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Steel scrap recycling in electric arc furnaces (EAF) is accompanied with relatively great amounts 
of dust generated which contains high percentages of zinc oxides and iron oxides together with sev-
eral other chemical compounds. In principle, extraction of zinc from such dusts could be envisaged by 
several hydrometallurgical routes with using different selective leaching, then precipitating agents. In 
this preliminary laboratory experimental work the major conditions of zinc precipitation from zinc 
containing aqueous ammonia ammonium carbonate solutions were examined. Real leached liquors 
obtained from the industrial EAF dust (Bous, Germany) REDILP leach-grinding experiments as well 
as  aqueous ammoniacal zinc solutions prepared from pure chemicals (so-called model system) were 
tested in stirred laboratory precipitation reactors equipped with dosing inlets to supply and dissolve 
gaseous CO2 as a precipitation agent. The higher temperature precipitation technique of water steam 
distillation was also examined in some additional laboratory experiments and its feasibility was also 
proved for removing the rest of dissolved zinc from such solutions. 
Keywords: leach-grinding, zinc, precipitation, ammonia-ammonium carbonate. 
 
Introduction  
 

Secondary steelmaking in mini-mills is one of the main processes developed for steel 
scrap recycling where the scrap is usually melted in an electric arc furnace (EAF). During 
the melting process relatively high amounts of EAF dust is generated, which contains sig-
nificant amounts of zinc, iron, lead, calcium etc., due to among others the prior anticorro-
sive treatments of many steel products [1]. The phase composition of the EAF dust is also 
rather complex: along with several simple metal oxides there is a significant amount of poly 
metallic oxides, the so called ferrites (spinels) which are thermodynamically rather stable. 
This complex composition is the main reason why EAF dusts are difficult-to-treat wastes. 
Nevertheless, the high metallic content of such wastes predestines their recycling instead of 
land-filling.   

Within the framework of the “REDILP” EU6 project (Recycling of Electric Arc Fur-
nace (EAF) Dust by Integrated Leach-grinding Process) and a MÖB-DAAD bilateral pro-
ject, it was aiming at developing the technological fundamentals of an environmentally 
sound, economical and waste free process for treating EAF in order to be able to recover 
the heavy metals by a closed-loop, mechanically activated leaching process [2]; and to 
optimize the recovery and improve the products quality as much as possible. 
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As a small part of the above mentioned international joint REDILP project [3], the pre-
sent paper deals with the experimental investigation of the recovery of zinc from EAF dust 
by means of precipitation and steam distillation from ammonia-ammonium carbonate 
leaching solutions. 
 
1. Recovery of zinc from solutions 
 

Production of zinc oxide from residues of scrap recycling operations by means of the 
ammonia-ammonium carbonate system has been previously reviewed [3–7]. In principle, 
this selective leaching technique could be applied to different zinc containing metallurgical 
wastes like drosses, ashes, bag dusts and sludge from zinc galvanizers and various other 
operations. Although there are several other leaching agents as well for zinc, but the aque-
ous solutions of ammonia and ammonium carbonate seems to possess the most desirable 
combination of properties. They are relatively cheap and easily recoverable, and the dis-
solved zinc can be precipitated in the form of simple compounds from which, if necessary, 
even metallic zinc can be easily obtained by extractive metallurgical reductive techniques 
like aqueous electrowinning.  

Working with aqueous ammonia-ammonium carbonate leaching solutions, the dissolved 
zinc can then be precipitated in several low solubility products as for example zinc hydrox-
ide, carbonate or basic zinc carbonate. However, there are several technological parameters 
which must be properly set and controlled during precipitation from such Zn containing 
liqours. Hence, in the course of our laboratory investigations the following main targets 
were aiming at: 

• Determining the limiting parameters of the hydrometallurgical zinc recycling 
process using ammonia-ammonium carbonate leaching solution to recover zinc; 

• Setting up the framework of further research to develop an optimized flow sheet 
for the  economical hydrometallurgical treatment of Zn containing EAF dusts. 

 
2. Experiments on the zinc precipitation from the real EAF dust leaching solutions 
 

The precipitation experiments were carried out in the laboratories of the project-partners 
both at Otto von Guericke University Magdeburg, Germany and at University of Miskolc, 
Hungary. The Zn containing leached solutions were produced in a laboratory reactor by 
using the REDILP leach-grinding technique [8] on real industrial EAF dust samples re-
ceived from the Bous Steel Mill in Germany, the phase composition of which is presented 
in Table 1. 

Table 1 
Major phases / components of the tested EAF dust in mass percentages 

EAF dust from Bous (steel works, Germany) 

Franklinite/ZnFe2O4 spinel/ 49.5   % Hematite  /Fe2O3/     7   % 
Magnetite  /Fe3O4/ 10.5   % 
Zincite  /ZnO/ 29     % 

Rest (mostly other 
oxides) 

     ~ 4   % 
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Primary aim of the laboratory experiments was to determine the parameters at which the 
zinc recovery rate from the leached solution is the highest. For the precipitation of zinc the 
properly filtered solution was fed to the precipitation apparatus shown in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 1. Photograph of the precipitation apparatus equipped with 
a mechanical stirrer, a CO2 gas supply unit, 

and sensors to measure the solution conductivity, pH and temperature 
 

While supplying and dissolving CO2 in the zinc containing ammonia-ammonium carbonate 
leached solutions, in principle, the following precipitation reaction should take place with 
the formation of solid precipitates of zinc hydroxide and zinc carbonate: 
 

−+−+ ++⋅↔++ OHNHZnCOOHZnCOOHNHZn 24)(4])([2 432
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During the first six experiments the precipitation reactor was set to work at room tempera-
ture, that is without controlling its temperature at any pre-set value, and only the stirring 
speed and the volume flow rate of CO2 were chosen as varying parameters (Figure 2). In 
Figure 2 it is seen that there were relatively significant increases of the solu-
tions/suspensions temperatures in the course of precipitations partially due also to the exo-
thermic nature of the formation of solid zinc carbonate: 
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Figure 2. Changing of  temperature in the first six precipitation experiments with CO2 
addition to the leached liquors at different volume flow rates and stirring speeds  

(exp1.:CO2 5L/min, 700rpm, exp.2.: CO2 5L/min, 1000rpm, exp.3.: CO2 5L/min, 1400rpm, 
exp.4.:CO2 1L/min, 700rpm, exp.5.: CO2 7L/min, 700rpm, exp.6: CO2 10L/min, 700rpm) 

 
The small open circles in Figure 2 indicate those approximate residence times when the 

first observable signs (in turbidity) appeared. Prior to that there is the aqueous dissolution 
of CO2 followed by the nucleation of the precipitates from the (over)saturated liquors. This 
initial period was the longest (62 min) when the CO2 supply was the slowest at a stirring 
rate of 700 rpm (exp. 4.). Otherwise, in all the other cases the first deposits appeared after 
about 20 to 35 minutes. After each experiment the precipitates were removed by vacuum 
filtration and sent to chemical analysis in order to determine the recoveries of the metals 
(Zn and the co-precipitated other ones (Fe and Pb) in the solid products. 

In Figure 3 the changing of pH in the liquid phase is shown in the function of time with 
constant volume flow rates of CO2 supply. It can be seen in Figure 3 that the pH values 
were decreasing in all the cases (exps. 2, 4, 5 and 7) depicted here, because of the hydroly-
sis reaction of CO2 gas with the formation of the weak acid of H2CO3 in the solution to-

gether with its dissociation products ( –
3HCO  and 2

3CO − ) which, at least partially, are ca-

pable to replace the complexing molecules of NH3 being coordinated around the Zn2+ 
cations, and so enforce the formation of the insoluble precipitates of zinc carbonates. Liber-
ating out from the coordination spheres of Zn2+ cations, the so disengaged molecules of 
ammonia in solution can then get combined with the dissolved molecules of CO2 (in an 
aqueous neutralization reaction), hence in the course of the pH curve there appears an in-
flexion point after which the pH approaches constant values at around 8.2 to 8.5 depending 
also on some other conditions of the experiments. 
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Figure 3. Changing of pH during precipitation with CO2 addition 
(exp.2.: CO2 5L/min, 1000rpm; 

exp.4.:CO2 1L/min, 700rpm; exp.7.: CO2 5L/min, 700rpm; exp.5.: CO2 7L/min, 700rpm,) 
 

Figure 4. Changing of  solution conductivity during precipitation with CO2 addition 
(exp.2.: CO2 5L/min, 1000rpm, exp.4.:CO2 1L/min, 700rpm, exp.5.: CO2 7L/min, 700rpm, 

exp.7.:CO2 5L/min, 700rpm) 
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During the precipitation experiments the electrical conductivities of the zinc containing 
liquors were also recorded and their increasing tendencies are clearly seen in Figure 4 for 
all the systems illustrated here. In the initial periods it can be explained with the increasing 
number of free ionic species due to the dissolution of CO2, and the inflexion points can then 
be associated with the appearance of new phases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Recovery rates (in wt.%) of the three major metallic constituents  
(Zn, Pb, Fe) of the precipitates obtained by CO2 addition to the leached liquors 

 
In Figure 5 the recovery rates of zinc and two other major contaminating co-

precipitated metals (lead and iron) are also shown together with the principal experimental 
conditions. And, it should be noted here, that though the ammonia-ammonium carbonate 
leach-grinding digestion procedure was found really highly selective for the solubilization 
of zinc, but still some varying amounts of other metals (<2% of Fe and 2 to 50% of Pb etc.) 
went also into the leached liquors. Moreover, as the recovery rates of zinc with CO2 pre-
cipitation was also found not high enough (between 37 and 58%), hereinafter, we have tried 
to reveal the reason by designing and performing further laboratory experiments based on 
so-called model aqueous solutions prepared from pure chemical compounds of the leaching 
agents and that of zinc.  
 
3. Zinc precipitation experiments from model solutions  
 

From the several metals present in the EAF dusts and more or less soluble in ammonia-
ammonium carbonate leaching solutions, only the zinc was selected for the preparation of 
the model solutions, which were prepared in similar concentration ranges to the ‘real’ ones 
described above. It was also aiming at here to determine the highest achievable metal re-
covery values in the precipitates for zinc. 

Therefore, another set of precipitation experiments was designed with model solutions 
and carried out using another apparatus which was constructed at the Department of Non-
Ferrous Metallurgy, University of Miskolc, based on the installation used in Magdeburg 
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(Figure1). The model solutions had the following initial concentration: c/NH4OH/ ≈ 3,9 
mol/dm3; c/(NH4)2CO3/ ≈ 2,7 mol/dm3; c/ZnO/ ≈ 0,9 mol/dm3. The CO2 set flow value was 
4 L/min, the stirring rate was 400rpm and the temperature was varied (12, 20 and 40 °C). 
Temperatures and pH values inside the reactor were recorded by an NI DAQ-6008 USB 
data collector module. After about 2.5 hours of experimenting (residence time for precipita-
tion) the solid phases were separated from the liquid by vacuum filtration, then the liquid 
portions were chemically analyzed by atomic absorption spectrometry.  
 

 
 

Figure 6. The home-made precipitation reactor assembled  
at the Department of Non-Ferrous Metallurgy at University of Miskolc 

 
Again, quite many sets of experiments were done of which only the results of the most 

representative ones are illustrated here and compared with those obtained during the pre-
cipitation experiments with the real EAF dust leaching solutions. In the case of the model 
solutions the pH values of precipitation was measured in between 8.4–9, which range is 
very close to the 8.2–8.6 found for the real solutions. Here as well the curves depicting the 
values of pH vs. time (Figure 7) showed some kind of inflexion points which are also asso-
ciated with the appearance of a new phase in the model systems. 

Working with the model solutions, the percentage values of zinc recovery were as low 
as 20…38%, while the same recovery values were around 37…58% in the case of the real 
solutions. This latter higher recovery rates can be explained by the differences in the design 
and construction of the two laboratory precipitation reactors as for example the supply of 
CO2 gas could not be so well and homogenously dispersed with the home-made Miskolc 
apparatus as with the more professional one used previously in Magdeburg. Another prob-
able reason of the somewhat higher zinc recoveries found in cases working with real solu-
tions might be the co-precipitation reactions of the other metals present in the real liquors 
obtained after leach-grinding of the industrial EAF dust samples. 
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Figure 7. Changing pH values during the course of precipitation both with model solutions 
(Exp. 4 and 5) and the “real” ones obtained by EAF dust leaching 

 [Exp. 2 (Magd) and Exp. 4 (Magd.)] 
 

 
 

Figure 8. Zinc metal recovery rates (in wt.%) obtained with CO2  
precipitation from model solutions prepared from pure chemicals  

of zinc ammonia and ammonium carbonate in water  
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In the course of the successive precipitation experiments on model solutions we were 
able to improve the technique of CO2 supply, hence its dispersion efficiency as well, and it 
must have been the main reason of the increasing tendency of Zn recoveries observed in the 
subsequent experiments (shown from Exp. 4–5 to Exp. 8–9 in Figure 8). Assuming that 
most of the precipitate should contain the thermodynamically most stable solid compounds 
of zinc in such systems, the temperature dependence of the equilibrium constant of the 
following precipitation reaction was also examined [9]: 
 
5[Zn(NH3)4]CO3(aq) + 17CO2(g) + 23H2O = Zn5(OH)6(CO3)2(s) + 20NH4HCO3(aq)  
          (3) 
 
and it was found that it slightly decreases with increasing temperature, hence higher Zn 
recoveries are expected to occur at lower temperatures, which was indeed the case at the 
lowest temperature (12 °C) studied experimentally as well. 
 
4. Experiments on steam distillation 
 

The aim of the third part of our experimental investigations was to study the recovery of 
zinc from those zinc-laden residual solutions which are left behind after the precipitation 
procedure by CO2 addition. For this the technique of the so-called steam distillation was 
chosen and tested. Here, in principle, the decomposition of the zinc ammonia complex can 
be described by the following reaction: 

 

           3 4 3 2 3 2 3 25 ( ) 3 2 3 ( ) 20 3Zn NH CO H O ZnCO Zn OH NH CO+ → ⋅ + +   (4) 

 
While feeding hot steam into the zinc containing solution, the zinc ammonia complexes, as 
well as ammonia (NH4OH) and the dissolved ammonium carbonate and hydrocarbonate 
components would all degrade. As a result, the ammonia (NH3) and carbon dioxide (CO2) 
gaseous degradation products will leave the system together with the purging water steam.  

Here again, for this purpose as well a new home-made simple laboratory apparatus was 
assembled and the feasibility of steam distillation for the given model solutions were stud-
ied in some more experimental trials. 

During warming up the solution up to about 90 °C with bubbling through the hot water 
steam, there was not any noticeable amount of solid precipitates, but as the temperature of 
the solution reached that value (in about 38 minutes) the solution became opalescent and 
after about 55 minutes, when also the first samples were taken for chemical analysis, the 
rate of the zinc precipitation became quite spectaculous. Finally Figure 9 also clearly shows 
that the rest of the solution zinc-content remained dissolved after the previous precipitation 
step (by bubbling CO2 through the solution) could be fully recovered in about 70 minutes 
by steam distillation. Of course, the ammonia and CO2 driven out together with the hot 
water steam should concurrently be properly collected, after which the reclaimed and re-
generated aqueous ammonia ammonium carbonate can be sent back and utilized again in 
the primary leaching step in a closed system. 
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Figure 9. Progress of zinc precipitation of solid zinc compounds during steam distillation 
from ammonia ammonium carbonate solutions baren with soluble zinc complexes 
[the values in g/L concentration show the analyzed Zn-content in the liquid phase] 

Conclusions 
 

In the course of the three different sets of our laboratory experimental work the major 
conditions of zinc precipitation from zinc containing aqueous ammonia-ammonium carbon-
ate solutions were examined using zinc baring real liquors obtained by the leach-grinding 
REDILP-type digestion of some industrial EAF dust samples as well as by testing some 
model solutions of similar initial composition but without any other slightly soluble con-
taminating compounds like iron and lead.  

At first, the solutions prepared from pure chemicals (so-called model system), as well as 
the leached liquors obtained from the EAF dust (Bous) REDILP leach-grinding experi-
ments were tested in stirred laboratory precipitation reactors equipped with dosing inlets to 
supply and dissolve gaseous CO2 as a precipitation agent. As the recovery rates were insuf-
ficiently low in both sets of precipitation experiments with carbon-dioxide, the hot water 
steam distillation technique was also tested to determine its feasibility and efficiency in 
recovering zinc from such solutions.  

In this respect it was proved experimentally that steam distillation is indeed a very effi-
cient technique to induce decomposition of the soluble ammonia complexes of zinc and 
trigger its precipitation in the form of its most stable insoluble solid zinc carbon-
ate/hydrocarbonate compounds from such aqueous systems. In the same time the water 
steam drives out part of the dissolved ammonia and CO2 too, which must be recovered in a 
closed system then can be send back for leaching. 
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Even though the leaching selectivity of ammonia-ammonium carbonate system is rela-
tively high for dissolving at least part of the zinc content (mostly zincite) from the EAF 
dust, but our experimental study also revealed the complexity of this approach. However 
based on the experimental results the presented data could help to design a viable flow-
sheet of a feasible process to recover zinc, but it is essential that it should be a proper com-
bination of several techniques. 
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