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Carbon dioxide is one of the main if not the most potent greenhouse gases responsible for climate change.
Scientists put great efforts to tackle this problem and carbon dioxide capture seems to be a promising solution.
The present study proposes a novel method of carbon dioxide capture using black liquor, a side stream from the
paper and pulp industry. Its content in sodium hydroxide makes it an attractive candidate for carbon dioxide
capture via carbonation. The black liquor was prepared from oat husks, a non-woody biomass, using the soda-
pulping process. To estimate its carbon dioxide absorption capacity, a mixture of nitrogen and carbon dioxide
(70:30%) was sparged into a bubble column reactor and computational fluid dynamics simulations of this setup
were used to evaluate the mixing process. The formation of carbonate and bicarbonate ions throughout the
carbonation process was followed using a Fourier-Transform Infrared (FTIR) probe and a pH meter. The ab-
sorption capacity was measured from the weight increase of the reactor. It was found to be around 30 g of carbon
dioxide/L of black liquor. The carbonate and bicarbonate species in black liquor before and after carbonation
were further characterized with *C Nuclear Magnetic Resonance (NMR), X-ray Diffraction (XRD), Scanning
Electron Microscope (SEM) and optical microscopy. Using industrial side-streams might enable an economically
feasible process without the need for production of virgin absorbents or their recovery. Furthermore, this
capturing process, which is performed at atmospheric conditions might reduce the overall energy consumption.
The results demonstrated that black liquor could be an attractive absorbent for carbon dioxide, paving the way
for a circular and resource-efficient economy.

1. Introduction

Industrially emitted greenhouse gases (GHG) have been polluting the
atmosphere and causing severe changes to our climate and quality of
life. The effects of GHG emissions are becoming more evident, leading to
a worldwide movement towards the establishment of sustainable and
greener processes. Many countries have put in place policies to tackle
the environmental crisis following the Intergovernmental Panel on
Climate Change (IPCC) report, which states the goal for net zero emis-
sions of carbon dioxide by 2050 [1]. To this end, carbon capture has
become an attractive option to prevent more carbon dioxide from being
released into the atmosphere during our transition from fossil to
renewable energy. Carbon dioxide capture might be a temporary solu-
tion to collect industrially generated carbon dioxide. The captured gas
can then either be deposited in underground reservoirs and stored in a

* Corresponding authors.

stable mineral form or be reused in industrial applications [2]. Many
technologies of carbon capture, utilization and storage (CCUS) have
been developed, but unfortunately, large-scale implementation is still
limited. The process of carbon dioxide capture needs to be as energy and
resource-efficient as possible. If the process has a high energy demand
and the energy comes from fossil fuels, the emitted carbon dioxide might
exceed the amount that is captured [3,4].

Recently, interest has risen in the use of alkaline industrial waste for
carbon capture [5-8]. Utilization of wastes and side streams avoids the
production of new virgin feedstock, reduces the energy footprint, and
enables valorization—a very important concept of a circular economy.
Various industrial residues can be employed for this purpose, and there
are already some studies that investigated carbonation methodologies
and capture capacity of wastes, such as steelmaking slag [9], construc-
tion debris [10,11] and paper mill waste [12-14].
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Pulp and paper mills make up an important part of the global in-
dustry, which is expected to be growing in the following years. This
growth stems from the increasing interest in the use of lignocellulosic
biomass to produce various materials as an alternative solution to fossil-
based plastics [15]. Trees, the feedstock of this industry, store carbon
dioxide, and utilization of the side streams for carbon capture could
potentially lead to negative emissions.

In the fiber line process (from the wood feedstock to bales of pulp),
there are many alkaline side streams that could react with carbon di-
oxide to form inorganic carbonates. During the chemical pulping, the
cellulose is separated from the lignin, hemicellulose, and other organic
and inorganic molecules. The most common process is the Kraft process,
which includes cooking the wood chips with an aqueous solution called
white liquor containing sodium hydroxide and sodium sulfide [16,17].
Another interesting process, that finds application to a smaller extent, is
soda pulping. In this case, the cooking reagent is a solution of only so-
dium hydroxide, and although it is not a widespread method, it is used
for non-woody biomass such as straws or oat husks [18]. After cooking,
the cellulose pulp is purified in a series of bleaching steps. A side stream
of the cooking, known as weak black liquor, goes through an evapora-
tion process to increase its solids content. The resulting high-solids
slurry is called black liquor. It consists of polysaccharides, lignin, sil-
ica, inorganic chemicals from the white liquor, and various other com-
pounds coming from the biomass. Currently, the black liquor is burned
in a reactor called recovery boiler to generate energy [19]. The leftovers
from this process are treated further to recover the cooking chemicals.

Liquor coming from the soda pulping of non-woody materials con-
tains 0-36% lignin (% dry weight) and other organic compounds such as
hemicelluloses, soap, saccharides, etc. It can also contain 0.4-16% silica
(% dry weight) and 1-8 g/L of inorganic materials (almost exclusively
sodium hydroxide and sodium carbonate) [18,20,21]. Its composition
varies largely depending on the biomass, and it is highly alkaline, with a
pH in the range of 12-14, owing to the addition of sodium hydroxide
during the cooking process. Therefore, a potential use for it—which to
the best of the authors’ knowledge has not been studied until now-
—would be for the absorption of carbon dioxide via carbonation. The
dissolved sodium hydroxide will react with carbon dioxide according to
the following chemical equations leading to the formation of carbonate
and bicarbonate ions [22].

2Na* +20H™ + CO, < 2Na* + CO;” + H,O @

Na* + OH™ + CO, < Na* + HCO; (2

In this manner, carbon dioxide can be chemically absorbed by the
liquor in the form of carbonates. In fact, sparging carbon dioxide
through black liquor is not new. It has been previously considered to
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lower the pH of black liquor for the precipitation of lignin and silica
[23-28]. Most commonly, lignin is precipitated by sparging carbon di-
oxide through the black liquor until the pH is lowered to 10 or 9 and
then further acidification is carried out with a stronger acid, typically
H3SO4. Heating is also applied to promote the clustering of lignin [24].
However, this technology has never been investigated for the purpose of
carbon dioxide absorption.

This novel study proposes, for the first time, the use of black liquor
obtained from the soda-pulping treatment of oat husks to capture carbon
dioxide. Furthermore, the authors have conducted a detailed physico-
chemical characterization of the carbonation product, called here
carbonated black liquor. After the absorption of carbon dioxide, the
carbonated black liquor could undergo different routes toward the
regeneration of pure gaseous carbon dioxide or the recovery of car-
bonates. Fig. 1 shows two potential routes that could be followed once
the black liquor has been carbonated. Nonetheless, the management of
carbonated black liquor is not discussed here. The focus of this research
has been on the carbonation reactions that occur between the black li-
quor and gaseous carbon dioxide inside a laboratory-scale bubble
column.

2. Materials and methods

The experiments were conducted using weak black liquor which was
prepared as follows. Oat husks, which were used as received, were
subjected to prehydrolysis to loosen the lignocellulosic structure and
leach some of the hemicellulose out of the material. During this process,
the raw material was immersed in a weak acid inside a 1.5 L steel
autoclave which rotated at a speed of 15 rpm, at 160 °C [29]. Following
that, the pretreated husks were washed thoroughly with deionized water
until the pH of the washing water was neutral. Finally, the soda pulping
process was used to extract the pulp from the rest of the material. The
pretreated material was added again to the same autoclave together
with an aqueous solution of 4% w/w of sodium hydroxide and was
rotated at the same speed at 170 °C for 2 h [30]. After cooking, the
product was filtered to separate the pulp from the weak black liquor. The
dry solid weight of the liquor was determined by drying it in an oven at
50 °C. The composition of the black liquor is presented in Table 1.

A commercial anti-foaming agent from BIM Kemi (Stenkullen, Swe-
den) was added to the black liquor to reduce foaming during the gas
sparging. Screening of various concentrations of the agent was con-
ducted. The concentration of 0.043 g of anti-foamer/L of black liquor
proved to produce the least amount of foam. The gas used for the
carbonation experiments was a mixture of 30% carbon dioxide and 70%
nitrogen.

1
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Fig. 1. Schematic representation of black liquor utilization for carbon dioxide capture. The first segment of the process contains the carbonation reaction. Once the
black liquor has been carbonated to a minimum pH of 8, the product could then be acidified to recover pure carbon dioxide and the precipitated lignin. Alternatively,
the carbonates could be separated from the residual liquor and the latter can be utilized as a fuel or source of chemicals.
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Table 1
Composition of the oat husk black liquor used in the experiments.

Composition Amount (% w/w)
Total solids (TS) 8

Compounds (in TS)

Klason lignin 19.4

Acid soluble lignin 6.4

Glucose 0.3

Xylose 0.1

Elements Amount (ppm)
Sodium 20,951.4

Silicon 1440.2

2.1. Carbonation reactions

The experimental setup is shown in Fig. 2. The carbonation reactions
were conducted in a stirred glass reactor at ambient temperature and
pressure. The gas flow was 200 mL/min. A glass sparger (DURAN) was
used to sparge the gas through 100 mL of black liquor. The gas flow
entered the reactor from the bottom. A mechanical stirrer (EUROSTAR
Power Control-Visc Stirrer, IKA®) was immersed in the liquid, rotating
at 700 rpm. Stirring was necessary to break the foam forming due to the
gas sparging, and it also dispersed the gas bubbles in the liquid to
enhance the carbon dioxide absorption. The foam bubbles followed the
fluid motion due to the stirring, breaking once in contact with the stir-
ring blades. The anti-foaming agent aided in producing a less dense
foam. In order to monitor the carbonation process, a pH meter
(HQ430D, HACH) and an FTIR (ReactIR 702 L, Mettler Toledo) analyzer
were fixed in the reactor for in-line measurement. Both instruments
measured every 10s to get a detailed view of the progress of the
reaction.

This setup was used to monitor the formation of carbonate and bi-
carbonate ions based on the pH value and FTIR absorbance spectra.
According to the literature, the carbon dioxide dissolved in an aqueous
solution of sodium hydroxide can exist in the form of carbonate ions,
bicarbonate ions, or as carbonic acid, depending on the pH [31]. The
latter species starts to appear at a pH of around 8 and since carbonic acid
has very little solubility in aqueous systems, its appearance indicates
that any carbon dioxide absorbed at lower pH would be released again in
the atmosphere. For this reason, it was decided to consider the pH of 8 as
the threshold upon which the carbonation was regarded as completed.

2.2. Carbon dioxide absorption capacity

The setup shown in Fig. 2 was used to follow the reactions happening

Fig. 2. Experimental setup of black liquor carbonation. 1) Gas bottle with 30%
carbon dioxide and 70% nitrogen. 2) Mass flow controller with a set flow at
200 mL/min. 3) Sparger. 4) Reactor with 100 mL capacity. 5) Mechanical
stirrer set at 700 rpm. 6) pH meter. 7) FTIR analyzer. 8) In-line data lodger. 9)
Gas outlet.
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with time. The experiment was conducted in triplicate, and the time
required to reach a pH of 8 was noted for each one. The average duration
of these experiments was calculated. Then experiments of the same
duration were carried out to determine the absorption capacity. This
was done by measuring the weight before and after with an analytical
balance (QUINTIX2102-1S, Sartorius). The weight increase of the
reactor after the carbonation corresponded directly to the amount of
carbon dioxide captured in the black liquor. The pH of the liquor was
also measured before and after the experiment to ensure that the
carbonation had reached completion within the duration of the experi-
ment, based on the criterion of a pH of 8. Triplicate experiments were
conducted to ensure the reproducibility of the results. In addition, black
experiments were also conducted by sparging pure nitrogen through
black liquor at the same experimental conditions to account for evapo-
ration losses. The rate of weight loss due to evaporation was 0.005 g/
min.

2.3. Physicochemical characterization

Liquid state 13C NMR was recorded on a Bruker Avance III HD
(700 MHz 'H) equipped with a QCI cryoprobe. Samples of black liquor
before and after carbonation were transferred to an NMR tube, and a
small amount of D0 (Sigma, 99.8% D) was added to lock and shim the
sample. A z-restored spin-echo pulse sequence was used with 8192 scans
and a repetition time of 0.1 s [32]. An exponential window function of
20 Hz was applied before the baseline correction.

After reaching a pH of 8, the carbonated black liquor samples were
divided in two. One part was filtered using filter paper number 3
(Munktell), to separate the precipitated solids from the rest of the liquid.
Then both the residue and the filtrate were left in an oven at 70 °C for
two days to dry. The second part, as well as a sample of non-carbonated
black liquor were also dried in the oven without previous treatment.
After drying, the solid samples were examined with an optical micro-
scope (ZEISS SteREO Discovery.V12) and a scanning electron micro-
scope (SEM - Phenom ProX, ThermoFisher Scientific). Powder X-ray
diffraction analysis (XRD — D8 Discover, Bruker) was performed after
grinding the dried samples into a fine powder. The XRD spectra were
recorded using the software DIFFRAC.EVA V5.2 and the Crystallography
Open Database was used to analyze the spectra.

2.4. Computational fluid dynamics

Through computational fluid dynamics (CFD) simulations, this sec-
tion aims to illustrate the mixing characteristics in an agitated vessel
(corresponding to the experimental setup mentioned in Section 2.1)
between the dispersed bubbly flow and the continuous liquid phase.
Fig. 3A illustrates a three-dimensional (3D) schematic representation of
the model used for the simulations. The bubbly phase was injected
through a sparger, shown in blue on the left. To achieve adequate mixing
between the gas and liquid phases, the impeller rotated at speed Q =
700rpm, with respect to the z-axis (the reactor axis of symmetry). The
Eulerian-Eulerian approach was adopted for the gas-liquid flow, and
both phases were considered interpenetrating continua [33,34]. The
impeller region was modeled with the Multiple-Reference-Frame (MRF)
method in a rotating frame of reference, and the rest of the vessel was in
a stationary frame of reference.

The turbulence modeling employed the standard k —e two equations
model with enhanced wall treatment. The bubble-induced turbulence
was considered by adding a source term in the momentum equation
[35]. The models for interfacial forces of drag, shear lift, wall lift, tur-
bulent dispersion, and virtual mass forces are summarized in Table 2
[36,371].

As shown in Fig. 3B, the generated grid was of mosaic type with a
hexahedral-dominant topology. A grid-independent solution was ob-
tained for about 1.18 x 10° cells considering four mesh refinement
levels and monitoring several key performance parameters such as the
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Fig. 3. (A) 3D schematic representation of the reactor with sparger and the impeller and (B) the generated mosaic grid with a hexahedral dominant mesh topology.

Table 2
Summary of the models employed for the interfacial forces between the
dispersed gaseous phase and the continuous liquid phase.

Force References
Drag Ishii and Zuber.[38]
Shear lift Tomiyama et al.[39]

Wall lift
Turbulent dispersion
Virtual mass

Lubchenko et al.[40]
Burns et al.[41]
Constant coefficient C,,, = 0.5[42]

gas volume fraction and liquid mean velocity. The model was solved
using ANSYS FLUENT (Version 2022 R2) based on a control-volume
approach. At the inlet of the sparger (bottom surface), the velocity of
the liquid phase was zero, while the superficial gas velocity was Ugs
=29.47 mm-s! with a gas volume fraction of ag = 1.0. The no-slip
boundary condition was applied for all vessel walls, shafts, impellers,
and sparger surfaces. The degassing boundary condition was used at the
top of the reactor allowing only the gas phase to escape. At the low solid
volume fractions of black liquor used in the experiments, the rheological
behavior of the fluid can be assumed Newtonian with a viscosity of
0.0013 Pa-s. Hence, air was treated as a secondary gaseous phase
immersed in a primary liquid phase. The interfacial tension value be-
tween the two phases was set to 0.072 N-m™, and the gravitational ac-
celeration g = 9.81 m-s~2 was considered in the positive z direction (the
downwards direction in Fig. 3). The coupled algorithm was chosen for
the velocity-pressure coupling. The second-order upwind discretization
scheme was selected for the momentum equation, and the QUICK
method for the volume fraction equation. The bounded second-order
implicit method was considered for the transient formulation, and the
convergence criterion was set to 10 for all the residuals of the transport
equations. The time step was adaptive, ensuring that the global Coura-
nt-Friedrichs-Lewy number was less than unity.

3. Results and discussion
3.1. Computational fluid dynamics

The CFD study was conducted to evaluate the mixing between the
two phases in the bubble column reactor. Ensuring adequate mixing is
crucial to achieve an efficient carbonation process. Thus, this section
precedes the experimental study. Fig. 4 depicts the liquid phase velocity
vectors superimposed on the velocity magnitude. It can be observed that
the impeller movement effectuates vortex formation and generates
rotational areas in different planes, ensuring an appropriate degree of
mixing in all directions. The liquid modulus of velocity Uy, yields higher
values in the MRF zone resulting in a superior mixing quality between
the dispersed bubbly phase and the liquid medium, which can be
confirmed by looking at the gas momentum distribution. Fig. 4A shows
the iso-surface of the gas velocity Ug = 0.3 m-s" the presence and
absence of stirring. Apparently, without the impeller rotation (Q = 0),
the gas tends to rise towards the gas-liquid surface in the vicinity of the
sparger, and the bubbly phase does not spread uniformly in the reactor.
In contrast, with the stirring (@ = 700rpm),the impeller rotation induces
a more pronounced degree of momentum dispersion and creates an
enhanced mixing homogeneity of the gaseous phase.

The gas holdup is the most crucial hydrodynamic parameter for this
multiphase system. Fig. 5B shows the iso-surface of the gas volume
fraction ag = 0.01, with and without consideration of forced mixing.
Similar to the flow field, it is evident from the void fraction distribution
that for Q = Orpm (without stirring), bubbles are amassed near the
sparger, and the values are significantly higher in one portion of the
reactor, leading to inferior mixing quality. On the contrary, we can
confirm that with the impeller rotation, the radial flow induced by the
impeller intervenes in bubble dynamics and intensifies the gas phase
dispersion. Hence, the mixing performance is enhanced, and the gas
phase is distributed more homogeneously in the vessel.



E. Leventaki et al.

‘ .
(A) (B) (©

Journal of CO2 Utilization 72 (2023) 102516

U,(m/s)

0.5
0.4
0.3
0.2
0.1

o

Fig. 4. The liquid velocity vector is superimposed on the liquid modulus of liquid velocity at (A) yz — plane, (B) xy — plane, and (C) xz — plane.

Q=0rpm

Q=07rpm Q=700 rpm

Ug(m/s)

(A)

0.3
0.25
0.2
0.15
0.1
0

(B)

Fig. 5. (A) the iso-surface of gas modulus of velocity Ug = 0.3 m-s” and (B) the iso-surface of gas volume fraction ag = 0.01 for Q = Oand 700rpm.

3.2. Chemical reactions of black liquor during carbonation

The pH and FTIR spectra of black liquor were monitored throughout
the experiment (Fig. 6). Fig. 6A shows the evolution of the FTIR spectra
with time. Sodium carbonate is known to have a characteristic absor-
bance at 1410 cm’}, while sodium bicarbonate appears with small bands
at 1300 cm™ and 1000 ecm™ [43]. Leventaki et al. sparged carbon di-
oxide through aqueous solutions of sodium hydroxide, and the absor-
bance at around 1380 cm™ was attributed to carbonate ions, while

bicarbonate ions appeared with a band of lower intensity at 1360 cm™, a
shoulder at 1300 cm™ and a smaller band at 1008 cm™ [44]. The
absorbance of water appears at around 1635 cm™. The initial spectrum
of black liquor showed an intense band of water and a small band at
1390 cm’!, which indicates that black liquor contains a small concen-
tration of carbonate ions. After 10 min, the intensity of the band
increased, corresponding to an increase in concentration, and after
20 min, the bicarbonate bands were also clearly visible.

The band at 1355 cm™ overlaps with carbonate ions forming a
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Fig. 6. (A) FTIR spectra with time during a carbonation experiment. The bands marked with a green arrow at around 1630 cm™ correspond to the absorbance of
water, the bands marked with a blue arrow at 1390 cm™ show the carbonate ions, and the three bands in red color at 1355, 1300, and 1008 cm™ are characteristic of
bicarbonate ions. (B) Evolution of pH with time during the carbonation of black liquor.

broader band. After 30 min, the number of carbonate ions decreased, as
indicated by the lower absorbance, while the bands of the bicarbonate
species became more distinct, and at the end of the experiment, at
50 min, the presence of bicarbonates was evident. The FTIR spectra
might be interpreted quantitatively under optimal circumstances.
However, due to the overlapping of bands, it is unfeasible to calculate
how much of each species is present. Nevertheless, since no other mol-
ecules in the black liquor had a significant absorbance in the FTIR
spectrum, the analysis of the formation of carbonate and bicarbonate
ions over time was clear.

The trend of the pH was also followed with time as can be seen in
Fig. 6B. The initial pH of black liquor was 13.5. Within the first 6 min of
the experiment, the pH decreased slowly until the value of 12.9.
Nevertheless, as the pH is an expression of the logarithmic concentration
of hydronium ions, this slow decrease in pH corresponds to a significant
increase in the concentration of hydronium ions (or a decrease in hy-
droxide ions). After that, the pH dropped very quickly for around 7 min.
This drastic drop halted at the pH value of 10.3. In titration, the point at
which the pH decline slows down is called the endpoint, and it corre-
sponds to the end of the reaction.

The pH value at the maximum rate of decrease is known as the
equivalent point, or the point where the reactants are at the exact stoi-
chiometric ratio based on the chemical reaction. The equivalent point, in
this case, appeared at a pH of 11.64. The chemical Eq. (1) above shows
the reaction that occurs at this pH range. From a previous study where
carbon dioxide was sparged through a pure solution of sodium hy-
droxide, the equivalent point of this chemical reaction appeared at a pH
of around 12.7 [44]. This indicates that in the case of black liquor, there
might be other reactions also taking place, causing the equivalence point
to shift. From that point, the experiment took an additional 37 min until
pH 8, at which the pH reached a plateau. During this period, there is an
equilibrium between carbonate and bicarbonate ions which slowly shifts
to favor the formation of bicarbonate ions. The chemical reaction of Eq.
(2) takes place as more carbon dioxide is sparged, but at the same time,
the already formed carbonate ions are also turning into bicarbonate
ions. At the pH of 8, bicarbonate ions should be the predominant species.

3.3. Capture capacity of black liquor

As mentioned before, the experiments using the pH meter and FTIR
probe were conducted in triplicate to estimate the total duration of

carbonation. Then the experiments were conducted for the same amount
of time, and the reactor’s weight was measured initially and at the end of
the experiment. Table 3 shows the weight of carbon dioxide absorbed in
black liquor calculated in g/L. Each of the three experiments was
stopped at a pH of around 8, after which the absorption of carbon di-
oxide is insignificant. The average absorption capacity from the three
experiments was 30.8 g of carbon dioxide/L of black liquor. According
to previous findings, an aqueous solution of sodium hydroxide 3% w/w
would have an absorption capacity of around 30 g of carbon dioxide/L
of solution [44]. This falls in line with our finding, since the initial
addition of sodium hydroxide during soda pulping was 4% w/w, but a
small amount was consumed, and some was also carbonated during the
cooking process.

Based on the volumetric flow of the gas, an estimation of the amount
of carbon dioxide flowing into the system can be deduced as follows. The
inlet gas flow was 200 mL/min with 30% of carbon dioxide and the
volumetric flow of carbon dioxide was 60 mL/min. The reactor had an
outlet to the atmosphere and no external heat was applied. The tem-
perature sensor of the FTIR probe showed a range of temperatures from
23° to 27°C. The slight fluctuations of temperature can be attributed to
the exothermic nature of the carbonation reaction. Therefore, the con-
ditions at the inlet of the gas can be considered ambient (25 °C and
1 atm). The density of carbon dioxide at these conditions is 1.96 kg/m?,
given that its molar mass is 44.01 g/mol and assuming that carbon di-
oxide is an ideal gas [45]. So the mass flow of carbon dioxide was
0.118 g/min, which, for 50 min of reaction corresponds to 5.9 g of
carbon dioxide. Thus, one can conclude that roughly half of the carbon
dioxide that entered the system was absorbed. For the purpose of
designing a flue gas cleaning process using this material as the absor-
bent, the system would have to be optimized. The volumetric ratio be-
tween black liquor and gas flow should be increased to ensure that the
outlet gas is as clean as possible. Additionally, although this study was
conducted in a semi-batch reactor, perhaps a continuous reactor would

Table 3
Absorption capacity of carbon dioxide in black liquor.

Experiment No Final pH Absorption Capacity (g/L)
1 7.96 32.9
2 8.05 29.3
3 8.04 30.3
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be more efficient for this process. Nevertheless, providing information
about the capture capacity of black liquor is crucial for the design of an
industrial reactor. Here the capture capacity of black liquor from oat
husks was obtained, but different types of black liquor will have
different capacities, depending on the cooking chemicals, solids content
and composition. This must be considered for upscaling the process.

3.4. Physicochemical characterization

The NMR spectra of black liquor before and after carbonation are
presented in Fig. 7, showing a complex mixture of molecules. The aro-
matic part of lignin should be visible in the region between 100 and
120 ppm and the methoxy groups around 50 ppm. The peaks in the
region between 50 and 100 ppm arise most likely from hemicelluloses.
However, the NMR spectrum for the black liquor before carbonation
(Fig. 7A) shows almost no lignin peaks. This might be due to the low
amount of lignin. The peak at 168 ppm corresponds to carbonate ions
confirming that the non-carbonated black liquor contains a small
amount of carbonate ions which agrees with the FTIR results. After
carbonation at pH 8, there was no considerable change in the organic
molecules’ composition (Fig. 7B). However, the carbonate peak dis-
appeared, and another more intense peak at 161 ppm corresponding to
bicarbonate ions appeared [46]. This indicates that the black liquor has
been carbonated, and the dominant species are bicarbonates which is
reasonable at pH 8.

The XRD diffractograms of black liquor before and after carbonation
are presented in Fig. 8. Black liquor without carbonation resulted in a
diffractogram with a few high peaks that could not be identified. Black
liquor contains a huge variety of organic and inorganic compounds that
might change upon drying, forming crystalline and/or amorphous
structures. However, after carbonation and filtration, the signal became
more defined, and some characteristic signals could be observed. In the
case of the residue of carbonated black liquor, the broad, low-intensity
band that appeared in the angle range of 18-29° (Fig. 8B) corresponds
to precipitated amorphoussilica, as observed in previous literature [47].
In the highly alkaline black liquor, silica reacts with hydroxide ions to
form soluble silicate ions. Silicate ions turn into insoluble silica at a pH
range of 8-10, while lignin, which has a more complicated mechanism
of protonation, reaches maximum precipitation at a pH of around 2-3
[47,48]. Most likely, the broad band in the XRD diffractogram arises
from precipitated silica and, to a smaller extent, from amorphous lignin.
Within the angle range of 32-60° other small peaks could be observed.
Based on the Figure of Merit (FOM) calculated in the XRD software,
these peaks had a 30% match to the signal of sodium carbonate. The
FOM percentages given in Fig. 8 do not provide quantitative informa-
tion. They express how well the peaks of the recorded signal fit to the
diffractograms of model molecules stored in the Crystallography Open

A Black liquor before carbonation
c032'

B Black liquor after carbonation
HCO:-

150 100 50 0
13C chemical shift (ppm)

Fig. 7. Liquid state >C NMR spectra of black liquor before carbonation (A) and
after carbonation (B).
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The diffractogram of the filtrate of carbonated black liquor displayed
a stronger indication of sodium hydroxide and, to a lesser degree, so-
dium bicarbonate. This result contradicts the NMR and FTIR data, which
showed a predominance of bicarbonate ions in the carbonated black
liquor. The conversion of the bicarbonate species back into carbonate
could be attributed to the drying method. Sodium bicarbonate de-
composes to sodium carbonate at a starting temperature of 80 °C [49].
As the samples were dried in the oven at 70 °C over the course of a few
days, it is possible that the bicarbonate species decomposed to some
extent and solidified into sodium carbonate. Therefore, an increase in
temperature in the post-treatment of carbonated black liquor leads to
sodium bicarbonate decomposition, which would result in a slight
release of carbon dioxide. This raises the important point that if the goal
of the process is maximum absorption of carbon dioxide, heating should
be avoided.

The dried samples were also studied with an optical microscope
(Fig. 9). Fig. 9A and B show the non-carbonated black liquor and the
residue of the filtration, respectively, and Fig. 9C shows the filtrate after
carbonation. In Fig. 9C, white particles appeared, which did not exist in
the other two samples. This, along with the XRD diffractograms, allows
us to assume that the white crystals are composed of a mixture of sodium
carbonate and sodium bicarbonate. There were no visible crystals in the
residue of the filtration, which is also confirmed by the XRD diffracto-
grams. This is because sodium bicarbonate is soluble in aqueous systems,
so, during the filtration, almost all the sodium and bicarbonate ions
would be filtered through.

During the filtration process, it is possible that as the residue was
becoming more condensed, the concentration of sodium bicarbonate
exceeded its solubility limit so that a very small concentration could
have been solidified and stayed trapped in the residue. The sodium bi-
carbonate would then decompose into sodium carbonate during the
drying process, and that would explain the XRD peaks that appeared
with low intensity in Fig. 8B. However, as the concentration of the so-
dium carbonate in the residue is very low, no crystals were present in the
images. These findings were confirmed with SEM (Fig. 10). The images
in Fig. 10A and B correspond to black liquor before carbonation and to
the residue after the carbonation. The filtrate of the carbonated black
liquor exhibited small crystalline particles (Fig. 10C, D) which were not
there before the carbonation or in the residue.

4. Conclusions

We showed that black liquor could be used for the chemical ab-
sorption of carbon dioxide in a bubble column reactor. Foaming was
reduced by stirring and adding a commercial anti-foamer. Initially, as
carbon dioxide was sparged through the liquid, carbonate ions formed.
As the pH dropped, bicarbonate ions started forming. At the final pH of
8, bicarbonate ions were the most abundant species, which was
confirmed by FTIR and '3C NMR. During the reaction, lignin and silica
precipitated. After drying the solids and the liquid phase, carbonates and
amorphous silica were found. The flow field for the bubble column
reactor was investigated using transient multiphase 3D-CFD simula-
tions, and it was shown that the employed sparger-impeller combination
could provide adequate mixing between the dispersed bubbly phase and
the liquid phase.

The absorption capacity of the black liquor was found to be around
30 g of carbon dioxide/L of black liquor. This result will vary depending
on the amount of sodium hydroxide and the overall composition of black
liquor. Our results indicate that not only sodium hydroxide is involved in
carbon dioxide absorption. Hence, further research is needed to study
the effect of black liquor composition on its absorption capacity. For this
purpose, other types of black liquor should also be tested in the future,
both coming from the soda pulping and the Kraft process. In addition,
further investigation must be conducted to evaluate the potential paths
of the carbonated black liquor—valorization of the precipitated
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Fig. 8. XRD diffractograms of black liquor (A), non-carbonated residue from the filtration of carbonated black liquor (B), and filtrate from the filtration of carbonated
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from the Crystallography Open Database.

Fig. 9. Optical microscope images of (A) non-carbonated black liquor, (B) residue from the filtration of carbonated black liquor, and (C) filtrate from the filtration of

carbonated black liquor.

products and regeneration. By lowering the pH during carbonation silica
can be precipitated and removed. This is a great benefit as high silica
content causes problems in the recovery boiler. Regeneration of carbon
dioxide is possible also by lowering the pH to an appropriate acidic level.
The amount and purity of the generated carbon dioxide could also be a
point of study. The resulting liquor could then either be treated to
separate the lignin or proceed to the recovery boiler for energy
production.

The present work is an important first step towards the utilization of
black liquor for carbon dioxide capture and the understanding of the
carbonation reactions in this system. This study sheds light on the ab-
sorption mechanism of carbon dioxide in black liquor as well as the
physicochemical properties of the final product. In addition, detailed
research was conducted on the development of a computational model
that can evaluate the mixing of the flows in a bubble column reactor.
This type of model can prove valuable for the optimization and up-
scaling of bubble column reactors for the absorption of carbon dioxide
on an industrial scale. The authors provided a scientific foundation of
this concept to be further investigated in depth and bring forward new
ideas.
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Fig. 10. SEM images of (A) non-carbonated black liquor, (B) residue from the filtration of carbonated black liquor, (C) filtrate from the filtration of carbonated black

liquor, and (D) zoomed-in image of crystal from the filtrate.
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