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The iron and steel industry generates about 8 million tons of electric arc furnace dust (EAFD) per year. The
current standard process for treating this material stream is the Waelz process, which is not optimal in terms of
the recovery rate for zinc. Therefore, alternative process concepts have been developed in recent years in which
carbothermal reduction does not run over solid carbon but with carbon dissolved in a liquid metal bath. In the

literature, a catalytic effect is attributed to this approach. However, quantification in terms of a kinetic evalu-
ation has not been carried out to date. In the present study, the catalytic effect of the metal bath on the reduction
of zinc oxide is investigated based on different experimental studies. It was found that carbon-saturated nickel
(Ni) increases the kinetics by a factor of up to 10, and carbon-saturated iron (Fe) increases the kinetics by up to
30, with the catalytic effect increasing with a higher ZnO concentration. In the case of iron, the carbothermic
reduction is additionally overlapped by a metallothermic reaction and thus further accelerated.

1. Introduction

The steel production in the electric arc furnace (EAF) generates
electric arc furnace dust (EAFD), consisting mainly of oxidic compounds.
The composition depends on the applied steel scrap and additives in the
EAF [1]. The carbon steel production in EAF often melts zinc-coated
steel scrap, generating an EAFD with a typical zinc concentration to
43 % of zinc in the form of zinc oxide and zinc ferrite [2]. Fe in oxidic
form is another major constituent reaching values up to 45 % [2]. Other
elements, such as Pb and Cl, cause EAFD to be classified as hazardous
waste in industrialized countries [3-6].

For economic reasons, the recycling of EAFD focuses on the recovery
of Zn [7]. The current state-of-the-art recycling of EAFD is based on
carbothermal reduction in the Waelz process [8,9]. Alternative indus-
trial processes like ESRF [10], PIZO [11], and the pilot-scale tested 2sdr
[12] are also based on the carbothermal reduction with the main reac-
tion running via carbon dissolved in the metal bath, allowing for higher
kinetics [13,14]. Although some data is available in the literature, no
quantitative study is available that investigates the catalytic effect of the
metal bath. The present study fills this gap with a kinetic investigation of
the solid-liquid and liquid-liquid carbothermic reduction of ZnO, giving
a better understanding of the reaction mechanism to help future process
development. [9,15,16].

In process development, higher reaction kinetics enables higher
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throughput or smaller furnace dimensions, reducing specific operating
costs. The catalytic effect of the metal bath may be considered in future
developments of recycling processes. Carburizing of the metal bath is
possible via the injection of coal. If biomass is used, the metal bath al-
lows the development of a carbon-neutral process.

2. Materials and mMethods
2.1. Materials

The kinetic investigation used a synthetic slag mixture of quartz
(Si0y), lime (CaO), alumina (Aly03), and fluorite (CaF,). Before the
actual reduction experiments, the slag components were melted
together to a homogeneous phase to ensure maximum reproducibility.
The added fluorite prevents slag foaming and improves the handling
during the sampling process, improving the sample quality. A repre-
sentative analysis of the slag can be found in Table 1.

2.2. Methods

The experiments were carried out in a graphite crucible heated by an
induction furnace in isothermal conditions at 1450 °C. The catalytic
effect of the metal bath was investigated with 4 different experimental
cases (Fig. 1):
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Table 1
Chemical composition and basicity of the slag.

CaO SiO, Al,03 CaF, MgO By

37.0 31.6 13.8 12.4 3,2 1.07

. Slag-only

. Slag and copper
. Slag and nickel
. Slag and iron

HWN R

The slag-only test represents the baseline and investigates the reac-
tion rate between liquid slag and solid carbon. Copper partly covers the
carbon-slag contact area, has no solubility for carbon, and does not react
with zinc oxide, allowing to examine if the slag reacts differently at the
bottom and the shell area. Nickel dissolves up to 2.1 wt.-% carbon at
1450 °C, allowing the slag to react with dissolved carbon, but like
copper, nickel itself does not react with zinc oxide in the evaluated
process conditions [17]. Iron has a solubility of 4.5 wt.-% carbon at
1450 °C and reacts metallothermically with zinc oxide. The experiments
started with the melting of 2350 g inert slag and 3000 g metal. After a
homogenization period of 30 min minutes at 1450 °C, 350 g of zinc
oxide was added. Slag samples were taken in defined time intervals. The
sampling of the metal was unreliable. The slag samples were analyzed
using a scanning electron microscope with an energy dispersive x-ray
detector (SEM-EDX). A detailed description of the experimental setup
can be found in a previous publication [16].

Fig. 2 summarizes the data processing and kinetic modeling meth-
odology. The elemental analysis from the SEM-EDX detector was
recalculated to phase analysis by assuming all F as CaF2; remaining Ca as
Ca0, all Si as SiO», all Al as Al;O3, all Mg as MgO, all Zn as ZnO, and all
Fe as FeO. The phase analysis and the weight of the inert compounds
(2300 g) at the start of the experiment allow for calculating the mass of
each compound in each sample. The mass of each compound was
recalculated to moles of each compound, which were then used to fit the
kinetic model.

Many kinetic investigations assume first-order rate expressions [18].
The present study does not study the reaction mechanisms in detail. Still,
it develops a mathematical model that allows a comparison between the
different cases to describe the catalytic effect of the metal bath quanti-
tatively. Each experimental case required a different kinetic model. It
was assumed that multiple reactions run simultaneously, having
different reaction orders. Reactions between liquids and solids are often
found to be first-order reactions. Therefore, the crucible shell-surface
and the slag are assumed as first-order type, reactions between the
crucible bottom-surface and the slag as zero-order type, and reactions
between the liquid metal and the slag as second-order type (both re-
actions with dissolved carbon and metallothermic reactions). The results
section discusses the reasons for this approach. Table 2 gives and
overview of developed reactions. The models assume a constant surface
area (and slag volume) which is a simplification because changing ZnO
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and FeO moles will lead to small changes in the area between the cru-
cible shell and the slag. However, the influence of this simplification is
small.

3. Results and discussion

Fig. 3 a-d visualizes the results of the different cases showing
experimental data and model values at the top and their deviation at the
bottom. The best fits are displayed as solid lines, except for the case with
iron where only one model is fitted.

3.1. Case 1 - sSlag-oOnly

The slag-only trial in Fig. 3a shows the best fit for model B - zero and
first-order reactions running parallel. Model A — only first-order reaction
— overestimates the reaction rate when the ZnO concentration is high
and underestimates the reaction rate when the ZnO concentration is low.
A reason can be the different reaction mechanisms at the bottom and
shell because gaseous zinc bubbles formed at the bottom of the reaction
zone may be trapped until a critical bubble size is reached. Without
creating additional surface area between the gas and the slag, gas bub-
bles cannot rise. But gaseous zinc can evaporate through the graphite
crucible, explaining the observed reaction mechanism.

3.2. Case 2 - sSlag and cCopper

Copper below the slag reduces the contact area between slag and
carbon from 481 cm? to 198 cm?. The contact area between copper and
slag is assumed to be inert. Fig. 3 b shows that model A and model B fit
equally because the rate constant for the zero-order term is found to be
close to zero. Therefore, the overall reaction is assumed to be of first-
order type. This is in good agreement with the slag-only trial, where
the zero-order reaction was assumed at the bottom of the crucible. In this
setting, no reaction takes place at the bottom of the crucible because it is
covered with inert copper.

3.3. Case 3 - sSlag and nNickel

Using nickel instead of copper transforms the bottom phase bound-
ary between metal bath and slag from an inert to a reactive area because
nickel dissolves 2.1 wt.-% carbon at 1450 °C. The experimental data in
Fig. 3 c suggests that the reaction between dissolved carbon in the metal
bath and ZnO in the slag is not of first-order type because a first-order
model must fit accurately. The reason is that the reaction at the shell
surface is of first-order type. And multiple running first-order reactions
are not distinguishable, resulting in a first-order reaction again. Simi-
larly, assuming the metal-slag reaction as zero-order results in an ac-
curate fit. However, considering the reaction between dissolved carbon
in the metal bath and ZnO in the slag as second-order reaction results in
model C, accurately describing the experimental data. The model devi-
ation is determined by subtracting the experimental value from the
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Fig. 1. Illustration of the experimental setup for the different cases.
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compound compound Mole Fraction

Elemenjcal Kinetic Model > Model Mole
Analysis Fraction

Table 2

Fig. 2. Data preparation and kinetic modeling.

Overview of the applied kinetic models (1-4) in the four different cases (1:Slag-
only, 2:Slag-copper, 3:Slag-nickel, 4:Slag-iron).
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model value. In this way, the mean deviation for model C reaches 0 +
0.10 mol.-%, 0.18 + 0.46 for model A and 0 + 0.32 for model B over all

data points.

3.4. Case 4 — sSlag and ilron

The previous results were included in the iron and slag trial model.
The metallothermic reaction between Fe and ZnO makes the model more
complex. Reactions between slag and the carbon shell were assumed as
first-order type, reactions between the metal bath and the slag as second-
order type leading to model D. The metallothermic reaction between
ZnO and Fe connects the otherwise independent differential equations
forming a system of differential equations where the reaction rate of FeO
depends on the ZnO concentration. Fig. 1 d shows the experimental data
of ZnO and FeO and the values for the fitted model D. The sharp decline
of ZnO during the first minutes is not mapped perfectly by the model,
which results (including ZnO and FeO values) in a mean deviation of
0.01 + 0.27 mol.-%. A possible reason is that the high reaction kinetics
at the beginning change the rate-limiting step, such as insufficient heat
transfer into the reaction zone.

Fig. 4a summarizes the results of all four cases shifted on the time
axis to have a model ZnO value of 12 mol-% at t = =0 min. Fig. 4 b
outlines the reaction rate in mol/min versus the molar ZnO concentra-
tion in mol-%. In the range of 12 mol-% and 3 mol-%, the reaction rate of
the slag-only trial is lower compared to the copper trial, although the
slag-only test has more contact area with carbon. This indicates that
most of the reaction in the slag-only trial runs at the shell surface be-
tween the slag and the crucible. Copper dissolves part of the Zn, which is
formed within the reaction zone.

Thus, copper acts as a buffer that accelerates the kinetics when the
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Fig. 3. Kinetic model fitting for various experimental cases (top) concentration over time (bottom) deviation between model and observed values over time.
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Fig. 4. Summary of the experimental and model data: (a) illustration of the concentration versus time (experimental data and fitted model) (b) reaction rates versus
molar ZnO-concentration (c) reaction rates of copper, nickel, and iron-trial in relation to the slag-only trial.

production rate of gaseous zinc is high but lowers the kinetics when the
reaction rate is low. This is indicated by the slower reaction rate below 3
mol-% ZnO. For a better illustration of the catalytic effect of the metal
bath, Fig. 4 c shows the reaction rates of trials 2, 3, and 4 (Cu, Ni, and Fe)
relative to trial 1 (slag-only). The relative reaction rates change with the
ZnO concentration. At 12 mol-% ZnO, the copper trial is around 1.5, the
nickel trial 10, and the iron trial roughly 30 times faster than the slag-
only trial. The gap decreases with lower ZnO concentration. This is
caused by the fact that the slag-only trial follows zero and first-order
models, compared to the metal bath trials, which follow first and
second-order models.

4. Conclusion

The present study evaluates the catalytic effect of dissolved carbon in
a metal bath compared to solid carbon for the carbothermic reduction of
ZnO. The reaction via the metal bath increases the kinetics by a factor of
10 using a nickel bath and a factor of 30 using an iron bath. The reaction
rate increase in the case of nickel originates solely from dissolved carbon
in the metal bath. The rate increase in the case of iron originates from a
more complex reaction system consisting of simultaneous running
metallothermic and carbothermic reduction reactions. The reaction
mechanism between metal bath and slag is second-order, meaning that
its catalytic effect decreases with lower ZnO concentration. First-order
reactions accurately describe the interaction between solid carbon at
the shell and dissolved ZnO in the liquid slag. Solid carbon at the bottom
reacts with ZnO in the slag as a zero-order reaction. We assume that this
reaction is slow. Hence, gaseous zinc bubbles never reach a critical
diameter to rise through the slag. Instead, generated gaseous zinc leaves
the reaction zone by diffusion through the graphite crucible. In contrast,
the reaction between dissolved carbon and ZnO at the metal-slag
interface is fast, generating larger bubbles overcoming the critical
diameter, which can rise through the slag. This study highlights that
future process development should use the catalytic effect of the metal
bath, resulting in increased process kinetics and optimized process
economics.
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