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Method and plant for recycling metal oxides

The present invention relates to a method and a processing/recycling plant for recy-
cling metal oxides, in particular zinc oxides.

During the recycling process of coated, in particular galvanized, steel scrap, e.g. by
using electric arc furnaces, hereinafter referred to as EAF, hazardous industrial
waste material is produced that contains a significant amount of zinc.

EP 0 654 538 B1 and EP 1 088 904 B1 disclose a method to recycle such waste
material using a pyrometallurgical process that selectively volatizes zinc oxide to pro-
duce high zinc containing secondary raw material, known as Waelz oxide. This recy-
cling process is known as SDHL-Waelz process. However, due to the required coke
as reducing agent, the SDHL-Waelz process is carbon based and CO2 emitting.

US 5,013,532 A1 discloses a process for the separation and recovery of zinc,
wherein hydrogen is used to reduce zinc oxide to zinc metal. The zinc metal is swept
from the furnace dust and reoxidized to zinc oxide with simultaneous regeneration of
hydrogen. The hydrogen generated in this way is recycled during this process. How-
ever, the process disclosed has several flaws, such as a poor energy efficiency, a
poor efficiency regarding the utilization of reduction agent and an insufficient applica-
bility to an industrial-scale plant.

WO 98/18971 A1 discloses a method for separation and recovery of metals and
metal oxides from industrial minerals and waste materials containing zinc, lead, cad-
mium, arsenic, iron, mercury and selenium. The metals and metal oxides in dust form
are mixed with a reducing agent and additives, agglomerated, heated above 800 °C,
and contacted with a flow of inert, reducing or slightly oxidizing gas to volatilize the
metals and metal oxides for recovering separate from solid residual product.

It is a problem underlying the present invention to provide an improved method and
an improved plant for recycling metal oxides, in particular zinc oxides, from a raw
material, such as industrial residues, in particular flue dusts, sludges, scales and/or
filter cake, preferably wherein an energy-efficient, resource-efficient, efficient regard-
ing reduction agent utilization, scalable, reliable and/or adjustable process is
achieved.
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The problem underlying the invention is solved by a method for recycling metal ox-
ides according to claim 1 and a plant for recycling metal oxides according to claim
19. Advantages further developments are subject to the dependent claims.

The plant according to the present invention is adapted to recycle metal oxides, in
particular zinc oxides, from raw material, such as industrial residues, in particular flue
dusts, sludge, scales, iron ore and/or filter cake, using a process gas containing hy-
drogen.

The plant preferably comprises a rotary kiln, a gas supply system to supply a process
gas with hydrogen, a heating system to heat the process gas, a control system to
feedback control the components of the plant and an off-gas treatment system to
treat off-gas exiting the rotary Kiln, in particular to separate particles and water within
the off-gas, and to recirculate the treated off-gas back to the heating system.

During the course of the research underlying the present invention, several furnace
types have been reviewed, including retort furnace, rotary hearth furnace, multiple
hearth furnace, shaft furnace, fluidized bed furnace and rotary kiln/furnace.

The research found that the rotary kiln is most suitable for recycling of metal oxides
using hydrogen, since the rotary kiln can be operated continuously in a counter-cur-
rent manner and allows for heat recovery and efficient hydrogen utilization, minimal
agglomeration requirements and good transport mechanism for volatile matter/com-
ponents/compounds with the process gas into the off-gas system.

A rotary kiln/furnace according to the present invention is a furnace for heating ma-
terials to a material heating temperature. The longitudinal axis of the rotary kiln is
slightly inclined from the horizontal and, during normal operation, continuously ro-
tates about its longitudinal axis. The rotation of the rotary kiln gradually moves the
material within the kiln downward towards the lower end of the rotary kiln in a contin-
uous process.

The rotary kiln preferably comprises a charging housing/end for charging of the ma-
terial to be treated within the rotary kiln, an at least essentially cylindrical rotary kiln
body/vessel, a discharge housing/end to discharge the treated material, a refractory
lining of the inner walls of the kiln body and/or a drive interacting with the kiln vessel,
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in particular a gear box and a gear ring attached to the outer wall of the kiln vessel,
to rotate the rotary kiln body.

The raw material is preferably moved from the upper, charging housing/end to the
lower, discharging housing/end into a first direction. The process gas preferably flows
from the lower, discharge housing/end towards the upper charging housing/end into
a second direction that is opposite to the first direction, i.e. in a counter-current man-
ner.

To avoid the contact with the surrounding air, the plant, preferably the rotary kiln, in
particular either housings/ends of the rotary kiln body/vessel, is/are gas-tight and/or
sealed-off from the surroundings and/or comprises/comprise gas-tight seals.

The heating system is preferably adapted to heat the process gas prior entering or
within the rotary kiln, in particular the rotary kiln body/vessel, to a gas inlet tempera-
ture greater than 1000 °C. To this end, the heating system preferably comprises a
heat exchanger, a combustion chamber operated with hydrogen, a heat generator
and/or at least one preferably non-transferred plasma torch.

The heating system is preferably arranged outside the rotary kiln, in particular its
body/vessel. Mostly preferred, the heating system is arranged in or adjacent to the
discharging housing. However, the heating system can also be at least partially ar-
ranged within the rotary kiln body/vessel.

In the method according to the invention, raw material, such as industrial residues,
in particular flue dusts, sludges, scales and/or filter cake, are processed by means
of a processing/recycling plant to recycle metal oxides, in particular zinc oxides, con-
tained in the raw material in particular solely by means of hydrogen and/or without
adding coke or other carbon-containing additives.

The method preferably comprises at least one of the following steps:

a) feeding the raw material into a charging end/housing of the rotary Kiln,
preferably in a gas-tight manner;

b) heating a process gas comprising hydrogen, preferably of more than
50 vol.-%, 60 vol.-% or 70 vol.-%, mostly preferred of more than 90 vol.-
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% or 95 vol.-%, to a gas inlet temperature greater than 1000 °C or 1200
°C, preferably to a gas inlet temperature between 1300 °C and 1450 °C;

introducing the process gas into a discharge end/housing of the rotary
kiln;

heating the raw material in the rotary kiln, in particular the rotary kiln ves-
sel, (exclusively) by means of the heated process gas, preferably to a
(maximum) material heating temperature of less than 1100 °C and/or
greater than 1000°C, mostly preferred to a (maximum) material heating
temperature of at least essentially 1050 °C;

reducing metal oxides, in particular zinc oxides, of the raw material by
means of the hydrogen in the process gas to gaseous metal, in particular
zinc, and water vapor in a hotter/reduction section of the rotary kiln, in
particular the rotary kiln vessel;

at least partially recovering the hydrogen used/consumed and producing
heat by reoxidizing the gaseous metal, in particular zinc, with water vapor
to hydrogen and metal oxides, in particular zinc oxides, particles in a
colder/reoxidation section of the rotary kiln, in particular the rotary kiln
vessel;

emitting off-gas containing the recovered hydrogen and the reoxidized
metal oxide, in particular zinc oxide, particles through a gas outlet of the
rotary kiln;

treating, in particular cooling, filtering/washing and/or dehumidifying, the
off-gas to separate the metal oxide, in particular zinc oxide, particles;

discharging the separated metal oxide, in particular zinc oxide, particles
preferably in a gas-tight manner;

recirculating/reintroducing the treated off-gas into the discharge
end/housing of the rotary kiln, preferably together with process gas from
a gas supply system; and/or

discharging the treated raw material as output material via the discharge
end of the rotary kiln.
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With the method according to the invention a wide variety of different raw materials
can be treated. It is possible to treat raw material with almost no zinc to up to 40 wt.-
% zinc or 60 wt.-% zinc.

A major aspect of the invention is the recovery of hydrogen consumed for the reduc-
tion of metal oxide, in particular zinc oxide, within the rotary kiln through reoxidation
by (present) water vapor in the colder/reoxidation section of the rotary kiln.

This lowers the hydrogen consumption of the process for a typical high-zinc EAF-
dust containing 40 % zinc as zinc oxide and 45 % iron as iron oxide from 25 kg per
ton to less than 16 kg per ton EAF-dust. Lowering the amount of hydrogen offers
several key benefits, including reduced energy consumption, increased resource ef-
ficiency, and easier hydrogen supply. These benefits lead to lower operational and
capital expenses, making the process more economically liable and competitive in
the market. Additionally, by consuming less hydrogen, the process contributes to a
smaller carbon footprint, promoting environmental sustainability.

The rotary kiln ensures that volatile components do not flow through the solid phase
of the raw material and can instead exit the rotary kiln seamlessly within the off-gas
stream, effectively preventing adherence to the raw material.

In the SDHL-Waelz process, the slag reaches a temperature of up to 1,300 °C. At
this temperature sintering and partial melting takes place causing inclusion of valua-
bles that are not available for reduction. This is the reason why zinc oxide partly
remains in Waelz slag.

With the present invention, however, the maximum temperature of the raw material
can be reduced to 1100 °C or 1050 °C which prevents inclusions and allows to nearly
fully recover zinc oxide from the slag by maintaining high reduction kinetics/rates.

With the present invention, a direct reduced iron, hereinafter referred to as DRI, can
be obtained as output material, having a metallization degree of at least 90 wt.-%

and/or having less than 1 wt.-% zinc, mostly preferred less than 0,5 wt.-% zinc.

The DRI material can be recycled back, e.g. to EAF, as a scrap substitute.
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Another major aspect of the invention is the recovery of heat from the reoxidation of
gaseous zinc to (fine-dispersed) zinc oxide particles within the rotary kiln. The gas
temperature decreases steadily within the rotary kiln as it heats up the raw material,
shifting the thermodynamic equilibrium from the gaseous zinc to zinc oxide and
forces reoxidation within the rotary kiln heating up the process gas which in turn heats
the rotary kiln and the bulk material.

Preferably, the off-gas composition, in particular the volume fraction of hydrogen and
water in the off-gas, is monitored/measured, to calculate the consumption of hydro-
gen.

The inflow rate and/or the gas inlet temperature are/is then adjusted dependent on
the measured gas-composition. In this way, the process can be easily and quickly
be adjusted, in particular to changes of the composition of the raw material.

Further, the energy input into the rotary kiln can be adjusted by changing the com-
position of the process gas. For example, the ratio of the hydrogen to an inert gas
within the process gas, such as nitrogen, can be changed so as to adjust the energy
input.

The off-gas containing the reoxidized metal oxide particle is emitted out of the rotary
kiln through a gas outlet to the off-gas treatment system, preferably wherein the off-
gas is subsequently cooled, washed and/or filtered to separate the metal oxide par-
ticles from the gas and water vapor.

Further, the (cooled, washed and/or filtered) off-gas is preferably dehumidified to re-
duce the amount of water within the off-gas.

The treated, in particular cooled, washed, filtered and/or dehumidified, off-gas is pref-
erably recirculated to the rotary kiln, in particular via the heating system and/or the
bulk of output material in the discharge housing of the rotary kiln.

In this way, the hydrogen consumption and the energy consumption can be signifi-
cantly reduced, as already explained.
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The water used for the recovery of the hydrogen in the rotary kiln is preferably solely
obtained through the reduction process within the rotary kiln. With other words, pref-
erably no additional water is added to the process, in particular the rotary kiln.

According to a preferred method variant, at least a part of the process gas is directly
or indirectly (pre)heated by means of the (hot) output material, in particular prior en-
tering the rotary kiln. For example, part of the process gas can be directed through
the output material, in particular the bulk of the output material collected in the dis-
charge housing. Alternatively or in addition, part of the process gas can be indirectly
heated by means of the (hot) output material, e.g. by means of a heat exchanger.
With other words, the output material is preferably cooled by means of the process
gas.

In this way, the heat in the output material can be at least partially recovered and the
energy consumption of the process can be further reduced.

Thus, in the method according to the present invention, metal oxides are recycled in
a particular energy-efficient and resource-efficient manner, wherein the energy and
hydrogen consumption is reduced due to the heat and hydrogen recovery within the
colder section of the rotary kiln. The process can be easily and quickly adapted to
different kinds of raw material and allows a recycling process on a large industrial
scale.

Another aspect of the present invention relates to a plant for recycling metal oxides,
in particular zinc oxides, from raw material, wherein the plant is adapted to carry out
the method, in particular individual or all method steps, as described above. In this
way, corresponding advantages can be achieved.

The aforementioned aspects, features and method steps of the present invention as
well as the aspects, features and method step of the present invention resulting from
the claims and the following description, can — in principle — be realized inde-
pendently of one another but also in any combination or sequence.

Further aspects, advantages, features and characteristics of the present invention
are apparent from the claims and the following description of a preferred embodiment
with reference to the figures.
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Fig. 1 shows a schematic piping and instrumentation diagram of the plant
comprising a rotary kiln according to the invention;

Fig. 2 shows in a schematic diagram the temperature change of the process
gas and the raw material over the length of the rotary kiln of the plant
according to Fig. 1;

Fig. 3 illustrates the basic chemical processes within the rotary kiln;

Fig. 4 shows in a schematic diagram the changes of the composition of the
process gas over the length of the rotary kiln; and

Fig. 5 shows in a schematic diagram the changes of the composition of the
raw material over the length of the rotary kiln.

In the partly not to scale, only schematic figures, the same reference signs are used
for identical or similar parts and components, resulting in corresponding or compa-
rable properties and advantages, even if a repeated description is omitted.

Fig. 1 is a schematic piping and instrumentation diagram of a processing/recycling
plant 1, hereinafter referred to as plant 1, according to a preferred embodiment of
the present invention.

The plant 1 is adapted to recycle metal oxides, in particular zinc oxides, hereinafter
referred to as ZnO, from a raw/source material M1. The plant 1 is preferably adapted
to process industrial residues, in particular flue dusts, sludges, scales, iron ore and/or
filter cakes, as raw material M1 so as to recycle metal oxides, in particular ZnO,
contained therein preferably solely using hydrogen, hereinafter referred to as Hz, as
will be explained in the following.

In the following, the recycling of ZnO will be described. However, the plant 1 and the
method can also be used to recycle other metal oxides, even if this is not repeatedly
mentioned.

The plant 1 comprises a furnace in form of a rotary kiln 10, a gas supply system 20
to supply a process gas G1, a heating system 30 to heat the process gas G1, an off-
gas treatment system 40 to treat the off-gas exiting the rotary kiln 10, a raw material
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supply system 50 to supply the raw material M1 to the rotary kiln 10, a material output
system 70 to discharge, convey and/or transport the treated raw material M1 and/or
a control system 60 to monitor and (feedback) control one or more components of
the plant 1.

The rotary kiln 10 preferably comprises a charging housing/hood 10T forming an
inlet/charging end of the rotary kiln 10 through which the rotary kiln 10 can be
charged with the raw material M1 supplied by the raw material supply system 50.

Further, the rotary kiln 10 comprises a discharge housing/hood 10H forming an out-
let/discharge end of the rotary kiln 10 through which the treated raw material M1 can
be discharged as output material M2.

The discharge housing/hood 10H, hereinafter referred to as discharge housing 10H,
is preferably embodied as elongated/vertical funnel. The discharge housing 10H
preferably comprises or forms a material outlet 10M at its lower end and/or a gas
inlet 10E at its upper end.

A main component of the rotary kiln 10 is the at least essentially cylindrical rotary kiln
body/vessel 10V, hereinafter referred to as vessel 10V.

The vessel 10V is at least essentially embodied as an elongated hollow cylinder ex-
tending from the charging housing 10T to the discharge housing 10H. As indicated
in Fig. 1, the vessel 10V preferably extends laterally into the discharge housing 10H,
preferably from a side that is opposite to the gas inlet 10E.

The rotary kiln 10, in particular the vessel 10V, preferably comprises a length of at
least 30 meters or 40 meters and/or of at most 120 meters, 100 meters or 80 meters.

The rotary kiln 10 is preferably adapted to heat the raw material M1 from a material
inlet temperature Tw1 to a material heating temperature Tu2 while conveying the raw
material M1 from the charging end towards the discharge end or housing 10H. For
this purpose, the rotary kiln 10, in particular the vessel 10V, mostly preferred its
main/rotation axis R, is inclined from the horizontal, preferably by an angle of at least
1° or 2° and/or at most 5° or 4°, in particular between 1° to 3°.
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The rotary kiln 10, in particular the inner wall of the vessel 10V, preferably comprises
a refractory lining, e.g., made out of high temperature insulting bricks, to insulate the
wall of the vessel 10V from the temperatures inside the vessel 10V and to achieve
the required heat and wear resistance.

The rotary kiln 10 preferably comprises a drive 10D, preferably in form of an electric
motor, to rotate the vessel 10V around the rotation axis R. The vessel 10V, in partic-
ular its outer wall, can be equipped with a gear ring 10R through which the drive 10D
can directly or indirectly, e.g., via a gear box (not shown), transfer a torque.

The rotary kiln 10, in particular the vessel 10V, preferably rotates with a rotation
speed of more than 0,2 or 0,5 and/or less than 3 or 1,5 revolutions per minute, mostly
preferred between 0,8 to 1,5 revolutions per minute.

The rotary kiln 10 is preferably further equipped with a basis 10F, such as a concrete
foundation, a metal frame and/or a roller station, and at least two bearings 10B,
wherein the vessel 10V is rotatably mounted onto the basis 10F via the bearings
10B.

To prevent or minimize gas exchange with the atmosphere, the plant 1, preferably
all gas-carrying components, in particular the rotary kiln 10, is/are preferably at least
essentially gastight and/or sealed off from its surroundings. To this end, the plant 1,
in particular the rotary kiln 10, preferably comprises a sealing system and/or a plu-
rality of seals 1081, 10S2.

As indicated in Fig. 1, the rotary kiln 10 preferably comprises a first seal 10S1 ar-
ranged between the charging housing 10T and a first end of the vessel 10V to seal
off the connection between the charging housing 10T and the vessel 10V and a sec-
ond seal 10S2 between the discharge housing 10H and the second end of the vessel
10V to seal off the connection between the discharge housing 10H and the vessel
10V.

The sealing system, in particular the seals 10S1, 10S2, can be operated by using a
seal gas. In particular, the seals 10S1, 10S2 can be supplied by the additive gas,
such as Nz or Ar, e.g., from the gas supply system 20, to seal off the plant 1, in
particular the rotary kiln 10, from its surroundings.
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As already mentioned, the plant 1 preferably comprises a raw material supply system
50.

The raw material supply system 50 is preferably adapted to supply raw material M1
into the rotary kiln 10, in particular to the inlet of the vessel 10V, mostly preferred in
a continuous manner.

The raw material supply system 50 preferably comprises one or more closed stor-
ages or bunkers containing the raw material M1, e.g. as pellets, lumps or in a semi-
solid form.

The raw material M1 is preferably an industrial, metal-bearing, in particular zinc-bear-
ing, residue, in particular dust from EAF and/or residue of battery production and/or
recycling, sludge, scale, iron ore, and/or filter cake.

The raw material M1 may be (pre-)treated or untreated.

Optionally, the raw material supply system 50 can include a treatment system (not
shown) comprising one or more treatment apparatuses to treat the raw material M1
prior supplying the material M1 to the rotary kiln 10.

The treatment system can be equipped with a mixer to mix’homogenize the raw ma-
terial M1 with additives or binders, e.g. water, molasses, starch, or lime, depending
on the composition of the raw material M1. Further, the treatment system can be
equipped with a dehumidifying or humidifying unit to adjust the water content within
the raw material M1. Optionally, the treatment system may include a forming appa-
ratus for pelletizing or briquetting of the raw material M1.

Typical average values for the chemical composition of industrial residues that can
be used/processed in the plant 1 are shown in the table below:



WO 2025/219551

PCT/EP2025/060698

Dust from car- .
Dust from alloy | Dust from stain-
Component bon/low alloy.ed steel production less steel pro-
steel production (wt.-%) duction (wt.-%)
(wt.-%)
Fetot 10-45 17 - 37 20-65
SiO; 0.6 -5.1 1.7-5 3-9
CaO 3-17 2-16 8-20
Al>O3 0.3-3 1-4 04-2
MgO 05-6 1.2-3 1-5
P20s 0.1-0.37 0.01-0.1 0.03-0.1
MnO 1.1-6 1.5-6.9 22-6.3
Cr203 0.13-2 0.12-6 9-20
NaO 03-3 Not available 06-2
K20 05-23 Not available 0.7-3
Zn 21-43 2-15 2-25
Pb 0.4-10 0.05-3.6 0.2-45
Cd 0.02-0.18 0.01-0.04 0.01-0.08
Cu 0.08 - 0.5 0.01-0.8 0.015-0.5
Ni 0.01-0.8 0.01-05 1-8
Y 0.01-0.09 0.01-0.2 0.05-0.12
wW Not available 05-15 Not available
Co 0.001 —0.01 0.01-0.2 0.02-0.04
As 0.001 -0.02 0.001 -0.01 0.01
Hg 0.0001 — 0.005 0.05-0.7 0.0002 - 0.015
Cl 0.8-5 0.7-17 0.8 -1
F 0.02-0.9 0.01-0.65 0.3-24
S 0.1-3 0.25-1.42 0.2-0.5
C 04-3.3 0.5-3.1 0.05-1.3
Basicity 20-6.5 Not available Not available
Moisture 6-16 Not available Not available

The raw material supply system 50 preferably comprises a feeding apparatus 50F, a
charging/storage hopper 50H, a (rotary) airlock (feeder) 50R and/or an inlet chute
50P.
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The feeding apparatus 50F is adapted to feed the raw material M1, e.g. from a bunker
(not shown), to the charging hopper 50H. The feeding apparatus 50F might be em-
bodied as an (inclined) elevator. However, other solutions are possible as well.

The charging hopper 50H is connected to the charging housing 10T of the rotary kiln
10, in particular an inlet of the vessel 10V, via the airlock 50R and/or the inlet chute
50P.

The airlock (feeder) 50R is adapted to — continuously or in batches - feed in the raw
material M1 and/or charge the rotary kiln 10 in a gas-tight manner, in particular from
the charging hopper 50H to the charging housing 10T. Preferably, the airlock 50R is
embodied as a rotary airlock feeder/valve. However, other solutions are possible as
well.

The inlet chute 50P is preferably embodied as a down pipe. However, other solutions
are possible as well.

As already mentioned, the rotary kiln 10 is preferably adapted to convey the raw
material M1 from the inlet/charging end towards the outlet/discharge end of the rotary
kiln 10 into a first direction D1.

The rotary kiln 10 is preferably operated in a counter-current manner. The process
gas G1 flows from the outlet/discharge end towards the inlet/charging end into a
second direction D2 that is opposite to the first direction D1.

Within the rotary kiln 10, in particular the vessel 10V, the raw material M1 is heated
and undergoes several reduction steps, as will be explained further below with refer-
ence to Figs. 2 to 5.

The treated raw material M1 is discharged as output material M2 via the material
outlet 10M of the discharge housing 10H.

As already mentioned, the plant 1 preferably comprises an optional material output
system 70.

The material output system 70 is preferably adapted to discharge, convey, tempo-
rarily store and/or post-treat the output material M2.
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The plant 1, in particular the material output system 70, is preferably equipped with
a (rotary) airlock (feeder) 70R, a material conveyor 70C and/or a briquetting ma-
chine/press 70B.

The airlock (feeder) 70R is adapted to — continuously or in batches - feed in the
output material M2 and/or discharge the rotary kiln 10, in particular the discharge
housing 10H, in a gas-tight manner, in particular to the conveyor 70C. Preferably,
the airlock 70R is embodied as a rotary airlock feeder/valve. However, other solutions
are possible as well.

The material conveyor 70C is adapted to convey the output material M2 to a bunker
(not shown) and/or for treatment of the output material M2.

The optional briquetting machine/press 70B is adapted to pressurize and form the
output material M2 to briquettes.

As already mentioned, the plant 1 comprises a gas supply system 20 to supply the
process gas G1 to the rotary kiln 10, in particular to the discharge end thereof.

The gas supply system 20 comprises a (first) gas storage 20A containing H.. Further,
the gas supply system 20 can be equipped with a (second) gas storage 20B contain-
ing an additive gas, preferably an inert gas, such as nitrogen, hereinafter referred to
as N, or argon, hereinafter referred to as Ar, in particular to flush the gas-conducting
components of the plant 1, mostly preferred when putting the plant 1 into operation,
e.g., after maintenance.

In the present embodiment each gas storage 20A, 20B is formed by a plurality of gas
bottles, preferably wherein the gas is pressurized within each gas bottle. However,
other solutions are possible as well.

Mostly preferred the gas storage 20A, 20B comprises compressed gas, i.e. the gas
contained in each gas storage 20A, 20B is kept under pressure, preferably of at least
10 MPa or 30 MPa and/or at most 80 MPa or 70 MPa. However, it is also possible
that the gas storage 20A and/or the gas storage 20B contain/contains liquified gas,
preferably at a temperature of less than -150 °C or less than -200 °C, in particular
less than -250 °C.
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The gas supply system 20 preferably comprises a (first) compressor/fan 20C to
transport Hz from the (first) gas storage 20A to the heating system 30 and/or a (sec-
ond) compressor/fan 20D to transport the additive gas, in particular N2 or Ar, from
the second gas storage 20B to the heating system 30.

Optionally, the gas supply system 20 can be equipped with a mixing device 20M to
mix Hz with the additive gas to provide the (premixed) process gas G1 to the heating
system 30.

The heating system 30 is preferably adapted to heat Hz and optionally the additive
gas or the premixed process gas G1 to a gas inlet temperature Tg1.

The gas inlet temperature Tg1 is preferably the (average) temperature of the process
gas G1 at the outlet of the heating system 30, within the discharge housing 10H, at
the gas inlet 10E of the rotary kiln 10 and/or immediately before entry into the vessel
10V. Preferably, the gas inlet temperature Tg1 is the highest temperature of the pro-
cess gas G1 during the process.

The gas inlet temperature Tg1is preferably greater than 1000 °C or 1200 °C, mostly
preferred greater than 1300 °C, and/or less than 1600 °C or 1500 °C.

The gas inlet temperature Tg1 is preferably measured by means of a temperature
sensor, such as a thermocouple.

The heating system 30 preferably comprises an optional (direct or indirect) heat ex-
changer 30H to preheat H., the additive gas and/or the (premixed) process gas G1
to a temperature of more than 200 °C, preferably more than 500 °C or 800 °C, and/or
less than 1000 °C.

The heating system 30 preferably comprises an optional combustion chamber 30C.
The combustion chamber 30C is preferably operated with H> from the gas storage
20A and/or with the (treated) off-gas G2 from the off-gas treatment system 40. Alter-
natively or in addition, the heating system 30 comprises an electrically operated heat-
ing chamber to heat the process gas G1 to a gas inlet temperature Tg1 greater than
1100 °C
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In addition or alternatively, the heating system 30 can be equipped with at least one
burner, in particular a plasma torch 30T, to heat the process gas G1 to the gas inlet
temperature Tg1.

The plasma torch 30T is preferably embodied as a non-transferred direct current
plasma torch.

The plasma torch 30T is adapted to generate a direct flow of plasma, i.e. a plasma
jet. Mostly preferred, the heating system 30 comprises a plurality of plasma torches
30T arranged parallel to one another and/or around the gas inlet 10E to evenly heat
the stream of the process gas G1, in particular flowing into the discharge housing
10H via the gas inlet 10E.

The heating system 30, in particular the plasma torch 30T, can be partially or com-
pletely arranged within the rotary kiln 10, in particular the discharge housing 10H
and/or vessel 10V. In this way, heat losses are reduced and a compact design is
achieved. However, the entire heating system 30 might also be arranged outside
and/or at a distance from the rotary kiln 10.

As already mentioned, the process gas G1 flows through the rotary kiln 10 in the
second direction D2 towards the charging end of the rotary kiln 10. Within the rotary
kiln 10, in particular the vessel 10V, the process gas G1 reduces metal oxides, in
particular ZnO, of the raw material M1, by means of the H, to gaseous metal, in
particular zinc, hereinafter referred to as Zn, and water vapor, as will be explained in
detail below.

The rotary kiln 10, in particular the charging housing 10T, preferably comprises a gas
outlet 10X for emitting of the off-gas G2. The gas outlet 10X is preferably arranged
at an upper side of the charging housing 10T.

The charging housing 10T preferably comprises a dust outlet 10N for deposition of
dust, i.e. heavy particles, caused by the carry-over of the gas stream. Thus, the
charging housing 10T preferably comprises or forms an integrated settling chamber
to collect dust, i.e. heavy particles, that can be recycled to the rotary kiln 10. Prefer-
ably, the charging housing 10T is embodied as an elongated/vertical funnel, wherein
the dust outlet 10N is arranged at the lower end of the funnel.
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Optionally, the rotary kiln 10 can be equipped with a (rotary) airlock (feeder) 10A.
The dust/particles collected in the charging housing 10T can be fed out by means of
the airlock 10A in a gas-tight manner.

The airlock (feeder) 10A is adapted to — continuously or in batches - feed out the
dust/particles and/or discharge the charging housing 10T in a gas-tight manner. Pref-
erably, the airlock 10A is embodied as a rotary airlock feeder/valve. However, other
solutions are possible as well.

The off-gas treatment system 40 is adapted to treat the off-gas G2 exiting the rotary
kiln 10 and to recirculate the treated off-gas G2 back to the heating system 30 and/or
to the discharge housing 10H.

The off-gas treatment system 40 preferably comprises an optional off-gas compres-
sor/fan 40V, a filter apparatus 40F, a cooling apparatus 40T, a (rotary) airlock
(feeder) 40R, a product conveyor 40P, a condenser/dehumidifier 40C, a pump 40W,
a treated gas compressor/fan 40G, an exhaust 40X and/or a treatment unit 40S.

The off-gas compressor/fan 40V is preferably adapted to transport the off-gas G2
from the gas outlet 10X towards the cooling apparatus 40T, filter apparatus 40F
and/or condenser/dehumidifier 40C.

Instead of several compressors/fans 20D, 20C, 40V, 40G arranged at different loca-
tions, the plant 1 might also be equipped with one (central) compressor/fan (sta-
tion/arrangement), e.g., located between the inlet of the (premixed) process gas G1
and/or the off-gas treatment system 40, in particular the condenser 40C, on the one
side and the heating system 30 on the other side. In case of a central compressor/fan
station/arrangement, several compressors/fans can be connected in parallel.

The filter apparatus 40F is preferably adapted to filter/wash, in particular de-dust, the
off-gas G2. The filter apparatus 40F can be embodied as a cyclone separator, a bag
filter, a ceramic filter, a venturi washer or as a gas scrubber.

The filter apparatus 40F is preferably adapted to separate the solid/fine dispersed
metal oxide particles from the gaseous Hz and/or water vapor.
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The separated/crude metal oxide, in particular ZnQ, particles can then be fed out by
means of the airlock 50R in a gas-tight manner and/or transported/conveyed by
means of the product conveyor 40P for storage or direct further processing.

The airlock (feeder) 40R is adapted to — continuously or in batches — feed out the
separated/crude metal oxide, in particular ZnO, particles and/or discharge the filter
apparatus 40F in a gas-tight manner. Preferably, the airlock 50R is embodied as a
rotary airlock feeder/valve. However, other solutions are possible as well.

The cooling apparatus 40T is adapted to lower the temperature of the (filtered) off-
gas G2, preferably to less than 200 °C or less than 100 °C.

As indicated in Fig. 1, the cooling apparatus 40T can be embodied as a heat ex-
changer, preferably using water as coolant. Alternatively, the cooling apparatus 40T
can be embodied as a cooling line, e.g., a double pipe with optional water injection.

The cooling apparatus 40T may be arranged directly downstream of the rotary kiln
10, in particular its charging housing 10T, and/or upstream of the filter apparatus
40F.

The condenser 40C is adapted to condense the treated, in particular cooled and
filtered, off-gas G2 to dehumidify the off-gas G2 and/or to condense H20(g) to H20(1).

Instead of or in addition to the condenser 40C, a heat exchanger and/or a demister
could be used.

The pump 40P is adapted to pump the water obtained in this way out of the plant 1
and/or for further processing. In particular, the water obtained in this way may be
used to humidify the raw material M1 in the humidifier of the raw material supply
system 50.

The treated gas compressor/fan 40G is adapted to transport the treated, in particular
cooled, filtered and/or dehumidified, off-gas G2 back to the heating system 30.

In this way, the H> consumption can be significantly reduced, as already explained.
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As already mentioned, the plant 1, in particular the off-gas treatment system 40, can
be equipped with an exhaust 40X and/or a treatment unit 40S.

The treatment unit 408 is preferably adapted to treat and/or capture / filtered out
contaminants/impurities, in particular carbon monoxide, hereinafter referred to as
CO, carbon dioxide, hereinafter referred to as CO2, and/or sulphur dioxide, hereinaf-
ter referred to as SO, in the off-gas G2, mostly preferred by means of adsorption,
carbon scrubbing and/or membrane gas separation. To this end, the treatment unit
408 can be equipped with a carbon dioxide scrubber and/or a gas separation mem-
brane.

By means of the exhaust 40X the treated, in particular cooled, filtered/washed and/or
dehumidified, off-gas G2 can be (when necessary) directed to the treatment unit 40S,
in particular for further treatment, e.g. for carbon capture, in particular depending on
the concentration of the contaminants/impurities.

Alternatively, the treated, in particular cooled, filtered/washed and/or dehumidified,
off-gas G2 can be discharged out of the plant 1 into the environment, e.g. via a chim-
ney (not shown).

Preferably, some or all components of the plant 1, in particular of the rotary kiln 10,
the gas supply system 20, the heating system 30, the off-gas treatment system 40,
the raw material supply system 50 and/or the material output system 70, are feed-
back controlled.

Further, some process parameters, in particular the feed/mass flow rate mwu1 of the
raw material M1, the output/mass flow rate mwm2 of the output material M2, the material
heating temperature Twm2 of the output material M2, the gas inlet temperature Tg1 of
the process gas G1, the gas outlet temperature Te of the off-gas G2, the inflow rate
Vg1 of the process gas G1, the outflow rate Vg of the off-gas G2, the consumption
rate of Hz within the rotary kiln 10, the rotation speed of the rotary kiln 10 and/or the
pressure within the rotary kiln 10, are directly or indirectly measured and/or calcu-
lated and/or used to (feedback) control some or all components of the plant 1.

To this end, the plant 1 is equipped with the control system 60 that comprises a
control unit 60C and a plurality of measuring devices 60M, 60N, 60F and 60G.
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The control unit 60C preferably comprises a data processing device, a control device
and/or a communication device.

The control system 60, in particular the control unit 60C, is preferably electrically
connected to one more components of the plant 1, as indicated by dashed lines in
Fig. 1.

The control unit 60C, in particular the data processing device, is preferably a device
for evaluating, storing and/or processing one or more signals, data, measured val-
ues, reference values, information or the like. In particular, the data processing de-
vice has a computer unit, such as a processor, and/or a (data) storage/memory, for
example in form of an SSD.

By means of the communication device, the control system 60, in particular the con-
trol unit 60C, can be data-connected with one or more (external) devices, in particular
a mobile device, such as a mobile phone, and/or apparatus, in particular a central
apparatus, such as a server.

By means of the measuring devices 60M, 60N, 60F and 60G one or more varia-
bles/parameters can be determined/measured (directly or indirectly). For this pur-
pose, the measuring devices 60M, 60N , 60F and 60G have one or more sensors
and/or measuring units, such as a temperature sensor, e.g., a thermocouple, a ther-
mographic camera, a pressure sensor, a rotational speed measuring unit, a humidity
sensor, a weight sensor, a gas flow meter, a mass flow meter, an ultrasonic flow
meter, an anemometer, a gas detector, in particular a chromatography detector, a
flame ionization detector, a mass spectrometer, a FTIR spectrometer, or a thermal
conductivity detector, or the like.

In the present embodiment, a first measuring device 60M is preferably arranged at
the charging end and a second measuring device 60N is arranged at the discharge
end of the rotary kiln 10.

The first measuring device 60M is preferably adapted to directly or indirectly meas-
ure/quantify the off-gas G2 composition, in particular the H2 and/or H20 concentra-
tion, e.g. by using mass spectrometry, and/or to measure the gas outlet temperature
Teo.
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The second measuring device 60N is preferably adapted to measure the gas inlet
temperature Tg1.

The control system 60 preferably comprises a third measuring device 60F to (directly
or indirectly) measure the feed/mass flow rate mw1, €.g. by monitoring the fill level of
the feed bunker or the charging hopper 50H.

Further, the control system 60 might be equipped with a fourth measuring device
60G to measure the output/mass flow rate muz of the output material M2, e.g. by
monitoring the output material M2 weight or the fill level of an output material bunker
or the discharge housing 10H.

By means of the measured/determined values/parameters it is possible to calculate
the consumption of H2. Based on the H. consumption rate and the composition of
the raw material M1 it is possible to adjust the feed rate mw1 of the raw material M1,
the composition of the process gas G1, the inflow rate Vg1 and/or the gas inlet tem-
perature T+ of the process gas G1, in particular by controlling the gas supply system
20, preferably the first compressor/fan 20C, the second compressor/fan 20D, the
mixing device 20M, and/or the heating system 30 and/or the raw material supply
system 50.

In the following the proposed method will be described with reference to Fig. 1. Af-
terwards, the reaction mechanisms within the rotary kiln 10 will be described with
reference to Fig. 2 to 5.

The proposed method for recycling metal oxides, in particular ZnO, from the raw
material M1 is preferably carried out by and/or in the plant 1, in particular by means
of the rotary kiln 10, the gas supply system 20, the heating system 30, the off-gas
treatment system 40, the raw material supply system 50, the control system 60
and/or the material output system 70.

The method is preferably designed as a multi-stage and/or multi-step method. In
particular, the method has several method steps that can — in principle — be imple-
mented independently of each other, but also in any sequence and/or combination
unless otherwise specified in the following.
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In a first optional method step, the composition of the process gas G1 is adjusted, in
particular by means of the control system 60 and/or the mixing device 20M.

To this end, Hzis preferably fed from the first gas storage 20A towards the mixing
device 20M by means of the first compressor/fan 20C and the additive gas is fed
from the second gas storage 20B towards the mixing device 20M by means of the
second compressor/fan 20D.

The (premixed) process gas G1 preferably comprises more than 50 vol.-%, 60 vol.-
% or 70 vol.-%, mostly preferred more than 90 vol.-% or 95 vol.-%, H2 and/or less
than 50 vol.-%, 40 vol.-% or 30 vol.-%, mostly preferred less than 10 vol.-% or 5 vol.-
%, H20.

The (premixed) process gas G1 preferably contains/comprises more than 40 wt.-%,
50 wt.-%, 60 wt.-% or 90 wt.-% H>, mostly preferred more than 95 wt.-% H2 or 99 wt.-
% Ho.

In a further/second method step, the (adjusted/premixed) process gas G1 is fed to-
wards the heating system 30, in particular the heat exchanger 30H, the combustion
chamber 30C and/or the plasma torch 30T, to heat the process gas G1 to the gas
inlet temperature T of more than 1000 °C, in particular of more than 1200 °C,
mostly preferred between 1200 °C and 1400 °C.

The process gas G1 can be heated by means of the plasma torch 30T.

Alternatively or in addition, the process gas G1 can be heated by partial combustion
of Hz in the process gas G1, in particular by combusting of more than 1 vol.-% and/or
less than 10 vol.-% of Hz in the process gas G1. However, it is also possible to at
least partially burn the recirculated off-gas G2.

It is preferred that the process gas G1 is heated prior entering the rotary kiln 10.
However, the process gas G1 may also be heated to the gas inlet temperature Tg1
within the rotary kiln 10, in particular the discharge housing 10H and/or the vessel
10V.

In a further method step, the (heated) process gas G1 is introduced into the rotary
kiln 10, in particular its discharge housing 10H and/or via the gas inlet 10E.
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According to a preferred method variant, at least a part of the process gas G1, in
particular more than 50 vol.-% or 60 vol.-% of the process gas G1, is directly or indi-
rectly (pre)heated by means of the (hot) output material M2, in particular prior enter-
ing the rotary kiln 10.

Preferably, at least a part of the process gas G1 is directed through the output ma-
terial M2, in particular the bulk of the output material M2 that is collected and/or tem-
porarily stored in the discharge housing 10H, preferably in front of the airlock 70R.

Mostly preferred, at least a part of the process gas G1 is introduced into a lower end
of the discharge housing 10H, the process gas G1 subsequently flowing upwards,
through the output material M2, towards the gas inlet 10E and/or towards the stream
of the (other) part of the process gas G1 exiting the heating system 30. To this end,
the discharge housing 10H preferably comprises an additional gas inlet at its lower
end, as indicated in Fig. 1.

Thus, at least a part of the process gas G1 is preferably directly preheated by means
of the output material M2 prior entering the rotary kiln 10, in particular the vessel 10V,
preferably to a temperature of more than 700 °C or 900 °C, mostly preferred at least
essentially to the temperature of the output material M2, e.g. to at least essentially
1000 °C. Simultaneously, the output material M2, in particular the output material M2
that is collected and/or temporarily stored in the discharge housing 10H, is cooled by
means of process gas G1 flowing therethrough, preferably to a temperature of less
than 900 °C or 800 °C, in particular less than 700 °C or 500 °C.

The process gas G1 flowing through the output material M2 is preferably subse-
quently heated by means of the heating system 30, in particular the plasma torch
30T, and/or by means of the (part of the) process gas G1 exiting the heating system
30, in particular the plasma torch 30T, mostly preferred to the gas inlet temperature
Te1.

With other words, a (first) part/flow of the process gas G1 is preferably directed
through and/or directly heated by means of the heating system 30 whereas a (sec-
ond) part/flow of the process gas G1 preferably bypasses the heating system 30
and/or is preferably directed through and/or directly heated by means of the output
material M2. Subsequently, the first part/flow of the process gas G1 and the second
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part/flow of the process gas G1 are mixed, preferably within the rotary kiln 10, in
particular the discharge housing 10H, mostly preferred such that the temperature of
the mixed process gas G1 corresponds to the (desired) gas inlet temperature Tg1.

Alternatively or in addition, at least a part of the process gas G1 can be indirectly
heated by means of the (hot) output material M2, in particular in a heat exchanger.
For example, the heat exchanger 30H might be adapted to indirectly heat (part of)
the process gas G1 by means of the heat of the output material M2.

In this way, the heat of the output material M2 can be efficiently used to preheat the
process gas G1.

The process gas G1 flows through the rotary kiln 10, in particular its vessel 10V, into
the second direction D2 and/or from the discharge housing 10H towards the charging
housing 10T, in particular its gas outlet 10X.

During a further method step and/or simultaneously, the optionally pre-treated raw
material M1 is fed into the rotary kiln 10, in particular its charging housing 10T, pref-
erably by means of the raw material supply system 50, in particular its charging hop-
per 50H, the airlock 50R and/or inlet chute 50P, mostly preferred in a continuous
and/or gas-tight manner.

The raw material M1 is conveyed from the charging end towards the discharge end
of the rotary kiln 10 and/or into the first direction D1 that is opposite the second di-
rection D2.

It is preferred that the raw material M1 is not preheated prior entering the rotary kiln
10. However, in principle, the raw material M1 can also be preheated, e.g. by using
exhaust/waste heat of the plant 1.

Thus, the material inlet temperature Tw1 of the raw material M1 preferably corre-
sponds at least essentially to the ambient temperature and/or is greater than 0 °C
and/or lower than 40 °C.

In the rotary kiln 10, in particular its vessel 10V, heat is transferred from the process
gas G1 to the raw material M1, mostly preferred by thermal convection and thermal
conduction.
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Thus, the raw material M1 is heated within the rotary kiln 10 by means of the process
gas G1 whereas the process gas G1 is cooled by means of the raw material M1.

Fig. 2 shows in a schematic diagram the profiles of the temperature of the material
M and of the temperature of the gas G within the rotary kiln 10 over the length L of
the rotary kiln 10, in particular its vessel 10V.

The temperature of the material M increases from the material inlet temperature Twu1
towards the material heating temperature Tw2 whereas the temperature of the gas G
decreases from the gas inlet temperature Tg1 to the gas outlet temperature Tgo.

Preferably, the material heating temperature Twmo, i.e. the maximum temperature of
the material M, within the rotary kiln 10 is 1100 °C or 1050 °C. In this way, sinter-
ing/partial melting of the material M can be prevented and ZnO can be nearly fully
recovered while maintaining high production rates.

The material heating temperature Twz is preferably measured by means of a thermo-
graphic camera, such as an infrared camera.

The gas outlet temperature Tg2 at the gas outlet 10X is preferably lower than 600 °C,
500 °C or 400 °C, in particular lower than 300 °C or 250 °C. In this way, the energy
losses into the off-gas treatment system 40 are minimized and/or a significant
amount of energy input into the rotary kiln 10 is used for treatment of the raw material
M1.

The gas outlet temperature Tg2 is preferably measured by means of a temperature
sensor, such as a thermocouple.

The inflow rate Vg1 of the process gas G1 is preferably greater than 1500 Nm3/h per
ton/h of raw material M1 and/or lower than 20000 Nm?h per ton/h of raw material
M1, in particular between 2000 Nm?®/h per ton/h of raw material M1 and 10000 Nm?3/h
per ton/h of raw material M1.

The inflow rate Vg1 is preferably measured by means of a mass flow meter or an
ultrasonic flow meter.
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The velocity of the process gas G1 is preferably greater than 1 m/s and/or less than
6 m/s, preferably between 2 m/s and 4 m/s. If the gas velocity falls below a critical
value, in particular below 1 m/s, partial adhesion of finely dispersed ZnO particles
within the rotary kiln 10 occurs. Thus, the critical lower limit is necessary to ensure
that the ZnO particles are blown out of the rotary kiln 10. However, if the gas velocity
is above a critical value, in particular 6 m/s, the process gas G1 will not sufficiently
cool down.

The feed rate mm1 of the raw material M1 is preferably greater than 500 kg/h and/or
lower than 25000 kg/h, in particular between 10000 kg/h and 20000 kg/h.

The feed rate mw is preferably measured/calculated by means of a dosing system,
preferably wherein the dosing system is integrated in the charging hopper 50H.

Due to the extraction of ZnO particles, the output rate mu2 of the output material M2
is lower than the feed rate mu1 of the raw material M1. The output rate mm2 of the
output material M2 is preferably less than 50 % or 40 %, mostly preferred less than
30 %, of the feed rate mwm1 of the raw material M1.

The output rate mu2 of the output material M2 is preferably greater than 300 kg/ton
of raw material M1 and/or lower than 800 kg/ton of raw material M1, in particular
between 400 kg/ton of raw material M1 and 600 kg/ton of raw material M1.

For security reasons, in particular to avoid explosions within the plant 1 and/or to
increase the energy input, the (static) pressure within the rotary kiln 10 is preferably
greater than the atmospheric pressure, i.e. the pressure of the surroundings, and/or
greater than 101 kPa, in particular 110 kPa, and/or lower than 200 kPa or 150 kPa,
mostly preferred between 115 kPa and 140 kPa. The excess pressure (compared to
the atmospheric pressure) is preferably at least 5 kPa or 20 kPa and/or at most 100
kPa or 50 kPa.

The retention/dwell time of the raw material M1, i.e. the average time a patrticle of the
raw material M1 travels through the rotary kiln 10, is preferably greater than 2 h or 3
h and/or less than 10 h or 8 h, in particular between 4 h and 6 h.

The retention/dwell time of the process gas G1, i.e. the average time a particle of the
process gas G1 travels through the rotary kiln 10, is preferably greaterthan 4 s, 5 s,
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6 s, 10 s or 15 s and/or less than 100 s or 50 s, in particular between 30 s and 90 s.
A reduction in dwell time of less than 5 s, in particular of less than 4 s, negatively
impacts gas utilization and reoxidation efficiency.

Fig. 3 shows in a schematic diagram the basic chemical reactions taking place within
the rotary kiln 10, in particular its vessel 10V.

As already mentioned, the raw material M1 moves from the charging end towards
the discharge end, in Fig. 3 from left to right, whereas the process gas G1 moves
from the discharge end towards the charging end, in Fig. 3 from right to left.

The raw material M1 undergoes several reduction steps. After entering the rotary kiln
10, the raw material M1 is dried and preheated through the counter-flow of the hot
process gas G1. At lower temperatures, i.e. temperatures between 400 °C and
900 °C, iron oxide reduction steps take place, wherein iron oxide reacts with Hz to
reduced iron oxide / iron, hereinafter referred to as Fe, and water vapor H20(g). In
this way, Fe2Os3 is reduced gradually to Fe.

In the later stage of the reduction, i.e. when the temperature of the raw material M1
is high enough and/or higher than 900 °C, ZnO reduction occurs.

ZnQ contained in the raw material M1 is reduced by means of Hz to gaseous Zn(g)
and H20(g), in particular at the solid-gas phase boundary and/or in the reduction/hot-
ter section SR of the rotary kiln 10.

The reduction section SR of the rotary kiln 10 is preferably located within the second
half, in particular in the final third of the rotary kiln 10, beginning with the charging
end thereof.

As illustrated in Fig. 3, the gaseous Zn(g) enters the hot gas phase and is transported
by means of the gas stream towards the charging end, in Fig. 3 from right to left. As
the gas temperature decreases and the water vapor concentration increases, the
thermodynamic equilibrium is shifted towards ZnO(s).

In a reoxidation/colder section SO of the rotary kiln 10 Zn(g) reoxidizes with water
vapor to ZnO(s) and recovers Hz that was consumed during the reduction of ZnQO in
the raw material M1 and/or in the reduction zone SR.
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The reoxidation/colder section SO of the rotary kiln 10 is preferably located within
the first half of the rotary kiln 10, beginning with the charging end thereof.

Preferably, the water vapor used for the recovery of Hz in the rotary kiln 10 is obtained
solely through the reduction process within the rotary kiln 10, i.e., no additional water
is added to the process, in particular the rotary kiln 10. However, the (premixed)
process gas G1 might already contain water vapor, e.g., of less than 10 vol.-% or 20
vol.-%.

As already mentioned, the rotary kiln 10, in particular the vessel 10V, preferably com-
prises a length of at least 30 meters or 40 meters and/or of at most 120 meters,
100 meters or 80 meters. The lower limit ensures that sufficient reoxidation of the
metal oxides, for example via the reaction Zn(g) + H20(g) — ZnO(s) + H2(g), occurs
within the rotary kiln 10, leading to the recovery of both process heat and Hz from
said reoxidation. This increases the overall process efficiency such that the method
can be implemented/exploited on an industrial scale. Conversely, a length of less
than 30 meters will prevent sufficient reoxidation within the rotary kiln 10, resulting in
low recovery of both heat and H., a high gas outlet temperature TG, e.g., of more
than 500 °C (due to insufficient heat recovery), and, thus, a significant loss of overall
process efficiency.

The exothermic reoxidation of Zn(g) recovers both Hz and heat, reason why the tem-
perature difference between the gas G and the material M in the reoxidation zone
SO is lower compared to the temperature difference in the reduction zone SR, as
illustrated in Fig. 2.

The recovered H: is also used to reduce iron oxide within the raw material M1, as
already explained.

Fig. 4 shows in a schematic diagram the changes of the main components in the
gaseous phase in [vol.-%] over the length L of the rotary kiln 10.

Starting from the discharge end towards the charging end of the rotary kiln 10, in
Fig. 4 from right to left, the concentration of H> decreases whereas the concentration
of H2O(g) increases. Due to the reduction process, gaseous Zn(g) enters the hot gas
phase at the end of the rotary kiln 10, i.e. in the reduction zone SR.
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Fig. 5 shows in a schematic diagram the changes of the composition in [wt.-%] of the
raw/bulk material M over the length L of the rotary kiln 10.

As illustrated, the concentration of iron oxides, i.e. of Fe20s, FesOs4 and FeO, are
reduced subsequently, wherein the transition between the various reduction reac-
tions is continuous.

Due to the reduction of ZnO, the concentration of ZnO(s) in the raw/bulk material M
is reduced over the length L of the rotary kiln 10, preferably to less than 5 wt.-% or 2
wt.-%. The concentration of Fe increases over the length L of the rotary kiln 10, pref-
erably to more than 80 wt.-% or 90 wt.-%.

Thus, the output material M2 obtained in this way comprises a metallization degree
of at least 80 wt.-% or 90 wt.-% and the concentration of ZnQO is less than 5 wt.-% or
2 wt.-%, preferably less than 1 wt.-% or 0,5 wt.-%. This is the reason why the output
material M2 obtained can be (directly) recycled back to EAF as common DRI.

To reduce the reoxidization of the Fe within the output material M2, the output mate-
rial M2 can be directly treated on-site, i.e. within the plant 1. In particular, the output
material M2 can be conveyed towards the briquetting apparatus 70B in which the
output material is briquetted to reduce the specific surface thereof. Alternatively, the
output material M2 can be melted on-site.

The process gas G1 loaded with the ZnO(s) particles is emitted as off-gas G2 through
the gas outlet 10X. As already mentioned, heavy particles are preferably separated
directly within the charging housing 10T from the off-gas G2 and optionally fed to the
rotary kiln 10 again.

The off-gas G2 is then transported by means of the off-gas compressor/fan 40V for
post treatment, in particular to the cooling apparatus 40T and/or to the filter apparatus
40F.

Thus, in a further method step the off-gas G2 is washed/filtered, in particular to sep-
arate the ZnO particles from the off-gas G2.
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The filtered/treated ZnO particles are preferably discharged in a gas-tight manner, in
particular by means of the airlock 40R, and can than be (directly) reused, e.g. for
galvanization processes.

The cooled and washed/filtered off-gas G2 is then preferably dehumidified, e.g. by
means of the condenser 40C, wherein water is extracted.

The dehumidified off-gas G2 preferably contains more than 80 vol.-%, in particular
more than 90 vol.-% or 99 vol.- %, H2 and can be directly recirculated back to the
heating system 30 and/or the gas storage 20A by means of the treated gas compres-
sor/fan 40G, as already explained.

However, the off-gas G2 might also be directed to the treatment unit 40S (when nec-
essary) by means of the exhaust 40X, in particular for further treatment, e.g. for car-
bon capture. Alternatively, the off-gas G2 can be discharged into the environment,
e.g. via a chimney.

Over the time, the concentration of contaminants/impurities, in particular CO, COg,
and/or SOz, in the off-gas G2 can increase.

According to a preferred method variant, the off-gas G2 is directed and/or removed
from the process depending on the concentration, in particular volume fraction, of
the contaminants/impurities, such as CO, CO. and/or SOz, in the off-gas G2 and/or
when necessary and/or when the concentration, in particular volume fraction, of the
contaminants/impurities, such as CO, CO2 and/or SOz, in the off-gas G2 reaches or
exceeds a predefined limit value, in particular of 1 vol.-%, 5 vol.-% or 10 vol.-%.

In this case, the off-gas G2 can be discharged via the exhaust 40X and/or directed
to the treatment unit 40S and the contaminants, in particular carbon, within the off-
gas G2 can be captured / filtered out, i.e. by means of adsorption, carbon scrubbing
and/or membrane gas separation.

The filtered off-gas G2 comprising a reduced concentration, in particular volume frac-
tion, of the contaminants, e.g. of less than 1 vol. %, might then be recirculated back
to the heating system 30 and/or the gas storage 20A, as already explained.
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When the concentration, in particular volume fraction, of the contaminants, such as
CO, CO2 and/or SOz, in the off-gas G2 reaches or falls below a predefined (second)
limit value, in particular of 2 vol.-% or 1 vol.-%, the exhaust 40X is preferably deac-
tivated and/or switched such that the off-gas G2 bypasses the treatment unit 40S.

With other words: The concentration of contaminants, in particular CO, CO2 and SO,
in the off-gas G2 exiting the rotary kiln 10 is preferably regulated, wherein the off-gas
G2 is directed to the treatment unit 40S to capture at least part of the contaminants
(when necessary), mostly preferred depending on the concentration of the contami-
nants in the off-gas G2.

The treated raw material M1 is preferably collected as (hot) output material M2 within
the discharge housing 10H.

The output material M2 is then discharged in a gas-tight manner via the material
outlet 10M and/or the airlock 70R.

Subsequently, the output material M2 is conveyed to a bunker and/or for interim stor-
age, preferably by means of the conveyor 70C. Optionally, the output material M2 is
briquetted prior storage, as already mentioned.

Due to the reoxidation, i.e., the recovery of Hz, within the rotary kiln 10, the off-gas
G2 exiting the rotary kiln 10 preferably comprises more than 40 vol.-%, 50 vol.-% or
60 vol.-%, mostly preferred more than 70 vol.-% or 80 vol.-%, Hz and/or less than 60
vol.-%, 50 vol.-% or 40 vol.-%, mostly preferred less than 30 vol.-% or 20 vol.-%,
H20(qg).

Thus, the difference between the percent of volume of Hz in the process gas G1
entering the rotary kiln 10 and the percent of volume of Hz in the off-gas G2 exiting
the rotary kiln 10 is preferably less than 60 vol.-% or 50 vol.-%, mostly preferred less
than 40 vol.-%, 30 vol.-% or 20 vol.-%.

If no sufficient reoxidation within the rotary kiln 10 takes place, e.g., by using a length
for the rotary kiln 10 of less 30 meters, the off-gas G2 would contain less (recovered)
Hz, e.g., of less than 40 vol.-%, and more H>O(g), e.g., of more than 60 vol.-%, re-
sulting in a significant loss of overall process efficiency. Further, the off-gas G2 would
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carry (condensed) metallic Zn (liquid or solid), i.e., non-oxidized Zn, that would re-
quire complex methods for recovery.

Further aspects of the present invention, that can be realized independently or in any
combination, are listed in the following:

1. Method for recycling metal oxides, in particular zinc oxides (ZnQO), from a raw
material (M1), in particular flue dusts, sludges, scales, iron ore and/or filter cakes, by
means of a rotary kiln (10), comprising the steps:

- feeding the raw material (M1) into a charging end of the rotary kiln (10),

- heating a process gas (G1) comprising hydrogen (Hz) to a gas inlet tempera-
ture (Te1),

- introducing the process gas (G1) into a discharge end of the rotary kiln (10),
- heating the raw material (M1) by means of the heated process gas (G1),

- reducing metal oxides of the raw material (M1) by means of the hydrogen (H>)
to gaseous metal and water vapor (H20) in a hotter/reduction section (SR) of
the rotary kiln (10),

- recovering hydrogen (H2) and producing heat by reoxidizing the gaseous
metal with water vapor (H20) to hydrogen (H2) and metal oxide particles in a
colder/reoxidation section (SO) of the rotary kiln (10), and

- emitting the process gas (G1) as off-gas (G2) containing the recovered hy-
drogen (H.) and the reoxidized metal oxide particles through a gas outlet
(10X) of the rotary kiln (10).

2. Method according to aspect 1, wherein the rotary kiln (10) is operated in a coun-
ter-current manner, the raw material (M1) being fed from the charging end towards
the discharge end into a first direction (D1) and the process gas (G1) flowing from
the discharge end towards the charging end into a second direction (D2) that is op-
posite to the first direction (D1).

3. Method according to aspect 1 or 2, wherein the process gas (G1) is heated by
means of a plasma torch (30T) and/or by partial combustion of hydrogen (H.) in the
process gas (G1), in particular of more than 1 vol.-% and/or less than 10 vol.-% of
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the hydrogen (Hz) in the process gas (G1), preferably wherein the process gas (G1)
is heated prior entering the rotary kiln (10).

4. Method according to any of the preceding aspects, wherein the maximum tem-
perature (Tm2) of the raw material (M1) within the rotary kiln (10) is 1100 °C, prefer-
ably 1050 °C.

5. Method according to any of the preceding aspects, wherein the feed rate (mwu1)
of the raw material (M1) is greater than 500 kg/h and/or lower than 20 000 kg/h and/or
wherein the inflow rate (V1) of the process gas (G1) is greater than 1500 Nm?h per
ton/h of raw material (M1) and/or lower than 20000 Nm?3/h per ton/h of raw material
(M1), in particular between 2000 and 10000 Nm?h per ton/h of raw material (M1).

6. Method according to any of the preceding aspects, wherein the gas inlet tem-
perature (Tg1) of the process gas (G1) is greater than 1, 100 °C or 1200 °C and/or
wherein the gas outlet temperature (Tg2) of the off-gas (G2) at the gas outlet (10X)
is lower than 400 °C, in particular 300 °C, and/or greater than 100 °C.

7. Method according to any of the preceding aspects, wherein the off-gas compo-
sition, in particular the volume fraction of hydrogen (H2) and of water (H2O) in the off-
gas (G2), is determined, preferably to calculate the consumption of hydrogen (H>),
wherein the inflow rate (V1) and/or the gas inlet temperature (Tg+) arefis adjusted
depending on the determined off-gas composition.

8. Method according to any of the preceding aspects, wherein the off-gas (G2) ex-
iting the rotary kiln (10) is cooled in a cooling apparatus (40T), filtered and/or washed
in a filter apparatus (40F) to separate the metal oxide particles from the off-gas (G2)
and/or from water vapor (H-0) and/or dehumidified in a condenser (40C).

9. Method according to any of the preceding aspects, wherein the concentration of
contaminants, in particular carbon monoxide (CO), carbon dioxide (CO2) and/or sul-
phur dioxide (SOz), in the off-gas (G2) exiting the rotary kiln (10) is regulated, prefer-
ably wherein the off-gas (G2) is — when necessary — directed to a treatment unit
(40S) to capture at least part of the contaminants, mostly preferred depending on the
concentration of the contaminants in the off-gas (G2).
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10. Method according to any of the preceding aspects, wherein the treated, in par-
ticular cooled, filtered, washed and/or dehumidified, off-gas (G2) is recirculated to
the rotary kiln (10), in particular via a heating system (30).

11. Method according to any of the preceding aspects, further comprising the step
of discharging the treated raw material (M1) as output material (M2) via the discharge
end of the rotary kiln (10), wherein at least a part of the process gas (G1) is directed
through the output material (M2) to preheat the process gas (G1) and/or to cool the
output material (M2).

12. Plant (1) for recycling metal oxides, in particular zinc oxides (ZnQ), from a raw
material (M1), in particular flue dusts, sludges, scales, iron ore and/or filter cakes,

the plant (1) comprising:
- arotary kiln (10),
- agas supply system (20) to supply a process gas (G1) with hydrogen (H>),
- aheating system (30) to heat the process gas (G1), and

- an off-gas treatment (40) system to treat off-gas (G2) exiting the rotary kiln
(10) and to recirculate the treated off-gas (G2) back to the heating system
(30),

wherein the plant (1) is adapted to carry out the method according to one of the
preceding aspects.

13. Plant according to aspect 12, wherein the heating system (30) comprises at least
one preferably non-transferred DC plasma torch (30T).

14. Plant according to aspect 12 or 13, wherein the off-gas treatment system (40)
comprises a treatment unit (40S) to capture contaminants, in particular carbon mon-
oxide (CO), carbon dioxide (CO-) and/or sulphur dioxide (SO3), in the off-gas (G2).

15. Plant according to any of aspects 12 to 14, wherein the rotary kiln (10) is sealed
off from its surroundings.
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Individual aspects, features and method steps of the present invention can be real-
ized independently, but also in any combination and/or sequence.
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List of reference signs:

plant

rotary kiln

airlock

bear ring

drive

gas inlet

basis

discharge housing/hood
material outlet

dust outlet

first seal

second seal

charging housing/hood
vessel

gas outlet

gas supply system

first gas storage
second gas storage
first compressor/fan
second compressor/fan
mixing device

heating system
combustion chamber
heat exchanger
plasma torch

off-gas treatment system
condenser

filter apparatus

treated gas compressor/fan
product conveyor

airlock

treatment unit

cooling apparatus
off-gas compressor/fan
pump

exhaust

raw material supply system
feeding apparatus
charging hopper

inlet chute

airlock

60

60C
60M
60N
60F
60G

70

70B
70C
70R

CO
CO;
D1

D2

Fe
FeO
Fe20s
Fes0as
G1

G2

H2
H20(g)
H20(1)

M1
M2
Mm
Mm2

SO
SR

Tae1
Te2
Twi
Tmz2
Va1
Va2
Zn
ZnO

control system

control unit

first measuring device
second measuring device
third measuring device
fourth measuring device

material output system
briquetting apparatus
material conveyor
airlock

carbon monoxide
carbon dioxide
first direction
second direction

iron
iron(Il) oxide
iron(ll) oxide

iron(ll, Ill) oxide

process gas

off-gas

hydrogen

water vapor

liquid water

length of rotary kiln

raw material

output material

feed rate of raw material
output rate of output material
nitrogen

rotation axis

reoxidation section
reduction section
temperature

gas inlet temperature
gas outlet temperature
raw material temperature
material heating temperature
inflow rate

outflow rate

zinc

zinc oxide



WO 2025/219551 PCT/EP2025/060698

5

10

15

20

25

30

35

40

37

Claims:

1. Method for recycling metal oxides, namely zinc oxides (ZnQ), from a raw mate-
rial (M1), in particular flue dusts, sludges, scales, iron ore and/or filter cakes, by
means of a rotary kiln (10) having a length of at least 30 meters and being operated
in a counter-current manner, comprising the steps:

- feeding the raw material (M1) into a charging end of the rotary kiln (10),

- heating a process gas (G1) comprising hydrogen (H2) to a gas inlet tempera-
ture (Te1) greater than 1100 °C,

- introducing the process gas (G1) into a discharge end of the rotary kiln (10),
- heating the raw material (M1) by means of the heated process gas (G1),

- reducing metal oxides of the raw material (M1) by means of the hydrogen (H>)
to gaseous metal and water vapor (H20) in a hotter/reduction section (SR) of
the rotary kiln (10),

- recovering hydrogen (H2) and producing heat by reoxidizing the gaseous
metal with water vapor (H20) to hydrogen (Hz2) and metal oxide particles in a
colder/reoxidation section (SO) of the rotary kiln (10), and

- emitting the process gas (G1) as off-gas (G2) containing the recovered hy-
drogen (H.) and the reoxidized metal oxide particles through a gas outlet
(10X) of the rotary kiln (10).

2. Method according to claim 1, wherein the process gas (G1) comprises more
than 50 vol.-% or 70 vol.-%, preferably more than 90 vol.-% or 95 vol.-%, hydrogen
(Hz2) and/or less than 50 vol.-% or 30 vol.-%, preferably less than 10 vol.-% or 5 vol.-
%, water vapor (H20).

3. Method according to claim 1 or 2, wherein the process gas (G1) is fed towards
a heating system (30) to heat the process gas (G1) to the gas inlet temperature (Tg1).

4. Method according to any of the preceding claims, wherein the static pressure
within the rotary kiln (10) is greater than the atmospheric pressure, in particular
greater than 101 kPa or 110 kPa and/or lower than 200 kPa or 150 kPa.



WO 2025/219551 PCT/EP2025/060698

10

15

20

25

30

35

38

5. Method according to any of the preceding claims, wherein the feed rate (mwm1) of
the raw material (M1) is greater than 500 kg/h and/or lower than 25000 kg/h, prefer-
ably between 10000 kg/h and 20 000 kg/h.

6. Method according to any of the preceding claims, wherein the inflow rate (Vg1)
of the process gas (G1) is greater than 1500 Nm?3/h per ton/h of raw material (M1)
and/or lower than 20 000 Nm?®/h per ton/h of raw material (M1), in particular between
2000 and 10000 Nm?/h per ton/h of raw material (M1).

7. Method according to any of the preceding claims, wherein the gas inlet temper-
ature (Tg1) of the process gas (G1) is greater than 1200 °C.

8. Method according to any of the preceding claims, wherein the gas outlet tem-
perature (Tg2) of the off-gas (G2) at the gas outlet (10X) is lower than 600 °C, 500 °C
or 400 °C, in particular 300 °C, and/or greater than 100 °C.

9. Method according to any of the preceding claims, wherein the velocity of the
process gas (G1) is greater than 1 m/s and/or less than 6 m/s, preferably between 2
m/s and 4 m/s.

10. Method according to any of the preceding claims, wherein the retention time of
the raw material (M1) is greater than 2 h or 3 h and/or less than 10 h or 8 h, in
particular between 4 h and 6 h.

11. Method according to any of the preceding claims, wherein the retention/dwell
time of the process gas (G1) is greater than 4 s, 5 s, 10 s or 15 s and/or less than
100 s or 50 s, in particular between 30 s and 90 s.

12. Method according to any of the preceding claims, wherein the off-gas composi-
tion, in particular the volume fraction of hydrogen (H>) and of water (H20) in the off-
gas (G2), is determined, preferably to calculate the consumption of hydrogen (Hz),
wherein the inflow rate (Vg1) and/or the gas inlet temperature (Tc1) are/is adjusted
depending on the determined off-gas composition.

13. Method according to any of the preceding claims, wherein the off-gas (G2) exit-
ing the rotary kiln (10) comprises more than 40 vol.-%, 50 vol.-% or 60 vol.-%, mostly
preferred more than 70 vol.-% or 80 vol.-%, hydrogen (H2) and/or less than 60 vol.-
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%, 50 vol.-% or 40 vol.-%, mostly preferred less than 30 vol.-% or 20 vol.-%, water
vapor (H20).

14. Method according to any of the preceding claims, wherein the off-gas (G2) exit-
ing the rotary kiln (10) is cooled in a cooling apparatus (40T).

15. Method according to any of the preceding claims, wherein the off-gas (G2) exit-
ing the rotary kiln (10) is filtered and/or washed in a filter apparatus (40F) to separate
the metal oxide particles from the off-gas (G2) and/or from water vapor (H20).

16. Method according to any of the preceding claims, wherein the off-gas (G2) exit-
ing the rotary kiln (10) is dehumidified in a condenser (40C).

17. Method according to any of the preceding claims, wherein the treated, in partic-
ular cooled, filtered, washed and/or dehumidified, off-gas (G2) is recirculated to the
rotary kiln (10), in particular via a compressor/fan (40V) and/or a heating system (30).

18. Method according to any of the preceding claims, further comprising the step of
discharging the treated raw material (M1) as output material (M2) via the discharge
end of the rotary kiln (10), wherein at least a part of the process gas (G1) is directed
through the output material (M2) to preheat the process gas (G1) and/or to cool the
output material (M2).

19. Plant (1) for recycling zinc oxides (ZnQO) from a raw material (M1), in particular
flue dusts, sludges, scales, iron ore and/or filter cakes,

the plant (1) comprising:
- arotary kiln (10) with a length of at least 30 meters,
- agas supply system (20) to supply a process gas (G1) with hydrogen (H>),
- aheating system (30) to heat the process gas (G1), and

- an off-gas treatment (40) system to treat off-gas (G2) exiting the rotary kiln
(10) and to recirculate the treated off-gas (G2) back to the heating system
(30),

wherein the plant (1) is adapted to carry out the method according to one of the
preceding claims.
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20. Plant according to claim 19, wherein the plant (1), in particular the rotary kiln
(10), is sealed off from its surroundings.

21. Plant according to claim 19 or 20, wherein the plant (1) comprises a sealing
system operated with seal gas to seal off the plant (1), in particular the rotary kiln
(10), from its surroundings, wherein the sealing system is connected to the gas sup-
ply system (30).

22. Plant according to any of claims 19 to 21, wherein the heating system (30) com-
prises an electrically operated heating chamber to heat the process gas (G1) to a
gas inlet temperature (Tg1) greater than 1100 °C.

23. Plant according to any of claims 19 to 22, wherein the plant (1) comprises a
discharge housing (10H) forming a discharge end of the rotary kiln (10) through which
the treated raw material (M1) can be discharged as output material (M2), wherein
the discharge housing (10H) comprises an additional gas inlet at its lower end such
that at least a part of the process gas (G1) can be directed through the output mate-
rial (M2).
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