Carbstone: Sustainable Valorisation Technology for Fine
Grained Steel Slags and CO2*
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A technology was developed to produce high strength building materials by treating slags with CO2 at elevated pressure (20 bar) and
temperature (140 °C) without addition of binders. The carbonated
materials can compete with concrete products (C35/C45) and have
excellent environmental and technical properties. The materials have
the additional advantage of sequestering 180 – 200 g CO2/kg slag.
The process makes use of a unique combination of existing technologies commonly used in the construction industry. Building of a
pilot installation for treatment of 10 000 t of slag per year is planned
for the near future.
1 Introduction
In Belgium about 3 Mt of steel slags are produced each year (2003 – 2007). These slags
can be considered as a “high volume” waste
product, as about 300 kg of slag is generated per ton of steel produced [1]. The recycling of steel slags provides a number of environmental benefits, including the preservation of natural resources (limestone, …), the
recuperation of valuable metals and the reduction in solid waste. In Belgium about
2,2 Mt (73 %) of the steel slags is recycled.
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The primary applications are the use as cement substitute (granulated blast furnace
slag) and its use as an aggregate in construction applications such as granulate in
asphalt and waterway embankment material (stainless steel slag, Linz Donawitz steel
slag). In Belgium further recycling of steel
slags as gravel substitutes in traditional construction materials is limited mainly due to
the volumetric expansion properties of the
slags.
Another bottleneck for the optimal reuse of
steel slag is the limited applications that exist today in Belgium for the recycling of fine
grained steel slags. Stainless steel slags for
example contain on average around 5 % of
stainless steel. To recuperate the metal contained in the slags crushing or grinding of
the slag is necessary. In Belgium about
500000 t of stainless steel slags are
processed to recuperate the metal. From the
slags treated about 70 % can be recycled as
coarse or fine aggregate, however 25 % of
the slags are fine grained and difficult to
reuse due to the elevated leaching of
chromium and molybdenum. Solutions to reduce the swelling and improve the environ-
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mental quality of the slags are therefore necessary.
Accelerated carbonation can also be applied
to stabilise and solidify waste materials. Carbonation of cement solidified hazardous
waste materials lowers the pH of the mixtures generally improving the environmental
impact of the waste by reducing the leachability of the waste before landfilling [2].
Carbonation can also be used to improve
the valorization or reuse of certain waste
streams. The challenge is here to convert
waste to products with a positive economic
value. Both the technical and environmental
properties of the carbonated products need
however to comply with product standards
and environmental legislation. Recently, a
process has been developed to produce synthetic lightweight aggregates from thermal
residue and waste quarry fines or steel slag
[3, 4]. The aggregate can be used as a
gravel substitute in traditional cement
bound concrete blocks.
The carbonates formed during the reaction
of CO2 with Ca/Mg minerals have however
the potential to act as a substitute for cementitious binders. Johnson et al. [5] have
produced compacts with a compressive
strength up to 9 MPa by carbonation (at
3 bar CO2) of compacted ground stainless
steel slags without the use of hydraulic
binders. Steelmaking slags and CO2 have
also been used for producing stone materials that can be used as artificial
reefs in seawater (JP2000/203903;
JP2000/247711). A processing time of six
days is however needed to develop a compressive strength of 12 MPa. Higher strength
of the carbonated materials and shorter processing times are however needed to make
an economic viable product by the carbonation process. The aim of this research project
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Fig. 1 Schematic drawing of the carbonation process on lab scale

was to develop a valorization process for
steel slags and CO2 resulting in:
• The production of high quality building
materials (> 30 MPa) without the use of
hydraulic and/or pozzolanic binders
• Maximization of CO2 sequestration
• Good environmental quality of the carbonated building blocks
• Stabilisation of slag by neutralization of
the CaO and MgO present in the steel
slags.

2 Materials and methods
2.1 Raw materials

were used without further pretreatment. The
LD steel slags (0 – 3 mm) were provided
by ArcelorMittal (Gent, Belgium). The
LD – slags were sieved (< 1 mm) before being used in the carbon-ation process. The
chemical composition of the slags was examined using X-ray fluorescence (XRF) or
ICP-AES after digestion of the samples with
HF/HNO3/HCl according to CMA/2/II/A.3 or
CMA/2/I/B.1). The mineralogy was determined using X-ray diffraction (Philips X’Pert,
CuK, 40 kV).

2.2 Carbonation process

The stainless steel slags used in this study
was a fine slag (< 500 µm) produced by the
company Recmix Belgium as a result of the
treatment of stainless steel slag to recuperate the metal. The fine stainless steel slags

The carbonation process developed to produce the carbonated building materials
mainly consists of 3 steps: (1) pretreatment
of the slags, (2) shaping of the building
blocks by compaction, and (3) curing of the

Tab. 1 chemical composition of the fresh slags used in the carbonation process

Stainless
steel slag

Element

LD
steel slag

Macro-elements

Stainless
steel slag

LD
steel slag

Micro-elements
[mass-%]

[mass-%]

[mg/kg]

[mg/kg]

Al2O3

2,6

< 0,004

Cr

5100

873

CaO

44

43

Mo

62

4,5

Fe2O3

1,1

20

Sb

60

4,9

MgO

6,8

< 0,01

Ba

100

147

MnO

0,86

2,3

Cu

41

14

SiO2

21

7,1

Ni

430

< 7,0

P2O5

0,012

0,53

V

180

862

K2O

0,01

0,014

Zn

40

44

Na2O

0,21

< 0,032

S

1800

671

TiO2

0,72

0,4
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building block by CO2. A schematic overview
of the process on lab-scale is given in Fig. 1.
The first step (pretreatment) involves the homogenization of the slag particles and mixing with the appropriate amount of
water. For the results presented here, the
moisture content of the non-carbonated material was 12 % (w/w). During the second
step, the slag mixture was compacted to
form cylindrical (diameter: 72 mm, height:
125 mm) or brick type (61 mm × 61 mm ×
40 mm) samples. The compaction was done
using a hydraulic press at a compaction
pressure of 182 kg/cm2. The compacted
samples were subsequently placed in an
autoclave and cured up to 16 h in a CO2 atmosphere at elevated pressure (standard 20
bar; range of experiments presented here
5 to 75 bar) and temperature of 140 °C.
Carbonation experiments were performed in
an automated carbonation unit consisting of
a 3250 ml stainless steel (1.4435) autoclave
(Premex, prator hpm-pr-3). The autoclave
can be heated or cooled using a heating/cooling jacket (3000 W) controlled by a
set of Eurotherm control units (T2550). The
amount of CO2 delivered to the autoclave
during a carbonation experiment was measured and the process parameters were controlled and monitored using a Eurotherm
Suite SCADA system.

2.3 Characterization of materials
The carbonate content of the fresh and carbonated samples was determined by thermal decomposition either measuring the
evolved gas by infrared spectrometry (TC). In
addition the amount of carbonate formed
over time during a carbonation experiment
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Fig. 2 Homogeneous carbonation of the compacted stainless steel slags shown by staining of a
sawn mid-plane of the fresh and carbonated slags (16 h, 20 bar, 140 °C) with phenolphthaleine

3 Results and discussion
3.1 Raw materials
The chemical composition of the steel
slags is shown in Tab. 1. Both slags are
rich in Ca and have a high alkalinity (pH
> 12). High concentrations of Si and Mg
are observed in the stainless steel slag,
while the LD steel slag is mainly composed of Fe and Si. Both slags are suitable for mineral carbonation. The calculated maximum theoretical CO2 sequestration capacity is 420 g CO2/kg for steel
slag (when both Ca and Mg are considered) and 337 g CO2/kg for LD steel slag
(amount of CO2 expressed on basis of
non-carbonated steel slag).
The mineral phases of a representative fresh
and non-carbonated steel slag sample was
determined using XRD. The main minerals
identified in stainless steel slag were Ca-Mg
silicates, portlandite (Ca(OH)2), periclase
(MgO) and Mg-chromite. The LD steel slag
mainly contains portlandite (Ca(OH)2), lime
(CaO), various iron oxides (FeO, Fe3O4, Fe)

and a small amount of Ca-Fe silicates and
amorphous Ca-silicates.

3.2 Carbonation process
During the carbonation process, the fine
grained slags were mixed with the appropriate amount of water, shaped using compaction to reach the desired porosity and
cured in the autoclave at elevated temperature and pressure. The sample preparation
and the reaction conditions during curing
were however carefully chosen to allow for a
good diffusivity of CO2 through the slag
compact. Previous attempts to use CO2 for
accelerated curing of compacted cementious
systems, such as mortars, failed to fully carbonate the compact. The carbonation reaction typically took place in the outer portions
of the monoliths [2]. The diffusion of CO2
through the compact is typically controlled
by the connected porosity of the compact.
Process conditions should therefore be chosen to avoid water saturation of the pores
and blockage of the pores by precipitation of

Intensity [counts/s]

(kinetics of CO2 uptake) was automatically
monitored in-situ during each carbonation
experiment. A detailed description of the
method to measure the in situ carbonation
kinetics was described elsewhere [6]. Total
carbon (TC) was determined with the Ströhlein TOC-analyser C-mat 5500. About 20 to
25 mg sample (< 125 µm) is brought into
the combustion tube at 1200 °C.
The leaching characteristics of the fresh and
carbonated material were determined using
a batch leaching test (EN12457-4) (granular
material < 10 mm, L/S 10, 24 h contact
time) and a static diffusion test (CMA 2
/II/A.9.2, NEN7375) (monolithic material,
duration 64 d with renewal of solution).
The technical properties of the carbonated blocks (16 h, 20 bar, 140 °C) were
tested using standard procedures developed for concrete. Compressive strength
(NBN EN 12390-3), young’s modulus
(NBN B15-203), tensile splitting strength
(NBN EN 12390-6), shrinkage and
swelling (NBN B15-216), frost and thaw
resistance (NBN EN 1340) were all tested
by a certified testing laboratory. The water
adsorption was tested according to NBN
EN 13744. The porosity was determined
using Hg-porosimetry ( Quantachrome ,
Poremaster-60-GT) measuring pore sizes
ranging between (0,003 – 200 µm). The
intrinsic gas permeability was measured
using a capillary flow porometer (Porous
Materials Inc., type CFP-1200-A). The
swelling behavior of the carbonated
blocks was tested using an accelerated
hydration test [7].

Position (2 Theta) (Cu-anode)

Fig. 3 Mineralogical composition of fresh and carbonated steel slags. The stainless steel slags were carbonated at various C02- pressures (5 and 20 bar, 16 h, 140 °C). The LD steel slag was carbonated only at 20 bar (16 h, 140 °C).
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Fig. 4 Compressive strength versus the additionally formed carbonates (left) or the CO2- pressure during the carbonation of stainless
steel slags (16 h, 140 °C, 5 to 75 bar)

carbonates formed during the carbonation
reaction.
In the results presented here the porosity of
the non-carbonated compacts ranged between 32 and 35 %. The moisture content of
the compacts was 12 % (w/w) resulting in
75 to 83 % (v/v) of the pores being saturated with water before carbonation. The
compacts were then placed in an autoclave
and cured at elevated temperature and CO2pressure. For the results presented in this
paper, a standard temperature of 140 °C
and a standard pressure of 20 bar were applied. The uptake of CO2 in this experiment
was rather fast with about 78 % of the CO2uptake taking place in the first 2 h.

3.3 Homogeneous carbonation
The carbonation procedure resulted in
strong carbonated blocks being homogeneously carbonated. In Fig. 2 a fresh and
a carbonated block made from stainless
steel slag were sliced through the middle
(along the dotted line indicated in Fig. 2)
and sprayed with a solution of phenolphthaleine (1 % (w/v) phenolphthaleine, 50 %
(w/w) ethanol). Phenolphthaleine can be
used to evaluate the carbonation depth
since it turns pink in contact with alkaline
material (pH > 10) and is colourless when
pH drops below 9. As shown in Fig. 2 the
carbonated stainless steel slag block was
fully carbon-ated since the surface was
colourless after spraying the material with a
phenolphthaleine solution. The carbonation
depth of the carbonated was also determined by measuring the carbonate content
of cubes (1 cm × 1 cm × 1 cm) sawn from
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the mid-plane of a carbonated block (Fig. 2).
Cube 1 contained 182 g CO2/kg, cube 2 contained 186 g CO2/kg and cube 3 contained
170 g CO2/kg indicating the good carbonation degree of the center of the block.

3.4 Slag stabilisation
LD and stainless steel slags can contain significant amounts of free CaO and MgO resulting in volumetric expansion when
brought in contact with moisture. Stabilisation of the free CaO and MgO in the carbonated slag is therefore essential for the
carbonated material to be suitable as building material. To optimize the mineralogical
stability of the slags during carbonation,
compacts of the LD steel slag and compacts
made of stainless steel slags were carbonated during 16 h at 140 °C at a range of CO2pressures (from 5 to 75 bar CO2). The mineralogical composition of CaO and MgO in the
fresh and carbonated materials was subsequently determined by XRD (Fig. 3).
After carbonation the content of portlandite
(Ca(OH)2), Ca/Mg silicates, CaO and MgO in
the carbonated block is reduced compared
to that of the fresh slags (Fig. 3). It is however clear that elevated CO2-pressure
(> 5 bar) is needed to stabilise MgO.

3.5 Carbonate as binder
The objective of the carbonation process is
to produce construction materials using
steel slags and CO2 as raw materials without
the addition of hydraulic or pozzolanic
binders. The carbonates that are produced
in-situ during the carbonation reaction act
as a binder cementing the slag particles to-

gether. A specific correlation could indeed be
observed between the strength of the carbonated material and the amount of additional formed carbonates during the carbonation reaction (Fig. 4). Higher CO2-pressure applied during the carbonation process
resulted in a higher amount of carbonates
and a higher compressive strength in the
carbonated material (Fig. 4). Elevated carbonation pressure is therefore advantageous
for the strength development of the carbonated materials. Elevated pressure however
also results in higher production and investments costs making the process less attractive from an economic point of view. A moderate pressure of 20 bar was therefore chosen as a standard pressure for further development of the carbonation process.

3.6 Environmental quality of
carbonated building materials
The environmental quality of the fresh carbonated material was evaluated using a
batch leaching test (EN12457-4) for size reduced granular material (< 10 mm) and a
diffusion test for monolithic material
(CMA2/II/A.9.2 NEN 7375). Critical parameters in the fresh granular stainless steel slag
were chromium (leachability: 0,66 mg/kg)
and molybdenum (leachability: 0,42 mg/kg).
Carbonation of the stainless steel slags
(16 h, 20 bar, 140 °C) resulted in a reduction
of the leaching of chromium and molybdenum to the level that the carbon-ated
steel slags complied with the limit
values for landfilling of inert waste
(Cr 0,014 mg/kg, Mo 0,14 mg/kg). To assess
the environmental quality with regard to re-
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Compressive strength
Young’s modulus
Tensile splitting strength

Shrinkage and swell
Frost and thaw

55 MPa
17138 N/mm2
2,70 MPa
< 300 µm/m
< 0,350 kg/m2

Density
Water absorption
Porosity

2010 – 2370 kg/m3
10 %
22 – 26 %

CO2-content

177 – 188 g CO2/kg

Permeability

6,2 – 8,2⋅10–11 cm2

Tab. 2 Overview of the technical properties of compacted and carbonated stainless
steel slag (16 h, 20 bar, 140 °C)

cycling of minerals wastes in Belgium
(VLAREA) or the Netherlands (Besluit
Bodemkwaliteit), the leaching properties of
the carbonated blocks were tested using a
diffusion test. The carbonated blocks made
from the LD and stainless steel slags
(16 h, 20 bar, 140 °C) complied both to the
limit values for reuse of waste in the Flemish
region of Belgium (VLAREA) and the Netherlands (Besluit Bodemkwaliteit).

References
[1] Nexhip, C; Davidson, R; Norgate, T; Sanetsis, S;
Washington, B: Dry granulation of slags for producing cement binder. Green Processing Conference, Fremantle 2004, WA
[2] Bertos, M.F.; Simons, S.J.R.; Hills, C.D.; Carey,
P.J.: A review of accelerated carbonation technology in the treatment of cement-based mate-

3.7 Technical quality of
carbonated building materials

rials and sequestration of CO2. J. of Hazardous
Materials 112 (2004) 193–205

To evaluate whether the carbonated
mater-ial is suitable as a construction material a technical characterization of the
carbonated blocks was done. An overview
of the technical properties for carbonated
stainless steel slags (16 h, 20 bar, 140 °C)
is given in Tab. 2. In addition the integrity
and the compressive strength of the carbonated blocks were tested after the accelerated swelling test and no decrease in
strength was observed.

[3] Nguyen, E; Lecomte, I; van Mechelen, D: New
sustainable valorisation routes for fine grained
stainless steel slags. Global Slag 2009, Brussels,
Conference Proceedings
[4] Gunning, P.J.; Hills, C.D.; Carey, P.J.: Production
of lightweight aggregate from industrial waste
and carbon dioxide. Waste Management
29 (2009) 2722–2728
[5] Johnson, D.C.; Macload, C.L.; Carey, P.J.: Solidification of stainless steel slag by accelerated
carbonation.

Environmental

Technology

24 (2003) 671–678

4 Conclusions

[7] Nielsen, P.; Quaghebeur, M.; Laenen, B.; Kemps,

A carbonation process has been developed for the production of construction
materials using slags and CO2 as raw materials without the need for any additional binder. The process works at moderate
pressure (20 bar) and temperature
(140 °C) and makes use of a unique combination of existing technologies commonly used in the construction industry
(concrete and sand lime brick plants). A
patent application has been filed describing the technology WO2009/133120) and
construction of a pilot plant is planned for
the near future. The carbonated blocks
show good environmental and technical
properties making them suitable to be

refractories

used as high quality construction materials.

WORLDFORUM

R.; van Bommel, P: The use of MSWI bottom ash
as aggregate in concrete limitations and possible solutions. WASCON 2009, Lyon, Conference
Proceedings
[8] Quaghebeur, M.; Nielsen, P.; Laenen, B.: Accelerated carbonation to improve quality of recycling methods: a study of the real time kinetics.
WASCON 2009, Lyon, Conference Proceedings
(2009); WO2009/133120 Production of a
mainly carbonate bonded article by carbonation
of alkaline materials. JP2000-247711 Production of Artificial Stone

2 (2010) [2]

79

