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PROCESS FOR SEQUESTRATION OF CARBON DIOXIDE

Field of the invention

The present invention provides a process for

sequestration of carbon dioxide by mineral carbonation of

a solid waste material comprising calcium oxide and a

calcium-comprising mixed oxide, in particular steel slag.

Background of the invention

It is known that carbon dioxide may be sequestered by

mineral carbonation. In nature, stable carbonate minerals

and silica are formed by a reaction of carbon dioxide

with natural silicate minerals:

(Mg, Ca) x Siy0x + 2y + xC02 > x(Mg,Ca)CO3 + ySiθ2

The reaction in nature, however, proceeds at very low

reaction rates. The feasibility of such a reaction in

process plants has been studied. These studies mainly aim

at increasing the reaction rate.

At the internet site of the US department of energy,

http ://www. fetc .doe .gov/publ ications /factsheets /program/ -

prog006.pdf, for example, is disclosed the reaction of

finely ground serpentine (Mg3Si2 θ5 (OH) 4 ) or olivine

(Mg2Siθ4 ) in a solution of supercritical carbon dioxide

and water to form magnesium carbonate.

In WO02/085788 is disclosed a process for mineral

carbonation wherein particles of silicates selected from

the group of ortho-, di-, ring, and chain silicates, are

dispersed in an aqueous electrolyte solution and reacted

with carbon dioxide.

An alternative for the use of natural minerals as

starting material for carbon dioxide sequestration is the

use of industrial waste materials that contain calcium-

comprising mixed oxides such as calcium silicate or



calcium iron oxide. Mineral carbonation of industrial

waste materials such as steel slag has been proposed. In

ΛAccelerated carbonation of waste calcium silicate

materials' by D .C . Johnson (ISSN 1353-114X) , for example,

it is disclosed that stainless steel slag, deinking ash,

pulverised fuel ash are suitable feedstocks for a carbon

dioxide sequestration process.

The use of steel slag for mineral carbonation would,

however, be more attractive if valuable product streams

could be recovered from the carbonation process.

Summary of the invention

Some types of steel slag contain a considerable

amount of calcium oxide (CaO) . It has now been found that

such steel slag, or other solid waste materials that

contain both calcium oxide and a calcium-comprising mixed

oxide, may be used for carbon dioxide sequestration

whilst recovering pure calcium carbonate from the

process. Calcium carbonate is a valuable product that

finds application as filler material, whitening agent or

polymer additive in the paper, paint or chemical

industry.

Accordingly, the present invention provides a

process for sequestration of carbon dioxide comprising

the following steps:

(a) dispersing solid waste material comprising calcium

oxide and a calcium-comprising mixed oxide in water to

dissolve at least part of the calcium oxide and to form

calcium oxide-depleted solid waste material in a calcium

hydroxide solution;

(b) separating the calcium hydroxide solution from the

calcium oxide-depleted solid waste material;



(c) converting the calcium hydroxide in the separated

calcium hydroxide solution in precipitated calcium

carbonate; and

(d) contacting an aqueous slurry of the calcium oxide-

depleted solid waste material with carbon dioxide for

mineral carbonation of the carbon dioxide to form

carbonated solid waste material.

Detailed description of the invention

In the carbon dioxide sequestration process according

to the invention, a solid waste material comprising

calcium oxide and a calcium-containing mixed oxide is

first dispersed in water in order to dissolve at least

part of the calcium oxide (step (a) ). Preferably at least

50 wt% of the calcium oxide in the solid waste material

is dissolved, more preferably at least 80 wt%. Calcium

oxide dissolution step (a) will be typically carried out

at ambient conditions, i.e. at room temperature and at

atmospheric pressure. Calcium oxide will dissolve as

calcium hydroxide. Thus, a calcium oxide-depleted solid

waste material in a calcium hydroxide solution is formed.

In step (b) of the process according to the

invention, the calcium hydroxide solution is separated

from the calcium oxide-depleted solid waste material, for

example by filtration or by sedimentation. The separated

calcium hydroxide solution is now used for the

preparation of calcium carbonate (step (c) ) and the

calcium oxide-depleted solid waste material is used for

mineral carbonation of carbon dioxide (step (d) ).

The conversion of calcium hydroxide from a solution

into precipitated calcium carbonate is well-known in the

art. Step (c) may be carried out in any suitable way

known in the art, for example by reacting the calcium

hydroxide solution with a carbon dioxide containing gas.



The carbon dioxide containing gas will typically be a

flue gas. A concentrated carbon dioxide stream or pure

carbon dioxide may also be used as carbon dioxide

containing gas .

In mineral carbonation step (d) , an aqueous slurry

of the calcium oxide-depleted solid waste material is

contacted with carbon dioxide to convert the calcium-

comprising mixed oxide in the solid material into calcium

carbonate. The aqueous slurry suitably contains up to

60 wt% of solid material, based on the total weight of

the aqueous slurry, preferably 10 to 50 wt%. The aqueous

slurry may, for example, be formed by mixing feedstock

particles, preferably particles with an average diameter

in the range of from 0.5 µm to 5 cm, with an aqueous

stream, preferably water.

The slurry is typically contacted with gaseous carbon

dioxide. In order to achieve a high reaction rate, it is

preferred that the carbon dioxide concentration in

step (d) is high, which can be achieved by applying an

elevated carbon dioxide pressure. Suitable carbon dioxide

pressures are in the range of from 0.05 to 100 bar

(absolute), preferably in the range of from 0.1 to 10 bar

(absolute) . The total process pressure may be in the

range of from 1 to 150 bar (absolute) , preferably of from

1 to 40 bar (absolute) , more preferably of from 1 to 10

bar (absolute) . Reference herein to carbon dioxide

pressure is to the pressure at conditions of Standard

Temperature and Pressure (STP), i.e. at 0 0C and 1 atm.

The slurry may be contacted with a gaseous stream of

pure or concentrated carbon dioxide or with a stream

comprising a low concentration of carbon dioxide such as

an industrial off-gas or flue gas.



In mineral carbonation step (d) , the solid waste

material is carbonated, i.e. the calcium-comprising mixed

oxide in the solid waste material is converted into

calcium carbonate. In the case of calcium silicate as

mixed oxide, calcium silicate is converted into calcium

carbonate and silica. The carbonation reaction may be

suitably carried out at a temperature in the range of

from 0 to 200 0C , preferably of from 0 to 100 0C , more

preferably of from 10 to 60 0C .

If the contacting with carbon dioxide is continued

for a sufficient period of time, part of the calcium

carbonate formed is further converted into calcium

bicarbonate and dissolves in the liquid phase:

CaCO 3 + CO2 + H2O -> Ca (HCO3 )2

Such continued contacting with carbon dioxide is suitably

carried out at a temperature below 60 °C, preferably at

ambient temperature. An aqueous solution of calcium

bicarbonate is thus formed. The dissolved calcium

bicarbonate can be easily separated from the solid

material and then further converted into precipitated

calcium carbonate.

Therefore, in the process according to the invention

the contacting of carbon dioxide with CaO-depleted solid

waste material in step (d) is preferably carried out for

a time period sufficient to form an aqueous solution of

calcium bicarbonate and the process preferably further

comprises :

(e) separating part or all of the aqueous solution of

calcium bicarbonate from the carbonated solid waste

material;

(f) precipitating calcium carbonate from the separated

aqueous solution of calcium bicarbonate; and



(g) recovering the precipitated calcium carbonate as

product .

Separation step (e) may be carried out in any way

known in the art, for example by filtration or

sedimentation.

Precipitation step (f) may suitably be carried out by

removing carbon dioxide from the separated aqueous

solution of calcium bicarbonate or by adding a

precipitant, for example calcium hydroxide, to the

calcium bicarbonate solution.

Removal of carbon dioxide from an aqueous solution of

calcium bicarbonate will shift the equilibrium between

calcium bicarbonate and calcium carbonate to the right:

Ca (HCO3 )2 <-> CaCO 3 + CO2 + H2O

Since the solubility of calcium carbonate is very

low, calcium carbonate will precipitate upon carbon

dioxide removal.

The carbon dioxide may be removed by any suitable

method. Such methods are known in the art and include

release of carbon dioxide overpressure, heating the

solution, stripping with an inert gas such as nitrogen or

air, applying a vacuum, or ultrasound treatment of the

calcium bicarbonate solution. A combination of these

methods for removing carbon dioxide, simultaneously or

sequentially, may be used to increase the carbonate

yield.

Preferably, all or part of the carbon dioxide removed

is recycled to mineral carbonation step (d) or to

precipitation step (c) .

Instead of removing carbon dioxide from the calcium

bicarbonate solution, a precipitant may be added to the

solution in order to precipitate calcium carbonate.

Calcium hydroxide is known to be a suitable precipitant



for this purpose. In a preferred embodiment of the

process according to the invention, calcium hydroxide

from the calcium hydroxide solution obtained in step (b)

is added to the calcium bicarbonate solution. The calcium

hydroxide solution as such may be added. Alternatively,

concentrated calcium hydroxide from that solution is

added.

In step (g) of the process according to the

invention, the precipitated calcium carbonate is

recovered as product from the suspension of precipitated

calcium carbonate that is formed in step (f) . The

precipitated calcium carbonate may be recovered from this

suspension in any suitable way, for example by separating

the suspension into substantially pure solid carbonate

and an aqueous stream in a separator.

The feedstock for the process according to the

invention is a solid waste material comprising calcium

oxide and a calcium-comprising mixed oxide. Reference

herein to calcium-comprising mixed oxide is to an oxide

compound comprising at least two metals or metalloid

components, at least one of them being calcium. Examples

of suitable non-calcium metals or metalloid components

are iron or silicon. The mixed oxide may be in its

hydrated form. Preferably, the feedstock comprises at

least one mixed oxide selected from calcium silicate,

calcium iron oxide, calcium iron silicate, calcium

silicate hydroxide, or calcium iron silicate hydroxide.

More preferably the feedstock comprises calcium silicate.

Any solid waste material comprising calcium oxide and

a calcium-comprising mixed oxide may be used. Preferably,

the feedstock is an alkaline solid waste material.

Preferably, the feedstock comprises at least 5 wt% of

calcium oxide, more preferably at least 10 wt%, and at



least 5 wt% of calcium-comprising mixed oxide, more

preferably at least 10 wt%. Examples of such feedstocks

are steel slag, paper bottom ash, or coal fly ash. Steel

slag is a preferred feedstock. Steel slag typically

comprises calcium silicate or calcium iron oxide, usually

in a concentration in the range of from 15 to 30 wt%.

Some types of steel slag also comprise a significant

amount of calcium oxide, typically 10 wt% or more. Such

steel slag is a particularly suitable feedstock for the

process according to the invention.

Examples

The process according to the invention will now be

further illustrated by means of the following non-

limiting examples.

EXAMPLE 1

Twenty grams of paper bottom ash with a composition

as shown in Table 1 (as determined by XRD analysis) was

dispersed in 900 ml of demineralised water. The

dispersion was stirred for 15 minutes and had a pH of

12.2. After 15 minutes, the solid material was separated

from the dispersion. A calcium hydroxide solution with a

calcium concentration of 1.1 grams per litre was

obtained. Pure carbon dioxide was led through the calcium

hydroxide solution at a rate of 25 ml/min. Precipitated

calcium carbonate was formed and removed from the

solution by filtration. TGA analysis of the precipitated

calcium carbonate showed that substantially pure calcium

carbonate was formed.

The leached solid waste material was three further

times dispersed in water to leach substantially all

calcium oxide from it. The composition of the leached

paper bottom ash (after four treatments) was determined

by XRD analysis and is shown in Table 1 .



The leached paper bottom ash still contains 10 wt% of

calcium silicate and can thus suitably be used for

mineral carbonation (step (d) of the process according to

the invention) .

Table 1 Composition of feedstock paper bottom ash and

leached paper bottom ash.

EXAMPLE 2

Ten grams of steel slag with a composition as shown

in Table 2 (as determined by XRD analysis) was dispersed

in 900 ml of demineralised water. The dispersion was

stirred for 15 minutes and had a pH of 12.4. After

15 minutes, the solid material was separated from the

dispersion. A calcium hydroxide solution with a calcium

concentration of 0.46 grams per litre was obtained. Pure

carbon dioxide was led through the calcium hydroxide

solution at a rate of 25 ml/min. Precipitated calcium

carbonate was formed and removed from the solution by



filtration. TGA analysis of the precipitated calcium

carbonate showed that substantially pure calcium

carbonate was formed.

Table 2 Composition of feedstock steel slag

The presence of calcium hydroxide and calcium

carbonate in the feedstock steel slag indicates that part

of the calcium oxide that was originally present has been

converted due to contact with moisture and carbon dioxide

from the air.



C L A I M S

1 . A process for sequestration of carbon dioxide

comprising the following steps:

(a) dispersing solid waste material comprising calcium

oxide and a calcium-comprising mixed oxide in water to

dissolve at least part of the calcium oxide and to form

calcium oxide-depleted solid waste material in a calcium

hydroxide solution;

(b) separating the calcium hydroxide solution from the

calcium oxide-depleted solid waste material;

(c) converting the calcium hydroxide in the separated

calcium hydroxide solution in precipitated calcium

carbonate; and

(d) contacting an aqueous slurry of the calcium oxide-

depleted solid waste material with carbon dioxide for

mineral carbonation of the carbon dioxide to form

carbonated solid waste material.

2 . A process according to claim 1 , wherein the calcium-

comprising mixed oxide is calcium silicate, calcium iron

oxide or calcium iron silicate, preferably calcium

silicate.

3 . A process according to claim 2 , wherein the solid

waste material is steel slag.

4 . A process according to any one of the preceding

claims, wherein the contacting of carbon dioxide with

calcium oxide-depleted solid waste material in step (d)

is carried out for a time period sufficient to form an

aqueous solution of calcium bicarbonate the process

further comprising:



(e) separating part or all of the aqueous solution of

calcium bicarbonate from the carbonated solid waste

material;

(f) precipitating calcium carbonate from the separated

aqueous solution of calcium bicarbonate; and

(g) recovering the precipitated calcium carbonate as

product .

5 . A process according to claim 4 , wherein the calcium

carbonate is precipitated from the separated aqueous

solution of calcium bicarbonate by adding calcium

hydroxide from the solution obtained in step (b) to the

separated aqueous solution of calcium bicarbonate.

6 . A process according to any one of claims 1 to 4 ,

wherein the calcium hydroxide in the separated calcium

hydroxide solution in converted in precipitated calcium

carbonate in step (c) by adding carbon dioxide to the

calcium hydroxide solution.

7 . A process according to claim 4 and 6 , wherein calcium

carbonate is precipitated from the separated aqueous

solution of calcium bicarbonate in step (f) by removal of

carbon dioxide from the solution of calcium bicarbonate

and wherein the carbon dioxide removed in step (f) is

added to the calcium hydroxide solution in step (c) .

8 . A process according to any one of the preceding

claims, wherein step (d) is carried out at a temperature

in the range of from 0 to 200 0C , preferably of from 0 to

100 0C , more preferably of from 10 to 60 0C .

9 . A process according to any one of the preceding

claims, wherein the operating pressure during step (d) is

in the range of from 1 to 150 bar (absolute) , preferably

of from 1 to 40 bar (absolute), more preferably of from 1

to 10 bar (absolute) .



10. A process according to any one of the preceding

claims, wherein in step (d) the calcium oxide-depleted

solid waste material is contacted with a carbon dioxide-

containing industrial off-gas, preferably an industrial

flue gas .
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