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DESCRIPTION

Description

Background of the Invention

Field of the Invention

[0001] Since the art describes extraction of calcium from waste and industrial by-products, in
an aqueous media, while concentrating silica in solid form; the field of invention relates to
hydrometallurgy.

[0002] Present invention relates to a method and a process of synthesizing high purity calcium
carbonate precipitate from wastes and by-products rich in calcium and silica. The process also
simultaneously produces a silicate rich residual material that can be used as a silica source in
industries. Said materials are inorganic and alkaline; typical examples are oil shale ash from
energy or oil and gas generation, coal ash and waste cement.

Description of Related Art

[0003]

1. 1) Growing demand on world's energy resources and countries” ambition to achieve
energy independence has resulted in many nations opting for low calorific sources for
energy. For instance, in Estonia, approximately 15 million tonnes of oil shale is mined

per annum, for use in their energy sector!. Consequently, it is estimated that around 7
million tonnes of calcium rich, highly alkaline waste material is generated yearly. Due to
Estonia's heavy reliance on oil shale, it has the most carbon-intensive and the third most

energy intensive economy in the OECD?.
Data shows that of the oil shale ash generated, in Estonia, only a minute amount
(approximately 3%) is re-used while the rest is deposited in open land without

treatment3. A study conducted by Blinova et al. (2012) attributed the high alkalinity
(pH>10) of oil shale ash, for its toxic effects on living organisms. The high alkalinity
exhibited is attributed to the abundancy of calcium compounds in the material.

2. 2) After water, concrete is the most widely used material globally, as it is the main
material used in infrastructure installations. With this high consumption of concrete, large
amounts of concrete based waste are produced. For instance, more than 900 million
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tonnes of concrete waste per year are produced in Europe, USA and Japan combined;

where Europe alone contributes 510 million tonnes to this figure®. Portland cement, the
binding agent in 98% of the concrete produced globally, is highly alkaline (pH 12-13) and

comprises of more than 60 w/w% calcium oxide®.
. 3) Around the world, precipitated calcium carbonate is produced from a variety of high
purity calcium feedstock by; carbonation process, Solvay method, lime-soda process,

calcitech process or filler recycling process’. Of these processes, carbonation is the
most widely used method. Traditionally, in the carbonation process, the calcium
carbonate is precipitated by passing carbon dioxide through an aqueous suspension of
calcium hydroxide. The calcium hydroxide used here is formed by mixing an aqueous
solution or water and burnt lime (CaO). Burnt lime is a product of calcination of mined
limestone. Preparation of mined feedstock for calcination and the calcination process
itself are all energy intensive processes that are well documented to have a large carbon
footprint.

. 4) Various articles on the subject of utilizing oil shale ash for calcium carbonate
production and carbon dioxide capture have been previously published by Tallinn
University of Technology. A 2011 paper, on the subject, presented a mathematical model
for estimating the calcium carbonate precipitation process under various conditions. In
this case, the model predicts the mass transfer during precipitation induced by carbon

dioxide bubbling into a pure calcium hydroxide suspension®. Another paper by the same
team, describes a method for producing precipitated calcium carbonate from oil shale
ash and carbon dioxide. In the described method, water is used as the calcium
extraction solvent and claims to produce approximately 96% pure calcium carbonate

with a particle size in the range of 4-10um°®. A later study by the researchers, described
a process for producing precipitated calcium carbonate, via indirect aqueous
carbonation, from oil shale ash. The main steps in the presented method are; i) calcium
ion leaching from ash using water and ii) carbonation of the leachate in a continuous
flow disintegrator-reactor accompanied by the crystallization of calcium carbonate. In the
series of tests conducted, the researchers have claimed to have successfully produced,
calcite crystals that has 92-99% calcium carbonate and a mean particle diameter in the
range of 3,7-7,5 um. Even though, the preceding tests were successful, in producing
high grade calcium carbonate crystals, the tested processes will probably not be
commercially viable. Methods that employ water as the calcium extracting agent will
require large quantities of water and therefore also an increased amount of energy for
pumping and heating. This disadvantage is attributed to the low solubility exhibited by
calcium compounds in water. MORALES-FLOREZ VICTOR ET AL (Waste Management
and Research, vol. 32, no. 12, 1 December 2014, pages 1178-1185) discloses a method
for the preparation of calcium silicates using a waste material (cement waste and rice
husk) containing calcium and silica wherein CO2 is injected in an alkaline solution.

. 5) Patent EE05446 (2011) outlines a method for eliminating carbon dioxide from flue
gases by calcium compounds containing industrial wastes. The method proposes using
oil shale ash, to produce a calcium rich solution, that ultimately acts as the carbon
dioxide capturing medium. The main objective of the process is to capture carbon
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dioxide, from industrial flue gases, and the calcium carbonate precipitate appears to be
a by-product from the process. To this effect, in the initial carbon dioxide capturing steps;
the dissolution of calcium from ash, carbonation and calcium carbonate precipitation
take place within the same reactor. Hence, most of the free calcium that can potentially
be utilized to produce precipitated calcium carbonate is mixed with the ash and lost;
making the method inefficient for precipitated calcium carbonate production.

. 6) Patent EE05349B1 (2010) presents a method for neutralization of alkaline wastewater
with carbon dioxide in flue gases. The proposal's main objective is to neutralize
wastewater with high alkalinity, i.e. specifically water that has been in contact with oil
shale ash. The process does not control the calcium carbonate precipitation reaction
rate that can affect the physical and chemical properties of the final product. Similar to
the earlier described patent, this invention also utilises water as the solvent for
dissolution of calcium ions.

. 7) A 2012 article by Eloneva, Said, Fogelholm, & Zevenhoven (2012) describes a
method for producing precipitated calcium carbonate from steelmaking slag using
ammonium salt (e.g. ammonium acetate, ammonium nitrate and ammonium chloride) as
the calcium extraction agent. In the paper, the extracted calcium solution is bubbled with
carbon dioxide to produce the calcium carbonate precipitate. Here, the ammonium salt is
recovered and reused in the calcium extraction stage. Despite the similarities to the
present art, due to the nature of the principal input material i.e. steelmaking slag, the
method produces a hazardous residual slag (high in toxic trace metals such as

vanadium'213) that requires expensive handling and treatment.

. 8) Patent EP 2294233B1 (2017) describes an extended setup for the above process and
proposes a method to recover vanadium from the residual slag. In this invention, the
extraction of calcium is carried out using ammonium acetate solution. The residual
material is subjected to further treatment, using a solution of ammonium dihydrogen
phosphate ((NH4)H-PO,), to subsequently produce a vanadium rich solution and a

vanadium lean solid residue. The patent claims that the vanadium-enriched filtrate can
be subjected to electrolysis, to produce metallic vanadium. Use of ammonium based
salts, for selective calcium extraction, was first proposed by Yogo et al (2005) and since
then the advantages of using them is well documented in a number of published
research. Hence, the main inventive step, in this patent, appears to be the method
proposed for enriching vanadium from the calcium depleted residual material. Slags
originating from steel industry contain vanadium in high concentrations (2-3% in basic

oxygen furnace slag'3), and as claimed in the patent, this invention is intended
specifically for extraction of resources from iron- and steelmaking slag.

. 9) Patent CA2814435C (2017) describes a method for production of high purity
precipitated calcium carbonate using burnt lime (originating from mined calcium
carbonate minerals such as marble, limestone and chalk) and ammonium chloride
solution. In contrast to present invention, this method utilizes well known virgin calcium
carbonate sources (such as marble, limestone and chalk) as the input raw material. The
proposed materials are likely to produce a quality product, with low degree of process
controls but is detrimental to the environment due to the use of virgin material.
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Environmental consequences of using virgin material, to produce precipitated calcium
carbonate, is further highlighted in the following section.

Overview of the invention

[0004] The disclosed invention aims to address some of the issues present in industries, that
produce calcium rich waste and by-products. By adopting the disclosed invention, extraction of
finite material resources is reduced, achieving a degree of circularity in industries that produce
and utilize precipitated calcium carbonate and silicate minerals. Methods and processes
employed in present invention have the dual advantage of valorizing the utilized waste
streams, while simultaneously, capturing and reducing the carbon dioxide emission. For this
reason, the methods presented here can be categorized as a carbon capture and utilization
(CCU) technology.

[0005] The disclosed invention aims to provide a method for synthesizing high purity calcium
carbonate precipitate, by utilizing calcium and silica bearing wastes and by-products,
originating from industries, as the principal raw material; thereby reducing the extraction of
virgin material for the purpose.

[0006] Simultaneously, the method aims to capture and utilize carbon dioxide, from industrial
waste gases or otherwise. Also, the method aims to produce a silica rich residual material low
in salts and contaminants, such as iron and manganese, so that the said material can be
utilized in industries, as a silica source with no or few pre-treatments.

[0007] Furthermore, the present invention aims to decrease the hazardous nature of the silica
rich residual material, from the process; so that the said material can be directly landfilled or
backfilled as inert material with no or very little pre-treatment. Alternatively, the material can be
utilized in cement and/or concrete production.

[0008] As evident from the descriptions of prior art, there exists number of methods and
processes that are intended to produce high purity calcium carbonate precipitate. The majority
of existing methods for producing precipitated calcium carbonate utilizes virgin material, as the
calcium source, subsequently avoiding the complexities that comes with using highly
heterogeneous industrial by-products. While using traditional materials and methods have
advantages, notably the high-quality product it can produce with low degree of process
controls; the production of burnt lime, the main raw material used for production, is a very

energy intensive process'®. Also, the material used for burnt lime production are calcium
carbonate minerals such as marble, limestone and chalk; even though these are abundant
minerals, the required grade for a high quality precipitated calcium carbonate product is found
in limited sites. The present invention addresses these issues and proposes the use of
secondary raw materials from industries as a substitute for mined calcium carbonate minerals
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to produce high-grade calcium carbonate precipitate. Also, the proposal includes, production of
a silica powder product that can be utilized in industries such as ceramic manufacturing and
glass making.

[0009] Unlike known prior art, that describes single stage calcium extraction, in the principal
embodiment of the disclosed invention, the input (calcium rich) material is subjected to multi-
stage calcium extraction steps. This arrangement has the advantage of,

1. i. reducing the mass of output residual material.

2. ii. reducing energy consumption per unit mass of calcium carbonate product produced.

3. iii. maximizing the carbon dioxide captured and utilized per unit mass of input material.

4. iv. reducing the chemical consumption per unit mass of calcium carbonate precipitate
produced.

5. v. reducing the alkalinity of the residual material, consequently lowering the ecotoxicity of
the material.

6. vi. concentrating the silica and magnesium in the residual material for later extraction or
use.

[0010] There also exist inventions that utilize industrial by-products, for instance steelmaking
slag, to produce high purity calcium carbonate precipitate. Generally, recycling and reuse of
steelmaking slag is limited by the enriched toxic trace metals, in particular vanadium, and the

phosphorous load in the material’®'3. Due to this, the subsequent waste streams, from

processes that use steelmaking slag, require expensive posttreatment’. In the present
invention, these issues are addressed by proposing to use relatively "cleaner” secondary
resources.

[0011] The beneficial effects of the invention are summarized below,

1.i. produce a commercially viable product, i.e. high purity precipitated calcium carbonate,
from industrial waste or by-products, thereby reducing virgin material mining, extraction
and use.

2. ii. carbon dioxide originating from industries can be captured and utilized (CCU).

3. 1ii. reduced alkalinity, heavy metal and salt concentrations in the solid residual material
left from the process.

4.iv. produce a material that can be utilized, as a silica source, in industries that use
silicate minerals as a raw material.

5. v. produce a material that can be utilized in cement and/or concrete production, further
reducing the carbon dioxide emission from industries.

Brief Description of the Drawings
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[0012]
FIG 1 depicts the first or principal embodiment of the present invention.

FIG 2 depicts the second embodiment of the present invention, whereby a single carbonation
reactor is present, in comparison, the principal embodiment has two carbonation reactors.

FIG 3 depicts the third embodiment of the present invention, whereby a single extraction and a
single carbonation reactor is present, in comparison, previous embodiments have two
extraction reactors and one or two number carbonation reactors.

FIG 4 depicts the fourth embodiment of the present invention, whereby several modules are
set-up in a serial arrangement. Each module consists of the steps; i) extraction of calcium, ii)
solid/liquid separation, iii) carbonation and precipitation, iv) solid/liquid separation to receive
calcium carbonate precipitate.

Detailed description of the Invention

[0013] In order to achieve the aims, the present invention provides the following technical
process: a multistage method for producing precipitated calcium carbonate and silica
concentrate, from calcium and silica containing waste and by-products, using ammonium
based aqueous solution as the calcium extracting agent.

[0014] The principal embodiment of the invention comprises the following steps (ref FIG 1).

Step Add solid calcium and silica bearing material into the extraction solution
1. (in reactor- R1).

For the first calcium dissolution step; the preferred operational parameters
are influenced by several factors. Under optimum operational conditions,
maximum amount of calcium ions will leach out, from the calcium bearing
material, by using minimum energy and least amount of extraction
chemical. The conditions shall also, discourage leaching of elements,
such as iron or manganese, which are known to have a detrimental effect
on the end product quality. Furthermore, the selected conditions shall
avoid jelling of silicates, which can complicate the operation.

The extraction process is carried out using an ammonium-based aqueous
solution. The chosen solutions can selectively extract calcium ions, from
silicate minerals containing calcium, without dissolving contaminants
(such as salts, iron and manganese), which may co-precipitate with the
calcium carbonate in the subsequent precipitation stage. The said solution
is either ammonium acetate (CH3COONH,), ammonium chloride (NH4CI)

or any other ammonium-based aqueous solution, but preferably
ammonium chloride (NH4CI) or most preferably ammonium acetate
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(CH3COONH,).

The material, from which calcium is extracted, can be any alkaline,
calcium bearing compound but preferably is a material deemed to be an
industrial waste or by-product; and can be sourced either directly or
indirectly from production, landfills, deposits and/or stockpiles. Examples
of such materials are oil shale ash from energy or oil and gas generation,
coal ash and waste cement. The most preferable material, from these
examples, for the disclosed invention is oil shale ash from energy
generation. The material shall be fine grained with a nominal grain size of;
preferably <1000um, more preferably <500um and most preferably
<200pm. Materials with larger sized

particles are preferably mechanically sieved or more preferably mechanically
comminuted in a dry environment.

Lower temperatures will improve the ultimate amount of calcium ions that are
extracted from the material but will also, inevitably lower the dissolution rate.
The temperature in the extraction reactor shall be within the range 3°C-
100°C but preferably within the range 15°C-80°C. The most preferable
temperature range for dissolution is 25°C-70°C.

The solid to liquid ratio in the dissolution reactor is between the range 1:1-
1:20, preferably between 1:1-1:10 but most preferably between 1:1-1:5.

The molarity in the dissolution reactor is preferably between the range 0,1-
3M but most preferably within the range 1,5-2M.

At the end of the dissolution stage, the resulting mixture has a pH range
between 8-13.

The reactor used in this stage is a continuously stirred reactor.

Step { Separate the solid residual material from the calcium rich solution. The

2. selected separation method will depend on grain size, grain distribution and
the density of residual material. The separation technique may involve one
of, or a combination of some or all the methods: sedimentation,
centrifugation, decanting, filtration, reverse osmosis.

Residual material from this step is directed to a separate reactor (R2) for a
second calcium extraction stage. The calcium rich solution is subjected to
carbonation to precipitate high purity calcium carbonate (in reactor CR1).

Step { The carbonation is induced by introducing carbon dioxide gas directly into the
3. calcium containing aqueous solution in a closed reactor. The carbon dioxide
will hydrolyze to form bi-carbonates that will dissociate to a carbonate and
hydrogen ion. The carbonate ion will readily react with the calcium ions in
solution to form calcium carbonate precipitate.

Carbon dioxide gas hydration reaction

C0,(1) + H,0 & HCO; + HY

Calcium carbonate crystal formation:
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La” + LU € Lalug

Calcium carbonate re-dissolution:

CaC0; + H* & Ca?* + HCOZ

It is noted that, carbon dioxide dissolution in water is influenced by pH.
Carbon dioxide dissolving in water will mainly form CO32' at pH>9 and HCOg3"
at pH<9. Therefore, in theory, the maximum amount of calcium carbonate
crystals will form around pH 99 In the present invention, the solution into
which carbon dioxide is introduced, is not water, hence the optimal pH level
for maximum crystal formation is different. To avoid back dissolution of
calcium carbonate crystals, the pH of the solution is preferably >7,5 but most
preferably >8.

The carbon dioxide is introduced into the calcium containing solution either
by bubbling or spraying. The temperature during carbonation is kept between
3°C-80°C but preferably between 15°C-60°C; and most preferably within the
range 25°C-45°C. Carbon dioxide utilized for carbonation can be either
carbon dioxide or preferably carbon dioxide containing waste gases (carbon
dioxide>5 vol%). More preferably the carbon dioxide gas originates from
industries such as oil shale thermal plants but most preferably this gas is also
separated, purified and concentrated before use.

Step i Separate the calcium carbonate precipitate from solution. Selected

4. separation method will depend on grain size, grain distribution and the
density of precipitate. The separation technique may involve one of, or a
combination of some or all the methods: sedimentation, centrifugation,
decanting, filtration, reverse osmosis.

The ammonium based aqueous solution is recovered and directed back to
extraction reactor R1, for use in the first calcium extraction stage.

Step {Residual material from step 2 is directed to the extraction reactor R2 where a
. second calcium extraction step takes place. The conditions (temperature,
solution molarity, solid to liquid ratio etc.) in reactor R2 is kept within the
same ranges as in R1.

In reactor R2, the residual material may be subjected to >1 number
extraction cycles. This is determined based on the concentration of calcium
ions leaching from a specific extraction cycle, relative to the magnitude of
aqueous solution make-up and total energy consumed.

[Ca*?]
Energy spent x Extraction solution makeup

If the calcium ion concentration is deemed low, relative to the resources
utilized, then the residue batch is directed to the solid-liquid separation step,
together with solution.

Step Separate the solid residual material from
6. calcium rich solution. The separation technique
may involve one of, or a combination of some or
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all the methods: sedimentation, centrifugation,
decanting, filtration, reverse osmosis.

Step The calcium rich solution is subjected to

7. carbonation in carbonation reactor-CR2 to
precipitate calcium carbonate. The carbonation
is induced by introducing carbon dioxide gas
directly into the calcium containing aqueous
solution in a closed reactor. The carbon dioxide
is introduced into the calcium containing
solution either by bubbling or spraying. The
physical parameters, such as temperature, in
reactor CR2 is kept within the same ranges as
in CR1 (presented in Step 3).

The carbon dioxide utilized for carbonation can
be either carbon dioxide or preferably carbon
dioxide containing waste gases (carbon dioxide
>5 vol%). More preferably the waste gas
originates from industries such as oil shale
thermal plants but most preferably this gas is
also separated, purified and concentrated

before use.
Step Separate the calcium carbonate precipitate from
8. solution. The separation technique may involve

one of, or a combination of some or all the
methods: sedimentation, centrifugation,
decanting, filtration, reverse osmosis. The
ammonium based aqueous solution is
recovered and directed, to extraction reactor
R2, for use in the calcium extraction.

If desired, the calcium carbonate precipitate produced from the second
carbonation stage can have different physical properties, in comparison to
the precipitate from the first carbonation stage. This can be achieved by
varying the operational parameters (temperature, carbonation duration, rate
of carbonation, carbon dioxide bubble size etc.) in the carbonation reactor.
This would indicate that the described technology can produce, precipitated
calcium carbonate exhibiting different physical properties simultaneously.

The precipitated calcium carbonate produced from both streams are
characterized by; a fine-grained, white colored powder with a calcium
carbonate content >95 w/w% and an average particle diameter 0,05-10um.
The iron-lll-oxide (Fe,O3) concentration is <0,2 wiw% and the Hunter

Whiteness Index is >85%.

The residual material from first (Step 2) and second (Step 6) stream are
characterized by; a fine-grained, light grey colored powder. The silica oxide
and magnesium oxide concentration from first stream is >40w/w% and
>10w/w% respectively. In the second stream the silica oxide and magnesium
oxide concentrations are > 45w/w% and >15w/w% respectively.
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[0015] As further improvement, to the present invention, the precipitate of calcium carbonate is
washed with water and de-watered to obtain a dry precipitated calcium carbonate product.
Similarly, the residual output material is washed with water and de-watered. The ammonium
salts, in the washed solutions, are concentrated by distillation or more preferably by membrane
separation; and re-used in the calcium extraction process. This will reduce the loss of
ammonium solvents from the system.

[0016] As further improvement, to the present invention, the ferromagnetic material in residual
output material (from Step 6) will be isolated using magnetic and/or chemical extraction
methods and processed.

[0017] As further improvement, of the present invention, the residual material (from Step 6)
can be utilized in cement and/or concrete production with no or minimal pre-treatment.

[0018] As further improvement, of the present invention, the residual output material (from
Step 6) can be further processed, to utilize as a substitute for silica minerals in industry.

[0019] As further improvement, of the present invention, the residual output material (from
Step 6) can be directly landfilled or backfilled as inert material.

[0020] In another embodiment of the present invention (second embodiment, FIG 2); the setup
has a single carbonation reactor in comparison to the principal embodiment that has two
carbonation reactors. In this arrangement, the calcium rich solution from Step 6, is re-
circulated back to the carbonation reactor CR1. In this set-up a single output stream of calcium
carbonate precipitate is present. Relative to the principal embodiment, this arrangement has a;
lower operational cost (due to lower chemical and energy consumption) and lower capital cost
(due to lesser piping and reactor numbers).

[0021] In another embodiment of the disclosed method (third embodiment, FIG 3); a single
calcium extraction stage is present. While this approach has some advantages, in comparison
to other embodiments; such as lower energy usage, lower chemical loss and a leaner process;
the setup will produce a lower grade silica stream (high calcium concentration) compared to a
multi-stage extraction. The calcium carbonate yield per unit mass of input solid material, will
also be lower. The advantages of the principal embodiment were previously listed in section:
overview of the invention.

[0022] In another embodiment of the disclosed method (fourth embodiment, FIG 4); several
modules are set-up in a serial arrangement. Each module consists of the steps; i) extraction of
calcium, ii) solid/liquid separation, iii) carbonation and precipitation, iv) solid/liquid separation to
receive the calcium carbonate precipitate. In this arrangement, the initial input material for
each module is the solid residue from the solid/liquid separation step (after calcium extraction)
of previous module. This arrangement gives a high degree of control during the extraction and
precipitation stage, if desired, to synthesize physically different or similar calcium carbonate
crystals from each stream. If the operational parameters are same in all the calcium extraction
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steps, the calcium ions leaching during each extraction stage will be lower, relative to the
previous stage. This variation in calcium concentration can influence the physical
characteristics of calcium carbonate crystals formed during carbonation. By adopting, this
embodiment, it is possible to adjust the operational parameters, to cater for the reducing
calcium concentration in each subsequent leachate solution. The number of modules in the
series will be determined based on a cost/benefit analysis. This is directly related to the
amount of leachable calcium present, in the calcium bearing material, in relation to the
operational conditions employed.
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Patentkrav

1. Flertrinsfremgangsmade til fremstilling af udfaeldet calciumcarbonat og si-
licakoncentrat fra calcium- og silicaholdigt affald og biprodukter, kendetegnet
ved, at fremgangsmaden omfatter felgende trin:

Trin 1: tilseetning af fast materiale, der indeholder calcium og silica, til ekstrak-
tionsopl@sningen i en kontinuerligt omrart ekstraktionsreaktor, hvor det faste
materiale, der indeholder calcium og silica, er en olieskiferaske eller kulaske
eller affaldscement;

Trin 2: adskillelse af det faste restmateriale fra den calciumrige opl@sning;
Trin 3: udseettelse af den calciumrige opl@sning fra trin 2 for karbonatisering i
karbonatiseringsreaktoren for at udfeelde calciumcarbonat, hvor karbonatise-
ringen induceres ved at indfere carbondioxidgas direkte i den calciumholdige
vandige opl@sning i en lukket reaktor;

Trin 4: adskillelse af calciumcarbonatpraecipitatet fra opl@sningen fra det fore-
gaende trin;

Trin 5: ledning af restmaterialet fra trin 2 og den genvundne ekstraktionsopl@s-
ning fra trin 4 til en ekstraktionsreaktor, hvor et andet calciumekstraktionstrin
finder sted;

Trin 6: adskillelse af det faste restmateriale fra den calciumrige opl@sning;
Trin 7: udseettelse af den calciumrige opl@sning fra trin 6 for karbonatisering i
karbonatiseringsreaktoren for at udfeelde calciumcarbonat, hvor karbonatise-
ringen induceres ved at indfere carbondioxidgas direkte i den calciumholdige
vandige opl@sning i en lukket reaktor;

Trin 8: adskillelse af calciumcarbonatpraecipitatet fra opl@sningen fra det fore-

gaende trin.

2. Flertrinsfremgangsmade ifelge krav 1, hvor calciumekstraktionsmidlet er en
ammoniumbaseret vandig opl@sning, fortrinsvis ammoniumchlorid NH4Cl,

mest fortrinsvis ammoniumacetat CHzCOONHa.
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3. Flertrinsfremgangsmade ifglge krav 1 eller 2, hvor det faste materiale, der
indeholder calcium og silica, har en nominel kornstarrelse <1000 um, mere
fortrinsvis <500 um og mest fortrinsvis <200 um; hvor foretrukne materialer er

mekanisk sigtet eller mere foretrukket mekanisk findelt i et tert milja.

4. Flertrinsfremgangsmade ifalge krav 1-3, hvor i trin 1 er temperaturen i eks-
traktionsreaktoren inden for omradet 3°C-100°C, fortrinsvis inden for omradet
15°C-80°C, mest foretrukket inden for omradet 25°C-70°C; forholdet mellem
faststof og veeske i ekstraktionsreaktoren er mellem 1:1-1:20, fortrinsvis mel-
lem 1:1-1:10, mest fortrinsvis mellem 1:1-1:5; molariteten i ekstraktionsreakto-
ren er fortrinsvis mellem 0,1-3 M, mere fortrinsvis mellem 1,5-2 M; og ved slut-
ningen af ekstraktionstrinnet har den resulterende blanding et pH-omrade mel-
lem 8-13.

5. Flertrinsfremgangsmade ifelge krav 1-4, hvor i trin 3 og 7 er opl@sningens

pH under karbonatisering fortrinsvis >7,5, mest fortrinsvis >8.

6. Flertrinsfremgangsmade ifalge krav 1-5, hvor i trin 3 og 7 indferes carbon-
dioxid i den calciumholdige opl@sning ved at boble eller sprajte ved en tempe-
ratur mellem 3°C og 80°C, fortrinsvis mellem 15°C-60°C, mest fortrinsvis mel-
lem 25°C og 45°C C.

7. Flertrinsfremgangsmade ifelge krav 6, hvor carbondioxid er til stede i en
meengde >5 vol% gas, hvor gassen fortrinsvis stammer fra industrielle affalds-
gasser, og hvor carbondioxid i industriaffaldsgassen mest fortrinsvis separe-

res, renses og koncentreres far brug.

8. Flertrinsfremgangsmade ifelge krav 1-7, hvor adskillelsesteknikkerne i trin
2, 4, 6 og 8, til adskillelse af faste stoffer fra veesker, omfatter en af eller en

kombination af nogle eller alle fra felgende fremgangsmade: sedimentering,
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centrifugering, dekantering, filtrering, omvendt osmose.

9. Flertrinsfremgangsmade ifelge krav 1-8, hvor det dannede udfaeldede cal-
ciumcarbonat har; et calciumcarbonatindhold >95 veegt/veegt%, en gennem-
snitlig partikeldiameter mellem 0,05-10 um; koncentrationen af jern-lll-oxid

Fe20s er <0,2 veegt/ivaegt%, Hunter Whiteness Index er >85%.

10. Flertrinsfremgangsmade ifelge krav 1-9, hvor fremgangsmaden omfatter
yderligere trin med vask og afvanding af bundfaldet af calciumcarbonat og det

resterende udgangsmateriale med vand.

11. Flertrinsfremgangsmade ifglge krav 10, hvor ammoniumsaltene i vaske-
opl@sningen koncentreres ved destillation eller mere fortrinsvis ved membran-

separation; og genbruges i ekstraktionsprocessen.

12. Flertrinsfremgangsmade ifelge et hvilket som helst af de foregaende
krav, hvor det ferromagnetiske materiale i det resterende udgangsmateriale
fra trin 6 isoleres og behandles ved hjeelp af magnetiske og/eller kemiske eks-

traktionsfremgangsmader.

13. Flertrinsfremgangsmade ifelge et hvilket som helst af de foregaende
krav, hvor reaktoren til andet trins calciumekstraktion i trin 5 og reaktoren til
andet trins karbonatisering i trin 7 er forskellig fra reaktoren til ferste trins cal-

ciumekstraktion i trin 1 og reaktoren til farste trins karbonatisering i trin 3.

14. Flertrinsfremgangsmade ifelge et hvilket som helst af de foregaende
krav, hvor en enkelt karbonatiseringsreaktor er til stede, hvor den calciumrige
opl@sning fra trin 6 udseaettes for karbonatiseringsreaktoren beskrevet i trin 3

for at udfaelde calciumcarbonat.
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15. Flertrinsfremgangsmade ifelge et hvilket som helst af de foregaende
krav, hvor et antal moduler af den foreliggende flertrinsfremgangsmade ifalge
krav 1 er opsat i et serielt arrangement, og hvor hvert modul bestar af falgende
trin:

1) ekstraktion af calcium,

i) faststof/veeske-adskillelse,

iii) karbonatisering og udfeeldning,

iv) faststof/veeske-adskillelse for at modtage calciumcarbonatpraecipitatet.

16. Flertrinsfremgangsmade ifelge et hvilket som helst af de foregaende
krav, hvor restmateriale efter endt calciumekstraktion er et finkornet pulver
med en silicaoxid- og magnesiumoxidkoncentration pa& henholdsvis >45

vaegt/veegt% og >15 veegt/iveegt%.
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