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Abstract Millions of tons of iron precipitation residues, predominantly jarosite, are
accumulating in the primary zinc or primary precious metals industry every year.
Regardless of environmental concerns the material is land filled in almost any case,
although valuables such as indium, silver, gold, nickel, or zinc are present in consid-
erable amounts. Within the presented research, CO2-optimized multi-metal recovery
from the residue jarosite by means of a selective chlorination extraction has been
evaluated not only by executed experiments but also by a multidimensional simu-
lation of possible process parameters, utilizing a Python algorithm in combination
with automated FactSage process step simulation. This allows a simultaneous itera-
tion of relevant reaction parameters such as temperature, pressure, stoichiometry, or
variation of additives and with this offers a high degree of freedom in the choice of
evaluated reactants. The paper will outline a selection of possibly recovered special
metals and the best choice of additives and process parameters.
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Introduction

Throughout the nonferrous industry several examples are known where the element
iron must be removed in course of the production of the main metal. In most cases,
it forms or is a component of a generated residue, such as red mud from aluminium
industry, fayalitic slag from copper industry, or precipitation residues from zinc or
also nickel industry. While slags can find their utilization in various fields, such as
building material, as sand blasting agent, or substitutes in cement clinker, the sludges
obtained during hydrometallurgical precipitation processes are subject to be are often
sent to landfill.
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A common method to precipitate iron from sulphatic solution is the jarosite
process, named after its formed mineral during the removal step [11]. This method is
applied, next to other possible forms of precipitatedmineral structure such as goethite
or hematite, in the hydrometallurgical zinc production or also after the leaching of
the nickel matte in course of the nickel and precious metals production [1]. Aside
of the separation of iron as a basic iron sulphate also other present metals can be
co-precipitated or adsorbed on the iron product and consequently removed from
the remaining sulphatic solution. It is documented that an incorporation of valuable
elements, such as indium, silver, nickel, or also arsenic and cobalt into the jarosite
structure, can occur in the precipitation product [3, 4, 6, 8] in the sameway as in natu-
rally occurring jarosite minerals [2]. As a consequence, valuable and technologically
important metals are lost, due to the dumping of such process residues.

Several strategies were investigated in the past to face increasing needs regarding
ecological and economical improvements of the current situation, including concepts
for immobilizing hazardous elements, recovering valuable elements, andminimizing
the residual amount by utilizing the precipitate, for instance, as a substitute material
in the building industry [7]. Till today only the jarofix process gained industrial
scale but represents only an immobilizing strategy without any recovery of valuable
elements.

Based on a previous pyrometallurgical investigated concept ([13], Wegscheider
und Steinlechner) for the recovery of valuablemetals from iron precipitation residues
by mixing with electric arc furnace dust as a chlorine source and carbon as reducing
agent, the present paper describes a concept, which waived the use of carbon as
a reducing agent and therefore represents a CO2-optimized recovery strategy for
the recovery of selected valuable elements. The approach followed is a selective
chlorination of specific metals, while leaving behind the main constituent of jarosite,
the iron compounds. Therefore, the thermochemical behavior that iron chlorides are
only moderately stable compared to silver or indium chloride is fundamental.

Materials and Methods

The investigatedmaterials fromboth zinc and nickel industries are iron precipitates in
the form of a jarositemineral, generated in course of an iron extraction from sulphatic
process solution. While the adherent or co-precipitated elements are differing, the
general mineral formular for both is the same, which is XFe3(SO4)2(OH)6•mH2O.

The basic iron sulphate has a monovalent cation on the X-position, which can be
represented by K+, Na+, NH4

+, Ag+, ½ Pb2+, and H3O+, for instance. Similar than in
nature also the precipitate forms different kinds of jarosite depending on what cation
is added or what impurities are present in the process solution.

The investigated jarosite from zinc industry representsmainly a sodium and potas-
sium jarosite with a small rest amount of plumbo- and hydronium-jarosite. The
one from nickel industry was precipitated as ammonium jarosite indicated by the
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Table 1 Range of elemental analysis of investigated jarosites from zinc- and nickel industry

Element [wt-%]

Jasrosite from Fe3+ Fe2+ S Na + K Zn Ag In Ni Pb

Zinc industry 21–26 0–1 11–12.5 4–4.5 3.7 0.022 0.023 – 1–1.5

Nickel industry 42–46 0–2 6.5–8 0.1 – – – 3 –

absence of sodium and potassium, which can be seen in Table 1 summarizing the
main elements from elemental analysis.

The related XRDplots summarizing the phases in thematerial are shown in Fig. 1,
where (a) is the jarosite from zinc industry and (b) the one from nickel industry.

It is known from literature [6], Wegscheider und Steinlechner [5], that a thermal
treatment leads to a stepwise decomposition of the jarosite structure, which was
proved by own investigations carried out at a Netzsch STA 409 Pc under inert as
well as oxidizing atmosphere for both materials. Figure 2 shows the result for the
jarosite from nickel industry under inert (Argon) atmosphere, which was heated up
to 1000 °C. Typically, three main steps can be observed, which partly vary in their
temperature range because of different occurring jarosite types [7].

NaFe3(SO4)2(OH)6 · mH2O → NaFe3(SO4)2(OH)6 + m{H2O} (1)

NaFe3(SO4)2(OH)6 → NaFe(SO4)2 + Fe2O3 + 3{H2O} (2)

NaFe(SO4)2 → Na2SO4 + Fe2O3 + 3{SO3} (3)

However, the evaporation ofmoisture can be observed below200 °C, the following
split and removal of OH-group follows up to 450 °C and between 600 and 850 °C the
SO3 is removed [10], illustrated by Eqs. 1, 2 and 3 exemplarily for a sodium jarosite.
This in parallel leads to a release of incorporated elements in the jarosite structure,
such as indium sitting on the iron position or silver as well as lead incorporated at the
cation position. Also, other reactions of decomposition can occur in parallel, which
then overlay the jarosite decomposition.

The decomposition of the jarosite structure forms the base for a number of
accessible valuable side elements for the investigated selective chlorination process.
The chlorination reactions take place without any addition of carbon as reducing
agent which entails a significant reduction of the process greenhouse gas emissions
compared to other research concepts.

The target of the present investigation is the evaporation of valuable elements
from a jarosite material as a result of the formation of a volatile chloride compound.
Furthermore, the iron should be left behind to form a high Fe-containing side product
next to the collected valuable metal chloride dust.

Due to the number of possible process parameter combinations and the aim to
determine the optimum reaction mixtures, parameters, and influencing factors, the
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Fig. 1 a Left: XRD jarosite material from zinc industry bRight: XRD jarosite material from nickel
industry

thermochemical software package FactSage with its integrated Equilibrium module
was used together with a Python algorithm for data evaluation [9]. Non-chloride-
containing additives, atmospheres, chlorine carriers, treatment temperatures, and
stoichiometry factorswere evaluated. The calculation assumes a thermal decomposed
jarosite as starting condition. For the easier evaluation of the best conditions for a
high extraction of valuables, a so-called Valex-factor was introduced, representing
a monetarily weighted extraction rate of all available valuable metals, illustrated in
Fig. 3 by the solid green circles. Additionally, the loss of iron to the gas phase was
calculated, represented by the solid red circle. The black line represents a theoretical
extraction of 100%.
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Fig. 2 Thermogravimetric analysis in a Netzsch STA 409 Pc of the jarosite from nickel industry
under argon atmosphere

Fig. 3 Influence of temperature and chlorine stoichiometry on valex (green) and iron extraction
(red) for a jarosite from zinc industry, the black circle represents a value of 1.00 [9] (Color figure
online)

The parameter study in FactSage [9] showed that a temperature above 800 °C
is required to obtain a satisfying valuable metal extraction yield by chlorination. It
further was shown that trivalent chlorides have a better performance thanmonovalent
or bivalent chlorides.

To verify the theoretical results, lab-scale experiments were performed. AlCl3 and
MgCl2 were selected for further investigations. The design of experiment is shown
in Table 2.
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Table 2 DoE for the selective chlorination and evaporation of valuables from Jarosite

Temperature [°C] Investigated jarosite material Chlorine carrier

From zinc industry From nickel industry AlCl3 MgCl2

Stoichiometry of
addition

900 X – 2, 4, 6 2, 4, 6

1100 X X

Summarizing the experimental procedure twofolds, fourfolds, or sixfolds, the
calculated stoichiometric amount of the required chlorine compound, either AlCl3
or MgCl2, were added to the dry jarosite material. In the case of jarosite from zinc
industry, a treatment temperature of 900 and 1100 °C was investigated, while in the
case of jarosite from nickel industry only 1100 °C was chosen. All used chlorides
were technical laboratory quality and due to their stability in hexahydrate form.

For the jarosite from zinc industry, the required amount is based on a total chlo-
rination of Zn, Pb, Cu, Ag, and In and additionally assumed 5% of the iron amount,
as this chlorination reaction cannot be avoided completely although it is the least
stable chloride. In the case of precipitate from nickel industry Ni and 5% of the iron
content was used as a base for calculation.

The jarosite and chlorination agent were intensively mixed in a mortar and 80 g
of mixture per experiment filled in a MgO refractory crucible. The crucible was then
charged into a resistance heated furnace operated under oxidizing atmosphere (air),
which was already pre-heated to the treatment temperature of 900 or 1100 °C. After a
treatment time of 30 min, the hot crucible was removed from the furnace and cooled
down. The mass loss was measured during the experiment with a scale linked to the
bottom of the furnace. The final step was the calculation of extraction rates based on
the chemical analysis of the original and treated material, considering the decreased
mass of material after the experiment.

Results and Conclusion

Figure 4a–c shows the obtained extraction rates of the lab-scale experiments of Pb
and Zn for the treated jarosite from zinc industry, for the addition of magnesium
chloride and aluminium chloride, at 900 as well as 1100 °C. Deviating from the
FactSage calculation, a temperature of 900 °C does not lead to a complete extraction
of valuables, which might be a subject of not perfectly mixed reaction material or
also due to imperfect conditions leading to kinetic effects. As can be seen in the left
segments in Fig. 4a, b, the extraction of iron in trials with AlCl3*6H2O is not given as
it could not be qualitatively confirmed by analytical fluctuations. The values fluctuate
around the value 0, it can therefore be stated that the extraction of iron was very low,
compared to the experiments with MgCl2*6H2O. The increase of temperature in
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both cases of additives lead to a significant increase in the extraction of Zn and Pb.
The iron loss increases with higher temperature and tendentially is higher in case
of MgCl2*6H2O, at the same time the extraction rates of Zn and Pb in the case of
magnesium chloride addition are significantly higher.

Figure 4d shows the result of the experiment with nickel jarosite at 1100 °C.
Higher extraction of both iron and nickel was achieved when using MgCl2*6H2O
compared to the addition of AlCl3*6H2O, similar to the results with material from
zinc industry. The highest nickel extraction (45%) was achieved using the sixfold of
the stoichiometric ratio.

Comparing the results of zinc and lead with the nickel extraction rate it is obvious
that the extraction via selective chlorination is more efficient at given conditions for
zinc and lead.

Considering the theoretical achievable iron content of the remaining iron
compound (treated jarosite) also an iron chloride addition is meaningful from the

(a) (b)

(c) (d)

Fig. 4 a-c Extraction rates for Zn, Pb, and Fe for the experiments with jarosite from zinc industry
at 900 and 1100 °C for a two times, b four times, and c six times stoichiometric addition of chlorine
carrier; d Extraction rates for Ni and Fe for the experiments with jarosite from nickel industry at
1100 °C for two to six times stoichiometric addition of chlorine carrier
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point of view of no new introduced impurity, which limits a possible utilization.
Also, the low stability of iron chloride compared to the other targeted formed valu-
able metal chlorides and its trivalent state promise good extraction yields but must
be proofed by an additional campaign.
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