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A B S T R A C T

Carbon dioxide (CO2) emissions from industrial processes contribute largely to the greenhouse effect and climate
change. One of these industries is the cement industry, which contributes around 8% of CO2 emissions caused by
mankind. Two promising and interesting ways to reduce CO2 emission are the utilization of alternative ce-
mentitious materials and carbon capture and utilization through CO2 mineralization. In this study, peat-wood fly
ashes from fluidized bed combustion were used as a construction material for mineral carbonation. A self-
hardening characteristic of this type of fly ash was utilized, and simultaneous carbonation and hydration re-
actions were studied. The study showed that fly ashes from the fluidized bed combustion of peat and wood could
be used to capture and mineralize CO2 during hydration reactions. At the same time, CO2 could improve the
strength of self-hardened fly ashes. One interesting future possibility is fly ash tile production at energy plants:
fly ashes can be used to capture CO2 from flue gases, thus improving the strength of produced tiles.

1. Introduction

Carbon dioxide (CO2) emissions from industrial processes, such as
steel and cement manufacturing and power plants, contribute sig-
nificantly to the greenhouse effect [1]. Nowadays, CO2 emissions of the
Portland cement industry account for 8% of all CO2 emissions produced
by mankind, and cement consumption is estimated to increase [2], thus
setting the cement industry under high pressure to lower its emissions.
On the other hand, significant quantities of industrial byproducts are
disposed of in landfills, causing high disposal costs and high space
demand. Therefore, researchers throughout the world are searching for
alternatives to cement among waste materials, as the use of waste
materials as a substitute for primary Portland cement contributes to
lower CO2 emission and saves on primary materials and land space.
Blast furnace slag, pulverized coal combustion fly ash, and silica fume
are the established alternative cementitious materials used to partially
replace cement. Non-cement binders [3], geopolymers or alkali-acti-
vated materials [4,5], and different calcium sulfoaluminate cements [6]
have also been increasingly studied.

Aside from using cement replacement materials and other binder
systems, the concentration of carbon dioxide in the atmosphere can be
reduced through carbon capture and storage (CCS) or carbon capture
and utilization (CCU) technologies [1,7]. Mineral carbonation [8] refers
to the conversion of gaseous CO2 into a stable compound together with

inorganic solid material, for example, the conversion of CaO to CaCO3.
Mineral carbonation can be conducted directly from flue gases [9]. This
formation of CaCO3 during cement hydration usually has a positive
effect on construction materials because of the improved hydration of
cement and strength through the filler effect [10–12]. Increasing re-
search has been conducted on the CO2 curing of mortars containing
different solid wastes, such as blast furnace slag [13], steel slag [14],
recycled glass [15], pulverized coal combustion (PCC) fly ash [16], and
sugarcane bagasse ash [17]. For these eco-mortars, CO2 curing has led
to improved product properties.

One interesting and novel construction material for mineral carbo-
nation is biomass fly ash from fluidized bed combustion (FBC).
Traditionally, fly ash is considered to be a glassy particle originating
from pulverized coal combustion at a temperature of up to 1700 °C. FBC
technology is spreading quickly around the world, as it is an efficient
and environmentally friendly method. FBC can also utilize mixtures of
low-grade solid fuels (e.g., coal, lignite, biomass, and waste) that have
fluctuating qualities, compositions, and moisture contents at sig-
nificantly lower combustion temperatures of 700–900 °C. Therefore,
this combustion technology leads to a completely different type of fly
ash compared with PCC: FBC fly ash is irregularly shaped and more
crystalline [18]. Typically biomass FBC fly ash that originates from a
fluidized bed combustion has high CaO and MgO contents and has
special self-hardening or self-cementitious characteristics, which allow
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it to react with water and produce reaction products similar to har-
dened Portland cement [19,20] and to achieve compressive strength up
to 20MPa [21]. Carbon capture through the direct mineral carbonation
of coal FBC fly ashes has been widely studied [22–25], but the com-
bination of FBC fly ash cementitious reactions and mineral carbonation
has not been examined in the literature. Therefore, in this study, the
self-hardening of FBC biomass fly ashes was studied under a CO2 en-
vironment to achieve improved strength. Our suggestion is the possi-
bility of producing fly ash tiles, that is, utilizing fly ashes and flue gases
in energy production plants. Fly ash tiles are produced, and their
properties can be improved through carbonation during hardening re-
actions. At the same time, the CO2 content of flue gases is reduced.
Therefore, in this study, self-hardening paste samples from three peat
and biomass fly ashes having different free CaO contents were pre-
pared. Ambient and CO2 curing conditions at atmospheric pressure
were compared, and the compressive strength, carbon capture, ther-
mogravimetric analysis (TGA), mineral phases, and porosity of the self-
hardening samples were measured.

2. Materials and methods

2.1. Materials

Three FBC fly ashes, namely FA1, FA2, and FA3, originating from
the combustion of peat and wood were used in this study. FA1 and FA2
originated from the same Finnish power plant with a 240MW bubbling
fluidized bed boiler. The fuel composition was 60 % peat and 40 %
wood. A paper mill sludge containing CaCO3 was fed into the boiler
from time to time. The FA1 sample was taken during sludge addition,
and the FA2 sample was taken when sludge was not added. This ex-
plains the higher content of CaO and free CaO in FA1 than in FA2. FA3
originated from a Finnish power plant with a 96MW circulating flui-
dized bed boiler. The fuel composition was 60 % wood and 40 % peat. A
small amount of dolomite was added to the boiler to capture sulfur,
which explains the higher MgO content and lower CaO content in FA3.
All fly ash samples were collected from the first electrostatic pre-
cipitator unit. All fly ashes were ground using a tumbling ball mill to
median particle sizes of 5.2, 5.9, and 8.4 μm for FA1, FA2, and FA3,
respectively. A polycarboxylate-based superplasticizer (SP) (SemFlow
ELE 20, Semtu) was used to reduce the amount of water. De-ionized
water was used in the preparation of fly ash pastes.

2.2. Methods

2.2.1. Characterization of materials
The particle size distribution of the fly ash samples was measured

with the laser diffraction technique (Beckman Coulter LS 13320) using
the Fraunhofer model and wet procedure (in isopropanol) reported as a
volumetric median size (d50). The main chemical components of fly ash
were determined by the Omnian Pananalytics Axiosmax 4 kV X-ray
fluorescence from a melt-fused tablet. The melt-fused tablet was pro-
duced from 1.5 g of ash melted at 1150 °C with 7.5 g of X-ray Flux Type
66:34 (66 % Li2B4O7 and 34 % LiBO2). The free CaO content was de-
termined using the methodology described in SFS-EN 451-1:2004. Free
CaO describes the dissolved amount of CaO in a specified mixture of
butanoic acid, 3-oxo-ethyl ester, and butan-2-ol during 3 h of boiling
time.

2.2.2. Mixed design of the self-hardening samples
The mix design of fly ash pastes was based on pre-experiments, in

which the objective was to find as low as possible water-to-ash ratio
that still enables the compaction of pastes into molds. A reasonable
amount of SP was added to the pastes to decrease the water require-
ment to the minimum. The pre-experiments revealed that it was im-
possible to use the same water-to-ash ratio in every sample because the
water requirement of the studied ashes varied greatly. For example, the

water-to-ash ratio that was too high for FA3 (segregation of water and
ash occurred) was still too low for FA1 (very dry mixture without any
fluidity). The compositions of the fly ash pastes are presented in
Table 2.

2.2.3. Preparation of the self-hardening samples
The mixing of the fly ash pastes was conducted using a mortar mixer

described in the standard EN 196-1. All ingredients were added to a
mixing bowl and then mixed for 4m in. 1min in slow speed and 3min
in high speed. Immediately after mixing, the pastes were cast in pris-
matic molds (20mm×20mm×80mm), jolted 60 times, and then
covered with plastic film.

2.2.4. Curing of the samples
The curing of the fly ash pastes was performed in two periods. In the

first curing period, the ash pastes were cured for three days in their
molds covered in plastic at a temperature of 22 °C ± 2 °C. After this
initial curing period, the samples were removed from the molds and
placed in a climate chamber (temperature: 22 °C ± 2 °C, relative hu-
midity: 60 %) without plastic wrapping. In this second curing period,
the samples were kept in the climate chamber for 1, 3, and 14 days and
CO2 was fed in to the climate chamber (10 % CO2 concentration).
Reference samples were prepared in similar way, but CO2 was not in-
jected to climate chamber during the second curing period. Sample
names were composed of three parts: fly ash paste code, reference or
CO2 exposure, and length of the second curing period (FA1 ref. 1d, FA1
CO2 1d, etc.).

2.2.5. Mass change
The mass of the hardened fly ash paste prisms was measured after

the first and second curing periods. The percentage change was then
calculated.

2.2.6. Mechanical strength
The three-point flexural strength of the hardened fly ash paste

prisms was measured using a material testing machine (Zwick-Roell
100 kN). The load force was increased at a rate of 0.05 kN/s. Two
prisms per sample were tested, and the average corresponding force
from the maximum load was recorded. The unconfined compressive
strength of the hardened fly ash pastes was measured using broken
halves obtained from the flexural strength measurements. The load
force was increased at a rate of 2.4 kN/s. Four halves per sample were
tested, and the average corresponding force from the maximum load
was recorded.

2.2.7. Thermogravimetric analysis
Differential thermogravimetric analysis (TGA/DTG) was performed

using an automatic drying and ashing system (prepASH, Precisa
Gravimetrics AG). The samples were heated from room temperature to
990 °C at a rate of 3 °C/min in an inert nitrogen atmosphere. The TGA
samples were obtained from the remaining crushed fly ash paste sam-
ples. A total of 500mg of crushed sample was ground in an agate
mortar and dried in an oven at 40 °C before the TGA analysis.

2.2.8. X-ray diffraction (XRD) analysis
A diffractometer (SmartLab, Rigaku) was used for the identification

of crystalline phases from the hardened fly ash pastes. A quantitative
analysis was performed using 20 % of TiO2 (rutile), which served as an
internal standard for Rietveld refinement. Rietveld refinement was
performed using the software of the device. The step width, scan speed,
angle interval, and radiation used were 0.02°, 4.1°/min, 5–130°, and Cu
K-Beta, respectively. Before the XRD analysis, the crushed samples were
ground in mortar and dried in an oven at 40 °C.

2.2.9. Porosity
The nitrogen adsorption/desorption measurement for the dried
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samples (1.5 g) was performed on a micrometrics ASAP 2020 device to
determine the surface area and pore volumes of the self-hardening
samples (cured three days in the climate chamber). Before the mea-
surements, the cured sample prisms were cut to approximately
1 cm×1 cm×1 cm cubes. These cubes were immersed twice in
ethanol for 24 h to stop the hydration. After the ethanol treatment, the
samples were dried in an oven at 40 °C to remove the solvent. Finally,
small fragments (largest dimension:< 8mm) were cleaved from the
dried cubes and then used in the measurements. The samples were de-
gassed according to the standard procedure of the nitrogen adsorption
technique, which is a vacuum process at 60 °C for 24 h. The pore size
distribution, and cumulative pore volume calculated by the Barrett-
Joyner-Halenda (BJH) method, and surface area calculated by the
Brunauer-Emmett-Teller (BET) method were obtained from the ad-
sorption isotherms.

3. Results and discussion

3.1. Mass change during curing

The mass of all self-hardening samples decreased during the curing
in the climate chamber because of the evaporation of excess water
(Fig. 1). The decrease in mass was fast after the samples were removed
from the molds and plastic wrapping, but after three days of curing in
the climate chamber, most of the water had evaporated. The mass of the
samples that were exposed to CO2 decreased less because they adsorbed
significantly more CO2 than the samples cured in ambient atmosphere.
FA1 showed the highest drop in mass because this paste had the highest
water-to-fly ash ratio (0.6). The difference between the samples cured
in ambient atmosphere and those in CO2-rich atmosphere was the
highest in the case of FA1, indicating that CO2 adsorption was the
highest in the pastes made from FA1. The FA1 reference sample in-
creased its mass in 3–14 days, suggesting that carbonation in this paste
also occurred in normal atmosphere. The mass decrease in FA2 was
significantly lower than that in FA1 probably because of the lower
water-to-fly ash ratio (0.4). However, it is also likely that the hydration
products of FA2 consumed significant amounts of water, leaving less
free water to evaporate. FA2 had the lowest difference between the
masses of samples exposed to ambient atmosphere and those exposed to
a CO2-rich atmosphere, suggesting that CO2 adsorption was the lowest
in this fly ash paste. The mass decrease in FA3 was approximately at the
same level as that in FA2. FA3 also showed a significant difference in
the mass of the samples cured in a CO2-rich atmosphere compared with
those cured in normal atmosphere, again suggesting that a significant
amount of CO2 was adsorbed in the CO2-rich atmosphere.

3.2. TGA/DTG analysis

The TGA/DTG analysis was used to identify the hydration products
and to detect the carbonates. If the sample contained carbonates
(CaCO3, MgCO3, etc.), decarbonization could be seen as a decrease at
500–850 °C on the DTG curves [26]. A clear increase in the amount of
carbonates was observed in FA1 cured in a CO2 environment: the
decarbonization peak at 500–850 °C was deeper than the reference
(Fig. 2). However, the peak for decarbonization during the TGA ana-
lysis for the FA1 reference samples increased in 3–14 days, suggesting
that carbonation in this FA1 paste also occurred in normal atmosphere
due to its high free CaO content (20 %, see Table 1). These results are in
accordance with the mass change analysis for cured beams. In addition,
FA2 cured in a CO2 environment showed evident decarbonization
compared with the reference. The carbonation degree of FA3 cured in a
CO2 environment was only slightly higher than the reference. The re-
sults are consistent with the free CaO content of the original fly ashes
(Table 1): the higher the free CaO content, the higher the carbonation
degree. Note that the original fly ashes were also carbonated to some
extent, even if they were stored in air-tight containers. Therefore, their
carbonation degree in a CO2 environment should always be compared
with the reference samples and not with zero, which would mean that
fly ashes do not contain carbonates at all.

Aside from carbonates, the TGA/DTG analysis gave more informa-
tion about the reaction products and supported the XRD data. The first
peak at 100 °C was attributed to ettringite (AFt,
Ca6Al2(SO4)3(OH)12·26H2O), calcium-silicate hydrate (CSH), or cal-
cium-aluminate hydrate (CAH) (see [27] for cement notation), which
are all possible hydration products of FBC fly ash [19,20]. A clear dif-
ference between the CO2 and ambient environments was seen at 100 °C
for all fly ash samples: the peak was deeper for all samples in the am-
bient environment. This result indicates that CO2 curing prevented AFt,
CSH, and CAH production or caused their phase transition.

The third clear peaks at 350–450 °C, which referred to brucite (Mg
(OH)2) at 350 °C and portlandite (Ca(OH)2) at 450 °C [28]. FA1 cured in
ambient environment showed the deepest peak at 450 °C because of its
highest free CaO content. However, CO2 curing decreased the amount
of Ca(OH)2 because of the carbonation reaction. The same was not
observed in FA2. FA3 showed peaks at 350–500 °C, which referred to
brucite in ambient curing and hydrotalcite (Mg6Al2(OH)16CO3·4H2O) in
a CO2 environment [29]. Owing to the dolomite additions to the boiler,
FA3 contained more Mg phases than FA1 and FA2 (around 6% more,
Table 1).

Fig. 1. Mass change in the climate chamber.
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3.3. XRD analysis

XRD analysis with an internal standard (rutile) was used to identify
and quantify the crystalline hydration products. Carbonation had a
clear effect on the phase composition of hydrated fly ash. These dif-
ferences were most clearly visible when carbonated and non-carbo-
nated samples were compared after one-day curing in the climate
chamber (Fig. 3). For samples cured 3 and 14 d in the environmental
chamber, natural carbonation occurred, and the difference between
samples was small (Fig. 2). Curing the samples in the CO2-rich atmo-
sphere clearly had increased intensities of calcium carbonate peaks and
decreased intensities of ettringite and portlandite peaks. This result
indicates that during carbonation, portlandite reacted to calcium car-
bonate. The lower amount of ettringite was due to the less Ca available
to form ettringite. Carbonation also decreased the pH of the hydrated
fly ash samples, resulting in the decomposition of ettringite. The XRD
results suggest that in FA1 and FA2, the decomposition of ettringite led
to the formation of gypsum (Fig. 3a and b). Similar observations have
been made in other studies [30]. The XRD results showed evidence that
hydrocalumite (also known as Friedel’s salt) was present in FA1 and
FA2. Apparently, hydrocalumite also decomposes as a result of carbo-
nation, as also suggested in [31].

The selected individual peaks of ettringite, portlandite, and calcium
carbonate in different non-carbonated hydrated fly ash samples at dif-
ferent curing times are shown in Fig. 4. The intensity of the calcium

carbonate peak grew in each sample with increasing curing time, while
the intensities of ettringite and portlandite peaks decreased. This sug-
gests that carbonation and the decomposition of ettringite occurred at a
fast rate even in a normal atmosphere. FA1 showed the highest por-
tlandite peak. In FA2, the intensity of the portlandite peak was sig-
nificantly lower but still visible; in FA3, the portlandite peak was barely
visible. In the FA3 samples, the amount of ettringite was significantly
lower than that in FA1 and FA2, and after 14 days of curing in the
normal atmosphere, the ettringite peak disappeared completely.

The ettringite, portlandite, and calcium carbonate peaks of the
different carbonated hydrated fly ash samples suggest that carbonation
occurred fast in a CO2-rich atmosphere, as FA1 was the only sample in
which the intensity of carbonate peak continued to increase after one-
day exposure to CO2 (Fig. 5). In the FA2 and FA3 samples, ettringite
and portlandite disappeared after one day, and no significant growth
was found in the carbonate peak. This result suggests that in FA2 and
FA3, less than 24 h of exposure to a CO2-rich atmosphere was required
for complete carbonation. The self-hardened samples containing FA1
required a slightly longer exposure for full carbonation because of their
higher amount of portlandite. In the samples exposed to a CO2-rich
atmosphere for 14 days, the size of the carbonate peak correlated with
the free CaO content. Surely, aside from ettringite, portlandite, and
calcium carbonate, carbonation also caused other changes in phase
composition in t FA1 and FA2 that could have affected the properties of
the hydrated fly ash samples.

3.4. Strength properties of the self-hardening samples

The compressive strength of all self-hardening samples increased as
the curing time increased up to 4.5, 16.5, and 4MPa for FA1, FA2, and
FA3, respectively (Fig. 6). Carbonation increased the compressive
strength of FA1 and FA3 but had a negative effect on the compressive
strength of FA2. Carbonation clearly increased the compressive strength
of FA1 after 3 and 14 days of curing in a climate chamber. Apparently,
the conversion of Ca(OH)2 into CaCO3 in a CO2-rich atmosphere caused
the densification of the sample and was able to offset the effect of the
decomposition of ettringite, leading to higher compressive strength.
FA1 had the highest free CaO content (20 %) and the highest water-to-
fly ash ratio (0.6). The rapid hydration of free CaO started during
mixing, and the process consumed much water, thus causing a fast
setting of the fly ash paste. For this reason, the compaction of fly ash
paste into molds was difficult, resulting in visible air voids in the har-
dened samples, which could have negatively affected the overall com-
pressive strength of FA1.

FA2 had the highest compressive strength, which was probably due
to the combination of suitable chemical characteristics and the rela-
tively low water-to-fly ash ratio (0.4). Mass change during the curing
and in the TGA and XRD analyses showed that FA2 adsorbed some
amount of CO2. However, in curing in a CO2-rich atmosphere, the
samples had a lower compressive strength after 3 and 14 days of curing
compared with those cured in a normal atmosphere. The carbonation of

Fig. 2. TGA/DTG results for the self-hardening fly ash samples a) FA1, b) FA2, and c) FA3.

Table 1
Chemical composition of the studied fly ashes.

wt% FA1 FA2 FA3

CaO 41.6 29.2 16.1
SiO2 24.9 27.6 48.6
Al2O3 8.9 10.8 10.1
Fe2O3 11.3 16.7 8.1
Na2O 1.3 1.5 2.1
K2O 1.2 1.5 2.5
MgO 2.3 2.6 8.4
P2O5 2.2 4.0 1.1
TiO2 0.3 0.3 0.3
SO3 4.3 4.4 1.4
Cl 0.2 0.2 0.1
Free CaO, i.e. quicklime 20.0 9.0 3.6
Loss on ignition 950 °C 1.5 0.1 3.2

Table 2
Composition of fly ash pastes.

Fly ash paste FA1 FA2 FA3

Fly ash (g) 540.0 600.0 700.0
Water (g) 324.1 240.0 210.0
Superplasticizer (g) 5.52 6.02 3.01
Water/Fly ash 0.60 0.40 0.30
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hydrated fly ash led to the decomposition of ettringite, which could be
one reason for the decreased compressive strength: the lower the
amount of reaction products, the lower the obtained strength. Ettringite
is considered one of the most important phases in the self-cementitious
properties of these types of fly ashes [20]. According to the XRD results
(Fig. 5), ettringite was not present in the samples exposed to a CO2-rich
atmosphere. Thus, ettringite was not the only strength-producing phase
in FA2, as these samples still had relatively high compressive strength.

The compressive strength of the FA3 samples was approximately at
the same level as that of FA1. Although the free CaO content was re-
latively low in FA3, it was still able to adsorb some CO2, which seemed
to have a positive effect on its compressive strength. Note that FA3 also
contained MgO (8.3 %) and at least part of it could have been in the
form of free MgO. In the presence of water, free MgO reacts to Mg
(OH)2, which then reacts to CO2 and forms MgCO3. However, MgO and
MgCO3 were not detected in the XRD analysis. The overall compressive
strength of FA3 was lower than expected, as FA3 had the lowest water-
to-fly ash ratio (0.3). Apparently, the chemical composition of FA3 was
not favorable to the formation of binding phases in the mixed design
and did not have hydration agents. Nevertheless, the amount of formed

ettringite was low due to the low SO3 content (1.4 %) of FA3. However,
as stated earlier, some other reaction products could have contributed
to the compressive strength, and even a small amount of hydration and
carbonation products could have produced a modest compressive
strength in densely packed FA3-containing systems. The obtained re-
sults are consistent with those of other researchers: CO2 curing gen-
erally led to the improved compressive strength of construction mate-
rials [10,11]. However, opposing results, as for FA2 in this study, have
been obtained in the literature. Kumar et al. [17] obtained 80 %
compressive strength after CO2 curing compared with water curing.

3.5. BET surface area and pore size distribution

The comparison of pore size (diameter) distributions between the
self-hardened samples kept three days in a CO2 curing chamber and the
reference samples is presented in Fig. 7. Porosity was determined by
nitrogen adsorption using the BJH method, which could analyze pore
sizes of 2–370 nm. Carbonation significantly increased the incremental
volume (Fig. 7a) and amount (Fig. 7b) of small pores (< 20 nm) but
decreased the amount of large pores (20–200 nm) for the FA1 and FA2

Fig. 3. XRD results for the self-hardening samples after one-day curing in the climate chamber.

Fig. 4. Selected peaks of ettringite (E), portlandite (P), and calcium carbonate (C) of the self-hardening samples cured in a normal atmosphere.
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samples. For FA3, both small and large pores increased. The increase in
pore volume was most probably due to the filling effect of carbonate
particles: large pores were filled with CaCO3, and they were considered
in this analysis method as an increase in pore volume. This seems to be
a specific property of FBC fly ashes from biomass combustion. When
this type of fly ash was used in cement replacement, the porosity of
mortar, including large pores greater than 370 nm, was found to in-
crease [32]. Conversely, CO2 curing was found to decrease porosity in
[12].

Fig. 8 presents the effect of carbonation on the BET surface areas of
the self-hardened fly ash samples. The studied samples were kept three
days in a carbonation chamber. Interestingly, carbonation increased the
BET surface area for all three fly ashes by 57 %, 40 %, and 48 % for
FA1, FA2, and FA3, respectively. The large surface area of the speci-
mens was related to the pore size, and carbonation resulted in the
formation of smaller pore sizes (Fig. 7) because of the CaCO3 and
possibly other carbonates in the large pores. Moreover, the phase
transformations of ettringite and other compounds in a CO2-rich en-
vironment could increase the pore volume, as air voids formation is
possible when ettringite crystals disintegrate.

3.6. Economic and environmental aspects

Biomass fly ashes from FBC contain variable amounts of CaO,
usually over 10 % and even 42 %, similar to FA1 in this study. This
characteristic makes them a potential material for CO2 sequestration.
Theoretically, 1 ton of fly ash containing 42 % CaO could sequester
330 kg of CO2. This means that to sequester 1 ton of CO2, only 3 tons of
this type of high CaO fly ash is needed if the carbonation efficiency is
100 %. This is naturally more moderate in real applications and for fly
ashes having a lower CaO content. Montes-Hernandez et al. [22] found
that 1 ton of PCC fly ash with 4.1 % of CaO could sequester up to 26 kg
of CO2 into stable CaCO3, that is, 38.2 ton of fly ash per ton of CO2

sequestered. Also Mazzella et al. [23] and Tamilselvi et al. [24] re-
ported a significant amount of sequestered CO2 by coal fly ash. With our
experimental protocol, around 150 kg of CO2 per ton of FA1 could be
successfully sequestered during fly ash self-hardening reactions (cal-
culated from TGA/DTG data, see Fig. 2). In other words, 6.7 tons of fly
ash per ton of CO2 could be sequestered. It is notable that at the same
time construction product to earth construction for instance, with
compressive strength of 7MPa could be achieved, and landfilling of this
ash would no longer be required.

Half a million tons of FBC fly ashes are generated annually in
Finland, several million tons in Europe, 14 million tons in the United

Fig. 5. Selected peaks of ettringite (E), portlandite (P), and calcium carbonate (C) of the self-hardening samples cured in a CO2-rich atmosphere.

Fig. 6. Compressive strength of the self-hardening samples: a) FA1, b) FA2, and c) FA3.
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States [33], and over 50 million tons in China [34]. Therefore, there is a
huge potential to utilize these ashes in CCU and as construction mate-
rials. Construction and energy industries can reduce their costs because
of European emission trading, which is currently priced at 25 €/tCO2.
Through carbon sequestration, millions of euros from emission trading
could be saved in Europe. Investment costs for carbon curing are of
course another issue. However, emission prices are expected to increase
due to actions that prevent global climate warming. In this study, we
used normal pressure and room temperature, which made the im-
plementation as inexpensive as possible. One interesting possibility is
fly ash tile production at energy plants, as fly ashes can be used to
capture CO2 from flue gases, thus improving the strength of produced
tiles.

4. Conclusions

This study aimed to understand the simultaneous self-hardening and
carbonation reactions of FBC wood-peat fly ashes. Three different FBC
fly ashes with variable CaO contents were studied, and ambient and
CO2 curing conditions at atmospheric pressure and room temperature
were compared. The results showed that FBC fly ashes of peat and wood
could be used to capture and mineralize CO2 during self-hardening
reactions. CO2 curing could also improve the strength of self-hardened
fly ashes by up to 75 %. Improved strength was obtained for two fly
ashes (FA1 and FA3), but strength decreased for one fly ash sample
(FA2), probably because of the reduced ettringite formation. Around
150 kg of CO2 per ton of high CaO FA1 were successfully sequestered
during fly ash self-hardening reactions, that is, 6.7 tons of fly ash per
ton of CO2 sequestered. At the same time construction products, for
instance to earth construction, with compressive strength of 7MPa
could be achieved. The obtained results are promising for improving

the utilization of these often landfilled fly ashes and the simultaneous
CO2 capture.

CRediT authorship contribution statement

Katja Ohenoja: Methodology, Project administration,
Visualization, Writing - original draft. Jouni Rissanen: Investigation,
Visualization, Validation. Paivo Kinnunen: Conceptualization,
Methodology, Writing - review & editing. Mirja Illikainen:
Conceptualization, Funding acquisition, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This work was conducted under the auspices of the ARCTIC-eco-
crete project, which is supported by the Interreg Nord EU program and
the Regional Council of Lapland. We would like to thank Mr. Jarno
Karvonen, Ms. Riikka Haataja, Mr. Marcin Spencer, and Ms. Kaisu
Ainassaari for their contributions to the laboratory work.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jcou.2020.101203.

References

[1] T. Wilberforce, A. Baroutaji, B. Soudan, A.H. Al-Alami, A.G. Olabi, Outlook of
carbon capture technology and challenges, Sci. Total Environ. 657 (2019) 56–72,
https://doi.org/10.1016/j.scitotenv.2018.11.424.

[2] M. Schneider, M. Romer, M. Tschudin, H. Bolio, Sustainable cement pro-
duction—present and future, Cem. Concr. Res. 41 (2011) 642–650, https://doi.org/
10.1016/j.cemconres.2011.03.019.

[3] M.S. Kim, Y. Jun, C. Lee, J.E. Oh, Use of CaO as an activator for producing a price-
competitive non-cement structural binder using ground granulated blast furnace
slag, Cem. Concr. Res. 54 (2013) 208–214, https://doi.org/10.1016/j.cemconres.
2013.09.011.

[4] J. Davidovits, Geopolymers, J. Therm. Anal. 37 (1991) 1633–1656, https://doi.org/
10.1007/BF01912193.

[5] P. Duxson, A. Fernández-Jiménez, J.L. Provis, G.C. Lukey, A. Palomo, J.S.J. van
Deventer, Geopolymer technology: the current state of the art, J. Mater. Sci. 42
(2007) 2917–2933, https://doi.org/10.1007/s10853-006-0637-z.

[6] E. Gartner, Industrially interesting approaches to “low-CO2” cements, Cem. Concr.
Res. 34 (2004) 1489–1498, https://doi.org/10.1016/j.cemconres.2004.01.021.

[7] R.M. Cuéllar-Franca, A. Azapagic, Carbon capture, storage and utilisation tech-
nologies: a critical analysis and comparison of their life cycle environmental

Fig. 7. a) Pore size distribution (determined by the BJH analysis of nitrogen adsorption isotherms) and b) cumulative pore volume (by BJH adsorption) of the
carbonated and reference self-hardening samples.

Fig. 8. The BET surface areas of the self-hardened samples kept three days in a
curing chamber (CO2-rich and ambient).

K. Ohenoja, et al. Journal of CO₂ Utilization 40 (2020) 101203

7

https://doi.org/10.1016/j.jcou.2020.101203
https://doi.org/10.1016/j.scitotenv.2018.11.424
https://doi.org/10.1016/j.cemconres.2011.03.019
https://doi.org/10.1016/j.cemconres.2011.03.019
https://doi.org/10.1016/j.cemconres.2013.09.011
https://doi.org/10.1016/j.cemconres.2013.09.011
https://doi.org/10.1007/BF01912193
https://doi.org/10.1007/BF01912193
https://doi.org/10.1007/s10853-006-0637-z
https://doi.org/10.1016/j.cemconres.2004.01.021


impacts, J. CO2 Util. 9 (2015) 82–102, https://doi.org/10.1016/j.jcou.2014.12.
001.

[8] A.A. Olajire, A review of mineral carbonation technology in sequestration of CO2, J.
Pet. Sci. Eng. 109 (2013) 364–392, https://doi.org/10.1016/j.petrol.2013.03.013.

[9] M. Radosz, X. Hu, K. Krutkramelis, Y. Shen, Flue-gas carbon capture on carbonac-
eous sorbents: toward a low-cost multifunctional carbon filter for “green” energy
producers, Ind. Eng. Chem. Res. 47 (2008) 3783–3794, https://doi.org/10.1021/
ie0707974.

[10] E.-J. Moon, Y.C. Choi, Carbon dioxide fixation via accelerated carbonation of ce-
ment-based materials: potential for construction materials applications, Constr.
Build. Mater. 199 (2019) 676–687, https://doi.org/10.1016/j.conbuildmat.2018.
12.078.

[11] Y. Meng, T.-C. Ling, K.H. Mo, W. Tian, Enhancement of high temperature perfor-
mance of cement blocks via CO2 curing, Sci. Total Environ. 671 (2019) 827–837,
https://doi.org/10.1016/j.scitotenv.2019.03.411.

[12] B. Lu, C. Shi, G. Hou, Strength and microstructure of CO2 cured low-calcium clinker,
Constr. Build. Mater. 188 (2018) 417–423, https://doi.org/10.1016/j.conbuildmat.
2018.08.134.

[13] M.Á. Sanjuán, E. Estévez, C. Argiz, Carbon dioxide absorption by blast-furnace slag
mortars in function of the curing intensity, Energies 12 (2019) 2346, https://doi.
org/10.3390/en12122346.

[14] L. Mo, F. Zhang, M. Deng, F. Jin, A. Al-Tabbaa, A. Wang, Accelerated carbonation
and performance of concrete made with steel slag as binding materials and ag-
gregates, Cem. Concr. Compos. 83 (2017) 138–145, https://doi.org/10.1016/j.
cemconcomp.2017.07.018.

[15] M.-Z. Guo, Z. Tu, C.S. Poon, C. Shi, Improvement of properties of architectural
mortars prepared with 100% recycled glass by CO2 curing, Constr. Build. Mater.
179 (2018) 138–150, https://doi.org/10.1016/j.conbuildmat.2018.05.188.

[16] M. Mastali, Z. Abdollahnejad, F. Pacheco-Torgal, Carbon dioxide sequestration of
fly ash alkaline-based mortars containing recycled aggregates and reinforced by
hemp fibres, Constr. Build. Mater. 160 (2018) 48–56, https://doi.org/10.1016/j.
conbuildmat.2017.11.044.

[17] T.S. Kumar, An experimental investigation on SCBA ternary blended concrete by
carbon dioxide curing, Int. J. Eng. Adv. Technol. 8 (2019) 6.

[18] K. Ohenoja, J. Pesonen, J. Yliniemi, M. Illikainen, Utilization of fly ashes from
fluidized bed combustion: a review, Sustainability 12 (2020) 2988, https://doi.org/
10.3390/su12072988.

[19] K. Ohenoja, P. Tanskanen, V. Wigren, P. Kinnunen, M. Körkkö, O. Peltosaari,
J. Österbacka, M. Illikainen, Self-hardening of fly ashes from a bubbling fluidized
bed combustion of peat, forest industry residuals, and wastes, Fuel 165 (2016)
440–446, https://doi.org/10.1016/j.fuel.2015.10.093.

[20] M. Illikainen, P. Tanskanen, P. Kinnunen, M. Körkkö, O. Peltosaari, V. Wigren,
J. Österbacka, B. Talling, J. Niinimäki, Reactivity and self-hardening of fly ash from
the fluidized bed combustion of wood and peat, Fuel 135 (2014) 69–75, https://doi.
org/10.1016/j.fuel.2014.06.029.

[21] K. Ohenoja, P. Tanskanen, O. Peltosaari, V. Wigren, J. Österbacka, M. Illikainen,
Effect of particle size distribution on the self-hardening property of biomass-peat fly
ash from a bubbling fluidized bed combustion, Fuel Process. Technol. 148 (2016)
60–66, https://doi.org/10.1016/j.fuproc.2016.02.023.

[22] G. Montes-Hernandez, R. Pérez-López, F. Renard, J.M. Nieto, L. Charlet, Mineral
sequestration of CO2 by aqueous carbonation of coal combustion fly-ash, J. Hazard.
Mater. 161 (2009) 1347–1354, https://doi.org/10.1016/j.jhazmat.2008.04.104.

[23] A. Mazzella, M. Errico, D. Spiga, CO2uptake capacity of coal fly ash: Influence of
pressure and temperature on direct gas-solid carbonation, J. Environ. Chem. Eng. 4
(2016) 4120–4128, https://doi.org/10.1016/j.jece.2016.09.020.

[24] R.R. Tamilselvi Dananjayan, P. Kandasamy, R. Andimuthu, Direct mineral carbo-
nation of coal fly ash for CO2 sequestration, J. Clean. Prod. 112 (2016) 4173–4182,
https://doi.org/10.1016/j.jclepro.2015.05.145.

[25] A. Patel, P. Basu, B. Acharya, An investigation into partial capture of CO2 released
from a large coal/petcoke fired circulating fluidized bed boiler with limestone in-
jection using its fly and bottom ash, J. Environ. Chem. Eng. 5 (2017) 667–678,
https://doi.org/10.1016/j.jece.2016.12.047.

[26] A. Morandeau, M. Thiéry, P. Dangla, Investigation of the carbonation mechanism of
CH and C-S-H in terms of kinetics, microstructure changes and moisture properties,
Cem. Concr. Res. 56 (2014) 153–170, https://doi.org/10.1016/j.cemconres.2013.
11.015.

[27] H.F.W. Taylor, Cement Chemistry, Thomas Telford, 1997.
[28] X. Zhang, F.P. Glasser, K.L. Scrivener, Reaction kinetics of dolomite and portlandite,

Cem. Concr. Res. 66 (2014) 11–18, https://doi.org/10.1016/j.cemconres.2014.07.
017.

[29] A. Gruskovnjak, B. Lothenbach, F. Winnefeld, B. Münch, R. Figi, S.-C. Ko, M. Adler,
U. Mäder, Quantification of hydration phases in supersulfated cements: review and
new approaches, Adv. Cem. Res. 23 (2011) 265–275, https://doi.org/10.1680/
adcr.2011.23.6.265.

[30] T. Nishikawa, K. Suzuki, S. Ito, K. Sato, T. Takebe, Decomposition of synthesized
ettringite by carbonation, Cem. Concr. Res. 22 (1992) 6–14, https://doi.org/10.

1016/0008-8846(92)90130-N.
[31] A.K. Suryavanshi, R. Narayan Swamy, Stability of Friedel’s salt in carbonated

concrete structural elements, Cem. Concr. Res. 26 (1996) 729–741, https://doi.org/
10.1016/S0008-8846(96)85010-1.

[32] J. Rissanen, C. Giosué, K. Ohenoja, P. Kinnunen, M. Marcellini, M.L. Ruello,
F. Tittarelli, M. Illikainen, The effect of peat and wood fly ash on the porosity of
mortar, Constr. Build. Mater. 223 (2019) 421–430.

[33] M. Zahedi, F. Rajabipour, Fluidized Bed Combustion (FBC) fly ash and its perfor-
mance in concrete, ACI Mater. J. 116 (2019) 163–172, https://doi.org/10.14359/
51716720.

[34] X. Chen, Y. Yan, Y. Liu, Z. Hu, Utilization of circulating fluidized bed fly ash for the
preparation of foam concrete, Constr. Build. Mater. 54 (2014) 137–146, https://doi.
org/10.1016/j.conbuildmat.2013.12.020.

Katja Ohenoja Dr. (Eng.) Katja Ohenoja is senior research
fellow and adjunct professor at University of Oulu. She has
worked with inorganic binders and industrial side streams
(mainly biomass fly ashes) since the beginning of 2014 as a
responsible researcher or project manager. Before that, she
finished her thesis about nanogrinding of industrial mi-
nerals (2011–2014). She is currently co-supervising 6 PhD
students, and has 31 scientific publications with 236 cita-
tions and h-index of 8.

Jouni Rissanen MSc. (Eng.) Jouni Rissanen is finalizing his
doctoral thesis about utilization of biomass fly ash in con-
crete in April 2020. He has 5 publications and 2 personal
research grants.

Paivo Kinnunen PhD Paivo Kinnunen is senior research
fellow at University of Oulu. Paivo graduated from the
University of Michigan with PhD in Applied Physics in
2011. After his graduation he worked in a start-up com-
pany, Life Magnetics, Inc. in Ann Arbor, USA as a co-in-
ventor and lead scientist, and as a postdoctoral researcher
at University of Oulu, before his appointment to the current
position in June 2017. He has 64 scientific publications
with 794 citations and h-index of 15.

Mirja Illikainen Prof. Dr. (Eng.) Mirja Illikainen is head of
the Fibre and particle engineering reserach unit. She has
supervised or co-supervised 12 PhD students, and currently
she is supervising 11 PhD students and 9 postdoctoral re-
searchers. She has several relevant previous activities re-
lated to the topic such as ERA-MIN, H2020, H2020 MS-
COFUND, and MSC-ITN. She has 12 personal grants and
awards, 132 publications and h-index of 17, and 2 patents
utilized by industrial partners.

K. Ohenoja, et al. Journal of CO₂ Utilization 40 (2020) 101203

8

https://doi.org/10.1016/j.jcou.2014.12.001
https://doi.org/10.1016/j.jcou.2014.12.001
https://doi.org/10.1016/j.petrol.2013.03.013
https://doi.org/10.1021/ie0707974
https://doi.org/10.1021/ie0707974
https://doi.org/10.1016/j.conbuildmat.2018.12.078
https://doi.org/10.1016/j.conbuildmat.2018.12.078
https://doi.org/10.1016/j.scitotenv.2019.03.411
https://doi.org/10.1016/j.conbuildmat.2018.08.134
https://doi.org/10.1016/j.conbuildmat.2018.08.134
https://doi.org/10.3390/en12122346
https://doi.org/10.3390/en12122346
https://doi.org/10.1016/j.cemconcomp.2017.07.018
https://doi.org/10.1016/j.cemconcomp.2017.07.018
https://doi.org/10.1016/j.conbuildmat.2018.05.188
https://doi.org/10.1016/j.conbuildmat.2017.11.044
https://doi.org/10.1016/j.conbuildmat.2017.11.044
http://refhub.elsevier.com/S2212-9820(20)30283-3/sbref0085
http://refhub.elsevier.com/S2212-9820(20)30283-3/sbref0085
https://doi.org/10.3390/su12072988
https://doi.org/10.3390/su12072988
https://doi.org/10.1016/j.fuel.2015.10.093
https://doi.org/10.1016/j.fuel.2014.06.029
https://doi.org/10.1016/j.fuel.2014.06.029
https://doi.org/10.1016/j.fuproc.2016.02.023
https://doi.org/10.1016/j.jhazmat.2008.04.104
https://doi.org/10.1016/j.jece.2016.09.020
https://doi.org/10.1016/j.jclepro.2015.05.145
https://doi.org/10.1016/j.jece.2016.12.047
https://doi.org/10.1016/j.cemconres.2013.11.015
https://doi.org/10.1016/j.cemconres.2013.11.015
http://refhub.elsevier.com/S2212-9820(20)30283-3/sbref0135
https://doi.org/10.1016/j.cemconres.2014.07.017
https://doi.org/10.1016/j.cemconres.2014.07.017
https://doi.org/10.1680/adcr.2011.23.6.265
https://doi.org/10.1680/adcr.2011.23.6.265
https://doi.org/10.1016/0008-8846(92)90130-N
https://doi.org/10.1016/0008-8846(92)90130-N
https://doi.org/10.1016/S0008-8846(96)85010-1
https://doi.org/10.1016/S0008-8846(96)85010-1
http://refhub.elsevier.com/S2212-9820(20)30283-3/sbref0160
http://refhub.elsevier.com/S2212-9820(20)30283-3/sbref0160
http://refhub.elsevier.com/S2212-9820(20)30283-3/sbref0160
https://doi.org/10.14359/51716720
https://doi.org/10.14359/51716720
https://doi.org/10.1016/j.conbuildmat.2013.12.020
https://doi.org/10.1016/j.conbuildmat.2013.12.020

	Direct carbonation of peat-wood fly ash for carbon capture and utilization in construction application
	Introduction
	Materials and methods
	Materials
	Methods
	Characterization of materials
	Mixed design of the self-hardening samples
	Preparation of the self-hardening samples
	Curing of the samples
	Mass change
	Mechanical strength
	Thermogravimetric analysis
	X-ray diffraction (XRD) analysis
	Porosity


	Results and discussion
	Mass change during curing
	TGA/DTG analysis
	XRD analysis
	Strength properties of the self-hardening samples
	BET surface area and pore size distribution
	Economic and environmental aspects

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary data
	References




