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[57) ABSTRACT

This invention relates to the metallurgy of iron and
particularly to the separation and recovery of metals
from electric arc furnace (EAF) dusts. While the inven-
tion discloses a process for the separation and recovery
applicable to zinc, lead, cadmium and antimony con-
tained in such EAF dusts, the invention is particularly
applicable to the separation and recovery of zinc. This
invention describes a method for reducing the zinc
contained in an EAF dust, volatilizing the metallic zinc
so produced from the mass of the dust. and reoxidizing
the metallic zinc to zinc oxide along with the simulta-
neous regeneration of hydrogen which can be recycled
to treat additional EAF dust.

9 Claims, No Drawings
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METHOD FOR RECYCLING ELECTRIC ARC
FURNACE DUST

BACKGROUND OF THE INVENTION

1. Technical Field

This invention relates to the metallurgy of iron and
zinc, and particularly to the separation of zinc from iron
and other metals found in the dusts produced in the
electric arc furnace (EAF) steel making process. The
invention also applies to dusts arising from a foundry,
blast furnace or other source. In addition to zinc, metals
and/or metal oxides which may be recovered by the
process of this invention include cadmium, lead and
antimony. Additional applications may also be found in
the recovery of zinc from ore concentrates, recovered
or waste metallic powders from coatings industries,
wastewater treatment solids from high zinc wastewa-
ters such as are found in the munitions industry, and the
like.

The problem encountered in the processing of elec-
tric arc furnace dusts is one of finding an economical
method of separating the zinc from the remainder of the

dust which consists mainly of iron, manganese, nickel, .

silicon and smaller quantities of other elements. Part of
the problem in removing zinc from the dust stems from
the fact that the zinc is often combined with the iron in
the form of zinc ferrite. Removing zinc from a bimetal-
lic compound is a more difficult task than one in which
zinc and iron are present as discrete compounds; for
example, a mixture of zinc oxide and iron oxide. The
objective of a zinc/iron separation process, such as the
invention disclosed herein, is to remove and recover the
zinc and to obtain an iron containing product which can
be safely disposed or which can be recycled to the steel
making process without further purification or separa-
tion.

This invention describes an economical process
which uses hydrogen to reduce zinc oxide to zinc metal,
sweeps the zinc metal from the furnace dust or other
source, reoxidizes the zinc to zinc oxide with simulta-
neous regeneration of the hydrogen, recycles the hy-
drogen to the process, recovers the separated zinc ox-
ide, and produces a zinc-depleted, iron-containing dust
which can be recycled back to the steelmaking process.

2. Prior Art

In the ores, dusts and powders to which this inven-
tion is directed, the zinc is substantially present in the
_form of zinc oxide. The prior art methods of separation
involve reducing the zinc oxide to zinc metal at a tem-
perature at which zinc metal has a vapor pressure suffi-
cient to permit it to be sublimed or swept from the
system by a gas stream. Pure zinc boils at 907° C. and
has a vapor pressure of 0.1 atmosphere at 750° C. It is
known to use carbon or carbon containing compounds
such as methane or carbon monoxide as a reductant for
zinc. Though hydrogen could have been used instead of
methane or carbon monoxide in the prior art processes,
it has not been so favored because its use is thermody-
namically less favorable, higher temperatures are re-
quired and, until the present invention, the hydrogen
could not be regenerated and recycled: The inability to
regenerate and recycle hydrogen has been the primary
drawback because of the higher associated operating
costs.

U.S. Pat. Nos. 4,393,423 and 4,053,301 to Stephens,
describe a process which uses hydrogen as a reductant,
but the hydrogen is used in conjunction with other
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reducing gases such as methane and carbon monoxide.
Stephens describes his invention in the *423 patent as
involving a carbiding step to produce iron carbide and
distillable zinc from a flue dust containing iron and zinc
compounds, including zinc ferrite. Stephens teaches the
use of hydrogen in conjunction with a carbon contain-
ing gas, but does not disclose the use of hydrogen gas as
the sole or principal reducing agent, nor does he suggest
a method in which the zinc is reoxidized and the hydro-
gen is regenerated and recycled. In both Stephens pa-
tents, hydrogen is used on a net once through basis, the
hydrogen combining with oxygen to form water which
is condensed and removed from the recycle reducing
gas stream. The present invention differs from the
Stephens invention in that hydrogen is the sole reducing
agent and that the hydrogen is regenerated by reaction
of the zinc metal swept from the flue dust with the
water during a reoxidation step. The regeneration of the
hydrogen is accomplished in the overall process of the
present invention in two steps. In the first step, hydro-
gen and zinc oxide react at one temperature to form
distillable zinc metal vapor and water vapor. In the
second step, the zinc metal vapor and water vapor re-
combine at a lower temperature to reform zinc oxide,
which is removed by filtration or other means, and
hydrogen, which is recycled to the process.

In addition to the Stephens patents, other prior patent
art pertinent to the invention are U.S. Pat. Nos.
4,318,736 to Driemeger; 3,975,118 to Harvey et al;
3,449,117 to Derham; 4,131,451 to Lakernick et al,;
3,140,168 to Halley et al.; 3,288,590 to Keith et al.; and
1,946,601 to Hansgrig. Driemeger suggests using a hy-
drogen rich gas (H; and CO) to sweep iron ore dust
(essentially pure iron oxide) into a steel making furnace
where the iron ore dust will be *“‘spontaneously re-
duced” to metallic iron. Harvey et al. uses once through
carbon monoxide to reduce and sweep zinc from a reac-
tor. Derham uses an electrothermal heating means to
purify zinc metal distributed on a column of carbona-
ceous material. Lakernick et al. uses a stream of nitro-
gen gas to sweep zinc from a slag already treated with
a carbonaceous reducing agent. Halley et al. reduces
iron ore to iron using electric arc produced atomic
hydrogen. Keith et al. describes the use of hydrogen to
reduce metal oxides, but does not suggest using the
method to separate one metal from another metal, does

. not mention metal distillation or volatilization and reox-
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idation, and does not provide for hydrogen regenera-
tion and recovery. Finally, Hansgrig describes reducing
magnesium oxide with carbon in a hydrogen atmo-
sphere and distilling or volatilizing the magnesium in
the same atmosphere to prevent the formulation of a
magnesium oxide film on the purified metal. As with the
other processes which use hydrogen, Hansgrig does not
disclose regenerating and recycling the hydrogen.

_In addition to the patent art, the technical literature of
the basic metals industries is replete with articles on the
uses and treatment of electric arc furnace (EAF) dust.
The field was thoroughly reviewed in a Final Report
entitled, “Electric Arc Furnace Dust—Disposal, Recy-
cle and Recovery,” which was prepared for the Center
For Metal Production, Mellon Institute, Carnegie-Mel-
lon University by the Research Department of Bethle-
hem Steel Corporation in 1985. The Report reviewed
the then current and emerging EAF dust technology;
especially technology which focused on removing zinc
from the EAF dust. The technologies reviewed—-
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plasma arc reactors, melt injection reactors, solid or
liquid phase selective reduction, Waela Kiln, the HTR
(Himezi Tekko Rifain) process, electrothermic smelt-
ing, and the SKF Plasmadust process—all use carbon
compounds, i.e., coke, as the reductant. Technologies
which did not use carbon compounds were hydrometal-
lurgical, electrowinning and chlorination processes.
These last technologies seriously suffered from cost or
environmental problems, and in addition, did not re-
cover zinc from zinc ferrite species present in the EAF
dust. ’

A more recent review of the methods for recovering
or disposing of EAF dust appears in the August, 1987
issue of Jron and Steelmaking, a publication of the Iron
and Steel Society. The article, “So Little Time, So
Many Choices” reviewed nine methods for treating
EAF dust. With the exception of a fixation method that
uses silicate and silica settling agents to stabilize the
EAF dust in glass blocks, all the technologies used
carbon compounds as the reductant.

It is an object of the present invention to provide a
method for separating and recovering metals from a
substance containing a mixture of metals or metal ox-
ides. It is a further object of this invention to provide a
method for such separation and recovery which regen-
erates and recycles the reducing gas which is used to
reduce and separate the desired metals from said mix-
ture of metals or metal oxides. It is a special object of
this invention to provide a method for separating, vola-
tilizing and recovering zinc (in the form of zinc oxide)
from a mixture of metal or metal oxides, and especially
from EAF dusts.

DETAILED DESCRIPTION OF THE
INVENTION

This invention is directed to a method for the separa-
tion and recovery of metals as metal oxides from a raw
material containing a mixture of metals and metal ox-
ides. The raw material containing the mixture of metals
and metal oxides is charged in a batch or continuous
manner to a furnace or retort. The raw material is
charged to the furnace in form of briquettes, pellets,
granules or lumps of sufficient density so as not to be
entrained in the hydrogen gas stream, but of sufficient
" porosity to permit permeation by the hydrogen gas. In
some instances, the raw material may be used as ob-
tained from the prior process, and in others the raw
material is briquetted or agglomerated by methods
_ known in the art. For example, an electric arc furnace
dust may be mixed with water, and possibly a binder
such as clay, and extruded. The extrudate would then
be dried prior to passage into the furnace. The furnace
into which the raw material is charged is preheated to a
temperature at which the metal or metals to be recov-
ered have a vapor pressure sufficient to permit their
vaporization and removal and recovery from the raw
material by means of a flowing gas stream.

An excess of hydrogen gas is introduced into the
heated furnace or retort at a rate sufficient to reduce the
metal oxide or oxides sought to be recovered to the
metallic state and to sweep the vapor of the reduced
metal from the furnace or retort into a metal or metal
oxide recovery section or vessel. The hydrogen used in
this invention should be of 95% or higher purity. Water
vapor may constitute from about 0% to about 5% of the
total gas introduced to the furnace, but the preferred
range is 0% to about 1.0%. Inert gases such as nitrogen,
argon, neon, and the like may be present, but the total of
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4
such gases and water vapor should be as low as possible.
Oxygen should be eliminated from the incoming gas
stream or should be below its explosion limit in hydro-
gen.

As one skilled in the art can readily see, the reactions
occurring in the furnace are the reduction of the metal
oxide to zero valent metal and the formation of water
vapor by the reaction of hydrogen with the oxygen of
the metal oxide. Because the subsequent processing
involves the reversal of this reaction, it is desirable that
the raw material consist essentially of metal oxides,
though the the metallic form of the metal undergoing
separation may also be present. Substances which do
not undergo reduction by hydrogen under the condi-
tions used in the process may be present, but substances
which may contaminate the regenerated hydrogen or
are difficult to remove from the regenerated hvdrogen
or could seriously corrode the equipment should be
eliminated. For example, an EAF dust may contain
silicates, but it should not contain sulfides, nitrates,
halogenides and the like, or these should be minimized.

The hydrogen gas stream containing the metallic
vapors recovered from the furnace is then humidified
with water vapor or steam. The humidification is done
in a humidifier/oxidizer section or vessel at a rate and in
an amount sufficient to lower the temperature of the
hydrogen/metal-vapor gas stream to a temperature at
which the metallic vapor will substantially react with
the water vapor to produce a metallic oxide or a mix-
ture of metallic oxides and simultaneously regenerate
hydrogen. It is preferred to oxidize zinc to zinc oxide at
a temperature above the boiling point of zinc to avoid
formation of liquid zinc droplets which may slow the
rate of oxidation. For zinc, this temperature is in the
range of about 700° C. to about 900° C. depending upon
its vapor pressure in the product stream containing
other gases such as hydrogen and steam. The resulting
gas stream is then further humidified to lower the tem-
perature of the mixed gas stream to a temperature in the
range of about 150° C. to about 250° C. thereby essen-
tially completing the conversion and causing condensa-
tion of the metallic vapor to a solid metal oxide form or
to a solid metallic form.

The hydrogen/water-vapor gas stream containing

.the solidified metals or metal oxides is then treated to

separate the solidified metal or metal oxides from gase-
ous hydrogen/water-vapor. This separation can be ac-
complished by any of the methods known in the art. For
example, a cyclone separator may be used to afford a
rough separation of the larger solid particles, and a bag
filter or other filter device of sufficiently small porosity
may be used to separate the smaller solid particles from
the hydrogen/water-vapor stream. The separated met-
als or metal oxides are recovered and placed in the
stream of commerce.

~ The hydrogen/water-vapor stream, free of metals or
metal oxides, is passed through a water vapor or steam
condenser or knock-out pot to condense the water
vapor or steam and separate it from the hydrogen gas.
The hydrogen gas stream may be further dried, if re-
quired, to a water vapor content in the range of about
0% to about 5% by means of a drying agent such as
calcium chloride, molecular sieves, calcium sulfate and
the like, and recycled to the furnace. The hydrogen
may be preheated prior to introduction into the furnace
and make-up hydrogen may be added to account for
global losses. ’
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In the process of this invention, the furnace or retort
is preheated to a temperature in the range of about 900°
C. to about 1200° C. either directly or indirectly. The
preferred method is to indirectly heat the furnace and
raw materials contained therein by means of a flowing
gas stream. In the initial or start-up phase of this inven-
tion the heating gas is preferably an inert gas such as
nitrogen or argon which purges the furnace of oxygen.
Once the purging has been completed. the inert gas is
replaced by hydrogen preheated to the desired tempera-
ture. The reduction, distillation, oxidation, separation
and hydrogen regeneration steps then proceed as de-
scribed above.

The following examples are illustrative of the process
of this invention. They are not intended to be limiting.
As in all processes in which hydrogen is used, safety
measures for preventing explosions must be taken. The
most important measure to be taken is to ensure that all
parts of the equipment are leak proof.

EXAMPLES

The following experiments were conducted in a
batch manner using a stainless steel laboratory scale
reactor heated by a wrap-around electrical furnace. The
reactor is vertically positioned, inlet side down (reactor
bottom). The inlet port consists of concentric stainless
steel tubes, the outer tube for the admission of hydrogen
and the inner tube for the admission of nitrogen and/or
water vapor (N2/H;0). The inner tube rises above the
level of the reactor bed and the outer (H3) tube termi-
nates at the bottom of the bed to permit the hydrogen to
flow upward through the reactor bed. The reactor bed
itself, from bottom to top, consists of a wire mesh
screen, a laver of pure sand, a layer of raw material and
a second wire mesh retaining screen on top of the raw
material layer. The distance from the top of the reactor
bed to the outlet port is a void space whose length
constitutes about 10% of the total length of the reactor.
The N2/H>0 inlet tubes rises through the bed of the
reactor to the top of the void space at the point where
the outlet tube begins. The outlet tube passes through a
heat exchanger, a particulate filter and is vented or
recycled as desired. Thermocouples are placed
throughout the apparatus to measure reactor bed, inlet,
outlet and other temperatures as desired.

EXAMPLE 1

A reactor, as described above, with a 12 inch internal
(bed) length and 1 inch internal diameter was charged
with 2 inches of sand and 9 inches of pure zinc oxide
(ZnO). A 1 inch void space was left at the top of the
reactor bed. The reactor was purged with nitrogen and
heated to 1060° C. Hydrogen was then admitted
through the Hj inlet port at a rate of 77 cc/min. and a
mixture of nitrogen and water vapor admitted through
the N2/HO inlet port at a rate of 700 cc/min. Theoreti-
cal calculations based on the hydrogen used indicate
12.1g ZnO should be converted and recovered. Actual
conversion based on ZnO weight difference before and
after hydrogen treatment, was 8.5g (70%).

EXAMPLE 2

Pure ZnO was hydrogen treated as in Example 1 at
1100° C. using four times the Hz flow rate of Example 1.
Theoretical conversion and recovery of ZnO was
12.4g. Actual conversion based on weight differences
was 13.8g (112%).
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The closeness of the theoretical and actual conver-
sion values in Examples 1 and 2 suggests that the kinet-
ics of the reactions are rapid and that the conversion of
ZnO to Zn, and its subsequent reconversion, will follow
thermodynamics. Commercially, this means that design
of a zinc conversion/recovery system can be based on
thermodynamic data without taking kinetics into ac-
count.

EXAMPLE 3

A 50/50 mixture of ZnO and FeO3 was charged to
the reactor and treated according to Examples 1 and 2.
A total of four tests were conducted. Zinc conversion,
based on weight differences, ranged from 70-110%.

EXAMPLE 4

A sample of EAF dust containing 18% magnesium,
29 aluminum, 9.9% silicon, 5.4% calcium, 1.7% chro-
mium, 8.8% manganese, 43.8% iron, 5.7% zinc, and
minor amounts of sulfur, chlorine, potassium and nickel
were charged to the reactor, heated to 1000° C. and
treated as in Example 1. Analysis of the reactor bed
after hydrogen treatment showed that the top 40% of
the bed was non-magnetic and zinc enriched. The bot-
tom 60% of the bed was a magnetic iron sponge and
was zinc depleted. Magnetic separation was necessary
to separate the iron sponge from the zinc-rich non-mag-
netic materials. The zinc content of the magnetic iron
sponge was 2.49%, which is low enough to allow the
sponge to be recycled to an electric arc furnace. The
zinc-rich (14.6% Zn) material can be used in a second-
ary zinc recovery reactor. Analytical data for Examples
4 and 5 are based on the contents of the reactor. The
small total amount of zinc present in the EAF dust,
about 1g, and losses of zinc oxide to the walls of the
outlet tube precluded recovery of zinc oxide.

EXAMPLE 5

A sample of the EAF dust was hydrogen treated at
1100° C. according to Example 4. All the material re-
maining in the reactor was sponge iron containing
0.65% Zn. This material may be recycled to the electric
arc furnace. Zinc conversion and removal from the
EAF dust was 88%.

EXAMPLE 6

Additional samples of EAF dust from two industrial
sources were evaluated by the method of this invention.
Table 1, below, lists the condition under which the
dusts were evaluated. Tables 2 and 3 give the results of
such tests, including the percentage removal of lead and
cadmium from the dust sample.

TABLE 1
DETAILS OF EXPERIMENTS

Expt. Expt.

No. 1 No. 2
Source of dust Source 1  Source 2
Weight of dust, g 30.0 51.0
Hydrogen flow rate, cc/min 100 100
Temperature, "C. 1100 1100
Time of reaction, min 50 70
Weight of magnetic residue, g 16.0 217
Weight of non-magnetic residue, g 5.5 19.8
*Estimated hydrogen requirement, g-moles 0.32 0.55
Amount of hydrogen used, g-moles 0.223 0.313
Estimated reduction, % 69.7 56.9
**Actual reduction, % 74.4 52.3

*Assuming that iron is present as ferric oxide, and neglecting hydrogen requirement
for other metal oxides.
**Based on weight fraction of magnetic material in the residue.
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(c) humidifying the stream of hydrogen gas and me-

TABLE 2 tallic vapors recovered from the furnace with
EXPERIMENT WITH SOURCE 1 DUST water in the form of water vapor or steam to lower
Original Residue temperature of the gas stream to that at which the
Dust Magnetic Non-magnetic g metallic vapors react with the water to produce a
Iron. % 39.5 56.8 50.2 solid metallic oxide or mixture of metallic oxides,
ﬂ’;g Z/‘,‘ §’j§’ (])i?g (3):: . said humidification taking place in a first humidifi-
Chromium. % _ 1.02 0.29 cation step wherein the temperature is reduced to
Cadmium, ppm 200 120 110 within the range of from about 700° C. to about
9¢ Lead removed — 88 91 10 900° C and is followed by a second humidification
% Cadmium removed — 40 45 step to a temperature in the range of from about
) 150° C. to about 250° C.;
TABLE 3 (d) separating the solidified metallic oxide or oxides
EXPERIMENT WITH SOURCE 2 DUST from the -hydrogen gas stream;
— 15  (e) condensing excess water from the hydrogen gas
Original : Resudue : stream; and
Dust Magnetic Non-magnetic (f) recycling the hydrogen gas stream.
Iron. € 0.0 56.0 500 3. A method in accordance with claims 1 or 2
f’e’;;(:i( g:; (]]:}5 3:35 wherein the raw material is selected from the group
Chromium. % — 0.39 022 20 consisting of metal ore, electric arc furnace dust,
Cadmium, ppm 300 110 110 foundry dust, blast furnace dust and recovered metallic
% Lead removed — 83 S§ powders.
% Cadmium removed _ 6 & 4. A method in accordance with claims 1 or 2
wherein the hvdrogen gas stream applied to the raw
What is claimed is: 25 material has a water vapor content in the range of about
1. A method for the separation and recovery of met- 0% to abLat 5%.
als as metal oxides from raw material containing a mix- 5. A method for the separation of zinc as zinc oxide
ture of metals and metal oxides comprising: from a raw material containing a mixture of zinc or zinc

(a) heating a raw material containing a mixture of oxide and other metals or metal oxides which melt at a
metals and metal oxides in briquette, pellet, granu- 30 temperature above about 1200° C. in the reduced state
lar or lump form in a furnace to a temperature comprising: :

above that at which the desired metals are vapor- (a) heating a zinc or zinc oxide containing raw mate-
ized, said temperature being in the range of from rial in a furnace to a temperature in the range of
about 900° C. to about 1200° C.; about 900° C. to about 1200° C;

(b) contracting the heated raw materials with a 35 (b) contacting the heated raw material with a stream
stream of hydrogen gas to reduce and vaporize the . of hydrogen gas to reduce zinc oxide to metallic
desired metal oxide or oxides; zinc and vaporize the zinc;

(c) humidifying the stream of hydrogen gas and me- (c) humidifying the stream of hydrogen gas and me-
tallic vapors recovered from the furnace with tallic zinc vapor recovered from the furnace with
water in the form of water vapor or steam to lower 40 water in the form of water vapor or steam to lower
the temperature of the gas stream to that at which the temperature of the gas stream to a temperature
the metallic vapors react with the water to produce in the range of about 750° C. to about 900° C,,
a solid metallic oxide or mixture of metallic oxides, thereby reacting the metallic zinc vapor with water
said humidification taking place in a first humidifi- to produce solid zinc oxide, said humidification
cation step wherein the temperature is reduced to 45 taking place in a first humidification step wherein
within the range of from about 700° C. to about the temperature is reduced to within the range of
900° C. and is followed by a second humidification from about 700° C. to about 900° C. and is followed
step to a temperature in the range of from about by a second humidification step to a temperature in
150° C. to about 250° C.; the range of from about 150° C. to about 250° C.;

(d) separating the solidified metal oxide from the 50 separating the solidified zinc oxide from the hydro-
hydrogen gas stream; gen gas stream;

(e) condensing excess water from the hydrogen gas (e) condensing excess water from the stream; and
stream; and (f) recycling the hydrogen gas stream.

(f) recycling the hydrogen gas stream. 6. A method in accordance with claim 5 wherein the

2. A method for the separation and recovery of zinc, 55 raw material is selected from the group consisting of
cadmium, antimony or led as their oxides from raw zinc ore, electric arc furnace dust, foundry dust, blast

material containing zinc, cadmium, antimony and lead, furnace dust and recovered metallic powders.
or their oxides, or a mixture thereof comprising: 7. A method in accordance with claim § wherein the
(a) heating a raw material containing zinc, cadmium, raw material is electric arc furnace dust.

antimony or lead, or their oxides, or a mixture 60 8. A method in accordance with claim 5 wherein the
thereof, in briquette, pellet, granular or lump in a raw material is preferrably heated to a temperature in
furnace to a temperature above that at which zinc, the range of about 1050° C. to about 1150° C.
cadmium, antimony or lead are volatilized; 9. A method in accordance with claim 5 wherein the

(b) contacting the heated raw materials with a stream hydrogen gas stream supplied to the raw material has a
of hydrogen to reduce the oxide of zinc, cadmium, 65 water vapor content in the range of about 0% to about
antimony or lead to the metallic state and vaporize 5%.

the metallic zinc, cadmium, antimony or lead,; *xox ok ok



