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A B S T R A C T

Industrial alkaline side streams are attractive candidates for carbon capture via carbonation. Slags from steel 
manufacturing and dregs from the pulp and paper sector are abundant at industrial sites, offering the potential to 
offset the carbon dioxide emissions of these sectors. For this process to be techno-economically feasible it is 
crucial to minimize the energy expense while maximizing the carbonation efficiency. In this work, we studied the 
carbonation capacity of direct reduced iron slag, ladle furnace slag, electric arc furnace slag and green liquor 
dregs. Direct aqueous carbonation was conducted with a liquid to solid ratio of 20 L/kg and a gas mixture with 
15% carbon dioxide and 85% nitrogen. The impact of three operating parameters was investigated: temperature, 
particle size and stirring of the mixtures prior to carbonation. It was found that for all the materials higher 
temperature significantly decreased the carbon dioxide uptake, due to the lower solubility of both carbon dioxide 
and calcium hydroxide in water. Porosity analysis showed that the steel slags have very low porosity on the 
micropore scale. Thus, the particle size also had a critical impact in the performance, while the effect was less 
prominent for green liquor dregs. Similarly, stirring the mixtures prior to carbonation allowed better wetting of 
the materials and lowering of particle size, which also had a positive effect. This study elucidates the impact of 
key operating parameters in direct aqueous carbonation with two types of industrial side-streams, and highlights 
the mechanisms through which they affect the carbonation process.

1. Introduction

Carbon dioxide is the primary anthropogenic greenhouse gas and 
accounts for the largest share of global greenhouse gas emissions, mainly 
originating from fossil fuel combustion and industrial flue gas streams. 
Hence, carbon capture and storage (CCS) is considered to be a necessary 
measure to mitigate global warming. One effective way to capture and 
store carbon dioxide is by utilizing materials such as alkaline waste and 
industrial by-products [1,2]. These materials can capture carbon dioxide 
through mineral carbonation due to their composition, which includes 
oxides, hydroxides and silicates of metals such as calcium, magnesium, 
sodium, potassium and others [1,2]. Furthermore, they offer several 
advantages, such as high annual production rates, the ability to capture 
large amounts of carbon dioxide, and the potential for use as 

construction aggregates after the carbonation reactions [3].
Mineral carbonation reactions occur naturally over long periods of 

time due to their slow reaction kinetics [4]. To enhance the reaction 
rate, techniques such as direct and indirect carbonation can be applied. 
Indirect carbonation is a two-step process that uses an acid pretreatment 
to extract metals from minerals [5]. Direct carbonation is divided into 
two types: gas-solid carbonation and aqueous carbonation. In gas-solid 
carbonation, carbon dioxide in the gas phase reacts with metal oxides 
in the solid phase under high temperature and pressure. In aqueous 
carbonation, carbon dioxide is bubbled into water, where it reacts with 
alkaline metal ions in an aqueous suspension [6].

Direct aqueous carbonation can present several reaction mecha
nisms, depending on the mineral phases present in the material. Steel 
slags, the by-products of steel manufacturing, can have a wide range of 

* Corresponding author.
E-mail address: diana.bernin@chalmers.se (D. Bernin). 

Contents lists available at ScienceDirect

Journal of CO2 Utilization

journal homepage: www.elsevier.com/locate/jcou

https://doi.org/10.1016/j.jcou.2026.103441
Received 17 December 2025; Received in revised form 3 April 2026; Accepted 23 April 2026  

Journal of CO2 Utilization 108 (2026) 103441 

Available online 19 May 2026 
2212-9820/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0009-0001-5900-9910
https://orcid.org/0009-0001-5900-9910
https://orcid.org/0000-0002-5444-5027
https://orcid.org/0000-0002-5444-5027
https://orcid.org/0009-0001-9691-8283
https://orcid.org/0009-0001-9691-8283
https://orcid.org/0000-0002-9611-2263
https://orcid.org/0000-0002-9611-2263
mailto:diana.bernin@chalmers.se
www.sciencedirect.com/science/journal/22129820
https://www.elsevier.com/locate/jcou
https://doi.org/10.1016/j.jcou.2026.103441
https://doi.org/10.1016/j.jcou.2026.103441
http://creativecommons.org/licenses/by/4.0/


mineral phases depending on the type of raw material used in the steel 
production and the step of the process where the slag is produced. The 
mineral composition can include a combination of metal oxides, such as 
calcium and magnesium oxide, calcium silicates, such as C2S 
(2CaO⋅SiO2), wollastonite (CaSiO3) and larnite (Ca2SiO4), calcium 
magnesium silicates, such as CMS (CaO⋅MgO⋅SiO2) and C3MS2 
(3CaO⋅2MgO⋅SiO2), as well as other phases that include iron, manganese 
and aluminum [7,8].

Green Liquor Dregs (GLD) are another example of an alkaline side- 
stream from the pulp and paper industry, which is high in calcium 
and magnesium in the forms of carbonates and hydroxides [9]. The 
aqueous carbonation process involves the dissolution of metal ions from 
the hydroxide or silicate phases, dissolution of carbon dioxide in the 
water and subsequent reaction of the metal ions with the carbonate ions 
to form carbonates. These reactions for the case of calcium hydroxide 
and calcium orthosilicate (larnite) are shown in the following equations 
[10].

Dissolution of carbon dioxide: 

CO2(g) + H2O(l) ↔ H2CO3(aq) (1) 

H2CO3(aq) ↔ HCO−
3(aq) + H+

(aq) (2) 

HCO−
3(aq) ↔ CO2−

3(aq) + H+
(aq) (3) 

Dissolution of calcium hydroxide and calcium orthosilicate: 

Ca(OH)2(s) ↔ Ca2+
(aq) + 2OH−

(aq) (4) 

Ca2SiO4(s) + 4H+
(aq) ↔ 2Ca2+

(aq) + H2O(l) + SiO2(s) (5) 

Carbonation: 

Ca2+
(aq) + HCO−

3(aq) ↔ CaCO3(s) + H+
(aq) (6) 

Ca2+
(aq) + CO2−

3(aq) ↔ CaCO3(s) (7) 

Direct aqueous carbonation presents advantages such as an increased 
reaction rate, milder reaction conditions, and a higher carbon dioxide 
absorption capacity when compared to gas-solid carbonation [11]. 
However, a limitation of this reaction is the leaching of metal ions from 
minerals. Various techniques have been reported to enhance carbon 
dioxide absorption, such as the addition of salts (e.g., NaCl, Na2C2O4, 
and Na2C6H5O7) and crushing the minerals to decrease the particle size. 
The Liquid to Solid ratio (L/S), carbonation temperature, stirring rate 
and reaction time have also been studied [3,12]. Tu et al. and Zhu et al. 
studied the accelerated direct aqueous carbonation of steel slags under 
different experimental conditions. Both found that for L/S ratio of 10 
and 15 L/kg, respectively, temperature had a positive effect on the 
carbonation degree within the range of 20 – 85 ◦C, although Zhu et al. 
observed a drop in performance at 45 ◦C [10,13]. Liu et al. reported that 
the optimal temperature range is 50 – 60 ◦C in slurry reactors operating 
at atmospheric pressure [12].

The influence of temperature and other key process parameters has 
been widely investigated [10,3,12–14]. However, the majority of studies 
have been conducted at high partial pressures of carbon dioxide and 
there is limited work on the effect of lower carbon dioxide inlet con
centration [15,16]. To address this, Zhang et al. investigated the effect of 
inlet carbon dioxide concentration in the range of 10 – 100% during the 
carbonation of steel slag at a L/S ratio of 10 L/kg [17]. Their results 
showed that lower concentration significantly slows down the carbon
ation kinetics, while leading to a slightly higher overall uptake of carbon 
dioxide. Investigation of carbon dioxide concentration in the range of 10 
– 20% is essential to assess the feasibility of directly utilizing flue gas in 
aqueous carbonation, potentially eliminating the need for prior purifi
cation of carbon dioxide. To our knowledge, the combination of elevated 
temperature and low carbon dioxide concentration has not been re
ported in direct aqueous carbonation of steel slags.

Unlike steel slags, GLD has not been extensively studied as a material 
for CO₂ capture, even though its composition includes calcium, mag
nesium, iron, sodium, potassium and aluminum [18]. GLD is an alkaline 
waste generated by the pulp and paper industry during the Kraft process. 
This process uses a mixture of chemicals named white liquor to dissolve 
lignin and separate cellulose fibers from wood chips [19]. As a result, a 
mixture of lignin and chemical agents, known as black liquor, is pro
duced. The black liquor is evaporated to concentrate it, forming ~85% 
black liquor, which is then fed to the recovery boiler to generate energy 
and to recover the cooking chemicals [20]. During this process, green 
liquor is formed, which is converted back into white liquor. The insol
uble solids that remain after the recovery boiler, the GLD, are typically 
disposed of in landfills [21]. GLD has been studied for potential use in 
cement clinker [22], in lightweight aggregates [23] and in sealing layers 
on mine waste [24]. In a previous study, we investigated the potential of 
GLD in CCS, where we found a maximum carbon dioxide uptake of 
114 g/kg of GLD and the formation of calcite was observed [9]. Thus, we 
considered that it would be valuable to further explore the carbon 
capture performance of this material at various process conditions.

GLD and three different steel slags, Petrit T, Petrit E, and Petrit L, 
from the manufacturing processes of direct reduced iron, electric arc 
furnace, and ladle furnace, respectively [25], were utilized as materials 
to capture carbon dioxide. Different temperatures, particle sizes, and 
stirring time prior to carbonation were analyzed to determine the 
optimal reaction conditions for enhancing carbon dioxide absorption by 
the alkaline materials. The L/S ratio (L/kg) of steel slags and GLD was set 
to 20, as Leventaki et al. and Queiroz et al. reported that this concen
tration provides maximum carbon dioxide absorption capacity [9,25]. 
The purpose of this work is to conduct a case study on the direct aqueous 
carbonation of the investigated materials, building upon our previous 
work [9,25]. To advance the understanding of their carbonation 
behavior, a systematic evaluation of the influence of key operating pa
rameters was carried out.

2. Materials and methods

2.1. Materials

Petrit T, Petrit E and Petrit L and their compositions were provided 
by Höganäs, Sweden. GLD and its composition was given by SCA, 
Sweden. These are displayed in Table 1.

2.2. Methods

2.2.1. Carbonation experiments
All carbonation experiments were conducted with mixtures of 3 g of 

each sample and 60 mL of deionized water. The mixtures were stirred 
for a set amount of time at 400 rpm with a magnetic stirrer at ambient 
temperature, prior to each run. During the experiments the mixtures 
were continuously stirred in the same way. The gas flow rate was set to 
200 mL/min, comprising 15% carbon dioxide and 85% nitrogen. The 
flow rate was controlled with mass flow controllers (MFC) and a 
standalone control panel (0254, Brooks Instrument). The carbon dioxide 
absorption was monitored using a sensor (ExplorIR, GSS), which 

Table 1 
Composition of the materials investigated provided by their suppliers.

Composition Petrit T (%) Petrit E (%) Petrit L (%) GLD (%)

CaO 37 40 48 25
MgO - 10 13 12.5
SiO2 18 15 11 1.86
Al2O3 9 6.5 9 0.918
FeO - 25 13 -
Fe2O3 7 - - 0.435
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measured the carbon dioxide concentration every 5 s. The reaction was 
carried out at 1 atm and at a set temperature.

2.2.1.1. Temperature experiments. Mixtures of the samples were pre
pared as described above. Prior to carbonation the mixtures were stirred 
for 24 h for Petrit E and L, and 2 h for GLD. During the experiments the 
temperature of the mixtures was controlled using a water bath equipped 
with a thermometer. The reaction was carried out at temperatures of 25 
◦C and 60 ◦C. Fig. 1 shows the experimental setup. After the reaction, 
each mixture was dried in an oven at 50 ◦C for 2 days.

2.2.1.2. Particle size experiments. Mixtures of the samples were pre
pared as described above. Prior to carbonation the mixtures were stirred 
for 24 h for Petrit E and L, and 2 h for GLD. The experiments were 
carried out at 25 ◦C. For GLD, the experiments were conducted using 
both the material as received (GLD) and after crushing with a mortar 
(GLD powder). Petrit E and Petrit L consist of both powder and rocks in 
their composition; the powder was obtained by sifting the samples 
through a 1 mm sieve, and experiments were conducted for both powder 
(Petrit E and Petrit L) and rock particles (Petrit E rocks and Petrit L 
rocks). Petrit T was provided in powder form and thus was not included 
in this study. The particle sizes of all samples were calculated from RBG 
camera images and SEM images which were analyzed with the software 
FIJI (ImageJ) on a sample size of around 60 particles for each material.

2.2.1.3. Pretreatment stirring time experiments. Mixtures of the samples 
were prepared and stirred for 2, 4, and 24 h prior to carbonation. After 
stirring, the mixtures were carbonated in the same way as described 
above. To corroborate the results from this study sieve analysis was 
conducted on the steel slags before and after the 24 h stirring pretreat
ment to evaluate the effect of stirring on the particle size distribution 
(see supplementary information). The mixtures after 24 h of stirring 
were placed in an oven at 50 ◦C for 2 days before the sieve analysis.

To investigate the effect of the stirring time on the leaching of metal 
ions, samples were stirred for 2, 4, and 24 h, followed by centrifugation 
at 3000 G for 10 min to separate the precipitates from the solution. The 
experiments were conducted using the solutions under the same con
ditions. This was then corroborated with pH measurements on the 
mixtures during the stirring pretreatment. A pH probe (HQ430D, HACH) 
was inserted to mixtures of the steel slags prepared in the same way and 
collected data every 10 s for each steel slag for 24 h.

2.2.2. Measurement of carbonation yield
The carbon dioxide uptake of each mixture was obtained from the 

carbon dioxide sensor at the outlet of the reactor. The calculations were 
done following the publication of Leventaki et al [25]. The sensor was 
regularly calibrated on the 15% carbon dioxide mixture. During the 
carbonation experiments it would occasionally display an over- or un
derestimation of the outlet flow (stabilizing below or above 15%) owing 
to effects of the temperature, humidity and gradual aging of the sensor’s 
infrared source and optical components. To account for these mea
surement uncertainties the calculations for all the experiments were 
conducted based on the maximum output signal of the sensor when the 
carbon dioxide concentration at the outlet had reached a plateau. The 
equations are presented below.

Nitrogen outlet flow rate: 

FOUT, N2 = FIN, N2 = 200
(

mL
min

)

*85% = 170
(

mLN2

min

)

(8) 

Total outlet flow rate: 

FOUT, N2 + FOUT, CO2 = 170
(

mLN2

min

)

+ FOUT, CO2

(
mLCO2

min

)

(9) 

Outlet concentration of carbon dioxide: 

CO2%OUT =

FOUT, CO2

(
mLCO2

min

)

170
(

mLN2

min

)

+ FOUT, CO2

(
mLCO2

min

) (10) 

Outlet flow of carbon dioxide: 

FOUT, CO2

(
mLCO2

min

)

=

CO2%OUT*170
(

mLN2

min

)

1 − CO2%OUT

(11) 

Mass of absorbed carbon dioxide (assuming a gas density of 1.8*10− 3 

g / mL throughout all experiments [26]): 

Mabsorbed CO2 =

(

CO2%OUTmax*FIN

(
mLCO2

min

)

− FOUT, CO2

(
mLCO2

min

))

*5s*
1
60

(
min

s

)

*0.0018
( g

mL

) (12) 

Thus, the total mass of absorbed carbon dioxide is calculated as the 
accumulated absorbed mass for the duration of the experiments.

The temperature of the gases was assumed to be ambient during all 
the carbonation experiments, including the ones where the temperature 
of the mixture was set to 60 ◦C. This assumption was made given that the 
retention time of the gas flow through the reactor was too short for 
significant heat exchange from the liquid to the gaseous phase. Each 
carbonation experiment was carried out until the outlet concentration of 
carbon dioxide would plateau at a value around that of the inlet 
concentration.

To evaluate the reproducibility of the results some of the carbonation 
experiments were conducted in duplicate. Also, two carbonated samples 
were selected for TGA analysis to independently validate the carbon 
dioxide uptake results using an alternative technique. Based on these 
results a pooled standard deviation was calculated and applied to all the 
single measurements, as described by Liengme and Hekman (see 
Table S1) [27].

2.3. Physicochemical characterization

All four materials were analyzed with a High Throughput Surface 
Area and Porosity Analyzer (TriStar3000, Micromeritics) to determine 
their Brunauer–Emmett–Teller (BET) surface area. The adsorbent gas 
was nitrogen (77 K) and the samples were dried in the SmartPrep in
strument (Micromeritics) at 150 ◦C for 20 h, under nitrogen flow, to 
remove moisture before the measurement.Fig. 1. Diagram of the experimental setup for different temperatures.
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To evaluate the stability of the materials during high-temperature 
degassing, as well as to corroborate the results of carbon dioxide up
take with another technique, samples were subjected to TGA (TGA/DSC 
3 + STAR System, Mettler Toledo). The temperature range was 40 – 900 
◦C with a ramp of 10 ◦C/min and N2 flow of 60 mL/min. The yield of 
carbonation was calculated based on the difference in weight loss be
tween the fresh and carbonated samples within the temperature range of 
475 and 800 ◦C as described in the literature, according to the following 
equation [28–30]. 

Carbonation yield
(

gCO2

kgmaterial

)

= (%Weight loss(475− 800◦C),carbonated sample

− %Weight loss(475− 800◦C),fresh sample)
(

gCO2

100gmaterial

)

* 1000
(

gmaterial

kgmaterial

)

(13) 

The morphology of the materials before and after carbonation was 
studied with SEM (FEI Quanta 200 FEG ESEM) at 20 kV. Energy- 
Dispersive X-ray Spectroscopy (EDS) was also performed to identify 
the elemental composition of the different structures. The crystal phases 
of the materials before and after carbonation were studied with XRD (D8 
Discover, Bruker), over a diffraction angle range from 10◦ to 70◦ with a 
step size of 0.04◦ and counting time of 1 s per step. The QualX2.0 pro
gram was used to identify the crystalline phases, and Rietveld analysis 
was conducted to refine the calculated calcium carbonate polymorph 
profiles with the experimental XRD data, providing high precision for 
calcium carbonate polymorphs formed during the carbonation process 
[31,32].

3. Results and discussion

3.1. Effect of temperature

Fig. 2 shows the carbon dioxide absorption with time for GLD and 
Petrit T, L and E, at two different temperatures. For GLD at 60◦C, the 
carbon dioxide absorption at the end of the experiment was 0.068 g, 
which is around 3.5 times lower than the carbon dioxide absorption at 
25 ◦C (0.24 g). For Petrit T, Petrit L, and Petrit E at 60 ◦C, carbon dioxide 
absorption values were 0.32 g, 0.30 g, and 0.36 g, respectively, while at 
25 ◦C, they were 0.52 g, 0.56 g, and 0.49 g. This decrease is attributed to 
the reduction in the solubility of both carbon dioxide and calcium 

hydroxide. Eq. 14 illustrates the relationship between the solubility of 
calcium hydroxide and temperature [33]: 

Ca(OH)2 solubility (g/kg of solution) = –0.0108 T (◦C) + 1.7465   (14)

Table 2 shows the carbon dioxide absorption capacity and yield of 
GLD, Petrit T, L and E at the two different temperatures. This data shows 
that all materials present the highest carbon dioxide absorption at 25 ◦C, 
indicating that room temperature is the optimal between the two tem
peratures for the carbonation reaction under this experimental setup. 
This result contradicts the literature in direct aqueous carbonation, 
which has consistently shown that between 20 and 60 ◦C there is a 
positive correlation between the temperature and the carbonation yield 
[10,13,34]. Interestingly, Francesca Bonfante et al., who performed 
design of experiment on accelerated carbonation of electric arc furnace 
slag at L/S ratio of 3, also found a decrease in carbonation with the 
temperature and concluded that 33 ◦C was the optimum temperature 
based on their generated regression model [35]. Based on this, we can 
speculate that there could be an interaction between the L/S ratio, 
carbon dioxide inlet concentration, and temperature. In our setup, the 
lower concentration of carbon dioxide amplifies the importance of car
bon dioxide dissolution in the liquid. Calcium silicate has been found to 
have higher aqueous solubility with increasing temperature [14,36]. 
Thus, when the inlet gas is almost 100% carbon dioxide, as in acceler
ated carbonation, higher temperature might overall benefit the 
carbonation process, by enhancing the availability of calcium ions in 
solution. At lower carbon dioxide concentration (15%) and higher L/S 
ratio (20 L/kg) this effect is suppressed by the larger effect of the tem
perature on the gas dissolution. In the case of GLD, since the silicon 
content is very low, most of the calcium that is available to react with 
carbon dioxide would be in the form of calcium hydroxide. This could 
explain the larger effect of temperature, as both the reactants have a 
reduction in dissolution at higher temperature.

3.2. Effect of particle size

3.2.1. Particle size
The approximate particle size of GLD, GLD powder, Petrit E, Petrit E 

rocks, Petrit L, and Petrit L rocks based on image analysis is displayed in 
Table 3.

3.2.2. BET surface area
The BET surface area of the materials is reported in Table 4. Fig. 3

shows the N2 isotherms of the three steel slags and the GLD, in both 
powder and rock form. All the materials presented type II isotherms, 

Fig. 2. Carbon dioxide absorption at different temperatures for A) GLD, B) 
Petrit T, C) Petrit E, and D) Petrit L.

Table 2 
Carbon dioxide absorption capacity and yield for GLD, Petrit T, Petrit L, and 
Petrit E at different temperatures.

25 ◦C 60 ◦C

CO2 (g/L) CO2 (g/kgsolid) CO2 (g/L) CO2 (g/kgsolid)

GLD 4.22 ± 0.23 84.3 ± 4.5 1.13 ± 0.13 22.7 ± 2.6
Petrit T 8.59 ± 0.05 171.9 ± 0.9 5.32 ± 0.13 106.5 ± 2.6
Petrit L 9.33 ± 0.13 186.8 ± 2.6 5.04 ± 0.13 101.0 ± 2.6
Petrit E 8.14 ± 0.02 162.9 ± 0.4 5.98 ± 0.13 119.5 ± 2.6

Table 3 
Particle size for GLD, GLD powder, Petrit E, Petrit E rocks, Petrit L, and Petrit L 
rocks.

Size GLD 
(mm)

GLD powder 
(mm)

Petrit E 
rocks 
(mm)

Petrit E 
(mm)

Petrit L 
rocks 
(mm)

Petrit L 
(mm)

Mean 1.1 0.036 6.0 0.28 8.0 0.16
Max 4.5 1.3 1.3 1.0 15.4 0.99
Min 0.24 0.0012 1.6 0.003 1.1 0.005
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with hysteresis of type H3, according to the 2025 IUPAC classification 
[37]. Type II isotherms are characteristic of nonporous or macroporous 
materials. The H3 type of hysteresis can either indicate the existence of 
plate-like particles, or the presence of macropores which are not 
completely filled with pore condensate. Petrit E showed the lowest BET 
surface area, with 2.8 m2/g, while GLD, both crushed and not crushed 
had the highest BET surface area, at 35.9 and 34.6 m2/g, respectively. 
The higher BET surface area of GLD suggests that this is the most porous 
materials of the four, followed by Petrit T, while Petrit L and Petrit E 
presented significantly lower porosity.

Fig. 4 shows the carbonation yield for different particle sizes of the 
materials. All the samples exhibit the same pattern: smaller particle sizes 
have a larger surface area, which enhances the contact between calcium 
and carbon dioxide. As the particle size increases, the formation of a 
calcium carbonate layer on the particle surface can hinder the dissolu
tion of more metal hydroxides from within the particle [3].

For GLD, the carbonation yield was 84.3 ± 4.5 g CO2 / kg material, 
while GLD powder absorbed 89.6 ± 3.3 g CO2 / kg material of carbon 
dioxide. The difference is small, possibly due to its relatively high 
porosity, which dampens the importance of the particle size. For Petrit E 
rocks and Petrit L rocks, the carbon dioxide absorption values were 58.2 
± 2.6 g CO2 / kg material and 126.7 ± 2.6 g CO2 / kg material, 
respectively, whereas Petrit E and Petrit L absorbed 163 ± 0.2 g CO2 / 
kg material and 186.6 ± 2.6 g CO2 / kg material, respectively. The dif
ference in carbon dioxide absorption between Petrit E samples was 
around 64%, and for Petrit L, it is 32%. This falls in line with the results 
of the BET surface area of the materials, which suggests that the 
importance of the particle size depends on the porosity of the materials. 

It is also worth noting that Petrit L contains harder rocks than Petrit E, so 
that during the stirring pretreatment the Petrit L particles could decrease 
in size more than the Petrit E ones, as will be discussed below. The same 
applies for GLD, which is even softer, although, as it was observed 
above, the surface area of GLD was controlled by the porosity rather 
than the particle size.

3.3. Stirring time

The mixtures were stirred for 2, 4, and 24 h to compare their carbon 
dioxide absorption. Increasing the stirring time can reduce the particle 
size, as the particles collide with the walls of the flask and with each 
other. Furthermore, stirring for 24 h increases the contact between 
water and the particles, improving wetting and facilitating the leaching 
of calcium ions during the reaction. Fig. 5 shows the graphs of carbon 
dioxide absorption of GLD, Petrit T, Petrit E and Petrit L.

GLD showed small differences in carbonation yield with stirring time 
with 1.1 times higher yield after 24 h stirring compared to 2 h. For Petrit 
T, E, and L, however, stirring time appears to be one of the most 
important parameters. The carbonation yield increased between 2 h of 
stirring and 24 h by about 1.5 times for Petrit T, 2.2 times for Petrit E, 
and 2.3 times for Petrit L. The increase in performance could be a result 
of both the continuous leaching of calcium and magnesium ions and a 
decrease of the particle size caused by particle collisions during stirring. 
The difference in particle size distribution for the three steel slags can be 
observed in Figure S3 and Table S2 shows the D10, D50 and D90 of each 
sample. All three materials showed a shift to lower particle size after 
24 h of stirring. The D50 of Petrit T decreased from 0.050 to 0.042 mm, 
from 0.396 to 0.370 mm for Petrit E and from 0.144 to 0.059 mm for 
Petrit L. The D10 decreased from 0.024 mm to 0.006 mm for Petrit T, 
from 0.066 mm to 0.028 mm for Petrit E and from 0.032 mm to 
0.010 mm for Petrit L. Thus, collisions and grinding between the parti
cles during stirring causes a significant decrease in the particle size, 
which is positive for the carbonation performance.

Leventaki et al. reported the calcium leaching for Petrit T, E, and L at 
50 g/L after stirring for 24 h [25]. To further investigate the importance 
of wetting and leaching, mixtures were stirred for 2, 4 and 24h and 
centrifuged. The resulting supernatants were subjected to carbonation. 
Fig. 6 shows the carbon dioxide absorption for the supernatant solutions 
for all the samples and the absorption of deionized water for 
comparison.

The carbon dioxide absorption value remained constant, indepen
dent of stirring time, suggesting that the solutions were saturated with 
metal cations already after 2 h of stirring. In the supernatant 

Table 4 
BET surface area of the GLD, GLD powder, Petrit T, Petrit E and Petrit L.

GLD GLD powder Petrit T Petrit E Petrit L

BET Surface Area (m2/g) 34.6 35.9 23.0 2.8 9.5

Fig. 3. Physisorption isotherms of (A) GLD, (B) GLD powder, (C) Petrit T, (D) 
Petrit E and (E) Petrit L.

Fig. 4. Carbonation yield for different particle sizes for GLD, GLD powder, 
Petrit E rocks, Petrit E, Petrit L rocks, and Petrit L.
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experiments the carbonation was complete within 10 – 22 min, as 
opposed to the range of 50 – 250 min carbonation experiments of the 
mixtures. Owing to the very low absorption values of the supernatant 
solutions, which are comparable to the carbon dioxide absorption in 
deionized water, it is difficult to reach a conclusion on the effect of the 
metal ion leaching on the carbonation yield. Thus, samples of steels slags 
were also stirred for 24 h with the addition of a pH probe that recorded 
the pH with time. Fig. 7 shows that the pH of the Petrit T mixture 
increased fast initially from 12.3 to 12.5 and stabilized at around 12.45 
within the first 2 h. Petrit E had a slower increase from 10.4 to 11.68 
within 2 h, which reached a plateau at 11.7 within 4 h and then slowly 
drifted downwards to 11.55 after 24 h. Petrit L also had a slow initial 
increase from 10.5 to 11.5 within 2 h and to 11.7 within 4 h and it 
finally stabilized at 11.7. This suggests that Petrit E and L have a slower 
dissolution of metal ions within the first 4 h of stirring, while Petrit T 

quickly reaches a saturation point in the first 2 h. At 24 h of stirring all 
slag mixtures had plateaued, yet the low solubility of the metal ions in 
water limited the absorption capacity of the supernatant solutions. This 
indicates that calcium leaching during the carbonation process is one of 
the most important parameters for the carbon dioxide absorption in 
aqueous direct carbonation. This is because the consumption of calcium 
ions in solution towards the formation of calcium carbonate drives the 
dissolution of more calcium ions from the solid phase. Additionally, the 
lowering of the pH during the carbonation process can facilitate the 
dissolution of calcium from the various calcium-bearing phases, as the 
dissolution of calcium ions from calcium hydroxide and silicates is pH 
driven (see Fig. 8) [38,39].

Fig. 5. Carbonation yield from different stirring pretreatment times for (A) GLD, (B) Petrit T, (C) Petrit E and (D) Petrit L.

Fig. 6. CO₂ absorption of the supernatant solutions for GLD, Petrit T, Petrit E, 
and Petrit L after 2, 4, and 24 h of stirring time and of deionized water.

Fig. 7. pH curves of Petrit T, E and L during the stirring pretreatment.
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3.4. XRD analysis

XRD analysis was performed on GLD, Petrit T, Petrit E, and Petrit L 
samples after carbonation at 25 ◦C and 60 ◦C to investigate the impact of 
temperature on product formation during carbonation (Fig. 8). Calcium 
carbonate can crystallize in three different morphologies, calcite 
(cubic), aragonite (needle-like) and vaterite (spherical). Calcite is the 
most stable polymorph of calcium carbonate, and vaterite is the most 

unstable, and can become calcite or aragonite in aqueous solution.
For GLD at 25 ◦C and 60 ◦C, XRD peaks corresponding to calcite and 

aragonite were observed (Fig. 8 A, B). The corresponding crystalline 
phases are presented in supplementary information (Figure S4). For 
Petrit T at 25 ◦C and 60 ◦C, XRD peaks corresponding to calcite and FeO 
were observed (Fig. 8 C, D). The corresponding crystalline phases are 
presented in supplementary information (Figure S5). Calcite was the 
only calcium carbonate polymorph identified in Petrit T. Small peaks 

Fig. 8. XRD diffractograms of: GLD at (A) 25◦C and (B) 60◦C after carbonation, Petrit T at (C) 25◦C and (D) 60◦C after carbonation, Petrit E at (E) 25◦C and (F) 60◦C 
after carbonation and Petrit L at (G) 25◦C and (H) 60◦C after carbonation.
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that could be attributed to tricalcium silicate were also observed. For 
Petrit E at 25 ◦C and 60 ◦C, XRD peaks corresponding to calcite, 
aragonite, and iron(II) oxide were observed (Fig. 8E, F). Additionally, 
peaks corresponding to magnesium oxide were observed in the XRD 
pattern at 25 ◦C. The corresponding crystalline phases are presented in 
supplementary information (Figure S6). For Petrit L at 25 ◦C and 60 ◦C, 

XRD peaks corresponding to calcite, aragonite, and iron(II) oxide were 
observed (8 G, H). The corresponding crystalline phases are presented in 
supplementary information (Figure S7). Peaks that could correspond to 
nesquehonite were identified in the sample of 25 ◦C, but not in the one of 
60 ◦C. XRD analysis revealed that the formation of calcium carbonate, as 
crystalline phases of calcite and aragonite, was the predominant 
outcome of the reaction. No significant differences in calcium carbonate 
formation were observed between 25 ◦C and 60 ◦C.

3.5. SEM analysis

SEM analysis was carried out to analyze the morphology of the 
samples after carbonation at 25 ◦C and 60 ◦C. GLD samples exhibited 
cubic structures at both temperatures, indicating the formation of calcite 
(Fig. 9). EDS analysis of these structures revealed that their main com
ponents were calcium, oxygen and carbon. A similar square 
morphology, with a composition of calcium, oxygen and carbon, was 
observed in Petrit T at 25 ◦C and 60 ◦C (Fig. 10).

Petrit E exhibited agglomerates with a cubic morphology made of 
calcium carbonate, both at 25 ◦C and 60 ◦C (Fig. 11). At 25 ◦C, Petrit L 
showed a needle-like morphology due to the formation of nesquehonite 
(MgCO₃⋅3H₂O) and an agglomerate of particles composed of oxygen, 
magnesium, and calcium, suggesting the presence of magnesium hy
droxide and calcium hydroxide. At 60 ◦C, SEM images revealed a needle- 
like morphology characteristic of aragonite, with the needle structures 
main composed of calcium, carbon and oxygen (Fig. 12).

4. Conclusions

Four industrial alkaline side streams were evaluated in carbon cap
ture via direct aqueous carbonation: three steel slags with commercial 
names Petrit T, E and L and GLD from the pulp and paper industry. 
Several parameters influence the carbonation performance, such as 
temperature, particle size and pre-carbonation stirring time.

The extend of carbonation was significanly lower at 60 ◦C compared 
to 25 ◦C. The decrease in carbon dioxide capture was approximately 
3.59 times for GLD, 1.60 times for Petrit T, 1.36 times for Petrit E, and 
1.85 times for Petrit L.

The particle size also had an important effect on the performance. 
Smaller particles enhance the reaction between calcium hydroxide and 
carbon dioxide due to their higher surface area. This effect was not as 
prominent on GLD which is a soft, soil-like material, but it was notable 
on the steel slags.

The pretreatment stirring time also proved to be a significant factor 

Fig. 9. SEM images for GLD after carbonation at (A) 25 ◦C and (B) 60 ◦C.

Fig. 10. SEM images for Petrit T after carbonation at (A) 25 ◦C and (B) 60 ◦C.

Fig. 11. SEM images for Petrit E after carbonation at (A) 25 ◦C and (B) 60 ◦C.

Fig. 12. SEM images for Petrit L after carbonation at (A) 25 ◦C and (B) 60 ◦C.
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in increasing carbon dioxide capture for these materials. Comparing 2 h 
and 24 h of stirring, the carbon dioxide capture increased by approxi
mately 1.1 times for GLD, 1.5 times for Petrit T, 2.2 times for Petrit E, 
and 2.3 times for Petrit L.

The pre-carbonation stirring was found to affect both the leaching of 
calcium and magnesium ions and the particle size distribution of the 
materials. Sieve analysis showed lower D10, D50 and D90 of the steel 
slags after 24 h of the stirring pretreatment, while pH monitoring during 
stirring revealed the time at which each mixture reached a stable pH.

The carbonation process of Petrit T, Petrit E, Petrit L, and GLD 
demonstrated that the main product formed is calcium carbonate pre
dominantly as calcite. XRD did not reveal significant differences in the 
product formation between 25 ◦C and 60 ◦C. In addition, the formation 
of nesquehonite was observed for Petrit L.

In summary, optimizing stirring time, particle size, and reaction 
temperature is essential to maximize calcium carbonate formation and 
improve the overall efficiency of the carbonation process.
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