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The stochastic geometric model was applied to kinetic modeling the complex process of thermal decomposi-
tion of zinc ferrite from neutral leach residues, at different operating temperatures (600 °C, 750 °C, 950 °C and
1150 °C). Based on functional dependence of Avrami's constant (n) in a function of the effective activation
energy (E,), it was found that at T> 950 °C, the crystallization process takes place in autocatalytic stage, under
the conditions where the rate of nucleation rapidly increases. It was established that the high nucleation rate
can be attributed to formation of both Zn and Fe rich regions which provide a high number of heterogeneous
nucleation sites. Based on the obtained final shape of the particles, it was found a strong presence of zinc, iron
(present only in the form of Fe;04 (magnetite)), magnesium (in the form of Mg,Si,Og), and also lead oxides.
Thermodynamic analysis showed that the decomposition depends on the introduction of heat, and exerts a
positive value of the Gibbs free energy of activation. Such a feature was expected since the ferrite system has
been submitted to a forced decomposition and volatilization reactions.

Thermodynamic property

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Zinc is an important element especially for the steel industry and
the formation of Electric Arc Furnace Dust (EAFD) leads to strong
recycling activities. Zinc in primary fluidized bed calcine as well as in
EAFD exists besides as simple oxides in a spinel form called zinc
ferrite ZnO - Fe,05. A lot of studies have been conducted to find the
most efficient way of zinc and iron recovery from the EAFD material
due to environmental, technical and economical needs. Because of
that there is a necessity for treatment of wastes containing zinc
ferrites [1,2]. Different hydrometallurgical ways for recovering zinc
from ferrite-phases exist such as acidic or caustic leaching, micro-
wave assisted extraction, EZINEX process, etc. [3-5].

Leaching with sulfuric acid to obtain high recovery yield is
feasible based on the following reaction:

ZnFe;04+4H,S04 (aq) —7ZnS0y (aq) + Fe,(S04)3 +4H,0. @)

Eq. (1) can be expected even at room temperature, but the
reaction rate is too slow. At the elevated temperatures and longer
leaching time, significant extraction yields > 80% will occur, but
the process is un-selectively decreased [6]. Zinc extraction
becomes even higher if the solid/acid ratio is lowered. During this
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process, calcium sulfate precipitates resulting from low concentra-
tion of sulfuric acid and it remains until the end of process.
Because of unselective leaching a yield of zinc is decreased [6]:

ZnFe,04+2[0OH " ]—Zn0,%~ 4 Fe,0;5 +H,0. )

Other researches [5] have studied leaching kinetics of zinc
ferrite in aqueous hydrochloric acid solutions according to reaction
(3) and found that it is possible to precipitate ferric chloride, in the
pH range of 3-4 and using air mixing:

ZnFe,04+2HCl - ZnCl, + Fe, 05 + H,0 3)

Their experiments have reached up to 90% zinc recovery under
pH values between 3 and 4 at 90 °C. Unsuccessful experiments on
ammonia leaching were conducted, where the EAF dust was firstly
washed to solubilize the zinc oxide and then leached with
ammonium chloride. But the zinc ferrite remains in residue. An
organic acid process was also able to recover zinc from ferrite,
when additional leaching step was introduced [5].

Today's commercial operations reach almost complete winning
of zinc from zinc ferrite mostly are based on fuming operations
that reduces ferrite and vaporizes zinc. Such pyrometallurgical
applications use a reduction media such as carbon monoxide,
hydrogen or coke [7].
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The carbothermic method [8] requires a minimum temperature
of 800 °C and the partial pressure of zinc vapor which remains
below 0.014 bar. A full reduction of EAF dust with hydrogen at
lower temperatures produces both iron and zinc with double
hydrogen requirement, compared to the selective reduction that
only produces zinc [2]. The worldwide standard is thermal
reductive treatment in the Waelz process [9] enabling strong
destruction of the zinc ferrite whereby producing a slag with very
limited probability for use and high energy input [10].

1.1. The main objective of the presented investigation

In last five years, the process development for high pressure
and atmospheric leaching of electric arc furnace dust became a
central part of research at the IME, RWTH Aachen University in
Germany. For example, high pressure leaching revealed to be more
effective from zinc extraction point of view, but not for iron [11].
Unfortunately, it was found that the high selectivity is obtained
only with lower a/d ratios. In order to decompose zinc ferrite from
neutral leach residues, a new experimental concept was developed
and conceptually presented in Ref. [1].

In this paper, we present a theoretical concept to explain the
detailed reaction mechanism of the isothermal decomposition of
zinc ferrite from neutral leach residues, which, in itself, is a very
complex physico-chemical process. The procedure was based on
explanation of the process from the standpoint of the theory of the
nucleation and growth of a new phase, presented as the stochastic
geometric model (Johnson-Mehl and Avrami (JMA)) [12-15].
Actually, this approach involves the consideration of the process
in the light of solid state phase transformation kinetics [16]. The
kinetic consideration was supported by the proper thermody-
namic (through the changes of thermodynamic functions) analysis
[17]. This approach has an interesting potential for describing the
decomposition kinetics of the considered system, when the
system is subjected to the elevated temperatures under controlled
experimental conditions. Mathematical modeling of such complex
decomposition can be of crucial importance for the design,
performance analysis, and further improvement of hydrometallur-
gical processes, which, as one of the major products provide
separation of specific magnetic materials. This is very significant
since that at the elevated operating temperature (above 1025 °C),
solid solutions of both ferric and zinc oxides in zinc ferrite can be
formed, and that, when heated to higher operating temperatures
the dissolved ferric oxide lost oxygen, forming magnetite and the
specimen became ferromagnetic. One of the main goals of the
current investigation is to identify the factors affecting the kinetics
of the overall decomposition process, where, as one of the products
can expect the appearance of iron, in the form of magnetite.

2. Experimental
2.1. Material characterization

The zinc leach residue was obtained from former company
Ruhr-Zink, Datteln, Germany, with a moisture content of 23%.
Before the experimental investigation, the sample was dried at
120 °C overnight in order to eliminate the moisture presence. The
Rietveld XRD (X-ray diffraction) analysis of an initial sample has
shown the following chemical composition [in %]: 40.9 ZnFe,0,,
16.5 CaSO4, 6.4 MgS0,4, 13.6 Zn,SiO4 11.3 PbSO4, 4.4 KFes(-
S04)>(0OH)s, and 6.9 related to the other compounds. This phase
change made materials more soluble and suitable for the leaching
process, which was reported in our previously paper [1]. The
gaseous phases of PbO and SO, were formed during thermal
decomposition and removed with nitrogen as the carrier gas.

At 1150 °C, the chemical composition of the final decomposed
material amounted [in %]: 57.0 Fe304, 28.9 CayZnSi,0-, 8.4 ZnO,
5.0 Mg,SiOs and 0.7 ZnAl,04. A scanning electron microscope
(model ZEISS DSM 982 Gemini) (SEM) was used for the character-
ization of the obtained particles. SEM images were used to study
the surface morphology. For explanation the thermo-chemical
prediction of the formed products, the FactSage®™ thermo-
chemical software with databases [18] was used.

2.2. The isothermal measurements

After 15 min of heating the samples in order to eliminate the
contained moisture, these were used in the thermal treatment
experiments performed in the tube furnace. At the fixed operating
temperatures (600, 750, 950, 1150 °C), four experiments were
performed at each operating temperature in the certain time
intervals (15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 min). The
experiments were repeated three times. After reaching the aimed
temperature, 1 g of the zinc leach residue was inserted in a tubular
furnace, under a constant nitrogen gas, with a flow rate of
»=1Lmin~ . After beginning of the thermal treatment of dried
sample at the fixed operating temperature, the reaction time was
measured by chronometer (in digits form). After that, the speci-
men was taken out from the furnace and placed in the exiccator.
The weight results were noted as an average mass lost of the
specimen, in order to calculate the decomposition rate.

The conversion fraction («) in the isothermal measurement at
the considered operating temperature T is calculated by the
following equation:

P My15) — Mt
Mo(15) — Mg

“

where my15) is the initial mass of the sample (for time at t=15 min,
after removing of any remaining moisture at a given temperature
(the time period from t=0min to t=15min at each of the con-
sidered operating temperature T, corresponds to time scale where
the removal was done for possible residual moisture)), m, is the mass
of the sample at time t, and my is the final constant mass of the
sample, after the establishment of the saturation (the saturation
involves reaching the conversion value of «=1.00). Thus, the con-
version data are calculated for completely dry samples at each of the
observed temperatures. The decomposition of zinc leach residue in
an inert atmosphere at every considered operating temperature
begins after the 15th minute.

3. Theoretical background

Most solid state transformations do not occur instantaneously
because obstacles impede the course of the reaction and make it
dependent on time. For example, since most transformations
involve the formation of at least one new phase that has a
composition and/or crystal structure different from that of the
parent one's, some atomic rearrangements via diffusion are
required. A second impediment to the formation of a new phase
is the increase in energy associated with the phase boundaries that
are created between parent and product phases. From a micro-
structural standpoint, the first process to accompany a phase
transformation is nucleation — the formation of very small (often
submicroscopic) particles, or nuclei, of the new phase, which are
capable of growing. Favorable positions for the formation of these
nuclei are imperfection sites, especially grain boundaries. The
second stage is growth, in which the nuclei increase in size. During
this process, some volume of the parent phase disappears. The
transformation reaches completion if growth of these new phase
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particles is allowed to proceed until the equilibrium fraction is
attained.

As would be expected, the time dependence of the transforma-
tion rate (which is often termed the kinetics of a transformation)
is an important consideration in the heat treatment of materials.
With many kinetic investigations, the fraction of reaction that has
occurred is measured as a function of time, while the temperature
is maintained constant. Data are plotted as the fraction of
transformed material (a) versus the time (t) (the kinetic conver-
sion curves). The obtained curves represent the typical kinetic
behavior for the most solid-state reactions. For special cases of
nucleation and growth, it is possible to derive the analytical
description of transformation kinetics according to Johnson-
Mehl-Avrami (JMA) stochastic geometric model [12-15]. For
solid-state transformations displaying the kinetic behavior
through a-t curves, the fraction of transformation («) is a function
of time (t) as follows:

a=T1-—exp|—(Ka)"], (5)

where K4 and n represent the Avrami rate constant, and the
Avrami constant (or the JMA exponent), respectively. Eq. (5) is
often referred to as the Avrami equation [13-15]. Usually, the
Avrami rate constant K, is written in the form of the composite
Avrami rate constant k4 (i.e. ka=K3). It was shown that k, (the
dimension of which is given in (time) ") is not only a function of
temperature, but also a function of the Avrami constant, n [19].
As a result, use of K4 should be more preferable than use of k4, due
to partly to the facts that it is independent of the Avrami constant
n and its dimension is given in (time)~!. It should be noted that
both ks (and hence K4) and n are constants specific to a given
crystalline morphology and type of nucleation for a particular
crystallization condition [20] and that, based on the original
assumptions of the theory, the value of the Avrami constant n
should be an integer, ranging from 1 to 4. The value of K, and n can
be obtained from the linear relationship as In[—In(1—a)]=
ninKa+nlint [13]. By plotting In[—In(1—a)] against Int for
different operating temperatures, the JMA plots can be evaluated,
in the case of a range (Aa) where there is a linearity of the
data used.

The Avrami rate constant (K4) can be presented in the form of
the Arrhenius equation as:

Ka=ky'/™ :koexp< —E—%) (6)

where k, represents the pre-exponential factor [time '], E, is the
apparent or the effective activation energy [J mol~'], R is the gas
constant [JK~!mol~!], and T is the absolute temperature [K].
Temperature is one variable in a heat treatment process that is
subject to control, and it may have a profound influence on the
kinetics and thus on the rate of the transformation. For most solid
state reactions, and over specific temperature ranges, the rate
increases with temperature according to Eq. (6). Processes that
exhibit the temperature dependence of the rates through the
relationship presented by Eq. (6) are sometimes termed as the
thermally activated. The rate of the process expressed through
Eq. (5), can be obtained by differentiating Eq. (5) with respect to
time (t) and after rearranging of some terms, we can finally get the
expression of the form:

%= KAf(Ol) =Kun(1 —a)— In a —a)]("—l)/n

=ka'"n(1 —a)~ In (1 -]~ /" 7)

where f(a) is the differential form of the function of reaction
mechanism. The rate of the process expressed by the differential

kinetic equation (Eq. (7)) can be rearranged and integrated as:
/ ﬂzg(a): [— In(1—a)]'/" =Kyt =ky'/"t. 8)
o fl@)

In Eq. (8), the g(a) is the integral form of the function of reaction
mechanism. By plotting linearly g(«) for several conversion grade «
observed experimentally, it is possible to obtain K, for each
operating temperature, which represents the slope of the linear
adjustment of g(a) against time (t). The plot of calculated In Ky
[ =(1/n) In k4] against 1/T according to the Arrhenius postulate (as
In K4=(1/n) In ky=In(k,)—E,/RT) allow to deduce the apparent
activation energy (E;) and the pre-exponential factor (k,).

In the case of continuous nucleation, the nucleation rate
function I(t) (for quantifying the nucleation rate I as a function of
time throughout the course of crystallization) can be introduced as
[21]:

I(t) = I.(14+m)t™, 9)

where I. is the nucleation rate constant (a temperature-depen-
dent, but the time-independent parameter, the dimension of
which is given in (number of nuclei/(s™* !, cm?)), and m represents
the nucleation index. In the considered case, the Avrami constant
can be presented in a more specific mathematical definition as:

n=d+m+1, (9a)

where d represents the geometric or dimensionality index (e.g. d=1
for rod, d=2 for disc, and d=3 for sphere). According to Eq. (9a),
the traditional sense of the Avrami constant n in describing the
dimensionality of the crystal geometry is restored with the
geometric or dimensionality index d, but, more importantly,
abnormality in the experimental observation of the Avrami con-
stant n (viz. fractional values of n, or the values of n greater than 4)
can now be theoretically explainable by the introduction of the
nucleation index m. The qualitative description of the nucleation
index m (for a fixed value of the geometric index d) in describing
the nucleation mechanism throughout the course of the crystal-
lization process can be described in a few significant items:

(a) m=—1: Nucleation mechanism: instantaneous; Nature of the
nucleation rate over crystallization time: constant,

(b) —1 <m < 0: Nucleation mechanism: instantaneous and spora-
dic; Nature of the nucleation rate over crystallization time:
gradually decreasing with time and approaching a constant
value at a certain time,

(c) m=0: Nucleation mechanism: sporadic; Nature of the nuclea-
tion rate over crystallization time: steadily increasing with time,

(d) 0<m<1: Nucleation mechanism: sporadic; Nature of the
nucleation rate over crystallization time: increasing with time,

(e) m> 1: Nucleation mechanism: sporadic; Nature of the nuclea-
tion rate over crystallization time: increasing strongly with
time.

Strictly speaking, the JMA kinetic parameters (n, k, and E;) can
only have certain values, pertaining to specific growth and
nucleation models [22]. Mixtures of the specific nucleation models
are not considered in the original derivation of JMA Kinetics.
However, it can be proven (by numerical procedure) for such
mixtures of nucleation models that, although the JMA description
does not hold exactly, a very good approximation to the observed
kinetics can still be given by the JMA description according to
Egs. (5) and (6) [22]. Thus, also intermediate values of the JMA
kinetic parameters then are possible. Determined values for the
effective kinetic parameters can then be interpreted in terms of the
basic nucleation and growth models, recognizing the interdepen-
dence of the ]MA kinetic parameters. It has been shown that the
apparent (effective) activation energy is given by the following
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weighted average of the activation energies of the involved
nucleation and growth processes as [22]:

_(n=1Eg+Ey _(d+m)Eg+Ey
- n T d+m+1)

where E; and Ey represent the activation energies for the growth
and nucleation. If E; can be measured as function of n (by the
variation of the nucleation index through the numerical proce-
dure), in that case Eq. (10) allows us to determine the correspond-
ing values of E; and Ey, separately.

The apparent (effective) activation energy values (E,) can be
calculated at the different and constant values of conversion fraction
(or the fraction of transformation) («), combining Eqs. (6) and (8),
and presenting them in logarithmic form, so that we get [23]:

(Ico)f,m] Eqa,

Eq - (10)

: a1

—Int,, = ln{ RT,

8laki)

Using data at which in different operating temperature runs (T;)
the same value a=a;;=const. was reached, the linear relationship
—Inty; versus 1/T; with a slope proportional to Eg.; could be
established. This method provides a check of invariance of E, with
respect to conversion fraction, a.

The local Avrami constant (n,.) is employed to have the
derivative of the Avrami plot against the fraction of transforma-
tion, which efficiently gives the local value of n with « [24]. The
local Avrami constant is deduced by:

oln{In[1/1-a)]}

0 In(t) a2

Mjoc = N(a) =

The value of local Avrami constant (n(«)) gives information
about the nucleation and growth behavior, when the crystallized
volume fraction is a.

Once the generalized Avrami constant is known (as described
above), we can then calculate the Avrami rate constant K, from
half-time analysis [25]. The half-time (o 50) is defined as the time
required to achieving 50% of the maximum conversion during the
isothermal experiment [25]. The Avrami rate constant (K4) can be
calculated directly from the reciprocal half-time (tg49) according
to the following equation [25,26]:

Ka=(n2)""tg . (13)

For the mechanism in which the Avrami constant n > 1.00, the rate
approaches zero at the beginning of the process (i.e. t—0), and
when the process nears completion (i.e. t—co). The maximum rate
of the isothermal transformation occurs at time t;., Which
corresponds to the inflection point of the a versus t curve, where
the second derivative of «(t;T) vanishes. Therefore, the t,,, can be
calculated from the following equation [25,27]:

_ 1/n
Cmax = |:(Tl 1):| . (14)

nka

Since the half-time measurements provide a route to calculate Ky
(as well as the composite Avrami rate constant, k), the relation
that connects t;;,qx and tgso can be expressed in the form [25]:
1/n

Emax = |:(::17n]2):| to.50- (15)
The ratio tex/toso allows us to compare the differences between
toso and tay if they exist, for a given value of the Avrami constant
(n), evaluated at the considered operating temperature.

One of the frequently applied test to verify the applicability of
the JMA mechanism is based on the properties of two special
functions, which are labeled as Y(a) and Z(a) functions [28,29].
In isothermal conditions, however, the magnitude K, (expressed

through Eq. (6)) in Eq. (7) is constant and the rate of the process
(da/dt) is approximately equal to f{«) function, as:

d
Y(a)= (d—‘t’) ~f(a) (16)

If the rate of the process at considered operating temperature is
plotted as a function of « its shape corresponds to the fla) function.
It is convenient to normalize the Y(«) plot within [0,1] interval.
Combining Egs. (7) and (8), the other function Z(«) can be defined as:

d
20~ (G )t=Far@ a7

For practical reasons this function is normalized within [0,1]
interval. The Y(«a) and Z(«) functions exhibit maxima at &y, and a;°,
respectively. The maximum of the Y(a) function for the JMA
mechanism depends on the value of the Avrami constant:

amzl—exp{“%n)}, for n > 1.00 (18)

and

am =0 forn<1.00. (18a)

The value of a;, is always lower than the maximum of the Z(«)
function, «p°. The latter is a constant in the case of the JMA
mechanism, where we have:

ay’ =0.632. (18b)

The value of ap° in Eq. (18b) is the characteristic “fingerprint” of the
JMA reaction mechanism. This procedure can be used as the simple
test of the applicability of JMA theory of nucleation and growth
kinetics, in the case of the investigated decomposition process.

In addition, if the Y(a) function has a maximum in the interval
between 0 and «, (where a, represents the conversion fraction,
which corresponds to the maximum value of the differential rate
conversion curves, presented as de/dt against t) i.e., for n > 1.00, then
the Avrami constant (n) can be calculated from Eq. (18), but now
re-written in a somewhat different mathematical form, as [28]:

1

L S PG (19)

3.1. Thermodynamic considerations

Based on the optimized values of the apparent (effective)
activation energy and the pre-exponential factor, using the appro-
priate selected reaction model function, the values of thermo-
dynamic functions (AS”™, AH” and AG”) can be calculated. The
pre-exponential factor (k,) can be estimated from the intercept of
the plots of Eq. (11), by inserting the most probable determined g
(a) function.

The change of the entropy of activation (AS”) may be calcu-
lated according to the Eq. (20) [30]:

koh
# 0
AS* =RIn (e)(kBT) (20)

where k, is the pre-exponential factor, e=2.7183 is the Neper
number, y is the transmission coefficient, which is unity for
monomolecular reactions, kg is the Boltzmann constant (1.381 x
10~23J K1), his the Planck's constant (6.626 x 10734 ] s), R is the
universal gas constant (8.314] K~ 'mol~!) and T represents the
considered value of the operating temperature (K).
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The change of the enthalpy of activation (AH”) may be
obtained according to Eq. (21) [30]:

AH* =E* —RT 21

where E* is the apparent activation energy, E,, obtained from the
iterative procedure of Eq. (11).

The change of the Gibbs free energy of activation (AG *) for the
investigated decomposition process, can be calculated using the
well-known thermodynamic equation, in the form [30,31]:

AG”* =AH” —TAS* (22)

4. Results
4.1. Experimental conversion curves

The experimentally obtained isothermal conversion (a-t) curves
for the decomposition process of zinc ferrite from neutral leach
residues, at the operating temperatures of 600 °C, 750 °C, 950 °C
and 1150 °C in an inert atmosphere are presented in Fig. 1.

The rate of decomposition increases with an increase in operating
temperature, and at T=1150 °C, approximately 100% is achieved in
less than 35 min. In that case, the decomposition process of zinc
ferrite from neutral leach residues should be performed at the
operating temperatures T> 600 °C to investigate the whole decom-
position process, within a reasonable reaction time period.

4.2. Isoconversional E,=E,(a) dependence

The fundamental assumption of the isothermal isoconversional
methods is that a single rate equation is applicable only to a single
extent of conversion and to the time region (At) related to this
conversion. In other words, the isoconversional methods describe
the kinetics of the process by using the multiple single rate (or
single-step) kinetic equations, each of which is associated with a
certain extent of conversion. With regard to this advantage, the
isoconversional methods allow complex (i.e., multi-step) processes
to be detected via a variation of the apparent (effective) activation
energy (E,) with a conversion, a. Conversely, independence of E,
on « is a sign of a single-step process. The apparent activation
energy—conversion correlation, usually corresponds to the change
of the reaction mechanisms; it may reflect relative contributions of
the parallel reaction channels to the overall kinetics of the process.

109

10

9 4

8 -
7 4

6 -

5 4

4 -

3

2 4

a

E (kJ mol)

14

e

At

| P I NI N U N ST

0
0.

M

0.2

0.4

1.0

1.0 L L B T
0.9 1
/1- 4
0.8 A
0.7 A
R
0.6 g
3 0.5 1 ,"l:‘,,

04d o
034 &/ ——600°C
02] # ---7s0'C

L7 (PPey 950°C
0147 - 1150°C
0-0 bl L] ol 1 * L o 1 . L] b 1 - 1 - 1 .

15 20 25 30 35 40 45 50 55 60

Time, t (min)

Fig. 1. The experimentally obtained conversion (a-t) curves for the isothermal
decomposition process of zinc ferrite from neutral leach residues, at the different
operating temperatures (T=600 °C, 750 °C, 950 °C and 1150 °C) in an inert atmo-
sphere (the experimental curves are presented in a B-spline graphic configuration
modes).

a(-)

Fig. 2. The dependence of the apparent (effective) activation energy (E;) on the
fraction of transformation («), evaluated by application of Eq. (11), for
the isothermal decomposition process of zinc ferrite from neutral leach residues.
The errors in calculated E, values are presented by the error bars.

Fig. 2 shows the dependence of E, on « evaluated by application
of Eq. (11), for the considered decomposition process of zinc ferrite
from neutral leach residues. The corresponding relative error
values of E, are given by the error bars (Fig. 2).

As shown in Fig. 2, the dependence E,=E,(a) exhibits a
progressive increase in E, values, in the whole range of the
considered conversion (a) values (0.05 < a < 0.95). This behavior
of E, values with « is the characteristic for the processes involving
parallel competing reactions [32,33].

4.3. Double logarithmic plots analysis

The values of K4 and n were calculated from the linear relation-
ship In[—In(1—a)] against Int at the different operating tempera-
tures. The data for 0.15 < Aa<0.95 are almost located on straight
lines (not shown). The values of intercepts of the obtained straight
lines (n In Ky), the logarithmic values of K4 (In Kj), the values of Kj,
as well as the values of the Avrami constant (n), are listed in Table 1.

It can be seen from Table 1, that the good linearity (R?>
0.98500) indicates that it is valid to illustrate the decomposition
process by the Avrami equation (Eq. (5)). Also, it can be observed
that the values of the Avrami rate constant (K,) increased as
the operating temperature increased, which directly suggests the
following facts: the higher operating temperature, the faster
the decomposition process, which is in good agreement with the
general rule of chemical reactions [34]. As we have known, the
Avrami constant provides qualitative information on the nature of
the nucleation and the growth processes in the overall crystal-
lization, and may be changed. This fact of change in n (Table 1)
may imply that a change occurs in the decomposition mechanism,
during the transition from a lower to a very high value area of the
operating temperatures.

4.4. Dimensionality and nucleation index results with local Avrami
constant behavior

Based on the obtained values of n, the corresponding values of
dimensionality and nucleation index were estimated, by applica-
tion of Eq. (9a). For investigated decomposition process, the values
of d and m, together with a qualitative description of crystal-
lization phenomena at the different operating temperatures, are
listed in Table 2.
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Table 1

Values of nln Ku, In K4, K4 and n calculated from the linear dependence of In[ —In(1—a)] against In t at different operating temperatures (T=600, 750, 950, 1150 °C) in
considered conversion ranges (Aa), for the decomposition process of zinc ferrite from neutral leach residues.

Operating temperature, T (°C) Conversion range, Aa (-) ninK, In K4, K4 (min—1) K, (min—1) n R%?
600 0.15-0.95 —10.09495 —3.41046 0.03303 2.96 +0.03 0.99165
750 0.15-0.95 —12.32582 —3.26080 0.03836 3.78 + 0.05 0.99210
950 0.15-0.95 —13.75917 —3.18499 0.04138 432 +0.07 0.99198

1150 0.15-0.95 —14.94514 —3.15298 0.04272 4.74 + 0.09 0.98775

2 Adj. R-square.

Table 2

The dimensionality and nucleation indexes (d and m) with a qualitative description of crystallization phenomena identified for the isothermal decomposition process of zinc
ferrite from neutral leach residues, at the operating temperatures of 600 °C, 750 °C, 950 °C and 1150 °C.

Operating temperature, T (°C) d m d+m Nucleation mechanism The nucleation rate over crystallization time

600 1.96 0 1.96 Sporadic (disc) Steadily increasing with time

750 3.00 -022 278 Instantaneous and sporadic (sphere)  Gradually decreasing with time and approaching a constant value
950 3.00 032 332 Sporadic (sphere) Increasing with time

1150 3.00 0.74 3.74 Sporadic (sphere) Increasing with time

Average 2.74 021 295 Sporadic (sphere) Increasing with time

Table 3 shows the relationships between E; and Ey in the
effective activation energy for the considered decomposition pro-
cess, at the different operating temperatures (600 °C, 750 °C,
950 °C and 1150 °C). The same table (Table 3) also shows the
overall (averaged) relation for the effective activation energy with
the corresponding contributions of the activation energies for the
growth and nucleation processes, respectively.

Fig. 3 shows the local Avrami constant (n(a)) values as a
function of «, for the decomposition process of zinc ferrite from
neutral leach residues, at the different operating temperatures.
The local Avrami constant is not considered for a fraction of
transformation lower than 0.05 (5%) or higher than 0.95 (95%)
because of large error.

4.5. Functional dependence of the Avrami constant on the effective
activation energy

Based on Eq. (10), the values of the Avrami constant n and the
effective activation energies can be plotted in one graph as shown
in Fig. 4.

The effective activation energy (E,) for a wide range of d and m
modes with Arrhenius temperature dependence can be expressed
through Eq. (10). From Fig. 4 we can see that the calculated values
of E, (using Eq. (10)) decreases with the obtained values of n,
showing a rising trend. In the variable range of the Avrami
constant n, where extends from 2.90 to 4.63, the E, value
decreases up to extremely low value equal to 0.8 k] mol~'. It can
be observed three regions (Regions I, Il and III in Fig. 4) with
characteristic changes in E, and n values. The red dot line in Fig. 4
represents the fit curve of the Eq. (10), where the values of Ey and
Ec can be calculated. Applying the averaging procedure, the
following values were found: (Ex)=3.9kJmol-! and (Ec)=
44Kk mol~!, for the activation energies of the nucleation and
growth, respectively.

4.6. Characteristics of special Y(a) and Z(a) functions for the
investigated decomposition process

In order to test the validity of JMA theory to explain the
decomposition process of zinc ferrite from neutral leach residues,
the two special functions, Y(«) and Z(a), were applied. The functions

Table 3

The specific relationships between E; and Ey contributions to the apparent
(effective) activation energy for the decomposition process of zinc ferrite from
neutral leach residues, at the different operating temperatures (T=600 °C, 750 °C,
950 °C and 1150 °C). (The relationships are derived, on the basis of Eq. (10)).

Operating temperature, Effective activation energy

T (°C) for crystallization, E, (k] mol 1)
600 (2/3)Ec+(1/3)Ey

750 (14/19)Eg+(5/19)E

950 (10/13)Ec+(3/13)Ey

1150 (15/19)EG+(4/19)En

Average (3/4)Ec+(1/4)En

2 The relationships were most closely calculated, since (d+m+1) are non-
integers.

18 v r < r 1t 11T v 1 1T
16: & 600°C
e & T50°C
14'00 o 950°C
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Local Avrami constant, n(o)

0 L) M L) M L) v L}
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Fig. 3. Relationship between the local Avrami constant (n(«)) and the fraction of
transformation (a), for the isothermal decomposition process of zinc ferrite from
neutral leach residues, at the different operating temperatures (steady state values
of the local Avrami constant are designated by ngeqay). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. The normalized Y(«) and Z(a) functions, for the isothermal decomposition
process at the different operating temperatures (T=600 °C, 750 °C, 950 °C and
1150 °C).

Y(@) and Z(«) were obtained from the isothermal experimental (da/
dt) data, using Eqgs. (16) and (17), and they are shown in Fig. 5.

The shape of Z(a) functions are practically invariant with
respect to the operating temperature. On the other hand, the
shape of Y(a) functions shows the variation with an operating
temperature, where the variation is more manifested at the lower
values of conversion (a < 0.45) (Fig. 5). Since, the Z(«) function
does not show the variation with operating temperature, this
means that the analytical form of the function of reaction
mechanism does not change in the observed range of the operating
temperatures (600 < T < 1150 °C) (in the above presented results,
we have assumed that the entire decomposition process occurs by
the crystallization mechanism in the framework of the JMA
theory).

However, the variation of Y(«) function with an operating
temperature indicates that the process is not simple, but that the
investigated decomposition corresponds to a complicated process
(which may includes parallel or consecutive processes). Each of

Table 4

Values of &, and «° for the normalized Y(«) and Z(a) functions [0,1], as well as the
values of the Avrami constant (n) calculated using Eq. (19), for the decomposition
process of zinc ferrite from the neutral leach residues, at the different operating
temperatures (T=600 °C, 750 °C, 950 °C and 1150 °C); the values of the Avrami rate
constant (K,) calculated by Eq. (8) are also given.

Operating temperature, T (°C) am ap’ n K, (min—1)?
600 0.484 0.638 2.96 0.03303
750 0.521 0.623 3.79 0.03836
950 0.536 0.627 431 0.04137
1150 0.546 0.649 4.75 0.04272
2 Eq. (8).

these processes can be characterized by continuous variation in
the values of the Avrami constant in different operating tempera-
ture regions. This is confirmed by the variation of the local Avrami
constant and the effective activation energy values, with a con-
version, a.

The maximum of the Z(a) function is located at ap° ~0.632,
and, therefore, the curves in Fig. 5 evidently correspond to the JMA
kinetic model. This is confirmed also by the shape of the Y(a)
function, which exhibits a maximum (a;,) below op°. Table 4 lists
the values of a, and of° at the different operating temperatures,
for the decomposition process of zinc ferrite from neutral leach
residues.

From Table 4, we can see that the value of «,, increases with an
increasing of the operating temperature, while the values of ap°
clearly indicate on the presence of the JMA kinetic model to
describe the isothermal decomposition process of zinc ferrite from
neutral leach residues. The values of the Avrami constant (n) at the
different operating temperatures are also calculated, using
Eq. (19). These results are also shown in Table 4. It can be observed
that the values of the Avrami constant, calculated by Eq. (19), are
in excellent agreement with the values of the Avrami constant,
presented in Table 1 (which are calculated from the functional
dependence of In[ —In(1—«)] against In t).

4.7. The analytical form of integral function of the reaction
mechanism

To check the validity of the obtained values for K, (Table 1) and
the JMA kinetic model with the appropriate values of n, the kinetic
method based on Eq. (8) was applied. Fig. 6 shows the linear
dependence of [ —In(1—a)]'/" (which represents the integral form
of reaction mechanism function, g(«)) against t, for the Avrami
constants of n=2.96, 3.78, 4.32 and 4.74 at T=600, 750, 950, and
1150 °C, respectively.

Based on the obtained super-correlations (R>=1.00000) at all
of the observed operating temperatures, from the slopes of the
straight lines (Fig. 6), the corresponding values of K, were
calculated. The obtained values for K4 are presented in Table 4.
It may be noted that these values (see Table 4) are fully consistent
with the values of K, calculated on the basis of dependency In[ —In
(1—a)] against In t (Table 1).

From the Arrhenius dependence In(K4) as a function of 1/T, the
corresponding values for the overall apparent activation energy
(E;) and the overall pre-exponential factor (k,) can be calculated
from the slope and the intercept of the obtained straight line,
respectively. For the presentation of the term In(Kj,), the values of
In K, from Table 1 were used. The following values of E, and k,
were obtained: E,=4.8 + 1.9 kj mol~! and k,=0.0656 min~ . The
estimated value of E, corresponds to the approximate value of
E,=4.9 k] mol~! at «=0.65 in Fig. 2. The calculated value of E, is
higher than the corresponding average values for Ey and Ec. The
value of E, can be calculated from the half-time (tg50) values, and
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Fig. 6. The linear dependence of g(a)=[—In(1—a)]'/" against t, for n=2.96, 3.78,
4.32 and 4.74 at T=600, 750, 950, and 1150 °C.

Table 5

Summary of calculated half-time (o 50), experimental half-time (t§50), the recipro-
cal half-time (t540), the maximum time (t,,x) (Which corresponds to the inflection
point of a-t curve) and the ratio t;q/toso, at the different operating temperatures
(T=600 °C, 750 °C, 950 °C and 1150 °C).

T(°C) toso(min) t§se (Min) todo (Min~")  tygy (Min)  Emax/toso
600  26.749 26.658 0.03738 26.339 0.985
750  23.660 23.256 0.04227 24.033 1.016
950 22201 21.995 0.04504 22.737 1.024

1150  21.665 21.116 0.04615 22267 1.028

the derived value can then be compared with the value obtained
on the basis of the direct Arrhenius dependence.

4.8. Results of the behavior of tyso and tpqy terms

Half-time analysis and linear least squares analysis should yield
consistent results and allow one to quantify isothermal rates of
crystallization via the generalized Avrami equation. The ty 509 and
tmax Tepresent the important parameters for consideration of the
entire decomposition process of zinc ferrite from neutral leach
residues, under isothermal experimental conditions. It can be
pointed out, that the half-time parameter (tos0) can be obtained
in two ways: (a) determined for each of the operating tempera-
ture, directly from the experimental a-t curves (designated by
t$.50), and (b) using the Avrami rate constant values, from Eq. (13).

Table 5 lists the values of toso, t§.50 (the experimental data) t54o
(the reciprocal half-time), tn.x and tpnex/toso, at the different
operating temperatures (600 °C, 750 °C, 950 °C and 1150 °C) for
the investigated decomposition process.

It can be seen from Table 5, that the half-time (to50) (also and
t450) is greater than t,,,» when n < 3.26 (only in this case, the ratio
tmax[toso is less than unity (Table 5)), and tgs0 occurs prior to the
inflection point of a-t curve when n>3.26, but differences
between tp 509 and t,,,4x could be difficult to resolve for reasonable
values of n between 3.00 and 4.00. Namely, the half-time (ty50) is
coincident with the inflection point of a—t curve, only in the case of
perfect symmetry, realized on the true determined value, which is
n=3.26 (this corresponds to the symmetrically centered Gaussian
distribution) [35], and which implies that tgso=tm. Given that at
the operating temperatures above 600 °C, the value of n is greater
than 3.26 (Tables 1 and 4), then we can clearly see that the
tmax > to.so (@and the ratio tyax/toso > 1) (Table 5).
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Fig. 7. The trends of half-time (tos0) and the reciprocal half-time (tg4) value, as a
function of the operating temperature (T), for the isothermal decomposition
process of zinc ferrite from neutral leach residues.

4.9. Crystallization rate

It should be noted that the larger half-time indicates a slower
crystallization rate (the growth rate (U) can be approximated by
todo (Table 5) i.e., U~tgdo [36]). Fig. 7 shows the trends of half-
time (to.50) and the reciprocal half-time (t540) (the crystal growth
rate (U)) as a function of the operating temperature.

The behavior of tos0 and ty49 with increasing of the operating
temperature corresponds to the same class of the mathematical
functions, which is really a class of the exponential functions.
However, this dependence does not belong to the same category of
the exponential functions. In the first case (for dependence of tg 5o
on T), we have the appearance of the exponential decay function of
the first order (I), in the following form:

T
to.50 = (to50)* +& exp < —TTI*> , (23)

where (tps0)*=21.471 min, £=171353, and Tj=172.37 °C (Fit
status = R>=0.99965 (succeeded fitting > 99%)). On the other
hand, in the second case (for dependence of tg4, on T), we have
the appearance of the exponential growth function of the first order
(I), in the following form:

o50 = (Eg50)"™ +¢* exp (Ti) 24)
4

where (t520)**=0.04678 min !, ¢*= —0.17426, and T§= —205.46 °C
(Fit status = R?=0.99992 (succeeded fitting equal to 100%)). We can
see that at the highest operating temperature (T=1150 °C), the
highest possible crystallization rate for the investigated process is
achieved. Also, at the mentioned operating temperature, the rate of
formation of the crystal grains is the largest.

Additionally, the apparent activation energy (E>°°) and the
apparent pre-exponential factor (k&->°) for the whole decomposition
process can also be obtained from the linear dependence In(tg4o)
=1In k3°°—EJ->°/RT. The apparent activation energy (ES°°) was
calculated, and this value is equal to ES°°=4.0+ 0.9 k] mol ',
while the apparent pre-exponential factor (k3°°) was calculated with
the value of k3°°=0.0655 min~'. These values are in good agree-
ment with the values that were obtained from the dependence In(Ky)
against 1T (E,=4.8+19kJmol~'" and k,=0.0656 min~'). Also,
these apparent activation energy results demonstrate the fact that
both approaches can be utilized to determine the apparent activation
energy (E,) for the decomposition process of zinc ferrite from neutral
leach residues.



B. Jankovié et al. / Journal of Magnetism and Magnetic Materials 358-359 (2014) 105-118 113

Table 6

The thermodynamic functions AS*, AH” and AG*, for the decomposition process
of zinc ferrite from neutral leach residues, at the different operating temperatures
(T=600 °C, 750 °C, 950 °C and 1150 °C).

Operating temperature, T AS™ AH* AG™
(°C) (JK 'mol™ 1) (Jmol 1) (Jmol 1)
600 —318.849 —2459.452 275946.741

750 ~320.167 —~3706.552 323875516
950 —321.652 —~5369.352  388062.508
1150 —~322911 —7032152  452521.867
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Fig. 8. The dependences of AS” and AG” values on the effective apparent
activation energy (E,) values, for the JMA kinetic model with the average value of
the Avrami constant ng,,=3.95, and for the average value of the operating
temperature, Tqye=862.5 °C [=1135.7 K]; in the same figure, the average value of
(AG”) was also presented. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

4.10. Results of thermodynamic analysis

After determination the most probable kinetic mechanism of
considered process, we have been calculated the corresponding
changes of thermodynamic functions (AS”, AH” and AG”) with
a change in the operating temperature, using the selected thermo-
dynamic equations. Table 6 presents the values of AS*, AH” and
AG” functions, at the different operating temperatures.

Fig. 8 shows the variations of AS” (-m— symbol) and AG” (red
color —o- symbol) values, with a change in E, values, for the J]MA
kinetic model attached to the average value of the Avrami constant
Navg=3.95, and for the average value of the operating temperature,
Tavg=862.5 °C.

With increasing of E,, AS” values increase in progressive trend,
but remain only the negative values. On the other hand, the
increase in E, values, leads to a reduction in the value of AG”,
but after about E,=3200] mol~' (Fig. 8), AG” shows no signifi-
cant variation with E; and also shows a tendency to stabilize
around the value of (AG*)=359940.987 ] mol ~ !, expressed as the
average value (Fig. 8).

5. Discussion

® [t can be seen from Fig. 2, that the apparent activation energy
varies in the range of 0.5-7.7 k] mol !, so that on the basis of the
shape of E,—a curve, we can conclude that the investigated
decomposition process takes place through the parallel compet-
ing reactions, which have different contributions to the overall
process [33]. If we assume that the decomposition process of such
a complex system could take place through the model of

nucleation and growth of new phases, the above illustrated
variations of E;, on a could indicate on the alternated behavior
of the Avrami constant (1), starting from the lower range of the
operating temperatures (AT=600-750 °C) to a higher range of
the operating temperatures (AT=950-1150 °C). This behavior of
the Avrami constant can change the spatial dimensionality of the
resulting products of the investigated process.

The values of the Avrami constant (n) depend on the operating
temperature for considered zinc ferrite system (Table 1). At the
lowest operating temperature (600 °C), the n value is very close to
n=3.00 (~2.96 (Table 1)), while at a higher operating temperature
(750 °C), the n value increases to around n=4.00 (~3.78 (Table 1)).
However, at the highest operating temperatures (including here
the operating temperatures of 950 and 1150 °C), the n values
exceeding n=4.00, which achieves the highest value of n=4.74 at
1150 °C (Table 1). Normally, n should not exceed 4 (i.e. the value for
three-dimensional bulk nucleation). In the latter case, it can be
assumed that the surface induced abnormal grain growth expected
for Fe crystallization compounds [37] is responsible for the high
value of n for advanced crystallization at high operating tempera-
tures (T > 950 °C). In the case of operating temperature of 600 °C,
for which we have the value of n=2.96 ( ~ 3.00) (Table 1), we can
expect that the two-dimensional (2D) crystallization mechanism
with a disc growth exists. The Avrami constant of n=3.00 implies
that the main crystallization mechanism is interface-controlled
three-dimensional isotropic growth and early nucleation-site
saturation [21]. At the elevated operating temperature of 750 °C,
where the value of n=3.78 was identified, the investigated process
proceeds through the three-dimensional (3D) crystallization
mechanism, with a sphere morphological units [21]. In fact, the
transformation for which 3 <n <4 (Table 1) is considered to imply
that the process is interface-controlled with a decreasing nuclea-
tion rate. On the other hand, an increasing nucleation rate with
time can result in the value of n > 4 [21,38], as can be clearly seen
for our investigated system at operating temperatures of 950 and
1150 °C (Table 1).

From Table 2 we can see that an increase in operating tempera-
ture leads to changes in the dimensionality (d) and the nucleation
index (m) values, where apparently there is a change in the
nucleation mechanism, as well as in the nucleation rate behavior.
This is also reflected through the character of the nucleation index
(m), which maintains a zero value and the negative value at the
operating temperatures of 600 °C and 750 °C, and then becomes
positive above 750 °C. It should be noted that the operating
temperature range, which is responsible for this change in the
crystallization mechanism, is located above the value of 750 °C
(T > 750 °C). Based on the average values of d and m (Table 2), we
can conclude that the dominant crystallization mechanism (over
the entire observed T range) is the sporadic nucleation with a
three-dimensional (3D) sphere growth of new phases.

It can be observed from Table 3, that on all operation tempera-
tures, the contributions of E; and Ey to the effective activation
energy (E,) are exactly the fractional. It can be seen that an
increase in operating temperature causes an increase in frac-
tional values of Eg, while at the same time there is a decrease in
fractional values of En. This behavior of E; and Ey in E, for the
overall investigated process, may indicate secondary nucleation
and growth processes, especially at the lower super-saturation
(this state can occurs in the presence of a foreign substrate,
which can lead to a decline in the surface free energy (o), and
therefore lead to a reduction of r* (critical nuclei radius) and
AG* (the Gibbs free energy of formation of a nucleus of critical
size) values [39], making nucleation more favorable). We can
assume that in our case, the probability for the occurrence of
this phenomenon increases with increasing of the operating
temperature (Table 3).
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® Based on the results of the local Avrami constant behavior, for
T=600 °C, the value of n(«) decreases (from very high values that n
(a«)=10.32) with the fraction of transformation between 0.05 (5%)
and 0.70 (70%), and stabilizes after the fraction of transformation
exceeds 0.70 (70%). This behavior indicates that the crystallization
process is mainly governed by two-dimensional growth [21],
where the high value of n(a) at the initial stage indicates, that
the nucleation and consequently growth (in two dimensions)
process begins (thereby causing that n(«) has a fairly high value).
With the progress of crystallization, the n(a) decreases and
approaches the value of approximately n(a)=3.00 (the value of n
(@) in a steady-state condition is marked with a blue neqq,=2.60 in
Fig. 3). Decrease of n(a) values shows decrease of the increasing
rate of nucleation, which may be attributed to the nucleation
saturation. In this stage, two-dimensional growth of crystalline
nuclei dominates, and the value of local Avrami constant tends to
3.00 [40]. According to theory of solid-state kinetics, if nucleation
sites are small enough, the controlling mechanism must be the
interface reaction because of the limited area of the interface, and
because the distance over which the diffusion is necessary tends to
zero [41]. However, when the particles grow sufficiently, diffusion
becomes the limiting factor. The interface-controlled growth
model, in steady-state conditions gives the Avrami constant equal
to 3.00. At higher operating temperatures, above 600 °C, the
variation of n(«) values with the fraction of transformation () in
the initial stage, has the same form as the variation of n(«) values at
T=600 °C. However, in these cases, the local Avrami constant
reaches the steady-state for the value, which is higher than n=3.00
(Fig. 3). At the operating temperature of 750 °C, between 0.55 (55%)
and 0.90 (90%), the n(«) is totally stabilized with the value of
Nsteady=3.40 (the value of n(a) in a steady-state condition is marked
with a orange ngeqqy=3.40 in Fig. 3). Taking into account the
obtained result, we can say that as the crystallization proceeds, the
value of n increases (compared to the value of n at the operating
temperature of 600 °C) and tends to an average value of about 3.40,
indicating that a three-dimensional nucleation and growth process
becomes dominating, of which the theoretical value of n should be
within 3.00-4.00. We suggest that in this stage of transformation,
three-dimensional nucleation and growth of the spherical crystal-
lites inside the bulk of the sample might be occurring.
At the operating temperatures of 950 and 1150 °C, for the range of
the fraction of transformation between 0.60 (60%) and 0.90 (90%),
the n(a) values almost coincide in a single value of neqqy=3.97
(~4.00) (the value of n(a) in a steady-state condition is marked
with a red Neqqy=3.97 in Fig. 3). The value of n=4.00 means that
the investigated transformation occurs in a three-dimensional
mode with a constant nucleation rate and a constant growth rate
[21]. As a general conclusion that can be expressed on the basis of
changes in n(«a) values with increasing of q, is that the nucleation
rate is maximum in the initial stage of the process, and then
nucleation rate decreases rapidly followed by growth of the
product/products particles.

® In the Region I (Fig. 4) which corresponds to the variation of n
values in the range of 2.90-3.38 (in this case we can expect that in
this region there is likely the growth of pre-existing nuclei proceeds
parallel with the nucleation process), appears the change in the
values of E, from 8 to 6 k] mol~'. Region I belongs to the lower
operating temperature region for T=600 °C. In the Region I, which
corresponds to the medium operating temperature region (for
T=750 °C), we have a change of n values in the range of 3.38-4.00
(in this case we can expect that the crystallization proceeds through
thermal nucleation and three-dimensional spherical growth; since in
this region the value of n goes to n=4.00 (Fig. 4), this means that
the crystallization mechanism is spherule growth from sporadic
nucleation, with a reduced nucleation rate [42]), where the change
in the values of E, from 6 to 3.7 k] mol~' exists. Finally, in the
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Region III, belonging to the higher operating temperature region
(for T=950 and 1150 °C; Fig. 4), the Avrami constant exceeds the
value of n1=4.00, so that changes in the range of 4.07-4.63, and this
change in n, corresponding to the changes in the value of E, from
3.3 to 0.8kJmol~'. In the considered region (for Region IIl in
Fig. 4), we suggest the following mechanistic interpretation of the
decomposition process at very high temperatures (for T > 950 °C):
having in mind that the value of n in a given region varies over
n=4.00 (when n exceeds 4.00), the crystallization of probably
presented (amorphous) phase (which is formed on the observed
operating temperatures), should take place in the autocatalytic
stage of the crystallization process, under the conditions where the
rate of nucleation rapidly increases.
Based on these results, we can conclude that the extremely low
value of E, at the beginning of the decomposition process (at low
values of a and for n > 4.00) (Figs. 2 and 4) is due to the very low
effective activation energy needed for the primary crystallites
nucleating from the zinc ferrite matrix. In addition, this fact can
be confirmed by a significant lowering of the energy barrier for
nucleation (which is reflected in the small values of Ey ((En)=
39Kk mol™ ")), compared to the same for the growth ((Eg)=
4.4k mol~1). The high nucleation rate can be attributed to the
formation of both Zn and Fe rich regions which provide a high
number of heterogeneous nucleation sites, especially for the
crystallization process at the high operating temperatures.

® From Fig. 7 we cannot see the emergence of a minimum in o5 at a
given value of T, which lay between the glass transition tempera-
ture (T,) (if we considered the cases for metal compounds) and
melting temperature (T;,), where they formed the so-called bell-
shaped curve of the isothermal crystallization. Namely, for example,
the extraction of ZnO (followed by zinc extraction in hydrometal-
lurgical processing) is usually carried out below the melting points
of the sulfides and oxides involved, usually below the operating
temperature of 1200 °C (for example, for willemite (Zn,SiO,4) the
melting temperature is T,,=1512 °C, while for hematite (Fe,03),
T,n is equal to 1566 °C). On the other hand, in order for the
reactions to occur with a sufficient velocity, the operating tem-
perature has to be above 500-600 °C [43]. Thus, the operating
temperature range of interest is between 500 °C and 1200 °C.

5.1. Discussion of mechanistic patterns

Based on the established results, the rather low values of the
kinetic parameters may indicate on the occurrence of the auto-
catalytic mechanism at the elevated operating temperatures,
where we can observe a very fast nucleation, in the study of such
complex decomposition process.

One of the main products of decomposition process of zinc
ferrite from neutral leach residues at the elevated temperatures, is
the zincite (ZnO) [44,45], which can be further, transformed by
smelting process into the zinc. The above process may include the
gas-solid reactions at the elevated operating temperatures, which
precedes smelting in pyrometallurgy and leaching in hydrometal-
lurgy. For our tested process, we can assume the following system
of parallel reactions, which proceed in the respective operating
temperature regions, according to the following scheme:

(A) The first expectation operating temperature region belongs to
the 400-650 °C, in which the reaction takes place:

FEZO?, () —>2Fe304 (s) —+ 1 /202 (@- (25)

It was found that the reduction of hematite to magnetite
[46,47] may be accompanied by the formation and growth
of nuclei model or the phase-boundary reaction model,
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respectively, depending on the operating temperature range
[48-51]. The X-ray diffraction (XRD) investigations [48,49]
showed the dependence of reduction route on the operating
temperature are as the following:

Fe,03 —Fe304—Fe, for T <450 °C (25a)

Fe,05; — Fe304 — Fe,O+Fe — Fe,
for 450°C<T < 570°C (25b)

Fe,03 - Fe304—FeO—Fe, for T > 570 °C. (25¢)

Given the physical nature of the original sample, and the
chemical composition of the final decomposed materials, we
will take a look at a general chemical equation, which is
represented by Eq. (25). It should be noted that the range of
operating temperatures that are used, as well as the partial
pressure of oxygen can strongly affect on the reductiuon rate
in Eq. (25). It has been shown that the relatively low operating
temperature (450-600 °C), and rather high partial pressures of
oxygen (0O,) significantly accelerate the transformation of
Fe,05 into Fe;04 (Fe?* becomes much more stable in relation
to Fe>* at decreasing of partial pressure of 0,) [52,53]. We
believe that the operating temperature of 600 °C is ideal for
the transformation that takes place by the reaction in Eq. (25).
In fact, no matter what the process in Eq. (25) takes place in a
system of several parallel reactions, we believe if it came to a
complete formation of metallic iron, from wiistite (FeO)
transformation, in that case it would probably show a greater
variation (by means of amplitude of variation) of E, with « (in
the sense of certain decrease in the value of E,, at a certain
value of a). Such behavior is not observed in Fig. 2. It was
shown, that in the kinetic study of Fe,O3 reduction process, in
the T range from 300 to 740 °C, the gradual decrease of E,
values can be detected [54]. Specifically, this decline in the E,
values becomes greater with increasing of « in the final stage
of the reduction process beyond «=0.80 [54]. One of the
reasons for this behavior is just the transformation of FeO
during reduction process.

In the considered case, we can assume that at the operating
temperature of T=600 °C, the reduction reaction of Fe,O3 into
Fe;0, is fairly fast (characterized by the steadily increasing of
the nucleation rate) and seriously influenced by the percen-
tage of oxygen deposition and external mass transfer, during
the two-dimensional growth of magnetite nuclei into uni-
formly circular discs [55]. This mechanism suggests that the
reduction process at the considered operating temperature is
controlled by interface-controlled kinetic model. Namely,
according to the above mechanism, we can assume that in
this case, we can expect that the magnetite initially forms as a
surface layer on the hematite reactant, and then the gradually
replaces the hematite. Nucleation of magnetite appears to be a
highly favored process, as is attested by the rapid initial rate at
which the hematite reduction takes place (this is confirmed by
the results presented in Tables 1 and 4 for T=600 °C). Further,
it can be assumed that the reduction process is probably
initiated by hematite reaction with the carbon, which was
present in the initial tested sample. It can be pointed out, that
the reduction of hematite to magnetite is frequently accom-
panied by the formation of pores, which are preserved during
subsequent reduction to wiistite (Eq. (25c¢)) [56]. The size and
distribution of these pores change with an operating tem-
perature that was used. In this sense, the temperature condi-
tions under which the magnetite is formed can play a vital role
in the entire process.

(B) The second expectation operating temperature region belongs

to the 700-950 °C for willemite decomposition process:
7Zn,Si04 —>Zr1°(g)+Si02 +0,. (26)

The classical formula for zinc silicate is 2ZnO* SiO, [57]. It can
be seen as a mixture of zinc oxide and silicon dioxide. As a
consequence, the interpretation of the course of the decom-
position can be divided into two reaction steps:

Zn,Si04 — 2Zn0+Si0;, (first reaction step) (26a)

Zn0—Zn°+1/20, (second reaction step) (26b)

Thermo-analytical studies reveal that the rate of the decom-
position reaction is the same as the dissociation of pure ZnO
[58]. The liberation of ZnO from the silicate seams not to be
the rate limiting step [59]. If we consider Eq. (26a) (through
the obtained kinetic results), the formation of ZnO from
willemite transformation proceeds by the process which is
controlled by the nucleation, and having the spherical struc-
tures. Namely, the zincite (ZnO) crystallization process prob-
ably occurs through the polyhedral crystal growth [60]
mechanism (i.e., three-dimensional growth), where the value
of n approaches to n=4.00. The second reaction step
(described by Eq. (26b)) occurs when incurred ZnO probably
left a small open area between the Zn,SiO,4 shell and the ZnO
core. The vacuum in this open area facilitated the decomposi-
tion of the rest of zincite core to yield the Zn vapor and O,
vapor at the operating temperatures above 800 °C ( ~ 800-
900 °C). We believe that in this case, the Zn,SiO,4 shell is not
thin enough, so that the evolution of gaseous zinc and oxygen
are not limited by diffusion through a solid matrix. It has to be
kept in mind that ZnO decomposes into the elements below
the melting point (T2"°=1975 °C) if the oxygen partial pres-
sure is too low. This is important for the deposition of such
type of oxides at the higher substrate operating temperatures.
Namely, the vapor pressure of ZnO is high already at about
1400 °C, which makes it difficult to grow single crystals from
its own melt. The stoichiometric width of ZnO below 600 °C is
rather narrow. For temperatures higher than 600 °C, Hage-
mark and Toren [61] measured the Zn-Zn; , yO phase bound-
ary by an electro-chemical method, and conductivity
measurements assuming that excess zinc constitutes a shal-
low donor in ZnO. The new measurements performed by
Tomlins et al. [62] suggest that Hagemark and Toren actually
measured the phase boundary Zn-ZnO; _, i.e., the concentra-
tion of oxygen vacancies. In that case, the oxygen vacancies can
be generated in ZnO during crystallization. As a result, ZnO
grew slightly faster and formed more rounded (in terms of
surfaces) polyhedral structures.

(C) The expected temperature range for anglesite (PbSO4) decom-

position is the 750°C<T<950 (~980)°C [63], and the
process can be presented in the form of the following
equation:

PbSOy s — PbOs) + 50, +1/20,. 27)

Based on the established results, we can assume that in this case,
probably exists a three-dimensional growth of the formed PbO
particles, where the nucleation rate, after a certain time period,
tends to reach a constant value. The exposed assumption is a
typical for the case of obtaining of the large crystals, in the form
of long and laminar structure [63].

(D) The final production of zinc oxide (ZnO) is surely completed

at the operating temperature of 1200 °C, so that we can
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introduce the following reaction in the form:
3Zn0 - Fe,03 —3Zn0+2Fe504+1/20; (for T > 1000 °C).  (28)

The catalytic complex of ZnO - Fe,03 is split at the very high
operating temperatures (for T> 1000 °C) in a non-complex
form as ZnO+Fe304+1/20,. The complex ZnO - Fe,03 likely to
be autocatalytic decomposed into ZnO and other chemical
species, which significantly reduces the energy barrier for a
given process. In the case of autocatalytic reaction, the reac-
tion rate is strongly influenced by the concentration of the
formed product. In the considered decomposition process,
the overall decomposition reaction rate is strongly depends
on the amount of the obtained zincite (ZnO).

It can be pointed out, that the rate of investigated process
increases, when the nucleation process is autocatalytic, causing an
increase in the value of the Avrami constant above n=4.00
(n>4.00) [64]. From the obtained results, we may conclude that
the process which occurs at the operating temperatures T > 950 °C
surely proceeds through the autocatalytic reaction mechanism
(Tables 1, 2 and 4). This result indicates that the rate of nucleation
abruptly increases, at a very early stage of the observed process.

Based on very high value of the Avrami constant, especially at
T=1150 °C (n=4.74, Table 1), we can expect the effect of branch-
ing, especially in response to the initial compound that has
autocatalytic properties (Eq. (28)). In this case, we will have an
extremely low value of E, (Fig. 4). The formation of the branches is
the nucleation of new crystals on the columnar facets of ZnO
crystals. One might expect the existence of the line defects under
the branched crystals. These line defects that are created, serve as
the pin-points for the secondary nucleation to occur. Branch
growth on the single crystalline ZnO further supports the idea
that the new crystals are mostly formed on the defect sites, such as
edges or holes. Also, it should be noted that the increase in the
operating temperature in Zn vapor did not result in a decrease of
the existing in Zn vacancies [65]. If Zn interstitials had diffused
into the crystal, then one would have expected the open-volume
defects to have been filled. Instead, the Zn vapor may cause an
increasing in O vacancies in the bulk by growing new ZnO on the
surface. At this point, we should say that it was found, that the zinc
pressure (through the vapor transport) can act auto-catalytically
inducing O, and Zn partial pressures higher than the equilibrium
ones, and promoting the decomposition process [66].

BSE 20.0kV  X2,000 10pm WD 10.1mm

Fig. 9. The SEM image of the final representative sample after the thermal
decomposition process, at the operating temperature of T=1150 °C.

After completion of the thermal decomposition process of the
investigated sample, it was observed the presence of particles with
different forms and sizes in a final structure. The corresponding
SEM image of the final representative sample after the thermal
decomposition at the operating temperature of T=1150 °C, is
shown in Fig. 9.

Fig. 9 clearly shows the existence of specific areas containing
the four different particle types. According to the obtained particle
shapes, we can quite confidently assume that we have a strong
presence of zinc after the thermal decomposition (area “1” in
Fig. 9), which indicates that there has not been intense evapora-
tion. The area “1” shown in Fig. 9 is the dominant one. The second
important area (area “2” in Fig. 9) can be attributed to the
magnetite (Fes04) structure (namely, the iron is present only in
the form of Fe;O4 and the final product, which underwent
decomposition, has the magnetic properties [67-70] as the opposed
to the original material [1]; it can be pointed out that the mixed
ferrites posses more strongly expressed magnetic properties than
those of the individual ferrites - the maximum magnetic interac-
tion in these ferrites was observed at the different zinc contents
[71,72]). The remaining two areas in Fig. 9 (areas “3” and “4”,
which are much less dominant (some brighter parts in Fig. 9)),
can be attributed to the remains of magnesium in the form of
Mg,Si»0g and the possible presence of lead oxide particles, which
was confirmed in our previous paper, using the energy disperse
spectroscopy (EDS) [1].

For explanation a thermo-chemical prediction of the formed
products, the FactSage® thermo-chemical software was used, and
this is represented in Fig. 10.

The bold color lines (Fig. 10) are related to the mass changes for
the investigated decomposition process. It is strictly depend on the
amount of nitrogen, with enough amount of nitrogen as a carrier
gas. It can be seen that is the thermodynamically possible to
decompose the ferrite, where the iron contents changed to the
magnetite, Fes04 (the full thin line in Fig. 10). The highest
possibility has the formation of Fe;04, which is compatible to
the phase stability in the diagram for the system Zn-Fe-S-0O [1].

5.2. Discussion of thermodynamic studies

Table 6 shows that the entropy of activation (AS”) has a
negative value at all of the observed operating temperatures,
indicating that the corresponding activated complexes had higher
degrees of arrangement compared to their initial states. The
negative value of the enthalpy of activation (AH”) identified at
all operating temperatures, suggests that the decomposition
process is exothermic in nature. Furthermore, the positive value
of AG”™ (Table 6) shows that the decomposition process depends
on the introduction of heat, and it is a non-spontaneous process.
The thermodynamic function AG” indicates a non-spontaneous
process of decomposition of zinc ferrite from neutral leach
residues, at the investigated operating temperatures. This was
expected since the ferrite system has been submitted to a forced
decomposition and volatilization reactions, caused by the static/
isothermal conditions, in a tubular furnace within thermo-
analytical measurements. In addition, from results presented in
Table 6, we can see that the decomposition process was signifi-
cantly affected by operating temperature and decomposition can
proceed faster for the high values of T.

The results presented in Fig. 8 strongly support the results
shown in Table 6, as well as the thermodynamic consideration of
the investigated process, which had previously been exposed.
However, based on the above presented results, we can assume
that the reaction expressed by Eq. (28) should be more thermo-
dynamically favorable, than the willemite decomposition reaction
(Eq. (26)). Namely, ZnO and Fe304 can be found together in the
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Fig. 10. Predicted product's (using the FactSage™ thermo-chemical software)
within the investigated operating temperature range during the thermal decom-
position process of zinc-ferrite, from the neutral leach residues. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

final products of decomposition (along with secondary presented
products), when the system is exposed to the very high operating
temperatures. In industrial practice, the maximum zinc extraction
should be achieved where the activity of ZnFe,04 is lowered
enough to cause AG” to equal zero for a given operating
temperature. This is important both from a theoretical and
practical point of view, in order to construct a diagram Zn
(extraction) — temperature - additives, comparing the theoretical
maximum extractions from these activity and thermodynamic
calculations with the corresponding surface models, and also for
design of conducted experiments [73].

6. Conclusions

The present study is focused on application of the stochastic
geometric model in investigation of the decomposition process of
zinc ferrite from neutral leach residues, at the different operating
temperatures (T=600 °C, 750 °C, 950 °C and 1150 °C). The pre-
sented research was supported by the appropriate thermodynamic
analysis. The application of this approach on the current decom-
position process, has led to the following conclusions:

® Solid state phase transformation kinetics is demonstrated that
the observed decomposition represent the complex process,
which includes a set of parallel reactions, which occur at the
different operating temperature ranges. This fact has been
confirmed by varying the Avrami constant (n) with operating
temperature, which at higher T exceeds the value n=4.00.

® Based on the calculated average values of dimensionality and
nucleation indexes, it was concluded that the dominant crystal-
lization mechanism is the sporadic nucleation, with a three-
dimensional (3D) sphere growth of new phases.

® [t was found that the contributions of the activation energies
for nucleation (Ey) and the growth (Eg), to the apparent
(effective) activation energy (E;) of the entire decomposition
process, are the exact fractional.

® By varying the local Avrami constant (n(a)) with a fraction of
transformation («), it was found that the nucleation rate is
maximum in the initial stage of the process, and then nuclea-
tion rate decreases rapidly followed by the growth of the
product particles.

® Based on the dependence of the Avrami constant (n) in a function
of the effective activation energy, it was found that at T > 950 °C,
the crystallization process take place in the autocatalytic stage,
under the conditions where the rate of nucleation rapidly
increases. It was established that the high nucleation rate can be
attributed to the formation of both Zn and Fe rich regions which
provide a high number of heterogeneous nucleation sites.

® |t was concluded that based on the behavior of the half-time
(tos0) and the reciprocal half-time (tg4) values with a change
in the operating temperature, the highest possible crystal-
lization rate is achieved at the highest T (1150 °C).

® Thermo-chemical predictions showed that it is possible to carry
out the decomposition of ferrite, where the iron contents
changed to the magnetite, Fe;0,4, which is in accordance with
the phase stability diagram of Zn-Fe-S-O system.

® Thermodynamic analysis showed that the decomposition pro-
cess depends on the introduction of heat, and exerts a positive
value of the Gibbs free energy of activation. Such a feature was
expected since the ferrite system has been submitted to a
forced decomposition and volatilization reactions, under iso-
thermal measurements in a tubular furnace.

® The thermo-chemical analysis presented in the current investiga-
tion illustrates the formation of Fes0, phase at the higher
temperatures after the decomposition, what can be the usefulness
of this study in order to prepare the nanosized magnetic particles.
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