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1. Preliminary considerations

The development of recycling processes for the
use of material resources from industrial waste
products or by-products is becoming more and
more important. To this end, comminution process-
es play a key role in processing the material in such
a way that recyclable materials become exposed
for subsequent separation processes.

It was therefore only a matter of time before
Loesche GmbH, with its decades of experience in
fine comminution processes, became the centre of
attention for prospective customers who would like
to develop and optimise recycling processes.

By-products from the steel industry contain valu-
able contents. By “by-products from the steel in-
dustry”, this article mainly refers to approximately
200 million t/a of steel slags from converters and
electric-arc furnaces worldwide. The article does
not discuss blast furnace slags, which have al-
ready been processed to a large extent for many
years as a latent hydraulic composite material
in the building materials industry. In addition to
pure metal (mostly between 3% and 10%), there

Figure 1: Stainless steel slag, source material

are metal oxides and — depending on the type of
steel slag — various mineral phases which can be
partly converted into high-quality products using
the appropriate treatment.

For a complete recovery of the metal quantities
present, the slag must be finely comminuted (<ap-
prox. 100 pm) in order to be able to separate even
finely fused metal particles from the mineral slag
matrix. For expensive metals such as stainless
steel, this has already been performed in the past
in a wet process with ball mills. On the one hand,
this results in high metal yields, but on the other
hand a wet slag slurry that is extremely difficult to
recycle and usually has to be disposed of as waste.

If disposal is to be avoided, granulated products are
produced in simple crushing and screening plants
with magnetic separation (and for stainless steel
slags, partly density and sensor sorting), which
are used as additives in asphalt or concrete or in
non-cohesive base layers, for example. However,
these granulated products are only traded at a low,
sometimes even negative value. A large amount of
fused, fine-grained metal is, however, then lost to-
gether with the granulated products.



In the following, criteria is listed that has a signifi-
cant impact on the selection of the processing and
recycling procedures to be used:

e Metal content and value of the metal
e The incentive to maximise the metal yield
through increased process complexity (low
for standard steels, high for stainless steels
and special steels and for some ferrous al-
loys)

® Chemical and mineralogical composition
e The technical suitability for certain recycling
procedures
e The impact on the various properties of un-
treated slag (e.g. grain distribution, stability
of the chemical and mineral content, phase
content)

e Environmental parameters (solid-matter chemi-
cals, leaching behaviour)
e The approvability of certain recycling proce-
dures

¢ Origin of the slag from the slag heap or from the
current operation
e For dumped slag, there are only limited pos-
sibilities to modify the properties in compari-
son to those of fresh slag

e Local market situation
e Even when the technical and environmental
suitability has been proven to comply with
the local regulations for a recycling proce-
dure, the regional market and its receptive-
ness and willingness for the products must
still be taken into account

If on the one hand the aim is to achieve complete
metal recovery, but at the same time to also carry
out a high-value utilization for the fine residual slag
on the other, then dry processing is required.

To this end, there has been no industrial plant tech-
nology up until now that has been able to solve this
problem under economic conditions.

A few years ago, Loesche started investigations
into the extent to which:

1. ...the Loesche vertical roller mill is suitable for
recycling metal particles from a slag matrix and

2. ...is able at the same time to produce a fine
slag capable of further processing, which can
be used as a composite material in construction
materials.

For the investigations into dry grinding, several
tons of stainless steel slag were supplied by a pro-
ducer of stainless steel.

Figure 1 shows an example of a piece of slag, and
the type and size of the stainless steel deposits
(ball size here is approx. 0.5 mm) Sometimes the
metal particles are also a lot finer.

There has been little as practical experience relat-
ed to how highly metalliferous material behaves
during grinding in a vertical roller mill. Do the met-
al particles disrupt the grinding process, are there
any significant signs of wear, etc.?

Without wanting to go into too much detail on the
investigations, a result was given that was planned
and hoped for after the first grinding experiments
and during the inspection of the grinding chamber,
but it completely surpassed all expectations in its
attributes: Parameters had been found at which
the metal could be exposed in an undamaged and
undeformed state, while at the same time the re-
sidual slag could be ground to the required degree
of fineness.

During the inspection of the mill and investigation
of the inside of the grinding chamber and the grind-
ing table, it was noted that the grinding table was
covered with round, glimmering stainless steel par-
ticles, which were almost free from adherent slag
particles.

This result confirmed the assumption that density
separation took place within the mill in the grinding
chamber.

The heavy metal particles remained on the grinding
table until they were pushed over the edge of the
dam ring by a subsequent flow of metal and were
then discharged from below the mill as a heavy,
highly concentrated, rejected product. The finely
ground slag, however, after passing the louvre ring
was transported by the gas flow toward the classi-
fier and filter.

With this, the expectation that it was already pos-
sible to separate metal and slag very effectively in
the grinding chamber had been confirmed.

This was the birth of a new technology.



2. The new Loesche process for metal
recovery and production of a mineral
fine product from slags

With the secure knowledge that density separa-
tion takes place in the grinding chamber of the
Loesche mill, an important step had been taken
and the main foundation was laid for a new, now
patented (i) process.

On this basis, an efficient, dry overall process
for the recovery of metals from slags and the
production of a defined mineral fine product was
developed in collaboration with the CALA GmbH
& Co. KG.

Comminution in the Loesche mill and the enrich-
ment achieved by gravitational separation within,
form the core of the process. For the overall pro-
cess, there are of course additional steps that are
necessary both before and after the grinding pro-
cess.

a. Pretreatment

After cooling down, the untreated slag exists in a
broad spectrum of grains. In addition to decom-
posed fine slag and coarse mineral slag pieces, it
contains some metallic parts with edge lengths of
>1 m. Pretreatment before being fed into the mill
is therefore necessary, which must achieve the fol-
lowing:

e Separation of coarse metal parts approx. >20 mm
e Precomminuition of the slag to approx. <20 mm

“Traditional” crushing and screening plants are
used for this, mainly consisting of two crushing
stages (jaw or cone crushers/impact crushers or
2x impact crushers) and several screens. The
metal is separated by hand in a coarse range,
by over-belt magnetic separators and, in new-
er plants, also by sensor-supported sorters with
metal detectors. In the case of (partly) non-mag-
netic metals, selective comminution in the impact
crusher is also utilised in the medium grain size
range. In this process, metal accumulates in the
crushing and screening circuit and is then period-
ically discharged when the feed is simultaneously
stopped.

An effect that should not be neglected during
the recovery of non-magnetic steel particles from
slag is that these metallic components are large-
ly capable of being temporarily magnetised by
mechanical stress. As a result, they can also then
be extracted by means of magnetic separation.

This effect occurs more frequently during impact
comminution and pressure/shear grinding, as ex-
perienced in the Loesche mill.

b. Operating principle of metal recovery in a
Loesche mill

After the coarse slag processing and, if necessary,
intermediate storage of the precomminuted slag in a
feed bin, this slag is then fed to the Loesche mill.

Figure 2 shows a schematic representation of the
operating principle in the Loesche mill.

The metalliferous slag (1) to be comminuted is in-
troduced centrally or from the side of the mill. On
the grinding table (2) the material strays towards
the table periphery as a result of centrifugal force
and passes underneath the rollers (3), which are
hydropneumatically spring-loaded.

: Feeding, centrally
: Grinding table

: Grinding roller

: Metal particle

: Mineral fraction

: Gasflow

: Classifier

: Discharge system
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Figure 2: Schematic representation of the operating principle
in the Loesche mill




The mineral fraction is selectively comminuted by
the mechanical stress during the grinding process
under the rollers, whereby the metal particles are
only freed on the surface of adherent mineral par-
ticles and their particle shape is retained to the
greatest possible extent. The heavy metallic parti-
cles (4) accumulate on the grinding table, whilst the
mineral fraction (5) accumulates above. The mate-
rials are transported over the dam ring after being
comminuted.

The light mineral fraction is carried with the rising
gas flow (6) to the classifier (7). The metal particles
— due to their higher specific density — are not influ-
enced by the gas flow and fall against this into the
discharge system (8). Material of the mineral frac-
tion to which metal still adheres is rejected by the
classifier and returned via the so-called grit cone
(9) to the grinding process. Small amounts of the
mineral fraction still naturally adhere to the metal
fraction discharged in the downward direction. This
fraction must be subjected to subsequent sorting if
necessary.

With this operating principle it is possible to recov-
er virtually 100% of the metals.

c. Dry sorting process

As a result of the separation process in the mill, a
concentration of the metal content is achieved by
a factor of about 5. If, for example, the slag intro-
duced to the mill contains 8% metal, the product
flow (the so-called rejected product) leaving the
mill from below (Figure 2, item 8) can have a metal
content of about 40% (+/- 5%). The rest consists
of unremoved adherent particles on the metal par-
ticles and individual, non-comminuted slag pieces.
For the return of the “metal” product into the smelt-
ing operation, metallurgy stipulates that a product
purity of >90% is required.

This results in the need for subsequent sorting of
the rejected product by means of dry sorting pro-
cesses.

Depending on the type of the metal and its max-
imum grain size (this corresponds to approx. the
upper grain size that is fed into the mill), the follow-
ing processes can in principle be used for this:

1) Magnetic separation

2) Sensor sorting

3) Density sorting

Figure 3: Double-drum magnetic separator during assembly in the grinding plant in Belgium




In the simplest case, the metal contained is ex-
posed and magnetic whilst the mineral particles are
non-magnetic. In this case, a high degree of sep-
aration can be achieved with dry magnetic-drum
separation (Fig. 3) as a cost-effective sorting pro-
cess for a wide spectrum of grains.

Even here the effect of the temporary magnetis-
ability is used, which occurs during in-bed com-
minution in the Loesche mill and in fact allows for
non-magnetic steel particles to be sorted magnet-
ically.

It is commonly found that the metal product is con-
taminated by mineral residues adhering to magnet-
ic metal grains or by magnetic mineral particles, or
that the metal is nhon-magnetic or only partly mag-
netic, so that it accumulates in the mill circuit and
is not discharged.

In these cases, density sorting is a useful alterna-
tive or addition to magnetic separation. The metal
contained in the slag usually has a density of be-
tween 7 and 8 g/cm?® (sometimes even higher if

lead slag is being prepared, for example). The min-
eral slag matrix has a density of approx. 3 g/cms.
For metal particles that exhibit substantial adher-
ent particles, these have an diminishing effect on
the overall density of the grain so that with density
separation even pure metal from fused metal can
be separated. This is not possible with the magnet-
ic separation, as already explained.

Differing equipment is used for dry density sepa-
ration, pneumatic jigs for the coarser grain sizes
(approx. 2—-8, 8—20 mm) and fluid bed separators
for the fine fraction <2 mm. Pneumatic jigs (Fig. 4,
schematic representation) are sorting units which
have been known for many years, primarily within
the coal processing sector.

The sorting product is fed onto an oscillating per-
forated plate (3) through which a constant (5) and
a superimposed pulsed (4) air flow is blown. The
feed product is lifted by the pulsed air flow and is
then stratified when falling according to the den-
sity. At the end of the perforated plate the heavy
product layer underneath is then discharged by

: Feed hopper with rotary gate
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: Perforated plate
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: Controlled rotary gate for
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Figure 4: Pneumatic jigs (Figure: Allair® by allmineral, taken from the company brochure, labelling added)




a speed-controlled rotary gate (6) whilst the light
product leaves the machine via an overflow weir
(8). The heavy product discharge is controlled by
a radiometric density measurement running com-
pletely through the heavy product layer.

The fluid bed separator (Fig. 5, schematic rep-
resentation) is a recent development for fine-
grained density sorting, in which the CALA com-
pany were significantly involved. The light and
heavy products are stratified here by a constant
air flow through a permeable fluidizing plate (3). It
is possible to extract the heavy products through
three discharges (6a—6c¢) along the conveying
direction. Depending on the quality of the prod-
ucts of the individual discharges, these are either
regarded as finished products, fed back directly
into the mill or fed to a subsequent clarification
stage (e.g. to the fluid bed sorter again, or also
to a magnetic separator).

The rejected product (Fig. 2, item 8) with a grain
size of over 2 mm leaving the mill from below

can be alternatively or additionally sorted by
means of sensor sorters with metal detectors or
X-ray transmission sensors. The maximum feed
grain size for pneumatic technology is approx.
40 mm; sensor technology for the separation of
solid metal parts is generally used in the fraction
between 6 and 100 mm.

During sorting with the processes described, the
rejected product from the mill is finally separat-
ed into two (semi-finished) products: On the one
hand into the cleansed metal product with a pu-
rity of > 90%, on the other hand into a return flow
to the mill, which mainly consists of metal that
is still fused and slag particles that have still not
been comminuted.

These particles are then further reduced in the
mill. Intrinsic metal, is thus exposed and is then
reintroduced into the rejected product in order
for all of the metallic content over 0.063 mm to
be discharged in the metal product.
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Figure 5: Dry density sorting in the fluid bed separator




1: Feed inlet

2: Sorting chamber
3: Fluidizing plate
4: Fan

5: Air chambers

6a-6c¢: Discharges for
heavy products

7: Overflow for light product

8: Unbalance motor

3. Construction of the first production plant
in Charleroi, Belgium

a. Characteristics of the overall process for the
dry processing of stainless steel slags

This dry processing method developed by Loesche
in collaboration with CALA for recovering metals
from stainless steel slags offers the following advan-
tages in comparison to conventional processes:

e Efficient and cost-effective metal recovery in the
coarse range
e Virtually 100% metal yield down to the finest
grain range by means of optimised dry grinding,
classification and finest grain sorting technology
(with regard to metal particles of up to 63 um)
* >90% purity of the metal product extending into
the fine range
e Production of a high-quality mineral composite
material with precisely definable grain distribu-
tion, depending on the type of application.
¢ e.g. mineral filler with 20% residue at 63 pm
* e.g. higher fineness of 5000 Blaine or more
¢ This means: production of two marketable prod-
ucts in one unit
e No water requirement, no slurry accumulation
as is the case with conventional grinding pro-
cesses
e This process is particularly suitable for process-
ing:
e Stainless steel slags
e LD slags (metallurgically modified, if applica-
ble)
e Other steel slags
* Slags from ferrous alloy production (e.g. ferro-
chrome)
e Generally: slags and ash with a ductile metal
content

A typical process variation for dry processing stain-
less steel slags is depicted in the following simpli-
fied flow sheet (Fig. 6). For sake of clarity, some
process steps are not shown, particularly in the
area of pretreatment.
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Figure 6: Flow sheet for the complete dry processing of stainless steel slags with the Loesche vertical roller mill (Charleroi plant)




b. General conditions and recycling concept

An initial production plant with the grinding process
described above was implemented as part of the
comprehensive and innovative recycling concept
for the stainless steel slag processing plants of the
Recoval company in Farciennes near Charleroi (B).

The plant was set up with the aim of almost com-
pletely recovering the metal content of about 10%
contained in the stainless steel slag and to provide
a dry, mineral fine product for the recycling proce-
dures illustrated in the following.

In the so-called Carbstone process, which was
patented by the Carbstone Innovations compa-
ny (from the TRC group, which also belongs to
Recoval), finished parts are produced from the fine
slags through the carbonisation of alkaline earth

Pretreatment
water slag1 slag?2
mixing

Shaping

oxides and hydroxides present in the slag, which
develop sufficient strengths without the addition
of binders and can adequately substitute precast
concrete components.

Finely ground slags, or slags that are already fine,
are mixed with small amounts of water. As a re-
sult, they become hydrated and are subsequent-
ly formed (e.g. as paving stones, curb stones,
profiles or similar) in a press and hardened in a cli-
matic chamber or in an autoclaving process within
a CO» atmosphere.

The slag matrix, which is solidified and cured
through carbonation, consists by weight of 10 to a
max. of 20% of chemically bonded CO..

Figure 7 shows a schematic representation for the
process and an example of finished parts after
COo treatment in autoclaves.

Curing

CARBSTONE tﬁ.‘ﬂ,u‘.'.‘.ilu;l

Figure 7: Finished EDS-parts after autoclaving and an industrial CO, autoclave (iv)



In addition to fulfilling all constructional quality re-
quirements for the finished parts, the environmen-
tal requirements for the recycled products are an-
other important aspect to consider when recycling,
especially with stainless steel slags. The leaching
behaviour for Carbstones comminuted to <10 mm
was determined using the agitation-elution proce-
dure in accordance with DIN EN12457-4 (formerly
“DEVS4”).

The critical leaching values in the untreated slag for
chrome (0.66 mg/kg) and molybdenum (0.42 mg/
kg) were significantly reduced through carbonation
(Cr: 0.014 mg/kg, Mo: 0.14 mg/kg). With this, the
products produced from the stainless steel slags
correspond to the allocation criteria for inert mate-
rials as a result of the carbonation.

Figure 8: Construction of the plant in Belgium/Farcienes

The VLAREA in Belgium and the Besluit Bodem-
kwaliteit in the Netherlands play a significant role
in the recycling of finished parts. The diffusion test
stipulated in accordance with these guidelines also
showed that the Carbstone products meet the ma-
terial recycling requirements. (i)

There are already numerous publications on this
process (e.g. 1, ii, iii, iv), therefore only a brief over-
view is given at this point.

In addition to recycling Carbstones, a part of the
fine slag produced in the grinding plant is recycled
as mineral filler (limestone meal substitute) as an
additive in (also self-compacting) concrete and
asphalt.




c. Plant technology

The slag grinding plant implemented in Farciennes
was primarily designed for metal recovery from
slag on the basis of grinding tests in the Loesche
test center.

The medium product has a grain size of 0-20 mm,
an average metal content of 10% and a moisture
content of max. 5%. The plant was designed for a
capacity of min. 100,000 t/a, i.e. min. 20 t/h.

As there was still no industrial experience for the
completely new process, another crushing and
screen circuit with a vertical shaft impactor (VSI)
was initially installed upstream for safety reasons
in order to limit the maximum grain size of the
mill feed to 4 mm. However, in the meantime the
gradual widening of the screen opening showed
that 10 mm could also be processed without any
problems. Furthermore, the VSI crusher also al-
lows processing of coarser granulates as the
nominal 20 mm.

The lower stream of the pre-screen is temporarily
stored in buffer silos (2 x 100 m3), from which the
mill can be fed evenly around the clock.

Grinding and classification is carried out in a
Loesche mill of the type LM 15.2 M (installed mo-
tor power 350 kW) with a dynamic LSKS classifier
mounted on top. The air flow for drying, classify-
ing and transportation is generated by the main
fan (installed motor power 200 kW). For drying,
the process air is heated using a LOMA hot gas
generator.

Figure 9: LM 15.2 M for processing stainless steel slags in Farciennes

The slag product, which is finely ground, is sepa-
rated from the process air in a bag filter system and
then fed to a total of 10 product silos (8x 400 m3,
2x 100 m3). From these silos, the slag powder can
be loaded into silo vehicles or routed directly to the
Carbstone plant.

The rejected product is discharged below the mill
through the louvre ring around the grinding table
and then routed to subsequent sorting. As the plant
was designed as a pilot-production plant where
other types of slag are also to be ground, the reject
circuit is flexible:

First, screening is carried out into fractions 0-1
mm, 1-2 mm and >2 mm. The individual fractions
can be flexibly fed to two double-drum magnetic
separators (each with 1x weak-field and 1x strong-
field separator) or to the fluid bed separator of the
type Akaflow (0—1 or 0—2 mm). Furthermore, it is
possible to feed individual medium products from
these three sorters to a subsequent clarification on
one of the 3 sorters by means of a bucket elevator.

A pneumatic jig was not installed initially as it was
shown in the design tests that a sufficient purifi-
cation for the metal product could be achieved by
means of the selected sorting combination. How-
ever, the space for the pneumatic jig has been pro-
vided so that it can be added to if required, for ex-
ample for changing raw materials.

Sensor-based sorting was also not taken into ac-
count in the planning since this is usually only used
for coarser granulates other than those processed
in Farciennes.

Allin all, the intended goal for nominal capacity has
already been achieved in the plant. Metal particles
up to 63 pm are discharged at >95% in a metal
concentrate with >90% purity. At the same time, a
fine product with a nominal fineness of d 80 = 63 pm
is consistently produced.

Since commissioning, a substantially higher fine-
ness of 5000 Blaine and more was produced on an
experimental basis. This took place, of course, with
a reduced throughput.



4. Summary

The recycling process described is based exclu-
sively on dry process steps. Apart from the funda-
mental concern on the use of material resources
from industrial waste products or by-products, oth-
er resources are protected by this dry process:

e Avoiding water for process management and
thus the eliminating the purification of the pro-
cess water and

¢ a significant saving on drying energy.

The main focus of this process is the drying and
grinding process with a Loesche mill and the sub-
sequent dry-working process stages:

e Sensor sorting
e Magnetic separation
¢ Density sorting

These alternatives and their combinations must al-
ways be adjusted to the specific slag properties.

The production of dry “end products” was an im-
portant driving force in the development of this

process. Both the metal product and the mineral
fraction rely on the fact that they are available prac-
tically free from water for further material usage.
The focal point of material recycling of the mineral
fraction is the so-called carbonation process where
finished parts can be produced in any form and
with any desired appearance. For these, strengths
corresponding to those of the precast concrete
components are achieved without the addition of
cement or other conventional binders. For the de-
velopment of strength, the slag reacts with CO2 by
forming stable carbonates.

With this combination, this process presents an in-
novative feature in recycling processes.
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Figure 10: Photo of the metal concentrate under a microscope
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