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EMMANOUELA LEVENTAKI

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

Recent predictions about climate change underscore the need to take drastic measures
toward more sustainable and environmentally friendly practices. Reducing the
emission of greenhouse gases and improving waste management are pertinent to this
goal. A resourceful approach for carbon capture is to use industrial alkaline side-
streams as absorbents of CO. which could offer environmental and economic benefits.

Alkaline side-streams are present in many industries, such as paper and pulp
manufacturing, iron and steel production and others. Their alkalinity comes from their
content in metal oxides or hydroxides. These compounds can react with CO- towards
the formation of carbonates. Carbonation occurs naturally between atmospheric CO-
and earth minerals, at very slow rates. 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- from flue gas.

There are many pathways for exploration in this topic, such as the potential of different
side-streams to capture CO- based on their availability and carbon capture capacity,
the prospects of utilization for the carbonated products, etc. This work focuses on
answering some of these questions for five industrial side-streams. Firstly, an
experimental setup was established using aqueous solutions of NaOH as a CO-
absorbent. Following that two side-streams of the paper and pulp industry and three
of the steelmaking process were examined. The paper and pulp side-streams were
black liquor and green liquor dregs. Black liquor has a high content of NaOH and it
exhibited an absorption capacity of 30.8 g of CO= / L. Green liquor dregs are a solid
material rich in CaO and MgO. They were mixed with water at different concentrations
and the maximum capture capacity obtained was 18 g of CO. / L of mixture.
Steelmaking slags contain CaO along with other metal complexes. The best-performing
steel slag mixture had a maximum capacity of 38.7 g of CO- / L of mixture.

This work paves the way to study the absorption capacity of more side-streams and
offers a solid background upon which the carbonation process could be optimized and
tailored to each type of side-stream for the purpose of industrial application.

Keywords: Carbon capture, Aqueous carbonation, Alkaline side-streams
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1. Introduction

1.1.  CO. and climate change

Greenhouse gases (GHGs) surround the surface of the Earth and maintain its
temperature at habitable levels by absorbing the radiation emitted by the planet.
Despite their valuable role, the increased release of these gases into the atmosphere
due to human activities has led to an abnormal rise in the average temperature, which
results in a chain of adverse environmental changes and threatens our way of life [1].
The main GHGs are water vapor, CO2, CHy4, N2O and fluorinated gases. The highest
emitted gas from human activities is CO-, contributing to over 79% of the total GHG
emissions [2]. To reduce the release of human-related GHGs several
intergovernmental policies have been put in place. According to the most recent report
of IPCC some changes towards sustainability have been implemented, but more rapid
reduction of GHGs emissions is required [3]. To this end, different types of renewable
energy sources and GHG removal processes should work synergistically to reach global
goals [4]. Carbon capture specifically targets the emission of CO- and its subsequent
storage (CCS) or utilization (CCU) [5]. This process is intended to be implemented
temporarily, during the transition away from fossil fuels. By combining renewable
energy with accelerated CO- sinks it might be feasible to create negative carbon
emissions and restore the natural carbon cycle.

1.2. Carbon capture routes and technologies

There are four main routes of carbon capture depending on the type of gas stream from
which the CO: is collected: pre-combustion, post-combustion, oxy-fuel combustion,
and direct air capture (DAC) [6]. In the pre-combustion route, fossil fuel is gasified to
produce syngas, which is a mixture of H. and CO. CO reacts with water towards the
formation of H> and CO-. The concentrated CO- (15-60%) in the flue gas can then be
captured. Post-combustion capture refers to the CO- generated from fuel combustion
with air. Since air contains a low amount of oxygen the concentration of CO-in the flue
gas is proportionally low (3-20%). In oxy-fuel combustion, the fuel is burned in an
atmosphere of almost pure oxygen, producing the highest concentration of CO-.
Finally, in DAC the gas is collected directly from the atmosphere, where its
concentration is on average 420 ppm.

Over the last years, there has been constant development of carbon capture
technologies targeting the separation of the gas from the aforementioned types of
sources. The main categories of these technologies, along with some examples are
shown in Figure 1. Chemical absorption possesses benefits in terms of efficiency and
selectivity that have earned its recognition as the most suitable option for the



separation of CO- from post-combustion flue gas [7]. The main families of chemical
absorbents are amines, caustic and carbonate solutions, ammonia and ionic liquids
[8]. Of these, monoethanolamine (MEA) and other amines are the most extensively
studied and used absorbents [9]. CO- absorption technologies, primarily with the use
of amines, are utilized commercially at industrial processes for the purification of gas
streams. However, they are still not widely applied in power plants, specifically for the
purpose of carbon capture and storage. That is because the cost of CO- separation
processes is more significant compared to the carbon emission penalties that
companies are required to pay [10]. Furthermore, the use of amines entails severe
challenges, such as the volatility, degradation and highly corrosive nature of the
compounds, as well as their energy-intensive regeneration, which could be surpassed
by choosing more easily manageable absorbents [11]—[13].

Carbon dioxide capture technologies

Absorption Adsorption Cryogenics Membranes Microbial/Algal
systems
Chemical Adsorber beds Organic
Amines (MEA, etc.) Alumina Polypropylene
Caustic (NaOH, etc.) Zeolite Polyamide
Physical Inorganic
— 1 Selexol Metallic
Rectisol Ceramic

Figure 1. Carbon capture technologies. Modified from [6], [10], [14].

Alkaline solutions, such as NaOH, KOH and Ca(OH). have lower performance
compared to amines, but they are nevertheless considered to be efficient absorbents.
CO: is absorbed in alkaline solutions via aqueous carbonation. The chemical reactions
between such solutions and CO- are quite straightforward and have been thoroughly
researched [15]—[18], while industrial application has also received its fair share of
attention [19]-[21]. The advantage of alkaline materials over other absorbents is their
abundance and availability. Metal oxides and hydroxides exist in a wide range of
industrial processes and as a consequence, there are several alkaline residual streams
that can readily react with CO- [22]. These industrial effluents, which are typically
either used as rest products or landfilled, can instead be utilized in carbon capture,
thus reducing the need for new raw materials. According to the literature, the amount
of available alkaline residues that have carbon capture potential is currently too low in
comparison to the rate of CO- emissions. But future trends of material consumption
for human activities indicate an increase in industrial side-streams which can serve as
significant carbon sinks [23]. This inevitable rise of residues emphasizes the need to
properly utilize them and carbon capture offers this possibility. However, there is a
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variety of alkaline residues with different chemical compositions, mechanical
properties, availability, etc. Thus, it is crucial to evaluate the capacity of these materials
to capture CO. and identify challenges and opportunities that might be presented
along the way.

1.3. Alkaline industrial side-streams for carbon capture

Paper I offers a review of alkaline side-streams with potential in carbon capture via
carbonation and documents scientific efforts found in literature towards this purpose.
The materials covered in this work were steelmaking slags, municipal solid waste
incinerator ashes, combustion fly ashes, black liquor, paper mill waste, mining waste,
cement waste, construction and demolition waste, waste from the organic industry,
and flue gas desulfurization gypsum waste. These streams typically contain inorganic
chemicals such as Ca, Na, K, Mg, and other metals like Fe or Al. Often, disposal of such
materials in landfill can lead to the leaching of harmful compounds. By reacting them
with COx- their pH can drop to more neutral levels and the carbonated products could
potentially find use as green alternatives to conventional building materials in
constructions, or as fillers for abandoned mines [24]—-[27]. Thus, the CO- can remain
stored in the form of stable metal carbonates presumably for many years.

As discussed in Paper I, the carbonation of industrial side-streams can be either
direct or indirect. Direct carbonation can occur either in gas-solid or gas-aqueous
systems, where the gas comes in contact with the solid waste either in dry conditions
or mixed with water in a one-step process. In indirect carbonation, the waste is first
treated for the extraction of metal ions and then the gas reacts with the leached metal
ions in a separate step. Depending on the type of process the final product can be either
a heterogeneous material rich in carbonates (direct carbonation) or pure metal
carbonates (indirect carbonation) [22]. Pure metal carbonates are valuable products
with many applications, but the multiple-step process for leaching the metal ions
requires more energy than a one-step process. The products that result from direct
carbonation are mixtures of various chemical compounds. Thus post-carbonation
analysis is needed to evaluate the properties of these products and determine
applications where they could find use. Table 1 presents the side-streams studied in
this review along with their carbon capture capacity reported in the the literature,
possible utilization pathways for the carbonated products and the annual global
production of each stream. References for the carbon capture data reported in Table 1
can be found in Paper I. Literature suggests that direct aqueous carbonation can yield
higher absorption capacities in steelmaking slag [28] and municipal solid waste
incinerator ashes [29], [30].



Table 1. Comparison of wastes from different industries in regard to their absorption capacity reported in
literature and their annual production.

Capture capacity Potential end Worldwide Global
Industry range life of production production
(kg / ton of waste) final product (Mmt) ref.
. Gas-solid: 10-50 .
Steelmaking Reuse in concrete,
Aqueous: 200-300 . . 190-280 [31]
slag . Asphaltic paving
Indirect: 100-250
Municipal solid .
. Reuse in concrete,
waste Gas-solid: 20-120 . .
o Disposal for CO, 2000-57000* Estimated
incinerator Aqueous: 200-260
storage
ashes
Combustion fly . .
h Gas-solid: 2-20 Reuse in concrete 300-400 [32]
as
Recovery of lignin for
biochemicals, Approximatel
Black liquor Not evaluated PP v [33]
Recovery of CO; and 1300
storage
Paper mill Reuse in concrete, Data not
218-460 .
waste CO, storage available
. . Pacify hazardous Approximately
Mining waste Approximately 130 [34]
waste, CO; storage 100000
Gas-solid: 81-800** . .
. Reuse in concrete, Soil .
Cement waste Indirect cannot be o 217-352*% Estimated
stabilization
evaluated
Construction
and demolition Gas-solid: 45-417 Reuse in concrete 2400-3600 [35]
waste
Production of organic
) Data not
Organic waste 4.0-17.7 carbonates, CO, . -
available
storage
Flue gas A imatel
roximate
desulfurization 530-800*** Reuse in concrete PP 30 y [36]
gypsum waste

*Value estimated from available data of raw materials.

**Experiments carried out under humid conditions in contrast with the other wastes here reviewed. High values correspond

to high humidity ratios.

***C0, captured via a different methodology in a two-stages process.

Carbonation can also take place in alcohol solutions, but it has not been researched
extensively [37]—[40]. Alcohols, such as ethanol, isopropanol and others can be found
in side-streams of industries dealing with organic chemicals, such as pharmaceuticals,
polyvinyl alcohol fibers, paints and coatings, etc. [41], [42]. These alcohols could be
used in combination with metal hydroxides to react with CO- towards the production
of carbonates, which are insoluble in alcohol and form a dispersion system. This
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concept was explored in Paper III with the use of NaOH-ethanol solutions as
absorbents. The solid carbonate particles can be easily separated from the alcohol
medium and the CO- can be recovered by the addition of water or acid. The generated
CO:2 could then be transported to geological sequestration sites for storage.

While there are a lot of studies evaluating the potential of various wastes in carbon
capture using different methods of carbonation, in Paper I the authors identified
industrial side-streams that have not been explored yet. There is no or very little
research on the absorption of CO. with the use of black liquor, green liquor dregs and
alcohol waste, to name a few. This thesis is an effort to cover some gaps in this field.
Initially, aqueous solutions of pure NaOH were used as absorbents to establish an
experimental methodology and provide the foundation for future experiments (Paper
II). Following that, various industrial side-streams were investigated for their
carbonation potential. Paper IV is a study conducted on the carbonation of black
liquor, a by-product of the paper and pulp industry with high alkalinity owing to its
content in NaOH. One more paper and pulp residue, namely green liquor dregs, and
three by-products of the steelmaking process were obtained from Swedish industrial
partners and preliminary exploration of the carbonation of these materials will also be
presented here. The focus of all the studies was threefold: to follow the carbonation
reactions between each absorbent and the CO. in the gas stream, to estimate the
absorption capacity of each solvent and to study the products formed after the
reactions using various analytical techniques. The project is conducted in
collaboration with experts in Computational Fluid Dynamics (CFD) and Life Cycle
Assessment (LCA). The CFD studies aim to optimize the reactor design for future
scale-up and the LCA work will evaluate the feasibility of using different side-streams
in carbon capture.



2. Background

In this section the absorbent systems that have been studied experimentally will be
introduced. The systems are aqueous NaOH, two side-streams of the paper and pulp
industry and three side-streams of the steelmaking industry.

2.1. Carbon capture with NaOH

NaOH is highly soluble in water and relatively soluble in ethanol [44]. When a gaseous
stream containing CO: is bubbled through aqueous solutions of NaOH the absorption
occurs in a series of steps [45]-[47].

The mass transfer of CO- is one of the limiting steps, during which CO- from the bulk
of the gaseous stream is transferred to the interphase between the bubbles and the
liquid. From there the following reactions take place.

COy5) © COz0aq) (1

NaOH(y < NaOHq) < Na™ + OH™ (2)
COy(aq) + OH™ & HCO3 (3)
HCO; + OH™ & CO2?™ + H,0 (4)

Reaction (4) is considered instantaneous and occurs at high pH. At the beginning of
the process, when the concentration of hydroxides is very high and the equilibrium of
equation (4) is driven strongly towards the right side, then the presence of the
intermediate HCO3 is insignificant and the absorption of CO. can be described with

equation (5) [47].

COyaq) + 20H™ & COZ + H,0 (5)

As CO: keeps flowing, the hydroxide is depleted and the equilibrium of equation (4) is
gradually shifted towards the left, while at the same time newly introduced CO- follows
equation (3). Consequently, at the pH range between 12 and 8, HCO3 is forming as a
result of both the absorption of CO: and from the already present CO3~ via equation
(4) [48]. At pH below 8 the equations (6) and (7) take place [45].

COyaq) + Hz0 & HyCO3(aq) (6)

HCO3 & HyCOsqq) + H* (7)



In contrast to CO%3~ and HCO3, H2CO3 is a lot less soluble in water and therefore below
the pH of 8 the absorption of CO- is negligible [49]—-[51].

2.2. Paper and pulp side-streams

Figure 2 shows a simplified overview of the typical operation of a paper and pulp
industry. The lignocellulosic feedstock is fed in a digester where it is treated with a
process called Kraft pulping to break down the wood and separate cellulose from the
lignins and hemicelluloses [52]. The chemical treatment is done with white liquor, a
solution of NaOH and Na.S. The process has been optimized over the years to have
maximum recovery of chemicals and be energy efficient in every step, yet there are still
effluents such as black liquor, green liquor dregs, fly ash, slacker grits and lime mud
which could be managed better [53]. Currently, black liquor is burned for energy, while
other wastes are commonly either incinerated or landfilled. Since most of these
streams are alkaline, containing sodium, calcium and other metals, carbonation could
be a potential way to valorize them.

Lignocellulosic biomass

S RV
Kraft pulping
Black liquor « » Crude pulp
|

Bleaching — Cellulosic pulp

Fly ash <—{ Recovery boiler |

Smelt

!

\ Smelt dissolution | Ca0 ‘—{ Recovery of CaO |

l I

| Seperation of dregs l—‘ Na,CO, % Caustisizing with Ca0O |—> Lime mud
|

v
Green liquor dregs White liquor recycled for cooking

Figure 2. Simplified scheme of a typical industrial paper and pulp process, modified from [54]-[56].



2.2.1. Black liquor

Black liquor is the by-product of pulping [57], [58]. Industrially the main process used
for pulping is Kraft cooking, which is very efficient for wood, but recently, non-woody
biomass has also received attention as a valuable feedstock for cellulose production
[56]. Agricultural residues such as oat husks, wheat straws, rice straws and more, are
abundant, they are produced at very rapid rates and have high annual yields of
cellulose [59], [60]. The treatment of these materials can be done with soda pulping,
which employs the use of an aqueous NaOH solution with concentrations between 2
and 17% w/v [61]. From this process the main product is cellulose and the spent
solution is black liquor. The composition of non-woody black liquor depends greatly
on the feedstock. Generally, it contains 0-36% of lignin, in dry weight, as well as
hemicelluloses, soap, saccharides and other organic compounds. It can also contain
0.4—16% silica (% dry weight) and other inorganic molecules, which are mainly NaOH
and some Na-COj3 from the cooking [62]—[64].

Industrially, black liquor passes through evaporators to reduce its water content and
is then sent to a recovery boiler for energy generation. Subsequently, the inorganic
matter left in the recovery boiler is processed to recover pure NaOH and sodium
sulfide which are recycled in the cooking step. An alternative to burning black liquor
is the extraction of lignin and hemicellulose from it, which have multiple applications
in biorefineries or other processes [65]. The most common method to extract lignin
from black liquor is by lowering the pH [66], [67]. Lignin is soluble at high alkalinity,
but it starts precipitating as the pH is reduced and it is completely insoluble at the pH
of 2 [68], [69]. To this end, black liquor can be combined with flue gas to absorb CO-
via the carbonation reactions mentioned in section 2.1. and consequently, lower the
pH of the liquor to a minimum of 8 to initiate lignin precipitation. The carbonated
black liquor can then be further acidified to recover gaseous CO-= and obtain a high
yield of lignin. More alternatives for the utilization of carbonated black liquor could be
developed, but they have not been explored in this work. The carbonation of Kraft
black liquor can be challenging owing to its content in Na.S. As the pH drops S2- turns
to HS- and at the pH of 9.5 H-S starts to form. While the first two are soluble salts, H-S
is a highly toxic gas [70]. Thus, containment of this gas would be a matter of concern
in this case. For black liquor coming from soda pulping, its use as a CO- absorbent can
be more straightforward. Silica, which tends to be quite present in non-woody
biomass, precipitates at the pH range of 8-10. Since silica can cause fouling in recovery
boilers, its removal is very beneficial. However, for the purpose of carbon capture, if
carbonated black liquor is sent to the recovery boiler the captured CO- should be
recovered first, so as to not be released again during the burning process. Though
bubbling CO- through black liquor has been studied before to lower its pH, it has never
been proposed as a method for carbon capture. In our work, we investigated the
absorption of CO: in black liquor produced from soda pulping of oat husks.



2.2.2. Green liquor dregs

As can be seen in Figure 2 the incineration of black liquor generates an inorganic smelt.
Water is added to this dissolve its constituents and the dissolution, called green liquor
is separated from the insoluble dregs [71]. These green liquor dregs contain CaO, MgO,
Na-O, K-O as well as SiO», Al.Os, Fe-O3; and other compounds in smaller
concentrations [72]. This composition makes them interesting candidates for carbon
capture, but to our knowledge, this possibility has not been pursued. Instead, the
majority of green liquor dregs are landfilled and only some research exists on their use
to seal mine waste deposits [73], [74].

2.2.3. Steelmaking slag

Steelmaking slag is a by-product of the iron and steel industry, coming from impurities
in the steelmaking furnaces [75]. These slags typically contain complexes of CaO, SiO-
and MgO along with other metals in smaller concentrations. The utilization of
steelmaking slags for carbon capture has been extensively studied both with direct and
indirect methods of carbonation and with different conditions of temperature, flue gas
composition, particle size, etc [28], [76]-[78]. Despite the thorough research
conducted on this side-stream, large-scale implementation is still challenging, due to
the variations in composition between different slags, limitations of the reactions’
kinetics and high energy requirements related to the pretreatment of the slags
(crushing) and other parts of the process [56]. To address these gaps, three
steelmaking slags have been evaluated and preliminary experiments have been
conducted to evaluate their carbon capture performance in our experimental setup.
The commercial names of the slags are Petrit E, Petrit L, and Petrit T. Each one comes
from a different stage in the steelmaking process: (1) electric arc furnace; (2) ladle
furnace; and (3) manufacturing of direct reduced iron, respectively.

All the absorption systems above have been studied in a direct aqueous process in
either a bubble column reactor or a stirred reactor. The temperature and pressure have
been kept ambient, as it is believed that the aqueous phase has the potential to speed
up the carbonation reactions without the need for excess energy consumption.



3. Materials and Methods

3.1. Materials

For Paper II standard solutions of NaOH were prepared using NaOH (VWR, 99%
purity) and deionized water. Solutions were prepared at concentrations 1, 2, 3, 4, 5, 6,
7 and 8 w/w%.

In Paper IV, weak black liquor was obtained from soda pulping of oat husks
according to steps described below [56]. 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 [79]. 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
NaOH and was rotated at the same speed at 170 °C for 2 hours [80]. 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 dry solids
were 8 w/w%, and this black liquor was used for all our experiments. A commercial
antifoaming agent (BIM Kemi) was also added to the black liquor prior to the
experiments to reduce foaming. The concentration of antifoamer used was 0.043 g/L,
but the optimal amount to minimize foaming depends on the type of black liquor.

Additionally, experiments have been conducted with green liquor dregs provided by
SCA and steelmaking slags (Petrit T, Petrit L and Petrit E) provided by Hoganais. All
solid samples were mixed with water at concentrations of 5, 10, 15 and 20 w/v% and
stirred for 24 hours preceding the carbonation experiments. Green liquor dregs were
also tested at the concentration of 25 w/v%, which was avoided in the steelmaking
slags, due to long carbonation times. The composition of the materials is presented in
Table 2.

In all experiments, the gas flow was composed of 30% CO2 and 70% N2 (Linde).
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Table 2. Composition of steelmaking slags and green liquor dregs as provided from the suppliers.

Composition (%) PetritE PetritL  PetritT  Green liquor dregs*

40 48 37 25
10 13 - 12.5
15 11 18 1.86
6.5 9 9 0.918
25 13 - -
- - 7 0.435
- - - 2.44
- - - 3.76
- - 20 -

*The material has 45% total solids. The composition given here is expressed as a percentage of the total solids.

3.2. Methods

3.2.1. Reactor design

Two types of bubble column reactors were used in the experiments, one with forced
mixing and one without. Forced mixing refers to the use of a stirrer to induce mixing
between the liquid and gaseous phase. Including a stirrer in the setup requires a wider
reactor diameter and it also adds an energy expense to the process. In bubble column
reactors it is common to avoid forced mixing and instead ensure that the gas flow is
distributed homogeneously inside the liquid so that mixing is prompted by the
turbulent movement of the bubbles inside the liquid [81]. Reactors with non-forced
mixing are typically long and narrow to facilitate the retention and dispersion of the
gas. Both the reactors used were semi-batch systems, where the liquid is the static
phase, and the gas is introduced at the bottom of the reactor.

The non-forced mixing bubble column reactor was designed using Fusion 360 and
printed in a stereolithography (SLA) 3D printer (Formlabs, Form 3+). It can be divided
into two parts, a narrow and long neck where the mixing is intense and a wider opening
that allows the insertion of probes, such as a pH probe to track the evolution of the
carbonation reactions in-line. Figure 3 shows the shape and dimensions of the reactor.
It was designed to have a capacity of 60 mL of liquid and on top of this volume, some
extra empty space was added to avoid liquid splashing out due to the bubbly flow. This
reactor was used for Paper II and for the green liquor dregs and steel slags.
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Figure 3. Reactor design and dimensions.

As the non-forced mixing reactor was successful in the carbonation of standard NaOH
solutions, it was expected to be applied to the carbonation of industrial by-products as
well. However black liquor proved to be a somewhat challenging liquid phase due to
its tendency to foam. The foaming is caused by the presence of various fatty and rosin
acid surfactants, and it can vary depending on the composition of these surfactants in
the liquor [82]. Sparging gas through the black liquor caused continuous foaming
which overflew the reactor, as can be seen in Figure 4. An antifoaming agent was added
to change the surface tension of the liquid. This somewhat reduced the foaming, but it
did not completely resolve the problem, so a mechanical stirrer (IKA®, EUROSTAR
Power Control-Visc Stirrer) was also used to break the remaining foam. Therefore, for
Paper IV the reactor was replaced with a glass beaker, wide enough to accommodate
the stirrer. The volume of the liquid was this time 100 mL.
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Figure 4. (A) Setup of black liquor carbonation in the 3D printed reactor: 1) Reactor, 2) Gas sparger, 3) pH
probe, 4) FTIR probe. Sparging gas through the black liquor caused the formation of a very dense foam. (B)
Setup of black liquor carbonation in a beaker with stirring: 5) Beaker, 6) Gas sparger, 7) pH probe, 8) FTIR

probe, 9) Mechanical stirrer. The antifoamer in combination with the stirrer reduced the foaming.

In all the experiments, the gas flow was regulated with a pressure regulator and a mass
flow meter. The flow rate was stable at 200 mL/m and the gas entered the reactors
through a sparger (DURAN) at the bottom of the reactor. The type, orientation and
positioning of the sparger is another key parameter in bubble columns. The chosen
sparger has a perforated head with high porosity to induce the formation of small
bubbles. In non-forced mixing reactors, the sparger head should cover a wide area so
as to produce homogeneous dispersion of the bubbles throughout the liquid phase. In
the 3D printed reactor this is achieved as the sparger head has a diameter of 11 mm
and the reactor neck has a diameter of 22 mm. In the beaker used for the black liquor
experiments, this condition was not met, but instead, the stirring enhanced the
dispersion of the gas. The disadvantage of using a porous sparger is that it can easily
clog in the presence of solids. Clogging is unwanted as it can build up pressure to
dangerous levels and it requires a lot of maintenance [83], [84]. To minimize this
phenomenon the sparger was oriented to flow gas downwards, so that any solid
particles formed could collect on the bottom of the reactor, but not on the surface of
the sparger head. The placement of the sparger can be seen in Figure 5. Despite this
placement, in mixtures where the solid had very fine particles, such as Petrit T, the
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sparger was constantly clogging. So, for the steelmaking slags the sparger was replaced
by a glass tube with an opening diameter of 5 mm.

3.2.2. Evolution of the carbonation reactions

To study the carbonation reactions over time a pH probe (HQ430D, HACH) and an
attenuated total reflectance Fourier transform infrared (ATR-FTIR) probe (ReactIR
702L, Mettler Toledo) were mounted inside the reactor, taking measurements in-line.
Calibration of the pH meter was performed with calibration standards at pH 4, 7 and
10. The background for the FTIR probe was collected in air, spectra were taken in
absorbance mode, at the wavelength range of 3000 to 640.8 cm and with a resolution
of 4 cm. Both instruments were collecting data every 10 seconds. Figure 5A and B
show the experimental setup for the two reactors. For papers II and IV the
experiments were stopped when the pH reached 8, since, as mentioned above, at this
pH value carbonic acid starts to form and any absorption of CO- beyond this point is
insignificant. Green liquor dregs and steelmaking slags contain a mixture of metal
oxides, the main one being CaO, and as will be seen in the results section after the pH
of 8 there is still significant absorption of CO.. More specifically, owing to the
differences in composition between these materials the total equilibrium of the
carbonation reactions changes and thus the pH value does not provide a clear
indication of the rate of absorption. Therefore, it was decided to follow another
strategy in order to identify the completion of carbonation as will be presented in the
next section.

(B)

(A g
2 1 > 2 4
pH H ) 5

/\TT FTIR | / =16

30% CO,
70% N,

30% CO,
70% N,

e
N </ =
1 1 3

Figure 5. Experimental setup for the study of carbonation using pH and FTIR in (A) the stirred reactor and (B)
the 3D printed bubble column. The numbers represent the following: 1) Gas bottle, 2) Mass flow controller, 3)
Reactor, 4) Sparger, 5) pH probe, 6) FTIR probe, 7) Computer for data logging, 8) Mechanical stirrer. Both
reactors were open to the atmosphere.
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3.2.3. CO: absorption rate and capacity

To evaluate the amount of CO: captured in each solution an analytical balance
(QUINTIX2102-1S, Sartorius), with readability of 0.01 g, was used to monitor the
weight of the reactors. The increase of the weight of the reactors during the
experiments was a direct result of the absorption of CO- into the solutions. In Paper
IT the reactor was set on the balance and the weight of the reactor was monitored
continuously to obtain plots of absorption over time. The pH and FTIR probes could
not be used in-line for these experiments as external forces from the wires connected
to the probes were acting on the balance causing inaccuracies. For this reason, the
experiments were repeated with the same conditions and the same duration as had
been determined based on the pH before, but with only the sparger inside the reactor.

For Paper IV the duration of the experiments was also determined based on the time
needed for the pH to get to 8. Then, to obtain the capture capacity of the black liquor,
carbonation experiments were conducted for the same duration and the weight of the
reactor was measured at the beginning and end of the process. Because of the stirrer,
it was not possible to measure the weight while the experiment was going on. To ensure
that the measured absorption capacity was reliable, the experiment was performed in
triplicate and each time the pH was measured at the end to confirm that it was near 8.

The weight measurements can be heavily affected by weight losses in the carbonation
setup. The two causes of weight losses in the system are solvent evaporation and loss
of liquid that is carried away with the gas bubbles. To account for this phenomenon
blank experiments were conducted with sparging only nitrogen and recording the
weight decrease.

The experiments on green liquor dregs and steelmaking slags were conducted in the
3D printed reactor. The reactor was not set on the balance; instead, it was placed next
to the balance and its weight was measured at regular intervals. The duration of the
experiments was determined by the rate of increase of the reactor’s weight. Once the
balance showed the same weight two consecutive times the absorption was considered
complete and the experiment was stopped. In this case, the setup was even more
sensitive to weight losses than before, so a water trap was installed to eliminate the
escape of liquid carried in the gas flow. The water trap consisted of a small column
filled with silica beats (VWR) and placed directly at the outlet of the reactor. The setup
including the water trap is displayed in Figure 6. According to the literature, silica can
adsorb a very small amount of CO., but the silica gel used in our experiments was
around 50 g, which is sufficient to collect the water, but causes an insignificant CO-
hold-up [85], [86].

15



200mL/m

—

30% CO,
70% N,

o
oo
o
oo

A

Figure 6. Experimental setup with a silica trap at the outlet of the reactor.

3.2.4. Post-carbonation characterization

The physicochemical characterization of the formed carbonates was conducted using
various analytical techniques. Techniques such as x-ray diffractography (XRD) and
scanning electron microscopy (SEM) require the samples to be solid. The different
methods used to dry each type of solution are described next. The NaOH solutions of
concentrations 5 w/w% and above exhibited solid precipitation during the carbonation
reactions. The 6 w/w% carbonated solution was filtered and the separated solids were
dried at ambient temperature. The carbonated black liquor was treated as follows: A
part of the liquid was dried in an oven at 70 °C without further processing. Another
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 placed in
an oven at 70 °C for two days. A sample of non-carbonated black liquor was also dried
to study how carbonation affects the characteristics of the solids. The green liquor
dregs and steelmaking slags were dried in an oven at 50 °C for two days.

The solid samples were ground to a fine powder and then studied with Powder XRD
(D8 Discover, Bruker). The patterns were recorded for the diffraction angle (20) range
10 to 70° with a scan step of 0.02° per second. The diffractograms were recorded using
the software DIFFRAC.EVA V5.2 and the Crystallography Open Database was used to
analyze and recognize the patterns. The samples were also subjected to SEM (Phenom
ProX, ThermoFisher Scientific) and the carbonated black liquor solids were also put
under an optical microscope (ZEISS SteREO Discovery.V12). For the case of black
liquor, liquid state :3C NMR was also recorded on a Bruker Avance III HD (700 MHz
Larmor frequency of *H) equipped with a QCI cryoprobe. Samples of black liquor
before and after carbonation were transferred to NMR tubes, and a small amount of
D-0 (Sigma, 99.8% D) was added to lock and shim the samples. A z-restored spin-echo
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pulse sequence was used with 8192 scans and a repetition time of 0.1 s [87]. An
exponential window function of 20 Hz was applied before the baseline correction.

3.2.5. CFD simulations

To visualize and estimate the flow field inside the two reactors and evaluate the degree
of mixing between the liquid and gaseous phase, CFD simulations were performed
with the use of ANSYS FLUENT (Version 2022 R2). For the non-forced mixing reactor,
a 2D geometry was constructed based on the fact that if only the sparger is inside and
centered then the reactor is posseces axisymmetry with respect to the z-axis (along the
length of the reactor). The Euler-Euler model was employed to describe the multiphase
flow and the k-e turbulence model was used in both systems. A mixture of CO- and
nitrogen was chosen as the gaseous phase in the non-forced mixing reactor, while air
was used in the stirred reactor. The liquid was Newtonian with a viscosity of 0.0013
Pa-s, which was assumed to have similar fluid properties to both aqueous NaOH
solutions and black liquor. The phases were not reactive, so as to focus only on the
mixing characteristics and not add further complexity to the systems. The momentum
equation included sources for drag, shear lift, wall lubrication, as well as the bubble-
induced turbulence. To account for the stirring in the forced-mixing reactor the
impeller was modeled in a rotating frame of reference. More detailed descriptions of
the CFD models can be found in papers II and IV.
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4. Results

In this section, the experimental findings that have been reported in papers II, III
and IV will be discussed. The results are organized in four sections: CFD simulations,
evolution of carbonation reactions, absorption of CO- and post-carbonation analysis.
The CFD simulations conducted on the two types of reactors are presented first to
showcase the differences in the flow patterns and examine the quality of mixing.
Proceeding that, the evolution of the carbonation reactions will be introduced, based
on the measurements of FTIR and pH. The NaOH aqueous solutions will be discussed
first, since they provide the experimental foundation for the rest of the results and a
detailed overview of the carbonation process will be given both for this system and for
the black liquor. The evaluation of carbonation for the green liquor dregs and
steelmaking slag samples has not yet been thoroughly studied. This section will be
followed by the results on the absorption capacities of the materials, where important
factors such as the rate of absorption, maximum capacity, duration of experiment and
other will be discussed. Finally, the post-carbonation analysis of the materials includes
results of XRD, SEM and other techniques and offers information on how the
carbonation affected each material, which can provide useful knowledge for the
potential utilization of the carbonated products.

4.1. CFD evaluation of the mixing inside the two types of reactors

Figure 7 shows contours of the flow obtained from the CFD simulations for the half
cross-section of the reactor that was modeled. The highest gas volume fraction appears
near the bottom of the reactor and it decreases towards the top, where the reactor body
becomes wider, as can be seen in Figure 7A. The gas velocity, displayed in Figure 7B,
is at its maximum right above the sparger head, but there seems to be motion in most
parts inside the reactor. Finally, the ratio between the turbulent viscosity and
molecular viscosity of the suspension is visualized in Figure 7C to evaluate the degree
of mixing. It can be concluded, that solely the motion of the bubbles does not generate
mixing of high intensity. This result is not unprecedented. Laboratory-scale bubble
columns have been known to not be representative of industrial-size ones as the wall
effects are more important, which can lead to inaccurate assessment of the mixing in
the CFD simulations [88]. Other key characteristics of the 3D printed reactor that
could contribute to the mixing and overall efficiency would be the ratio between height
and diameter, the placement of the sparger, the use of continuous liquid flow, etc [89].
However, for this first stage of the project, optimization of the reactor was not a
priority as the main focus was on the absorption capacity and evaluation of the
carbonation process of different solvents. To this end, this reactor was successful in
promoting interfacial chemical reactions while allowing to monitor the progression of
these reactions.
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Figure 7. Contour plots of the gas volume fraction (A), gas velocity (B) and turbulent viscosity ratio (C)
obtained from the CFD simulations.

In the case of the stirred reactor, the CFD simulations demonstrated that stirring at
700 rpm provides superior mixing. Figure 8A shows an iso-surface depiction of the
gas velocity value of Uc = 0.3 m-s at 0 and 700 rpm rotation of the impeller. It is
evident from these contours that without stirring the gas tends to rise directly upward
with minimum dispersion into the surrounding liquid. However, the introduction of
stirring completely changes the profile of gas dispersion as the gas is spread around
much more evenly carried by the rotation of the impeller. The gas volume fraction
follows a similar pattern. In Figure 8B the iso-surface of the volume fraction ac=0.01
is displayed and it confirms that the mixing is largely improved in the presence of
stirring.

(A) (B)
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Figure 8. (A) the iso-surface of gas modulus of velocity Uc = 0.3 m-s-1 and (B) the iso-surface of gas volume
fraction ac=0.01 for Q=0 and 700 rpm.
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4.2. Monitoring the evolution of carbonation using in-line FTIR and pH

In order to validate and establish the method for monitoring the carbonation process
in real-time, aqueous NaOH, a well-studied absorbent, was chosen as the reference
system. The FTIR and pH data provided insight into the progression of the
carbonation reactions over time. The FTIR detected the presence of CO%~ and HCO3
and made it possible to qualitatively track the shift in concentration between the two
species based on the intensity of their respective peaks in the spectra. According to
literature conducted on similar aqueous systems, CO%~ has a characteristic peak at
1395 cm, HCO3 appears at 1005, 1300, 1365 and 1650 cm™ and water has a very
pronounced band at 1640 cm [90], [91]. With the instrument used here, the peaks
were slightly shifted to around 1380 ecm- for the C0%™, 1360, 1300 and 1008 cm-1, for
the HCO3 (the 1640 cm~* band is hidden by the water band) and 1635 cm~! for water.
Owing to the partial overlap of the CO3~ band and the 1365 cm- band of the HCO3 it
was not possible to extract quantitative information about the concentration of the
species from the FTIR spectra. The FTIR spectra over time for different NaOH
concentrations are shown in Figure 9. Initially, only the water peak is present, but as
gas is sparged through the liquid the CO%~ peak becomes gradually more prominent.
After some time, the shoulder of HCO3 at 1005 cm™ appears and at the same time the
band at 1395 cm shifts towards 1365 cm as the chemical equilibrium is shifting in
favor of HCO3. At low concentrations of NaOH this dynamic evolution of species is
barely noticeable in the spectra, but in the solutions above 3 w/w% the spectral

changes become much more significant.
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Figure 9. FTIR spectra of CO- absorption in the NaOH solutions over time. In the spectra of 5 w/w% NaOH the
arrow with solid fill marks the peak of CO3~at 1380 cm™ and the dashed arrows mark the peaks of HCO3 at
1360, 13000, and 1008 cm™.

The FTIR results along with the pH curve and the CO: absorption for the 4 w/w%
NaOH solution were combined in Figure 10 to obtain a more holistic perspective of the
progression of carbon capture in the reactor. For this purpose, the intensity of the
bands at the range of 1372—1388 cm~! and 1000-1016 cm~! were calculated and
plotted along with the pH and absorption data over time. Figure 10A shows the
absorption of CO2 in g CO2 / L of solution. It is evident that there are three distinct
regions in the plot, each one with a different rate of absorption. The highest absorption
rate took place within the first 6 minutes of the experiment. The pH during this time
exhibited a slow decrease from the initial value of 13.2 to 12.9, as displayed in Figure
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10B. Figure 10C and D show that throughout this time C0O%~ was gradually forming,
while there was no sign of HCO3 yet. As has been discussed in chapter 2.1. high pH
favors the instantaneous reaction between CO- and hydroxides towards the formation
of CO%~, so at this section the mass transport of the gaseous CO: into the liquid phase
is the limiting factor. This explains the high rate of absorption.

Following this, the next absorption section lasted 18.5 minutes and during that time
19.8 g/L of CO:= were absorbed. During this time, the pH decreased drastically. The
intensity of the CO3~ absorbance reached a maximum after 12.67 minutes of the
experiment, where the pH had the highest drop at the value of 11.2. The pH value at
the maximum rate of decrease is known as the equivalent point, where both sides of
an equation are at stoichiometric equilibrium. This equivalent point corresponds to
the equilibrium of Equation (5) mentioned in 2.1. At that point, HCO3 started to appear
(Figure 10D). This leads to the conclusion that the equivalent point marks the pH value
where the depletion of hydroxides becomes significant and thus the formation of HCO3
according to Equation (3) and the reverse of Equation (4) is starting to become more
favorable. From there on the signal intensity of the HCO; peak had a steady increase
at the expense of the CO3™ species.

The last section of absorption lasted 35 minutes, during which an additional 11.5 g/L
of CO- was absorbed and the pH exhibited a very slow decline from 9.6 until 8, at which
the experiment was stopped. At this pH range both the new CO. that flows into the
reactor and the CO%~ ions in solution turn into HCO3 . This explains why the absorption
rate is slower at this section. If this absorption system were to be implemented for
large-scale CO- separation, the process should potentially be kept at high pH to obtain
maximum and quick removal of the gas.
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Figure 10. (A) CO: absorption, (B) pH, (C) Sum of the absorbance intensities of the wavenumber range 1372—
1388 cmt corresponding to the CO3~ region and (D) Sum of the absorbance intensity of the wavenumber range
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These results are in line with findings reported in the literature, which confirms the
reliability of the experimental method [92]. The black liquor followed very similar
trends in the pH curve and FTIR spectra, as shown in Figure 11. The CO%~ peak was
again slightly shifted to 1390 cm and one of the HCO3 peaks was at 1355 cm™ instead
of 1360 cm. These small variations probably stem from the difference in the chemical
environment of each absorbent. The FTIR spectrum of the black liquor before the
reaction shows that a small amount of CO3~ is inherently present in the material,
coming from the pulping process. With the absorption of CO-, the intensity of the CO%~
peak increased and subsequently decreased as the HCO3 peaks ascended. The pH curve
exhibited a similar drop as the one of pure NaOH in water, with the exception that the
equivalent point appeared at 11.64 instead of 11.2. This difference is hardly
noteworthy, but it could reflect the fact that other molecules inside the system, such
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as lignin, silica and others are also undergoing changes, e.g. precipitation, as the pH
lowers. These side reactions can cause an overall alteration in the equilibrium, as
portrayed in the pH measurements.
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Figure 11. (A) FTIR spectra with time during a carbonation of black liquor. The bands marked with a green
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(B) Evolution of pH with time during the carbonation of black liquor.
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The same experimental approach was also attempted for aqueous mixtures of green
liquor dregs and steelmaking slag. As can be seen in Figure 12A the FTIR spectra
showed the formation of carbonates, by the appearance of peaks at around 1390 and
1008 cm. The pH exhibited a fast drop to 8 and it did not follow the same trend of
decline as in the other absorbents. This was an early indication that the carbonation
had not been complete, which was confirmed when the experiment was repeated for
the same duration with weight measurements. Figure 12C shows that the weight of the
reactor was still displaying a steep increase at pH 8, which means that CO. was still
being absorbed at a fast rate. Therefore, to avoid losing the information of capture
capacity of the materials, experiments were conducted where the weight of the reactor
was measured until it reached a stable value. The results of these experiments will be
presented in section 4.3.
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Figure 12. Initial experiment of green liquor dregs 15% where the experiment duration was dictated by the drop
of pH to 8.

4.3. Absorption capacity

The absorption capacity is one of the most important parameters in carbon capture as
it determines the amount of CO- that can be collected per volume of absorbent. Along
with that, the absorption rate is also a significant factor that dictates the duration of
the process. To investigate the effect of the concentration of NaOH in these properties
an analytical balance was used to track the weight of the reactor during the gas flow
for each solution. The weight of absorbed CO- overtime, along with the absorption
yield in grams per liter of solution are presented for solutions of 1 w/w%, 4 w/w% and
8 w/w% of NaOH in Figure 13. As mentioned in section 3.2.3. the duration of these
experiments was the same as the time it took for the pH to reach 8 in the previous
series of experiments. The rate of absorption at the lowest concentration of NaOH
(Figure 13A) was relatively stable throughout the duration of the experiment. The final
CO- absorption reached after 4.3 minutes was 9.5 g/L. In the 4 w/w% solution, as
discussed before, three distinct regions were identified with decreasing absorption
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rates. The total CO- absorption there was 41.7 g/L after 61 min. For the solution with
the highest concentration, there was an initial distinct region lasting for around 27
minutes with an absorption of almost 48 g/L while after that for the remaining 120
minutes of experiment the additional absorption was only 31 g/L. Interestingly, the
maximum absorption obtained with the 4 w/w% solution after 61 minutes was reached
in 1/3 of that time in the 8 w/w% solution.
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Figure 13. Weight increase of the reactor and the corresponding CO2 absorption for 1, 4 and 8 w/w% NaOH.

The absorption capacity of the NaOH solutions was compared to the stoichiometric
amount of CO- that could react toward the formation of solely CO3~ or HCO3 as can be
seen in Figure 14A. The absorption capacity values for all concentrations are near but
not exactly identical to the theoretical capture with total conversion to bicarbonates.
This suggests that HCOj3 is the primary product of all experiments, but some C03™ is
also still present. The absorption capacity increases linearly with the concentration of
NaOH as presented in Figure 14B. These results are in agreement with values reported
in the literature, which further enhances the reliability of the designed setup [92].
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absorption capacity correlate linearly (B).

The absorption capacity of CO- in weak oat black liquor is presented in Table 3. For
the sake of reproducibility, the experiment was conducted in triplicate and the pH was
measured at the end to ensure that it had reached the value of 8. All three experiments
had the same duration and the final pH and absorption of CO> were almost the same.
The average absorption capacity was 30.8 g of CO2/L of black liquor, which according
to Figure 14 corresponds to nearly 3 w/w% of an aqueous NaOH solution. The NaOH
solution used during the cooking process of oat husks was 4 w/w%, but a small amount
got carbonated in the cooking and some was lost in the filtration method to separate
the pulp from the black liquor. The pulp is washed a few times with water to neutralize
its pH and remove all lignin, but only the first filtrate was collected for the
experiments, while the wash water was discarded. This loss is not significant, but in an
industrial process, all of the wash water would be collected, and this weak black liquor
could be condensed to a desirable content of NaOH before reacting with flue gas.

Table 3. Absorption capacity of CO: in black liquor.

Experiment No Final pH Absorption Capacity
(g/L)
1 7.96 32.9
2 8.05 20.3
3 8.04 30.3

Figure 15 shows the evolution of absorption of CO: in green liquor dregs and
steelmaking slags at different concentrations in water. In the pretreatment, the solids
were mixed with water and stirred for 24 hours. Different stirring times were also
tested and it was concluded that 24 hours were enough to obtain the maximum
capacity of carbonation. As can be seen in Figure 16 with the comparison of all
materials for one concentration, green liquor dregs were found to have the lowest
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capture capacity. This is expected given that they contain less metal oxides than the
steel slags. Surprisingly, Petrit T, which has the lowest concentration of CaO out of the
three steelmaking slags and no MgO, had the highest absorption capacity. The effect
of the particle size was not studied, but it is worth noting that Petrit T is fine powder,
while Petrit E and L were coarser. The final pH of the carbonated mixtures was

between 6.8 and 7.7.
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Figure 15. CO- captured evolution with time for (A) Green liquor dregs, (B) Petrit E, (C) Petrit L and (D) Petrit T.

29



-
(4]

Comparison for 15%

1,51
C
- 1.2
o
2 0,9-
o o
(&) —
o' 0,61 ’/ —s=— Green liquor dregs
o g, Petrit E
0,3'/ Petrit L
Petrit T
0,0"- T T T T T T
0 20 40 60 80 100 120
Time (min)

Figure 16. CO: captured evolution with time for all the materials at 15 w/v%.

It is obvious from Figure 15 that the absorption capacity increases with increasing
concentration. The absorption yield of the materials, however, followed the opposite
trend. It was observed that the degree of carbonation was higher for the lowest
concentrations of solids in water. Figure 17 shows the capture capacity of the materials
in terms of grams of CO: / L of mixture and grams of CO- / g of solid. The trend of the
capture yield shows that the amount of CO- captured per gram of solid declined with
increasing concentration. This phenomenon is related to the leaching of the metal
ions. As the solid materials are mixed with water, metal ions leach out in the water
until the equilibrium between the dissolved and solid species is reached. At high
concentrations of solids, the water is quickly saturated with dissolved metal ions, while
there are still metal oxide particles in the solid phase, thus this inhibition to leach more
ions can make it more challenging to maximize the carbonation of the material. Based
on this information it is clear that a golden ratio must be found between the optimum
utilization of the materials and the volume of the reactor. Lower solid concentrations
might yield higher carbonation, but they have lower absorption capacity and higher
volume is required owing to the high water content. For the slags Petrit L and Petrit T
there is only a mild drop in yield as the concentration increases so perhaps industrially
it would be better to choose the 20 w/v% mixture, to ensure high absorption capacity
with small reactor size. For the green liquor dregs and Petrit E there seems to be a
bigger decline in yield between 5 and 10 w/v%, thus it would be less clear which is the
optimum concentration. Of course, there are more parameters to be considered when
designing such as process industrially, such as the clogging of the sparger, which is
more intense for mixtures with higher solids content, the energy spent for the
separation of water from the solids after the carbonation, etc.
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Figure 17. Absorption capacity and yield for (A) Green liquor dregs, (B) Petrit E, (C) Petrit L and (D) Petrit T.

4.4. Physicochemical characterization of the carbonates

The solids that precipitated from the 6 w/w% NaOH solution during the experiment
were collected and analyzed with SEM and XRD. The crystals that formed with
precipitation were organized in irregular, sharp structures of various shapes and sizes,
as can be seen in the SEM images in Figure 18A-D. The XRD diffractogram of these
crystals was also recorded (Figure 18E). According to the Crystallography Open
Database, the patterns were recognized to belong primarily to natrite (main peaks at
26°,27.5°,33°,35° 38°, 40° 41.5°, 46.5° 47°, 48°, and all the other peaks from 53.5°),
and to a minor extend to nahcolite (main peaks at 30°, 34.5° and 44.5°).
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Figure 18. SEM images (A—D) and XRD diffractogram (E) of the powder obtained for 6 w/w% NaOH.

Samples of dried black liquor were prepared as described in 3.2.4. and analyzed with
SEM, optical microscopy and XRD. The images from SEM and the optical microscope
shown in Figure 19 can provide insight into the morphology and microstructures
present in the material before and after carbonation. Black liquor, as can be seen in
Figure 19A and E contains a variety of amorphous structures of mainly organic
composition. As the pH of black liquor drops lignin molecules start to become
insoluble and precipitate. The mechanism of precipitation is highly complex and
maximum recovery of lignin can be achieved at pH between 2-3 [69]. At the pH of 8 a
noticeable fraction of lignin had precipitated. If the raw lignocellulosic feedstock
contains silica, this will also be present in black liquor in the form of soluble silicate
ions, which turn into silica and precipitate at the pH range of 10-8 [93]. Thus, after
carbonation, the filtration residue displayed in Figure 19B and F contains mainly lignin
and silica, which are absent in the filtrate. Owing to this, the white, sharp crystals that
appeared in the images of the filtrate could be assumed to be carbonates.
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Figure 19. 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, (D) zoomed-in image of crystal from the
filtrate and optical microscope images from (E) non-carbonated black liquor, (F) residue from the filtration of
carbonated black liquor and (G) filtrate from the filtration of carbonated black liquor.

The XRD results (Figure 20) corroborate the microscopy images. While it is
challenging to identify any known structures, especially in untreated black liquor
(Figure 20A), it was possible to recognize patterns of carbonates in the residue and
filtrate of the carbonated liquor. In Figure 20B a series of small peaks at the angle
range of 32-60° had a 30% match to Na.COs, according to the Figure of Merit (FOM)
calculated in the XRD software. The broad band at smaller angles could correspond to
amorphous silica as it has been previously reported in the literature [94]—[96]. In the
diffractogram of the filtrate the presence of carbonates was more pronounced as there
was a 55% match of the pattern to Na-CO3 and a 13% match to NaHCO; according to
the FOM (Figure 20C). The FOM does not provide quantitative information. It is an
expression of how well the pattern of the recorded signal fits to the diffractograms of
model molecular structures stored in the Crystallography Open Database.
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Figure 20. XRD diffractograms of black liquor (A), non-carbonated residue from the filtration of carbonated
black liquor (B), and filtrate from the filtration of carbonated black liquor (C). The Figure of Merit (FOM)
displayed in (B) and (C) is an indication of how much the signal matches with that of a particular molecular
structure from the Crystallography Open Database.

The black liquor was also analyzed with NMR before and after carbonation (Figure 21). The
peaks in the region 50-100 ppm belong most likely to hemicelluloses. Peaks that are
characteristic of lignin appear typically at the range of 100-120 ppm for the aromatic
groups of lignin and at 50 ppm for the methoxy groups, but these were not present in
the spectra. However, the NMR spectrum for the black liquor before carbonation
(Figure 21A) showed almost no lignin peaks. This might be due to the low amount of
lignin. The peak at 168 ppm corresponds to C05~ confirming that the non-carbonated
black liquor contains a small amount of CO3~ which agrees with the FTIR results. After
carbonation at pH 8, there was no considerable change in the signal coming from
organic molecules (Figure 21B). However, the CO3~ peak disappeared, and another
more intense peak at 161 ppm corresponding to HCO3 appeared [97]. This indicates
that the black liquor had been carbonated, and the dominant species are bicarbonates
which is reasonable at pH 8.
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Figure 21. Liquid state 3C NMR spectra of black liquor before carbonation (A) and after carbonation (B and C).
B and C are two different runs.

For the green liquor dregs, SEM analysis revealed the complex morphology of the
material (Figure 22). There was a variety of crystalline and amorphous structures both
before and after carbonation. Tetrahedral structures that were identified in the
samples before and after carbonation could indicate the presence of calcite [98]. Such
structures are clearly visible in Figures 23B and D. An interesting phenomenon that
appeared during the experiments is that for the high concentrations of green liquor
dregs (20 and 25 w/v%) crystalline structures were forming on the surface of the solids
after the carbonation experiments. These crystals were isolated and then analyzed with
SEM as well. Elemental analysis with SEM revealed that the crystals contained Mg
(13%), C (17.7%) and O (69.4%). The morphology of one of these crystals can be seen
in Figure 23.

Figure 22. SEM images of green liquor dregs before (A and B) and after (C and D) carbonation. The carbonated
sample is the one from the experiment at 5 w/v% concentration.
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Figure 23. Crystal structure formed on the surface of the carbonates green liquor dregs at 25 w/v% as seen with
(A) SEM, (B) the optical microscope. (C) is a picture of the crystal.

XRD analysis (Figure 24) showed that the most predominant structure in the green
liquor dregs was CaCOj already before the carbonation, which has also been reported
in the literature [99]-[101]. Specifically, the XRD patterns match the crystal phase
structure of calcite [102], [103]. A peak at 26.15 has been identified to belong to
manganite (MnO(OH)) [99]. This peak appears unchanged before and after
carbonation for low and high concentrations of green liquor dregs, while the peaks of
CaCOj are higher after carbonation and specifically, the maximum intensity appeared
at the concentration of 5 w/v%. This confirms the notion that more CaCO3; was formed
in the experiment with 5 w/v% solids, than with 25 w/v%.
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® 25% After carbonation

® Caco,
[l MnO(OH)

RTINS IR

Intensity

5% After carbonation
@ CaCo,
B MnO(OH)

EERTIN 0 BRI

Before carbonation

® CaCo,
B MnO(OH)

Intensity

Intensity

10 15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Figure 24. XRD diffractograms of green liquor dregs before carbonation and after for mixtures 5 and 25 w/v%.
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The morphology of the steelmaking slags as observed with SEM can be seen in Figure
25. The morphology of the samples before carbonation (Figure 25A, C and E) is
different among the virgin slags. For example, the particles of Petrit E had a rock-like
shape, while Petrit T had more of a sponge-like morphology. The carbonated samples
showed more similarities between them (Figure 25B, D and F). According to previous
references, calcite presents a tetrahedral morphology. A tetrahedral morphology could
be recognized in Figure 25B (carbonated petrit E) and F (carbonated Petrit T), which
could belong to calcite as was mentioned above [98]. For the carbonated sample of
Petrit L, a mix between tetrahedral and needle-like structures was observed (Figure
25D). This could correspond to a mix of calcite and aragonite or MgCQOs, in agreement
with previous works [104], [105].

Figure 25. SEM of solid powders for: (A) Petrit E before carbonation; (B) Petrit E after carbonation; (C) Petrit
L before carbonation; (D) Petrit L after carbonation; (E) Petrit T before carbonation; (F) Petrit T after
carbonation. The carbonated samples are the ones from the experiment at 15 w/v% concentration.

XRD unveiled the mixture of metal complexes that these materials comprise (Figure
26). Before carbonation a variety of metal oxides and silicates could be recognized
based on the Crystallography Open Database. Petrit E and L had peaks characteristic
of Ca»Si0,4, CaCO3 and MgO before carbonation. Petrit T displayed a strong presence
of Ca-SiOy4, but there was no indication of CaCOs, while CaO could be identified. This
can explain why Petrit T had the highest carbonation performance, since Ca+ were
more readily available to react. After the carbonation reactions calcite had the most
predominant signal, while peaks of MgCO3 were also visible in Petrit E and L. The high
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content of carbonates after the experiments suggests that these materials might be

attractive for use in constructions.
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5. Conclusions

The following absorption systems have been studied in terms of their potential in
carbon capture: aqueous NaOH, black liquor, aqueous green liquor dregs and aqueous
steelmaking slags.

Experiments were conducted in a bubble column reactor which was designed to have
a narrow body in order to induce homogeneous mixing of the gas and liquid phase by
the upward movement of the gas bubbles, without the need for stirring. This setup was
validated with the use of standard solutions of NaOH and it was then used for the
carbonation experiments of green liquor dregs and steelmaking slags. Black liquor
contains various molecules which act as surfactants and thus it tends to form a dense
foam when gas is sparged through it. To restrain the foam, a stirred tank was used
instead of a bubble column and the stirrer was operated at the elevated speed of 700
rpm which was successful at breaking the foam at the rate of its production.

It was found that black liquor had a capture capacity of 30.8 g of CO: / L of liquor,
which however is largely dependent on the solids content of the weak liquor and the
amount of NaOH used in the cooking process. A fraction of lignin and silica present in
the liquor precipitated as a result of lowering the pH. Green liquor dregs and
steelmaking slags were mixed with water at different concentrations and stirred for 24
hours to promote the leaching of metal ions. It was found that concentration is a
crucial parameter affecting the absorption capacity. At higher concentrations of solids,
the absorption capacity was higher, but the degree of carbonation of the solids was
lower. Out of all the side-streams tested the steel slag Petrit T had the highest
absorption of CO- owing to its high content in readily available CaO. While Petrit E
and Petrit L. had more CaO according to the chemical analysis provided by the supplier,
XRD revealed that the Ca partially existed in the form of CaCOs.
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6. Future perspectives

The next steps in this project are two-fold. The first part is to expand the research on
more industrial side-streams, such as a waste-water stream provided by SCA and
municipal bottom ash from Uddevalla Energi. To this end the experimental setup has
been modified in the following ways: 1) the gas composition will be adjustable with a
mass flow controller and will be set to 15 % of CO- to be more representative of post-
combustion flue gas, 2) a CO- sensor will be measuring the % of CO: in the outlet of
the reactor. Thus, by collecting data on the composition of the outlet it will be possible
to deduct the amount of CO- that is absorbed in the reactor over time. In this way it
will be possible to study different side-streams, experimental conditions and reactor
designs. This part also includes the prospect of analyzing the properties of the
carbonated materials to evaluate potential utilization paths.

The second part entails the visualization of the flow field inside the bubble column
reactor using Magnetic Resonance Imaging (MRI). MRI is a powerful methodology to
gain crucial information of opaque systems by detecting the signal coming from *H and
constructing flow or other maps. This technique is primarily used in medicine, but it
is emerging fast in the chemical engineering world and one of its promising
applications is for flow visualization and reaction monitoring inside multiphase
reactors. While high speed cameras can provide insight transparent systems such as
bubble columns with water and air, they fail when the liquid phase is opaque. That is
where MRI comes in. The main challenge of this technique is to develop methods that
will be fast enough to capture the movement of the bubbles inside the liquid in time-
scales below seconds. If this is achieved then it will be possible to obtain information
about the flow inside black liquor, mixtures of solid materials in water and other
opaque systems. This information can then be used to corroborate the construction of
accurate CFD models, which could be useful for large-scale implementation.
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