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METAL REDUCTION PROCESSES, METALLURGICAL PROCESSES AND
PRODUCTS AND APPARATUS

CROSS-REFERENCE TO RELATED APPLICATION

[001] This application claims the benefit of U.S. Provisional Patent Application
No. 61/213,645, filed June 29, 2009, entitled “METAL REDUCTION PROCESSES,
METALLURGICAL PROCESSES AND PRODUCTS AND APPARATUS,” which is
hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[002] This disclosure relates to the field of metal reduction and metallurgy,
specifically to metal reduction processes, metallurgical processes, and to related products
and to apparatus for use therewith.

BACKGROUND OF THE INVENTION

[003] Metals are indispensable material for human beings. They normally do not
exist as simple substances, i.e., zero-valent metals, in nature; most are found, for example,
in ores as compounds and mixtures. To obtain metals in simple substance form, ores need
to be smelted to extract the metals.

[004] Many methods to extract metals exist, one of which is to reduce ores at an
appropriate temperature using a reducing agent. Taking iron extraction as an example, the
traditional method includes the blast furnace method. Other commonly used metallurgical
methods for iron reduction include, for example, direct reduction and melt reduction. Direct
iron reduction falls primarily into two categories: (1) gas-based direct reduction, including,
for example, the Midrex shaft kiln method and the HYL reaction tank method; and (2) coal-
based direct reduction, including, for example, the Fastmet method using a ring back
converter, the CRIMM method using a rotary kiln, the Fastmelt method, and the ITmk3
method. Most of those methods usually require a high concentration of iron, such as over
60% of iron, in the ores. Another coal-based direct reduction method uses tunnel kilns and
the reactant materials are in a powder form before entering into the tunnel kiln. Melt

reduction methods include, for example the Corex method, the Hismelt method, the Finex
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Method, and others such as the DIOS, AISI, and CCF methods. Another commonly-used
method is the Hoganas method.

[005] These above-mentioned methods, in general, may require high energy
consumption, create serious air pollution, or require significant investments for equipment.
In addition, these methods may have stringent demand for high-quality feed material, such
as requiring high metal-content ores, or requires stringent control during the processing to
avoid poor-quality products. Hence, there is still a great need for a new metal reduction
process to solve at least one of the problems set forth above.

SUMMARY OF THE INVENTION

[006] The present disclosure relates to a metal reduction process, comprising:

adding a mixture into a reactor, wherein the mixture comprises at least one metal-
containing material, at least one reducing agent, and at least one additive,

heating the reactor to a selected reduction temperature,

moving the mixture through the reactor while stirring the mixture, allowing a
reduction period to occur, and

obtaining a resulting composition, wherein the resulting composition comprises at
least one zero-valent metal and a residue. The resulting composition may, for example, be
in the form of solid particles comprising at least one zero-valent metal core and a coating.

[007] The present disclosure further relates to a metallurgical process, comprising

a mixing stage, comprising mixing at least one metal-containing material, at least
one reducing agent, and at least one additive to form a mixture;

a metal reduction stage, comprising adding the mixture into a reactor, heating the
reactor to a selected reduction temperature, moving the mixture through the reactor while
stirring the mixture, allowing a reduction period to occur, and obtaining a resulting
composition, wherein the resulting composition comprises at least one zero-valent metal
and a residue; and

a separation stage, wherein the at least one zero-valent metal is separated from the
residue.

[008] The present disclosure also relates to a product, made by the metal reduction
process set forth above, wherein the resulting composition is in the form of solid particles
comprising at least one zero-valent metal core and a coating. The resulting composition
may, for example, be in the form of solid particles comprising at least one zero-valent metal

core and a coating.
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[009] The present disclosure further relates to a metal reduction apparatus for
recovering at least one metal from at least one metal-containing material, comprising:

a reactor housing configured to receive a mixture of at least one metal-containing
material, at least one reducing agent, and at least one additive;

a heating device including at least one heating unit thermally coupled to the reactor
housing; and

a propelling blender located in the reactor housing, wherein:

the propelling blender includes a plurality of shafts;

each of the plurality of shafts has at least one blade; and

the thickness of an outer surface of the at least one blade varies along the arc
of the at least one blade.

[010] The present disclosure also relates to a metal reduction system, comprising:

a metal reduction apparatus including

a reactor housing configured to receive a mixture of at least one metal-
containing material, at least one reducing agent, and at least one additive;

a heating device including at least one heating unit thermally coupled to the
reactor housing, and at least one temperature controlling unit controllably coupled to
the at least one heating unit; and

a propelling blender located in the reactor housing; and
at least one heat recovery device coupled to the metal reduction apparatus, and

configured to receive a resulting composition discharged from the metal reduction apparatus.

[011] The present disclosure further relates to a metallurgical system for
recovering at least one metal from at least one metal-containing material, comprising:

a material preparation system configured to prepare a mixture of the at least one
metal-containing material, at least one reducing agent, and at least one additive;

a metal reduction apparatus located downstream of the material preparation system,
and configured to reduce the at least one metal-containing material to a resulting
composition comprising at least one zero-valent metal and a residue, the metal reduction
apparatus including:

a heating device, and

a propelling blender; and
a separator located downstream of the metal reduction apparatus, and configured to

separate the at least one zero-valent metal from the residue.
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BRIEF DESCRIPTION OF THE DRAWINGS

[012] Fig. 1 is a flowchart for an exemplary metal reduction process in accordance
with the present disclosure.

[013] Fig. 2 is a flowchart for an exemplary metallurgical process in accordance
with the present disclosure.

[014] Fig. 3(A) and (B) are flowcharts for exemplary additive recovery processes
in accordance with the present disclosure.

[015] Fig. 4 is a flow chart for an exemplary metallurgical system in accordance
with the present disclosure.

[016] Fig. 5 shows an exemplary metal reduction apparatus in accordance with the
present disclosure.

[017] Fig. 6 shows the horizontal cross section taken at the line 6-6 of the metal
reduction apparatus as shown in Fig. 5.

[018] Fig. 7 is an enlarged view of a portion of the propelling blender as shown in
Fig. 6.

[019] Fig. 8 is a view of the propelling blender as shown in cross section 8-8 of Fig.

[020] Fig. 9 is a view of a vertical cross section taken at the line 9-9 of the metal
reduction apparatus as shown in Fig. 5.
DETAILED DESCRIPTION OF THE INVENTION

[021] The present disclosure relates to a metal reduction process, comprising:

adding a mixture into a reactor, wherein the mixture comprises at least one metal-
containing material, at least one reducing agent, and at least one additive,

heating the reactor to a selected reduction temperature,

moving the mixture through the reactor while stirring the mixture, allowing a
reduction period to occur, and

obtaining a resulting composition, wherein the resulting composition comprises at
least one zero-valent metal and a residue.

[022] In one embodiment, the mixture is in the form of fine particles. For example,
the fine particles can have a particle size of less than about 1 mm. As another example, the
fine particles have a particle size of less than about 0.074 mm. The particle size may be
measured by a method known in the art, chosen, for example, from laser density methods,

settlement and precipitation methods, and electron microscopy methods.
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[023] The at least one metal-containing material disclosed herein may be chosen
from ores, slag, industrial wastes, and metal oxides. In one embodiment, the at least one
metal-containing material is chosen from ores. The ores include, but are not limited to, low
grade ores, symbiotic ores, and refractory ores. For example, the at least one metal-
containing material can be chosen from low grade ores. The phrase “low grade ores” as
used herein refers to ores containing a lower amount of metal than the grade required by
prior art technologies. For example, lower grade iron ores contain no higher than 60% by
weight of iron, such as 20%-60% by weight of iron, relative to the total weight of the ores.
In another embodiment, the at least one metal-containing material is chosen from industrial
wastes.

[024] More than one metal-containing material may be used in a single metal
reduction process. For example, more than one industrial waste containing iron, albeit from
different sources or with different specifications, may be combined and reduced in a single
metal reduction process.

[025] In one embodiment, the at least one metal-containing material comprises at
least one metal compound. The at least one metal compound may be chosen, for example,
from compounds containing at least one positive-valent metal. For example, the at least one
metal compound can be chosen from metal oxides, metal carbonates and metal hydroxides.
As another example, the at least one metal compound is chosen from metal sulfides, which
may be transformed into metal oxides via a method known in the art before being subject to
a metal reduction process. When more than one metal-containing compound is used, the at
least one metal-containing compound may contain the same metal or different metals. For
example, a metal-containing material may contain Fe;Q,, Fe;Os, FeO, and/or any
combination thereof. As another example, metal compounds containing oxides and/or
sulfides of Fe and/or Ni may coexist in one metal-containing material.

[026] The at least one reducing agent may be any reducing agent that could
achieve metal reduction, and may be chosen, for example, from materials having a high
carbon content. In one embodiment, the at least one reducing agent is chosen from coals,
anthracites, cokes, heavy oils, petrol-coke, and pitch. For example, the at least one reducing
agent can be chosen from coals, and anthracites, and cokes.

[027] The at least one reducing agent disclosed herein may be present in the
mixture in an amount greater than the theoretical molar value. In one embodiment, the at
least one reducing agent is present in an amount ranging from about 5% to about 100%

greater than the theoretical molar value. The phrase “the theoretical molar value” of the at
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least one reducing agent as used herein is the calculated amount of the at least one reducing
agent, an amount that would be required for the metal reduction reaction to be complete in
accordance with the applicable chemical reaction equation, under an ideal chemical reaction
condition, based on an estimated amount of the metal(s) contained in the at least one metal-
containing material. For example, if a material containing Fe;Oy is to be reduced by coal,
the following chemical reaction would occur: Fe304 +2 C =3 Fe + 2 CO,. Under ideal
chemical reaction conditions, to make the reduction reaction of 1 mole of Fe;04 complete, 2
moles of carbon would be required. That is, the theoretical molar value for reducing 1 mole
of Fe304 is 2 moles of carbon. In practice, the theoretical molar value of a reducing agent is
calculated based on the estimated amount of the metal(s) contained in a metal-containing
material.

[028] The at least one additive disclosed herein may be used for various purposes,
for example, to remove any unwanted matter. For example, sulfur and/or phosphorus may
be removed from the at least one metal-containing material by using the at least one additive.
In one embodiment, the at least one additive is chosen from compounds containing at least
one cation chosen from Li*, Na*, K*, Ca®*, Sr**, Ba®*, and Mg?*. For example, the at least
one additive can be chosen from LiCl, NaCl, KCl, CaCl, SrCl,, BaCl,, MgCl,, LiF, NaF,
KF, CaF,, SrF,, BaF,, MgF,, Li;O, Na,0, K;0, CaO, SrO, BaO, MgO, LiHCO;, NaHCOs,
KHCO;, Ca(HCO3),, Sr(HCO3),, Ba(HCO3),, Mg(HCO3),, Li;SO4, NaSO4, K;SO4, CaSOs,
SrSO4, BaSO4, MgS0y, Li,CO3, Nay;CO3, KyCO3, CaCOs, SrCO;3, BaCOs, and MgCO:s.
Further, for example, the at least one additive can be chosen from NaCl, KCl, CaCl,, NaF,
CaF, SrF», Na0O, CaO, MgO, NaHCO;, KHCO;, Ca(HCO3),, CaSOs, BaSO4, MgSO4,
NayCO3, K;COs, and CaCOs. In one embodiment, the at least one additive is chosen from
NaCl, KCl, NaF, CaF,, SrF;, CaO, MgO, NaHCO3, Ca(HCOs),, BaSO4, MgSO4, Na,COs3,
K,COs, and.CaCOs.

[029] The amount of the at least one additive in the mixture may be determined
based on various factors, depending on the purpose of the additive. For example, if sulfur is
to be removed during the metal reduction process, the amount of the at least one additive is
determined based on factors such as the content of sulfur and the nature of the metal in the
metal-containing material. The presence of the at least one additive may also, for example,
help maintain an environment inside of the reactor to facilitate the reduction reaction. In
one embodiment, the at least one additive is present in the mixture in an amount greater than
the theoretical molar value. For example, the at least one additive is present in the mixture

in an amount about 5% to about 100% greater than the theoretical molar value. The phrase
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“the theoretical molar value” of the at least one additive refers to the calculated amount of
the at least one additive, which would be required, under ideal chemical reaction conditions,
to remove the unwanted matter from the at least one metal-containing material, based on an
estimated amount of the unwanted matter. The theoretical molar value of an additive may
be calculated in a similar fashion as exemplified above for the at least one reducing agent,
based on the nature of the unwanted matter.

[030] The ratio of the at least one additive and the at least one reducing agent may
be adjusted based on factors such as the quality of the at least one metal-containing material,
the nature of the metal in the metal-containing material, and/or the purpose of the at least
one additive. In one embodiment, the weight ratio of the at least one additive and the at
least one reducing agent is about 1:1. This weight ratio may also, for example, vary to
ensure that the environment inside of the reactor that is desirable for the reduction reaction
could be maintained.

[031] The reactor may be preheated before the mixture is added into the reactor, or
heated after the mixture is added, or heated simultaneously as the mixture is added into the
reactor. In one embodiment, the selected reduction temperature is maintained throughout
the metal reduction process. “Maintained” as used herein means that the temperature of the
reactor is kept roughly at the selected reduction temperature. For example, when the
mixture, which may be at a lower temperature than the selected reduction temperature, is
added into the reactor, it may cause a decrease of the reactor’s temperature. As another
example, at the end of the reaction in the reactor, i.e., when the resulting composition goes
out of the reactor, the temperature of the reactor may be higher than the selected reduction
temperature. The mixture could also, for example, be heated to the selected reduction
temperature before being added into the reactor.

[032] The temperature of the reactor may be controlled according to timing. For
example, the timing controlled temperature may include a preheating, heating, and cooling
cycle. In one embodiment, the reactor is preheated for a selected preheating time period,
before being heated to a selected reduction temperature. Then, the temperature of the
reactor is maintained at a selected reduction temperature for a selected reduction time period;
and then the reactor is cooled for a selected cooling time period to cool the resulting
composition to a desired temperature. During this cycle, different sections of the reactor
might, for example, be at a different temperature. In one embodiment, at one time, the inlet

of the reactor may be at a preheating temperature, the middle may be at a selected reduction
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temperature, and the outlet may be at a cooling temperature. In another embodiment, at one
time, the temperature of the reactor is maintained at a selected reduction temperature.

[033] Selection of the reduction temperature depends on various factors, such as
the nature of the metal in the metal-containing material and/or the particle size of the
grounded metal-containing material. In one embodiment, the selected reduction
temperature is not lower than 500 °C. For example, the selected reduction temperature can
range from about 800 °C to about 1200 °C. In another embodiment, the selected reduction
temperature ranges from about 1000 °C to about 1050 °C.

[034] The at least one zero-valent metal may be chosen from magnetic metals and
non-magnetic metals, such as cobalt, copper, iron, lead, nickel, tin, tungsten, and zinc. In
one embodiment, the at least one zero-valent metal is chosen from iron, nickel, and tin. For
example, the at least one zero-valent metal can be chosen from nickel and tin. In another
embodiment, the at least one zero-valent metal is iron.

[035] The metal reduction process disclosed herein can be used to extract more
than one type of metal simultaneously, or sequentially, from the metal-containing material,
depending on the type of the metal-containing material and/or the nature of the metal. For
example, if the metal-containing material contains two types of metals, and if the two types
of metals can be extracted under similar conditions, such as similar reduction temperature,
the two types of metals may accordingly be simultaneously extracted from the metal-
containing material. As another example, if the metal-containing material contains two
types of metals, but the two types of metals ordinarily cannot be reduced under similar
conditions, one metal may be reduced first, and the residue may be recovered and subject to
another round of the metal reduction process as disclosed herein.

[036] The selection of a reduction period depends on various factors, such as the
nature of the metal in the metal-containing material, the selected reducing agent, and/or the
particle size of the grounded metal-containing material. In one embodiment, the reduction
period is not shorter than 20 minutes. For example, the reduction period can range from
about 60 minutes to about 150 minutes.

[037] In one embodiment, the moving of the mixture through the reactor while
stirring the mixture is achieved by propelling and mixing the mixture inside the reactor
using, for example, the metal reduction apparatus disclosed herein. For example, the
mixture may be stirred continuously. Alternatively, the mixture may be stirred

intermittently.
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[038] In one embodiment, as the reactor is filled with the mixture including, for
example, the at least one metal-containing material, oxygen is depleted inside of the reactor
during the movement of the mixture through the reactor. “Depleted” as used herein means
that substantially no O, remains present in the reactor. For example, the depletion of O,
may be achieved through means that seal the reactor and thus prevent O, from getting
inside the reactor. Nevertheless, a trace amount of O, may be brought in when the mixture
is added into the reactor. The level of the O, present within the sealed reactor may be
further depleted after the O, is reacted with a reducing agent present in the mixture. An
oxygen-depleted environment is desirable for metal reduction processes and could increase
the reduction reaction rate and/or make the reduction reaction more complete.

[039] The resulting composition disclosed herein comprises at least one zero-valent
metal and a residue. The residue can include, for example, any unreacted additive,
unreacted reducing agent, unreacted metal-containing material, by-products of the absorbed
waste gas(es) that are produced during the metal reduction process, and by-products of the
reaction of the metal-containing material with the additive and the reducing agent.

[040] The at least one zero-valent metal may be in the form of metal cores, and the
residue may be, in full or in part, in the form of a coating, which partially or completely
covers the at least one zero-valent metal core and can be removed by, for example,
grinding.

[041] Accordingly, the resulting composition may be in the form of solid particles,
which comprise the metal cores and the coatings thereof. The phrase “solid particles” as
used herein means particles without holes inside. Solid particles are different from sponge
particles, which have holes inside. As another example, the solid particles in the resulting
composition may exist in agglomerated form. In one embodiment, the solid particles have a
particle size of no greater than about 10 mm. In another embodiment, the solid particles
have a particle size no greater than about 1 mm:.

[042] The metal reduction process disclosed herein may further comprise grinding
the at least one metal-containing material, at least one reducing agent, and at least one
additive separately into the form of fine particles and mixing them together before adding
the mixture into the reactor. Alternatively, the metal reduction process disclosed herein
may further comprise grinding the at least one metal-containing material, at least one
reducing agent, and at least one additive together to form the mixture in the form of fine
particles before adding the mixture into the reactor. When the at least one metal-containing

material is chosen from ores, the grinding depends on, for example, the embedded particle
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size of the metal compounds in the ores. One of the main purposes of the grinding includes,
for example, to expose the metal component of the metal-containing material. To this end,
a pre-grinding process may be used, including crushing, to obtain an appropriate size of ores
to be used in a grinder.

[043] To further describe the metal reduction process disclosed herein, certain
embodiments are, in part, presented in the Figures, e.g., Fig. 1. S101 of Fig. 1 represents a
step of adding a mixture comprising at least one metal-containing material, at least one
reducing agent and at least one additive in the form of fine particles to a reactor. The
mixture is ground into particles having a particle size of less than about 1 mm, to increase
the reaction rate of the metal reduction.

[044] S102 of Fig. 1 represents a step of heating and maintaining the reactor at a
selected reduction temperature, and moving the mixture through the reactor while stirring
the mixture continuously, allowing a reduction period to occur. Depending on the type of
the metal to be obtained, the reactor is heated to a temperature suitable for the metal
reduction to occur. An appropriately selected reduction temperature and the stirring of the
mixture both could facilitate the efficiency of the reduction reaction.

[045] S103 of Fig. 1 represents a step of obtaining a resulting composition, which
comprises at least one zero-valent metal and a residue, being formed following a reduction
period. The resulting zero-valent metal can be further made into metal products. The
residue may be further treated, for example, for use as a cement admixture.

[046] The reduction temperature and reduction period are controllable in the metal
reduction process disclosed herein. For example, if a hematite is to be reduced, a reduction
temperature of about 1000°C to about 1050°C, and a reduction period of about 60 minutes
to about 150 minutes, may be selected. For another example, if an awaruite is to be reduced,
a reduction temperature of about 950 °C to about 1100 °C, and a reduction period of about
60 minutes to about 120 minutes, may be selected.

[047] The present disclosure further relates to a metallurgical process, comprising:

a mixing stage, comprising mixing at least one metal-containing material, at least
one reducing agent, and at least one additive to form a mixture;

a metal reduction stage, comprising adding the mixture into a reactor, heating the
reactor to a selected reduction temperature, moving the mixture through the reactor while
stirring the mixture, allowing a reduction period to occur, and obtaining a resulting
composition, wherein the resulting composition comprises at least one zero-valent metal

and a residue; and
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a separation stage, wherein the at least one zero-valent metal is separated from the
residue.

[048] The mixing stage disclosed herein may, for example, comprise adding the at
least one additive and the at least one reducing agent to the at least one metal-containing
material to form a mixture, and grinding the mixture into a form of fine particles. The
ground mixture of the metal-containing material, the at least one reducing agent, and the at
least one additive may contain water. Thus, the metallurgical process may, for example,
further comprise a drying step. The mixture may be dried by at least one heat conductive
medium that is commonly used in the art. For example, the at least one heat conductive
medium can be chosen from heat-conductive oils, water, and gas.

[049] Alternatively, the metallurgical process may, for example, further comprise
grinding the at least one metal-containing material, the at least one reducing agent, and the
at least one additive separately into the form of fine particles prior to forming a mixture.
The at least one metal-containing material, the at least one reducing agent, and/or the at
least one additive may contain water. Thus, the metallurgical process may, for example,
further comprise drying the at least one metal-containing material, the at least one reducing
agent, and/or the at least one additive separately after the grinding step. In an alternative
embodiment, after the grinding step, the ground at least one additive, the ground at least one
reducing agent, and the ground at least one metal-containing material may be mixed
together, in appropriate proportions, to form a ground mixture. The ground mixture may
then be dried at least once to reach a desired water content prior to entry into the reactor.

[050] The metal reduction stage disclosed herein is similar to the metal reduction
process set forth above. It is understandable that one or more metal reduction process may
be carried out simultaneously in one or more reactors.

[051] The metallurgical process disclosed herein may further comprise, for
example, a grinding step after the direct reduction stage, wherein the resulting composition
is ground. The grinding step may serve to disassociate the zero-valent metal and a covering
of the zero-valent metal that is formed during the metal reduction stage. In one embodiment,
a wet grinding method is used to grind the resulting composition. Any liquid that can serve
the purpose for wet grinding may be used. For example, water or an appropriate aqueous
solution or suspension comprising, e.g., the at least one additive, may be used for wet
grinding. The amount of the liquid used for wet grinding may be selected based on various
factors, such as the amount of the resulting composition that need to be ground. An optimal

amount of the liquid may be selected for efficiency purposes. For example, prior to the
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grinding, the metallurgical process comprises adding water to the resulting composition
such that the weight ratio of the resulting composition to the water ranges from about 1:1 to
about 4:1. As another example, the weight ratio of the resulting composition to the water is
about 7 to about 3.

[052] In an alternative embodiment, a dry grinding method is used to grind the
resulting composition such that the at least one zero-valent metal core is disassociated from
the covering. For example, the grinding step may last from about 5 minutes to about 40
minutes.

[053] The metallurgical process may further comprise a heat recovery stage,
wherein, after the metal reduction stage is completed but before the grinding step, the
resulting composition is cooled via at least one heat-conductive medium, and the absorbed
heat in the at least one heat-conductive medium is reused for drying at least one material
that needs to be dried. The at least one material that needs to be dried may include, for
example, the at least one metal-containing material, the at least one reducing agent, the at
least one additive, and/or any mixture thereof, before the reduction reaction starts. In one
embodiment, the at least one heat-conductive medium is chosen from heat-conductive oils,
water, and gas.

[054] The separation stage of the metallurgical process disclosed herein may be
conducted using any separation method known in the art. For example, it could be
conducted using at least one method chosen from magnetic separation methods, electrostatic
separation methods, gravity separation methods, and flotation separation methods. In one
embodiment, the at least one zero-valent metal is chosen from magnetic metals, such as iron.
The at least one magnetic zero-valent metal may be separated from the residue using, for
example, a wet magnetic separation method. In an alternative embodiment, the at least one
zero-valent metal is chosen from nonmagnetic metals. In this case, the at least one zero-
valent metal may be separated from the residue by using a method known in the art chosen,
for example, from gravity separation methods, electrostatic separation methods, and
flotation separation methods.

[055] The metallurgical process disclosed herein may further comprise, after the
separation stage, a stage for making a metal product, and/or a stage for treating the residue.
The stage for making a metal product may comprise, for example, treatment of the at least
one zero-valent metal, and formation of a metal product.

[056] The treatment of the at least one zero-valent metal may comprise, for

example, at least one step chosen from drying the at least one zero-valent metal, and
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forming an inert film on the surface of the at least one zero-valent metal. The treatment of
the at least one zero-valent metal may further comprise, for example, a dewatering step
wherein water is removed from the at least one zero-valent metal. In one embodiment, the
dewatering step is conducted using at least one method chosen from strong magnetic
dehydration, centrifugation dehydration, vacuum filtration, and pressure filtration.
“Drying” as used herein means using heat or a heat conductive medium to remove water
from a material. “Dewatering” as used herein means using a device to extract water from a
material.

[057] The formation of a metal product may comprise, for example, mixing at least
one binder with the at least one zero-valent metal, and briquetting the mixture of the at least
one zero-valent metal and the at least one binder to form a metal product. The at least one
binder is chosen, for example, from cement clinkers with a specific surface area of higher
than about 600 m%kg. In one embodiment, the at least one binder may be in an amount
ranging from about 0.5% to about 5% by weight relative to the total weight of the metal
product. For example, the at least one binder can be present in an amount of about 2% by
weight relative to the total weight of the metal product.

[058] The stage for treating the residue may comprise, for example, at least one
step chosen from dewatering the residue, and drying the residue. The dewatering step may
be conducted using at least one method known in the art, chosen, for example, from strong
magnetic dehydration, centrifugation dehydration, vacuum filtration, and pressure filtration.
The stage for treating the residue may further comprise, for example, grinding the residue,
such as for use as a cement admixture.

[059] The metallurgical process disclosed herein may further comprise, for
example, recovering the at least one additive following the separation stage. Because the
metallurgical process disclosed herein can be continuous, the recovery process of the at
least one additive may be continuous and may occur in cycle(s). In one embodiment, the
metallurgical process may comprise a wet grinding method using water after the metal
reduction stage, wherein the residue after the separation stage is dewatered to yield a solid
portion of the residue, and an aqueous portion that comprise all or some of the at least one
additive. The aqueous portion may be a solution, and may be in the form of a suspension.
The concentration of the at least one additive in the aqueous portion after the dewatering
may be adjusted to be close to the saturation concentration of the at least one additive. The

at least one additive may be recovered by, for example, drying.
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[060] The metallurgical process disclosed herein is further described by the
embodiment shown in Fig. 2. Fig. 2 is a flowchart of an exemplary metallurgical process in
accordance with the present disclosure, including a mixing stage, comprising mixing at least
one metal-containing material, at least one reducing agent, and at least one additive to form
a mixture; a metal reduction stage, comprising adding the mixture into a reactor, heating
the reactor to a selected reduction temperature, moving the mixture through the reactor
while stirring the mixture, allowing a reduction period to occur, and obtaining a resulting
composition, wherein the resulting composition comprises at least one zero-valent metal
and a residue; a separation stage, comprising separating the at least one zero-valent metal
from the residue; and a post treatment stage, wherein the at least one zero-valent metal and
the residue are treated. In one embodiment, during the metal reduction stage, the reactor is
maintained at a selected reduction temperature.

[061] As shown in Fig. 2, before the mixing stage, the metal-containing material
may be crushed into particles according to a required specification, for example, to a size as
allowed by the grinder, e.g., a mill to be used . In one embodiment, the metal-containing
material may be crushed into particles finer than about 3 mm to avoid potential damage to
the grinder, e.g., a mill. Then, during the mixing stage, the at least one additive and the at
least one reducing agent may be added into the at least one metal-containing material to
form a mixture. The mixture may then be ground into the form of fine particles with a
particle size of less than 0.074 mm. The mixture may be further dried using a heat-
conductive oil or water. The mixture may be thoroughly mixed before being fed into a
metal reduction apparatus.

[062] As shown in Fig. 2, between the metal reduction stage and the separation
stage, a heat recovery stage and a grinding step may be carried out. The purpose of the heat
recovery stage includes, for example, to cool the resulting composition, and transfer the heat
to a thermal conducting medium. The recovered heat may then be used to dry the materials
that need to be dried. During the grinding step, the resulting composition can be ground
using a wet grinding method such that the metal core and the coating thereof are
disassociated.

[063] Also shown in Fig. 2, the post-treatment processes may include a stage for
making a metal product, and a stage for treating the residue. During the stage for making the
metal product, the reduced metal may be dewatered first using, for example, a strong
magnetic dehydration method and dried, and then passivated by forming an inert film on the

surface of the metal to prevent further oxidation. A binder may then be added to and mixed
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with the zero-valent metal. Then the metal and the binder may be briquetted to form a
metal product of mass. During the stage for treating the residue, the residue may be
dewatered, dried and ground to be used as a cement admixture.

[064] The metallurgical process disclosed herein may further comprising
recovering the at least one additive after the separation stage. For example, the
metallurgical process disclosed herein may further comprise a wet grinding step following
the metal reduction stage but before the separation stage, and at least one dewatering step
after the separation stage wherein the separated residue is dewatered resulting in a solid
portion and an aqueous portion, and the at least one additive is recovered by adjusting the
concentration of the at least one additive in the aqueous portion to be close to the saturation
concentration of the at least one additive, and drying the aqueous portion.

[065] In another example, the metallurgical process as disclosed herein may further
comprises a wet grinding step following the metal reduction stage but before the separation
stage, a first dewatering step after the separation stage wherein the residue is dewatered
resulting in a solid portion and a first dewatering aqueous portion, at least one washing step
wherein the solid portion is washed, and at least one second dewatering step resulting in at
least one second dewatering aqueous portion, wherein the at least one additive is recovered
by using the first dewatering aqueous portion and the at least one second dewatering
aqueous portion in the wet grinding step until the concentration of the at least one additive
in the first dewatering aqueous portion or the at least one second dewatering aqueous
portion is to be close to the saturation concentration of the at least one additive and drying
said first dewatering aqueous portion or the at least one second dewatering aqueous portion.

[066] The metallurgical process disclosed herein, as related to recovery of the at
least one additive, is further described by the embodiments shown in Figs. 3(A) and (B). As
shown in Fig. 3(A), the metallurgical process may comprise a wet grinding step using water
following the metal reduction stage but before the separation stage, a first dewatering step
after the separation stage wherein the residue is dewatered resulting in a solid portion of the
residue and a first dewatering aqueous portion, a first washing step using water wherein the
solid portion is washed, a second dewatering step resulting in a solid portion of the residue
and a second dewatering aqueous portion, a second washing step using water wherein the
solid portion is washed, and a third dewatering step resulting in a solid portion of the
residue, which may be substantially free of the at least one additive and a third dewatering
aqueous portion. The aqueous portion after each dewatering step may be in the form of a

solution or a suspension. As the metallurgical process can be continuous, the at least one
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additive can also be recovered continuously by adjusting the at least one additive
concentration in the aqueous portion to be close to the saturation concentration of the at
least one additive and by drying the combined aqueous portions collected after the
dewatering steps. In this embodiment, the first dewatering aqueous portion, the second
dewatering aqueous portion, and the third dewatering aqueous portion are combined and the
at least one additive concentration in the combined aqueous portion is adjusted to be close
to the saturation concentration of the at least one additive by, for example, controlling the
amount of water that is added into the wet grinding, the first washing, and the second
washing steps.

[067] In another embodiment, the at least one additive can be recovered
continuously and in a cycle. As shown in Fig. 3(B), the metallurgical process may
comprises a wet grinding step using water following the metal reduction stage but before
the separation stage, a first dewatering step after the separation stage wherein the residue is
dewatered resulting in a solid portion of the residue and a first dewatering aqueous portion,
a first washing step using water wherein the solid portion is washed, a second dewatering
step resulting in a solid portion of the residue and a second dewatering aqueous portion, a
second washing step using water wherein the solid portion is washed, and a third dewatering
step resulting in a solid portion of the residue, which may be substantially free of additive(s)
and a third dewatering aqueous portion. The aqueous portion after each dewatering step
may be in the form of a solution or a suspension. The first dewatering aqueous portion, the
second dewatering aqueous portion and the third dewatering aqueous portion could be
delivered back to be used in the wet grinding step to form a cycle without addition of water
to the wet grinding step, until, for example, the at least one additive concentration in the
first dewatering aqueous portion is close to be the saturation concentration of the at least
one additive. At that time, that first dewatering aqueous portion is collected and dried to
recover the at least one additive. As the metallurgical process can be continuous, the at
least one additive can also be recovered continuously by adjusting the at least one additive
concentration in the aqueous portion to be close to the saturation concentration of the at
least one additive. Such adjustment can be conducted by, for example, controlling the
amount of water that is added into the wet grinding, the first washing, and the second
washing steps.

[068] It is understandable that, in other embodiments similar to those as shown in
Figs. 3(A) and (B), the washing and dewatering steps after the metal reduction, wet grinding,

and separation in the metallurgical process disclosed herein may be operated once or more
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than once to achieve, for example, at least one of the following purposes: (1) the
concentration of the at least one additive in the aqueous portion after the dewatering step
could be adjusted to be close to the saturation concentration of the at least one additive so
that it is easier to recover the at least one additive by drying; and (2) all or some of the at
least one additive in the solid portion of the residue could be removed after the washing and
dewatering steps such that the quality of a product made from the solid portion of the
residue, e.g., a cement admixture, is not severely adversely affected by some of the at least
one additive that may still have been retained.

[069] The steam produced by evaporation can be used for drying those materials
that are in need to be dried. The steam can also be condensed, and the resulting water can
be reused.

[070] The present disclosure also relates to a product, made by the metal reduction
process set forth above, wherein the resulting composition is in the form of solid particles
comprising at least one zero-valent metal core and a coating.

[071] In one embodiment, the solid particles have a particle size of no greater than
about 10 mm. As another example, the solid particles have a particle size no greater than
about 1 mm.

[072] The disclosure also provides a metal reduction system. Fig. 4 illustrates such
a system. The metal reduction system 48 comprises, in order from most upstream to most
downstream, a material preparation system 100, a metal reduction apparatus 200, a heat
recovery device 300, and a separator system 400. Additionally, the metal reduction system
48 includes, in parallel, a metal product system 500 and a residue utilization system 600,
both of which are located downstream of the separator system 400. The metal reduction
system 48 also includes an additive recovery system 700, which may be located
downstream of the metal product system 500 and/or the residue utilization system 600. It is
understood that the metal reduction system 48 may include additional or alternative
components for carrying out the processes disclosed herein. Moreover, it is understood that
the metal reduction system 48 need not be capable of carrying out every process disclosed
herein, and need not include all of the components shown in Fig. 4.

[073] The material preparation system 100 is used to prepare a mixture in the form
of fine particles. This mixture may include at least one metal-containing material, at least
one reducing agent, and at least one additive. As shown in Fig. 4, the material preparation
system 100 may include a crusher 101 for crushing the at least one metal-containing

material, the at least one reducing agent, and/or the at least one additive; a mixing machine
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102 for mixing the at least one metal-containing material, the at least one reducing agent,
and the at least one additive; a grinder 103, for example, a ball mill, for grinding the mixture
into fine particles; and a dryer 104 for drying the ground mixture. It is understood that the
material preparation system 100 may include one or more alternative machines for forming
the fine particles, and that such one or more machines may individually form the at least one
metal-containing material, the at least one reducing agent, and the at least one additive into
fine particles, or may form the fine particles from a combination of one or more of the at
least one metal-containing material, the at least one reducing agent, and the at least one
additive.

[074] The metal reduction apparatus 200 is used to effect a reduction reaction of
the metal-containing material and extract simple substance metal. Fig. 5 depicts an
exemplary embodiment of the metal reduction apparatus 200 and the heat recovery device
300. Fig. 6 is a cross section taken at the line 6-6 of the metal reduction apparatus 200
shown in Fig. 5, and Fig. 9 is a cross section taken at the line 9-9 of the metal reduction
apparatus 200 shown in Fig. 5. As shown in Figs. 5, 6, and 9, the metal reduction apparatus
200 includes two propelling blender support devices 1, a press-type loading device 2, a feed
hopper 3, a propelling blender 4, a reactor housing 5, a heating device 6, an insulating layer
7, high-temperature seals 8, two couplers 9 (a coupler 9a and a coupler 9b), a gear bank 29,
a speed reducer 10, a motor 11, a housing base support 12, housing sliding supports 30, and
a discharge pipe 13.

[075] The parts of the metal reduction apparatus 200 may be made of metallic or
non-metallic materials that are capable of withstanding the operating temperature of the
metal reduction épparatus 200. For example, the metal reduction apparatus 200 may be
made of metallic or non-metallic materials that are capable of withstanding temperatures of
between about 600 °C and about 3000 °C. High temperature steel can, for example, be used
for many of the parts of the metal reduction apparatus 200.

[076] During operation of the metal reduction apparatus 200, the press-type
loading device 2, which is coupled to the feed hopper 3, presses feed material (the mixture)
in the feed hopper 3 into an upstream portion 31 of the housing 5. It is understood, however,
that other components or arrangements could be used to load the feed material into the
upstream portion 31 of the housing 5. For example, a mere gravity feed or a rotary type
pump could be used to load the feed material into the upstream portion 31 of the housing 5.
The housing 5 is supported by the housing base support 12, sealed at each end by the high-

temperature seals 8, and at least partially covered by the heating device 6. The heating
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device 6 is at least partially covered by the insulating layer 7, and provides heat to the
material via the housing 5. Thus, it is understood that the heating device 6 may be
thermally coupled to the housing 5. As used herein, a first structure is thermally coupled to
a second structure if heat can be transferred between the first structure and the second
structure either directly or indirectly. The propelling blender 4 is located in the housing 5,
and may include two shafts arranged parallel to each other. It is understood, however, that
the propelling blender 4 may include another number of shafis (e.g., one or more shafts),
and that these shafts may or may not be arranged parallel to each other.

[077] Regardless of the number of shafts, each end of each shaft is connected to
and supported by one of the propelling blender support devices 1. And, one end of each
shaft is connected to one coupler 9 (e.g., one end of a shaft 61 is connected to the coupler 9a,
and one end of a shaft 62 is connected to the coupler 9b). The couplers 9 are connected to
the gear bank 29, which is in turn connected to the speed reducer 10 and the motor 11. The
motor 11 provides rotation power to the gear bank 29 via the speed reducer 10. The gear
bank 29 apportions the rotation power between the couplers 9, and the couplers 9 provide
the rotation power to the shafts of the propelling blender 4. It is understood that the metal
reduction apparatus 200 need not necessarily include the gear bank 29. For example, in
embodiments of the propelling blender 4 having only one shaft, the speed reducer 10 may
receive rotation power from the motor 11, and provide the rotation power directly to the
coupler 9 connected to the one shaft. Alternatively, the metal reduction apparatus 200 could
include one motor 11 and one speed reducer 10 for each shaft of the propelling blender 4,
and each motor 11 could provide rotation power to one shaft via one speed reducer 10 and
one coupler 9. In any case, rotation of the one or more shafts of the propelling blender 4
stirs and propels the feed material through the housing 5 to a downstream portion 32 of the
housing 5, where the material is discharged from the metal reduction apparatus 200 via the
discharge pipe 13.

[078] The insulating layer 7 may be applied to the exterior surface of the heating
device 6, and may help prevent heat from escaping the heating device 6 and the housing 5.
The high-temperature seals 8 are attached to both ends of the housing 5, and may withstand
the operating temperature of the metal reduction apparatus 200. The high-temperature seals
8 may help retain an oxygen-depleted environment in the housing 5 (e.g., by preventing
oxygen from entering the housing 5), and may help prevent dust in the housing 5 from
escaping into mechanical parts of the metal reduction system 48.

[079] An enlarged view of the propelling blender 4 is shown in Fig. 7. As noted
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above, the propelling blender 4 may include two shafts 61, 62 that may be arranged parallel
to each other. Each of shafts 61, 62 may have a plurality of blades 63 configured
intermittently along its circumference (Fig. 8) and along its length (Fig. 7). It is understood,
however, that each of shafts 61, 62 could have fewer or more blades 63. For example, each
of shafts 61, 62 could have a single blade extending along its length, and this single blade
could be formed in a helical configuration.

[080] Referring to the shaft 62 illustrated in Fig. 7, each of the blades 63 may have
an upstream face 50 and a downstream face 55. The upstream face 50 of each blade 63 may
be generally normal to a longitudinal axis 70 of the shaft 62, and the downstream face 55 of
each blade 63 may be tilted with respect to a plane 72 extending normal to the longitudinal
axis 70 of the shaft 62. In particular, the downstream face 55 of each blade 63 may include
an angle of tilt a of between about 1° and about 45°. It is understood that the downstream
face 55 may be planar or nonplanar, and that the angle of tilt o, of a nonplanar downstream
face 55 would be determined using a line between points U and L, as shown in Fig. 7. The
angle of tilt « may be the same for each of the blades 63 of the shaft 62, in which case the
blades 63 are said to be arranged parallel to each other. Alternatively, the angle of tilt o
may vary between the blades 63 of the shaft 62, and may increase or decrease along the
length of the shaft 62. For example, the angle of tilt a of a blade 63 at an upstream end of
the shaft 62 may differ from the angle of'tilt o of a blade 63 at a downstream end of the
shaft 62 by between about 5° and about 15°. Such variation in the angle of tilt o. may
improve the propulsion and stirring of the feed material by the propelling blender 4.

[081] The blades 63 may also be slightly bent. Specifically, the radially inner edge
64 of each blade 63 may be twisted relative to the radially outer edge 65 of the blade 63.
Moreover, the thickness of each blade 63 may vary along the arc of the blade 63, and the
inner edge 64 of each blade 63 may be positioned within a recess 67 of the shaft 62, as
illustrated in Fig. 8. This recessed coupling engagement of the blade 63 to the shaft 62 may
help prevent the blade 63 from being bent or broken during operation of the metal reduction
apparatus 200. Additionally, the blade 63 may be covered by at least one abrasion resistant
material, which may help to prevent and/or slow wearing of the blade 63 during operation
of the metal reduction apparatus 200. For example, the wear resistant material may include
nickel, chrome, titanium, diamond, and/or another material or combination of materials that
is resistant to wear. Alternatively, the blade 63 may be treated to resist abrasion. For
example, the blade 63 may be heat treated or otherwise treated to resist abrasion.

[082] As illustrated in Fig. 8, each blade 63 may be substantially C-shaped, as
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viewed in a longitudinal direction of the shaft 62, and may extend for an arc B around the
shaft 62. For example, f may be between about 120° and about 160°, and may be about
140°. Alternatively, p may be smaller than about 120° or larger than about 160°. As shown
in Fig. 7, the C-shaped blades 63 may be located at the same circumferential position along
shaft 62. Alternatively, the C-shaped blades 63 may be located at different circumferential
positions along the shaft 62. Finally, it is understood that the above discussion of the
various configurations of blade 63 on shaft 62 is equally applicable to the blades 63 on shaft
61, and that shafts 61, 62 may have the same or varying configurations. For example, the
blades 63 on the shaft 61 may be positioned at varying longitudinal positions relative to the
blades 63 on the shaft 62. This may allow the blades 63 on the shaft 61 to overlap the
blades 63 on the shaft 62, as viewed in a longitudinal direction of the propelling blender 4.
Thus, the blades 63 on the shaft 61 may mesh with the blades 63 on the shaft 62 during
operation of the metal reduction apparatus 200.

[083] Referring to Figs. 5 and 6, the motor 11, along with the speed reducer 10, the
gear bank 29, and the couplers 9, provides rotating power with adjustable speed to the shafts
61, 62 of the propelling blender 4. The motor 11 may include an AC motor, an AC
variable-frequency motor, or another type of electric motor. Alternatively, the motor 11
may include a diesel engine, a gasoline engine, or another type of combustion engine.

[084] The speed reducer 10 is used to coordinate the rotation speed of the shafts 61,
62 and the rotation speed of the motor 11. This coordination may be useful because the
rotation speed of the motor 11 may be much higher than the desired rotation speed of the
shafts 61, 62, and the amount of torque required by the shafts 61, 62 may be greater than the
motor 11 can provide. The speed reducer 10 may take the form of a cylindrical gear reducer.
But, it is understood that the speed reducer 10 may alternatively include a planetary gear
reducer or another appropriate gear reducing arrangement.

[085] The gear bank 29 may be used to apportion rotation power between the
shafts 61, 62 of the propelling blender 4. For example, the gear bank 29 may evenly or
unevenly distribute rotation power between the shafts 61, 62. The gear bank 29 may
include, for example, one or more gears. Alternatively or additionally, the gear bank 29
may include, for example one or more chains, belts, pulleys, or other devices capable of
apportioning rotation power between the shafts 61, 62.

[086] The couplers 9 are used to compensate for radial, axial, and/or angular
misalignment of the shafts 61, 62 of the propelling blender 4. The couplers 9 may improve
the reliability of the metal reduction apparatus 200 by helping reduce the effect of
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deformations of the shafts 61, 62 caused by gravity and/or the operation of metal reduction
apparatus 200. For example, the couplers 9 may each include one or more universal joints,
Oldham couplings, Thompson couplings, or other couplers capable of transmitting torque
while permitting radial, axial, and/or angular misalignment of the shafts 61, 62.

[087] The propelling blender support devices 1 are used to support the shafts 61,
62 of the propelling blender 4. This support may improve the stability of the shafts 61, 62
by preventing the shafts 61, 62 from deforming and/or deflecting as a result of their own
weight. Each propelling blender support device 1 may include one or more bearings, which
may allow for relative longitudinal movement of the shafts 61, 62 as the shafts 61, 62
expand longitudinally. For example, the shafts 61, 62 may expand longitudinally (e.g., up
to or more than about 10 cm) when high temperatures (e.g., about 1100 °C) are reached
during operation of the metal reduction apparatus 200. The one or more bearings may
include, for example, one or more of a bushing or sleeve bearing, a fluid bearing, a
magnetic bearing, or another type of bearing that is designed to allow for relative
longitudinal movement of the shafts 61, 62.

[088] Referring to Figs. 5 and 9, the housing base support 12 may support the
housing 5, and may include a frame having one or more beams. Alternatively or
additionally, the housing base support 12 may include one or more hangers, brackets, and/or
other elements capable of supporting the housing 5, and/or other parts of the housing base
support 12. Although the housing base support 12 may directly support the housing 3, it is
contemplated that the housing base support 12 may alternatively or additionally support the
housing 5 via the sliding supports 30, as illustrated in Figs. 5 and 9. The plurality of sliding
supports 30 may be located along the length and width of the housing 5. In any case, the
housing base support 12 and/or sliding supports 30 may prevent the housing 5 from
deforming and/or deflecting as a result of the weight of the housing 5. By preventing
deformation and/or deflection of the housing 5, the housing base support 12 and/or the
sliding supports 30 may also prevent the housing 5 from inhibiting rotation of the shafts 61,
62 of the propelling blender 4.

[089] As shown in Fig. 5, each sliding support 30 may include a first element 35
and a second element 40 movably coupled to the first element 35. The first element 35 may
be fixedly attached to the housing 5, and the second element 40 may be fixedly attached to
the housing base support 12. The first and second elements 35 and 40 may, however, be
moveable relative to each other. This relative movement allows the housing 5 to move

relative to the housing base support 12 when the housing 5 expands longitudinally. For
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example, the housing 5 may expand longitudinally (e.g., by up to or more than about 10 cm)
when high temperatures (e.g., about 1100 °C) are reached during operation of the metal
reduction apparatus 200. In particular, each of first and second elements 35 and 40 may
include flat and polished surfaces. And, the flat and polished surface of the first element 35
may be positioned on top of the flat and polished surface of the second element 40. The flat
and polished surface of the first element 35 may then slide along the flat and polished
surface of the second element 40 as the first element 35 moves relative to the second
clement 40. Alternatively, the first and second elements 35 and 40 may not include
elements having flat and polished surfaces. For example, the first element 35 may
alternatively include a wheel and the second element 40 may include a track so that the first
element 35 may roll along the second element 40 as the housing 5 expands longitudinally.
In yet another alternative, the first element 35 may include a track and the second element
40 may include a wheel, or first and second elements 35 and 40 may include other elements
that are capable of moving relative to each other while supporting the housing 5.

[090] The heating device 6 provides heat for the reduction reaction via the housing
5. The heating device 6 may include one or more low energy consumption heating units
that are thermally coupled directly or indirectly to the housing 5. For example, each of the
heating units may include a resistance heater, an infrared tube heater, a gas furnace, a mid-
frequency heater, a coal furnace, a hot stove, a boiling furnace, a circulating fluidized bed
furnace, a conveyor furnace, a heat exchange casing, or another unit capable of providing
heat for metal reduction. Additionally, the heating device 6 may include one or more
temperature controlling units, which may be controllably coupled to the heating unit. For
example, each of the temperature controlling units may include one or more sensors and/or
a controller. Each of the sensors of a temperature controlling unit may sense and
communicate to the controller a parameter indicative of a temperature of the housing 5
and/or the mixture located within the housing 5. Based on this temperature, the controller
may then adjust the operation of one or more of the heating units to maintain the
temperature at a selected reduction temperature.

[091] During a reduction process, the feed material (the mixture of the at least one
metal-containing material, the at least one reducing agent, and the at least one additive) is
fed from the feed hopper 3 into the housing 5. In the housing 5, the mixture is stirred and
propelled by the propelling blender 4. The reduction reaction takes place in the housing 5,
where the metal-containing material reacts with the reducing agents to produce a high

temperature resulting composition, which includes simple substance metal and other
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products like waste gas and residue. The waste gas contains harmful elements, such as
sulfur and phosphorus, which may be absorbed by the additives in the residue, minimizing
environmental pollution. The high temperature resulting composition is then discharged
through discharge pipe 13, and subjected to post-reduction processing.

[092] The waste heat recovery device 300 is used to recover and reuse the heat
from the reduction process. As shown in Fig. 5, the waste heat recovery device 300 is
coupled to the metal reduction apparatus 200. The waste heat recovery device 300 is
configured to receive the high temperature resulting composition from the metal reduction
apparatus 200, and recover heat from the high temperature resulting composition.

[093] Asshown in Fig. 5, the waste heat recovery device 300 may include two
conveyor support devices 14, a feed pipe 15, a conveyor 16, a heat recovery device housing
17, heat exchange casings 18 and 19, an insulating layer 20, high-temperature seals 21, a
coupler 22, a speed reducer 23, a motor 24, a housing base support 26, and a discharge pipe
25.

[094] During operation of the waste heat recovery device 300, the resulting
composition discharged from the metal reduction apparatus 200 is fed into an upstream
portion 80 of the housing 17 via the feed pipe 15. For example, the discharge pipe 13 of the
metal reduction apparatus 200 may be connected to the feed pipe 15, and the resulting
composition may be fed directly from the metal reduction apparatus 200 into the housing 17
via the feed pipe 15. Alternatively, other structures may be positioned between the
discharge pipe 13 and the feed pipe 15, and the resulting composition may be fed indirectly
into the housing 17 via the feed pipe 15. The housing 17 is supported by the housing base
support 26, sealed at each end by the high-temperature seals 21, and at least partially
covered by the heat exchange casings 18 and 19. The heat exchange casings 18 and 19 are
at least partially covered by the insulating layer 20, and recover heat from the resulting
composition via the housing 17. Thus, it is understood that the heat exchange casings 18
and 19 are thermally coupled to the housing 17. The conveyor 16 is located in the housing
17, and may include a shaft. Each end of the shaft is connected to and supported by one of
the conveyor support devices 14. And, one end of the shaft is connected to the coupler 22,
which is in turn connected to the speed reducer 23 and the motor 24. The motor 24 provides
rotation power to the shaft of the conveyor 16 via the speed reducer 23 and the coupler 22.
Rotation of the shaft of the conveyor 16 propels the resulting composition through the
housing 17 to a downstream portion 85 of the housing 17, where the resulting composition

is discharged from the heat recovery device 300 via the discharge pipe 25.
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[095] Some structures of the heat recovery device 300 are similar to those of the
metal reduction apparatus 200. In particular, the conveyor support devices 14 are similar to
the propelling blender support devices 1, the heat recovery housing 17 is similar to the
reactor housing 5, the insulating layer 20 is similar to the insulating layer 7, the high-
temperature seals 21 are similar to the high-temperature seals 8, the coupler 22 is similar to
the couplers 9, the speed reducer 23 is similar to the speed reducer 10, the motor 24 is
similar to the motor 11, the housing base support 26 is similar to the housing base support
12, and the discharge pipe 25 is similar to the discharge pipe 13.

[096] The heat exchange casings 18 and 19 recover heat from the resulting
composition via the housing 17. Each of the heat exchange casings 18 and 19 may include
a heat-conductive medium, which may absorb and/or store heat from the resulting
composition, thereby helping to cool the resulting composition. This heat may be used to
assist in drying the materials that need drying, and may reduce the total energy consumption
of the metal reduction system 48. For example, the heat-conductive medium of the heat
exchange casing 18 may include oil, and the heat-conductive medium of the heat exchange
casing 19 may include water. Alternatively, the heat-conductive medium of the heat
exchange casing 18 may include water, and the heat-conductive medium of the heat
exchange casing 19 may include oil. In yet another alternative, the heat-conductive
mediums of the heat exchange casings 18 and 19 may include gas or other mediums capable
of absorbing and/or storing heat, and may each include the same or different mediums. In
any case, the heat-conductive medium(s) may be circulated among various components of
the metal reduction system 48 to transfer heat between the various components.

[097] Referring to Fig. 4, the separator system 400 is used to separate the reduced
metal exiting the metal reduction apparatus 200 from the residue. As shown in Fig. 4, the
separator system 400 may include a grinder 401 for grinding the resulting composition. For
example, the grinder 401 may include a ball mill, a supergravity mill, or another type of
grinder capable of grinding the resulting composition. Additionally, the separator system
400 may include a separator 402 for separating the reduced metal from the residue. For
example, the separator 402 may include a magnetic separator for separating magnetic metal
from the residue. Alternatively, the separator 402 may include a gravity separator for
separating nonmagnetic metal from the residue. In yet another alternative, the separator 402
may include a flotation separator, an electrostatic separator, or another type of separator

capable of separating nonmagnetic metal from the residue.
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[098] The metal product system 500 may be used to manufacture metal products
with the reduced metal. As shown in Fig. 4, the metal product system 500 may include a
treatment system 505 for treating the reduced metal. The treatment system 505 may include
a dehydrator for removing water from the reduced metal. For example, the dehydrator may
include a strong magnetic dehydrator, a centrifuge (e.g., a horizontal-type spiral centrifuge),
a vacuum filtration unit, a pressure filtration unit, or another device capable of removing
water from the reduced metal. Additionally, the treatment system 505 may include a dryer
for drying the reduced metal. The treatment system 505 may also include a passivation
system for forming an inert film on the surface of reduced metal (e.g., for treating the
reduced metal to be inert, for example, to be difficult to be reoxidized). Alternatively or
additionally, the treatment system 505 may include a device for heat treating or otherwise
treating the reduced metal.

[099] The product system 500 may also include a forming system 510 for forming
the reduced metal. For example, the forming system 510 may include a cold press
configured to briquette a mixture of the reduced metal and a binder into a metal product.
Alternatively or additionally, the forming system 510 may include a device for cutting,
stamping, bending, rolling, or otherwise forming the reduced metal into a metal product.

[0100] The residue utilization system 600 is used for comprehensive utilization of
the residue. As shown in Fig. 4, the residue utilization system 600 may include a
dehydrator 601 for removing water from the residue. For example, the dehydrator 601 may
include a strong magnetic dehydrator, a centrifuge (e.g., a horizontal-type spiral centrifuge),
a vacuum filtration unit, a pressure filtration unit, or another device capable of removing
water from the residue. Alternatively or additionally, the residue utilization system 600
may include a dryer 602 for drying the residue. The residue utilization system 600 may also
include a grinder 603 for grinding the residue so that it is suitable for, for example, use as a
cement admixture. For example, the grinder 603 may include a ball mill, a supergravity
mill, or another type of grinder capable of grinding the residue.

[0101] The additive recovery system 700 is used to recover and reuse at least one
additive contained in the water removed by the dehydrators of the metal product system 500
and/or the residue utilization system 600. As shown in Fig. 4, the additive recovery system
700 may include a sedimentation tank 701 or another device capable of increasing the
concentration of the at least one additive in the water. Additionally, the additive recovery
system 700 may include a dryer 702 for drying the water, and recovering the at least one

additive.
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[0102] The metal reduction system 48 of the present disclosure may provide at least
one of the following benefits:

[0103] 1. Low energy consumption. As show in Fig. 5, the heating device 6, which
includes, for example, a low energy consumption heating unit such as an infrared tube
heater, at least partially covers the housing 5, and thus heats the feed materials where the
reduction reaction occurs. Therefore, the proximity of the low energy consumption heating
unit to the housing 5 allows the metal reduction system 48 to avoid needlessly heating other
structures. The metal reduction system 48 uses the propelling blender 4 to propel and stir
the feed material, increasing contact between the fine particles of the feed material. This
increased contact greatly reduces the reaction time and enhances heat conductivity between
the feed material and the components of the metal reduction system 48. The feed material is
ground into fine particles before entering the housing 5, and thus reacts at a low reduction
temperature. The exterior surface of the housing 5 is at least partially covered by the
insulating layer 7, and thus heat loss is reduced. These features greatly reduce energy
consumption.

[0104] 2. Low investment. Using the propelling blender 4 to propel and stir the
feed material alleviates the need for pelletizing the feed material. Thus, investment in
pelletizing equipment is unnecessary. Moreover, during the reduction reaction as disclosed
herein, a solid reducing agent such as, for example, coal is used, and thus the present
disclosure no longer needs devices for generating and transporting gaseous reducing agents
such, for example, CO and H,. Additionally, due to its simple structure, the manufacturing
costs of the metal reduction apparatus 200 are much lower than those of other metal
reduction apparatuses.

[0105] 3. Use of low-grade ores and reactants, The metal reduction system 48
allows for the use of low-grade ores and reactants. Before being fed into the metal
reduction apparatus 200, the at least one metal-containing material, the at least one reducing
agent (e.g., coal), and the at least one additive are well ground and mixed. The at least one
metal-containing material, the at least one reducing agent, and the at least one additive are
then further mixed by the propelling blender 4. This “double mixing” increases contact
between the at least one additive, the at least one metal-containing material, and the at least
one reducing agent. The increased contact helps lower the grade requirement of the at least
one metal-containing material and increase the reduction rate of the metal.

[0106] 4. Modular design. The metal reduction system 48 may have a modular

design. With a modular design, the metal reduction system 48 can accommodate different
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production needs by combining a flexible number of modules in a flexible way. The metal
reduction system 48 may integrate systems having five functions: heating the feed material
with minimum energy; propelling and stirring the feed material; reducing the metal;
recycling waste heat; and absorbing harmful waste gas generated in the metallurgical
process with the at least one additive, and maintaining the waste gas in the residue. This
greatly reduces the quantity and complexity of equipment, rendering the metal reduction
process simple and reliable.

[0107] 5. Superior quality product. As discussed above, matters that are harmful to
the environment and quality of the metal products, such as sulfur and phosphorous, are
absorbed by the at least one additive and maintained in the residue. Thus, only very low
levels of the harmful matters are present in the reduced metal, and superior quality products
are produced by the metal reduction system 48.

[0108] 6. Flexibility. The power units may include motors, speed reducers, and
couplers, all of which are highly adaptable and reliable, and can accommodate a wide range
of material qualities and production conditions.

[0109] 7. Self-protection of the equipment. The materials move intensely in the
housing 5, driven by the propelling blender 4. And a protection layer of the resulting
composition may be formed on an inner wall of the housing 5 in an area not reached by the
blades 63 of the propelling blender 4. The protection layer provides an isolated
environment, such as an oxygen depletion environment, for the reduction reaction and can
help reduce wearing and corrosion of the inner wall of the housing 5.

[0110] 8. Environmentally friendly. The metal reduction system 48 may remove
sulfur, phosphorus, and other harmful matters during the reduction reaction process.

[0111] In summary, the metal reduction system 48 of the present disclosure may
have the advantages of low investment, high productivity, low energy consumption, and low
environmental pollution. The metal reduction system 48 can be used to handle ores that are
hard to separate and reduce, for example, ultra low-grade ores, and metal-containing
industrial waste. The metal reduction system 48 may have a high metal recovery rate, may
produce a product having quality, and may comprehensively utilize resources.

[0112] The present disclosure could be illustrated by the following non-limiting
example.

[0113] EXAMPLE OF A METALLURGICAL PROCESS IN ACCORDANCE
WITH THE PRESENT DISCLOSURE
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[0114] Vanadium titano-magnetite containing iron was used in this example. The
ores were dried and mixed with anthracite, calcium carbonate, and other additives to form a
mixture. The mixture was ground and fed into a metal reduction apparatus to extract the
metal. After the reduction, the resulting composition was cooled and subject to wet
grinding and magnetic separation to separate iron from the residue. The iron and residue
were dried, and then were used to produce final products.

[0115] (1) Preparation

[0116] Dried vanadium titano-magnetite (TFe 52.08%, ), containing no more than
5% by weight of water relative to the weight of the vanadium titano-magnetite, anthracite in
an amount of 16.9% by weight of the vanadium titano-magnetite; lime stone (primarily
containing calcium carbonate) in an amount of 2.5% by weight of the vanadium titano-
magnetite; and other additives in an amount of 14.9% by weight of the vanadium titano-
magnitite were mixed. The mixture was ground using a ball mill to fine particles with a
particle size of less than about 0.074 mm.

[0117] (2) Reduction reaction

[0118] The reduction reaction was carried out at a temperature ranging from
1000 °C to 1050 °C for a period of time ranging from 60 minutes to 150 minutes. The
resulting composition was cooled by a heat exchanger, and the heat was recovered and
reused.

[0119] (3) Magnetic separation

[0120] The cooled resulting composition was mixed with water at a mass ratio of 7
to 3, and then ground and washed using a ball mill. The iron was separated from the residue
by a wet magnetic separation method. The collected iron had a grade of about 92%, and the
iron recovery rate was about 85%.

[0121] While the present disclosure has been described in connection with what is
considered to be the most practical embodiments, it should be noted that the disclosure is
not limited to the disclosed embodiments; the scope of protection for this disclosure should
be interpreted according to the claims, applying their broadest interpretation. A person of
ordinary skill in this technical field would be able to make certain improvements and
modifications, within the spirit and scope of this invention; such improvements and

modifications should be considered within the scope of this invention.
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We claim:

1. A metal reduction process, comprising

adding a mixture into a reactor, wherein the mixture comprises at least one metal-
containing material, at least one reducing agent, and at least one additive,

heating the reactor to a selected reduction temperature,

moving the mixture through the reactor while stirring the mixture, allowing a reduction
period to occur, and

obtaining a resulting composition, wherein the resulting composition comprises at least
one zero-valent metal and a residue,

and wherein the resulting composition is in the form of solid particles comprising at

least one zero-valent metal core and a coating.

2. The metal reduction process of claim 1, wherein the stirring of the mixture is

continuous.

3. The metal reduction process of claim 1, wherein the mixture is in the form of fine

particles.

4. The metal reduction process of claim 3, further comprising grinding the at least one
metal-containing material, at least one reducing agent, and at least one additive separately
into the form of fine particles and mixing them together before adding the mixture into the

reactor.
5. The metal reduction process of claim 3, further comprising grinding the at least one
metal-containing material, at least one reducing agent, and at least one additive together to

form the mixture in the form of fine particles before adding the mixture into the reactor.

6. The metal reduction process of claim 3, wherein the fine particles have a particle

size of less than about 1 mm.

7. The metal reduction process of claim 6, wherein the fine particles have a particle

size of less than about 0.074 mm.
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8. The metal reduction process of claim 1, wherein the selected reduction temperature

is maintained throughout the metal reduction process.

9. The metal reduction process of claim 1, wherein the at least one reducing agent is

present in an amount greater than the theoretical molar value.

10. The metal reduction process of claim 9, wherein the at least one reducing agent is
present in an amount ranging from about 5% to about 100% greater than the theoretical

molar value.

11. The metal reduction process of claim 1, wherein the weight ratio of the at least one

additive and the at least one reducing agent is about 1:1.

12. The metal reduction process of claim 1, wherein the at least one reducing agent is

chosen from coals, anthracites, cokes, heavy oils, petrol coke, and pitch.

13. The metal reduction process of claim 12, wherein the at least one reducing agent is

chosen from coals, anthracites, and cokes.

14. The metal reduction process of claim 1, wherein the at least one additive is chosen
from compounds containing at least one cation chosen from Li*, Na*, K¥, Ca?*, St**, Ba?",

and Mg*".

15. The metal reduction process of claim 14, wherein the at least one additive is chosen
from LiCl, NaCl, KCI, CaCl,, SrCl,, BaCl,, MgCl,, LiF, NaF, KF, CaF,, SrF,, BaF,, MgF,,
Li;O, Na;0, K0, Ca0, SrO, BaO, MgO, LiHCO3;, NaHCO3;, KHCO3, Ca(HCO3),,
St(HCOs),, Ba(HCO3),, Mg(HCO3),, LizSO4, NazSO4, K2SO4, CaSO4, SrSO4, BaSOy,
MgSO;, LioCO3, Naz;CO3, K2CO;3, CaCOs, SrCO3, BaCO;, and MgCOs.

16. The metal reduction process of claim 15, wherein the at least one additive is chosen

from NaCl, KCl, CaCl,, NaF, CaF,, SrF,, Na,O, CaO, MgO, NaHCO3;, KHCO3, Ca(HCOs),,
CaSO4, BaSO4, MgSO4, N32CO3, K2C03, and CaCO3.
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17. The metal reduction process of claim 1, wherein the selected reduction temperature

is not lower than 500 °C.

18. The metal reduction process of claim 1, wherein the at least one zero-valent metal is

iron.

19. The metal reduction process of claim 18, wherein the selected reduction temperature

ranges from about 800 °C to about 1200 °C.

20. The metal reduction process of claim 19, wherein the selected reduction

temperature ranges from about 1000 °C to about 1050 °C.

21. The metal reduction process of claim 18, wherein the reduction period is not shorter

than about 20 minutes.

22. The metal reduction process of claim 21, wherein the reduction period ranges from

about 60 minutes to about 150 minutes.

23. The metal reduction process of claim 1, wherein the at least one metal-containing

material comprises at least one metal compound.

24. The metal reduction process of claim 1, wherein the at least one metal compound is

chosen from metal oxides, metal carbonates, and metal hydroxides.

25. The metal reduction process of claim 1, wherein the at least one metal-containing

material is chosen from ores.

26. The metal reduction process of claim 25, wherein the ores are low grade ores.

27. The metal reduction process of claim 1, wherein the at least one metal-containing

material is chosen from industrial wastes.

28. The metal reduction process of claim 1, wherein the zero-valent metal is chosen

from nickel and tin.
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29. The metal reduction process of claim 1, wherein oxygen is depleted inside of the

reactor during the movement of the mixture through the reactor.

30. The metal reduction process of claim 1, wherein the solid particles have a particle

size of no greater than about 10 mm.

31. The metal reduction process of claim 30, wherein the solid particles have a particle

size of no greater than about 1 mm.

32. A metallurgical process, comprising
a mixing stage, comprising mixing at least one metal-containing material, at least one
reducing agent, and at least one additive to form a mixture;
a metal reduction stage, comprising
adding the mixture into a reactor,
heating the reactor to a selected reduction temperature,
moving the mixture through the reactor while stirring the mixture, allowing a
reduction period to occur, and
obtaining a resulting composition, wherein the resulting composition comprises at
least one zero-valent metal and a residue, and wherein the resulting composition is in the
form of solid particles comprising at least one zero-valent metal core and a coating; and
a separation stage, wherein the at least one zero-valent metal is separated from the

residue.

33. The metallurgical process of claim 32, wherein the stirring of the mixture is

continuous.

34. The metallurgical process of claim 32, wherein the selected reduction temperature is

maintained throughout the metal reduction stage.

35. The metallurgical process of claim 32, wherein the mixing stage comprises
adding the at least one additive and the at least one reducing agent to the at least one
metal-containing material to form the mixture; and

grinding the mixture into fine particles.
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36. The metallurgical process of claim 35, further comprising

drying the mixture after the grinding step.

37. The metallurgical process of claim 32, further comprising separately grinding the at
least one metal-containing material, at least one reducing agent, and at least one additive

into the form of fine particles prior to the mixing stage.

38. The metallurgical process of claim 37, further comprising
separately drying the at least one metal-containing material, at least one reducing agent,

and at least one additive after the grinding step, or drying the mixture thereof.

39. The metallurgical process of claim 36, wherein, prior to the step of drying, the at

least one metal-containing material contains water.

40. The metallurgical process of claim 36, wherein the mixture is dried by at least one

heat conductive medium.

41. The metallurgical process of claim 38, wherein the mixture is dried by at least one

heat conductive medium.

42. The metallurgical process of claim 40, wherein the at least one heat conductive

medium is chosen from heat-conductive oils, water, and gas.

43. The metallurgical process of claim 41, wherein the at least one heat conductive

medium is chosen from heat-conductive oils, water, and gas.

44. The metallurgical process of claim 32, wherein the at least one reducing agent is

present in an amount greater than the theoretical molar value.
45. The metallurgical process of claim 44, wherein the at least one reducing agent is

present in an amount ranging from about 5% to about 100% greater than the theoretical

molar value.
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46. The metallurgical process of claim 32, wherein the weight ratio of the at least one

additive and the at least one reducing agent is about 1:1.

47. The metallurgical process of claim 32, wherein the at least one reducing agent is

chosen from coals, anthracites, cokes, heavy oils, petrol coke, and pitch.

48. The metallurgical process of claim 47, wherein the at least one reducing agent is

chosen from coals, anthracites, and cokes.

49. The metallurgical process of claim 32, wherein the at least one additive is chosen
from compounds containing at least one cation chosen from Li*, Na*, K*, Ca?*, St**, Ba*',

and Mg*".

50. The metallurgical process of claim 49, wherein the at least one additive is chosen
from LiCl, NaCl, KCl, CaCl,, SrCl,, BaCly, MgCl,, LiF, NaF, KF, CaF,, SrF,, BaF,, MgF,,
Li;0, Na,0, K70, CaO, SrO, BaO, MgO, LiHCO3, NaHCO3;, KHCO3, Ca(HCO3),,
Sr(HCOs),, Ba(HCO3)2, Mg(HCO3),, Li2SO4, NapSO4, K2SO4, CaSOy4, SrSO,4, BaSOs,
MgSO4, LizCO3, NayCOs, K,CO3, CaCOs, SrCOs3, BaCO3, and MgCOs,.

51. The metallurgical process of claim 50, wherein the at least one additive is chosen
from NaCl, KCl, CaCl,, NaF, CaF,, SrF,, Na,0O, CaO, MgO, NaHCO;, KHCO;, Ca(HCOs),,

CaSO4, BaSO4, MgSO4, N32CO3, K2C03, and CaCO;.

52. The metallurgical process of claim 35, wherein the fine particles have a particle

size of less than about 1 mm.

53. The metallurgical process of claim 32, further comprising a grinding step after the

metal reduction stage, wherein the resulting composition is ground.

54. The metallurgical process of claim 53, wherein the grinding step comprises a wet

grinding method to grind the resulting composition.
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55. The metallurgical process of claim 54, comprising adding water to the resulting
composition before the grinding step wherein the weight ratio of the resulting composition

to the water ranges from about 1:1 to about 4:1.

56. The metallurgical process of claim 55, wherein the weight ratio of the resulting

composition to the water is about 7 to 3.

57. The metallurgical process of claim 53,.wherein the grinding step comprises a dry

grinding method to grind the resulting composition.

58. The metallurgical process of claim 53, wherein the grinding step is conducted such

that the at least one zero-valent metal core is disassociated from the coating.

59. The metallurgical process of claim 53, wherein the grinding step takes about 5

minutes to about 40 minutes.

60. The metallurgical process of claim 53, further comprising a heat recovery stage,
wherein, after the metal reduction stage is completed but before the grinding step, the
resulting composition is cooled via at least one heat-conductive medium, and the absorbed
heat in the at least one heat-conductive medium is reused for drying at least one material

that needs to be dried.

61. The metallurgical process of claim 60, wherein the at least one heat-conductive

medium is chosen from heat-conductive oils, water, and gas.

62. The metallurgical process of claim 32, wherein the separation stage is conducted
using at least one method chosen from magnetic separation methods, electrostatic separation

methods, gravity separation methods, and flotation separation methods.

63. The metallurgical process of claim 32, wherein the at least one zero-valent metal

is chosen from magnetic metals.

64. The metallurgical process of claim 63, wherein the at least one zero-valent metal is

separated from the residue using a wet magnetic separation method.
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65. The metallurgical process of claim 32, wherein the selected reduction temperature

is not lower than 500 °C.

66. The metallurgical process of claim 63, wherein the at least one zero-valent metal is

iron.

67. The metallurgical process of claim 66, wherein the selected reduction temperature

ranges from about 800 °C to about 1200 °C

68. The metallurgical process of claim 67, wherein the selected reduction temperature
ranges from about 1000 °C to about 1050 °C.

69. The metallurgical process of claim 66, wherein the reduction period is not shorter

than about 20 minutes.

70. The metallurgical process of claim 69, wherein the reduction period ranges from

about 60 minutes to about 150 minutes.

71. The metallurgical process of claim 32, wherein the at least one zero-valent metal is

chosen from nonmagnetic metals.

72. The metallurgical process of claim 71, wherein the at least one zero-valent metal is
separated from the residue by using a method chosen from gravity separation methods,

electrostatic separation methods, and flotation separation methods.

73. The metallurgical process of claim 32, further comprising, after the separation
stage:
a stage for making a metal product, and/or

a stage for treating the residue.

74. The metallurgical process of claim 73, wherein the stage for making a metal
product comprises

treating the at least one zero-valent metal, and
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forming the metal product.

75. The metallurgical process of claim 74, wherein the treatment of the at least one
zero-valent metal comprises at least one step chosen from
drying the at least one zero-valent metal, and

forming an inert film on the surface of the at least one zero-valent metal.

76. The metallurgical process of claim 74, wherein the formation of the metal product
comprises

mixing at least one binder with the at least one zero-valent metal, and

briquetting the mixture of the at least one zero-valent metal and the at least one binder

to form the metal product.

77. The metallurgical process of claim 76, wherein the at least one binder is present in
an amount ranging from about 0.5% to about 5% by weight relative to the total weight of

the metal product.

78. The metallurgical process of claim 77, wherein the at least one binder is present in

an amount of about 2% by weight relative to the total weight of the metal product.

79. The metallurgical process of claim 76, wherein the at least one binder is chosen

from cement clinkers with a specific surface area of higher than about 600 m*/kg.

80. The metallurgical process of claim 73, wherein the stage for treating the residue
comprises at least one step chosen from
dewatering the residue, and

drying the residue.

81. The metallurgical process of claim 80, wherein the stage for treating the residue

further comprises grinding the residue.

82. The metallurgical process of claim 81, wherein the stage for treating the residue

further comprises grinding the residue for use as a cement admixture.
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83. The metallurgical process of claim 74, wherein the treatment of the at least one
zero-valent metal comprises a dewatering step wherein water is removed from the at least

one zero-valent metal.

84. The metallurgical process of claim 83, wherein the dewatering step is conducted
using at least one method chosen from strong magnetic dehydrations, centrifugation

dehydration, vacuum filtration, and pressure filtrations.

85. The metallurgical process of claim 80 wherein the dewatering step is conducted
using at least one method chosen from strong magnetic dehydrations, centrifugation

dehydration, vacuum filtration, and pressure filtrations.

86. The metallurgical process of claim 32, further comprising recovering the at least

one additive following the separation stage.

87. The metallurgical process of claim 86, further comprising a wet grinding step
following the metal reduction stage but before the separation stage, and at least one
dewatering step after the separation stage wherein the separated residue is dewatered
resulting in a solid portion and an aqueous portion, and the at least one additive is recovered
by adjusting the concentration of the at least one additive in the aqueous portion to be close

to the saturation concentration of the at least one additive, and drying the aqueous portion.

88. The metallurgical process of claim 86, further comprising a wet grinding step
following the metal reduction stage but before the separation stage, a first dewatering step
after the separation stage wherein the residue is dewatered resulting in a solid portion and a
first dewatering aqueous portion, at least one washing step wherein the solid portion is
washed, and at least one second dewatering step resulting in at least one second dewatering
aqueous portion, wherein the at least one additive is recovered by using the first dewatering
aqueous portion and the at least one second dewatering aqueous portion in the wet grinding
step until the concentration of the at least one additive in the first dewatering aqueous
portion or the at least one second dewatering aqueous portion is to be close to the saturation
concentration of the at least one additive and drying said first dewatering aqueous portion or

the at least one second dewatering aqueous portion.
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89. The metallurgical process of claim 32, wherein oxygen is depleted inside of the

reactor during the movement of the mixture through the reactor.

90. The metallurgical process of claim 32, wherein the at least one metal-containing

material comprises at least one metal compound.

91. The metallurgical process of claim 90, wherein the at least one metal compound is

chosen from metal oxides, metal carbonates, and metal hydroxides.

92. The metallurgical process of claim 32, wherein the at least one metal-containing

material is chosen from ores.

93. The metallurgical process of claim 92, wherein the ores are low grade ores.

94. The metallurgical process of claim 32, wherein the at least one metal-containing

material is chosen from industrial wastes.

95. The metallurgical process of claim 32, wherein the zero-valent metal is chosen

from nickel and tin.

96. The metallurgical process of claim 32, wherein the solid particles having a

particle size of no greater than about 10 mm.

97. The metallurgical process of claim 96, wherein the solid particles having a particle

size of no greater than about 1 mm.

98. A product, made by a metal reduction process, said process comprising

mixing at least one metal-containing material, at least one reducing agent, and at least
one additive to form a mixture,

adding the mixture into a reactor,

heating the reactor to a selected reduction temperature,

moving the mixture through the reactor while stirring the mixture, allowing a reduction

period to occur, and
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obtaining a resulting composition, wherein the resulting composition comprises at least
one zero-valent metal and a residue, and
wherein the resulting composition is in the form of solid particles comprising at least

one zero-valent metal core and a coating.

99. The product of claim 98, wherein the solid particles have a particle size of no

greater than about 10 mm.

100. The product of claim 99, wherein the solid particles have a particle size of no

greater about 1 mm.

101. The product of claim 98, wherein the stirring of the mixture is continuous.

102. The product of claim 98, wherein the at least one metal-containing material is

chosen from ores and industrial wastes.

103. The product of claim 102, wherein the ores are low grade ores.

104. The product of claim 98, wherein the at least one zero-valent metal is iron.

105. The product of claim 104, wherein the selected reduction temperature ranges

from about 800 ° C to about 1200 °C.

106. The product of claim 104, wherein the reduction period ranges from about 60

minutes to about 150 minutes.

107. The product of claim 98, wherein the at least one zero-valent metal is chosen

from nickel and tin.
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