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Abstract: Due to the aggravating situations regarding climate change, resource supply, and land
consumption by the landfilling of residual materials, it is necessary to develop recycling processes
that allow the recovery of valuable metals from industrial residues with significantly reduced CO2

emissions. In this context, it is conceivable that processes using chlorination reactions will be of
importance in the future. The simultaneous selective chlorination and evaporation of nine valuable
metals was evaluated theoretically and experimentally in small-scale STA trials; then, it was tested
practically on six different iron precipitation residues from the zinc and nickel industries. The metal
chlorides FeCl3·6H2O and MgCl2·6H2O were identified as the most effective reactants, resulting in
high extraction rates for the metals In, Ag, Zn, Pb, Au, and Bi, while lower yields are achievable
for Sn, Cu, and Ni. Iron, which is predominant in volume in the residual materials, shows lower
chlorination tendencies which allows the effective separation of the valuable elements of interest
from the iron containing matrix.

Keywords: selective chlorination; jarosite recycling; multimetal recovery; CO2 reduction

1. Introduction

Among humanity’s greatest challenges for the next generations is the shift to CO2-free
processes for energy generation, transportation, and the production of basic materials and
goods for the globalized society. A key role in this context is assigned to industry, since
many processes depend on the use of carbon not only as an energy source but also as a
chemical reactant. Another critical aspect of heavy industry is the continued landfilling of
various residual materials. For Europe, the resource issue is essential, as the continent is
already dependent on exports for many technology materials. In the long term, the global
and especially the European markets are facing the absolute necessity of developing recy-
cling processes for the recovery of valuable metals which emit significantly less greenhouse
gas emissions during the process. A category of waste materials that are predominantly
immobilized and disposed without recovery of the contained valuable metals are iron-
containing precipitation residues such as jarosite and goethite, which are generated in the
course of the hydrometallurgical production of zinc and nickel. Jarosite precipitation is
by far the most important method for iron removal. The formed precipitates have the
mineralogical structure XFe3(SO4)2(OH)6 with X being represented by monovalent cations
such as Na+, K+, NH4

+, and H3O+ or valuable elements such as Ag+ or 1/2Pb2+ [1–3].
Goethite describes an iron hydroxide with the formula FeO·OH [3]. In the precipitated
products of the zinc industry, significant amounts of zinc and lead can be found as well as
lower concentrations of indium, silver, copper, and other valuable elements [4–7]. Jarosites
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from the nickel industry contain nickel [8] and arsenic. Over the past decades, a variety
of methods have been developed for the processing of iron precipitation residues [9]. The
only globally used process is the immobilization of jarosite in the so-called Jarofix process,
in which the material is chemically stabilized by the addition of Portland cement, lime, and
water and subsequently landfilled. Approaches were investigated where jarosite is mixed
with clay, fly ash, and water [10,11] or marble processing rejects [12] to produce brick mate-
rials for building purposes. Other research stated the possibility of producing materials
for road or dump construction by mixing jarosite with ferrous slags [13,14]. Furthermore,
the residue can substitute sand in concrete mixtures [15]. Jarosite from the nickel industry
was successfully tested as an alternative substitute for gypsum in cement mixtures [16].
For goethite, a concept was introduced whereby the material is mixed with blast furnace
and converter slag, leading to the formation of a hard rock-like material [17]. The majority
of research projects for the recovery of valuable elements or conversion of the residue
into products were carried out in the field of hydrometallurgical treatment methods. The
bioleaching of jarosite residues bears the potential of recovering valuable elements with low
energy and chemicals consumption [18–20]. Furthermore, the materials can be converted
into magnetite or hematite, which for example can be used theoretically in the pigment
or iron and steel industry [21–23]. Alkaline leaching and the subsequent cyanidation of
precious metals, especially silver [5,24–27], the combined treatment of sewage sludge and
jarosite [28], leaching with NH4Cl to recover Pb, Cu, Cd, and Ag [6], roasting and flotation
to recover silver and anglesite [29], as well as the usage of resins [30] can also be considered
as relevant developments on a laboratory scale. The use of deep-eutectic solvents for the
recovery of zinc was investigated to treat goethite [31]. The residual materials can also
be treated in pyrometallurgical processes, whereby it was stated that a small number of
zinc-producing companies use common technologies such as TSL reactors or waelz kilns to
co-treat jarosite or goethite with other residues [32]. Other approaches such as the treatment
of zinc plant residues in plasma furnaces [33,34], the reduction and magnetic separation to
recover zinc [35], as well as the production of glass-ceramics from goethite [36,37] can be
named. However, there are no generally applied methods on an industrial scale—although
some zinc plants were reported to process a part of their iron precipitation residues, they
remain exceptions. The chlorination of valuable elements was as well proposed in the field
of recycling precipitation residues, stating that indium can be extracted as indium chloride
at temperatures over 800 ◦C [38]. This was subsequently confirmed in small-scale trials,
where electric arc furnace dust as a chlorine carrier and coal were added to jarosite waste
and treated at 1100 ◦C, leading to the extraction of silver, indium, and lead in noteworthy
extents [39]. A similar approach focused on the simultaneous extraction of zinc, lead,
copper, indium, and silver by mixing jarosite with coal and CaCl2 as a chlorine-bearing
additive [40].

Generally, it can be summarized that processes in both categories bear significant
disadvantages. Hydrometallurgical approaches are generally designed for the recovery of
specific elements and often rely on narrow parameter ranges; the developed pyrometallur-
gical processes, on the other hand, are generally associated with the emission of greenhouse
gases whereby the implementation becomes questionable in the future.

The novel recycling approach presented in this paper is based on the chlorination
and extraction of valuable metals from the excess iron matrix of the precipitation residues
without the addition of carbon as a reactant. The schematic process flow sheet is provided
in Figure 1. The residues are mixed in their original or thermally treated (decomposed)
form with suitable metal chlorides and processed at moderate temperatures of up to
1100 ◦C. The underlying principle of the extraction is the fact that the metal chlorides
evaporate at significantly lower temperatures compared to their metallic or oxidic form.
Iron shows lower thermodynamic tendencies to chloride formation than the valuable metal
compounds contained in precipitation residues. Process control without carbon addition
results in significantly lower specific greenhouse gas emissions. Furthermore, the formation
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of problematic chlorine–carbon compounds is prevented. In addition, the treatment at low
temperatures does not result in the formation of liquid phases.

Figure 1. Concept flow sheet of the chlorination process for treating precipitation residues.

2. Theoretical Considerations and Thermodynamic Calculations

The potential of recovering valuable metals from residual materials by means of chlori-
nation has been demonstrated repeatedly. Indium can be recovered from spent LCDs using
polyvinyl chloride (PVC) [41,42] or aqueous HCl [43]; furthermore, the contained metals
in CIGS–solar cells (copper–indium–gallium–selenium) can be extracted to noteworthy
extents using chlorine gas or ammonium chloride [44]. Li et al. proposed the possibility
of recovering Au and Ag from cyanide tailings using CaCl2 [45]. Pyrite (FeS2) addition
positively influences the chlorination of Au as the formation of CaSO4 results in the libera-
tion of chlorine [46]. NH4Cl was stated to extract Zn via chlorination from steel mill dusts
(BOS) [47]; a similar approach was developed for recovering Zn and also Pb from EAFD by
treatment in an Ar-Cl2 atmosphere. Comprehensive investigations were carried out in the
field of chlorination of valuable elements from municipal solid waste (MSW) using HCl
for Zn and Pb [48], PVC for Cu, Zn, Pb, and Cd [49]. Furthermore, metal chlorides such as
NaCl, CaCl2, and MgCl2 were investigated, leading to noteworthy extraction of Cd, Cr, Cu,
Ni, Pb, or Zn [50,51].

In the course of this work, the reactivity of various solid metal chlorides for multimetal
recovery from an excess iron matrix was investigated. Metal chlorides are present in huge
extents worldwide and used in various applications. The six compounds NaCl, KCl, CaCl2,
MgCl2, AlCl3, and FeCl3 were investigated regarding their reactiveness for chlorinating
valuable elements from residual materials. It can be stated that the chlorination of a metal of
interest is highly dependent on the present form of the element chlorine itself. Hereby, three
different ways for supplying chlorine by metal chlorides can be cited, being the liberation
of gaseous chlorine, the liberation of gaseous hydrochloric acid, and the direct reaction of
the solid, liquid, or gaseous metal chloride compound.

For example, the chlorination of Zn from ZnO using gaseous HCl proceeds according
to the following reaction: ZnO + 2HCl (g)↔ ZnCl2 (g) + H2O (g). The demand of chlorina-
tion agent depends on the valency of the respective valuable elements. It is noteworthy in
this context that all mentioned chlorides except NaCl and KCl are strongly hygroscopic
(Ropp, 2013; Wiberg et al., 2007) and therefore are generally present in a partially hydrated
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form. Thermodynamic calculations which were carried out using the software packages
FactSage (Bale et al., 2016) and HSC Chemistry V10 (Metso Outotec) revealed that NaCl
and KCl are significantly more stable than the other compounds, showing no or very little
tendency for reaction with valuable metal oxides.

Calculations using HSC chemistry V10 show that the chlorides CaCl2, MgCl2, AlCl3,
and FeCl3 in their hydrated form (MeClx·nH2O) show a different behavior regarding
their ability to liberate gaseous hydrochloric acid. For the theoretical interpretation of the
equilibrium composition of chemical reactions in dependence of temperature, the Free
Gibbs Energy (Delta-G) can be considered, whereby negative values indicate that the
reaction proceeds in the given direction. For CaCl2 and MgCl2, there are three different
types of hydrates (nH2O with n being 2, 4, or 6), while for the trivalent chlorides AlCl3 and
FeCl3, solely the hexahydrate compounds are available in the used database. The values for
Delta-G in dependence of the temperature for both the solo or multiple-step dehydration
(splitting of water leaving the pure metal chloride) and the hydrolysis (splitting of HCl and
H2O leading to the formation of the metal oxide) are given in Figure 2. When assuming an
actual trial mixture to heat up to processing temperature, the depicted data suggest that
for the three chlorides MgCl2·6H2O, FeCl3·6H2O, and AlCl3·6H2O, the chemical driving
force is higher for liberating gaseous hydrochloric acid than for splitting of solely the
water groups (values of dashed lines are more negative than the ones of solid lines). For
MgCl2·6H2O, this accounts for all three possible steps of dehydration or hydrolysis. This
effect cannot be stated for CaCl2·6H2O, where the values for liberating water are more
negative at given temperatures, indicating that the compound is unlikely to set free the
highly reactive gaseous hydrochloric acid.

Figure 2. Calculated Delta-G values for hydrolysis or dehydration of the hydrated metal chlorides.
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The main aspect concerning the recovery of valuable metals by selective chlorination
and evaporation is the low evaporation temperature Tvap of the formed metal chlorides
compared to the elements in metallic or oxide form. Figure 3a shows the values for
Tvap of the elements of interest in various compound forms. Sulfate compounds are not
included because they would generally react to oxides under the liberation of sulfur–oxygen
compounds. All elements except silver evaporate completely as chlorides at temperatures
below 1000 ◦C. In this context, it must be pointed out that all chlorides have significant
vapor pressures even at lower temperatures, and extraction is effectively possible even
for silver, as will be shown below. In addition to the individual values for Tvap, the range
of the averaged values of all metals and oxides as well as those of the chlorides is shown.
The difference between the evaporation temperatures of the compound types is significant,
leading to the general conclusion that elements of value are effectively extractable in their
chloridic form. Furthermore, the software package FactSage with the database FactPS was
used to calculate the values for Delta-G for the reactions of the elements of interest as well
as iron in the form of oxides with gaseous HCl under formation of the metal chlorides, as
given in Figure 3b. Since the software considers the compounds in their most stable form
at given temperatures, the slopes of the curves change due to melting and evaporation.
The dashed red line shows the values of Delta-G for the reaction of Fe2O3. It can be stated
that the curve is in the positive area for the majority of the temperature range. This is
the theoretical basis for the selective multimetal separation from the iron matrix, which
accounts for 30–40% (elemental Fe) in the iron precipitation residues, depending on the
actual residue. The only other elements that show positive values are copper and nickel.
The reaction of indium is in equilibrium at temperatures over 600 ◦C (Delta-G = 0).

Figure 3. (a) Evaporation temperatures of the valuable metals in metallic, chloridic, and oxidic form;
(b) Delta-G values for reactions of metal oxides with hydrochloric acid.

3. Materials and Methods

To confirm the reactiveness of the assessed metal chlorides as well as the potential
extraction of multiple valuable elements, two different experimental approaches were
conducted. The behavior of all six metal chlorides NaCl, KCl, CaCl2·6H2O, MgCl2·6H2O,
AlCl3·6H2O, and FeCl3·6H2O in their pure form was investigated, using simultaneous ther-
mal analysis (STA). Furthermore, trials were carried out with mixtures of metal chlorides
and valuable elements of interest in form of oxides and sulfates. For an evaluation of the
concept with real residual materials, chlorination campaigns were executed in a muffle
furnace with untreated as well as pre-treated iron precipitation residues (decomposed
structure) in mixtures with specific metal chlorides, which were identified as effective.

3.1. STA Campaigns with Pure Substances

As part of the fundamental research, NaCl, KCl, CaCl2·6H2O, MgCl2·6H2O, AlCl3·6H2O,
and FeCl3·6H2O were analyzed using STA regarding their behavior for liberating chlorine
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or hydrochloric acid. For the STA trials with mixtures, the metals silver, indium, lead,
zinc, and nickel were investigated. The following oxides and sulfates in the form of pure
chemicals were used for the preparation of the following mixtures: Ag2O, Ag2SO4, In2O3,
In2(SO4)3, NiO, PbO, and ZnO. Based on the thermodynamic calculations performed
beforehand, the chlorides AlCl3·6H2O, FeCl3·6H2O, and MgCl2·6H2O were selected as
chlorination agents, respectively, for each of the metal oxides and sulfates. Furthermore,
In2O3 was mixed with NaCl, KCl, and CaCl2·6H2O to confirm the significantly lower
suitability of those chlorides (based on thermodynamic evaluations and the trials with
pure chlorides). According to the chlorination reactions described in the thermodynamics
section, the metal chlorides AgCl, InCl3, PbCl2, ZnCl2, and NiCl2 were expected to be
formed during chlorination. In reference to the stoichiometry of the reactions, the mixtures
were prepared using an excess molar amount of chlorine with a chlorination agent to
metal oxide/sulfate ratio of 1.5. The STA was performed using a Netzsch 409PC analyzer
with synthetic air (N2/O2 = 80/20) as purge gas and a flow rate of 0.3 L/min. Sintered
Al2O3 crucibles and a sample mass of 100 mg were used; all chemicals were purchased
in laboratory grade. All trials were carried out with a constant heating rate of 20 K/min
from 20 ◦C to a maximum temperature of 1000 ◦C, 1200 ◦C, or 1400 ◦C. The assessment
of the STA trials was conducted by evaluating the collected data (mass loss over time,
temperature) and comparing the real mass of the solid residual materials in the crucible to
the one expected based on theoretical calculations for each mixture.

3.2. Campaigns with Industrial Iron Precipitation Residues

Various iron precipitation residues were investigated and processed in defined mix-
tures in a muffle furnace (Nabertherm LT9/12) in a scale of 80 g. The main purposes for
the trial campaign consisting of 108 experiments are at first the identification of the most
effective chlorination agents for the extraction of specific metals as well as for the multi-
metal recovery from various industrial residues with partly low concentrations of valuable
elements. Furthermore, the influence of increasing the concentration of the respective
chlorination agent as well as higher process temperatures are evaluated.

The raw materials in use were jarosite and goethite residues of the zinc industry as
well as a jarosite residue originating in the nickel production. Each material was tested in
its original form as well as thermally pre-treated (calcined) in a muffle furnace at 800 ◦C for
five hours using air as atmosphere in order to decompose the mineral structures to simpler
oxidic and sulfatic compounds. Chemical analyses were conducted for the untreated as
well as for the pre-calcined materials at two accredited laboratories; the results are shown
in Table 1.

The chlorides AlCl3·6H2O, FeCl3·6H2O, and MgCl2·6H2O were used as chlorination
agents, which is premised on the thermodynamic calculations and STA trials.

The trial setup is the treatment of the mixture in an open crucible which is charged
into the furnace, leading to the evaporation of a share of chloride without taking part in
the targeted reactions. Furthermore, it has to be pointed out that chemical reactions do
not occur ideally. Therefore, the trials were carried out with an excess of chlorine supply.
The 2-fold of the total calculated stoichiometric chlorine demand for full chlorination of
considered valuable elements and 5% of iron was set as the base chlorine addition. As
it is of interest if the extraction of certain elements can be significantly increased by the
higher addition of the respective chlorides, the experiments were carried out with 2-fold
and 3-fold of the base value chlorine addition for all three chlorides.

It was assumed in the course of the calculations that the valuable element chlorides that
are formed during the treatment of jarosite, goethite, calcined jarosite, and calcined goethite
are AgCl, BiCl3, CuCl2, InCl3, KCl, NaCl, PbCl2, SnCl2, and ZnCl2. The chlorination of iron
in all trials was considered to an extent of 5%, forming the trivalent compound FeCl3. For
the trials with nickel jarosite (original and calcined), the chlorine demand was calculated for
the full chlorination of nickel and in turn 5% of Fe. The elements Na and K are considered
due to their partly high concentration in precipitation residues, which would lead to
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significant chlorine consumption due to their affinity for chloride formation. In reference to
these suppositions, the calculation of the mixture ratios for the trials was executed. Each
jarosite and goethite material, untreated as well as pre-treated, was mixed with each of the
mentioned chlorination agents in the three proposed mixing ratios. The resulting practically
used mixtures are shown in Table S1 (Supplementary Materials). R represents the amount
of residual material, and CA represents the mass of the respective chlorination agent. After
the preparation of a mixture of milled dry residual material and chlorination agent, an
amount of 80 g was filled into a silica crucible. The crucible was charged into a muffle
furnace at trial temperature where the mass decrease was tracked via an integrated balance.
Each mixture was tested at two different temperatures, 900 ◦C and 1100 ◦C, with air as
atmosphere. After 30 min, the crucible was removed from the furnace to cool down at
ambient air temperature, and the remaining solid residue was milled and analyzed. Test
data considered are mass loss and chemical analysis of the final material.

Table 1. Chemical analysis of the investigated original and calcined iron precipitation residues.

Concentration
[wt %] Jarosite Goethite Ni-Jarosite Jarosite

Calcined
Goethite
Calcined

Ni-Jarosite
Calcined

Structural Elements

Fe 25.6 ± 1.8 29.1 ± 1.9 36.6 ± 0.3 39.9 ± 1.7 36.6 ± 1.3 61.9 ± 2.3
S 13.83 ± 0.24 7.16 ± 0.33 6.38 ± 0.08 7.86 ± 0.04 6.61 ± 0.02 0.19 ± 0
K 2.77 ± 0.05 0.2 ± 0 0.08 ± 0.01 4.03 ± 0.05 0.23 ± 0.05 0.12 ± 0

Na 1.46 ± 0.06 <0.05 0.01 ± 0 2.24 ± 0.15 0.06 ± 0.01 0.15 ± 0.01
Ca 0.53 ± 0.02 4.78 ± 0.24 0.01 ± 0 0.78 ± 0.01 6.08 ± 0.03 0.01 ± 0
As 0.42 ± 0.01 0.19 ± 0.01 0.26 ± 0 0.63 ± 0.01 0.23 ± 0 0.45 ± 0.01
Mg 0.19 ± 0 0.15 ± 0 <0.01 0.30 ± 0 0.18 ± 0 <0.01
Al 0.37 ± 0 0.89 ± 0.03 0.19 ± 0.02 0.56 ± 0 1.10 ± 0 0.26 ± 0

Valuable Elements

Zn 3.57 ± 0.07 9.60 ± 0.21 0 5.37 ± 0.05 11.90 ± 0.08 0
Pb 1.26 ± 0 0.68 ± 0 0.06 ± 0 1.9 ± 0 0.84 ± 0 0.08 ± 0
Ni 3.08 ± 0.04 5.43 ± 0.26

[ppm]

In 591 ± 3 410 ± 9 0 882 ± 11 495 ± 9 0
Ag 282 ± 40 136 ± 32 0 403 ± 79 194 ± 26 0
Cu 2713 ± 25 9113 ± 67 47 ± 2 4053 ± 5 11,000 68 ± 2
Sn 1703 ± 26 308 ± 6 <20 2617 ± 52 376 ± 5 <20
Bi 941 ± 8 181 ± 2 17 ± 1 1440 ± 20 224 ± 3 28 ± 0

[ppb]

Au 367 ± 9 264 ± 13 73 ± 10 547 ± 18 333 ± 103 114 ± 8

Considering the chemical analyses of the used iron precipitation residues in the
mixture and the solid residues of each experiment, the calculation of extraction rates eEl for
the elements of interest in percent was performed according to Equation (1):

eEl =

(
1−

xEl(Fin) ∗mFin

xEl(Res) ∗mStart ∗ fR

)
∗ 100% (1)

where mStart is the mass of the mixture (g), fR is the respective share of precipitation residue
in the mixture, and mFin represents the mass of final solid residue from the chlorination
treatment (g). Furthermore, xEl(Res) represents the concentration of element El in the iron
precipitation residue (wt %), and xEl(Fin) represents the concentration of element El in the
final solid residue (wt %).

Due to the high number of calculated extraction rates in trials with residues for the
zinc industry and the resulting difficulty in evaluating the overall process performance,
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an evaluation factor was calculated that summarizes the respective extraction rates as a
function of the element concentration and the current market price of the metals. The factor
(Equation (2)) is referred to as valex (value extraction) and enables the evaluation of the
tests in monetary terms with regard to the simultaneous recovery of all considered valuable
metals. The elements considered in calculating the valex values were In, Ag, Zn, Pb, Cu, Sn,
Au, and Bi. The calculated valex factor ranges from 0 to 1 whereby it has to be stated that
the amount of residue in the mixture is not considered, therefore giving only information
of the extraction itself but not on the actual economic performance. The valex factor can be
interpreted as the theoretic recovery of economic potential from the respective trial mixture.

valex =
∑ xEl(Res) ∗ PEl ∗ eEl

∑ xEl(Res) ∗ PEl
(2)

PEl represents the following respective market prices as of December 2021 as given
in Table 2.

Table 2. Market prices of the considered metals as of 29 December 2021.

Metal Ag [52] Au [53] Bi [54] Cu [55] In [56] Pb [57] Sn [58] Zn [59]

Price [€/kg] 640 50,900 6.41 8.5 390 2.04 35 3.16

4. Results
4.1. STA Trials

The objective of testing pure metal chlorides is to gather information on their potential
as chlorine-liberating compounds. Figure 4a depicts the mass loss in the STA trials with
NaCl and KCl showing full evaporation within the maximum temperature range. The
whole amount of sample material was evaporated, indicating no release of chlorine. The
highlighted peaks in the DTA signal show the melting points of the chlorides. The assumed
behavior that CaCl2·6H2O reacts to CaCl2 (no splitting of HCl) was confirmed according to
Figure 4b. The theoretical remaining mass when reacting to CaCl2 was calculated (black
horizontal line), which covers precisely with the experimental curve. MgCl2·6H2O shows
the opposite characteristic as the curve covers with the theoretical value for remaining
MgO (evaporation of HCl). Both reactions appear to proceed stepwise. Figure 4c depicts
the mass curve for the trial with AlCl3·6H2O, which shows one continuous mass drop to
the exact theoretic value of the remaining Al2O3 (full liberation of HCl). For FeCl3·6H2O,
the mass decrease appears in steps, and the final experimentally determined mass is
below the theoretical value, which could be attributed to the fact that HCl is not entirely
liberated, leading to the partial evaporation of FeCl3 itself. This is in line with the theoretical
evaluations illustrated in Figure 2, where the two curves of reactions with FeCl3·6H2O
(hydrolysis and dehydration) are almost identical at lower temperatures. The data in
Figure 4d, which summarize the trial series with In2O3 and all six chlorides, confirm that
NaCl and KCl are not suitable for chlorination, as the remaining mass is very close to the
calculated values for remaining In2O3 (no chlorination reaction). In a mixture of In2O3 and
CaCl2·6H2O (green line), a first mass decrease, which is associated with the splitting of
water, is followed by a stable period up to 1100 ◦C and a subsequent mass decrease, which
is not completed at the final temperature of 1400 ◦C. This can be attributed to a reaction of
liquid CaCl2 with the present indium oxide followed by the evaporation of InCl3. However,
compared to the trials with MgCl2·6H2O, AlCl3·6H2O, and FeCl3·6H2O, the result is poor,
as they show almost full chlorination and evaporation (first two mentioned) and a precisely
covering curve for iron chloride.
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Figure 4. Results of STA experiments with (a) monovalent, (b) bivalent, and (c) trivalent metal
chlorides; (d) comparison of thermogravimetric tests with indium oxide (1.5 times stoichiometric
chlorine extent).

Figure 5a–f confirm the practical effectivity of the three utilized chlorides MgCl2·6H2O,
AlCl3·6H2O, and FeCl3·6H2O as chlorination agents for further assessed valuable metal
compounds. As depicted, silver chlorination (Figure 5a) proceeds effectively according to
the fact that the curves cover with the theoretical remaining mass values for the chlorine
carrier oxides. This is in order with the findings in Figure 3a where silver chlorination
shows the highest thermodynamic driving force of all elements. As assumed, evaporation
starts at elevated temperatures compared to the trials with In2O3 (Figure 4d), ZnO, and PbO
(Figure 5b,c). The chlorination of NiO works insufficiently with the actual mass loss being
significantly lower than the theoretical calculated values (Figure 5d). In mixtures where
indium is present as sulfate, as shown in Figure 5e, it is observed that chlorination seems
to be hindered, as the experimental final mass is significantly higher than the calculated
values. For silver sulfate (Figure 5f), the effect is not as pronounced but still detectable
compared to trials with silver oxide. It is noteworthy that in both campaigns, the three
curves show mass drops in the same order with rising temperature (Fe before Al before
Mg), which can be attributed to the splitting of SO3 (SO2 + 1/2O2, respectively). This is
in line with findings in the literature stating decomposition temperatures of 530 ◦C for
Fe2(SO4)3 [60], 610 to 990 ◦C for Al2(SO4)3 [61], and 1085 ◦C for MgSO4 [62].
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Figure 5. Thermogravimetric experiments with mixtures of (a) Ag2O, (b) ZnO, (c) PbO, (d) NiO,
(e) In2(SO4)3, and (f) Ag2SO4 and the three investigated chlorides MgCl2·6H2O, AlCl3·6H2O, and
FeCl3·6H2O.

4.2. Campaigns with Industrial Residues in a Muffle Furnace

The calculated valex values in Figure 6a,b show that MgCl2·6H2O is the most effective
chlorination agent for jarosite and calcined jarosite at the base chlorine addition factor. For
all reaction systems, the yield is increased with rising temperature; when using FeCl3·6H2O,
it appears to be significantly increased by higher rates in the mixture (except for calcined
jarosite at 900 ◦C). AlCl3·6H2O shows the poorest outcome with very low valex values
of slightly over 0.3 for the base chlorine addition. For goethite and calcined goethite
(Figure 6c,d), the valex values are generally higher and less diverse with base chlorine
addition; trials at 1100 ◦C again deliver better results compared to those at 900 ◦C. Yields are
increased to over 90% when tripling the base addition of FeCl3·6H2O for both residues. In
mixtures with MgCl2·6H2O, the multimetal recovery is higher when doubling the chlorine
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supply and subsequently decreased (goethite) or stagnating (calcined goethite) for the
three-fold addition. AlCl3·6H2O again appears to be the weakest chlorination agent.

Figure 6. Calculated valex values of trials with precipitation residues from the zinc industry at 900
and 1100 ◦C. (a) Jarosite; (b) Jarosite calcined; (c) Goethite; (d) Goethite calcined.

Figure 7 shows the individual extraction rates of the elements in trials at 1100 ◦C.
Every column is dedicated to a certain addition rate of the chloride (2Mg being the two-fold
of MgCl2·6H2O e.g.). Some elements such as gold and bismuth are generally very easily
extracted by both MgCl2·6H2O and FeCl3·6H2O. Indium, zinc, and lead are preferably
extracted in the presence of MgCl2·6H2O from all investigated residues. Silver is hard
to extract from jarosite as well as calcined jarosite, but high yields are achieved with all
three chlorides from goethite. Tin is almost entirely extractable with higher additions of
FeCl3·6H2O from jarosite.

Nickel extraction (Figure 8a) via chlorination from original nickel jarosite is generally
low with 35% being the highest yield when using the base addition of MgCl2·6H2O at
1100 ◦C and 38% for the three-fold rate in the mixture. The valex values when using
FeCl3·6H2O are significantly increased by higher additions from 7% (base) to 32% at the
three-fold base addition in the mixture. AlCl3·6H2O reveals poor results with extraction
rates of up to 18%. Extraction rates from calcined materials (Figure 8b) are lower with
values of 24% and 27% for two-fold and three-fold MgCl2·6H2O addition.

For all given trials, the extraction rates of iron and chlorine were furthermore calcu-
lated. Iron extraction is fluctuating whereby it is higher for trials with goethite materials.
The average iron extraction over all trials is 15%. Hereby, the selective chlorination of the
valuable elements is confirmed. As the chlorination of iron results in the generation of
FeCl3, which was proven to be an effective reaction agent, it is not interpreted to have a
negative impact on the process performance.

In general, chlorine is entirely removed for most trials. However, for experiments with
MgCl2, it was observed that significant amounts remained in the material, especially for
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trials with jarosite and calcined jarosite from the zinc industry. When treating nickel jarosite
(both original and calcined), chlorine was removed entirely in all trials.

Figure 7. Individual extraction rates in percentage in trials at 1100 ◦C with (a) jarosite and goethite
from the zinc industry in original as well as in (b) calcined form.

Figure 8. Extraction rates of nickel in trials with (a) original and (b) calcined jarosite from the
nickel industry.

5. Discussion

To cope with the drastic climate situation and security of supply for technology metals
in Europe, processes are needed that make valuable metals recoverable from residues
with the lowest possible CO2 emissions. In the course of thermodynamic calculations and
experiments using STA, as well as in comprehensive test campaigns in a resistance-heated
muffle furnace, the extraction of several valuable metals via selective chlorination was
demonstrated. However, the calculations and experimental investigations carried out only
provide information on the feasibility on a limited scale in a small experimental setting.

In experiments with pure substances by means of STA, the three metal chlorides
MgCl2·6H2O, AlCl3·6H2O, and FeCl3·6H2O that release chlorine in the form of gaseous
hydrochloric acid at increasing temperatures were identified as effective for chlorination.
FeCl3·6H2O has practically a lower tendency for hydrolysis; this finding is in agreement
with thermodynamic calculations. MgCl2·6H2O reacts in three hydrolysis and dehydration
steps to form MgO. AlCl3·6H2O splits off the bound crystal water and chlorine in one
single decomposition step. From thermodynamic calculations, it appears that the three
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other chlorides NaCl, KCl, and CaCl2·6H2O have lower chlorine liberation tendencies. This
fact was confirmed by the practical evaluations, which showed that the chlorination of
In2O3 is not or is insufficiently possible with those three reactants.

In trials with pure valuable metal compounds, silver was proven to have a high
chlorination tendency, but the extraction is aggravated by the high evaporation temperature.
The chlorination and extraction of In, Zn, and Pb from oxides is feasible in mixtures with
MgCl2·6H2O, AlCl3·6H2O, and FeCl3·6H2O, Ni shows poor chlorination behavior. In the
case of sulfate compounds, chlorination is more difficult as the chlorination agents react
under the formation of sulfate compounds which are subsequently decomposed. In general,
lower mobility of the formed intermediate phases SO2 or SO3 can also be mentioned as a
possible reason for the lower chlorination tendency. In the tests with real residual materials,
a different behavior is observed when abruptly heating the mixture by charging into the
hot furnace. AlCl3·6H2O seems to release chlorine completely already at low temperatures
due to rapid hydrolysis, where the reaction kinetics are still too low for chlorination. Only
MgCl2·6H2O and FeCl3·6H2O could be identified as effective for chlorination from residual
mixtures. Concerning a recycling process for iron precipitation residues, the addition of
FeCl3·6H2O is the preferred option, since no additional impurities would be introduced.

It is worth mentioning that silver can be almost entirely recovered from goethite and
calcined goethite by chlorination with MgCl2·6H2O and FeCl3·6H2O (extraction up to
97%). Zinc, lead, gold, and bismuth are extracted in high extents from all residues of the
zinc industry using the two mentioned chlorides. Nickel extraction from nickel jarosite
is comparably poor, yields are even lower when the material is thermally decomposed
before the experiment. MgCl2·6H2O is the most effective chlorination agent followed
by FeCl3·6H2O. For all assessed mixtures, the yield during chlorination is significantly
increased at 1100 ◦C compared to trials at 900 ◦C. Values for iron extraction are comparably
low in all trials with an average yield of 15%, confirming the potential of separation of
valuable elements from the excess iron matrix. Chlorine removal is effective in most trials
except when MgCl2·6H2O is used. The experiments served to determine which chlorides
are suitable in principle and whether multimetal extraction is possible while iron remains
in the residue. However, in the case of a potential large-scale implementation, many aspects
have to be taken into account, which were not more closely investigated in this context.
For example, the aggregate used must be heated externally or by a carbon-free burner
(potentially hydrogen). Furthermore, the decomposition of the precipitation residues and
the addition of the hydrated chlorides generate enormous amounts of water vapor. The
large amounts of gas make it difficult to filter the chloride condensates contained in low
concentrations. Furthermore, it is necessary to separate the resulting condensate fractions
to recover the individual valuable metals.

6. Conclusions

Multimetal recovery from precipitation residues using solid chlorination agents is a
promising recycling option. The best values are obtained for MgCl2·6H2O and FeCl3·6H2O
whereby higher chloride addition results in higher yields, especially when FeCl3·6H2O is
used. By processing in aggregates in which the chlorine-containing atmosphere is in contact
with the residual fraction for a longer time, significantly higher chlorination rates can be
expected whereby the chloride additions could be significantly reduced. Furthermore, it
is conceivable that the process could be carried out in the sense of combined recycling
with the addition of residues that contain the chlorides in appreciable concentrations. This
would result in a recycling process which, without the use of carbon as a process additive,
would make it possible to recover the valuable metals contained with high economic output.
Based on the investigation and positive process performance for precipitation residues as
well as for the thermally decomposed residues, applicability to other residual materials
is realistic.
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