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ABSTRACT: Industrial side streams can be used to capture CO, due to *3 Green Liquor Dregs particles

the presence of metals such as Ca, Mg, Na, and others. Green liquor dregs (. . * Synthetic flue gas (15% CO,, 85% N.)
(GLD), an industrial alkaline solid waste generated by pulp and paper
companies, can capture CO, through aqueous direct carbonation.
However, aqueous carbonation requires high water consumption. To
address this, an alkaline wastewater from the pulp and paper industry was
used as an alternative to fresh water, reducing the need for additional water
consumption. In this work, the absorption capacities, reaction yield, and
physicochemical characteristics of the samples were studied. A 3D-printed
reactor, designed by our research group, was used to take advantage of
bubble turbulence for mixing the aqueous and gaseous phases, thereby
reducing electricity consumption. The solids before and after carbonation
were analyzed using X-ray diffraction and scanning electron microscopy. The absorption capacity for GLD in deionized water was in
the range between 5.92 and 14.86 g/L, while for GLD in wastewater, it was between 8.11 and 17.81 g/L. These results indicate that
the presence of wastewater can enhance CO, absorption. Physicochemical analysis confirmed the presence of CaCOj; after the
reaction.
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Bl INTRODUCTION Renewable energy sources are the key to a smooth transition
from the current fossil-based energy systems, but other
technologies, such as carbon capture, will also be an essential
addition to inhibit the emission of more CO, during the
transition. The principle of carbon capture is to prevent
industrially generated CO, from getting released in the
environment. In theory, this could be a useful temporary
measure to keep the atmospheric levels of CO, stable during the
| Lignocellulosic biomass | energy transition. Unfortunately, implementation is still limited

because carbon capture technologies are quite costly from a
Pre-treatment

techno-economic perspective.”
Chemical pulping

Global warming and its effects are becoming more prominent
every year' and sustainable technologies are evolving at a very
slow rate, the need to provide drastic, innovative solutions is
growing. To reach the target of zero greenhouse gas emissions, a
series of synergistic technologies will need to be implemented.”

One approach that could potentially abate this problem is the
use of alkaline waste materials to capture this gas. The capture of

Crude pulp || Bleaching | CO, using alkaline waste has gained a lot of attention over the
years, as it targets both the mitigation of CO, emissions and the
| Fly ash [+—{ Recovery boiler | valorization of industrial side streams.” These streams owe their
alkalinity to a high content of metal oxides, such as CaO, MgO,
and others. Metal oxides can readily react with CO, toward the
| Smelt dissolution I—-| Separation of dregs |——| Green liquor dregs |
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formation of metal carbonates, in a process called carbonation or
mineralization.” Carbonation occurs naturally between the CO,
in atmospheric air and alkali minerals, but this reaction is
extremely slow.® To accelerate this process water can be used as
a medium to dissolve the metal oxides and facilitate the
interaction between dissolved compounds coming from the
industrial side streams and CO,. This technology has been
proposed as a solution to the decarbonization of post-
combustion flue gases.” Industrial side streams that have been
explored for this purpose include steelmaking slags, municipal
solid waste incinerator ashes, cement kiln dust, and more. %"

Side streams coming from heavy industries, such as
steelmaking slag, have been studied extensively as their use for
carbon capture offers an opportunity to build up the industries’
sustainability and decrease their carbon footprint.'>'* However,
there are plenty of other side streams that have not gained much
attention, but could nevertheless prove to be attractive
candidates for carbon capture. An example of this is green
liquor dregs (GLD), a residue of the paper and pulp industry."*
GLD derive from the cooking process that delignifies wood to
separate cellulosic pulp, as displayed in Figure 1. The byproduct
of the cooking process is black liquor, an aqueous mixture of
organic biomolecules and cooking chemicals. Black liquor is
then transferred to the recovery boiler which generates green
liquor and GLD. The green liquor is further treated to recover
pure cooking liquor which is recycled back into the process, but
the GLD are disposed in landfill."*

GLD typically contain CaO, MgO, Na,O, and K,O as well as
SiO,, Al,0;, Fe,0;, and other compounds in smaller
concentrations.'® This composition makes them interesting
candidates for carbon capture via carbonation, but to our
knowledge, this possibility has not been pursued. Only very
limited research exists on the utilization of this material to seal
mine waste deposits.'”"®

CO, capture can occur by direct carbonation and indirect
carbonation. Direct carbonation can be divided into aqueous
and gas—solid carbonation. In this work, direct aqueous
carbonation was used because it offers advantages such as faster
dissolution of Ca*" and Mg2+, resulting in increased reaction
rate, reduced process costs, minimized chemical usage, and the
avoidance of high temperatures and pressures.'” The chemical
reaction between the metal oxides with CO, in aqueous solution
occurs in various steps. The equations are provided as

10,20,21
follows: =

(1) CO, dissolves in water and forms carbonic acid:

CO,(g) + H,0(1) = H,CO4(aq) (1)

(2) Carbonate and bicarbonate ions are forming in the
solution:

H2C03(aq) = HCO3_(aq) + H+(aq) ()

HCO, (aq) + OH (aq) = H,0(l) + CO,* (aq)

(3)
(3) Metal ions dissolve in the solution:
CaSiO;(s) + 2H(aq)
— Ca’*(aq) + Si0,(s) + H,0(1) (4)
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CaO(s) + H,0(1)
= Ca(OH),(s)

2 Ca**(aq) + 20H (aq) (s)
MgO(s) + H,0(1)
= Mg(OH),(s)
= Mg**(aq) + 20H (ag) (6)
(4) Formation of metal carbonates:
Ca**(aq) + CO;*"(aq) — CaCO;,(s) (7)
Mg2+(aq) + CO32_(aq) - MgCOs(s) (8)

In this study, the absorption of CO, from synthetic flue gas in
GLD was investigated. Experiments were conducted using both
deionized water and alkaline wastewater from the same industry
as the aqueous medium. The aim was to study whether fresh
water could be replaced by a wastewater available at the same
industrial site and assess if the presence of other elements could
influence CO, absorption. Direct aqueous carbonation was used
to promote the leaching of metal ions in the solution and
accelerate the carbonation process at ambient temperature and
pressure. The experiments took place in a semibatch bubble
column reactor, where the gaseous phase, consisting of 15% CO,
and 85% N, was constantly flowing, and the liquid phase
contained the mixture of GLD in water.

B EXPERIMENTAL SECTION

Materials. Samples of GLD and alkaline wastewater were provided
by SCA in Sundsvall, Sweden. The composition of GLD is given in
Table 1.

Table 1. Main Composition of the GLD

chemical composition (TS %)“
CaO 25
MgO 125
Sio, 1.86
AL O, 0.918
Fe,0; 0.435
MnO 2.44
Na,O 3.76
annual production in Sweden Ok ~240000

“The material has 45% total solids (TS).

The average particle size of GLD is 0.09 cm. To evaluate the CO,
absorption of the material in its as-received condition, it was left
uncrushed. Particle size measurements were obtained from SEM
images and pictures of the particle and analyzed with Fiji (Image])
software.

The wastewater comes from a combination of water streams
generated through the pulping process, and it mainly contains NaOH,
Na,S, Na,$,03, Na,SO,, Na,CO;, and KSO;.

Methods. The GLD samples were mixed with 60 mL of water at
solid/liquid (S/L) ratios of 50, 100, 150, and 200 g/L. The mixture was
stirred for 24 h for all concentrations at 400 rpm. After stirring, the
mixture was transferred to the reactor. This reactor was customized by
Leventaki et al. to utilize the motion of the gas bubbles to generate
turbulence and induce mixing between the gaseous and aqueous
phases.”” The reactor was 3D-printed using a stereolithography 3D
printer (Form 3+, Formlabs) and designed with Autodesk Fusion 360.

https://doi.org/10.1021/acssusresmgt.4c00373
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Figure 2. Schematic diagram of the experimental setup.

The gas flow rate was maintained at 200 mL/min, with a gas
composition of 15% CO, and 85% N,. This concentration was
controlled using two Mass Flow Controllers (MFC) from Brooks
Instrument, the flow rate and composition of the final mixture were
adjusted using a standalone controller (0254, Brooks Instrument). To
determine the absorption of CO,, a CO, sensor (ExplorIR, GSS) was
employed, measuring the concentration of CO, at the outlet of the
reactor every S s. The reaction was considered finished when the CO,
sensor reached ~15% CO,. A pH probe (HQ430D, HACH) was
inserted in the mixture and measured the pH every 10 s. Figure 2 shows
the setup of the experiment. The reaction was performed at room
temperature and 1 atm pressure. After the experiment, the precipitated
solids were dried in an oven for 3 days at 50 °C. Furthermore, some
carbonation experiments were repeated with the pH meter and an FTIR
probe (ReactIR 702L, Mettler Toledo) immersed in the mixture to
monitor the formation of CO;*~ and HCO;™ by measuring every 10 s.

Measurements using XRD and SEM were conducted for the
concentration of 50 g/L. The powder was analyzed using a Bruker XRD
model D8 Discover instrument, over a diffraction angle range from 10
to 70° with a scan step of 0.02°/s. SEM images were recorded at 20 kV
using a FEI Quanta 200 FEG ESEM instrument, and to increase the
conductivity of the images, a layer of gold with a thickness of 4 nm was
deposited onto the samples.

B RESULTS AND DISCUSSION

CO, Absorption for Deionized Water and Wastewater.
Initially, experiments were conducted with sparging gas through
pure deionized water and the wastewater to evaluate the
absorption of CO, in each medium without the addition of
GLD. Figure 3 shows the CO, absorption and pH over time for
both deionized water and wastewater. The pH of the deionized
water is 6.67. During the experiment the pH decreases to 5.48
within the first minute due to the formation of H,COj5 (reaction
1) and subsequent ionization of this acid, forming H* and
HCO;~ (reactions 2 and 3). The CO, solubility in deionized
water is 0.89 g/L at 22 °C. In contrast, wastewater presents an
initial pH value of 10.44, attributed to the presence of alkaline
compounds, such as NaOH. The pH drops to 10 as the CO,
reacts with OH™, which is in excess, leading to the formation of
CO;*". Following that, formation of HCO;~ occurs mainly
within the pH range of 7—10 because CO;*" that is already in
the solution follows the ogposite direction of reaction 3,
generating more HCO;™.””*" The equivalence point of the
reaction occurs at pH 8.3, where the reactants are in
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Figure 3. (A) CO, absorption and (B) pH over time for 60 mL of
deionized water and (C) CO, absorption and (D) pH over time for 60
mL of wastewater.
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Figure 4. FTIR spectra of wastewater monitored at varying pH levels
during a carbonation experiment.

stoichiometric balance according to the chemical equation.
The end point of the reaction is reached at pH 7.22.>’

The CO, absorption of wastewater is 2.04 g/L. However, the
solubility of CO, in water is 0.89 g/L, so the capture chemical
absorption of CO, in the wastewater, due to the presence of
alkaline compounds is actually 1.15 g/L.

Figure 4 presents the FTIR spectra of wastewater monitored
throughout the experiment. The initial wastewater spectrum at
pH 10.44 shows a prominent band at 1396 cm™, corresponding
to CO5>". As the pH decreases, a new absorption band appears
at 1360 cm™!, with a shoulder at 1300 cm™, indicating the
formation of HCO;~ and, consequently, the CO;*~ band at
1396 cm™" diminishes as the concentration of this ion decreases.
At the end of the reaction, the band of HCO;™ exhibits
maximum intensity.

CO, Absorption for GLD. Figure S shows the CO,
absorption and evolution of the pH for GLD in deionized
water and wastewater. It can be observed that higher
concentration of solids leads to enhanced absorption of CO,
and longer reaction time. This occurs for the GLD in deionized
water and wastewater. The CO, absorption and yield for GLD
are shown in Table 2.

https://doi.org/10.1021/acssusresmgt.4c00373
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Figure 5. (A) CO, absorption and (B) pH over time for GLD in deionized water and (C) CO, absorption and (D) pH over time for GLD in

wastewater.

Table 2. Absorption and Yield for GLD with Deionized Water
and GLD with Wastewater after Carbonation

absorbent system absorption (g/L) yield (g/g)

GLD in deionized water (g/L)

S0 5.92 0.114

100 9.69 0.097

150 13.00 0.087

200 14.86 0.074
GLD in wastewater (g/L)

S0 8.11 0.162

200 17.81 0.089

An increase in the S/L ratio leads to a reduction in the
dissolution of Ca®*, Mg*", and CO,, due to the reduced moisture
content'® and the reaching of maximum solubility of the
compounds. This relationship is supported by the data
presented in Table 2, indicating that higher S/L ratios
correspond to lower carbonation yields for the materials.

For the GLD in wastewater, it appears that the presence of
Na* improves the CO, absorption, as can be observed when
comparing both the absorption and yield for 50 and 200 g/L
between the deionized water and wastewater mixtures. In
mixtures containing wastewater, the pH drops more slowly
compared to mixtures with deionized water. In the mixture with
wastewater, the pH remains higher than 8 for 25 min, while in
the mixture with deionized water, the pH remains above 8 for
8.33 min. Furthermore, the initial pH of GLD in wastewater is
higher than the pH of GLD in deionized water, which can
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contribute to the increase in CO, absorption, as the carbonation
yield is pH-dependent.

For both 50 and 200 g/L concentrations, GLD mixtures in
deionized water present a lower yield compared to GLD in
wastewater. The presence of Na,COj; in the wastewater can
explain these differences, as Na,COj creates an indirect route for
the carbonation reaction of CaO-SiO, (eq 9):**

2Ca0-Si0,(s) + 2Na,C0;(aq) + 2H,0(1)

— 2CaCO5(s) + SiO,(s) + 4NaOH(aq) (9)

This reaction increases the formation of CaCO; from Ca-
SiO,. Furthermore, the formation of OH™ creates an
autocatalytic basification process, raising the pH and enhancing
CO, absorption.”’

The formation of HCO;™ and CO5*™ can be analyzed using
FTIR spectroscopy. Figure 6 shows the FTIR spectra of GLD in
wastewater and deionized water. The spectra reveal the presence
of CO;>” in the GLD wastewater mixture, as indicated by the
characteristic band at 1396 cm™, which is absent in the GLD
deionized water sample. When the pH reaches 9, a band at 1360
cm™" and a shoulder at 1304 cm™" appear in both mixtures, while
the CO5>~ band decreases in intensity. The intensity of this band
increases throughout the reaction, reaching a maximum at pH
7.73 for GLD in wastewater and pH 7.64 for GLD in deionized
water. These results indicate that it is possible to absorb more
CO, using the alkaline wastewater from the industry with less
material.

XRD and SEM Analysis. Figure 7 shows the XRD patterns
before and after the carbonation experiments for wastewater,

https://doi.org/10.1021/acssusresmgt.4c00373
ACS Sustainable Resour. Manage. 2025, 2, 119-126
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Figure 6. FTIR spectra of GLD in (A) wastewater and (B) deionized
water, monitored at varying pH levels during a carbonation experiment.

GLD in deionized water, and GLD in wastewater. The
wastewater contains NaOH, Na,S, Na,S,0;, Na,SO,, KSO;,
and Na,COj from the Kraft pulping process. After carbonation,
the intensity of the peaks corresponding to NaOH and Na,COj;
decreases, while NaHCO; peaks appear, indicating the
consumption of NaOH and Na,CO; and the formation of
NaHCO;. GLD in deionized water presents peaks correspond-
ing to CaCO; and MnO(OH). After carbonation, the peak for
MnO(OH) persists in XRD for all concentrations, suggesting
that MnO(OH) does not participate in the carbonation
reaction. CaCOj; peaks remain evident in the XRD, consistent
with the crystalline phase structure of calcite. Additionally, a
peak at 32 (26 degrees) indicates the presence of MgCO;-3H, 0.
These peaks signify the formation of MgCO;-3H,0 and the
presence of CaCO;.>%">*

GLD in wastewater shows peaks for CaCO; and MnO(OH)
from GLD before carbonation, as well as peaks for Na,S,
Na,SO,, and KSO; from the wastewater. After carbonation,
peaks for NaHCO; and MgCOj;-3H,0 appear. The peaks for
CaCO; and MgCO;-3H,0 correspond to calcite and
nesquehonite, respectively.
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The morphology of the samples was analyzed using SEM.
Figure 8A presents the SEM image of the dried wastewater
before carbonation. The EDS shows that the solid contains Na,
S, O, and K. After carbonation (Figure 8B), a spherical
morphology formed from needles of NaHCOj; can be observed,
which can be confirmed by the percentages of Na, O, and C
obtained in the EDS analysis.”’

GLD in deionized water before carbonation demonstrates the
flower-like morphology of Mg(OH), and rhombohedral
morphology from CaCOj in Figure 9A. After the carbonation,
the image shows rhombohedral morphology from CaCOj; that
corresponds to calcite in Figure 9B. For high concentrations of
GLD (200 g/L), crystalline structures were formed in the
surface of the solids (Figure 9C). The SEM of these crystals
presents a needlelike morphology from MgCOj;-3H,0, which
corresponds to nesquehonite. MgCO;-3H,0 grows on the
petals of Mg(OH), and forms a bundle-like MgCO;-3H,0
(Figure 9D).30 GLD in wastewater before carbonation (Figure
10A) exhibits a square morphology characteristic of CaCO,
from GLD. After carbonation (Figure 10B), deposits of Na,CO;
and NaHCOj are observed, with their compositions confirmed
by EDS, resulting from the formation of a layer on top of the
calcite due to the deposition of these materials during the drying
process. This deposition hinders the visualization of the calcite.
To improve calcite visualization, the mixture after carbonation
was filtered, and the solid was dried separately, excluding the
solution containing Na,CO; and NaHCOj;. Consequently, the
square morphology of calcite from GLD in wastewater after
carbonation became visible (Figure 11). This occurs because
Na,CO; and NaHCOj are water-soluble, and during the drying
process in the oven, they deposit on top of CaCOj.

B CONCLUSIONS

In this study, the physicochemical characteristics, absorption
capacities, and yields were determined for GLD in various
concentrations in both deionized water and wastewater. The
experiments were conducted using a 3D-printed reactor, which
eliminates the energy expenses associated with stirring. GLD in
deionized water at 50 and 200 g/L exhibited CO, absorption of
5.92 and 14.86 g/L, respectively. In wastewater, GLD at 50 and
200 g/L showed CO, absorption of 8.11 and 17.81 g/L,
respectively. These values indicate that using wastewater instead
of deionized water can reduce freshwater consumption and
enhance GLD absorption in wastewater. Furthermore, because
GLD is landfill material, the predominant carbonation product
was found to be CaCOj, indicating potential applications for the
carbonated products as binders in cementitious materials or as
fillers for paper and linerboard, potentially with optimized
mineral morphology and abrasiveness. These findings suggest
that GLD and wastewater can be effectively utilized for aqueous
carbonation, thereby reducing water wastage by incorporating
wastewater from industrial processes.
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Figure 7. XRD diffractograms for wastewater (A) before and (B) after carbonation, GLD in deionized water for S0 g/L (C) before and (D) after
carbonation, and GLD in wastewater for S0 g/L (E) before and (F) after carbonation.

Figure 8. SEM images for the powders from wastewater (A) before and (B) after carbonation.
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Figure 9. SEM images for the powders GLD in deionized water at S0 g/L (A) before and (B) after carbonation. (C) Picture of the MgCO;-3H,0
crystal obtained from the reaction at a concentration of 200 g/L. (D) SEM images of the crystal.

Figure 11. SEM images for the powders GLD in wastewater at 50 g/L after filtration and after carbonation.
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