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carbonates. The particulate mineral source comprises a leachable compound, the leachable compound comprising one or more elements
selected from: As, Ba, Cd, Cr, Co, Cu, F, Hg, Mo, Mn, Ni, Pb, Sb, Se, V and Zn. The reactive mixture comprises a reducing agent,
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METHOD OF STABILIZING LEACHABLE COMPOUNDS IN A CARBONATE
BONDED MATRIX

Technical field
[0001] The present invention is related to methods of stabilizing leachates
in a mineral matrix, particularly in a mineral matrix obtained by carbonation, and to

articles obtained by such methods.

Background art

[0002] Globally, several million tonnes of slags from non-ferrous metal
processing are produced every year. Part thereof is used as construction materials, part
is stockpiled or landfilled. When exposed to the atmosphere, dissolution of heavy metals
contained in the slags may lead to significant environmental consequences, over time.
Moreover, when used in construction materials, even if the leaching is below the legal
limits at the time of application, thus produced construction materials can involve harmful
long-term leaching behaviour.

[0003] The recycling of these slags provides a number of environmental
benefits, including the preservation of natural resources and a reduction in the volume
of solid waste. Further, they may be subjected to a dedicated treatment in acidic or
alkaline medium to recover valuable metals therefrom.

[0004] Actual applications for these slags are for example as aggregate
replacement in construction applications, e.g., as aggregate in asphalt and waterway
embankment material. WO 2009/133120 describes their use in the manufacturing of
construction materials using carbonation where the metal slag is caused to react with
CO. at elevated pressure and temperature to form carbonates. The thus produced
carbonates act as a binder cementing the slag particles together. As a result, the use of
hydraulic binders, such as cementitious binders, e.g.,, Portland cement, can be
dispensed with and the process of carbonation of metal slags enables sequestering of
up to 150 g CO/kg slag.

[0005] However it has been observed that such construction products are
prone to leaching of environmentally hazardous elements therefrom. Quaghebeur et al.
(2015), Accelerated Carbonation of Steel Slag Compacts: Development of High-Strength
Construction Materials, Front. Energy Res. 3:52, doi: 10.3389/fenrg.2015.00052
discloses a carbonation process for the production of construction materials using
stainless steel slags and CO; as raw materials, without the need for any additional

binder. The influence is discussed of carbonation, shaping (compaction force applied
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during shaping), composition and grain size of the feed, CO- pressure, and temperature
on the compressive strength development of building blocks, as well as the technical and
environmental quality (leaching behavior) of large building blocks produced by the
accelerated carbonation process. Building blocks with a compressive strength of more
than 100 MPa can be obtained. The carbonated blocks show good environmental
properties. A Cr and Mo leaching to below legal limit values could be obtained by
carbonation at higher temperatures above 140 °C. However, developing a low
temperature carbonation process achieving acceptable strength and environmental
properties still remains challenging for some materials.

[0006] Often metal slags are processed to recover valuable though
hazardous metals therefrom, such as Cr, Co, Mo etc. Recovery processes can typically
be based on heap leaching, alkaline pressure leaching or alkaline roasting followed by
water leaching where, after selective Cr removal, the Cr-depleted matrix or slag can be
used as a construction material. Although the content of these hazardous materials in
the remaining metal slag may be significantly reduced, it has been observed that such
processed slags and products, in particular construction products made therefrom, show
significant metal leaching. Thereby, the leaching degree relative to the metal content,
may be more significant than the degree of leaching shown by the metal slag as such.
[0007] US 2007/088188 describes a process for stabilizing chromium
within a mineral matrix, particularly chromite ore processing residue (COPR), containing
one or more alkaline components, wherein at least some of the chromium is hexavalent
chromium. The alkalinity of the mineral matrix is first adjusted to a pH of less than about
10, so as to consume the one or more alkaline components of the mineral matrix, for
example by addition of carbonated water, thereby producing a reaction mixture. A
chemical reductant is reacted with the reaction mixture so as to reduce at least a portion
of the hexavalent chromium to trivalent chromium. The chemical reductant is selected
from the group of ferrous chloride, ferrous sulfate, a sulfide, a bisulfide and a polysulfide.
[0008] However, attempts to chemically stabilize the COPR matrix have
been only temporarily effective in inhibiting chromate leaching to concentrations below
regulatory levels, and failed in providing long term immobilisation. Factors contributing
to the eventual failure of such processes include the back-conversion of trivalent
chromium to hexavalent chromium, and the propensity of the COPR material to swell,

thus disrupting the treated matrix.

Summary
[0009] There is thus a need in the art to find a process with which metal

leaching from a mineral matrix, such as solidified construction products made of steel
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slags, can be reduced to a minimum or at least to a level which is below the regulatory
limit values. There is further a need in the art to provide methods and materials resulting
therefrom which not only enable stabilizing leachable compounds in the mineral matrix,
but also provide such mineral matrices with high compressive strength.

[0010] According to a first aspect of the present disclosure, there is
therefore provided a method as set out in the appended claims. The method of the
present invention for producing a carbonate bonded article comprises preparing a
reactive mixture comprising a particulate mineral source and an aqueous source, and
reacting the reactive mixture with carbon dioxide to form a mineral matrix comprising
carbonates. The particulate mineral source comprises a leachable compound. The
leachable compound can comprise one or more elements selected from: As, Ba, Cd, Cr,
Co, Cu, F, Hg, Mo, Mn, Ni, Pb, Sb, Se, V and Zn, or a subset thereof. The pH of the
reactive mixture is at least 10, advantageously at least 10.5, advantageously at least 11.
The reactive mixture comprises a reducing agent. The reducing agent comprises one or
more of a sulfide, disulfide and polysulfide compound that reacts with the particulate
mineral source.

[0011] In an aspect of the present disclosure, these reducing agents have
been found to assist in stabilizing and/or immobilizing the leachable compound in the
mineral matrix. Advantageously, the reducing agents allow to reduce leachability of at
least some of the above leaching compounds or elements. In some examples, the
reducing agent contained in the reactive mixture appears capable of reducing at least
some of the one or more elements of the leachable compound, to a valence which shows
a decreased or even absent leaching. It was further surprisingly observed that the
presence of the reducing agent allows for increasing carbon dioxide uptake during the
carbonation reactions. This is an advantage as the higher carbon dioxide uptake may
result in a higher compressive strength of the product thus obtained. Methods of the
present disclosure therefore provide a way of improved carbon dioxide sequestration in
carbonated articles.

[0012] Advantageously, the one or more sulfide, disulfide and polysulfide
compounds comprise a metal, in particular K, Ca, Na, Ni, Co, Cu, Mn, Mg, Zn, Pb and/or
Fe, more particularly Fe, Pb and/or Zn. Specifically, the one or more sulfide, disulfide
and polysulfide compounds are sulfides, disulfides or polysulfides of Fe. Such
compounds may be water soluble and hence feature an improved mobility during the
carbonation reaction.

[0013] Advantageously, the particulate mineral source comprises slag from

ferrous metal processing and slag from non-ferrous metal processing. The slag from non-
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ferrous metal processing advantageously comprises one or more of a sulfide, disulfide
and polysulfide compound. By way of example, lead slag can comprise suitable amounts
of sphalerite. By combining multiple of such waste or secondary material streams, there
is no need to add virgin materials for the reducing agent, resulting in more economical
processes.

[0014] According to a second aspect of the present disclosure, there is
provided a carbonated mineral matrix as set out in the appended claims. A carbonated
article as obtainable by methods of the present disclosure comprises a matrix comprising
carbonates. The carbonated article has a pH of at least 10, a compressive strength of at
least 5 MPa, and advantageously a total sulfur content of at least 0.5% by weight.
Advantageously, the carbonated article (the mineral matrix) has a pH in a range between
10 and 12, such as between 10 and 11.5. Advantageously, the carbonated article has a
pH of at least 10.5. The carbon dioxide content, expressed as total inorganic carbon is
advantageously at least 5 % by weight, advantageously at least 8 % by weight. The
carbonated article further comprises a leachable element selected from one or more of
Cr, Mo, As, Ba, Cd, Co, Cu, Hg, Pb, Mn, Ni, Sb, Se, Sn, F, V and Zn, particularly Cr, Mo
and/or Pb. The carbonated article advantageously has a leaching of the leachable

element of 1.0 mg/kg or less on dry matter as determined by a batch leaching test.

Brief description of the figures

[0015] Aspects of the invention will now be described in more detail with
reference to the appended drawings, wherein same reference numerals illustrate same
features and wherein:

[0016] Figure 1 represents a plot of a cumulative volumetric particle size
distribution of stainless steel slag utilized in example methods of the present disclosure;
[0017] Figure 2 represents an XRD graph of FeS (iron(ll)sulfide);

[0018] Figure 3 represents an XRD graph of pyrite ash.

Detailed Description

[0019] According to an aspect of the present disclosure, methods are
provided for producing an article (such as an artificial stone, e.g. for use in building and
construction) by carbonation, resulting in a (mainly) carbonate bonded article. The
carbonation process refers to artificial or accelerated carbonation, wherein the
carbonation reactions take place in a controlled environment, under controlled
parameters.

[0020] In methods according to the present disclosure, a particulate
mineral source is made to react with carbon dioxide in the presence of an aqueous

source, in a controlled environment, to cause the formation of carbonates. The
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carbonates link the particles together in a network, resulting in the formation of a cohering
compound, referred to as a (carbonated) article. Methods of the present disclosure
enable to form carbonates at the contact points between particles, which increases the
strength of the carbonated skeleton.

[0021] The main binding phase(s) of the carbonated article is(are)
constituted by carbonates that are formed during the reacting step. The particles of the
particulate mineral source get mainly bonded to one another by means of the carbonate
phases formed. These carbonate phase(s) contribute to great extent in the final
compressive strength of the article. The article can advantageously show a uniform
distribution of carbonates and possibly a high compressive strength.

[0022] The article is advantageously environment-friendly. Potentially
hazardous waste materials, such as ashes and slags including leachable compounds
such as heavy metals, can be used as a particulate source material, as methods of the
present disclosure allow for improved immobilization of the leachable compounds in said
articles. As a result, leaching of hazardous inclusions from the carbonated articles of the
invention can be minimized to values in conformity with national or regional regulations.
[0023] Steps of methods according to the present disclosure will now be
set out. It is to be noted that although method steps are discussed in a defined order of
appearance and are identified with sequence terms as first, second, following, etc., such
order need not be so and the order in which at least some of the method steps can be
carried out can be altered.

[0024] In methods of the present disclosure, a reactive mixture is prepared.
The reactive mixture comprises a particulate mineral source and an aqueous source.
The particulate mineral source can comprise, or consist of, any mineral source capable
of undergoing carbonation reactions to form a binding phase, thereby linking particles in
the reactive mixture. In one aspect of the present disclosure, the particulate mineral
source comprises or consists of waste or secondary raw mineral materials. The
particulate mineral source can comprise or consist of slags from metallurgical processes.
[0025] Advantageously, the particulate mineral source comprises or
consists of slags from ferrous metal production or processing (ferrous metallurgical slag).
Specific examples of suitable ferrous metallurgical slags are granulated blast furnace
slag, air cooled blast furnace slag, converter slag, basic oxygen furnace (BOF) slag,
Linz-Donawitz (LD) slag, electric arc furnace (EAF) slag, ladle slag, argon-oxygen
decarburization (AOD) slag, vacuum oxygen decarburization (VOD) slag, or steelmaking

slag, in particular stainless steel slag. In addition, or alternatively, the particulate mineral
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source comprises or consists of slags from non-ferrous metal production or processing
(non-ferrous metallurgical slag), such as copper (Cu), zinc (Zn) or lead (Pb) slags.
[0026] The particulate mineral source advantageously comprises or
consists of a mixture of ferrous metallurgical slag and non-ferrous metallurgical slag. This
advantageously allows to recycle multiple waste streams simultaneously, while
improving the properties of the obtained carbonated articles as will be shown in some
examples further below.

[0027] Advantageously, the reactive mixture comprises between 10% and
99.9% by dry weight of ferrous metallurgical slag, advantageously between 20% and
99.5% by dry weight, advantageously between 30% and 99% by dry weight, such as at
least 50% or at least 60% by dry weight, or 98% by dry weight or less. In addition, or
alternatively, the reactive mixture advantageously comprises between 0.1% and 80% by
dry weight of non-ferrous metallurgical slag, advantageously between 0.5% and 70% by
dry weight, advantageously between 1% and 60% by dry weight, such as between 2%
and 50% by dry weight, or between 25% and 45% by dry weight.

[0028] The raw slag may be milled, crushed and/or ground and possibly
subjected to a chemical treatment, which allows to split the slag in two fractions: a metal-
rich fraction, which can be directly recycled to and used in the production process from
which it originated and a residual and mainly mineral fraction, which is typically disposed
of. The latter residual fraction is generally referred to as slag.

[0029] The particulate mineral source can comprise (or consist of) the fines
of one or more types of slag from metal manufacturing and/or processing (e.g. steel slag,
stainless steel slag, dephosphorization slag, desulfurization slag, slag from copper
manufacturing and/or processing). Alternatively, or in addition, the particulate mineral
source can comprise the fines of one or more slags from production and/or processing
of nonmetals, particularly phosphorus and/or sulfur.

[0030] Slags comprising oxides of alkaline earth metals, and particularly
oxides of calcium and/or magnesium are preferred for use in the particulate mineral
source, since they allow for ready formation of carbonates of these alkaline earth metals.
[0031] In addition, or alternatively, the particulate mineral source can
comprise one or more other waste materials. Some examples of suitable waste materials
include: biomass ash, municipal solid waste incinerator (MSWI) bottom ash and fly ash.
The particulate mineral source can (further) comprise construction and demolition
cement waste, concrete waste and/or construction waste. The dry weight fraction of such
materials in the particulate mineral source is preferably at most 30%, preferably at most

15% and preferably at most 5%.
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[0032] The particulate mineral source can comprise smaller fractions of
natural mineral materials, such as calcium silicate stone, olivine, wollastonite,
serpentinite and sand, such as sea sand or quartz sand. The dry weight fraction of such
materials in the particulate mineral source is preferably at most 20%, preferably at most
10% and preferably at most 5%.

[0033] The particulate mineral source can comprise or consist of one or
more transition and/or post-transition metal compounds. The transition and/or post-
transition metal compounds can be sourced from various sources, such as transition
and/or post-transition metal waste filings, slags, ashes, blasting shots. The particulate
mineral source can comprise hydroxides or silicates of the transition and/or post-
transition metals, e.g. Fe(OH)2, Fe2SiO4, Zn(OH)2, Zn;SiO..

[0034] A transition metal advantageously refers to an element belonging to
groups 4 to 11 of the periodic table of elements. A post transition metal advantageously
refers to the elements Zn, Cd, Hg, Ga, In, Tl, Sn, Pb, Bi. The list of transition and post
transition metals (M) which can form metal carbonates of the general formula MCOs is
advantageously selected from Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb.

[0035] The particulate mineral source in aspects of the present disclosure
advantageously is substantially free from materials having hydraulic binding properties.
A material having hydraulic binding properties can be a hydraulic binder or latent
hydraulic binder or pozzolanic material. A hydraulic binder, latent hydraulic binder or
pozzolanic material refers to a broad class of siliceous or siliceous and aluminous
materials which, in themselves, possess little or no cementitious value but which will, in
finely divided form and in the presence of water, react chemically by hydration of earth
alkaline metal ions, such as calcium at ordinary temperature to form compounds
possessing cementitious properties.

[0036] Advantageously, the particulate mineral source comprises or
consists of a fine fraction. The fine fraction consists of all the particles of the particulate
mineral source having a particle size smaller than or equal to 500 um and thus for
example consists of all the particles passing through a 500 um sieve. The particles of
the fine fraction advantageously have a particle size smaller than or equal to 200 um
(e.g. obtained by sieving with mesh size 200 um), advantageously smaller than or equal
to 125 um (e.g. obtained by sieving with mesh size 125 ym), or smaller than or equal to
100 um, or smaller than or equal to 80 um.

[0037] Advantageously, at least 10% by volume of the fine fraction has a
particle size smaller than or equal to 50 um, preferably smaller than or equal to 30 um,

preferably smaller than or equal to 20 um, preferably smaller than or equal to 10 um.
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Compared to larger particles, the fine fraction can have the advantage to be more
reactive towards the carbon dioxide.

[0038] Advantageously, at least 60% by volume of the fine fraction has a
particle size smaller than or equal to 200 um, preferably smaller than or equal to 150 um,
preferably smaller than or equal to 125 um, preferably smaller than or equal to 100 um.
Advantageously, the 50" percentile diameter (by volume) dso, i.e. the median diameter
(by volume), is smaller than or equal to 40 um, preferably smaller than or equal to 30
pm, preferably smaller than or equal to 15 um, preferably smaller than or equal to 12 um,
preferably smaller than or equal to 10 ym, such as between 1 ym and 10 um. Particle
size distributions by volume can be determined by laser diffraction.

[0039] It may be advantageous to utilize coarser fines as the particulate
mineral source. These may show improved carbon dioxide uptake and/or greater
leaching reduction of some of the leachable compounds. Advantageously, the particulate
mineral source (coarser fines) has a 50" percentile diameter (by volume) dso, i.e. the
median diameter (by volume), between 20 um and 150 uym, advantageously between 30
pm and 125 um, advantageously between 40 um and 100 um. Advantageously, the
coarser fines have a 10" percentile diameter (by volume) d1o, i.e. 90% of the particles is
larger, of at least 2 ym, advantageously at least 5 um, or at least 10 um.

[0040] The reactive mixture comprises an aqueous source, such as water.
Water can be comprised in the reactive mixture as moisture and/or as hydrates for
example of the mineral source compounds. The moisture can be provided as steam or
as water. Moisture refers to water present in the (compacts of) particulate mineral source,
and in particular in the pores thereof. Moisture is not or weakly bound to substances of
the particulate mineral source. Moisture can be determined as the water evaporated at
a temperature of 105°C and atmospheric pressure. Moisture (water) can assist
carbonation. The moisture can form a water film around reactive phases, which
enhances the carbonation reactions, as the formation of carbonates occurs in a hydrous
phase. Furthermore, moisturized particulate material is easier to shape to a
predetermined form. The moisture can be adsorbed on the particles, or be present in the
pores.

[0041] Hydrates comprise water which hydrates the free (reactive) oxides
present in the particulate mineral source, such as the free oxides of alkaline earth metals,
and CaO and MgO in particular, so as to form hydroxides (e.g. Ca(OH), and Mg(OH)>).
Hydration water hence forms stronger bindings and is typically freed (evaporated) at
temperatures in excess of 105°C (e.g. about 486°C and 387°C for respectively Ca(OH).
and Mg(OH),).
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[0042] Not all free oxides can in general be hydrated at atmospheric
conditions. In case the particulate mineral source is not fully hydrated (not all free oxides
(Ca0O and MgO) are hydrated), part of the moisture can serve during carbonation to
hydrate those oxides that are not hydrated yet and that participate in the carbonation
reactions. Preferably, the particulate mineral source is hydrated to a large extent prior to
carbonation. Methods of the present disclosure can comprise a pre-treatment to hydrate
free oxides comprised in the particulate mineral source.

[0043] When too little moisture is present, carbonation reactions may take
place under less optimal conditions. Hence, the weight fraction of water (moisture) in the
reactive mixture advantageously is at least 2% by total weight. On the other hand, too
high moisture contents can severely limit the CO; diffusivity and reactivity. The pores of
the reactive mixture therefore are advantageously not saturated with water at the
beginning of the carbonation reaction. Indeed, the inflow of CO: in the pores is
counteracted by the outflow of water (e.g. water produced during carbonation, or
moisture present in the pores).

[0044] Advantageously, the reactive mixture comprises amounts of water
and/or moisture, which may be initially present or may be added to the reactive mixture.
Advantageously, the reactive mixture has a liquid to solid ratio between 0.01 and 0.5,
advantageously between 0.02 and 0.4, advantageously between 0.05 and 0.3, such as
a liquid to solid ratio of about 0.1. The term liquid refers to mainly water.

[0045] While the conversion of waste streams to useful materials through
accelerated carbonation prevents these waste materials to be landfilled, a common
challenge for these carbonated materials is to ensure their environmental quality. Some
of the waste materials contain elevated concentrations of environmentally hazardous
leachable inorganic compounds. As will be described, the present disclosure allows to
reduce the leachability of such compounds from the carbonated articles.

[0046] Hence, the particulate mineral source, in particular originating from
waste materials as the ones described above, comprises possibly hazardous leachable
compounds. In the context of the present disclosure, a leachable compound refers to a
compound comprising, or consisting of, one or more elements selected from: As, Ba, Cd,
Cr, Co, Cu, F, Hg, Mo, Mn, Ni, Pb, Sb, Se, Sn, V and Zn. Of these, leachability of As,
Cd, Cr, Co, Cu, Mo, Mn, Ni, Pb, Sb, Se and Zn may be more significant, in particular for
leachable elements Cr, Mo, Pb, and/or for Co, Mn and Zn. These elements will be
referred to hereinafter as leachable elements. The particulate mineral source, or the fine
fraction thereof, can have a content of leachable elements of at least 250 Jg/kg, possibly

at least 450 ug/kg, possibly at least 550 ug/kg dry weight.
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[0047] Alternatively, or in addition, the particulate mineral source or at least
part of it can be subjected to a hydrometallurgical recovery process for one or more the
above leachable elements, such as by alkaline treatment. In these processes, e.g.
trivalent chromium (Cr*) is oxidized to hexavalent chromium (Cr®*) which is leached out
using a base. However, the material so treated still contains some levels of Cr. The
hexavalent chromium however shows a high leachability after conventional carbonation.
In particular the particulate mineral source, or the fine fraction thereof, can have a content
of the leachable elements between 1ug/kg and 100 pg/kg, possibly between 5 ug/kg and
50 pg/kg, possibly between 7 ug/kg and 25 ug/kg.

[0048] To address the above leachability problems, it has been found that
reacting the reactive mixture in presence of sulfide, disulfide and polysulfide compounds
allows to stabilize the leachable element in the carbonated mineral matrix. Surprisingly,
as will be shown in the examples below, the enhanced stabilization of the leachable
elements (and hence the reduced leachability) is obtained along with an increased
carbon dioxide uptake in the carbonated article and/or an improved mechanical strength
of the carbonated article. One possible advantage of methods of the present disclosure
is that they allow to increase the amount of carbon dioxide that is sequestered by
accelerated carbonation, for a same initial weight of the mineral materials.

[0049] The reactive mixture therefore comprises one or more compounds
selected from the group of a sulfide compound, a disulfide compound and a polysulfide
compound, all of which hereinafter generally referred to as sulfide compounds. These
sulfide compounds act as a reducing agent and react with the particulate mineral source,
and advantageously with the leachable compounds and may assist in stabilizing and/or
immobilizing the leachable elements in the carbonated matrix. Advantageously, a
reduced leaching of the leachable compounds from the carbonated matrix is obtained.
Examples of suitable sulfide compounds are (poly)sulfides of one or more of the following
elements: K, Ca, Na, Ni, Co, Cu, Mn, Mg, Zn, Pb and Fe. Advantageously, the sulfide
compound is water soluble, which is believed to enhance the carbonation reaction by
reacting with weak acids generated by dissolution of carbon dioxide in water (CO; + H,O
= CO;% + 2H"). These acids (H*) may in tum react with the sulfide compounds, producing
additional carbonates (e.g. ZnS + Hz + CO3* = ZnCOs + H2S). H2S may further react with
basic particles contained in the particulate mineral source to dissolve additional mineral
elements (e.g. Ca) further leading to yet additional carbonates. The sulfide compounds
can comprise H>S.

[0050] The sulfide compounds can originate from within the particulate

mineral source. For example, lead slags may contain sulfidic minerals like sphalerite
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(Zn,Fe)S. (White) ladle furnace (LF) slag, which is also known as basic slag, reducing
slag, white slag, secondary refining slag, or desulphurization slag is a byproduct from
further refining of molten steel after egressing a basic oxygen furnace (BOF) or an
electric arc furnace (EAF). White LF slag comprises about 3% wt. or less, typically
between 1% and 2% wt. sulfide compounds (expressed in total S). Brown or grey LF
slag comprises about 1% wt. sulfide compounds. In another example, the extraction of
sulphur (as SO») which is converted to sulfuric acid produces a hematite-rich waste,
known as roasted pyrite or pyrite ash. Pyrite ash comprises sulfide compounds (about
3% wit. (total S) or less) such as ZnS and FeS and hence can constitute yet an additional
waste stream that can be utilized as a fraction of the particulate mineral source. Hence,
by appropriate selection of the ingredient streams for the particulate mineral source,
suitable amounts of sulfide compounds can be provided in the reactive mixture.

[0051] In addition or alternatively, the sulfide compound is added to the
reactive mixture. Suitable examples of sulfide compounds that can be added are iron(ll)
sulfide (FeS), iron(ll) disulfide (pyrite, FeS,), PbS, ZnS and sodium polysulfide (NazSy).
Such sulfide compounds can be added to the reactive mixture as a virgin raw material,
or as part of a waste stream. In some examples, H>S can be added as fraction of a H,S
containing flue gas.

[0052] The amount of sulfide (disulfide, polysulfide) compounds in the
reactive mixture, expressed as total sulfur content, is advantageously between 0.1 %
and 15% by dry weight, advantageously between 0.25% and 12.5% by dry weight,
advantageously between 0.5% and 10% by dry weight, advantageously between 0.75%
and 8% by dry weight, and typically between 1% and 7% by dry weight, or even between
2% and 5% by dry weight. The amount of sulfides can be determined by XRD analysis
(sulfide content), or via XRF or ICP (Inductively Coupled Plasma) analysis (by
determining total S content).

[0053] The reactive mixture advantageously does not substantially
comprise sulfates.

[0054] The reactive mixture advantageously has a pH of at least 10 (on dry
matter), advantageously at least 10.5, advantageously at least 11, such as a pH in the
range between 10.5 and 13. These higher pH values are believed to improve conversion
of carbon dioxide to carbonate ions, to enhance carbonation and hence to enhance the
compressive strength of the carbonate bonded article as well as the stabilization or
immobilisation of the leachable elements present in the mineral source. The pH of the

solid phase can be determined by batch leaching tests, e.g. with liquid to solid ratio = 10
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litre/kg dry matter (L/S = 10), 24h shaking (to reach equilibrium), grain size smaller than
or equal to 4 mm, conforming to EN 12457-2.

[0055] The reactive mixture can be shaped prior to carbonation reaction by
any suitable shaping technique, such as agglomeration, granulation, compaction,
vibration, casting, molding and extruding. One example of a shaping technique is
compaction, e.g. in a press, with a compaction pressure of at least 5 MPa, preferably at
least 10 MPa, or at least 15 MPa.

[0056] Preferably, at the beginning of the reacting step, the moisture
content of the compact is smaller than or equal to 0.8 times the moisture saturation
content, with moisture contents smaller than or equal to 0.6 times the moisture saturation
content being more preferred. The moisture saturation content refers to the moisture
content when all the pores are filled with moisture (water).

[0057] The reactive mixture, possibly shaped through a suitable shaping
technique, is subjected to accelerated carbonation. Carbonation can be carried out in a
reaction chamber, either as a batch process or as a continuous process. Carbonation is
advantageously carried out at a temperature between 10°C and 200°C, preferably
between 10 and 150 °C, preferably between room temperature and 125°C, such as
between 20°C and 90°C, or 80°C or less. Carbonation is advantageously carried out at
atmospheric pressure, or alternatively at a pressure (e.g. a gauge pressure inside the
reaction chamber) of at least 0.01 MPa, advantageously at least 0.05 MPa,
advantageously at least 0.1 MPa, advantageously at least 0.5 MPa, advantageously at
least 1 MPa and advantageously 25 MPa or less, such as 10 MPa or less, or even 5 MPa
or less. The carbonation reaction can be carried out under pure CO- gas, or with a partial
CO. atmosphere, e.g. when an exhaust gas of an industrial plant, or flue gas is supplied
as the reaction atmosphere in the reaction chamber. The partial CO- pressure is at least
0.025 MPa, advantageously at least 0.05 MPa, advantageously at least 0.1 MPa,
advantageously at least 0.25 MPa, and advantageously 25 MPa or less, such as 10 MPa
or less, or 5 MPa or less (differential pressure w.r.t. ambient). The carbonation reaction
can be carried out as a continuous process, or as a batch process.

[0058] Reaction with carbon dioxide is carried out in an environment at a
relative humidity of at least 75 %, preferably at least 85 %, preferably at least 90%.
[0059] The carbonation reaction is advantageously performed for at least
15 minutes, preferably at least 1 hour, preferably at least 2 hours, most preferably at
least 4 hours. It can be continued for as long as 48 hours, more preferably at most 32

hours, more preferably 24 hours or less. Advantageously, during the carbonation
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reaction, the pH of the reactive mixture and of the carbonated mineral matrix is
maintained at a pH of at least 10.

[0060] The carbonated articles obtained by methods of the present
disclosure comprise a matrix comprising carbonate phases which binds particles or
grains to one another. The binding matrix advantageously provides more than 50% of
the final compression strength of the article. Other binding phases are advantageously
not present, or present only in limited amounts. Therefore, the content of calcium silicate
hydrate phases in the matrix binding the grains together is advantageously at most 2.2%
by total weight of the article, with values of at most 1.7% by weight being preferred,
values of at most 1.0% by weight being more preferred and values of at most 0.5% by
weight being most preferred. The content of calcium hydrate phases is not to be
considered in determining the content indicated above. Preferably, the carbonate matrix
linking grains together does not comprise calcium silicate hydrate phases.

[0061] An article of the invention preferably comprises different types of
alkaline earth metal carbonates. The article can comprise CaCO; as calcite, as
aragonite, or both. The article can comprise magnesite (MgCQOs3). The article can
comprise ankerite (Ca(Fe,Mg)(COs)2). An article of the invention preferably comprises
mixtures of above identified elements.

[0062] The article can comprise grains (particles) of one or more alkaline
earth metal silicates. Said grains are arranged (embedded) in a carbonate matrix.
[0063] Carbonated articles of the invention advantageously comprise
carbonate shells surrounding grains of alkaline earth metal silicates (e.g. silicate crystals
and/or other silicate phases). It is observed that after the carbonation reaction, outer
zones of the silicate grains can be poor in the alkaline earth metal (e.g. Ca) due to a
diffusion of said metal to a surrounding carbonate matrix. Hence, the carbonates formed
by the carbonate reaction can link the original grains together to form a strong compound.
[0064] A carbonated article of the invention can further comprise one or
more of the following elements: Cr, Mo, Sb, As, Ba, Cd, Co, Cu, Hg, Pb, Mn, Ni, Se, Sn,
F, V and Zn. It can also further comprise Al, Ti and/or Fe. It can comprise Ba. In some
examples, the article comprises Fe, Cr, Pb and/or Mo. Additionally, or alternatively, the
article comprises one or more of the following elements: Ni, Zn, Mn and Al. Additionally
or alternatively, the article comprises one or more of the following elements: Ba, As, and
Cd. The identified elements can be comprised in the raw (granular) material (the
particulate mineral source) of which the article was produced, such as stainless steel

slag, phosphorus slag, or bottom ash of e.g. municipal solid waste incinerators. It is an
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advantageous property of an article of the invention that the leaching of one or more of
the elements as indicated is at least reduced.
[0065] The article can further comprise carbonates of Fe, Mg and/or Al
The article can further comprise chromium oxide and/or magnesium chromite. The above
elements can result from the carbonation of stainless steel slag.
[0066] The carbonated article can comprise anhydrous carbonates of
transition and post transition metals listed in Class 14 of “New Dana Classification”. In
Dana’s new carbonate classification, mineral carbonates of all these metals are found in
Dana class 14, Anhydrous Carbonates. Of special interest is Dana type 14.01 Anhydrous
Carbonates with Simple Formula A+ COs:
e The carbonates of Mn, Fe, Co, Zn, Cd, Ni belong to the Dana group 14.01.01
Calcite Group (Space Group: R3barc)

o Manganese: 14.01.01.04: Rhodochrosite MNnCO3

o lIron (already done) : 14.01.01.03: Siderite Fe++CO3

o Cobalt: 14.01.01.05: Sphaerocobaltite CoCO3

o Zinc (already done): 14.01.01.06: Smithsonite ZnCO3

o Cadmium: 14.01.01.07: Otavite CdCO3

o Nickel: 14.01.01.08 Gaspeite NiCO3 : Hardly found in pure form in nature

e The carbonate of Pb belongs to Dana group 14.01.03 Aragonite Group
(Orthorhombic: Pmcn).

o Lead: 14.01.03.04 Cerussite PbCO3
[0067] The article according to the present disclosure advantageously has
a compressive strength of at least 5 MPa, with a compressive strength of at least 8 MPa
being preferred and a compressive strength of at least 10 MPa being particularly
preferred. Advantageously, the carbonated article has a compressive strength falling in
the range between 15 MPa and 100 MPa, preferably in the range between 30 MPa and
100 MPa, more preferably in the range between 45 MPa and 100 MPa. An article of the
invention can have a compressive strength in the range between 50 MPa and 80 MPa.
The compressive strength is advantageously proportional to the carbonate content of the
article.
[0068] In carbonated articles of the present disclosure, the sulfide
compounds lead to an increased carbon dioxide uptake in the carbonated article and
hence an increase in carbon content. The carbon dioxide content (expressed as total
inorganic carbon content — TIC) of the carbonated articles is advantageously at least 5
% by weight, advantageously between 10 % and 20 % by wt. such as between 11 % and
15 % by weight.
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[0069] The total sulfur content of the carbonated article is advantageously
between 0.1% and 15% by weight, advantageously between 0.25% and 12.5% by
weight, advantageously between 0.5% and 10% by weight, preferably between 1% and
8% by weight or between 2% and 7% by weight.

[0070] The carbonated articles of the present disclosure advantageously
show reduced leachability of one or more of the leachable elements indicated above. In
particular, maximum leaching values of carbonated articles for the different leachable
elements are defined in Table 1.

[0071] The carbonated articles advantageously have a (largest) size,
referring to (equivalent) diameter, length, width or breadth, of at least 5 mm,
advantageously at least 10 mm, advantageously at least 15 mm, advantageously at least

20 mm, such as a size between 5 mm and 600 mm.
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Table 1: Maximum preferred leaching values for elements comprises in the carbonated

articles (ds: dry solid).

Leachable Maximum leaching value Alternative maximum leaching
element (batch leaching) (mg/kg ds) | value (batch leaching) (mg/kg ds)
As 0.8
Cd 0.03
Cr 26 0.5
Cu 0.8 0.5
Hg 0.02
Pb 1.3
Ni 0.75
Zn 2.8
Sb 1 0.1
Ba 20 1.6
Co 0.5 0.2
Mo 55 0.2
Se 2 0.04
Sn 1
Vv 25 0.8
F 55 46
Examples

Materials and methods

[0072] Stainless steel slag (Carbinox®) was acquired from Orbix, Belgium.
This is a fine fraction comprising mainly Electric Arc Furnace (EAF) slag with mesh size
0.125 mm (i.e. 100% of the particles smaller than or equal to 0.125 mm). The particle
size distribution was determined by laser diffraction using a Horiba LA-350 Laser particle
size analyzer using isopropanol medium. Before the measurement, 200-400 mg slag
samples were first ultrasonicated for 2 minutes in isopropanol medium, to deagglomerate
lumps. For the slag as-received (batch name ASG/17134), the 50-percentile particle size
dso = 69 pm. Another batch (ASG/17134EM) of this stainless steel slag was further
ground using a RETSCH planetary ball mill PM400 (Tungsten carbide) at 400 revolutions
per minutes (RPM) and particle size was reduced to dsp = 11 um. The particle size
distribution parameters are listed in Table 2. The particle size distribution graph is shown
in Fig. 1. Yet another batch (labelled ASG/EEM) was obtained by grinding the as-
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received material (ASG/17134) for about 4 hours under same conditions as above and

the particles passed a 36 um mesh sieve.

Table 2: Particle size distribution parameters for the particle size distributions of Fig. 1

5 (average of three measurements).

Batch name : ASG/17134 ASG/17134EM
Mean size (um) 72 19
Mode size (um) 83 16
D(v,0.1) (um) 21 1.1
D(v,0.5) (um) 69 11
D(v,0.9) (um) 123 50

[0073]

chemicals to recover/remove chromium. The chromium was either recovered by (heap)

In addition, batches of the stainless steel slag was treated with

leaching in 1M NaOH + 60g/L Na.S,0s or by roasting of the slags to oxidize trivalent Cr
10 to hexavalent Cr, followed by water leaching and washing. For the heap leaching, the
slags were granulated to improve the flow through. The chemical composition of these

different batches is indicated in Table 2.

Table 3: Chemical composition by XRF bead of different samples of stainless steel slag,

15 subjected to different pre-treatment methods.

Batch : ASG/17134 | ASG/20077 | ASG/20235 | ASG/20235W
after column | after roasting | after additional
leaching with | with  NaOH | washing (L/S =

stainless 1M NaOH + | and water | 10)
steel slag | 60g/L of | leaching

sample unit | (untreated) | Na>S;0s

Na,O % <0.7 9.42

MgO % 10.7 7.35 3.4

AlOs % 4.49 3.41 21

SiO, % 28.4 20.0 17.9

P20s % <01 <0.02

S total 0.23 0.024

K20 % <0.15 0.91 <0.03

Ca0O % 46.0 371 454

TiO2 % 0.914 0.79

Cr03 % 3.57 0.94 0.33

MnO % 1.28 1.10 1.04

V205 % 0.09 0.10 0.047

Mo % 0.004 0.0009 < 0.0020

Fe20O3 % 0.87 0.81 0.74

SUM (oxide) 96.85

LOI(%) 2.34
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The above stainless steel slags were mixed with a sulfide compound. In the examples
below, FeS, PbS and Na,S.xH,O were used. Technical grade FeS iron(ll)sulfide was
bought from Alfa Aesar, having sieve residue < 13.5% +325 MESH (44 micron), CAS
Number 1317-37-9. XRD data of this FeS is presented in Fig. 2. PbS lead (ll)sulfide was
bought from Alfa Aesar, with purity 99.9 % (metals basis) - 200 MESH, CAS Number:
1314-87-0. Na>S.xH,O sodium sulfide hydrate was bought from sigma Aldrich,
MW:78.04 (anhydrous basis) Assay: = 60%, scales CAS number: 27610-45-3.

[0074] In addition, a slag from lead production, labelled NFMS-1 was used
as source for the sulfide compound. The elemental composition of this slag was
determined using Energy Dispersive X-Ray Fluorescence (ED-XRF, Spectro XEPOS HE
model XEPO3). For analysis, the powder samples were mixed with Li2B4O7 flux, melted
to form a bead and solidified, before the ED-XRF measurements were performed under
He-atmosphere. Results are shown in Table 4. Sulfur is mainly present as PbS, ZnS,
Cu$S and Cu-S.

Table 4: Elemental compositions of slag NFMS-1 expressed as oxides (% by weight)
Oxide NFMS-1

Fe20s3 (%) 316
CaO (%) 13.8
SOz (%) 248
S (%) 11

SO3 (%) 2.8

AlLO3 (%) 6.43
MgO (%) 1.39

Cr.03(mg/kg) | 4660
MnO (mg/kg) 4080
TiO2 (mg/kg) 0.233

[0075] Yet additionally, pyrite ash was used as source for the sulfide
compound. The XRD data of pyrite ash is shown in Fig. 3. This pyrite ash was mainly
composed of hematite and magnetite, with minor phases of sphalerite (ZnS) and
pyrrhotite (FeS). XRF measurements on the pyrity ash gave the composition shown in
Table 5.
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Table 5: XRF composition of pyrite ash (% by weight)
Fe:Os | 76-84%
SiO, 10-11%

ZnO 2-4%
SOs 2-4%
S 0.8-1.6 %
Al2Os 1-2%
CuO 1-2%

MgO | 0.1-1.0%
K:O | 0.1-1.0%
CaO |0.1-1.0%
BaO | 0.1-1.0%
P.0s | 0.01-0.1%
TiO; | 0.01-0.1%
V:0s | 0.01-0.1%
MnO | 0.01-0.1%
Sb,0; | 0.01-0.1%

[0076] The reactive mixtures were prepared by weighing the required
amounts of slags, and homogeneously mixing them in an overhead rotating mixer for
about 2 hours. Water was added to the dry mixture in an amount of liquid to solid ratio
L/S = 0.10 to obtain a reactive mixture.

[0077] The reactive mixtures were shaped in a cylinder mould with 23 mm
diameter by hydraulic compaction. A compaction pressure of 14.71 MPa (150 kgf/cm?)
was applied for 10 seconds to obtain shaped precursors with a height of 23 — 28 mm.
The shaped precursors were removed from the mould and placed in an autoclave (total
volume: 3.5 I). The carbonation experiments were carried out in the autoclave at 3 barg
(100% CO,) without prior flushing (i.e. total pressure is 4 bar and CO; concentration is
about 75% (1 bar air + 3 bar COy). After adding the CO,, the temperature was increased
and maintained at 50°C for 16 hours. The relative humidity was kept high (> 80%) by
putting a tray of water in the autoclave. After 16 hours, the carbonated blocks retrieved
from the autoclave.

[0078] As a comparative experiment, air curing was performed on shaped
precursors from the same batches. The air curing was carried out in a climate chamber

for approximately 24 hours at 25°C and 95% relative humidity. The comparative
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experiments were conducted to compare the effect of the reductants with and without
carbonation.

[0079] Leaching experiments were carried out following the European
standard compliance test EN 12457-2. It provides information on leaching of granular
wastes with a particle size below 4 mm without or with size reduction, at a liquid to solid
ratio of 10 I/kg dry matter, after 24 hour in an overhead shaker (GFL 3040) which was
rotated at 10 rotations per minute (RPM) for 24+0.5 h. The leaching tests were carried
out in a temperature controlled room at 20+2 °C. At the end of the experiment, the eluate
was immediately filtered using a disposable polypropylene syringe filter (Chromafil AO-
45/25, Macherey-Nagel, pore diameter of 0.45 um). The filtered solution was divided into
two parts. One part was used to immediately measure the pH of the solutions using a
Mettler Toledo Seven multi dual meter; and the other was stored for elemental analysis
using ICP-AES. The leaching concentrations (ug/l) were recalculated to reflect the
leaching from the solid dry material (in mg/kg).

[0080] Compressive strength was determined by loading the carbonated
cylinders in an upright position at a rate of 0.5 mm/min using a 100 kN compression
testing machine (Instron 5582).

[0081] Carbon dioxide uptake was determined from total carbon (TC) and
total inorganic carbon (TIC) measurements. Total carbon (TC) was determined by the
combustion gravimetric method. If no organic carbon is present, the combustion method
to determine total carbon (TC) can be used. The test method involves burning the sample
in a stream of oxygen. The CO- in the evolved gases is then collected in a suitable
absorbent and its mass determined. The time of analysis is very short (10 minutes). If no
organic carbon is present the total carbon (TC) content equals the total inorganic carbon

(TIC) content, and the CO- content in mass% is given by equation (y):

44.01 (atomic mass of €C02)
12.01 (atomic mass C)

COz m% =TC x

)

If organic carbon is present, an indirect method can be used in which the TC is
determined of the sample ‘as is’ and after dissolution of the carbonates by an acid. In
this way TC and TOC (total organic carbon) are determined and the total inorganic

carbon is calculated as TIC = TC — TOC. The TIC can be recalculated to CO- by equation
(2):
CO, m% =TIC x

44.01 (atomic mass of €C02)
12.01 (atomic mass C)

()

or

44.01 (atomic mass of €C02) TOC 44.01 (atomic mass of €C02)
12.01 (atomic mass C) 12.01 (atomic mass C)

COz m% =TC x
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with TC = TC determined after drying of the sample at 105°C, and TOC = TC determined
after drying of the sample and dissolution of the carbonates with acid. Note that the
weight of the sample before acid treatment should be used as a reference for the TOC
measurement.

[0082] The pH for solid phase was determined by batch leaching tests with
liquid to solid ratio = 10 litre/kg dry matter (L/S = 10), 24h shaking, after crushing to a

grain size smaller than or equal to 4 mm, conforming to EN 12457-2.

Example 1: experiments on ASG/17134 (stainless steel slag as received, 125 mm
mesh) with addition of FeS in various proportions (0 — 10% by weight).

[0083] ASG/17134 (as received stainless steel slag) was mixed with 0 —
10% wt. FeS and cured in air or by accelerated carbonation under conditions indicated

above. Results are shown in Table 6.

Table 6: Measurements on ASG/17134 (stainless steel slag as received, 125 mm mesh)

mixed with FeS in various proportions (0 — 10% by weight) — ‘NT’: no curing treatment.

ASG/17134 NT Air curing CO:z curing

%wt. FeS 0 0 2 5 | 10 | 0 2 5 10
Compressive

strength (MPa) 19 | 17 | 19 | 16 | 139 | 176 | 181 | 185

CO2 content
(TC) % by wt.
CO2 content
(TIC) % by wi.

1.72 | 3.64 | 3.55 | 3.37 | 3.19 |12.20| 12.00 | 12.27 |11.45

347 | 3.39 | 3.18 | 298 |11.26| 11.29 | 11.37 | 10.82

f;';'ch) (batch | 15 57 111.50| 11.48 | 11.51 | 11.36 | 10.39| 10.43 | 10.28 | 10.33
Cond[mS/iem] | 56 | 11 | 11 | 12 | 12 | 042 | 043 | 041 | 0.43
Cr (mg/kg) 70 | 87 | 42 | 16 | 07 | 12 | <06 | <05 | <05
V (mg/kg) <05 |[<10|<10|<10|<10]| 1.0 1.6 <10

Mo (mg/kg) 165 | 14 | 13 | 15 | 14 |<10| <10 | <10 | <10
[0084] It can be derived from Table 6 that compressive strength of the

carbonated specimens increases with increasing proportion of FeS. Cr-leaching is
significantly reduced by addition of FeS. It is also noticed that the total carbon content of
the carbonated article increases by adding FeS. This is surprising as one would expect
a reduction of TC and TIC due to dilution by the added FeS. Accounting for dilution due
to the addition of FeS, the expected TC-based CO; content (based on the TC at 0 wt%
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FeS) would be 11.96 at 2 wt% FeS, 11.59 at 5 wt% FeS and 10.98 at 10 wt% FeS. The
expected TIC-based CO; content (based on the TIC at 0 wt% FeS) would be 11.03 at 2
wt% FeS, 10.70 at 5 wt% FeS and 10.13 at 10 wt% FeS. Hence, the addition of FeS
leads to a remarkably higher CO; uptake.

Example 2: experiments on ASG/17134EM (milled stainless steel slag) with
addition of FeS in various proportions (0 — 10% by weight).

[0085] ASG/17134EM (milled stainless steel slag with particle size
distribution as in Fig. 1) was mixed with 0 — 10% wt. FeS and cured in air or by
accelerated carbonation under conditions indicated above. Results are shown in Table
7.

Table 7: Measurements on ASG/17134EM mixed with FeS in various proportions (0 —
10% by weight) — ‘NT’: no curing treatment.

ASG/ NT Air curing CO:z curing
17134EM
%wt. FeS 0 0 2 5 | 10 0 2 5 |10
Compressive
strength 18 | 137 | 125 | - |57+14|54+16|51+8 | -
(MPa)
CO, content
(TC) % by wt. 1.72 2.08 - - - 11.86 | 11.46 | 11.48 | -
pH (bateh| 4535 14217]12.12|12.01| - | 1067 | 1067 | 1054 | -
leach)
Cond [mS/icm]| @27 48 | 47 | 41 - 0.47 043 | 043 | -
Cr (mg/kg) 6.23 85 | 35 | 075 ]| - 0.97 0.4 029 | -
V (mg/kg) - <0.05|<0.05|<0.05| - 1.0 1.0 098 | -
Mo (mg/kg) - 20 | 23 | 25 | - 070 | 063 | 056 | -
[0086] It can be derived from Table 7 that compressive strength of the

carbonated specimens is significantly higher than for the case of coarser stainless steel
slag (Example 1). The CO- content determined by TC at 5 wt% FeS is higher than what
would be expected when accounting for dilution (11.27%). The Cr leaching is comparable

to the specimens of Example 1.
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Example 3: experiments on ASG/17134EM (milled stainless steel slag) with
addition of sodium polysulfide in various proportions (0 — 10% by weight).

[0087] ASG/17134EM (milled stainless steel slag with particle size
distribution as in Fig. 1) was mixed with 0 — 10% wt. Na>S.xH-O and cured in air or by
accelerated carbonation under conditions indicated above. Results are shown in Table
8.

Table 8: Measurements on ASG/17134EM mixed with Na>S.xH2O in various proportions
(0 — 10% by weight) — ‘NT’: no curing treatment.

ASG/17134 NT Air curing CO:z curing
EM
%wit.
N2,S.xH,0 0 0 2 5 10 0 2 5 10
Compressive
45+ |13+|088% 51+ | 57 ¢
strength 0.1 0.9 0.01 0.17 16 y 61 |cracks

(MPa)
CO, content
(TC) % by wt.
pH (batch
leach)

Cond [mS/cm] | g 27 3.8 8.8 16 23 | 063 | 16 | 47 11
Cr (mg/kg) 623 | 878 |1230| 504 | 050|128 | 069 | 1.14 | 1.36
Mo (mg/kg) - 244 | 477 | 584 | 576|200 | 477 | 7.07 | 6.55

1.72 2.48 277 | 257 | 235 1192|1226 |12.42| 9.83

1232 1214 |12.40| 12.59 |12.68|10.66 | 10.50 | 11.19| 11.93

[0088] It can be derived from Table 8 that compressive strength of the
carbonated specimens is comparable to Example 2 (utilizing FeS). At 10% wt. proportion
polysulfide, the carbonated specimens showed cracks. CO; uptake surprisingly
increases when small amounts of polysulfide content up to about 5% wt polysulfide
proportion is utilized, despite dilution effects from the addition of polysulfide. FeS

however performs better in terms of leachability prevention.
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Example 4: experiments on ASG/17134EM (milled stainless steel slag) with
addition of PbS in various proportions (0 — 10% by weight).

[0089] ASG/17134EM (milled stainless steel slag with particle size
distribution as in Fig. 1) was mixed with 0 — 10% wt. PbS and cured in air or by
accelerated carbonation under conditions indicated above. Results are shown in Table
9.

Table 9: Measurements on ASG/17134EM mixed with PbS in various proportions (0 —
10% by weight) — ‘NT’: no curing treatment.

ASG/17134 NT Air curing CO:z curing

EM

%wt. PbS 0 0 2 5 10 0 2 5 10
Compressive

strength - 1.8 1.56 | 1.65 - | 57+14 | 5518 | 48+7 | -
(MPa)

CO, content

(TC) % by wt. 1.72 - - - - | 1186 | 1174 | 1134 | -
pH (batch| 15 35| 1247 |12.13| 1209 | - | 1067 | 1062 | 1062 | -
leach)

Cond [mS/cm] | g 27 4.8 4.3 3.5 - 047 | 060 | 034 | -
Cr (mg/kg) 6.23 85 |0.057|<005| - 097 | 041 | 0.31 -
V (mg/kg) - <0.05 [<0.05| <0.05 | - 1.0 093 | 0.89 -
Mo (mg/kg) - 2.0 1.8 1.5 - 070 | 079 | 0.58 -
[0090] It can be derived from Table 9 that compressive strength of the

carbonated specimens is comparable to Examples 2 and 3 (utilizing FeS and
Na»S.xH20), which remains very high. Accounting for dilution due to the addition of FeS,
the expected TC-based CO- content (based on the TC at 0 wt% PbS) would be 11.62 at
2 wt% PbS and 11.27 at 5 wt% PbS. Hence, the addition of PbS leads to a higher CO»
uptake. Cr leachability is reduced with increasing PbS content, but to a lesser extent
compared to air curing. PbS is less soluble and it is believed that it does not contribute

to dissolution of slag minerals during carbonation.
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Example 5: experiments on ASG/20235 and ASG/20235W (roasted stainless steel

slag) with addition of FeS and pyrite ash (10% by wt).

[0091] ASG/20235 (roasted stainless steel slag to remove Cr) and

ASG/20235W (washed ASG 20235) were utilized in pure form or mixed with 10% wt.
5 pyrite ash or FeS and carbonated at 0.5 barg and 3 barg for 16 hours at 50°C. Results

are shown in Table 10.

Table 10: Measurements on ASG/20235 and ASG/20235W in pure form and mixed with
10% by weight pyrite ash or FeS — ‘NT’: no curing treatment.

10

Carbonation ASG/ ASG/ ASG/ ASG/ ASG/
conditions 20235 | 20235 20235W 20235W + | 20235W +
(16 hours, 50°C) (not (washed) 10% 10%
washed) | L/S=10 Pyrite ash | FeS
NT Carbonated: 0.5 barg CO-
pH (batch
_ 12.3 10.52 10.32 10.55 10.39
leaching)
Cr (mg/kg) 469 210 24 13 3.6
NT Carbonated: 3 barg CO-
pH (batch
12.3 10.77 10.27 10.72 10.56
leaching)
Cr (mg/kg) 469 184 20 9.8 3.1
[0092] It can be derived from Table 10 that both FeS and pyrite ash

(including sulfides like ZnS and FeS in minor proportions) allow to significantly reduce

Cr leaching after carbonation compared to carbonating the pure slag.

15
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Example 6: experiments on ASG/EEM and NFMS-1 as sulfide compound.
[0093]
ASG/17134EEM and NFMS-1 and subjected to carbonation under various conditions as

listed in Tables 11 and 12 below. Both Cr- leaching and Pb-leaching was determined.

Reactive mixtures were prepared with different proportions of

Table 11: Cr leaching in mg/kg of dry solid (dm) from the different systems carbonated
under different reaction conditions as determined by batch leaching (EN 12457-2) (barg:

gauge pressure).

weight proportions 0% 33% 67% 100%

NFMS-1 NFMS-1 NFMS-1 NFMS-1
100% 67% 33% 0%
reaction conditions ASG/EEM ASG/EEM ASG/EEM | ASG/EEM
T (°C) P (barg)

untreated 35 <0.10

30 1 1.16 0.18 <0.10 <0.10

5 0.54 0.11 <0.10 <0.10

10 0.80 0.14 <0.10 <0.10

20 2.50 0.11 <0.10 <0.10

60 1 0.86 0.22 <0.10 <0.10

5 0.54 0.13 <0.10 <0.10

10 0.48 0.12 <0.10 <0.10

20 0.97 0.14 <0.10 <0.10

10 Table 12: Pb leaching in mg/kg of dry solid from the different systems carbonated under

different reaction conditions as determined by batch leaching (EN 12457-2).

weight proportions 0% 33% 66% 100%
NFMS-1 NFMS-1 NFMS-1 NFMS-1
100% 67% 33% 0%
reaction conditions ASG/EEM ASG/EEM ASG/EEM | ASG/EEM
T (°C) P (barg)
untreated 0.90 175.1
30 1 0.40 0.28 0.32 3.4
5 <0.25 0.50 0.57 25
10 <0.25 0.53 0.29 2.2
20 0.50 0.42 0.44 3.1
60 1 0.50 0.34 0.45 2.3
5 <0.25 0.40 0.56 3.6
10 <0.25 0.30 0.45 1.8
20 0.60 0.37 0.64 25
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[0094] When looking at Table 11, in the mixtures of ASC/17134/EEM and
NFMS-1, Cr-leaching is significantly decreased to less than 0.25 mg/kg dry matter (dm)
in all cases irrespective of carbonation conditions. Such concentrations are significantly
lower than what would be expected by a simple decrease in the stainless steel slag
proportion. The positive influence of lead slag NFMS-1 in reducing Cr-leaching from
stainless steel slag in the carbonated mixes may be attributed to the synergy between
sulfide oxidation (from Pb-slag NFMS-1) and Cr-reduction (from stainless steel slag).

[0095] From Table 12 it can be derived that while the Pb-leaching from non-
carbonated lead slag (100% NFMS-1) was about 175 mg/kg dm, carbonation at any
reaction condition leads to a significant decrease in Pb-leaching to 2-4 mg/kg dm.
Compared to lead slag, Pb-leaching from non-carbonated stainless steel slag (100%
ASG/EEM) is quite low (0.9 mg/kg dm). However, the beneficial effect of carbonation can
also be observed in stainless steel slag, as carbonation results into Pb-leaching of <0.50
mg/kg dm in all the cases. Furthermore, while carbonation of lead-slag already resulted
in significant decrease in Pb-leaching, it is even more interesting to note that the mixtures
of lead slag and stainless steel slag are even better at reducing the Pb leaching in all the

cases.
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CLAIMS

1. Method of producing a carbonate bonded article, the method
comprising:

preparing a reactive mixture comprising a particulate mineral source
and an aqueous source, wherein the particulate mineral source comprises a leachable
compound, the leachable compound comprising one or more elements selected from:
As, Ba, Cd, Cr, Co, Cu, F, Hg, Mo, Mn, Ni, Pb, Sb, Se, V and Zn, and

reacting the reactive mixture with carbon dioxide to form a mineral
matrix comprising carbonates,

characterised in that the reactive mixture comprises a reducing
agent, wherein the reducing agent comprises one or more of a sulfide, disulfide and
polysulfide compound that reacts with the particulate mineral source, and

in that the pH of the reactive mixture is at least 10.

2. Method of claim 1, wherein the particulate mineral source
comprises a transition metal and/or a post transition metal which reacts with the carbon
dioxide to form carbonates of the transition metal and/or post transition metal.

3. Method of claim 1 or 2, wherein the particulate mineral source
comprises slag from ferrous and/or non-ferrous metal processing.

4. Method of any one of the preceding claims, wherein the
particulate mineral source comprises a mixture of a slag from ferrous metal processing
and one or more of: a slag from non-ferrous metal processing, slag from the production
of phosphorus, slag from production and/or processing of sulfur, bottom ashes and non-
coal fly ashes.

5. Method of claim 4, wherein the particulate mineral source
comprises between 10% and 99% by dry weight of slag from ferrous metal processing
and between 1% and 90% by dry weight slag from non-ferrous metal processing.

6. Method of claim 4 or 5, wherein the one or more of a slag from
non-ferrous metal processing, slag from the production and/or processing of
phosphorus, slag from production and/or processing of sulphur, bottom ashes and non-
coal fly ashes comprise the reducing agent.

7. Method of any one of claims 4 to 6, wherein the particulate
mineral source comprises pyrite ash and/or lead slag.

8. Method of any one of the preceding claims, wherein the one
or more sulfide, disulfide and polysulfide compounds comprise a metal, in particular one
or more of K, Ca, Na, Ni, Co, Cu, Mn, Mg, Zn, Pb and Fe.
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9. Method of any one of the preceding claims, wherein the
reducing agent comprises a sulfide, disulfide or polysulfide of Fe, Pb, Cu or Zn.

10. Method of any one of the preceding claims, wherein the
reactive mixture comprises between 0.1% and 15% by dry weight of the sulfide, disulfide
and polysulfide compounds, preferably between 0.5% and 12% by dry weight based on
total sulfur content.

11. Method of any one of the preceding claims, wherein the
reactive mixture is reacted with carbon dioxide at a partial CO; pressure of at least
0.025 MPa and a temperature between 25 °C and 200 °C.

12. Method of any one of the preceding claims, wherein the
reactive mixture is shaped prior to reacting with carbon dioxide.

13. Method of any one of the preceding claims, wherein the
reactive mixture comprises one or more of Cr, Mo and V as the leachable compound,
wherein at least a portion of the one or more of Cr, Mo and V is hexavalent.

14. Method of any one of the preceding claims, wherein the
mineral matrix comprising carbonates has a pH of at least 10.

15. Method of any one of the preceding claims, wherein the
reactive mixture comprises pores which are not saturated with water at a beginning of
reacting the reactive mixture with carbon dioxide.

16. Carbonated article obtainable by the method of any one of the
preceding claims, the carbonated article comprising a matrix comprising carbonates,
wherein the carbonated article has a pH of at least 10, a compressive strength of at least
5 MPa and a total sulfur content of at least 0.1% by weight, wherein the carbonated
article further comprises a leachable element selected from Cr, Mo, As, Ba, Cd, Co, Cu,
Hg, Pb, Mn, Ni, Sb, Se, Sn, F, V and Zn, wherein the carbonated article has a leaching
of at least one of the leachable element of 1.0 mg/kg or less on dry matter as determined
by a batch leaching test, preferably 0.5 mg/kg or less.

17. Carbonated article of claim 16, wherein the leachable element

is one or more of Cr, Mo and Pb.
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2020-1553; 20-316 FeS

01-080-1026; Fe S; Iron Sulfide

01-071-5207; Fe 51.92; Pyrite, syn; Iror| Sulfide
01-071-0647; Fe7 S8; Pyrrhotite-3T, syh; Iron Sulfide
01-089-6926; Fe S; Iron Sulfide
01-079-5971; Fe0.921 S; Pyrrhotite, syr; Iron Sulfide
00-006-0696; Fe; Iron, syn; iedkurite, Hainite, ferrite;}iron

15000

| Peak List | ! s i
01-080-1026; Fe S: Iron Sulfide i . !

01-071-5207; Fe 5§1.92; Pyrite, syn; Iron Sh Hidei i i P L . ,
01-071-0647; Fe7 58 Pyrrhotite-37, syn: Iron Sulfide | j

01-089-6926: Fe S Tron Sulfide | | :

01-079-5971: Fe0.921 §: Pvirhotite, syn: Iren Sulfide L .

00-006-0696; Fe; Iron, syn; ledkunite, bainite, ferrite; Iron | . |
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