulating the kinetic model function and
the actual process in the investigated system. To account for these
deviations the kinetic model function may  be multiplied by some
empirical function accommodating the distortion of the actual pro-
cess from the idealized model [6,7].

Dispersive kinetics [3] sometimes referred to as distributed
kinetics or stochastic kinetics, is underpinned by the concept of
a distribution of the apparent activation energies. The apparent
activation energy distribution (as opposed to the single acti-
vation energy that is typically inferred via inspection of the
Arrhenius/Eyring equation) is simply a manifestation of system het-
erogeneity that can cause, for example, a reactant species to become
less reactive as a given conversion proceeds [8]. Such a change in
the apparent reactivity can come about as a result of local struc-
tural relaxation that occurs in parallel with the overall conversion;
these continuous environmental renewals (i.e., system dynamics)
can impact the kinetics if they occur on a time scale that is similar
to, or slower than, the conversion under investigation. Note, how-

ever, that in the event that the system renewals occur significantly
faster than the conversion, the dispersive kinetics paradigm sim-
ply reverts back to the classical kinetics one, whereby the activation
energy distribution collapses into a Dirac delta function (as such,

dx.doi.org/10.1016/j.tca.2012.07.012
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:bojanjan@ffh.bg.ac.rs
dx.doi.org/10.1016/j.tca.2012.07.012
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he development of rational dispersive kinetic treatments should
ccount for that behavior).

Dynamical processes in which many timescales coexist are
alled dispersive.  The rate constants for dispersive processes depend
n time. In the case of a chemical reaction, the time dependence of
he rate constant, k(t), termed the specific reaction rate, is rational-
zed in the following way: Reactions by their very nature have to
isturb reactivity distributions of the reactants in the condensed
edia, as the more reactive species are the first ones to disappear

rom the system. The extent of this disturbance depends on the
atio of the rates of reactions to the rate of internal rearrangements
mixing) in the system restoring the initial distribution in reactivity
f reactants. If the rates of chemical reactions exceed the rates of
nternal rearrangements, then the initial distributions in reactant
eactivity are not preserved during the course of reactions and the
pecific reaction rates depend on time.

Dispersive effects have been reported in the spectroscopy of sin-
le molecules [9,10] (even of those in highly ordered environments,
uch as on crystal surfaces studied under UHV conditions [11]) and,
imilarly, in the non-exponential (i.e., non-Maxwell-Debye relax-
tion) blinking kinetics of quantum dots [12]. Relaxation times
n polymeric systems, crystal thermolyses, diffusion-limited reac-
ions, protein folding, certain crystallizations, and vitrification can
lso exhibit dispersive kinetics [13]. Dispersive transport is often
onsidered the underlying phenomenon responsible for the obser-
ation of dispersive kinetics in traditional (i.e., not ultra-fast)
onversions. The Fokker-Planck (FP) equation can be used to relate
he probability density function ((pdf)) for Brownian motion in the
resence of an external force field caused by a given potential sur-
ace.

The intrinsic property of kinetics [3],  as well as the transport and
elaxation [14] in disordered systems is the time scale invariance:
here is no one characteristic time scale the processes proceeds
n all experimentally accessible time scales. This phenomenon is
ccounted for by the use of fractal time, t�, with 0 < � < 1. Fractal
ime is introduced into the kinetic equations by means of a time-
ependent specific reaction rate of the form:

(t) =
(

�

�

)  (
t

�

)�−1
(3)

Using this form of time-dependent specific reaction rate, we  can
valuate from Eq. (4)

d(1 − ˛)
dt

= k(t)(1 − ˛) (4)

here (1 − ˛) represents the fraction of starting material remaining
n the system at time t) after the integration procedure, the equation
n the following form:

 = 1 − exp

[
−
(

t

�

)�
]

. (5)

It should be noted the universal form of Eq. (5).  For � = 1, Eq.
5) corresponds to the textbook form of the kinetic equation for
he first-order reaction. For 1 < � < 4, Eq. (5) can be identified with
vrami equation [15,16] used to describe the sigmoid  ̨ versus

 curves for the reaction in solids. In the field of physics, term
xp[−(t/�)�] for 0 < � < 1 is often referred to as the Kohlrausch
elaxation function to describe the decay of a residual charge in
eyden jars. For � > 1, Eq. (5) is also well-known as the Weibull
umulative distribution function [17,18] in statistical reliability dis-
ribution theory. From a probabilistic point of view, the use of Eq. (5)

nstead of an exponential function is equivalent to accounting for
he distribution of lifetimes of reactive species in a manner different
rom that proper for reactions in homogeneous, three-dimensional
ystems.
 Acta 546 (2012) 102– 112 103

In  kinetics, the form of Eq. (3),  once thought to be empirical, is
now fully justified, in the most general way by the stochastic theory
of reaction kinetics in dynamically disordered systems [19], and
can be used in kinetic equations of any order. In the present article,
we are interested in the use of k(t) to describe the deceleratory ˛
versus t curves, for the isothermal decomposition process of zinc
leach residue [20,21].

The decomposition process of zinc leach residue from zinc win-
ning process is very important for the economic and environmental
reasons. In difference to the previous mostly described reduc-
tion processes, this thermal decomposition has been studied in a
tubular furnace under a constant nitrogen gas flowing, at four dif-
ferent operating temperatures (600 ◦C, 750 ◦C, 950 ◦C and 1150 ◦C).
Because of zinc leach residue is of the great interest for an environ-
mental protection in metallurgical industry, the study of thermal
decomposition is required. Decomposition of Zn-ferrite for O2 gen-
eration by the concentrated solar radiation was  performed in two
steps [22]. The reduction plots of zinc ferrite solid solutions exhib-
ited an initial linear rate followed by a gradual decrease in rate
with increased percentage reduction. The solar decomposition of
Zn-ferrite can be promoted with an increased temperature above
1477 ◦C.

The rates of reduction of dense pure zinc ferrite and zinc ferrite
containing 1 wt% of CaO, MgO, MnO, and Al2O3 in solid solution
reduced with H2/N2 gas mixtures have been investigated by Tong
and Hayes [23] at temperatures between 500 and 1100 ◦C in order
to establish an influence of impurities on reaction kinetics. The
presence of impurity oxides in ZnFe2O4 solid solution influenced
the conditions for formation of the porous iron morphology dur-
ing the hydrogen reduction. Štrbac et al. [24] has presented a
kinetic study of hydrometallurgical and hydrometallurgical pro-
cesses employed for the recovery of zinc and removal of lead from
a zinc plant residue ZPR. The maximum zinc recovery obtained
during a hydrometallurgical treatment was 72% at 1300 ◦C.

It has been proven that a today’s commercial plants for almost
complete recovering zinc from zinc ferrite are based on fuming
operations that reduces ferrite and vaporizes zinc. Such hydromet-
allurgical applications are using a reduction method with reaction
media such as carbon monoxide, hydrogen and coke. The INDUTEC
is such a high temperature process. In an induction furnace, zinc and
other heavy metals are vaporized consuming high energy. The ther-
mal  reductive treatment in a Waelz process with partial destruction
of the zinc ferrite produces a slag with very limited probability for
use [25].

The above mentioned system, because of its industrial impor-
tance, the process of zinc leach residue decomposition in zinc
production, has been under constant investigation in our labo-
ratory, located in IME  Process Metallurgy and Metal Recycling
Institute (RWTH Aachen University).

The described kinetic approach, based on the dispersive kinetics
laws and models [26–28],  was the first time applied (in the cur-
rent article) for this type of process, which is very important for
the metallurgical industry, and which can also be implemented for
any other process (which would be of interest for the metallurgy
and hydrometallurgy), in order to elucidate the mechanism of the
process, i.e., from the mechanistic point of view.

2. Experimental

2.1. Characterization methodology
The zinc leach residue was obtained from former company
Ruhr-Zink, Datteln, Germany with a humidity of 23%. Before the
experimental investigations, the samples were dried at the temper-
ature of 120 ◦C over the night, in order to eliminate the humidity.
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Fig. 1. Rietveld XRD analysis of the zinc leach residues (ZnAl2O4 is not presented
in  this figure, because its content is only 0.74% after the thermal decomposition, so
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the unit-less time exponent, �. For example, the time-dependent
rate constant, k, used to describe the anomalous electron transit
time dispersion in amorphous solids, an example of sub-diffusion,
t  is assumed that the mentioned percentage is present in the frame of the “other”
6.84%) (see figure), together with other components, so that is not registered in this
gure).

RD (X-ray diffraction) phase analyses were done with a Bruker
XS Diffractometer Model D8. The mineralogical composition of
eutral leach residue is shown in Fig. 1.

Rietveld XRD analysis of the tube furnace product after param-
ter optimization revealed the presence of zinc in the form of ZnO,
nAl2O4 and Ca2ZnSi2O7. This phase change made materials more
oluble and suitable for the leaching process, which was  previously
eported [29]. The gaseous phases of PbO and SO2 were formed
uring the thermal decomposition and they are removed with the
itrogen as carrier gas.

According to the phase analysis all zinc-ferrite is decomposed,
ron is present only in the form of Fe3O4 and such decomposed
ample has magnetic properties in difference to the original mate-
ial. Magnesium was found as Mg2Si2O6 and Mg3Al2(SiO4)3 phases
Fig. 2).

The chemical composition was determined by ICP (The induc-
ively coupled plasma technique) on the dry sample averaged to
he 18.6 Zn, 19.8 Fe, 6.7 Pb, 0.6 Cu, 0.2 Cd, 0.2 As, 10.9 Al, 7.3 S, 2.4
a, 2.1 Si (values in %) and 121 Ge, 558 Ag (values in ppm). In the
ase of the final reaction product, only the following four important
lements were analyzed by ICP technique: 25.2 Zn, 22.5 Fe, 7.55 Al
nd 1.37 Pb (values in mass%).

An X-ray diffractometer (Siemens D 5000 Model) was  used for
haracterization of the obtained particles. The investigated parti-

les were agglomerated, different irregular forms and about 100
icrometer in the range. After thermal decomposition, the agglom-

ration was decreased, and the particles were round and polygonal.
he degree of agglomeration and the shape of particles for treated

ig. 2. XRD analysis of thermal decomposed leach residue (N2 atmosphere–
150 ◦C).
Fig. 3. The scheme of tubular furnace for thermal decomposition of zinc leach
residue.

powder samples were determined using SEM (Scanning electron
microscopy) analysis.

2.2. Isothermal measurements

After reaching the desired operating temperature, 1 gram of the
zinc leach residue sample with agglomerated particles (the mostly
rounded particles) was put into a tubular furnace, under a constant
nitrogen gas, with a minimum flow rate, which was ϕ = 1 L min−1.
Alumina crucible had been used in these experiments. The spec-
imens were subjected to the thermal treatment at the constant
temperatures between 600 and 1100 ◦C and durations between
t = 15 and 60 min. After an injection of powder in the reaction tube at
the aimed temperature, the reaction time was  followed by the com-
putation. After that, the considered specimen was taken out of the
furnace and placed in the exicator. Each experiment at a given oper-
ating temperature was repeated twice. The weight results were
noted as an average mass lost of the specimen. For the isother-
mal  measurements, the total mass loss of the investigated sample
was 77.36%. The scheme of tubular furnace for thermal decompo-
sition of zinc leach residue is presented in Fig. 3. The intersection
of the reaction tube within the tubular furnace, together with the
presentation of the experimental sample is shown in Fig. 4.

3. Theoretical background

A key limitation of all KWW  (Kohlrausch-Williams-Watts) and
power-law based models lies in the physical ambiguity inherent in
Fig. 4. Intersection of the reaction tube within the tubular furnace, together with
presentation of the experimental samples.
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an be obtained using the CTRW (the continuous time random
alk) model. The functional form of this model can be presented

y the following equation:

 = Bt�−1 0 < � ≤ 1 (6)

here B and � represent the constants. Using Eq. (6),  together with a
rst-order conversion model, yields the KWW  relaxation function,
:

 = exp

[
−
(

t

�o

)�
]

(7)

here

o =
(

�

B

)1/�

(8)

efines a relaxation time constant, whose � value serves as a mea-
ure of the dispersive behavior of the conversion [3].

It can be pointed out, that if � = 1, then k = B (which represents a
raditional, t-independent rate constant) and, consequently

 = exp(−Bt). (9)

Eq. (9) reflects a classical (non-dispersive) Maxwell-Debye
xponential decay profile. In contrast, Eq. (7) can be regarded as
he result of a superposition of exponential decays (resulting from a

ultitude of parallel first-order conversions) that ultimately relates
he stretched exponential decay observed in a wide variety of relax-
tion phenomena.

Using the variant of Eq. (7) we can obtained the Weibull distri-
ution function for � > 1, which is given in the form of the following
quation:

 = 1 − exp

[
−
(

t

�

)�
]

(10)

here � is the shape parameter (which is the dispersive param-
ter (� �)), and � is the scale parameter (which represents the
elaxation time constant (�o �)). In this aspect, Plonka [8] has
emonstrated that the time dependence of the apparent activation
nergy, Ea, is given by equation:

a(t) = E0
a + (1 − �)RT ln

(
t

�

)
. (11)

In Eq. (11), E0
a is the t-independent (i.e., the classical/non-

ispersive) initial value of the apparent activation energy, R is the
as constant, and T is the absolute temperature. Using Eqs. (10)
nd (11), the cumulative distribution function (cdf) (f(Ea)) and the
ensity distribution function (ddf/pdf) (g(Ea)) has been derived else-
here [8] and they can be represented as:

 (Ea) = 1 − exp

{
− exp

[
�(Ea − E0

a )
(1 − �)RT

]}
(12)

nd

(Ea)=
[

�

(1 − �)RT

]
exp

[
�(Ea − E0

a )
(1 − �)RT

]
exp

{
− exp

[
�(Ea − E0

a )
(1 − �)RT

]}
.

(13)

The mean value of the apparent activation energy distribution
the first moment) can be defined in the form of the following

xpression [3]:

Ea
〉

= E0
a − �

(1 − �)RT

�
(14)
 Acta 546 (2012) 102– 112 105

where � is the Euler’s constant (� = 0.577215665). The reaction time
implicitly exists in Eq. (14), via Eq. (15)(

t

�

)
= exp

[
(Ea − E0

a )
(1 − �)RT

]
(15)

for the condition when Ea = 〈Ea〉, so that t can be represented by an
expression in the following form:

t = � exp
(

−�

�

)
= � exp

[〈
Ea

〉
− E0

a

(1 − �)RT

]
. (16)

In accordance with Plonka [3],  the dispersion of the considered
distribution function (	Ea ) is given by a following equation:

	Ea = 
RT
(1 − �)

�
√

6
(17)

where 
 = 3.14159265. For � = 1, Eqs. (14) and (17) reduce to those
proper for the classical kinetics, i.e.〈

Ea
〉

= E0
a (18)

and

	Ea = 0. (18a)

3.1. The estimation of distribution parameters

3.1.1. The linear regression method
Linear regression (“ln-ln”) method (LRM) [30] is a graphical

method for calculating the values of the distribution parameters
(� and �) of the Weibull probability function with random variable
t. This method is often used for the determination of � and �, due
to its simplicity and speed of calculation.

To get to the links between the two-parameter Weibull distri-
bution function and the observed parameters (�, �), Eq. (10) should
be logarithmic twice, so the “ln-ln” transformations can be repre-
sented in the form:

ln[− ln(1 − ˛)] = � ln
(

1
�

)
+ � ln t (19)

The parameters of Weibull distribution function (�, �) can be
calculated from the linear dependence given by Eq. (19). The shape
parameter (�) and a scale parameter (�) can be calculated from the
slope and intercept of the obtained straight line at a given operating
temperature. The quality of linearization in the selected  ̨ range,
can be checked on the basis of the obtained values of the squares
of the linear correlation coefficient (R2).

3.2. Dispersive kinetic model for describing deceleratory
sigmoidal ˛–t curves

Based on Skrdla’s [31] theoretical approach, in order to describe
decelerator, sigmoid ˛–t curves, such as those relevant to denucle-
ation (dissociation of critical nuclei) rate-limited process, including
some crystal dissolutions and thermal decomposition processes,
the following equation, which can be applied to solid-state kinetics,
is evaluated:

˛ = 1 − exp[˛∗ · t][exp(−ˇ∗ · t2) − 1] (20)

Eq. (20) in origin is derived on the assumption of an M-B
(Maxwell–Boltzmann)-like distribution of the apparent activation
energies [31]. The M-B  distribution of the apparent activation ener-

gies originates from molecular-level differences in the energies
of either the reagent state or the activated state (A-S)/product
species involved in defining the rate-determining step, depend-
ing on whether the conversion is deceleratory or acceleratory in
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Fig. 5. The experimentally obtained conversion (˛–t) curves (symbols) for the
isothermal decomposition process of zinc leach residue, at the different operating
temperatures (T = 600, 750, 950 and 1150 ◦C); the data fits (color solid lines) were
performed using Eq. (20), for the dispersive kinetic parameters (˛* and ˇ*) pre-
sented in Table 1. (For interpretation of the references to color in this figure legend,
the  reader is referred to the web version of the article.)

Table 1
Dispersive kinetic parameters (˛* and ˇ*) for the isothermal decomposition process
of  zinc leach residue in an inert atmosphere at 600, 750, 950 and 1150 ◦C (Fig. 5),
together with values of fse at every considered operating temperature.

Temperature, T (◦C) ˛* (min−1) ˇ* (min−2) fse
a

600 0.14685 3.00 × 10−4 5.39 × 10−4

750 0.22005 3.51 × 10−4 8.68 × 10−4

950 0.27029 3.69 × 10−4 9.97 × 10−4

1150 0.32558 3.75 × 10−4 6.98 × 10−4

a Fit standard error: fse =
√∑N

i=0
(˛exp − ˛calc)2/(N − p), where N is the number

the different operating temperatures (600, 750, 950 and 1150 C),
in the case of the isothermal decomposition process of zinc leach
residue.

Table 2
The values of dispersive parameter (�), and the relaxation time constant (�) calcu-
lated using Eq. (19), for the dispersion kinetic model which is given by Eq. (10), at
the  different decomposition operating temperatures (600, 750, 950 and 1150 ◦C), in
the  considered conversion ranges (�˛).

Temperature, T (◦C) �  ̨ � � (min) R2a

600 0.16–0.95 2.96 30.28 0.99390
06 B. Janković et al. / Thermoch

ature. The dispersion (i.e., the variation) in the apparent activa-
ion energy has been attributed to the differences in the molecular
inetic energies [3].  Note that the assumptions of a distribution of
he apparent activation energies and a time-dependent rate con-
tant are consistent with other dispersive kinetic treatments in the
iterature [3].

Eq. (20) contains only two “fit parameters”, each with physi-
ally meaningful units, where ˛* and ˇ*, have units of min−1 and
in−2, respectively. These constants may  be referred to as “global

ate parameters”. Using Skrdla’s assumption [31], that the only
xplicit—  ̌ values are valid in description of deceleratory ˛–t reac-
ion profiles we can obtain the following set of dispersion relations:

a = E0
a + RTˇ∗t2 (21)

t-dependent apparent activation energy)

 = ˛∗ exp(−ˇ∗t2) (22)

t-dependent rate constant)and

n k = ln ˛∗ − ˇ∗t2 =
[

ln(An∗−1) + 2 − E0
a

RT

]
− ˇ∗t2 (23)

here A represents the Arrhenius-like pre-exponential (frequency)
actor without entropic considerations, E0

a is the Arrhenius-like t-
ndependent portion of the apparent activation energy barrier or
t-independent) potential component of the overall apparent acti-
ation energy [31]; n* in Eq. (23) is a constant that relates to the
imensionality of the system and for the processes which exhibit
he deceleratory ˛–t reaction profiles, the value of n* in that cases
s n* = 2. That dimensionality is thought to reflect the fact that the
istributed state in the rate-limiting step of de-nucleation-based
rocesses (as the thermal decomposition), which pertains to the
eactant species, is a two-dimensional nucleus. In Eqs. (21)–(23),
f ˇ* = 0 and n* = 2 (regarding to non-dispersive cases), then k = ˛*

nd, consequently, the “textbook” kinetic relations are recovered
3].

Analogously to the Arrhenius equation, the value of E0
a can be

alculated from the following equation [32]:

n
(

˛∗

2

)
= ln

(
A

2

)
− E0

a
RT

(24)

From Eq. (24), the slope of a plot of ln(˛*/2) versus 1/T  is given
y −E0

a /R and the vertical axis intercept yields a value for ln(A/2),
here it can be calculated A.

. Results and discussion

The experimental isothermal decomposition data of the zinc
each residue at different operating temperatures (600, 750, 950
nd 1150 ◦C) characterized by the conversion ˛–t curves (desig-
ated by symbols in Fig. 5) was modeled using the dispersive kinetic
quation, which is given by Eq. (20).

The solid color lines in Fig. 5 were drawn using the dispersive
inetic parameters (˛* and ˇ*) of the best fits collected in Table 1.
he quality of fit is given as the fit standard error, fse in Table 1.

It can be seen from Table 1 that based on the obtained values of
se, there is a very good agreement between the experimental con-
ersion curves and decelerator ˛–t curves, calculated using Eq. (20).
rom the same table (Table 1), we can see that both parameters,
* and ˇ*, increase with increasing of the operating temperature.
omparing the results in Fig. 5, we can see that as the operat-

ng temperature is increased, the decomposition generally occurs

aster. Although, the value of ˇ* increases as the operating temper-
ture is elevated, as one might expect for a rate constant (that it is
he reciprocals of ˛* values, which have units of min−1, thus mak-
ng them akin to the rate constant) that show a similar trend. It can
of  the experimental points, p is the number of parameters, ˛exp is the experimental
decomposition conversion and ˛calc is calculated decomposition conversion.

be pointed out, that the particular increases of parameter ˇ* indi-
cates a complex decomposition process of zinc leach residue, which
may  includes the two-step mechanism with a secondary nucleation
process, taking place during the crystal growth, so that the site sat-
uration condition is no longer fulfilled [31]. The driving force for
the last mentioned process, increases with increasing values the
dispersive parameter ˇ*, which is particularly manifested at the
highest operating temperature (Table 1).

Table 2 shows the values of the dispersive parameter (�), and
the relaxation time constant (�) which were calculated using Eq.
(19), for the dispersion kinetic model which is given by Eq. (10), at

◦

750 0.15–0.95 3.78 26.07 0.99271
950 0.15–0.95 4.32 24.17 0.99429

1150 0.16–0.95 4.74 23.41 0.99245

a The square of the linear correlation coefficient.
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Fig. 7. The Master curve (  ̨ versus (t/�)� (symbol �)) of the experimental data
for the decomposition process of zinc leach residue at the considered operating
temperatures, presented in the coordinate system  ̨ versus (t/�)� on log scale; the
corresponding ˛–(t/�)� curve fitted to the Šesták-Berggren kinetic equation (symbol

obtained was  A = 1.1417 min−1. The obtained value of E0
a was higher

−1
ion process of zinc leach residue, at the different operating temperatures.

In the wide range of  ̨ values (�˛), with the increasing of the
perating temperature (T), the values of � increase, and they are
n the interval 2 < � < 5. On the other hand, with the increase in the
perating temperature, the values of � decrease (from � = 30.28 min
t T = 600 ◦C to � = 23.41 min  at T = 1150 ◦C) (Table 2). If the depen-
ence of the logarithm of the reciprocal value of � (ln(�−1)) in

 function of 1/T  shows deviation from the linearity (with con-
ave down or concave up curves), this behavior may  indicates
he presence of thermally activated process, which exhibits non-
rrhenius dependence. Fig. 6 shows the dependence ln(�−1) versus
/T obtained for the isothermal decomposition process of zinc leach
esidue, at the different operating temperatures.

It can be clearly seen from Fig. 6 that the dependence ln(�−1)
ersus 1/T  evaluated for the considered decomposition process,
xpresses clearly the non-Arrhenius behavior, with a schedule of
oints that form a typical concave down curve, manifested by a
ositive deviation from the linear (Arrhenius) dependence. This
ituation indicates that the studied process has the characteris-
ics of dispersion system, which is also confirmed by the values
f the dispersive parameter (�). Namely, the increase in � value
Table 2), leads to an increase in the dispersion of conversion val-
es of decomposition, in general. In addition, the appearance of
onversion dispersion phenomena, will inevitably leads to a dis-
ribution of the apparent activation energies, for the investigated
ecomposition process of zinc leach residue. It should be noted that
he changes in the value of the operating temperature, affects the
egree of the dispersivity. Also, since the isothermal decomposition
rocess of zinc leach residue gives quite high values of the disper-
ive parameter �, where in this case we get the values of � higher
han four, then this result shows that the investigated process is
ery complicated. Likewise, this also suggests that the operating
emperature (Table 2) significantly influences on the mechanism
f the nucleation and the crystal growth for the producing of zinc
n the form of zinc oxide [33].

Fig. 7 shows the “master curve” (  ̨ versus (t/�)� (symbol �)) of
he experimental data for the decomposition process of zinc leach
esidue at considered operating temperatures (all curves are col-
apsed into one curve called the master curve), presented in the
oordinate system  ̨ versus (t/�)� on log scale.

There are two reasons for showing the master curve in this coor-
inate system. First is for the exposures of the presence or absence

f the induction period, especially at the very beginning of the con-
idered process. Namely, from the each experimental ˛–t curve,
an not be clearly seen whether or not there is an induction period.
), with the average values of the classic kinetic exponents, m = 0.199 and n = 0.591,
are  also presented on the same figure.

From the corresponding master curve, we  can now detect the exis-
tence of a small induction period.

Also, Fig. 7 shows the corresponding ˛–(t/�)� curve fitted to
the Šesták-Berggren kinetic equation (red symbol ) [34,35],
with the average values of the classic kinetic exponents, m = 0.199
and n = 0.591 [33] (where f(˛) = ˛m(1 − ˛)n). The Šesták-Berggren
kinetic equation subsists as a generalized operate based on the
logistic function, r·{˛(1 − ˛)}, which is customarily exploited to
depict the case of population growth where r is the proportional
factor of so called ‘attractivity’. It consists of two essential but coun-
teracting parts, the first one responsible for the “mortality” ˛m

(i.e., the reactant disappearance and the product formation) and the
other for the “fertility” (1 − ˛)n (i.e., a kind of products’ hindrance
generally accepted as a counter-parting ‘autocatalytic’ effect [34]).
The non-integral exponents, m and n, play thus the similar role as
a broadly assumed non-integral dimensions common in the natu-
ral world of fractals [36]. The combination of two Šesták-Berggren
kinetic exponents with values of m = 0.199 and n = 0.591 [33], cor-
responds to the Avrami kinetic parameter [15,16],  with the value
which is equal to the 1.41 [37].

Comparing the derived master curve and ˛–(t/�)� curve fitted
with the Šesták-Berggren model [33], we can see that there is good
agreement between these two curves. However, the advantage of
the present approach is not in a better fit. It is in the sound physical
basis of the dispersive kinetics and its phenomenological interpre-
tation which is free from the mechanistic details [33] necessary in
the classical approach.

To outline the phenomenological interpretation of Eq. (10) is
the second reason of showing the master curve (Fig. 7). In order
to find dependence Ea = Ea(t) using Eq. (11), we must first calculate
the value of E0

a . Fig. 8 presents the dependence ln(˛*/2) versus 1/T,
for the isothermal decomposition process of zinc leach residue in
an inert atmosphere, for the operating temperatures in the range
600–1150 ◦C.

From Fig. 8, the global apparent activation energy was  estimated
at 14.6 ± 1.8 kJ mol−1 and the pre-exponential (frequency) factor
than the value Ea (4.0 kJ mol ), which is calculated using the clas-
sical kinetic method, at exactly the right value of  ̨ (  ̨ = 0.50) [33].
However, the evaluated value of E0

a is in a good agreement with
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ig. 8. The dependence ln(˛*/2) versus 1/T  for the isothermal decomposition process
f  zinc leach residue in an inert atmosphere, for the operating temperatures in the
ange of 600–1150 ◦C.

he value of Ea calculated by the differential Friedman’s [38] iso-
onversional method at the higher values of conversion (  ̨ ≈ 0.85)
33].

Fig. 9 shows the time dependence of the apparent activation
nergy (Ea), which is derived directly by using Eq. (11), at the dif-
erent operating temperatures (T = 600, 750, 950 and 1150 ◦C), for
he isothermal decomposition process of zinc leach residue.

It can be observed from Fig. 9, that the values of Ea decrease with
n increasing of the reaction time (t), at all considered operating
emperatures. It should be noted, the existence of transition from
he positive scale values of Ea into the negative scale values of Ea at
he very high operating temperature, so that we can detect negative
alues of Ea(t).

From Fig. 9, we can notice the existence of reaction time inter-
al, which is temperature dependent, with the negative values of Ea

examples of the negative values of the apparent activation energy
an be found in scientific literature [39–45]). The observed isother-

al  process is complex as can be seen from the existing fact that the

pparent activation energy changes during the process. This means
hat it consists of several parallel elementary reactions with strictly
efined, but different apparent activation energies [33]. Their

ig. 9. The time dependence of the apparent activation energy (Ea) which is derives
sing Eq. (11) at the different operating temperatures (600, 750, 950 and 1150 ◦C),
or  the isothermal decomposition process of zinc leach residue.
Fig. 10. The f(Ea) versus Ea (Eq. (12)) for the decelerator ˛–t curves of the isothermal
decomposition process of zinc leach residue, at the different operating temperatures
(600, 750, 950 and 1150 ◦C).

contributions in the overall process are changed with reaction time
and the operating temperature. In this case, the Arrhenius equa-
tion, even when applicable to each of the individual elementary
reactions, it loses its original physical meaning when applied to
the entire process. But despite that, the Arrhenius equation can
be used for data processing, as well as any other mathematical
function, but we  must be careful when interpreting the obtained
results. Formally, the existence of negative values of the apparent
activation energy for the isothermal decomposition process of zinc
leach residue, is a consequence of the occurrence of overlapping of
already formed crystal seeds of the zinc oxide in the growth phase,
and the secondary nucleation [46], which leads to a decrease in the
rate of decomposition with increasing in the operating tempera-
ture. In this case, we have a typical non-Arrhenius behavior.

Fig. 10 represents the f(Ea) versus Ea (Eq. (12)) for the decelerator
˛–t curves of the isothermal decomposition process of zinc leach
residue, at the different operating temperatures (600, 750, 950 and
1150 ◦C).

It can be seen from Fig. 10 that the main findings of the f(Ea)–Ea

curves, are located on the side of the positive values of Ea. All
f(Ea)–Ea curves at every operating temperature, indicate the pres-
ence of asymmetric features. In addition, all the observed curves
intersect at a characteristic point, which is the point of inflection
with coordinates: Ea = E0

a = 14.6 kJ mol−1 and f(Ea) = f(Ea)0 = 0.632
(Fig. 10). The observed characteristic point is fixed and corresponds
to the value of Ea, which is exactly equal to the E0

a and the cdf
(f(Ea) = f(Ea)0) value equal to 0.632 [47], which is typical for the
processes that were followed by nucleation and growth of new
phases.

Fig. 11 shows the corresponding density distribution functions
(ddf) (g(Ea)) (Eq. (13)) for the isothermal decomposition process of
zinc leach residue, at the different operating temperatures (600,
750, 950 and 1150 ◦C).

The evaluated distributions are the asymmetric, centered at E0
a

(=Ea,max) (Fig. 11), with pronounced low-energy tails that are not
observed in a symmetrical Gaussian (normal) distribution. As �
increases, the ddf then expands, thereby covering a broader range
of Ea values.

In all considered cases, however, the general shape of the distri-

bution (Fig. 11)  is opposite to that of the M-B  (Maxwell–Boltzmann)
distribution, which is skewed in the higher-energy direction.

The pre-exponential (frequency) factor (A) can be calculated by
the straightforward method, through the relation, which connects
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ig. 11. The density distribution functions (ddf) (g(Ea)) (Eq. (13)) for the isothermal
ecomposition process of zinc leach residue, at the different operating temperatures
600, 750, 950 and 1150 ◦C).

he maxima of the distribution (g(Ea)) curves (Ea,max) and the reac-
ion time (tmax) which corresponds to the value of Ea,max, at the
onsidered operating temperature T, in the form as

a, max = RT ln(Atmax) (25)

nd then from Eq. (25), after rearrangement, we finally get

n A = Ea,max

RT
− ln tmax. (26)

For the isothermal decomposition process of zinc leach
esidue, using Eq. (26), the following values of A were obtained:

 = 1.2491 min−1 (T = 600 ◦C); A = 1.2147 min−1 (T = 750 ◦C);
 = 1.1745 min−1 (T = 950 ◦C); A = 1.1482 min−1 (T = 1150 ◦C). If
e compare these values with the value of A, which is calculated
sing Eq. (24) (1.1417 min−1), we can see that there is a good
greement between the values of the pre-exponential factor. It
ay  be noted that the best agreement is achieved at the highest

perating temperature (1150 ◦C).
Table 3 shows the values of 〈Ea〉 and 	Ea for g(Ea) distributions

alculated by Eqs. (14) and (17), for the isothermal process of zinc
each residue in an inert atmosphere, at the different operating
emperatures (600, 750, 950 and 1150 ◦C).

From Table 3, we can see that with an increasing of the oper-
ting temperature, the values of both 〈Ea〉 and 	Ea increase. Based
n the obtained values of 	Ea , we can clearly see that the distribu-
ion at the operating temperature of T = 1150 ◦C shows the overall
idth. On the other hand, based on the values of 〈Ea〉 (Table 3),
e can see that 〈Ea〉 /= E0

a , so that the condition 	Ea = 0 is not ful-
lled. Based on the obtained results, it can be concluded that the
aximum dispersion of the system achieves at the highest oper-

ting temperature. The expansion of ddf and increased dispersion

ay  be caused by the micro-environmental effects [48] that may

rise during the complex process of zinc leach residue decomposi-
ion, especially at high values of operating temperature. It should be
xpected that the molecule of initial conformation surrounded by

able 3
he values of 〈Ea〉 and 	Ea for g(Ea) distributions calculated by Eqs. (14) and (17), for
he  isothermal process of zinc leach residue in an inert atmosphere, at the different
perating temperatures (600, 750, 950 and 1150 ◦C).

Temperature, T (◦C) 〈Ea〉 (kJ mol−1) 	Ea (kJ mol−1)

600 17.4 −6.2
750 18.2 −8.0
950  19.1 −10.0

1150 20.0 −12.0
Fig. 12. The t-dependent apparent activation energy in a function of the reaction
time (t), evaluated by using Eq. (21), for the isothermal decomposition process of
zinc leach residue, at the different operating temperatures.

its own microenvironment possesses the characteristic activation
barrier for conformational motion being partially a function of this
microenvironment. The influence of these effects is followed by a
substantial increase in the mean value of the apparent activation
energy value (Table 3).

Fig. 12 shows the t-dependent apparent activation energy in a
function of the reaction time (t), evaluated by using Eq. (21), for
the isothermal decomposition process of zinc leach residue, at the
different operating temperatures.

It can be observed from Fig. 12,  that the Ea values increase
with increasing of reaction time. Also, it is evident that there is an
increase in Ea values with increasing of the operating temperature.
If we  compare the results in Fig. 12,  with results that are shown in
Fig. 9, we  can see that there are obvious differences in the trend
behavior of Ea values with changing t. In the first case (Fig. 12), the
values of Ea increasing and they have positive values, while in the
latter case (Fig. 9), the values of Ea decreasing, passing to the scale
with negative values. The main essence of the existing differences
lies in the nature of Eqs. (11) and (21). The t-dependence predicted
by Eq. (21) is very different from the logarithmic one predicted by
Eq. (11). Eq. (21) was  obtained using the form of the t-dependent
rate constant, which is presented by Eq. (22) [32].

Fig. 13 shows the t-dependent rate constants (Eq. (22)) as a func-
tion of t, for the isothermal decomposition process of zinc leach
residue in an inert atmosphere, at the different operating temper-
atures (600, 750, 950 and 1150 ◦C).

It can be seen, that at all considered operating temperatures,
the values of rate constants (k) decrease with increasing of reac-
tion time. Looking at the change of the values of k with a change in
the value of T, we can see that the value of k increases with increas-
ing of the operating temperature. It can be pointed out, that Eq.
(22) was derived based on the assumption of an underlying M-B
(Maxwell–Boltzmann)-like distribution of the apparent activation
energy [26]. The implications of that a priori assignment include
the following concepts: (a) that past, present, and the future con-
version times, as related via the t-dependent apparent activation
energy, might all effectively coexist as if time were treatable like
a spatial dimension and (b) the apparent activation energy barrier
might be quantized, at least to some extent.
Based on the presented results, it should be clearly noted that
if dispersion in the apparent activation energy/rate constant does
not affect the zinc leach residue decomposition rate, the overall rate
constant for the process k(t) (Eq. (22)), becomes time-independent
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ig. 13. The t-dependent rate constants (Eq. (22)) as a function of t, for the isother-
al  decomposition process of zinc leach residue in an inert atmosphere, at the

ifferent operating temperatures (600, 750, 950 and 1150 ◦C).

ˇ* = 0) and, hence the single-valued, as per the Arrhenius-Eyring
efinitions. For the cases, k = ˛*, a constant, essentially reducing Eq.
20) into the equation for the first-order kinetics (  ̨ = 1 − exp(−kt)).

On this basis, we can conclude that the above-mentioned fact
oes not apply in the case of the isothermal decomposition of zinc

each residue, because the present dispersion in the apparent acti-
ation energy values and also in the rate constant values obviously
ffect the decomposition rate (Figs. 12 and 13).

The dispersion in the apparent activation energy barrier is the
irect result of “molecular motion” (which can vary from molecule
o molecule), defines the distribution of the apparent activation
nergies for a given process. It is this distribution of apparent activa-
ion energies that, in turn, defines a time-dependent rate constant
or the conversion. The time-dependent rate constant is impor-
ant in describing the curvature observed in the experimentally
btained decelerator ˛–t curves (Fig. 5).

Fig. 14 shows the change in the values of time-dependent

pparent activation energy (Ea(t)) as a function of decomposition
onversion (˛), for the isothermal decomposition process of zinc
each residue, at the different operating temperatures.

ig. 14. The change in the values of time-dependent apparent activation energy
Ea(t)) (calculated by Eq. (21)) as a function of ˛, for the isothermal decomposition
rocess of zinc leach residue, at the different operating temperatures (600, 750, 950
nd 1150 ◦C).
 Acta 546 (2012) 102– 112

It can be observed from Fig. 14 that at the all considered oper-
ating temperatures, the values of Ea(t) decrease with an increasing
of decomposition conversion (˛). In this case, one should note an
interesting phenomenon, that with an increasing of the operating
temperature from 600 ◦C to 1150 ◦C, in the  ̨ range  ̨ = 0–0.632
(0–63.2%) (Fig. 14), regarding to the point of intersection with
the coordinates 0.632; 14.6 kJ mol−1, the values of Ea(t) (including
the initial values of Ea(t) at a given T: 24.6 (600 ◦C), 27.7 (750 ◦C),
30.7 (950 ◦C) and 34.3 kJ mol−1 (1150 ◦C)) increase, in the direction
of increasing of the operating temperature. After the intersection
point (  ̨ > 0.632), the value of Ea(t) decreases, in direction where the
operating temperature increases (↑Ea(t) |14.6 kJ mol−1| ↓Ea(t)—the
opposite behavior) (Fig. 14). In fact, from the same figure (Fig. 14),
we can see that the dependence of Ea(t) on ˛, at all of the consid-
ered operating temperatures, actually changes its shape, from the
concave into the convex functional dependence.

Based on these results, we  can conclude that the decomposition
process of zinc leach residue is a very complex process, which takes
place through a system of parallel reactions, probably with variable
dimensionality of the processes of nucleation and growth of a new
phase (Fig. 14).

In  this case, it may  be set four kinetically important reactions
(where each of these reactions is dominant in the different tem-
perature regions [33]) for the isothermal decomposition process
of the zinc leach residue, in the following forms, with subsequent
discussion:

(stage 1) PbSO4 → PbO + SO2 + 1
2 O2 (T < 1000 ◦C) (27)

The expected temperature range for this stage is
750 ◦C < T < 950 ◦C [49]. If we consider the dispersion parame-
ter values (�) listed in Table 2 (in the range of 3.78 ≤ � ≤ 4.32), we
can conclude that in this case, probably exists a three-dimensional
growth of the formed PbO particles, with a constant nucleation
rate. This result is the typical in case of obtaining of the large
crystals, in the form of long and laminar structure [49].

(stage 2) 3Fe2O3 → 2Fe3O4 + 1
2 O2 (T < 1000 ◦C) (28)

The reduction of Fe2O3 forming Fe3O4, with the expected tem-
perature range of 400 ◦C < T < 650 ◦C. Bearing in mind the value of
the parameter � (=2.96 ≈ 3), we can conclude that in this case, we
may  expect the two-dimensional growth of the formed Fe3O4 par-
ticles, with the characteristic Fe3O4(111) interface [50].

(stage 3) Zn2SiO4 → 2ZnO + SiO2 (T < 1000 ◦C) (29)

(with additional step) ZnO → Zn◦ + 1
2 O2 (T < 1000 ◦C) (29a)

The oxides reduction continues with increasing operating
temperature, and zinc oxide will be produced at a operating tem-
perature of about 800 ◦C [51] and at T above the 900 ◦C, mainly zinc
vapor is formed as one of the main products. It can be noted, that
the segregation of the silicate, i.e., the “liberation” of ZnO from the
silicate previous to the actual reduction is not the rate limiting step
[52]. In addition, the evolution of gaseous zinc and of oxygen is not
limited by diffusion through a solid matrix.

(stage 4) 3ZnO · Fe2O3 → 3ZnO + 2Fe3O4 + 1
2 O2 (T > 1000 ◦C)

(30)

The final production of zinc oxide (ZnO) is surely completed
at the temperature of 1200 ◦C. ZnO·Fe2O3 (catalytic complex) is
split at the very high temperatures (T > 1000 ◦C) in a non-complex

form as ZnO + Fe3O4 + 1

2 O2. ZnO·Fe2O3 likely to be autocatalytic
decomposed into ZnO and other chemical species, which signif-
icantly reduces the energy barrier for a given process. However,
in the case of autocatalytic reaction, the reaction rate is strongly
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nfluenced by the concentration of the formed product. In the con-
idered decomposition process, the overall decomposition reaction
ate is strongly depends on the amount of the obtained zinc oxide
ZnO). It should be noted the following fact, that the molecular oxy-
en has to evolves to complete the decomposition process, which
s effectively implemented in the presence of oxide, such as Fe2O3
53]. In addition, based on very high value of the dispersive param-
ter at 1150 ◦C (� = 4.74, which is close to value of 5 (Table 2)), we
an expect the effect of branching, especially in response to the
nitial reagent that has autocatalytic properties (Eq. (30)). In this
ase we get the maximum dispersion in the values of the appar-
nt activation energy (Fig. 11). The formation of the branches is
he nucleation of new crystals on the columnar facets of ZnO crys-
als. One might expect the existence of the line defects under the
ranched crystals. These line defects that are created, serve as the
in-points for the secondary nucleation to occur. Branch growth on
he single crystalline ZnO further supports the idea that the new
rystals are mostly formed on the defect sites, such as edges or
oles.

It can be pointed out, that in this case, the reduction of the sur-
ace energy will be the highest when the best match between the
ubstrate and the crystallizing substance is achieved. This situa-
ion may  be created, when both the substrate and the crystallizing
ubstance are the same/or the almost same, referred to as the sec-
ndary nucleation.

In our previously reported results, the kinetic model which
an best describes the investigated decomposition process, from
he classical kinetic approach, is the two-parameter autocat-
lytic Šesták-Berrgren model [34]. Málek [36] pointed out that
he classical nucleation-growth equation (Avrami or Johnson-

ehl-Avrami (JMA) equation) is actually a special case of this
wo-parameter Šesták-Berrgren (SB) model, and thus SB equa-
ion (d˛/dt  = k(T)·˛m(1 − ˛)n) represents a plausible alternative
escription for the crystallization process. The increasing value of
arameter m indicates a more important role of the precipitated
hase on the overall kinetics. However, the temptation to relate
he values of m and n to a reaction mechanism can be doubtful
nd should be avoided [36]. The value and wide applicability of the
B equation surpasses in the light of the single-step approximation.
he conversion function, f(˛) = ˛m(1 − ˛)n, is able to describes both,
cceleratory and deceleratory ˛–t curves, as well as the nth order
eaction ˛–t curves.

In general, the values of kinetic exponents may  not reflect the
eaction mechanism. On the other hand, they enable to describe
inetic data and modeling the kinetics of the overall process with-
ut a deeper insight into its mechanism.

Due to the empirical nature of the SB equation, the relatively
arge number of fit parameters and given the complexity of many
olid-state processes, it may  be difficult to correlate small dif-
erences in the values of these constants (m and n) with any
ell-defined change in the mechanism. This is especially true if

he mechanism is known to change over the course of the reaction
r the transformation (a mechanistic change is typically observed
s a change in the activation energy with conversion), as in our case,
or the isothermal decomposition of zinc leach residue in an inert
tmosphere.

Because of this fact, the SB equation provides purely formal
escription of the kinetic description of the isothermal decompo-
ition process of zinc leach residue, as presented in our previous
ork [33].

However, in this article, it was shown that Eq. (20) better fitted
he experimentally obtained ˛–t curves of the isothermal decom-

osition of zinc leach residue (Fig. 5), than the SB kinetic equation
ith kinetic parameters m = 0.199 and n = 0.591 [33]. The dispersive

inetic approach for the investigation of the complex isothermal
ecomposition process of zinc leach residue provides more detailed
 Acta 546 (2012) 102– 112 111

information about the reaction mechanism, rather than the con-
ventional approach, in order to describe the process using the SB
equation.

Namely, the statistical approach which yielded the two-
parameter model equation (Eq. (20)) can be used as a better
alternative in modeling the investigated process and for the
detailed mechanistic description of the same. The model presented
in this article may  offer a more physically meaningful approach for
the treatment of the kinetic data compared to that of standard (i.e.,
non-dispersive) kinetic model.

Some of the advantages of the dispersive kinetic model in the
kinetic analysis of the complex decomposition process of zinc leach
residue in an inert atmosphere, over existing kinetic models, may
include the high quality of the data fits (Table 1) and the use of only
two fit parameters, each with physical units.

5. Conclusions

The formalism of dispersive kinetics is applied for the decom-
position process of zinc leach residue in an inert atmosphere. The
isothermal decomposition has been studied in a tubular furnace
under a constant nitrogen gas flowing, at the four different oper-
ating temperatures (T = 600 ◦C, 750 ◦C, 950 ◦C and 1150 ◦C). It was
found that the dispersive kinetic model in the form of equation

 ̨ = 1 − exp[˛*t][exp(−ˇ*t2) − 1] (˛* and ˇ* are “fit parameters”,
with physically meaningful units) more successfully modeled
the complex decomposition process, than classic (non-dispersive)
Šesták-Berggren (SB) kinetic model. It was shown that the system
heterogeneity is responsible for giving rise to the underlying distri-
bution of the apparent activation energies (Ea) ultimately imparts
a time dependence to the specific rate of the decomposition con-
version.

Also, it was found, that the increase in the values of the param-
eter ˇ* with an increasing of the operating temperature, indicated
the occurrence of the secondary nucleation process, taking place
during the crystal growth. In addition, it was  shown that the overall
decomposition process exhibit the non-Arrhenius behavior, which
is manifested by a positive deviation from the linear (Arrhenius)
dependence. Also, in this study, it was shown that the dispersion
in the apparent activation energy/rate constant affects the zinc
leach residue decomposition rate, and in this case, the overall rate
constant for the investigated process, becomes time-dependent.
Because of this fact, the single-valued condition for Ea is no longer
fulfilled. From the obtained results, we can conclude that the inves-
tigated system exhibits the non-single-exponential kinetics. This
behavior is characteristic for the systems where the rates of the
overall process are faster than some slower, internal conversion or
the environmental effects.
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