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Carbothermic Reduction of Zinc Containing Industrial
Wastes: A Kinetic Model

M. LEUCHTENMUELLER, C. LEGERER, U. BRANDNER, and J. ANTREKOWITSCH

Effective recycling of zinc-containing industrial wastes, most importantly electric arc furnace
dust, is of tremendous importance for the circular economy of the steel and zinc industry.
Herein, we propose a comprehensive kinetic model of the combined carbothermic and
metallothermic reduction of zinc oxide in a metal bath process. Pyro-metallurgical, large-scale
lab experiments of a carbon-saturated iron melt as reduction agent for a molten zinc oxide slag
were performed to determine reaction constants and accurately predict mass transfer coefficients
of the proposed kinetic model. An experimentally determined kinetic model demonstrates that
various reactions run simultaneously during the reduction of zinc oxide and iron oxide. For the
investigated slag composition, the temperature-dependent contribution of the metallothermic
zinc oxide reduction was between 25 and 50 pct of the overall reaction mechanism. The mass
transfer coefficient of the zinc oxide reduction quadrupled from 1400 �C to 1500 �C. The zinc
recovery rate was> 99.9 pct in all experiments.
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I. INTRODUCTION

ZINC (Zn) is the fourth most produced metal
worldwide (13 million tons per year) following iron,
aluminum and copper. The applications of zinc range
from predominately galvanizing steel, over brass alloy
products, to super pure zinc oxide.[1] Despite its wide-
spread use, Zn has a rare abundance of only 70 ppm in
the earth’s crust (e.g. abundance of Fe 5.63 pct and
Al 8.23 pct), which emphasis the importance of a
resource-conserving usage focused on the mitigation of
production and recycling losses.[2] Yet, the global
end-of-life recycling rate of Zn is a mere 33 pct, where
the largest part of Zn losses occur during waste
management, causing excessive, potentially hazardous
Zn emissions.[3] In addition, low efficiencies of existing
recycling technologies further exacerbate the low Zn
recycling rate, and highlight the tremendous need to
improve Zn-containing industrial waste recycling
processes.[4–7]

Main Zn-containing industrial wastes are leaching
residues and jarosite from primary zinc production, lead
slags and electric arc furnace dust (EAFD).[6,8–10] EAFD
is a waste material of steel recycling that contains up to
43 pct of Zn.[11] In steel recycling, scrap steel is melted at
high temperatures in an electric arc furnace (EAF).
During this process volatile elements including Zn from
galvanized steel scrap evaporate and ultimately accu-
mulate as EAFD. Other elements present in EAFD are
Fe, Pb, Cd, Na, K, halides and slag building compounds
such as CaO and SiO2.

[12] In 2018, the global steel
production was 1807 million tons (MT), 520 MT of
which were produced via the EAF route.[13] Per ton of
liquid EAF steel[14–16] 10 to 25 kg of EAFD are typically
generated (depending on scrap composition and furnace
operation,[12,17]) which sum to approximately a yearly
EAFD generation of 5.2 to 13 MT.[18] Moreover, the
EAF steel production is forecasted to increase up to
1000 MT in 2050, in which case the annual dust
generation could increase up to 25 MT.[19] Given such
substantial quantities and the high average Zn-content,
EAFD is a considerable secondary resource of valuable
Zn.
Despite the high Zn content, less than 50 pct of the

generated EAFD is recycled globally,[18] and in most
developed countries EAFD is classified as hazardous
waste (US EPA: K061,[20] European Waste Catalogue
(EWC) 10 02 07*[21] and Ministry of Environment in
Canada 143H[22]), due to its high heavy metal concen-
trations. Environmental regulations in the US, EU and
Canada therefore require stabilization treatment, before
EAFD can be landfilled, which contributes significantly
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to the EAFD disposal costs. The high specific volume
and concomitant low bulk density (1.1 to 2.5 g/cm3) of
EAFD further contribute to the ecologic impact and
land filling related costs of EAFD.[6] As a result, EAFD
is predominantly recycled in jurisdictions where envi-
ronmental policies demand low leachability and prohibit
cost-efficient landfilling. The most successful recycling
processes for EAFD are based on a carbothermic
high–temperature reduction reaction.

II. CARBOTHERMIC EAFD RECYCLING
PROCESSES

The fundamental chemical principle of zinc recovery
from EAFD is identical in all industrial pyro-metallur-
gical processes: ZnO is carbothermically reduced to Zn,
which then volatilizes into the gas phase. After leaving
the reaction zone gaseous Zn is typically combusted to
ZnO, which is subsequently captured in bag house
filters. The main impurities of the obtained crude zinc
oxide (CZO) are other volatile elements originating in
EAFD: Pb, Cd, K, Na, Cl, F. In a final processing step
the CZO is washed to remove chlorides and ultimately
used as a secondary resource in the primary zinc
industry.

Currently available EAFD recycling processes can be
classified according to the physical state of the reactants,
ZnO and C. In the most commonly used Waelz kiln,
RHF and MHF, the pyro-chemical reaction is a
solid–solid reduction between carbon and ZnO or a
solid–gaseous reaction between CO and ZnO.[23,24]

Other furnaces to treat EAFD are the electric arc,
plasma and induction furnace, in which the reduction
reaction is of (1) the solid–liquid type between coke and
ZnO dissolved in a molten slag phase or of (2) the
liquid–liquid type between dissolved carbon in the metal
and ZnO in the slag.[25–27]

These underlying reaction types have a critical impact
on the performance of EAFD recycling methods.
Processes based on solid–solid reactions demonstrate
relatively low Zn recovery rates, slow reaction kinetics
which require large kiln dimensions (incurring high
capital costs and heat losses), and generate a slag that is
commonly landfilled. In comparison, processes with
underlying liquid-liquid reaction mechanisms are usu-
ally performed at elevated temperatures showing faster
reaction kinetics, lower capital costs and improved
economic flexibility due to the production of a mar-
ketable slag phase as an additional production.[28] But
these processes are more energy intensive and exhibit
increased refractory wear and therefore operating costs.
Consequently, the lower overall energy consumption of
the solid–solid reaction in connection with the coun-
ter-current operation mode are the decisive determi-
nants for the uncontested success of the Waelz kiln
process to recycle EAFD to date. Nonetheless, the
Waelz kiln as the current state-of-the-art processes is far
from optimal. For example, the Waelz kiln only
demonstrates Zn recovery rates of roughly 85 pct,
leaving room for progress. Table I lists process param-
eters for a typical Waelz kiln.

A significant amount of research has been conducted
to find alternative concepts to the described C-based
high-temperature EAFD recycling process. Investigated
approaches range from Zn volatilization with halogena-
tion[34] over hydrometallurgical approaches[35,36] to
physical separation processes, such as magnetic and air
separation[37,38] and combinations of pyro- and
hydrometallurgical approaches.[39,40] However, due to
the complex morphology of EAFD, these alternatives
demonstrated either insufficient recovery rates or indus-
trial viability compared to the state-of-art process.[41,42]

An initial step towards improvement of conventional,
carbothermic processes (e.g. recovery rates) and devel-
opment of new solutions require a more detailed
understanding of the underlying reaction mechanisms
and kinetics. In 1996, Donald and Pickles demonstrated
a Zn recovery rate of almost 100 pct for a liquid–liquid
concept in which a carbon-saturated iron melt is used as
reduction agent to recycle EAFD.[15] The reported
reaction mechanism (Eqs. [1] to [3]) describes the
high-temperature reduction of ZnO and FeO with
dissolved carbon,[43] and the metallothermic reduction
of ZnO with liquid Fe.[44]

ZnOl;slag + Cl;metal ! Zngas + COgas ½1�

FeOl;slag + Cl;metal ! Fel;metal + COgas ½2�

ZnOl;slag + Fel;metal ! Zngas + FeOl;slag ½3�

Kinetic studies mainly exist for the solid–solid reduc-
tion of ZnO,[45–48] but the reaction kinetics of the
liquid–liquid ZnO reduction is poorly understood.
Notably, the contribution of Fe to the overall reduction
of ZnO with a C-saturated iron melt remains to be
clarified. The goals of this paper, therefore, are twofold:
(1) to postulate a comprehensive kinetic model helping
to get a better understanding of how the constituents
within the metal and slag phase react, and (2) to
determine concomitant model parameters based on
high-temperature experiments to accurately describe
the reaction kinetics of the ZnO and FeO reduction.
Finally, we also present mass transfer coefficients for the
ZnO and FeO reduction accounting for all experimental
assumption to assist the development of industrial
EAFD recycling processes.

III. MATERIALS AND METHODS

A. Source Materials and Experimental Setup

The reduction mechanism between liquid ZnO and
carbon dissolved in liquid Fe was studied in controlled
experimental conditions by continuous monitoring of
compositions and temperature. A synthetic slag, a
C-saturated iron alloy and pure ZnO (> 99 pct) were
melted in a graphite crucible (inner-diameter 180 mm,
inner-height 270 mm, wall thickness 30 mm) which was
heated by an induction furnace (max. power input 80
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kW; ITG Induktionsofenanlagen GmbH, Hirschhorn,
Germany). Figure 1 illustrates the reaction mechanism
and gives an overview of the experimental setup.

Prior to the reduction experiment a carbon-saturated
iron master alloy was prepared by adding graphite to
S235 construction steel. In a similar way a slag was
prepared by remelting pure quartz, lime, and alumina.
The ratio between CaO and SiO2 1.2. To lower the
liquidus temperature of the system, Al2O3 was added.
According to FactSage calculations, the lowest possible
liquidus temperature in slag system is reached at around
16 pct Al2O3. The final composition of the prepared slag
was 38.4 pct SiO2, 47.5 pct CaO and 14.1 pct Al2O3.
The detailed procedure for six high-temperature reduc-
tion experiments included the following steps:

1. Preheating of the graphite crucible to the desired
temperature (1420 �C to 1530 �C)

2. Feeding of the iron master alloy and the synthetic
slag mixture

3. Melting and temperature homogenization
4. Feeding of the pure ZnO (> 99 pct)
5. Slag sampling in defined time intervals
6. Temperature reference measurements to calibrate the

pyrometer (a minimum of three)
7. Chemical analysis of slag samples

The graphite crucible was covered by a perforated
cover (hole diameter 60 mm) to prevent excessive heat
losses and achieve a homogenous temperature distribu-
tion across the melt. At the bottom of the furnace a
pyrometer continually recorded the crucible surface
temperature. A custom-made furnace controller (PID
algorithm) regulated the furnace power to ensure a
constant crucible temperature and therefore isothermal
conditions within the crucible. Additionally, three to
four temperature measurements per experiment were

recorded with commercially available type-S immersion
thermocouples (Minkon GmbH, Erkrath, Germany),
these measurements were used in the kinetic model.
After cooling to room temperature, the slag samples

were ground in a vibration mill, fixed to adhesive tape
and analyzed using energy-dispersive X-ray spec-
troscopy within a scanning electron microscope. The
chemical analyses were recalculated and normalized to
account for the corresponding oxidic forms (Ca to CaO,
Si to SiO2, Al to Al2O3, Zn to ZnO and Fe to FeO) of
the measured elements.
The reduction of ZnO from the slag and the Fe

oxidation into the slag influence the total slag mass and
consequently the chemical analysis. To account for these
changes in the kinetic model, effective FeO and ZnO
concentrations (Figure 2) are calculated in Eqs. [4] and
[5]. The measured FeO and ZnO concentrations are
multiplied with the ratio of slag building compounds at
the start (t = 0) and each sampling time (t). The
effective FeO and ZnO concentrations are subsequently
denoted as [ZnO] and [FeO].

½ZnO] = Effective ZnO tð Þ

¼ Measured ZnO tð Þ
SiO2 þAl2O3 þ CaOð Þt¼0

SiO2 þAl2O3 þ CaOð Þt
½4�

FeO½ � ¼ Effective FeO tð Þ

¼ Measured FeO tð Þ
SiO2 þAl2O3 þ CaOð Þt¼0

SiO2 þAl2O3 þ CaOð Þt
½5�

Table I. Typical Process Parameters for Waelz Kilns
[24,29–33]

Slag Length Diameter Carbon CO2 Zn in Slag

560 to 650 kg 38.5 to 60.0 m 3.0 to 4.2 m 160 to 200 kg/ton EAFD 580 to 730 kg/ton EAFD ~ 5 pct

Fig. 1—Overview of the reaction mechanism and experimental setup, sampling procedure and temperature reference measurements.
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B. Kinetic Model

In physical chemistry, kinetic models describe the
effect of chemical kinetics on the rate of a reaction. As
such, mathematical models of reaction kinetics are
frequently applied to optimize process conditions (e.g.
temperature and pressure) and product yield in the
design or modification of chemical reactors. In the
following we present the construction of a mathematical
model that describes in detail the characteristics of the
reduction reactions between a carbon-saturated iron
melt and a synthetic slag system containing ZnO. The
presented approach establishes reaction rates for the
reaction mechanism (Eqs. [1] to [3]) and combines the
resulting partial differential equations to yield a
depended system of linear ordinary differential equa-
tions (ODE). Obtained isothermal experimental data
can be fitted to respective ODEs, yielding rate constants
for FeO and ZnO. A combination of these individual
rate constant with the Arrhenius equation allows the
calculation of temperature dependent rate constants. To
account for other process conditions, mass transfer
coefficients for both reactants are stated. In summary,
this kinetic model expands on the concept of a liquid
carbon-saturated iron melt used to recycle Zn-contain-
ing waste material (e.g. EAFD),[22] which is determined
by two carbothermic reactions underpinning the reduc-
tion of ZnO and FeO (Eqs. [1] to [2]) and a metal-
lothermic reaction between Fe and ZnO (Eq. [3]).

The net reaction rate of each chemical reactions is
defined as the difference between the rate of reaction and
reverse reaction (Eq. [6]). When the rate of reaction and
reverse reaction are identical, the net reaction rate is
zero and the reaction has reached an equilibrium state.

Net reaction rate ¼ Reaction rate
�Reversereactionrate ½6�

The net reaction rate for the reduction reaction
between liquid FeO and carbon dissolved in liquid
metal (shown in Eq. [2]) is described as follows:

� d½FeO�
dt

¼ k0FeO�C � ðCÞ � ½FeO� � k0FeO�oxi � ðFeÞ � fCOg

½7�

where k0FeO�C and .k0FeO�oxi correspond to the kinetic
constants (rate constants) of the reaction and reverse
reaction, respectively. The reaction rate is a product of
k0FeO�C, the carbon concentration of the metal (C) and
the FeO concentration in the slag [FeO]. Conversely,
the reverse reaction rate is proportional to k0FeO�oxi,
the Fe-concentration in the metal (Fe), the CO partial
pressure at the phase boundary fCOg.
The continuous consumption of carbon according to

Eqs. [1] and [2] would allow the conclusion of a
dropping carbon concentration. However, the reduction
process was performed in a graphite crucible, which is
why the carbon concentration was assumed to be
constant. Similarly, the assumption was made that Fe
concentration in the metal bath would remain nearly
constant. Additionally, the process slag was held at a
stable level resulting in a steady partial pressure of
developing CO gas bubbles. These assumptions are
considered by the simplified rate constants kFeO�C and
kFeO�Oxi:

� d½FeO�
dt

¼ kFeO�C � ½FeO� � kFeO�Oxi ½8�

Fig. 2—Measured FeO and ZnO concentrations plotted over time compared to fitted equations for six isothermal experiments at increasing
temperatures; insert: average and deviation of temperature measurements (type-S immersion thermocouple).
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The same procedure is used to simplify the net
reaction rate of the ZnO reduction (Eq. [1]) and the
metallothermic reaction between Fe and ZnO (Eq. [3]).
In the prior reaction, gaseous Zn leaves the reaction
zone during the first stage of the reaction and therefore,
allow for the assumption of non–reversibility.[49] Equa-
tion [10] highlights that the resulting reaction rates of
the metallothermic reaction are linked by the FeO to
ZnO molar mass ratio.

� d½ZnO�
dt

¼ kZnO�C � ½ZnO� ½9�

� d½ZnO�
dt

¼ d½FeO�
dt

� MFeO

MZnO
¼ kZnO�Fe � ½ZnO� ½10�

Subsequently, the combined reaction rates of FeO and
ZnO, which describe the interdependence between all
three reduction reactions (Eqs. [1] to [3]) is derived:

� d½FeO�
dt

¼ kFeO�C � ½FeO� � kFe�Oxi � kZnO�Fe � ½ZnO�

�MZnO

MFeO

½11�

� d½ZnO�
dt

¼ kZnO�C � ½ZnO� þ kZnO�Fe � ½ZnO� ½12�

Finally, the closed solution of this system of linear
differential equations (DSolve method, Mathematica 11;
Wolfram Research, IL) is given:

ZnO tð Þ ¼ ½ZnO�0 � e� kZnO�CþkZnO�Feð Þ�t ½II�

Resulting Eqs. [I] and [II] describe the time-dependent
FeO and ZnO concentrations as a function of time, four
temperature dependent rate constants
(kFeO�C; kZnO�C; kZnO�Fe; kFeO�OxiÞ and the starting con-
centrations (FeO0, ZnO0) at t=0. The rate constants for
FeO and ZnO can be approximated by the method of
least squares to the experimental data. The rate con-
stants are not solely determined by temperature and
concentration, but also by the ratio of phase boundary

area (= reaction area) to slag mass. In the present study,
slag mass losses due to sampling and ongoing reactions
are not considered. The assumption of a constant ratio
of slag mass to phase boundary area is consequently
used to calculate the mass transfer coefficient (MTC) for
FeO and ZnO for the reaction mechanisms outlined in
Eqs. [1] through [3].
The mass transfer coefficient (MTC) for a reaction

mechanism (j) is defined in Eq. [13], where (kJ) is the
corresponding rate constant, (A) the phase boundary
area, (Mj) the molar mass and (mslag) the slag mass:

MTCj ¼ kj �
mslag

A �Mj
ðmol s �1 m�Þ ½13�

IV. RESULTS

Figure 2 illustrates effective FeO and ZnO concen-
trations (markers) for six isothermal experiments at
increasing temperatures. Nonlinear regression was used
to determine best-fit values for the four rate constants of
Eq. I + II for each individual experiment and corre-
sponding graphs are plotted.
At the beginning of each experiment the FeO con-

centration increased, pointing towards Fe oxidation
(reverse reaction of Eq. [2]) and metallothermic ZnO
reduction (Eq. [3]). Following the sharp initial decline of
the ZnO concentration in the slag and at consequently
lower ZnO compositions the carbothermic FeO reduc-
tion became more dominant, which lead to a steady
decrease of the FeO concentration for the remaining
experiment. Within the recorded experimental duration

(minimum 60 minutes) the FeO concentration did not
reach a chemical equilibrium, which impacted the
precise determination of the Fe oxidation rate constant,
kFe-Oxi. Visual evaluations of the graphite crucibles after
each experiment showed a lower crucible thickness in
the metal area, due to dissolution of C in the liquid iron.
This indicates that the reduction reaction predominantly
occurs between the liquid metal and slag phase, rather
than direct contact of graphite and slag. This agrees with
unpublished experiments that only contain a molten slag
(no metal bath), were the reduction reaction of ZnO was
slow.

FeOðtÞ ¼
e�kFeO�C�t

kFeO�C � kFeO�C � kZnO�C � kZnO�Feð Þ �

kFeO�C � ½FeO�0 � �kZnO�C þ kFeO�C � kZnO�Feð Þ � kZnO�Fe � ½ZnO�0 þ kZnO�Fe � ½ZnO�0 � et� kFeO�C�kZnO�C�kZnO�Feð Þ��

�kFeO�Oxi�þkFeO�Oxi � kZnO�C 1� ekFeO�C�t
� �

þ �ekFeO�C�t kFeO�C � kZnO�Feð Þ þ kZnO�Fe

� ��
½I�
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By means of Arrhenius plots (Figure 3), the deter-
mined individual rate constants for all isothermal exper-
iments were combined to generally valid, temperature
dependent rate constants. The Arrhenius fit of the
reduction mechanisms (kFeO-C, kZnO-C and kZnO-Fe)
demonstrated good correlation, whereas the Fe oxida-
tion (kFe-Oxi) does not follow the Arrhenius law. The
reason are missing equilibrium conditions for the FeO
reduction reaction in Figure 2 (the FeO concentration
over time has always a significant slope after the last
sample). Table II summarizes the found Arrhenius
parameters. The activation energies were 285.7 kJ/mol
for kZnO-C, 100.7 kJ/mol for kFeO-C and 152.7 kJ/mol for
kZnO-Fe. In combination with the preexponential factor,
these Arrhenius parameters present a general description
of the rate constants with respect to the process
temperature. Table III compares individual fitted rate
constants (individual) with those calculated using the
found Arrhenius parameters (general).

A. Model Accuracy

Scatter plots were used to correlate effective FeO and
ZnO concentrations with values predicted by the devel-
oped kinetic model (Eq. I and II) comparing individual
and general rate constants. Figures 4(a) and (b) illus-
trate the measured values against each individual
isothermal model (Figure 2). The mean and standard
deviation of the difference between measured and
modeled FeO and ZnO values was 0.00±0.14 wt pct
and -0.02±0.33 wt pct, respectively. The deviation of
measurements and modelled outcomes of the generalized
kinetic model (after applying the Arrhenius equation) is
depicted in Figures 4(c) and (d). Note, the average
deviations for FeO and ZnO in the individual and
general case remained roughly unchanged, which indi-
cates the absence of a systematic error. When comparing

the individual with the general model, the standard
deviation for measured and modelled FeO concentra-
tions was nearly doubled from 0.14 to 0.26 wt pct. In
contrast, the ZnO standard deviation remained at a
roughly unchanged percentage. Similarly, the coefficient
of determination decreases from 0.98 to 0.94 for FeO
but stays same for ZnO.
In summary, presented scatter plots demonstrate

good correlation between the derived kinetic model
and the experimental data. This suggests the suitability
of applied approximations (constant slag mass, constant
C-concentration in the metal, constant CO partial
pressure) and validates the developed kinetic model to
describe the reaction mechanism of the high-tempera-
ture ZnO and FeO reduction with dissolved C.

B. Mass Transfer Coefficient

Finally, the mass transfer coefficient (MTC) for the
ZnO reduction mechanisms was derived by recalculating
the rate constants according to Eq. [13].

MTCZnO C ¼ 3:94� 108 � e�285:7 kJmol�1

R�T mol s�1 m�2 ½14�

MTCZno Fe ¼ 3:86� 104 � e�152:7 kJmol�1

R�T mol s�1 m�2 ½15�
Figure 5(a) highlights the threefold increase in overall

MTC from 1400 �C to 1500 �C and visualizes the higher
temperature dependency of the carbothermic mecha-
nism compared to the metallothermic reaction. With
rising temperatures the relative contribution of the
carbothermic reaction to the overall reduction increased
(Figure 5(b)). While both mechanisms equally influ-
enced the overall reaction below 1400 �C, the carboth-
ermic reaction is dominant at elevated temperatures.
The presented methodology is useful to estimate pro-
duction volumes for given furnace dimensions, dust
compositions and process conditions of a recycling
treatment applying the iron-bath process.

V. DISCUSSION

Carbothermic reduction is the most successful mech-
anism to recycle Zn containing industrial wastes, such as
EAFD. The widespread use of the Waelz kiln, however,
exhibits considerable drawbacks, such as the improvable
recovery rate (approx. 85 pct), the generation of Waelz
slag and the high specific CO2 emissions. Donald and
Pickles proposed an alternative concept to recycle
EAFD with a carbon-saturated iron melt as reduction
agent for ZnO,[22] and successfully demonstrated a Zn
recovery rate of almost 100 pct. In this study we have
presented a mathematical kinetic model which describes
the ZnO and FeO reduction with carbon dissolved in an
iron melt. Pyro-metallurgical, large-scale lab experi-
ments of a metal bath process to recover Zn from a
molten slag phase were performed (1) to accurately
describe the fundamental reaction kinetics and (2) to
evaluate the contributions of the carbothermic and

Fig. 3—Arrhenius plots for the rate constants of the kinetic model.
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Table II. Summary of Determined Arrhenius Parameters for the Defined Reaction Mechanisms

kZnO-C kFeO-C kFe-Oxi kZnO-Fe

A [min�1] 1.8 9 107 3.3 9 101 4.0Æ[wt pct min�1] 1.8 9 103

Ea [kJ mol�1] 285.7±19.2 100.7±45.1 58.7±124.9 152.7±23.3

Table III. Summary of Individual and General Rate Constants

Temperature (K)

kZnO-C

[10�2 min�1]
kFeO-C

[10�2 min�1]
kFe-Oxi

[10�2 wt pct min�1]
kZnO-Fe

[10�2 min�1]

Individual General Individual General Individual General Individual General

1695 2.7 2.8 2.2 2.6 4.5 6.3 3.1 3.5
1737 4.4 4.6 2.9 3.1 4.7 6.9 5.0 4.5
1743 4.9 5.0 3.3 3.1 9.3 7.0 5.0 4.7
1757 6.0 5.8 4.0 3.3 11.2 7.2 4.9 5.1
1782 8.1 7.6 3.7 3.6 7.7 7.7 5.7 5.9
1804 9.3 9.7 3.6 4.0 5.8 8.0 6.8 6.7
R2 0.99 0.59 0.07 0.92

(a) (b)

(c) (d)

Fig. 4—Scatter plot of the measured effective FeO and ZnO concentrations vs calculated model values. The first row shows the deviation
between measured and model values for the individual fits (individual) and the second row after applying the Arrhenius correlation to the rate
constants (general) (a) FeO individual fits, (b) ZnO individual fits, (c) FeO general fit, (d) ZnO general fit.
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metallothermic reactions. We provide temperature
dependent mass transfer coefficients which generally
define the reactions of the ZnO and FeO reduction.

The applied mathematical model describing the reac-
tion kinetics of a system of reduction reactions is based
on a more simple approach described by Leuchten-
mueller et al. on the carbothermic chromium oxide
reduction.[50] In this study, obtained data of six individ-
ual high-temperature reduction experiments were in
good agreement (min. R2 = 0.94) with the developed
kinetic model. The rate constant of the FeO reverse
reaction did not follow the Arrhenius correlation,
resulting in more deviation (Figure 4) from the pre-
dicted model than the other reactions. This difference
was founded in the missing FeO chemical equilibrium in
the slag. However, this does not affect the significance of
the ZnO reduction. Presented kinetic model resulted in
the following main findings:

1. We confirm the reported qualitative observations of
Donald and Pickles [22] that carbon-saturated molten
iron is an effective method to reduce zinc oxide from
a molten slag phase. The ZnO concentrations in the
final slag samples were below 0.1 wt pct resulting in
Zn recovery rates higher than 99.9 pct. FeO reduc-
tion rates of the metal-bath process were compara-
tively slow.

2. The developed kinetic model applied to the me-
tal-bath process proves that the metallothermic ZnO
reduction with Fe is a major contributor to the
overall reaction mechanism. Therefore, our experi-
mentally validated model demonstrates that the ZnO
reduction is a combination of simultaneous car-
bothermic and metallothermic reactions. The model
establishes that two reduction reactions of metal
oxides in slags can occur simultaneously (given suf-
ficient thermodynamic driving force), which directly
contradicts previous reports, which state that FeO
will be reduced prior to ZnO.[51]

Furthermore, when considering the reduction of ZnO
in contact with a C-saturated liquid Fe melt based solely
on thermodynamics, the assumption may prevail that
the more noble (less oxygen affine) Fe does not
participate in the reduction reaction. Yet, this study
confirms a significant contribution of Fe to the overall
ZnO reduction.

3. This study applied the combination of a mathemati-
cally derived kinetic model verified by experiments to
provide quantitative information on the ZnO reduc-
tion mechanism.

The carbothermic reaction exhibited a significantly
higher temperature dependency than the metallothermic
reaction, which reduced the contribution of the metal-
lothermic reduction to the overall reaction from approx-
imately 50 pct at 1400 �C to 25 pct at 1500 �C. Such a
temperature rise (from 1400 �C to 1500 �C) also
increased the total mass transfer of the zinc oxide
reduction from approximately 0.7 to ~ 2.8 [mol
s�1 m�2].
The presented experimental data does not allow the

precise determination of the rate limiting step. However,
the authors propose that the formation of gaseous zinc
at the metal-slag boundary could be limiting the
reaction speed. The availability of a carrier gas is
assumed to increase the ZnO reduction. Kim et al.
describe in a similar setting improved ZnO reduction
rates at higher FeO concentrations and proposed a
reaction between ZnO and FeO to form Zn and
Fe2O3.

[48,49] However, we believe that the elevated
kinetics reported by Kim et al. may have been a result
of the increased CO formation, which increased the Zn
gas development.
Zn containing waste materials, such as EAFD, can

contain up to 0.5 pct Cu. During the metal bath process
Cu would accumulate in the Fe-rich metallic phase and
produce Cu-contaminated pig iron as by-product. To
achieve economic operations the metal bath process
should avoid excessive FeO reduction and produce a

(a) (b)

Fig. 5—(a) MTC for ZnO depending on the process temperature. (b) Share of reaction mechanism for ZnO reduction.
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FeO-rich slag without volatiles (Zn, Pb, Cl) and
impurities (Cu) which could be recycled in integrated
steel mills.

The experimental setup and established model were
able to mimic certain aspects of the recycling of
zinc-containing industrial wastes, but presented results
must be viewed considering following limitations: (1)
Only one defined slag composition was investigated; (2)
A synthetic slag was used to model an industrial waste
composition; (3) A constant slag mass, (4) constant
C-concentration in the metal and (5) constant CO
partial pressure were assumed to simplify the mathe-
matical model; (6) Given temperature fluctuations
occurred. Future work should focus on these limitations
and include the kinetic influence of the slag FeO
concentration.

VI. CONCLUSION

Our mathematical kinetic model is the first study to
fundamentally describe the combined kinetics of three
simultaneously occurring reactions of the carbothermic
ZnO reduction with liquid, molten phases including the
reduction agents, carbon and iron. We conclude that
carbothermic and metallothermic reactions occur simul-
taneously, and that the metallothermic reduction is a
major contributing process tipping the balance towards
a more pronounced ZnO reduction. The presented
kinetic model may be used to design a recycling
treatment for zinc-containing industrial wastes applying
a carbon-saturated iron-bath process.
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