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Abstract

By producing precipitated calcium carbonate
(PCC) from a carbonate-free calcium-based ma-
terial, such as steelmaking slags, significant re-
ductions in CO2 emissions may be achieved. The
relatively high price of PCC (ten times that of raw
limestone or steelmaking slag) could justify the
development of a carbonation process with oper-
ation costs exceeding the market value of the CO2

emissions reduction achieved. However, the pu-
rity and crystal structure of the PCC produced
from such a process determines its market value.

The aim of this project (which is an extension to
and a continuation of to the ClimBus project
SLAG2PCC, 2005–2007) is to study and develop
processes that could be used for producing cal-

cium-based compounds for subsequent carbon-
ation from steelmaking slag and other similar
types of process by-products. The focus is on PCC
product quality and net CO2 emission reductions
of the processes involved. The project also investi-
gates the possibility to produce calcium oxides or
-hydroxides from steelmaking slags.

Tiivistelmä

Tuottamalla saostettua kalsiumkarbonaattia (PCC)
karbonaattivapaista kalsiumpitoisista materiaa-
leista, kuten teräksentuotannon kuonista, voi-
daan saavuttaa merkittävät CO2 päästö vähe-
nemät. PCC:n suhteellisen korkea hinta (kym-
menkertainen kalkkikiven tai teräksentuotannon
kuoniin nähden) voisi oikeuttaa sellaisen kar-
bonointiprosessin kehittämisen, jonka operointi-
kustannukset ylittäisivät saavutetun CO2:n pääs-
tövähenemän markkinahinnan. Näin tuotetun
PCC:n puhtaus ja kiderakenne määrittävät kui-
tenkin sen markkina-arvon.

Tämän projektin (joka on laajennus ja jatkoa
ClimBus-projektille Slag2PCC) tavoitteena on
tutkia ja kehittää prosesseja joita voitaisiin käyt-
tää tuottamaan kalsiumpitoisia yhdisteitä kar-
bonointia varten teräksentuotannon kuonista tai
muista vastaavista prosessien sivutuotteista. Eri-
tyiskohteena on tuotetun PCC:n laatu ja käytetty-
jen prosessien netto CO2 päästö vähenemät. Pro-
jektissa tutkitaan myös mahdollisuutta tuottaa
kalsiumoksideja- tai hydroksideja teräksen-
tuotannon kuonista.

1 Background

The increasing atmospheric carbon dioxide con-
centration has lead to concerns about global
warming. One of the options that can contribute
to the reduction of carbon dioxide emissions is

314

mailto:hannu.revitzer@tkk.fi
mailto:ron.zevenhoven@abo.fi


CO2 sequestration by mineral carbonation. Con-
crete and steel manufacturers produce substantial
amounts of by-products with a high content of
calcium, which makes them suitable for carbon-
ation. For instance, by carbonating Finnish
steelmaking slag, 0.6 Mt of CO2 could be stored
annually. Steelmaking slag is chemically unsta-
ble and reacts therefore relatively fast to carbon-
ates under less demanding process conditions
than natural silicate minerals. Other materials
suitable for carbonation are e.g. waste cement,
sewage sludge, process ashes and dust (Fer-
nández Bertos et al. 2004). A benefit of carbon-
ation of industrial by-products and residues is the
possibility to use CO2 in local flue gases for the
carbonation process, which would significantly
reduce the transportation costs for CO2.

Although mineral carbonation would produce
large amounts of carbonates, there is a possibility
to utilize the carbonates in other industrial pro-
cesses. Several thousands of megatons of calcium
carbonates are mined annually for construction
purposes (Zevenhoven et al. 2006). Calcium car-
bonate is also synthesized for applications that re-
quire a higher level of purity. For instance, pre-
cipitated calcium carbonate (PCC) is finds large-
scale use as paper filler and coating material, of
which 0.6 Mt is produced annually in Finland for

domestic use. Although the commonly used pro-
cess for producing PCC actually binds carbon di-
oxide from flue gases directly, the process needs
calcium oxide as raw material, which in turn is
produced by burning limestone (natural calcium
carbonate). Due to the calcination of limestone
the overall process chain for producing PCC ac-
tually causes more CO2 emissions than is bound
in the carbonation step.

By producing PCC from a carbonate-free cal-
cium-based material, such as natural calcium sili-
cate or iron and steel slags, significant reductions
in CO2 emissions could be achieved. The rela-
tively high price of PCC (ten times that of raw
limestone or iron and steel slag) could justify the
development of a carbonation process with opera-
tion costs exceeding the market value of the reduc-
tion in CO2 emissions achieved with the process.
However, the purity and crystal structure of the
PCC produced from such a process determines its
market value. Although steelmaking slags have
been successfully carbonated (Huijgen et al.
2005), the direct (single-step) carbonation pro-
cess approaches produce aqueous slurry mixtures
of carbonates, unreacted silicates, silica, and
other by-products from which the individual
components are difficult to separate. Indirect (or
multi-step) processes would allow for separation
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Figure 1. Annual production of calcium carbonate from steelmaking slag, case Ruukki steel mill.



of silica and other by-products before the carbon-
ation step. An indirect or multi-step process
therefore seems to be a better alternative for pro-
ducing separate streams of carbonates and silica
for further utilization. A simplified example of
integration of a carbonation process with a steel
mill is shown in figure 1.

We have previously shown that it is possible to
produce calcium carbonate from blast furnace
slag and steel converter slag using acetic acid
(Eloneva et al. 2007, 2008c, 2008d). By using a
multi-step process we developed (under the pre-
vious project SLAG2PCC) for dissolving blast
furnace slag using acetic acid 80–90% pure cal-
cium carbonate (as calcite) was produced. How-
ever, the process required evaporation of excess
acid prior to carbonation and demanded large
amounts of sodium hydroxide and make-up acid,
making the process unfeasible for CO2 reduction.
The precipitate contained also relatively high
amounts of impurities (Al, Si, Na, Mn, and Fe,
giving a total amount of 10–20 wt-%), which
would probably make the carbonate product un-
attractive for commercial applications. For steel
converter slag calcium was selectively extracted
by using less acetic acid than stoichiometrically
required. Although only 30% of the calcium in
steel converter slag was extracted using this
method an evaporation step was not needed, since
all the acid used for extraction was neutralized.
Due to the selective extraction of calcium very
pure calcium carbonate (> 99% as calcite) was
precipitated from the solution. However, this ace-
tic acid based approach demanded equally large
amounts of sodium hydroxide and make up acid
as the approach used for blast furnace slag. Al-
though the method was too expensive for reduc-
ing CO2 emissions (~1,100 €/t CO2), the fine
grained calcite produced (0.1–4 µm; ISO bright-
ness 98.7%) might have a commercial applica-
tion. The findings indicated that finding an effec-
tive calcium-selective solvent that at the same
time can be fully recovered and reused is the key
issue for developing a feasible process for pro-
ducing calcium carbonates from slags. This con-
clusion from SLAG2PCC was the starting point
for this Slag2PCC Plus project.

2 Objectives

The aim of this project is to study and develop
processes that could be used for producing cal-
cium-based compounds for subsequent carbon-
ation from steelmaking slag and other similar
types of process by-products. The focus is on
product quality and net CO2 emission reductions
of the processes. Specific areas of interest are:
● Minimization of additional chemical require-

ments and overall energy input
● Applicability of produced compounds for

paper filler purposes
● Maximal reduction of CO2 emissions
● Minimal production of wastes or by-products.

While a previous Tekes project on the subject
(Slag2PCC, August 2005 – October 2007) fo-
cused on a carbonation process using acetic acid
with blast furnace slag and steel converter slag
(the so-called Kakizawa route), this project fo-
cuses on solvent selection and development for a
new type of PCC process using steel converter
slag, ladle slag and desulphurization slag.

Expectations from the industry partners (as pre-
sented at the kick-off meeting):

Applicability of the steel converter slag, desul-
phurization slag and ladle slag as raw material for
carbonate production.
● Applicability of Kovrhar steelmaking slag as

raw material for carbonate production.
● New and cheaper raw material for PCC

production
● Reduction of CO2 emissions from the PCC

production chain
● Physical qualities (such as brightness, particle

size and shape) of the carbonate product
● Fate of heavy metals in the new carbonation

process under development
● Determination of process parameters for a

potential carbonation process
● To find a solvent that is selective to calcium
● Behavior of vanadium and other elements

in the steelmaking slag being processed
● Optimize the recovery and re-use of the

solvent
● Evaluation of process energy use, costs,

and life-cycle analysis (LCA).
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3 Project work programme

The project was planned to run for twenty-four
months, but because of changes in the personnel,
at TKK a 6 month extension was granted. Origi-
nal timetable of the project is shown in figure 2.

The research consists of literature study, experi-
mental research, model calculations, process
simulations, and life-cycle analyses. The process
will be developed using batch experiments for
process parameter mapping, and the require-
ments for slag composition, separation and
pre-treatment will be investigated. Process simula-
tion will aid in determining the feasibility of the
processes and their potentials for CO2 emission re-
duction. Except for process feasibility, also the pos-
sibility to affect the quality of the compounds pro-
duced will be studied. Helsinki University of Tech-
nology (TKK) focuses on experimental research for
determining process parameters, while Åbo Aka-
demi University (ÅA) addresses separation meth-
ods and solvent recycling, and process energy effi-
ciency. Rautaruukki supports with chemical analy-
sis of the solids produced, while Specialty Minerals
(SMI) supports with physical property and quality
analysis of the solid products.

Members of the research group took part in many
national and international conferences, and gave
oral presentations, sometimes poster presenta-
tions, at most of these. Please see the list of publi-
cations for an extensive overview.
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4 Project results

Unless otherwise mentioned, text here is based
on the publications and reports listed in section 6.

Extensive literature study on mineral carbonation
methods proposed in the literature was made. Al-
most all the indirect methods proposed in the lit-
erature are based on solution chemistry. Those
based on acids as solvents (Maroto-Valer et al.
2005; Park & Fan, 2004, 2005; Teir et al. 2007a,
2007b; Kakizawa et al. 2001), seem to extract re-
active element efficiently from its silicate, but
suffer from the unfavorable carbonation condi-
tions, since precipitation of carbonates is not fa-
vored at acidic conditions. Base addition neutral-
izes acidity, but makes recycling of the chemicals
impossible or very expensive. The process route
based on use of caustic alkali-metal hydroxide
(Beard et al. 2004) suffers also from chemicals
consumption. The most promising methods re-
ported in the literature seem to be the one based
on pH-swing by weak base- strong acid salt solu-
tion proposed by Kodama et al. (2008) and the
other based on pressure change proposed by
Iizuka et al. (2004).

In order to find a suitable solvent for leaching cal-
cium selectively from steel converter slag, vari-
ous relatively common solvents were tested. Ace-
tic acid was earlier found to be an efficient solvent
for steelmaking slags (Teir et al. 2007c) and was
therefore selected as a base case for the study.
Other acids selected for comparison were
propionic acid, nitric acid and sulfuric acid. How-
ever, previous research also showed that neutral-
ization of the excess acid was required for precip-
itating calcium carbonate from acidic solutions
(Eloneva et al. 2007, 2008c, 2008d). Since inter-
esting results have been achieved with ammo-
nium salt solutions (Yogo et al. 2004), ammo-
nium chloride, ammonium sulfate, ammonium
nitrate, and ammonium acetate were selected for
study. Also aluminum nitrate and aluminum sul-
fate, as well as sodium chloride, sodium acetate,
sodium hydroxide and urea were included.

It was found that amongst the various tested sol-
vents calcium dissolved efficiently from the steel
converter slag only in various acids (CH3COOH,
HNO3, CH3CH2COOH) and ammoniums salt so-
lutions (NH4NO3, NH4Cl, CH3COONH4) (Fig-
ure 3). Acetic acid dissolved calcium most effi-
ciently (~100%), while ammonium nitrate was
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clearly the most efficient salt solution (~80%).
All these ammonium salt solutions were found to
dissolve calcium selectively from the steel con-
verter slag (Figure 4), while only weak concen-
trations of acetic acid and nitric acid (0.1 and 0.2
M) seemed to be selective for calcium. Since for-
mation of acid during carbonation of solution
produced from the steelmaking slag and acid pre-
vents efficient precipitation of calcium carbonate
(Eloneva et al. 2007, 2008d), ammonium salt so-
lutions seem to be the most promising solvents
for dissolving calcium selectively from the
steelmaking slags prior carbonation. Preliminary
precipitation studies (Teir et al. 2008; Eloneva et
al. 2008b, 2009) showed that very pure calcium
carbonate (99.8 wt-%) can be produced from the
solution containing dissolved steel converter slag
and ammonium salt (Figure 5).

Steel converter slag contains small amount of va-
nadium (~ 1 wt-%), which is a valuable element.
Therefore its dissolution behavior from the steel
converter slag in these various tested solvents was
studied. It was found that while vanadium was not
selectively dissolved in any of the tested solvents,
ammonium di-hydrogen phosphate dissolved
mainly silica and vanadium from the slag. Acids
were found to be the most efficient solvents to dis-
solve vanadium from the steel converter slag.

The effect of stirring speed on calcium extraction
from the steel converter slag has also been tested.
It was found that in an aqueous solution of ammo-
nium acetate approximately 10 %-unit increase
of calcium extraction was reached by increasing
stirring speed with 100 rpm.

The effect of temperature and grain size of the
steel converter slag was studied as well. It was
found that the higher the solution temperature,
the higher the ratio of dissolved calcium in both
of the tested solutions (CH3COONH4, NH4Cl). It
was seen that the smaller the steel converter slag’s
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Figure 5. SEM picture of the precipitate pro-
duced from the solution of ammonium salt
and dissolved steel converter slag.
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grain size fraction, the higher the calcium extrac-
tion (Figure 6). In order to avoid poor calcium ex-
traction the grain size of the steel converter slag
should not be increased above 500 µm (with the
equipment used).

Characterization of the steelmaking slags
showed that the sieved fractions of steel converter
slag (125–250 µm) and Koverhar’s blast furnace
slag (74–125 µm) were very well representative
of their batches (0–1 mm). The sieved fraction of
the ladle slag (74–125 µm) deviated somewhat
more from its batch (0–1 mm) (particularly the Fe
fraction seemed much higher in the batch than in
the smaller fraction). The sieved fraction of
desulphurization slag (74–125 µm) was also
found to differ from its batch (0–1 mm). The main
difference was the phase containing free lime
(CaO), i.e its amount in the different size frac-
tions. In contrast to the comparison of the other
materials, the deviation was clearly visible also
on the XRD spectra. The XRF results showed
17% less CaO in the sieved fraction of the
desulphurization slag than in the batch.

Solvent selection studies continued with alumi-
num salts and acetic acid using desulphurization
slag, ladle slag and Koverhar’s blast furnace slag.
In an aqueous solution of acetic acid, calcium was

found to dissolve almost as efficiently from the
desulphurization slag as from the steel converter
slag. All ammonium salt solutions dissolved cal-
cium selectively from all the slags, although dis-
solution of calcium from ladle slag and especially
from blast furnace slag was poor.

A few tests were made with small added amounts
of calcium chloride or sulphate salt during the ex-
traction stage, aiming at precipitating dissolved
metallic element impurities, but since the ammo-
nium salts were very selective for calcium this
gave no significant effect.

The use of tri-butyl phosphate (TBP) as an extrac-
tion agent for removal and recovery of acetic acid
for the Kakizawa route tested earlier was tested,
showing that indeed the aqueous solution pH can
be controlled to a level where carbonate produc-
tion is possible, while recovering the acetic acid.
So far, carbonate product amounts were small
compared to the required effort (a large volume of
TBP is needed), this would need further optimi-
zation if acetic acid is still considered to be a suit-
able solvent.

High solid concentration (~ 20 wt-%) is desirable
in conventional PCC manufacturing. The higher
the calcium concentration in the solution prior
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carbonation the higher the CaCO3 concentration
should be. However, calcium concentration in-
creased from 4 to only 43 g/l when solid to liquid
ratio (steel converter slag/used solvent) was in-
creased from 20 to 600 g/l (Figure 7). Increasing
from 2 M ammonium salt concentration into 3 or 4
M solution did not increase dissolution of calcium
nor calcium concentration in the solution either.

In order to find out whether calcium is dissolved
only from the free lime phase of the slag (in aque-
ous solutions of ammonium salts) thermody-
namic equilibrium calculations with Outokumpu
HSC 5.11 software were made. These showed
that dissolution of calcium from calcium silicates
is not restricted by thermodynamics, provided
that sufficient extractive capacity is used. How-
ever, these calculations did not take chemical ki-
netics or mass transfer limitations into account.
Analyses of the residual slags (steel converter
slag and desulphurization slag after the dissolu-
tion step) revealed that at least the free lime
phases of the slags’ had disappeared during the
dissolution.

Cycling the solvent solution (CH3COONH4,
NH4Cl, NH4NO3) for several extraction – car-
bonation sequences showed changing concentra-
tions of dissolved species, and in fact losses of
ammonia, presumably as NH3 vapor. This could
be confirmed with HSC calculations, which sug-

gest that ammonium acetate will have the greatest
losses of NH3 of the three salts, if this is not con-
trolled.

An Aspen plus simulation model of the steel con-
verter slag carbonation process was built. It was
found that if the used solvent is not recycled, 5.00
kg of steel converter slag and 7.75 kg of ammo-
nium acetate would be needed in order to fix 1 kg
of CO2. Solvent recycling results with slight in-
crease in slag consumption, but it is needed in or-
der to minimize make-up ammonium salt or am-
monia gas consumption. When solvent is recy-
cled (Figure 8), 1 kg of CO2 is fixed with 5.26 kg
of steel converter slag producing 2.18 kg of
CaCO3. Both, heat released from the carbonation
reactor and heat consumed by the extraction reac-
tor are slightly reduced when solvent is recycled.
Heat required by the extraction reactor (2.47
kW/kg slag) was found to be the most significant
energy cost of the modeled process, but it could
possibly be covered by the heat released from the
carbonation reactor (2.66 kW/kg slag).

However, as long as electricity requirements of
the separators, mixers, and ammonium recovery
can be held below ~ 200 kWh/t CO2 fixed, the in-
vented method using ammonium salt as solvent
should be competitive with other carbonation
methods proposed.
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5 Impact of the results and plans
for the future

The results of the project shows that it is possible
to manufacture pure calcium carbonate from
steelmaking slags using ammonium salts as recy-
clable solvent. The method is proven to work well
and effectively in laboratory scale batch reactors.
If the continuous process is built, results are suc-
cessful and are taken into use, CO2 emissions will
be reduced, by-product material (steelmaking
slag) is upgraded, valuable products are pro-
duced, and virgin material resources will be
saved. This would greatly benefit steel manufac-
turers, paper industry, process equipment manu-
facturers, and society as a whole.

Designing and building a continuous process is a
necessary next step in order to find out in what
form the process is best suitable for industrial
use, and for this final step to what should be a
commercial-scale demonstration a continuation
project proposal was submitted to Tekes re-
cently.
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