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Abstract: This relatively new domain, of carbon dioxide sequestration for mitigation pur %E is one
of the carbon dioxide capture and storage (CCS) alternatives. CO, sequestration could téi in the
cations or

future where geological storage, for example, is not an option due to the lack of s%
could represent a hazard to the surrounding areas. Also could be used in those Iocatio\ ere the needed
material (raw minerals or industrial wastes) are abundant.

The interest in this technique of CO, storage is growing fast and results of
coming from a larger number of countries every year. What is more interest %
industrial wastes carbonation is developing, giving in the future new purpos%

es on this topic are
at the research of the
these wastes.
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1. Introduction ¥s storage of CO, in underground cavities.

udes the so-called Enhanced Oil Recovery

The greenhouse effect is known to be created

by different gases in the atmosphere. One of these ¢
gases is CO, and because its concentration i@b

increasing dangerously for the past one hun
years is now considered to be the main cause df t
temperature rise on Earth.

In order to avoid the potentially ?e,axlating
consequences of global warming climate
change, the CO, emissions int tmosphere

caused by human activities @ be reduced
e reached some

N

and also Enhanced Gas Recovery (EGR),
hich are concepts aimed at improving the oil/gas
recovery potential of an oil/gas field by flooding it
with CO; [2].

Perhaps the greatest problem related to
underground storage is the permanency of the
solution, as there will always be a risk of leakage.
Therefore, this solution would require continuous
monitoring of storage sites for thousands of years.

2.2. Ocean storage

considerably [1]. For this (@)
carbon dioxide capturé; d storage (CCS)
technologies were osed but for the moment
none of them wey icient enough in reducing the
CO, emissions: pite the negative results,
researches ar@ ongoing and in some cases the
results are_pronitsing as for example the storage in
under cavities. The same is hoped to be
happ, with the CO, storage in minerals and
\m d hopefully all the CCS technologies will
0 ute together to a more efficient CO,

uction.

Another widely studied option for CO,
sequestration involves injecting CO, into the ocean
at great depths, where the gaseous CO, reacts to
form carbonic acid (H,CO3). The carbonic acid
then dissociates into a (bi)carbonate ion and
hydrogen ion in accordance with the equation
below: [2]

COx(g) + HzO(l) » H,COs(aq) « HCO3 + H' «

o CO%3+ 2H" (1)
2. Carbon dioxide sequestration techniques
2.1. Geological storage Although ocean storage could provide a fast
and relatively easy alternative for CO, emissions
reduction it has lost its appeal in recent years,

largely due to the uncertainty when considering the

One of the technologies, that have already been
employed on a significant scale, but not large
enough to have a global CO, emissions mitigation
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environmental consequences (e.g. decreasing pH
of ocean water) and the lack of permanency [1].

2.3. Storage below sea bed

An alternative to both geological storage and
ocean storage described above is CO, storage
below the ocean floor at depths of at least 3000 m
of ocean and several hundred meters of marine
sediment. In contrast to the previously mentioned
options this option does not suffer from lack of
permanency (ocean storage) or the demand for
monitoring the storage site (geological storage).
The idea is based on the fact that CO, becomes
denser than water at sufficient depths (<3000 m),
but that it still needs to be trapped in order to
prevent it from being released by ocean currents or
e.g. earthquakes. Therefore, it should be stored
below the seabed [3].

This alternative is still new and further research
is ongoing in order to verify the theories.

2.4. Mineral carbonation

The reaction between a metal oxide bearing
material and CO, is called carbonation and can be
expressed by the following reaction:

MO + CO; & MCO; + heat

where in practice M describes a (metallic) elefpeft
such as calcium, magnesium or iron. TheXgaction
in Equation (2) is exothermic and the eased

is dependent on the metallic @E bearing

0

mineral at hand (for the magnesium- or calcium-
based silicate minerals- olivine: 89 kJ/mol CO,,
serpentine: 64 kJ/mol CO, and wollastonite: 90
kd/mol CO, at 298 K). [2]

One major benefit of CO, sequestration by
mineral carbonation consist of the environmentally
benign and virtually permanent trapping of CO, i K
the form of carbonated minerals by using abund rb
mineral resources such as Mg-silicates [2].@
other CO, sequestration routes it pro a
leakage-free  long-term  sequestrati étion,
without a need for post-storage surv%nce and
monitoring once the CO, has been %ed.

In addition to the be@ of mineral
carbonation, this optiom e only CO,
sequestration  option . le where large
underground reservoir not exist and ocean
storage of CO, is not{feasible.

Another bene ineral carbonation is that,
at least theoreticall¥y/'the carbonation process could
proceed wi energy input, but this has not yet
been acc shed.
pts to speed up the carbonation reaction
ing both dry and wet methods, additives,
g and pressurizing the carbonation reactor,

iding the process into multiple steps,
pretreatment of the mineral source and more
(fig.1).

There are several different elements that can be
carbonated, but alkaline earth metals, calcium and
magnesium, have proven to be the most suitable
due to their abundance and insolubility in nature.

[DIRECT CARBONATION _ % [®as phase —{One step |
C)O [Aqueous [ One step Simple |
TAddiﬁve enhanced Acids |
:&Q
[INDIREQT ®ARBONATION [Gas phase F—{Mutti step |
&‘
\@ [Two step —{pH swing |
;\\'C) {Other solvents ___T--{HCL NaOH efc. __:
K |[OTHER CO, 'ROUTES” Jr[Poc | |
?\ | Erc—
AWL E
| [Staightt_carb._]

Figure 1: Main carbonation processes and variants.
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In addition to the abundant magnesium and
calcium containing minerals, there are also
industrial solid residues that contain large amounts
of Mg, Ca and even Fe.

Currently the most investigated mineral
resources are olivine, serpentine and wollastonite.
From the solid residues, steel slag has recently
received a lot of attention but other industrial
residues also have been studied: ashestos-mining
tailings, electric arc furnace (EAF) dust, cement-
kiln dust, waste concrete, coal fly ash etc.

Figure 1 displays the various carbonation routes
that are currently being investigated.

3. Directions of mineral carbonation

Trapping carbon dioxide in carbonates can be
achieved through various process routes as
described further, ranging from the most basic
accelerated weathering of limestone to advanced
multi-step processes.

3.1. Direct carbonation

Direct carbonation is the simplest approach to

mineral carbonation and the principal approach is \

that a suitable feedstock, e.g. serpentine
Ca/Mg rich solid residue is carbonated in a 3@
process step. For an aqueous process this meefis
that both the extraction of metals the
feedstock and the subsequent reamlth the
dissolved carbon dioxide to form\' ates takes

N\

3.1.1. Direct gas-solid ca@ on

place in the same reactor.

Gas-solid car O?u is a simple approach
towards mineraﬂ& onation. Here particulate
metal oxides a ght into contact with gaseous
CO, at a par r temperature and pressure. The
dry procgsy,has the potential of producing high
temp steam or electricity while converting

td carbonates.
fortunately, the reaction rates of such a
cess have been too slow and the process suffers
om thermodynamic limitations and further
studies around this alternative have mostly been
abandoned.

One of the important benefits of using industrial
solid residues as feedstock for carbonation
compared to the carbonation of mineral ores is the
possibility of utilizing a waste stream. The
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possibility of simultaneously binding CO, and
lowering the hazardous nature of e.g. municipal
solid waste incinerator (MSWI) ash makes this
carbonation route interesting [4]. However, the
potential CO, storage capacity for this option is

limited, simply because the amounts of materia!:ﬁ

that may be carbonated are too small [4].
Nevertheless, where these wastes are q@‘
the carbonation should be taken into consi n
because as shown by R. Santos et al. ring
the carbonation the strength of the s ss steel

slag is increased. This will give an{added value to
herefore the

the carbonated stainless steel
material can be used in y applications.
The sale price of this pro ight increase.

3.1.2. Direct aqueou@c onation

The direct q&s mineral carbonation-route
referring to.Cakljonation preformed in a single step
in an aq olution, appears to be the most
jsh O, mineralization alternative to date
carbonation degrees and acceptable rates
een achieved but the process is (still) too
ensive to be applied on a larger scale [7].
anging from 40-80 €/t CO, mineralized (includes
energy use) compared to 0.4-6 €/t CO, [2] stored
for geological storage.

Direct aqueous mineral carbonation can be
further divided into two subcategories, depending
on the type of solution used. Studies focusing on
carbonation in pure aqueous solutions have quickly
made way for additive-enhanced carbonation
experiments and a common solution type used
today, originally presented by O’Connor et al.
(2000) [8], consists of 0.64 M NaHCO; + 1.00 M
NaCl. However, it has been reported [9] that there
are still improvements to be made regarding the
above mentioned solution.

When it is necessary to use additives in
carbonation processes it is extremely important to
recycle these, due to the large scale of any
industrial application [7].

Work on finding optimal aqueous carbonation
conditions is ongoing and even though it has been
studied extensively, some questions still remain
unanswered. For example increasing the
liquid/solid ratio (L/S) has been reported to have
both a positive and a negative effect on CO,
conversion.

The advances made to aqueous solution
chemistry by McKelvy et al. [9] were significant,
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but unless the (expensive) additives used cannot be
recycled the process route becomes unattractive.
Nevertheless, the studies conducted on direct
aqueous carbonation have improved the overall
knowledge of aqueous carbonation reactions
considerably.

3.2. Indirect carbonation

When the mineral carbonation process is
divided into several steps it is classified as indirect
carbonation. In other words, indirect carbonation
means that the reactive component (usually Mg or
Ca) is first extracted from the feedstock (as oxide
or hydroxide) in one step and then, in another step,
it is reacted with CO, to form the desired
carbonates.

3.2.1. Multistage gas-solid carbonation route

Direct gas-solid carbonation of silicate minerals
has been shown to be too slow for any large scale
implementations, but a staged gas-solid
carbonation process could overcome the slow
reaction kinetics. The process involves extraction
of magnesium (oxide or hydroxide) in an
atmospheric  pressure step followed by
carbonation step at elevated temperature (>500
and pressure (>20 bar) [10].

It has been found that the carbonationof ggb
is significantly slower than the of

carbgrgts
Mg(OH), [11]. Using this observatio ehhoven
et al. [10] suggested (nOting\(e Mg(OH),
production from serpentine in p cannot be
done because of thermodyré}mitaﬁons) that
the direct gas-solid carbg process should be
divided into three-stepshd) MgO production
(Equation 3) in an heric reactor followed by

2) MgO hydrati ation 4) and 3) carbonation
(Equation 5) a ted pressures:

@ Mg38|205(OH)4(S) —
NMgOE) + 2510,6) + 2HO  (3)
.\0
.{\, MgO(s) + H,0 <> Mg(OH)(s)  (4)
Mg(OH)z(S) + COZ —
MgCOs(s) + H0 5)

In addition to the faster carbonation kinetics in
the three-step gas-solid carbonation route
described above, the process is also preferable
from an energy efficiency point of view compared

<&
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to the two step carbonation of MgO [10]. However,
the three-step process is still too slow for large
scale implementation, as preliminary tests
performed in up to 45 bar pressures have shown.

Progress has been made in enhancing the direct
gas-solid reaction rates, primarily by increasing
pressure. Experiments showing that all three-step
in Equations 3-5 are fast enough for industri
implementation are still required.

Dividing the gas-solid carbonation ro
several steps could be beneficial, but
enough evidence yet for industrial viat@

In order to speed up_the Bqueous carbonation
process, the use of acet @ id for the extraction of

calcium from a caldium-rich feedstock has been
suggested by Ka et al. [12]. In principal it

consists of t&t as given in Equations 6 and
7 :

d CaSiO; + 2CH:COOH —

3.2.2. Acetic acid route

Ca® + 2CHCOO™ + H,0 +Si0,  (6)
Ca* + 2CH,CO0™ + CO, + H,0 —
— CaCOs; + 2CH;COOH 7)

Equation 6 describes the extraction step and
Equation 7 the precipitation step. In principal the
acetic acid used in the extraction step could be
recovered in the following precipitation step.

Inspired by the concept of binding CO, in
calcium extracted from a calcium silicate such as
wollastonite using acetic acid [12], Teir et al. [13]
investigated the possibility of producing a high
value PCC material from calcium silicates and
later from other calcium-containing materials [14].

Steelmaking slags then became the centre of
attention as they can contain significant amounts of
both CaO and MgO. Eloneva S. [15] reported that
80-90 % pure calcite was produced from blast
furnace slag using acetic acid. However,
significant amounts of sodium hydroxide were
required for promoting the precipitation of
carbonates from the acidic solution.

Research in Finland has focused on steel slag
carbonation and especially the possibility of
producing valuable precipitated calcium carbonate
(PCC) [14, 15]. The annual CO; binding potential
of steelmaking slags is in the order of 70 — 180 Mt
CO,. Globally the CO, sequestration potential for
this option is small, but for individual steel plants,

!
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however, the method could provide significant
economical benefits.

3.2.3. Two step aqueous carbonation

Two-step aqueous carbonation has been
investigated because the overall carbonation
reaction can easily be divided into two-steps:
extraction and precipitation that may be
investigated and optimized separately.

By upgrading a waste product into a product of
high commercial value, expensive CO,
sequestration processes could become
economically feasible. One such approach has
been investigated by Katsuyama et al. [16] who
studied the wuse of waste cement for the
development of high-purity CaCO; by CO,
carbonization.

Katsuyama et al. [16] studied the feasibility of
producing CaCO; from waste cement by first
extracting calcium from pulverized waste cement
in a water slurry at high CO, pressure (several
MPa), followed by the precipitation of CaCO;
from the extracted solution at lower CO, pressures,
producing high purity CaCO; (up to 98%) from
waste cement at relatively high reaction rates. The ,
estimation of the cost of producing hlgh purlty
CaCO; could be as low as 105 €/m

compared to the commercial price of 154%
€/m>. In addition, if the produced CaCOxgou

purified to meet the requirements of high
purity CaCO; (>99% CaCOs) the p ial’ profits
could increase substantially. Th nt cost of

ultrahigh purity CaCOs is arou €/m®, while
Katsuyama et al. [16] estim&roduction cost
of only 250 €/m°.

Gorset et al.
producing pure

the process con
two precipitati

[17], cribing a way of
from olivine, claims that
f one dissolution step and
ps is rapid enough for large

scale implem on. The process does not require
the u rong mineral or organic acids even
thou dlssolutlon step requires an acidic

ent. The required acidity (pH 3-5) is to
%\leved using pressurized CO, (50-150 bar)
temperature around 100-170 °C, while the
Ilowmg step consisting of MgCO; precipitation,
takes place in another reactor with preferably a
lower CO, pressure (50 — 80 bar) and a higher
temperature (140 250 °C) favoring the
precipitation of carbonates. Experimental results
showed a high degree of purity, between 99.28 and
99.44% MgCOs;, of the precipitated carbonate.
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The pH-swing process developed in Japan is
another two-step aqueous carbonation process
where at first the pH of the solution is lowered
thereby enhancing the extraction of divalent metal
ions. In the second step the pH is raised to enhance
the precipitation of carbonates.

The principal reactions taking place inside th K
extractor b

(Equation 8) and the precipitat
(Equation 9) are: %

ANH,CI + 2Ca0-Si0; — 0
— 2CaCl, + 4NH; + 2H2<m»

(8)
4NH3 + ZCOQ + ZHQO Ig —
— 2CaCO; K 9)

Equation 9, taking @inside the precipitator,
consists of both @;

absorption and CaCOs;
precipitation. In @g tudy, Kodama et al. [18]
C

investigated % sequestration process that
utilizes g using NH,CI. The energy input
r the investigated process using steel
lag’as the mineral source was estimated at
0 kWh/t CO,, but the loss of a chemical
e (NHs) was considerable.
ifferent approaches of a two-step aqueous
carbonation process have been presented. All
options are good in theory, but it remains uncertain
whether or not these processes could lead the way
to any significant scale long-term storage of CO; in
the future. More experiments for large scale
viability are required.

3.3. Other processes of carbon dioxide
sequestration

Beside the process routes mentioned above,
there are other processes and applications that
resemble mineral carbonation and are described in
the following section.

3.3.1. The
production

precipitated calcium carbonate

The production of valuable products (e.g. PCC)
by utilizing CO, was studied extensively. An
example of this concept is Two-step aqueous
carbonation of solid residues. Various methods to
obtain a product of desired properties have been
used and one of the simplest methods is that of
direct aqueous carbonation without the use of
additives.
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3.3.2. Brines used in carbonation

The saline-based solution formed as a waste
product during the oil or natural gas extraction is
called brine and it is found in large quantities in
storage tanks. Due to its large amounts available
and a high concentration of elements fit to form
carbonates (mostly calcium and magnesium) this
brine represents an option for carbon dioxide
storage by a carbonation process. Although this
brine is capable of forming carbonates, its use in a
large scale process is for the moment not
appropriate due to the slow kinetics. If the pH of
the brine is raised the carbonation process is faster,
but unknown factors about the parameters
(temperature, pressure, brine composition and pH)
need to be further studied.

3.3.3. Accelerated weathering of limestone

Another option is carbon dioxide capture and
storage by accelerated weathering of limestone
(AWL). This option imitates the natural carbonate
weathering according to the following reaction:

COz(g) + HZO(I) +CaC03(S) —
— Ca’*(aq) + 2HCO5 (aq)

The product of an AWL plant would \
calcium bicarbonate solution that could readi e

released and diluted into the ocean wit imal
environmental impact [19]. However eare still
many issues to deal with, suc e energy
demand of transporting large of calcium

rial to the AWL
ocated near a CO,

ble disposal site (e.g.
ase (with access to free
limestone, e.g. fines, and a “free” water
source, e.g. @ lant cooling water) the CO,
mltlgatlon co means of AWL could be as low

as 2. ton CO,. Rau et al. [19] suggests that

some % of the United States point-source
sions could be mitigated this way.

pite the potential positive effect of

?i{:carbonate disposal Rau et al [19] concludes that
u

rther research is needed to fully understand the
impacts of AWL effluent disposal in the ocean.

containing (waste or minera
plant that preferably sho
point source as well as a
the ocean). In an fdéa

Some of the most important applications
and techniques for mineral storage of CO, are
described above, yet almost all of these
options need further research before starting a

(10 \
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large scale process. Despite the inconvenience
given by results lacking, all of them should
represent an option when CO, emission
reduction is taken into account.

4. Conclusions

It can be concluded that the carb O
techniques using additives for reactivity\ﬂ'/
es

gave better results than those not using.adgity
and for that, studies were perform i

the
purpose of a better understanding gn the/reactions
complexity regarding the car tion. Despite
some good results the perfor dies have not,

ificant discoveries

for the moment, came wi
i ineral carbonation

regarding the reactivit
process.

For the using additives in
carbonation the st problem represents the
recycling of thgse additives and for the moment no
such br h was reported and if this will

Ilshed maybe method’s that don’t
WI|| be implemented.
es the cost of the process that is for the
nt larger than of those other carbon dioxide
pture and storage methods, the direct aqueous
carbonation seems to be the most promising option
of mineral carbonation. Other studies, however,
show that the dissolution and the precipitation
steps should be separated, even if the costs will be
higher. This separation would take out the need to
balance these reactions that are opposite. So,
taking that into consideration, the indirect aqueous
carbonation is the most attractive option.

Despite the good results on the high purity
precipitated calcium carbonate process, for the
moment, no large scale production was realized. If
this will be accomplished it is expected for the
price of carbonation process to be acceptable even
if is at a higher rate, due to the great value of the
high purity PCC.

Before one or more mineral carbonation
techniques could be implemented on an industrial
scale, much more research should be done and
important improvements of existing options are
needed. Another way for the large scale
carbonation to become reality would be
represented by completely new techniques.
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