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Thermal decomposition of zinc leach residue has been studied in a tubular furnace under a
constant nitrogen gas flowing, at four different operating temperatures (600°C, 750°C,
950°C, and 1150°C). Using a detailed kinetic analysis, it was shown that the investigated
process can be described by a two-parameter autocatalytic S‘estdk—Berggren reaction
model. It was noted that the apparent activation energy values E, increase progressively
with a degree of conversion, accompanied by the appearance of a convex Arrhenius depen-
dence. This behavior is a characteristic of a system of parallel competing reactions. It was
concluded that the investigated isothermal decomposition process is characterized by unu-
sually very low preexponential factor and low values of the apparent activation energy.
Based on the derived density distribution function of E, values, it was concluded that the
isothermal decomposition process probably occurs through four reaction steps, where each
step is characterized by one parallel reaction.
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INTRODUCTION

Because zinc leach residue is of great interest for environmental protection in
metallurgical industry, the study of thermal decomposition is required. Decompo-
sition of Zn-ferrite for O, generation by the concentrated solar radiation was
performed in two steps (Kaneko et al. 2004). The reduction plots of zinc ferrite
solid solutions exhibited an initial linear rate followed by a gradual decrease in rate
with increased percentage reduction. Two possible reactions for decomposition of
Zn—ferrite were proposed (Kaneko et al. 2004):

3ZnF€204 — 37Zn + 2F€304 + 202 (1)
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6ZnFe, 04 — 6Zn0O + 4Fe;04 + O, (2)

It was finally concluded that the Zn-ferrite decomposition reaction by the
irradiation of the concentrated beam mainly proceeds with the release of O, accord-
ing to Equation (1). The solar decomposition of Zn—ferrite can be promoted with an
increased temperature above 1477°C.

A part of zinc is also recovered from different secondary resources, such as
leach residue, zinc ash and dross, electric arc furnace dust, automobile shredder
scrap, and rayon industry sludge, which contain different levels of impurities
depending on their sources. Solid residue after neutral leaching (SRANL) in zinc
electrowinning is one of the most important secondary materials for metal recovery.
The toxicity is mainly due to the presence of metals, such as lead, cadmium, arsenic,
and chromium (Radovi¢, Amberovi¢, and Panias 2009). Given the high toxicity of
lead, the current efforts try to eliminate the use of lead in all applications wherever
possible. A kinetic study of hydrometallurgical and pyrometallurgical processes
employed for the recovery of zinc and removal of lead from a zinc plant residue
was reported (Strbac et al. 2011). The maximum zinc recovery obtained during a
pyrometallurgical treatment was 72% at 1300°C.

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

ZnFe,O4 + 4H,SO4 (aq) — ZnSOy (aq) + Fez(SO4)3 + 4H,0. (3)

The dissolution presented by Equation (3) at a low rate can be observed even at
ambient temperatures.

During this process, calcium sulfate precipitates resulting from the low concen-
tration of sulfuric acid and it remains until the end of the process. Because of
unselective leaching, the yield of zinc is decreased (Havlik et al. 2007):

ZnFe;044+2[0H | — Zn03™ + Fe,0; + H,0. (4)

Hydrochloric acid can also be used for zinc extraction from electric arc furnace
(EAF) dust according to the leaching reaction in Equation (5):

ZnFe,O4 + 2HCI — ZnCl, + Fe, O3 + H,O0. (5)

A new concept was developed for the thermal decomposition of zinc ferrite
(Stopi¢ and Friedrich 2009). The aim was to release zinc oxide from zinc ferrite in
the leach residue and in zinc containing flue dust. The phase analysis of the untreated
as well as the thermally treated material confirmed the presence of ZnO and Fe;0y4
after decomposition, and zinc can be recovered thus avoiding reduction and
evaporation. The test was performed only at 1150°C in a tube furnace in a nitrogen
atmosphere.

This study presents a detailed kinetic analysis of the isothermal decomposition
process of zinc leach residue in an inert atmosphere between 600°C and 1150°C and
investigates the corresponding distribution of the apparent activation energies
(Burnham and Braun 1999).
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EXPERIMENTAL
Characterization Methodology

The zinc leach residue was obtained from former company Ruhr-Zink,
Datteln, Germany with a moisture content of 23%. Before the experimental investi-
gation, the sample was dried at 120°C overnight in order to eliminate the moisture.
Rietveld X-ray diffraction (XRD) analysis of an initial sample has shown the
following chemical composition (in %): 40.9 ZnFe,O4, 16.5 CaSOy4, 6.4 MgSOy,
13.6 Zn,SiOy4, 11.3 PbSO,4, 4.4 KFe3(S04),(OH)s, and 6.9 related to the other
compounds. This phase change made materials more soluble and suitable for
the leaching process, which was previously reported (Stopi¢ and Friedrich 2009).
The gaseous phases of PbO and SO, were formed during thermal decomposition
and removed with nitrogen as carrier gas. At 1150°C, the chemical composition of
the final decomposed material amounted to (in %): 57.0 Fe30y4, 28.9 Ca,ZnSi,0,
8.4 ZnO, 5.0 Mg,SiO¢, and 0.7 ZnAl,Oy,.

Isothermal Measurements in an Inert Atmosphere

After 15min 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, 900, and 1150°C), the
four experiments were performed at each temperature in 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 ¢ =1L min .
After beginning of the thermal treatment of dried sample at the fixed operating
temperature, the reaction time was measured by a chronometer (in digits form). After
that, the specimen was taken out from the furnace and placed in the exsiccator. The
weight results were noted as an average mass lost by the specimen, in order to calculate
the decomposition rate.

The conversion fraction () in the isothermal measurement at considered
operating temperature 7 is calculated by the following equation:

My(15) — Ny
a e

(6)

B Mmy15) — My ’

where m,(s) is the initial mass of the sample (for r=15min, after removing any
remaining moisture at a given temperature (the time period from #=0min to
t=15min at each considered temperature T corresponds to time scale where
the removal was done for possible residual moisture)), m, is the mass of the
sample at time ¢, and my is the final constant mass of the sample, after the estab-
lishment of saturation (saturation involves reaching the conversion value of
oa=1). Thus, the conversion 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.
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KINETIC ANALYSIS
The rate of a solid state decomposition process can be generally described by

do

where k is the rate constant, f{«) is the differential reaction model, and o is the
conversion fraction or the extent of reaction. Integrating this equation gives the
integral rate law of the form (Galwey and Brown 1999):

8(a) = ki (8),

where g(«) is the integral reaction model. The temperature dependence of the rate
constant is usually described by the Arrhenius equation:

kZA@XP(-%), )

where A4 is the preexponential (frequency) factor, E, is the apparent activation
energy, T is the absolute temperature, and R is the gas constant. Substituting
Equation (9) in the previous two rate expressions gives

% = Aexp (— If;)f(a) (10)
and
g(oc):Aexp(—}]j;)t. (11)

For the different solid state reaction mechanisms, f{:) and g(x) have different
expressions (Turmanova et al. 2008). The most frequently cited kinetic models used
in this article are given by Turmanova et al. (2008).

Kinetic parameters can be obtained from isothermal kinetic data by applying
these rate laws with traditional model-fitting methods or with isoconversional
(model-free) methods. Model-fitting methods involve two fits: the first determines
the model that best fits the data (Equation (8)), while the second determines specific
kinetic parameters such as the apparent activation energy (E,) and the preexponen-
tial factor (A4) using the Arrhenius equation.

On the other hand, isoconversional methods calculate E, values at progressive
degrees of conversions without any modelistic assumptions. The standard iso-
conversional method (Vyazovkin 2000) is based on taking the natural logarithm
of Equation (11) giving,

—1In(t,;) = ln{ (12)

45

~ RT;’

where ¢, ;is the time at a given value of o for operating temperature 7;, while A4,
represents the preexponential factor at a given value of conversion. From different
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isothermal runs for which same values of o were reached, linear plots —In(¢,, ;) versus
1/T; with slope proportional to E, can be drawn. This method may give a model-
independent value of the apparent activation energy.

Friedman’s (1964) method is based on taking the natural logarithm of
Equation (10) giving

() =l s - (13

ol

where (do/dt), ; represents the rate of process at a given value of o for the operating
temperature 7;. A plot of In(de/d?),; versus 1/T; at each « yields E, (from the slope
of the straight line).

Since at a constant temperature, k = g(«)/g(0.50), a relationship between ¢ s
and temperature is written as (Bamford and Tipper 1980)

ln(m;)) = In(4) — In[g(0.50)] — (i) % (14)

For each isothermal run, the values of time (f) to reach «=0.50 were
calculated. The slope of the linear curve provides the value of E,. It is important
to notice that the induction time (the time between the beginning of the experiment
and the actual beginning of the reaction) must be brought down to 7, so.

In addition to determining the apparent activation energy, it is desirable to find
an appropriate reaction model that best describes the kinetics of the investigated
process. A kinetic method for determining the most accurate function f{a) or g(«)
was proposed by Malek (1992).

Combining Equations (10) and (11), a new function Z(x) can be obtained
(Malek 1992):

20 = ()1 =1 G1slo). (15)

For practical reasons, this function is normalized within the (0,1) interval.
It was shown (Malek and Smrcka 1991) that the maximum of Z(«) function
(designated by «,™) has characteristic values for basic reaction models. The function
Z(a) is useful for the classification of possible reaction model, f{(x). In isothermal
conditions, however, the term A-exp(—E,/RT) in Equation (10) is constant and
the rate (do/dr) is proportional to the f{a) function as

v = () =/ (16)

Therefore, if the reaction rate is plotted as a function of o, its shape
corresponds to the f{«) function. It is convenient to normalize the Y(«) plot within
the (0,1) interval. The shape of this plot (with the maximum designated by «,,) is
a characteristic for each kinetic model and it can be used as the diagnostic tool
for the determination of the kinetic model (Malek 1992).
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RESULTS AND DISCUSSION

The experimentally obtained isothermal conversion (x—1¢) curves for the
decomposition process of the dry zinc leach residue samples, at the operating tem-
peratures of 600°C, 750°C, 950°C, and 1150°C in an inert atmosphere, are presented
in Figure 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 isothermal decomposition of zinc leach residue in an inert atmosphere should be
performed at operating temperatures 7> 600°C to investigate the whole decompo-
sition process within a reasonable time period.

The experimental differential conversion (do./dt — t) curves obtained at the dif-
ferent operating temperatures (600°C, 750°C, 950°C, and 1150°C) for the decompo-
sition process of zinc leach residue are shown in Figure 2. The differential conversion
curves in Figure 2 were presented in the B-spline graphics mode. The curves are
obtained by numerical differentiation of the conversion (integral) o« —¢ curves
(Figure 1).

Figure 2 shows that all do/d¢ versus ¢ curves exhibit the maximum decom-
position rate ((dot/df)max) at value tn.x > 0. The increase in operating temperature
leads to a narrowing of the reaction profiles on the considered differential conversion
curves (Figure 2). Table 1 shows the values of (dot/df)max, (do/df)max/2 (the rate
corresponding to half the maximum value), #,,," (the time on the descent of the
corresponding do/d¢ versus ¢ curve), and £, (the time that corresponds to a value
of (do/df)mayx) for differential conversion (da/d¢ versus ¢) curves in Figure 2.

It can be seen from Table 1 that the values of (da/df)max and (dot/d#)max/2
increase with an increasing operating temperature, while the values of #,,/," and #;ax
decrease with an increasing temperature from 600°C to 1150°C, which directly indi-
cates the narrowing of the reaction profile.

The presented rate-time features of differential conversion curves are useful for
the basic classification of kinetic models. Thus, the above results are designated on the
sigmoid group of kinetic (nucleation) models, such as JIMA (Johnson—-Me¢hl-Avrami),

600°C
750°C
950°C
1150°C

0.0 T T T T T T

15 20 25 30 35 40 45 50 55 60

Time, t (min)

Figure 1. Experimentally obtained conversion curves for investigated isothermal decomposition process,
at the different operating temperatures (600°C, 750°C, 950°C, and 1150°C) in an inert atmosphere.
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Figure 2. The differential conversion curves obtained at the different operating temperatures (600°C,
750°C, 950°C, and 1150°C), for the isothermal decomposition process of zinc leach residue in an inert
atmosphere. All do/ds — ¢ curves are presented in the B-spline graphics mode.

SB (éesték—Berggren), or PT (Prout-Tompkins) (this group has (do/d¢) = (dot/d#)max
at t=tnax>0) (Brown and Galwey 1989). Furthermore, as shown in Figure 2,
the decomposition rate peak becomes higher and shifts to the shorter times when the
operating temperature increases. This behavior confirms the existence of an auto-
catalytic mechanism (which results in a bell-shaped reaction rate versus time curve)
for the investigated decomposition process. However, the aforementioned discussion
is only a preliminary analysis of the reaction mechanism, which could adequately
describe the observed process.

Figure 3 shows the dependence of the decomposition rates (do/df) on the con-
version (o) for the decomposition process of zinc leach residue, at different operating
temperatures.

Obviously, increasing the operating temperatures leads to systematically
increased do/d¢, that is, do/dz is a positive function of the operating temperature
at same o. However, maximum da/d¢ appears at the different values of 0.
(Figure 3), which vary in the conversion range of 0.150 < o, < 0.281 and indicate

Table 1. The rate—time features (dot/df)max, (dot/d)max/2, /2", and tyay for differential conversion curves
of the isothermal zinc leach residue decomposition process, at the different operating temperatures (600°C,
750°C, 950°C, and 1150°C)

Temperature, T (°C) (dot/df)max (min~") (dot/df)max/2 (min~") tmy2" (min) fmax (Min)

600 0.04433 0.02217 36.595 20.909
750 0.06019 0.03009 31.470 19.545
950 0.07307 0.03654 28.683 18.636

1150 0.08371 0.04186 27.167 16.818
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Figure 3. The reaction rate du/ds as a function of conversion « at the different operating temperatures
(600°C, 750°C, 950°C, and 1150°C), for the isothermal decomposition process of zinc leach residue
(maximum positions o, of the given reaction rate curves are marked on the same figure).

the dependence on the operating temperature. This behavior implies that the
fundamental reaction mechanism may change.

Knowing da/dt and product (da/df)-t allows us to make a selection of the
kinetic model that best describes the investigated process, according to the Malek
(1992) method. The substitution of du/ds and ¢ values into Equations (16) and
(15) give normalized Y(x) and Z(o) functions (Origin 8.5® Software was used for
calculation), as shown in Figures 4 and 5.

From Figures 4 and 5, we can see that the Y(«) and Z(x) functions vary
with operating temperature, which indicates the complex decomposition mechanism.
On the basis of such behavior of the Y(x) and Z(«) functions, it is reasonable to
assume that the characteristic conversion values or maxima of a given function
(o, for Y (o) function and o, for Z(a«) function) will also vary with operating
temperature, as in the case of o, values.

104 .
0.8 4

0.6

Y(o)

0.4 4

0.2

0.0 T T T T
0.0 0.2 04 0.6 0.8 1.0

a(-)

Figure 4. Plots of normalized Y(o) against o at the different operating temperatures (600°C, 750°C, 950°C,
and 1150°C), for the isothermal decomposition process of zinc leach residue.
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Figure 5. Plots of normalized Z(x) against o at the different operating temperatures (600°C, 750°C, 950°C,
and 1150°C), for the isothermal decomposition process of zinc leach residue.

Table 2 shows the values of «,, and «,™ for the calculated Y(x) and Z(x)
functions, which vary with operating temperature, within the following conversion
ranges: 0.150 <, <0.281 and 0.445 <a,” <0.526, respectively.

These values fulfill conditions o, # 0.623 and o,, € (0, omax) for the same
operating temperature. According to the criteria proposed by Malek (1992), this con-
firms that the two-parameter autocatalytic SB kinetic model (Sestak and Berggren
1971) should be used to describe the isothermal reaction rate of zinc leach residue
decomposition:

do E,
g _
i~ Ao ( RT

)ot’”(l —a)", (17)
where m and n are the reaction orders (or SB kinetic exponents); m being an
independent reaction order. If the geometric—probabilistic interpretation is used, it
should be taken into account that any choice of m # 1 negates the fundamental
assumption of the equiprobability of the nuclei formation.

If the testing kinetic method reveals that the Johnson-Mehl-Avrami model
cannot be applied, for instance, if there is a considerable overlap in the nucleation
and growth processes, then the two parametric SB empirical equations can be used

Table 2. The maximum values of Y(«) and Z(«) functions («,, and «,> values,
respectively) for the isothermal decomposition process of zinc leach residue, at the
different operating temperatures (7= 600°C, 750°C, 950°C, and 1150°C)

Temperature, 7 (°C) - >
600 0.274 0.526
750 0.281 0.520
950 0.268 0.495

1150 0.150 0.445

Average 0.243 0.497
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for a quantitative description of the overall isothermal decomposition. The value of
exponent m in Equation (17) should be confined to the range of 0 <m < 1.

In Equation (17), the ratio of reaction order m to n, p =m/n, as pointed out by
Malek (1992) can be replaced by

sza (18)

where a,, is the conversion for the peak value of Y(«) function.
In addition, the logarithmic transformation and rearrangements of Equations
(17) and (18) yield:

an(le;) ~exp<£;)] =InAd+ninfe’(1 — a)]. (19)

Equation (19) can be used to determine the reaction order n and the preexpo-
nential factor A4 from the slope and the intercept of the linear plot of
In[(dec/d?) - exp(E,/RT)] versus In[o’(1 — )] for o€[0.20, 0.80], respectively. The
reactions that take place in the solid state usually occur in the initial phase of the
investigated process. This phenomenon is almost inevitable even under the strict con-
trol of the sample size. As a result, the values of the apparent activation energy at the
beginning (for & =0.10 or « =0.15) and at the end (for 2 =0.85 or « =0.90) may dif-
fer from the values of E, in the middle part of the considered process (for o = 0.50).
In this way, using the values of the apparent activation energies that were calculated
for the initial and final stages of the investigated process can lead to large errors
(Rosu et al. 2002). Thus, the extreme conversion ranges should be excluded in the
calculation of the kinetic parameters.

The apparent activation energy based on Equation (14) was E,=4.0+0.2k]J
mol~!. This value of E, is inserted into Equation (19), in order to calculate the para-
meter n at the different operating temperatures. The effect of the operating tempera-
ture on the kinetic exponents (m and n) and the preexponential factor (4) for the
decomposition process of the zinc leach residue is presented in Table 3.

Table 3. The estimated kinetic exponents i and n and the preexponential factor 4, for the decomposition
process of zinc leach residue at the different operating temperatures, using the Sestak—Berggren (SB)
kinetic model. The values of o, are also given in the same table

Temperature, 7 (°C) m n m+n" Amn"Y)  ogmax R* RSS¢
600 0.27540.003 0.72940.003 1.004 0.1397  0.274 0.99932 9.594 x 10~*
750 0.226+0.002 0.5774+0.001 0.803 0.1555  0.281 0.99989 6.079 x 107>
950 0.20640.003 0.56240.002 0.768 0.1696  0.268 0.99986 6.005x 107>

1150 0.087£0.006 0.4954+0.005 0.582 0.1533 0.150 0.99786 1.070 x 1073

Average 0.19940.004 0.59140.003 0.789 0.1545  0.243 - -

“The global reaction order.
®Adj. R-square.
‘Residual sum of squares (RSS).
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The values of m are smaller than those of n, and m+n (the global reaction
order) is approximately within the range of 0.500-1.000. Moreover, the values of
parameters m and n lay within the range of 0.087 <m<0.275 and 0.495<
n<0.729, respectively. The parameter m reaches a very low value at the highest
operating temperature of 7=1150°C. The fact that the value of m is lower than
unity means that the autocatalytic reaction has higher contribution on the overall
reaction rate. For m # 0 and n # 0, the SB reaction model function, f{«), reaches
a maximum for a value of a (xnax) that depends on both m and n (Malek and
Smrcka 1991):

m

(20)

Omax = man

The values of a,,x at every considered operating temperature are also pre-
sented in Table 3. It can be seen that when the m + n values become close to each
other, the values of o, also follow the same trend. This is typical for lower
operating temperatures, such as 600°C and 750°C.

At the operating temperatures above 950°C, the autocatalytic effect becomes
more noticeable. On the other hand, low values of the preexponential factors (4)
may indicate a surface reaction, but if the reactions are not dependent on the surface
area, the low preexponential factor can also point to a “tight” complex. In our case,
most likely when increasing the operating temperature, the enthalpy effect to the
reaction rate becomes flattered and the tendency to association (to create complex),
represented by the preexponential factor, gets more important, thus the autocata-
lyzed decomposition becomes more important at the higher operating temperatures
(Turmanova et al. 2008).

Substitution of the average values of calculated parameters from Table 3 into
the SB kinetic model produces the explicit rate equation (Equation (21)) based on
autocatalyzed kinetics in Equation (17):

do 4000
—==0.1545 - — ) (1 - )P 21
T 0.1545 exp< RT)CX (1 —a) (21)
The accuracy of the obtained 7 values in Table 3 can be checked by the model
for autocatalyzed kinetics in Equation (17). Taking into account the value of the
global reaction order m + n, Equation (17) can be rearranged and expressed as

In [;73] —Ink+nln [(1 - “)] . (22)

o

This form can now be used to determine k& and n (from the intercept and the
slope of the linear expression, respectively). The linear regressions were performed
at the different operating temperatures and for the global reaction orders from
Table 3 (Figure 6a—d).

Very high values of the Adj. R-Square (R*) were achieved for all considered
global reaction orders and for all operating temperatures. Only the linear portion
of the data was fit to a linear regression to determine rate constants (k) and reaction
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Figure 6. The dependence of In[(du/dt)/o’" *"] versus In[(1 —a)/a], for the isothermal decomposition
process of zinc leach residue, at the different operating temperatures ((a) 600°C, (b) 750°C, (c) 950°C,
and (d) 1150°C) (R? is the Adj. R-square).

orders (n). Table 4 lists the values of rate constants and reaction orders calculated
using Equation (22), at the different operating temperatures.

There is an excellent agreement between the n values predicted by using
Equation (22) and n values calculated on the basis of experimental results (Tables 3
and 4).

Based on the aforesaid results, we can assume that the investigated zinc leach
residue decomposition occurs as a complex process, which probably involves the
various elementary reaction pathways. Consequently, using a single reaction rate
equation to accurately untangle this complexity often yields very vague results
(Vyazovkin and Wight 1999) because it is practically impossible to take all kinetic
complexities into account with a single rate equation. However, the fundamental

Table 4. The values of the rate constants (k) and reaction orders (1) calculated
using Equation (22), at the different operating temperatures, for
decomposition process of zinc leach residue

Temperature, 7 (°C) k (min~") n
600 0.08090 0.730
750 0.09739 0.577
950 0.10868 0.563

1150 0.11476 0.495
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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 (Af)
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 effective apparent activation
energy (E,,) with conversion, . Conversely, independence of E,, on « is a sign of
a single-step process.

The E,—o correlation usually corresponds to the change of the reaction
mechanisms; it may reflect relative contributions of parallel reaction channels to
the overall reaction kinetics. In this article, the standard (Equation (12)) and
Friedman (Equation (13)) isoconversional methods were used to analyze the
mechanisms of the isothermal decomposition process of zinc leach residue.

Figure 7 shows the dependence of the effective apparent activation energy (E,,)
in a function of the conversion fraction (x) evaluated by the standard (integral) and
Friedman’s (differential) isoconversional methods, for the decomposition process of
the residue.

As shown in Figure 7, both the dependences have a progressively increasing
character of the apparent activation energy (E,), in the whole range of the considered
conversion («) values (0.05 <« <0.95). This behavior of E, values with o is the
characteristic for the processes involving parallel competing reactions (Vyazovkin
1996). Moreover, the E, values calculated by using Friedman’s isoconversional
method are higher than the corresponding values of E, calculated by using the
standard (integral) isoconversional method. It was found that the calculated values
of the apparent activation energies of competitive and independent reactions based
on differential Friedman’s isoconversional method (E,qr) and integral isocon-
versional method (E,;,) give different values, calculated using Equations (13) and
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Figure 7. The dependence of the effective apparent activation energy (E,,) as a function of the conversion
fraction () evaluated by the standard (integral) (symbol (m)) and the Friedman’s (differential) (symbol
(e)) isoconversional methods.
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(12), respectively (Dowdy 1987). Therefore, two different values for E, g and E
for the narrower temperature range indicate the dependence E, = E, ().

In the case of isothermal decomposition of zinc leach residue, the apparent
activation energy varies in the range of 0.5-7.7-kJ mol !, with extremely low values
of the preexponential factor. Based on the shape of dependence E, on « (Figure 7),
we may conclude that the investigated decomposition process takes place through
the parallel competing reactions, which have different contributions to the overall
process. However, it is possible to detect the total number of reactions present in
the system, from the experimentally obtained density distribution function of the
apparent activation energy (f(E,)). The observed distribution can be obtained by
the numerical differentiation of o« =o (E,) dependence. The relationship between o
versus E, evaluated from the integral isoconversional method could be obtained
by plotting the o values against the corresponding E, values as shown in Figure 8.

When the curve was differentiated graphically by E,, f(E,) distribution curve
for isothermal decomposition process of zinc leach residue could be obtained as
shown in Figure 9.

The peaks (designated as peaks I, II, III, and IV (Figure 9)) of the f(E,) distri-
bution curve appear at the values of 1.3, 2.4, 3.7, and 5.2kJ mol ™', respectively, and
the apparent activation energy spreads in the interval 0.5kJ mol ' <AE,<7.7kJ
mol~!. The widths of the observed peaks in the f(E,) distribution curve are as
follows: 0.5, 0.6, 0.8, and 1.7kJ mol~! for I, IL, III, and IV, respectively (Figure 9).
The increase in the width of the peak is accompanied by an increase in the value
of E, From the obtained results, we can assume that there are probably four
reaction steps that occur in the following ranges of the degree of conversion (o)
and the given values of E, as: (a) the first step: 0.05 <u<0.25; E,=0.5-
2.1kJmol ™", (b) the second step: 0.25 <« < 0.40; E,=2.1-3.2kJ mol ', (c) the third
step: 0.40 <0 <0.60; E,=3.2-4.5kJ mol~!, and the fourth step: (d) 0.60 < <0.95;
E,=4.5-7.7kJmol .

In accordance with Vyazovkin and Lesnikovich (1990), the increase of E,
values with increasing « is accompanied by a convex Arrhenius dependence, which
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O {
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0.2 o~

0.0 e B e s B o
0 1 2 3 4 5 6 7 8
Apparent activation energy, Ea (kJ mol'l)

Figure 8. The o versus E, relationship estimated from the integral isoconversional E, = E () dependence.
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Figure 9. f(E,) density distribution curve estimated for the isothermal decomposition of zinc leach residue
in an inert atmosphere.

is typical for a system of parallel competing reactions. The convex Arrhenius
behavior is observed for the isothermal decomposition of zinc leach residue, as
shown in Figure 10.

The convex Ink versus 1/7 dependence can occur due to the different thermal
stability of the components of the investigated sample. This behavior is interpreted
by the value of lower rate than that expected at high temperatures (in our case, it is
probably for 7> 1000°C), and this is very common in catalytic processes. This type
of process is characterized by unusually very low preexponential factor (Table 3) and
low values of the apparent activation energy. Namely, in the investigated isothermal
decomposition of zinc leach residue, we have a complex autocatalytic process, which
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Figure 10. The Arrhenius feature as Ink versus 1/T (T}, T», T3, and T, are the corresponding operating
temperatures (lowest—77 and highest—7})), for the isothermal decomposition process of zinc leach resi-
due (the dashed arrow in the direction from 7 to 7} is presented in order to better visibility of the devia-
tions from the linear (nonconvex) dependence).
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probably involves a system of competitive reactions, where each of these reactions is
dominant in the different temperature regions, and the corresponding reactions can
be presented in the following form:

(Step 1) PbSO4 — PbO + S0, +'/,0, (T <1000°C)  (23)

(Step 2) 3Fe;03 — 2Fe;04 + 1,0, (T < 1000°C) (23a)

(reduction of Fe,O; forming Fe;O4: the expected temperature range is 400°C <T
< 650°C)

(Step 3) ZnySi0y — 2Zn0 +Si0, (T < 1000°C) (23b)

(The oxides reduction continues with increasing temperature, and zinc oxide will be
produced at a temperature of about 800°C (Saage and Hasche 2004) and at the tem-
perature above 900°C, mainly zinc vapor is formed as one of the main products.)

Step4)  3ZnO-Fe;03 — 3Zn0 + 2Fe;04 +'/,0, (T > 1000°C
2
(23¢)

(The final production of zinc oxide (ZnO) is surely completed at the temperature of
1200°C.)

For the isothermal decomposition process of zinc leach residue, the convex
curvature occurs as a result of “changes” of the set of atoms, i.e., at higher tem-
peratures, the decomposition of complex compound into the noncomplex form of
compounds occurred.

ZnO - Fe,O5 (catalytic complex) is split at very high temperatures (7' > 1000°C)
in a noncomplex form as ZnO +Fe;04 + '/, O,. This can also be shown through the
reaction in the following form:

[ZnFe,04] : 3Zn0 x Fe,03 (Complex (catalytic)) —
3Zn0O + 2Fe;04 + 1/2 O, (High operating temperatures, 7 > 1000°C).
(24)

ZnO x Fe,05 is likely to be autocatalytically decomposed into ZnO and other
chemical species, which significantly reduces the energy barrier for a given process.
However, in the case of autocatalytic reaction, the reaction rate is strongly influenced
by the concentration of the formed product. In the investigated decomposition pro-
cess, the overall reaction rate strongly depends on the amount of obtained zinc oxide
(ZnO). It should be noted that the molecular oxygen has to be evolved to complete
the decomposition process, which is effectively implemented in the presence of oxide,
such as Fe,O3 (Ju et al. 2011).

The considered decomposition process can be best described by the autocata-
lytic SB kinetic model, with the strong influence of operating temperatures on the
reaction system. The complex mechanism probably involves a system of four parallel
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competitive reactions (Equations (23)—(23c¢)), where the autocatalytic behavior of the
investigated process has the highest contribution at high operating temperatures.

CONCLUSION

The decomposition of zinc leach residue was processed under the isothermal
conditions (7'=600°C, 750°C, 950°C, and 1150°C) in a tubular furnace, with
a constant nitrogen gas flow rate. The characterization of the obtained product
particles was conducted by XRD analyses.

Detailed kinetic analysis showed that the isothermal decomposition process of
zinc leach residue can be described by the two-parameter autocatalytic SB kinetic
model in the form of Equation (17), with the kinetic parameters: E, =4.0kJ mol ',
A=0.1545min"", m=0.199, and n=0.591. It was also found that the operating
temperature has an influence on the values of the parameters m and n, and also on
the values of the global reaction orders (m + n). Also, it was established that the values
of m < 1 means that the autocatalytic reaction has higher contribution on the overall
reaction rate. It was found that the apparent activation energy values increase
progressively with the degree of conversion, accompanied by the appearance of
a convex Arrhenius dependence (Ink versus 1/T). This behavior is characteristic
for a system of parallel competitive reactions, where the autocatalytic behavior of
the considered process has the highest contribution at high operating temperatures.

It was concluded that the investigated isothermal decomposition process is
characterized by unusually very low preexponential factor and low values of the
apparent activation energy. Based on the derived density distribution function of
E, values, it was concluded that the isothermal decomposition process probably
occurs through four reaction steps, where each step is characterized by one parallel
reaction.
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