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Abstract

This study investigates a new concept of producing precipitated calcium carbonate (PCC)
from steelmaking slag and carbon dioxide via a spray carbonation process. The presented
laboratory-scale spray carbonation test reactor uses a spray nozzle to disperse fine
droplets of a Ca-rich solution into a spray tower, where calcium carbonate precipitates
as a result of the reaction between calcium and the counter flowing CO; gas. Beside the
spray carbonation experiments with the laboratory-scale test plant, a spray analysis was
conducted to determine the droplet size of different spray nozzles. This work also
presents a comparison between the original X2PCC process and the proposed spray
carbonation process and tries to identify its shortcomings and advantages.

The feasibility of PCC production from steel slag via spray carbonation was successfully
demonstrated at the laboratory-scale. Experiments were conducted at pressures of 5 and
10 bar using nozzles with different capacities and spray angles. All experiments
succeeded in producing PCC in the form of rhombohedral calcite with a size of 22.86 to
66.98 um. The calcite content of the produced PCC was between 80.43 and 96.59 %.
Droplet collisions and depositions on the spray tower wall were found to play an
important role when trying to produce PCC of a certain size. Experiments also show that
it is possible to produce smaller PCC particles with the spray carbonation process
compared to the conventional X2PCC process, which makes it a potential alternative and
a promising research area in the future.

Keywords PCC, Precipitated Calcium Carbonate, Spray Carbonation, Steel Slag, Gas-
Liquid Mass Transfer, Spray Analysis, Carbon Capture and Storage.
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1 Introduction

The accelerating release of human-caused emissions into the atmosphere has long passed the
limit where existing CO2 uptake mechanisms are able to offset these vast amounts of
emissions. The need for action to combat climate change and reduce anthropogenic
emissions has not only recently awaken the interest in carbon capture and storage (CCS)
processes. Generally, the CCS scheme consists of three parts: CO> capture, transportation,
and sequestration (long-term storage of carbon dioxide). Both carbon capture and
sequestration are alternatives to reduce greenhouse gas emissions and mitigate climate
change. Besides physical processes of carbon sequestration also chemical processes exist,
one of them being mineral carbonation, also known as mineral sequestration. In mineral
carbonation CO> reacts with magnesium or calcium containing silicate minerals to form
insoluble and geologically stable carbonates. Hence, mineral carbonation not only provides
a permanent storage of COy, but also yields precipitated calcium carbonate (PCC) which can
be a valuable product if it meets certain quality criteria [1,2].

Because of their high contents of calcium silicates, slags from iron and steel works have
been identified as potential raw materials for mineral carbonation. [3] Current production of
PCC is based on the carbonation of mined limestone. In the carbonation process limestone
is first heated to very high temperatures to produce lime, which is a very energy intensive
step in lime production. According to a report by the European Lime Association [4] the
amount of direct CO. emissions caused by fuel combustion for lime kiln heating of the
European lime industry was equal to approx. 7.8 million tonnes in 2010. The amount of CO>
emitted per tonne of lime produced ranged from 0.322 to 0.635 tonnes [5]. Replacing the
energy intensive calcination process by using slag as a raw material instead, could
considerably decrease energy consumption as well as carbon dioxide emissions. Reusing
steelmaking slags instead of dumping them in disposal areas can furthermore prevent
harmful impacts on both human health and the environment [6].

One recently studied mineral carbonation process for carbon capture is the X2PCC process,
which uses an aqueous solution of ammonium chloride (NH4CI) to extract calcium from
steelmaking slag. The resulting Ca-rich solution is fed into a carbonation reactor, where it
reacts with CO to form PCC. Provided that the produced PCC shows sufficient high quality,
it can be sold to other industries e.g. as filler material in the paper making industry. Earlier
work on the X2PCC process has not only focused on the extraction of calcium from steel
slag, but also on the precipitation kinetics of PCC, as well as on economics and business
aspects. Great emphasis was laid to study the impact of different precipitation factors on the
quality of the PCC. With the successful operation of the pilot plant at the Aalto University
an industrial scale demonstration plant is currently under construction.



1.1 Scope of Work

This work investigates a new concept of producing PCC from steelmaking slag and carbon
dioxide, namely via a spray carbonation process. This idea was already presented in the
patent [7] covering the calcium carbonate production method from waste and side products,
and is now validated with this work. The research focuses on the differences between the
original X2PCC process and the proposed spray carbonation process and investigates
whether the concept of a spray carbonation process can be achieved. Furthermore, this work
presents a laboratory-scale prototype which has been designed to determine the feasibility
of the process and to identify its shortcomings and advantages.

First, a brief description of the production, application, and the morphology of PCC are given
in Chapter 2. The principles of PCC precipitation are then explained in Chapter 3. A short
introduction to the original X2PCC process is given in Chapter 4, while Chapter 5 presents
the theoretical background on spray carbonation, including a description of the laboratory
test rig. The experimental work of this research is described in Chapter 6. A final conclusion
and recommendations for future work are given in Chapters 7 and 8 respectively. It shall be
mentioned, that this work only focuses on the carbonation step and therefore no further
experiments on the calcium extraction have been conducted. The Ca-rich solution is
provided and produced via the conventional X2PCC process, using the pilot scale plant at
the Aalto University.

1.2 Research Objectives

The main objective of this work is to verify the concept of producing precipitated calcium
carbonate via spray carbonation. The main research question was, if it is possible to generate
precipitated calcium carbonate via spray carbonation and what effects on particle
morphology and particle size can be observed.

This thesis tries to answer following questions:

e How does the spray carbonation process differ from the original X2PCC process
concept?

e st possible to generate PCC via spray carbonation?

e What is the impact of spray carbonation on particle morphology?

e How does the droplet size of the Ca-rich solution affect the chemical reaction and
the PCC particle size?



2 Precipitated Calcium Carbonate (PCC)

Calcium carbonate (CaCOs3) is one of the most common minerals on earth and occurs
naturally as limestone, chalk, and marble. [8] Ground calcium carbonate (GCC) is simply
produced by grinding calcium carbonate deposits resulting in particles usually bigger than
1um. Precipitated calcium carbonate (PCC) on the contrary is a precipitate that is produced
by the reaction of carbon dioxide (CO2) with calcium hydroxide (Ca(OH)2). PCC typically
has high purity and a particle size of 0.02-2 um. Both PCC and GCC are used in similar
markets but due to its ready availability and cheap production GCC is the most widely used
one. [9] However, since PCC is a synthetic product, its physical properties can be controlled
during manufacturing by creating PCC of different morphology. As a result, it gives PCC
outstanding performance in many applications where GCC does not perform just as well
[10]. Furthermore, PCC tends to have a higher brightness, is less abrasive, and has the higher
CaCOs content compared to GCC [9].

2.1 Production of PCC

The start of commercial production of PCC dates back to 1841, when an English company
used residuals from their potassium chlorate production to produce PCC for the first time
[10]. At the present time there are several existing methods for PCC production, with the
carbonation, Solvay, and lime-soda processes being the most common technologies. All
three processes use limestone (CaCOs) as raw material for lime milk (Ca(OH)2). The energy
intensive process of producing lime milk is based on the calcination of limestone in a lime
Kiln at temperatures between 900 and 1000°C. In the carbonation process the lime milk
solution is bubbled with a CO»-containing waste gas which causes the precipitation of
CaCO3 (Eq.1). The carbonation process is the only process where PCC is produced as the
primary product and is regarded as the most simple and most cost-efficient production
method for PCC. In the Solvay process calcium chloride (CaCl,) reacts with sodium
carbonate to form sodium chloride (NaCl) and CaCOs (Eq.2). In the lime-soda process lime
milk reacts with sodium carbonate (Na2CO3) to form sodium hydroxide (NaOH) and CaCO3
as a by-product (Eg.3). Certain amounts of impurities (e.g. gypsum) can be found in Solvay-
and lime-soda-produced PCC which explains quality differences of PCC produced by
different technologies. [2,6,11]

Table 1: Main chemical reactions of the carbonation, Solvay and lime-soda process [6]

Process Main chemical reaction

Carbonation Ca(OH)z (aq) + CO, (gas) — CaCO4 (s) Eq(l)
Solvay CaCl, (aq) + Na,(C0; (aq) ~ ZNClCl(aq) + CaCOs4 () ECI(Z)
Lime-soda Ca(OH)Z (aq) + NClZCO3 (aq) d ZNCLOH(aq) + C(ZC03 (s) EQ(3)




2.2 Applications of PCC

Calcium carbonate is a very versatile mineral which is commonly used as filler and extender
in a wide variety of industries. The global PCC market by application is shown in Figure 1.
It can be seen that the pulp and paper industry is the biggest consumer of PCC. Other
industrial applications include plastics, paints and coatings, adhesives and sealants, and
others. In 2012, Europe was the second largest regional market for calcium carbonate, which
corresponds to a share of almost 24% of the total global market [12].

12.2
PCC

Figure 1: Global end-use market structure for PCC (2013) [13]

Global market projections for calcium carbonate predict to reach 98.7 million tons by 2020,
driven by demands from paper and plastic industries [13]. The application of PCC in the
pulp & paper and the plastic industry is briefly described in the following paragraphs.

Pulp & Paper industry

In the alkaline papermaking process, PCC is used as filler as well as coating material and is
added to the paper in order to improve its optical and physical properties. Different
manufacturers have developed a broad range of PCC products with variations in particle-
size distribution, crystal shapes and — structures. [14] The variety of crystal morphology and
size offers different performance characteristics such as brightness, opacity, and bulk to the
paper and can even improve paper machine productivity.

Main properties of PCC that determine the paper quality are purity, crystal morphology, and
particle size distribution. [2] The refractive index, brightness, specific surface area, specific
gravity, and surface charge are further important parameters influencing the quality of paper.
Some of the properties of different commercially available PCC products are compared in
Table 2.

Table 2: Properties of commercial PCC products in the pulp & paper industry [2]

Purity Median size dso

Supplier Application Morphology (% CaCO) (um)
SMi Filler Scalenohedral calcite 98 1.3-2.2
SMI Coating Prismatic calcite n/a 0.6-2.2
SMI Coating Aragonite n/a 0.4-0.6

Omya Filler Scalenohedral calcite 99 1.8
Schaefer Kalk Multiple appl. Scalenohedral calcite 99 1-3




The purity of PCC is a very critical parameter since it has a great effect on the brightness of
the paper. [2] Mineral impurities such as manganese and iron can cause the PCC to discolour
and should therefore be avoided or removed beforehand. Commercial PCC pigments usually
have a purity of at least 97%.

Plastic industry

Calcium carbonate is used as an inorganic filler material for the production of polyvinyl
chloride, polypropylene, and polyethylene. [15] Calcium carbonate not only functions as an
additive to improve the physical performance of the plastic, but also as an auxiliary material
for processing to improve the formability of the final products. Another advantage is the
lower price compared to other mineral fillers. When used in plastics the PCC particle size
combined with the substitution ratio play an important role. Generally, the smaller the PCC
particle size, the higher the improvement of physical properties such as impact strength and
yield strength are. This is valid for substitution ratios up to 10-15%, above which the strength
decreases.

Also nano-PCC has been used in the plastic industry as highly effective impact modifier and
filler material. [16] Nano-PCC has an average particle diameter of less than 100 nanometres
and allows for high filler loading due to its narrow particle size distribution.

2.3 Morphology

As explained already earlier, PCC is a synthetic product and its physical properties can be
controlled during manufacturing. Process parameters such as temperature, pH, the presence
of additives, and others, have strong influence on the precipitation process and define the
morphology of the precipitate. [17] Generally, calcium carbonate can crystallise into three
different polymorphs namely calcite, aragonite and vaterite (see also Figure 2). Despite their
different structures they are all chemically identical crystalline forms of calcium carbonate.
However, only calcite and aragonite crystal shapes are used commercially.
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Figure 2: Scanning Electron Microscope pictures of a) rhombohedral calcite, b) aragonite and c)
vaterite produced with the X2PCC process. [17]

Calcite is the most stable form, aragonite only forms at higher temperatures (>50°C), and
vaterite is of metastable nature and usually transforms either to calcite or aragonite. Crystal
morphology and particle size are generally influenced by supersaturation [18,19]. Jung et al.
[19] pointed out that rather excess species of the reactants than supersaturation are
responsible for changes in morphology. In the study by Han et al. [20] additionally to initial
concentrations of reactants, flow rate and temperature had an influence on the morphology.
The effects of temperature on morphology was also mentioned in several studies [2,18,21—
25].



Calcium carbonate can appear in three different hydrated forms, namely as monohydro
calcite, hexahydro calcite, and as amorphous calcium carbonate. [26] At low temperatures
the crystallization process usually involves the transformation of the unstable amorphous
calcium carbonate to calcite via vaterite. At elevated temperatures amorphous calcium
carbonate transforms to aragonite via vaterite.

Calcite

The fact that calcite is the most stable form under standard conditions, makes it the most
important polymorph when used in different industries. [21] Beside its rhombohedral form,
calcite also exists as scalenohedral (star-shaped particles) and prismatic form. Scalenohedral
calcite is mainly used as material in paper making and for paints, and rhombohedral calcite
in plastics and sealants industries due to its high specific surface area. It has been shown that
the particle morphology is dependent on growth rates on crystal faces. [18,27] While a low
Ca?*t/C0OZ% ratio in precipitation favours the growth process of rhombohedral faces, an
increase in the Ca?* /C0O3 ratio enhances the growth of scalenohedral faces. In other words,
under conditions with Ca?* in excess the morphology is scalenohedral.

Aragonite

At standard conditions the needle-like aragonite is thermodynamically unstable and tends to
alter into calcite. [2] It is used in applications that require high surface area, such as e.g. for
paper coatings. As filler material aragonite is also used to improve mechanical properties of
polymer materials and paper due to the crystals’ high aspect ratios. [28] Moreover, aragonite
is denser than calcite and known as a good biomedical material. Many studies [2,18,21-25]
have shown that higher temperatures enhance the formation of aragonite.



3 Principles of PCC Precipitation

The multistep process of calcium carbonation in a calcium rich solution consists of the
absorption of CO; on the surface of the aqueous solution, the dissolution of CO; in water,
and the principal chemical reactions of calcium with carbonate and bicarbonate. The main
reactions involved in the precipitation of calcium carbonate are presented in the equations
below (Eq. 4-10) [2,29,30].

Reaction of carbon dioxide:

€Oy (gas) © CO3 (ag) Eq.(4)
CO; (gas) T+ OH_(aq) < HCO5 (aq) Eq.(5)
COz (aqy + H20 (aqy © HCO3 (4q) + Hy Eq.(6)
HCO3 (ag) © €03 (ag) + H'(ag) Eq.(7)

Precipitation of calcium:

CaZ(Zq) + COB%_(aq) © CaC03 (5 1 Eq.(8)
Calgq + HCOZ (4 © CaCls () 1 + H'gg Eq.(9)

When CO; is excessive:
Ca(OH)Z (aq) + COZ (aq) © CaCO3 (s) + HZO (aq) EQ(lO)

In general, precipitation can be described as the formation process of a suspension of solid
particles as a result of a chemical reaction or physical change [31]. The main steps of
precipitation are nucleation and crystal growth. [32] Furthermore, aging, ripening, and
agglomeration can occur during the precipitation process.

The main driving force for both nucleation and crystal growth is the supersaturation, which
can be defined as the difference in chemical potential of a molecule in solution and a
molecule in the bulk of the crystal phase [33].

The initial phase of precipitation is the formation of a nucleus. [32] Nucleation is described
as an energy-consuming process that involves the formation of an organized structure from
ions or particles in the solution. Depending on whether foreign particles or crystals are
present in the solution, the nucleation process can be homogeneous (no foreign particles
present) or heterogeneous (presence of foreign particles). In both, heterogeneous and
homogeneous nucleation, a certain activation energy barrier has to be overcome so that a
nuclei can be formed. If foreign particles are present in the solution, the activation energy
barrier is usually reduced, meaning that a lower degree of supersaturation is required
compared to homogeneous nucleation. In other words, nucleation occurs much more readily
(at a lower supersaturation) if crystals are already present in the solution. Commonly, so
called seed crystals are used to not only trigger or enhance crystallization but also to
influence and control the crystal size distribution of the final product.



Once the nucleus has outreached its critical size, it is considered to be stable in the bulk of
the fluid and from that point onwards it is growing into a crystal of visible size. [34] Whether
an unstable nucleus dissolves or a stable one grows, both behaviours aim to minimize the
free energy of the system. Mechanisms of crystal growth have been widely studied and many
theories, such as surface energy theories or adsorption layer theories have been developed.

If the nucleation step dominates over crystal growth, naturally particles with a small average
particle size can be expected. It is also believed that higher levels of supersaturation enhance
the nucleation process and therefore result in smaller particles [35].

Aging is defined as the change in crystal structure over time. [32] Sometimes the initially
formed crystal structure is not the most stable one, which might lead to its transformation
into a more stable crystal structure. The increase in crystal size due to dissolution of small
crystals and their re-deposition on the surface of larger crystals is called ripening [34]. The
driving force behind this process is the difference in solubility between small and large
particles.

It shall be mentioned that supersaturation is not the only factor affecting the precipitation
process. Temperature, solution pH, and ionic strength are other important factors that need
to be considered when analysing precipitation reaction chemistries. [35] An increase in
temperature for example, usually increases the solubility of reactants which furthermore
favours the crystalline deposition as previously described. For the efficient collection of the
precipitation product the solubility product needs to be as low as possible, meaning that the
product should be insoluble.

3.1 Mass Transfer between Gas and Liquid Phase

When gas is absorbed in a liquid, gas molecules are being transferred from the gas side
across the gas-liquid interface to the bulk of the liquid phase. [36] The solubility of the gas
as well as the mass transfer performance are the determining steps for the final concentration
of the solute in the bulk of the liquid.

A common way to describe the solubility of a gas in water is by the Henry’s law constant
kn. The constant is usually defined as the ratio of the concentration of a species in aqueous
phase to its partial pressure in the gas phase. Findlay and Shen [37] found that the solubility
of CO2 in an ammonium chloride solution is less than in water and decreasing with
increasing concentration of the solution. In their study, pressure changes (in a range of 1 to
approximately 2 bar) had no effect on the solubility. Experiments by Rumpf et al. [38]
conducted over a temperature range of 40°C to 160°C and pressures up to 100 bar, show that
the solubility of CO> in aqueous ammonium chloride increases with increasing pressure, but
decreases with increasing temperature [39].

To describe the mass transfer at the interfacial area a microscopic approach which considers
concentration differences between the gas- and liquid phase is necessary. Several theories of
mass transfer, such as Whitman’s film theory, Higbie’s penetration theory, and Danckwerts
surface renewable theory have been developed and are used to describe transfer phenomena
[40].



3.1.1 Two-film Model

The two-film model describes mass transfer and the evolution of concentration gradients in
two stagnant films on each side of the interface. Generally, the two-film theory assumes
equilibrium at the gas liquid interface, thus mass transfer encounters resistance from the
liquid film as well as from the gas film.

Regarding the precipitation process of calcium carbonate, the gas phase is composed of pure
CO2 and the liquid bulk of an aqueous solution of ammonium chloride. In order to describe
the mass transfer in such a system by applying the two-film theory, the following
assumptions have been made:

1) Since CO2is sparingly soluble in NH4CI [2] the resistance from the gas side towards
mass transfer can be neglected, which means that the main driving force comes
from the liquid film [36,41,42].

2) Furthermore, concentration in the liquid bulk is assumed to be uniform due to
turbulence/agitation.

3) The film is considered to be stagnant and always in a quasi-steady state, which
means that it absorbs the gas by steady state molecular diffusion [41].

Keeping these assumptions in mind, the mass transfer process can be illustrated as follows:

gas-liquid interface

|

liquid film

liquid bulk
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Figure 3: Mass transfer of solute A across the gas-liquid interface

with & being the film thickness and x the dimensionless distance from the gas-liquid interface
towards the liquid bulk. As it can be seen from Figure 3, the concentration of solute A at the
gas-liquid interface (Ca) is equal to the concentration at equilibrium with partial pressure of
the gas side (Ca”) and Cap is the concentration of solute A in the bulk of the liquid. The
continuity equation for A can be written as:

d2C,
= =0 Eq.(11)

where Da is the diffusivity of A. From that, the absorption flux for solute A can be written
as:

D
Ny =~ (Ci = Cav) Eq.(12)



which is equal to the concentration difference times the mass transfer coefficient:
Na =k - (C3 — Cap) Eq.(13)

This means that according to the film-theory, the mass transfer coefficient (k.) varies in
direct proportion to the diffusivity of A in the liquid. However, it should be noted that the
film thickness 0 is unknown and that the rate of mass transfer is therefore unpredictable by
the two-film theory. Experiments also indicate that the mass transfer coefficient is less than
proportional to the diffusivity of A, which is why the theories of Higbie and Danckwerts are
often preferred. Their theories predict that ki is proportional to the square root of the
diffusivity of A, which is more precise than Whitman’s prediction [41].

3.1.2 Effect of Chemical Reactions on the Mass Transfer

Neither the two-film theory, nor the theories by Higbie and Danckwerts are able to predict
the rate of mass transfer; however, they can be used to predict the effect of chemical reactions
on the mass transfer. [41] In order to predict the effect of the chemical reaction the film
theory shall be applied and the following assumptions shall be made:

1.) Solvent A is being transferred from the gas phase to the liquid phase; on the liquid
side A reacts with the liquid element B.

2.) Both A and B are of first order.

3.) B is assumed to be non-volatile, which means that it can’t reach the gas phase by
vaporization.

4.) The resistance from the gas phase can be neglected.

5.) There is no accumulation of elements in the interface, which means that the reaction
occurs in a steady state.

Generally it can be said that the mass transfer process is being accelerated by the occurrence
of a chemical reaction. Therefore, the actual absorption rate can be defined as the physical
absorption rate multiplied by the mass enhancement factor E, as given in Eq.14.

Ny = E ki (Cq — Cpp) Eq.(14)
The enhancement factor can be written as:

_ VM _ Ha
B tanhm_ tanh Ha

Eq.(15)

where M is the Diffusion-reaction parameter, which compares the characteristic time for
diffusion to the characteristic time for reaction. M can also be expressed as the Hatta number
(Ha), which is a very common dimensionless parameter to describe how mass transfer is
affected by a chemical reaction and which is simply the square root of M.

Considering the occurrence of a chemical reaction, the continuity equation for A can be
rewritten as follows:

d2C,
Tz = K CaC Eq.(16)

Dy
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where Da is the diffusion of A in the liquid, Ca is the concentration of A, Cg is the
concentration of B, and k is the reaction rate. When comparing Eq. 16 with Eq. 11, it can be
seen that Eq. 16 contains an additional reaction rate term on the right hand side of the
equation. The equation for B can be written in a similar manner:

d2Cy
dx?

where b is the stoichiometric coefficient of B. In order to obtain comparable values, it has
been found useful to treat these equations (Eg.16 and 17) in a dimensionless form by defining
dimensionless variables a, 3, { as:

_ Cy Cy X

a = * B =
CA CBb

The dimensionless equations for the diffusion of A and B can therefore be rewritten as:

dza kCBb
— =(§2 Eq.(18
dg? (6 D, )“ﬁ %(18)

Eq.(19)

d’p (62 k CB,,) ( b D, C;{)
a2~ \* 0, )\ )
Originating from these equations, it is now possible to define the already mentioned
Diffusion-reaction parameter M and the relative abundance parameter Q:

52
M= — kCg, Eq.(20)
Dy
_ Dg Cpp Eq.(21)
1= pD,C;

The relative abundance compares the relative rate of supply of B/A to the relative
requirement of B/A. For q it can be said that usually g>>1 since the concentration of A on
the liquid side at equilibrium (Ca") is much smaller than the concentration of B in the bulk
of the liquid (Cgp).

Both M and Ha can be used to determine whether the process involves a fast or slow reaction
and whether the chemical reaction occurs in the film or in the bulk of the liquid. For example,
if M has a large value, the time for diffusion is larger than the reaction time, which means
that the reaction is much faster than the diffusion process. Depending on the value of M/Ha
and E, reactions can be classified into slow-, fast- and instantaneous reaction regimes (see
also Table 3). It should be mentioned that depending on the source in literature, the Hatta
value might be slightly different for different regimes. While Van EIK et al. [43] consider
reactions with Ha >2 as fast reactions, Roizard and Wild [42] consider reactions with Ha >3
as fast reactions. Trambouze and Euzen [40] consider reactions with a Hatta value between
0.3 and 5 as moderate, and those with a Hatta value greater than 5 as fast reactions. It was
explained by NPTEL [44] that at Ha = 3 already a bit more than 90% of the gas are absorbed
in the liquid film.
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Table 3: Possible regimes for mass transfer accompanied by chemical reaction [40,44]

Slow reaction Fast reaction Instantaneous reaction
regime regime regime
M<<1 M<<q M>1 M >>1
Ha<0.3 Ha >3 Ha >3
E=1 E =Ha E=1+q
Reaction in liquid bulk Reaction in liquid film Reaction solely in liquid film
1T I Ca 1T I Cen 14 | Cap
. | Ca | I
Ca I ) | C |
| Ca | |
| | [
| I I
I I |
0 ; | > 0 } § o > 0 { }
x=0 X=L X=0& X x=0 x=L XxX=0 X x=0 x=AL x=0 X

3.1.2.1 Slow Reaction Regime

In cases where M is small and M<<q, and considering that the concentration profile of B is
constant throughout the film (f=1), the reaction of A becomes independent of . These
reactions are so called pseudo-first-order reactions.

In the case where M<<q and M<<1 (or Ha<0.3), the reaction equation of A becomes the
same equation as the physical mass transfer equation (Eq. 11). This also means that the
reaction occurs outside the film in the liquid bulk, where the concentration of A is affected
by the chemical reaction. It is possible to distinguish between two sub-regimes within the
slow reaction regime, namely the kinetic sub-regime and the diffusional sub-regime (see also
Figure 4). The only difference between these sub-regimes is their value of P. The parameter
P compares the amount of A which could react in the liquid bulk to the maximum flux of A
which could be transferred through the gas-liquid interface in the absence of a chemical
reaction (see also Eq. 22). [42,45]

kCg
P = Eq.(22
e .22)

where 4 is the interfacial area per unit volume of liquid.

In the kinetic sub-regime the chemical reaction in the bulk is slow enough and the mass
transfer rate large enough, so that the concentration profile of A is flat (see Figure 4 case b).
The concentration of A in the bulk (Cap) is close to its saturation concentration Ca”. In the
diffusional sub-regime, the reaction is so fast, that the concentration of A in the bulk reaches
zero (see Figure 4 case c).
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Figure 4: Concentration profiles of A and B in the liquid bulk under the slow reaction regime (adapted
from [40])

3.1.2.2 Fast Reaction Regime

With an increasing Hatta number the Kinetic regime progresses from a slow to a fast reaction
regime. The concentration profile of B can no longer be assumed to be uniform (M is no
longer much smaller than q) and the second order nature of the reaction has to be considered.

For fast reactions with Ha >3 the enhancement factor E is approximate to Ha and the reaction
process primarily occurs in the gas-liquid interface, which means that absorption kinetics are
mainly controlled by mass transfer. The higher the Hatta value becomes, more and more gas
that has been absorbed at the gas liquid interface is being consumed by the chemical reaction
in the film. Once the Hatta number reaches a high enough value so that the gradient of a
becomes zero, the reaction is considered as a fast reaction. This also means that the entire
flux of A entering the film is being consumed in the film by the chemical reaction, and no A
is being transferred into the liquid bulk (Cab = 0).

3.1.2.3 Instantaneous Reaction Regime

The case of an instantaneous reaction can be explained as a process where the reaction zone
of A and B within the film becomes thinner and thinner with increasing value of Ha. When
the reaction reaches the point where there is no region within the film where A and B can
coexist, both the concentrations of A and B become linear with respect to x (see Figure 5).

CA* I CBb CA* ié I CBb
| =]
I g I
| < |
ﬁ I
| : |
1
| .
| : |
‘ | > 0 | >
Reaction X=20 X x=0 x=L X=96 X

zone

Figure 5: Transition from fast reaction regime to instantaneous reaction regime
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From Figure 5 it can be seen that, when x=0 the concentration of A is Ca = Ca" and the
concentration of Cg=0. At the point where x=A the concentration of A is Ca=0, while at x=0
the concentration of B is Cg=Cagb.

The (infinite) enhancement factor for an instantaneous reaction can be written as follows:
D,C,
) o A
/s

E =1+gq Eq.(23)

which is the mass transfer rate of A with reaction over the mass transfer rate of A without
reaction.

3.1.3 Internal Circulation

In the past, the effect of internal circulation on the mass transport has been subject to many
studies [46-50] and has been found to be an important factor for the mass transfer of a
moving liquid droplet. Internal circulation (depicted in Figure 6) occurs due to shear stress
on the surface of the droplet, which in turn creates vortices inside the drop. Shear stress is
induced by velocity gradients inside the boundary layer due to the relative motion between
the droplet and the surrounding fluid.
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Figure 6: Droplet with relative gas-droplet motion and internal circulation [51]
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With increasing Reynolds number (Re) the effect of internal circulation on the mass transport
becomes noticeable and the interfacial mass transfer is being enhanced. For droplets with
low Reynolds number, internal circulation becomes insignificant and the mass transfer in the
droplet occurs primarily by molecular diffusion [46,47,52]. Chen et al. [46] for example
studied the absorption of CO. by atmospheric aerosol droplets and compared the mass
transfer process of droplets with Re=0.1, Re=1, and Re=10. The results of the study show
that the mass transport in droplets with Re=0.1 was dominated by radial diffusion; for
droplets with Re=10 the internal vortexes played an important role in mass transport.

3.1.4 Mass Transfer of the CO2- Ca(OH)2 System

The Hatta number for the reaction of CO. with Ca(OH). is according to a study by
Schnebelen et al. [53] 2.9, which means that the reaction will predominantly occur in the
liquid phase film (mass transfer controlled kinetics). Because of that, the supersaturation as
well as the nucleation rate in the film will be very high. CO: in the liquid interface will be
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consumed very fast and only very little amount will be present in the bulk of the liquid.
Furthermore, due to the small volume of the liquid film, compared to the suspension volume,
PCC is quickly diluted in the bulk, where the PCC crystal starts to grow. The liquid film
phase can therefore be considered as the nucleation zone, while the bulk represents the
growth zone of the crystal.

It can be assumed that CO> is consumed totally during the precipitation reaction and since
the reaction is so fast, it can be said that the degree of supersaturation of CaCOs3 is depending
on the absorption rate of CO». [54] The mass transfer of CO, from the gas phase to the liquid
phase is therefore the controlling mechanism of the absorption-reaction process.

Geankopolis [55] suggests that for systems in which the mass transfer rate is controlled by
the liquid film resistance, overall mass transfer can be increased by in increasing turbulence
in the liquid phase. A more recent study by Han et al. [56] shows that the average liquid
phase mass transfer coefficient can be increased by increasing velocity of the droplet.

Bang et al. [57] studied the effects of CO> bubble size on the size of CaCOs particles using
two different calcium sources. For their tests a microbubble generator as well as an air
diffuser were used to generate PCC. The study shows that CaCOs particles produced via the
microbubble generator were smaller and had a larger specific surface area than the particles
that were produced with the air diffuser, disregarding the source of calcium.
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4 X2PCC Process

The X2PCC process is based on an indirect carbonation process, where calcium is first
extracted from steel slag using an aqueous ammonium salt solution, which is then carbonated
in a second reactor vessel. Bubbling CO> into the Ca-rich solution causes the precipitation
of CaCOzs in the carbonation reactor.

The main chemical reactions of the X2PCC process are presented in Eq.24-27:

CaO¢s) + 2NH,Cliggy + HoOgy S CaCly (aqy + 2NHLOH(aq) Eq.(24)
CaySi0y () + 2NH,Cligg) + Hy0(aqy S CaCly (qq) + CaSiOz(s) + 2NH,0H 4q) Eq.(25)
2NH,OH(uq) + €Oy (gasy S (NH4)2C03 (ag) + Hy0(aqy Eq.(26)
2NH,CO; () + CaCly gy S CaCOs () + 2NH,Cligq Eq.(27)

where Eq.24 and Eq.25 are the main reactions of the extraction stage, and Eq.26 and Eq.27
the main reactions of the carbonation stage.

The main advantage of the X2PCC process over conventional technologies, such as the
carbonation process, is the possibility to convert COz into a marketable product by using
slag, an industrial waste material. The technology allows to save virgin material resources,
such as limestone, and reduce CO2 emissions at the same time. A very important feature of
the process concept is the possibility to operate the system at ambient temperature and
pressure, which results in a lower energy demand [58]. Another important characteristic of
the X2PCC process is the reutilization of ammonium salt (NH4Cl). As it can be seen from
the reactions above as well as from the schematic in Figure 7, the ammonium salt which is
consumed in the extraction stage (Eq.24), is regenerated in the carbonation stage (Eq.27),
allowing it to be recycled to the process.

Ammonnum
salt solution ClD'
Sy Sy,
Ca-rich
sohition

Slag —» Extraction —_— Carbonation |=—# PCC

e S

| 1

Residue

Recycled ammonium salt

Figure 7: Simplified schematic of the X2PCC process
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The slag which is used in the X2PCC process is a non-metallic by-product from the
steelmaking process and contains calcium, magnesium, and aluminium silicates in different
combinations. [3] The potential of steel slag for the production of PCC has already been
illustrated by several authors in the past [2,6,11,59]. In Europe steel slag is mainly used in
road construction, but due to its higher amount of free lime (CaQ), its usage as construction
material is more restricted than that of other slag types. [2] This is why usually more than
10% of produced steel slag end up in landfills, which in turn is where readily available steel
slag for the production of PCC can be found.

In the first step of the X2PCC process, calcium is selectively extracted from the slag using
an aqueous solution of ammonium chloride. The extraction process at room temperature
takes typically 60 minutes after which the mixture is filtrated in a filtration unit to separate
the Ca-rich solution from the residual slag. The Ca-rich solution is then pumped to the
carbonation reactor, where CO> is bubbled into the solution via a gas sparger. The gas
sparger has 400 holes and each hole as a diameter of 0.5 mm. Based on the gas sparger orifice
radius (ro) the CO2 bubble size (bubble radius rpun) can be estimated as shown in Eq. 28:

1
3 /3
o= (3 22) c0(20

where o is the surface tension, Ap the density difference between the liquid and the bubble,
and g the gravitational constant. The CO2 bubble radius of the X2PCC process was
calculated to be 1.38 mm, assuming a surface tension of 72 mN/m (surface tension of water
in contact with air at 298K and 1 bar) and considering the density difference between the
Ca-rich solution (p =1030 kg/m? at 25°C [25]) and CO2 (p = 1.815 kg/ m® at 25°C). After
the completed carbonation, the solution is filtered in order to collect the PCC. Roughly, for
each kilogram of slag around half a kilogram of PCC can be produced.

The production of PCC with the X2PCC pilot plant has been successfully demonstrated, as
rhombohedral calcite, aragonite, aragonite/calcite mixtures, as well as small amounts of
vaterite were produced in the past. Since the commercial viability of the X2PCC process is
dependent on the quality of the produced PCC, accurate control over the precipitation
conditions is of extreme importance. The final quality is dependent on many different
parameters, which affect the extraction and/or the carbonation steps. Such parameters
include solvent concentration, particle size, solid-to-liquid ratio, temperature, pH,
supersaturation, residence time, bubble size and many others. The main challenges of this
technology are currently in ensuring the desired particle size and crystal shape. In order to
collect as much as possible of the produced PCC from the reactor, efficient reactor washing
plays an important role as well.

4.1 Main Findings from Previous Experimental Studies

With the goal to produce high-quality PCC from steelmaking slag, extraction and
carbonation mechanisms have been studied very intensively and a lot of experimental work
has been done over the past few years. Main findings from these studies are presented in this
section and shall give a better understanding of the overall process and its determining
parameters. An extensive literature review on factors affecting the extraction of calcium and
the precipitation of PCC is also presented in the work of Zappa [2].
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4.1.1 Parameters Affecting Calcium Extraction Efficiency

Mattila et al. [30] studied the effects of different parameters on the extraction process by
both using a chemical kinetics model and conducting experimental tests. Main factors
affecting the speed of calcium extraction were found to be size and age of slag particles, and
the solid-to-liquid ratio (SLR). Also the solvent concentration of the solution was found to
be an important parameter, whereas the temperature of the solution had only negligible
influence on the extraction efficiency [30,60].

Eloneva et al. [61] tested different solvents for dissolving calcium from slag and concluded
that ammonium salt solutions seem to be the most promising solvents. To avoid the
dissolution of other impurities from the slag, 1M was considered to be the optimum solvent
concentration [62].

Eloneva et al. [63] as well as Said et al. [6] studied the effect of slag’s grain size on the
calcium extraction efficiency and found that the smaller the grain size, the higher the
extraction efficiency. They also found that extraction efficiency decreases with increasing
SLR. The same correlation was acknowledged by Zappa [2], however, the higher SLR did
not decrease extraction efficiency as much as expected from the work by Said et al. [6].
Further experiments were recently conducted by Sundermann [25] trying to increase the
calcium concentration by changing the SLR. So far, a SLR of 0.1 was found to be the most
effective ratio for calcium extraction and also the current tests could not disprove previous
findings.

Other experiments used ultrasound technology to increase calcium extraction efficiency.
[62] The results showed that sonication significantly improves the extraction efficiency and
that the dissolution of calcium from small as well as large particles is higher compared to
mechanical agitation (31 and 20 percentage points respectively).

Later, another research by Said et al. [1] showed that extraction efficiency can also be
improved by using a two-stage calcium extraction process. Results from their solvent
recyclability tests also revealed that the solvent solution can be recycled up to 10 times
before the extraction efficiency drops significantly.

4.1.2 Parameters Affecting Precipitation

Sundermann [25] investigated the morphology of PCC as a function of the initial calcium
concentration. It was found that at low and high initial calcium concentrations (<12 g/L and
>23 g/L) calcite is the predominant form, while aragonite was formed in between. For the
effect of initial supersaturation on the morphology, Sundermann observed that
supersaturation levels below 4.5 favour the formation of aragonite. The main crystal form
found at higher supersaturations was calcite, while vaterite was only found to a very small
extent at the highest supersaturations.

During the carbonation process OH- ions are being consumed, which causes the pH to drop.
In the experiments conducted by Sundermann [25], it was observed that stopping the
carbonation at a low end pH (<8.5) mainly causes the formation of calcite, while higher end
pH (>8.5) favours the formation of aragonite. The test time for experiments with low end
pH usually took more than an hour. Also the start pH seemed to have an influence on the

18



morphology, as a pH at a range between 9.5 and 10.3 seems to favour the formation of
aragonite.

As mentioned in Chapter 2.3, high carbonation temperatures (usually above 55°C [1]) favour
the formation of aragonite particles. In the X2PCC process high carbonation temperatures
however result in the evaporation of ammonia (NHz) from the ammonium chloride solution.
Said et al. [1] found that the NHs content in the flue gas is more than 2 vol.% at 60°C, while
it is only 0.11vol.% at 45°C. Sundermann [25] investigated the dependency of morphology
on temperature and found that calcite was the main form at 35°C, while large amounts of
aragonite were formed above 45°C. A further increase in temperature from 45°C to 54.5°C
showed however only little changes in morphology. Based on her results, Sundermann
concluded that temperature, pH and test time are the most important factors influencing the
morphology of PCC.

19



5 Spray Carbonation

Both the conventional X2PCC process as well as the currently studied spray carbonation
process deal with a dispersed form of two-phase flow. While the liquid is the continuous
phase and the gas the discrete phase for the conventional X2PCC process, it is the opposite
for the spray carbonation process. Former also known as bubbly flow and later being a spray
type of flow. The disintegration of a liquid into small droplets is generally defined as
atomization and the suspension of fine droplets in a gaseous atmosphere is called spray. [64]
Applications using discrete droplets make use of the large surface areas of droplets to achieve
high reaction rates and to increase heat- and mass-transfer. Droplet properties, such as
droplet shape and size, have an important impact on the transport phenomena. The break-up
of a liquid jet flowing through a nozzle into the gaseous atmosphere is one possibility to
create a spray. A spray tower is a device in which gas-liquid contact between fine droplets
and a gas stream is created. Advantages of a spray tower are a low pressure drop in the gas
phase (compared to e.g. packed towers), simple mechanical construction, and a wide range
of liquid to gas loading ratios. [65] Coalescence of droplets and impingement on the reactor
wall however can be responsible for the reduction of interfacial area between the gas and
liquid phase which can result in lower mass transfer rates.

5.1 Spray Carbonation Process

A simple schematic of the spray carbonation process considered in this study is presented in
Figure 8. At the heart of the process is the spray carbonation reactor, or also called spray
tower, where the Ca-rich solution is dispersed into the tower in counter-flow to the gas
stream.
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Figure 8: Simple schematic of the spray carbonation process

While CO: enters the reactor from the lower bottom, a pressure nozzle at the top of the
reactor is used to disperse the solution into the reactor. The energy for atomization is entirely
provided by the pressure of the feed liquid, which is pressurized in the pressure tank as
shown in Figure 8. Heating spirals and a heating mantle allow heating up the calcium
solution in the pressure tank to the desired temperature. Solvent liquid and PCC are collected

20



at the bottom of the reactor while the off-gas leaves the reactor from the top. An additional
off-gas scrubber is used to capture eventual particles, like PCC, from the gas stream. The
scrubber is halfway filled with water to avoid particles being released into the atmosphere.
Both the top and bottom lid of the spray tower can be removed for cleaning and mounting
purposes.

5.1.1 Spray Nozzle

In the conventional X2PCC process CO: is bubbled through the calcium rich solution using
a gas sparger. Using a spray nozzle allows to create much smaller droplets and therefore a
much larger interfacial surface area between the gas and liquid, which is one of the most
important criteria when looking at mass transfer [66]. The function of the spray nozzle in the
spray carbonation reactor is to convert the Ca-rich solution into droplets and to bring them
into contact with the carbon dioxide gas in the spray column. The droplet size produced by
a spray nozzle is mainly influenced by the operating pressure of the nozzle, the spray angle,
the orifice diameter, and the nozzle’s flow capacity. [67] The nozzle design or type itself
determines the spray pattern and also affects the final droplet size. Principally, droplet size
is decreasing when pressure and temperature are increasing; in contrast, the droplet size
increases for fluids with higher viscosities and higher surface tension.

Generally, nozzles with a spray angle of 30° to 60° are recommended for long and narrow
chambers [68]. For the experiments with the laboratory-scale test plant oil burner nozzles
with different capacities and spray angles were chosen. Qil burner nozzles are available over
a wide range of capacities in various spray angles and patterns. The selected nozzles are
listed in Table 4.

Table 4: Selected nozzles for experimental work

Manufacturer [Glgﬁp/alf;tr%/in] SpraE{)]a ngle Nozzle type
Monarch 5.50/0.35 60 PLP — semi hollow
Monarch 5.50/0.35 30 HV — narrow spray angle
Monarch 0.60/0.04 45 R — full cone

DANFOSS 5.50/0.35 45 S —full cone
DANFOSS 0.60/0.04 45 S —full cone
DANFOSS 1.50/0.09 45 S —full cone
DANFOSS 2.50/0.16 45 S —full cone

The Monarch 5.50 GPH 60° PLP nozzle has a semi hollow spray pattern, meaning that up
to a capacity of around 13 L/h the spray pattern is that of a full cone spray, with increasing
capacity however a hollow cone spray pattern evolves. The spray patterns of the chosen
nozzles are illustrated in Figure 9.
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Figure 9: Nozzle spray patterns (Adapted from [69])

21



The considered nozzles are tested with a test oil similar to No. 2 fuel oil at a nominal pressure
of 6.895 bar (100 PSI) [69,70]. The density of the oil is given to be 0.840 kg/L and 1 GPH
equals 3.785 L/h. The relationship of nozzle capacity and spraying pressure is defined as
following:

& _ (p2)™
Q1 ()"

where Q1 is the rated flow rate (in L/min) at the rated pressure pz (in bar), and Q2 is the
desired flow rate at the desired pressure p2. The flow exponent “n” is depending on the
specific nozzle type and gives a ratio of pressure to flow. From the following equation

Q: SGq
Y2 _ /_ Eq.(30
0, SC, q.(30)

it can also be seen that heavier fluids will have a lower flow rate based on their specific
gravity (SG). With the given data the capacity of each nozzle for water and the Ca-rich
solution at a pressure of 5 bar has been estimated (see Table 5). For the semi-hollow cone
and the narrow spray angle nozzles the exponent was chosen to be 0.50 and for the full cone
nozzles 0.46 [71].

Eq.(29)

Table 5: Estimated nozzle capacities for water and the Ca-rich solution at a spraying pressure of 5 bar

Stated capacity | Capacity for H,O | Capacity for H20 Capacity for Ca-rich
[GPH] at 7 bar [L/min] | at5 bar [L/min] solution at 5 bar [L/min]
0.60 0.035 0.030 0.029
1.50 0.087 0.075 0.074
2.50 0.145 0.125 0.123
5.50 DANFOSS 0.318 0.274 0.270
5.50 Monarch 0.318 0.271 0.266

Depending on the capacity of the nozzle, the CO flow rate into the spray tower needs to be
adjusted accordingly. Considering the reaction of Ca?* with CO3~ to form CaC0O5 and
assuming that the concentration of CO is equal to the concentration of C02~, for each mole
of Ca?* one mole of CO: is needed for the reaction to proceed under stoichiometric
conditions. Given that the calcium concentration of the Ca-rich solution is 20 g/L and
knowing the capacity of each nozzle, the required volume flow of CO: is the following:

Table 6: Estimated stoichiometric volume flow of CO: into the spray tower

Nozzle Volume flow of CO; [L/min]
Monarch 0.60 GPH 45° R 0.353
DANFOSS 0.60 GPH 45° S 0.353
DANFOSS 1.50 GPH 45° S 0.896
DANFOSS 2.50 GPH 45° S 1.493
DANFOSS 5.50 GPH 45° S 3.283
Monarch 5.50 GPH 60° PLP 3.235
Monarch 5.50 GPH 30° HV 3.235
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5.1.1.1 Aerodynamic Properties of the Spray

A droplet falling through a fluid will experience a series of different forces, with gravity and
drag being the primary forces (see also Figure 10). Beside the frictional drag which counters
the downward gravitational force, virtual mass- and Basset forces as well as pressure and the
viscous effect of the surrounding fluid also affect the motion of a droplet.

Drag Force

Particle Terminal
Velocity

Gravitational Force

T

Velocity of Fluid

Figure 10: Main forces acting upon falling droplet [72]

The velocity (ue) of the droplets at the exit of the spray nozzle can be defined as a function
of the flow rate and the orifice diameter (do). Considering the counter current-flow
configuration inside the spray tower, droplets will travel through the tower until they reach
their terminal velocity. At terminal velocity a velocity equilibrium between the droplets and
the surrounding gas has been reached, meaning that drag force and gravity force are equal.
The terminal velocity of a droplet can be defined as follows:

Eq.(31)

_ 49 da(pa — pg)
Utg = |3
3 Cppyg

where g is the gravitational force, Cp is the drag coefficient, and pq and pq are the density of
the droplet and the gas phase respectively. The value of the dimensionless drag coefficient
depends on object size, object position, flow speed, flow direction, fluid density as well as
fluid viscosity and can therefore be described as a function of Re [73]. The Reynolds number
based on the relative velocity is given as:

_ pgdd(ud - ug)
Hg

Re

Eq.(32)

where ug and ug are the droplet and gas velocity respectively, and pg is the viscosity of the
gas. The dependence of the drag coefficient on the Reynolds number is often presented in
the form of a curve, the so called “standard drag curve”. To approximate this curve many
equations have been proposed and a list of these empirical or semi-empirical equations can
be found from the work by Clift et al. [73]. Table 7 shows the recommended drag correlations
for Reynolds numbers up to 1.2 x 104
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Table 7: Recommended drag correlations; w = logio Re [73]

Range Correlation
CpRe
0.01 <Re <20 log1o ;—4 —~ 1] = —0.881 + 0.82w — 0.05w?
CpRe
20 < Re < 260 l0gqo [ 34 - 1] = —0.7133 + 0.6305w
260 <Re < 1500 log1oCp = 1.6435 — 1.1242w + 0.1558w?
15x10°<Re<1.2x10* log,oCp = —2.4571 + 2.5558w — 0.9295w? + 0.1049w3

To ensure that droplets are not entrained with the gas stream and that carry over is
minimized, the velocity of the gas relative to the droplet must be smaller than the terminal
velocity of the droplet. In typical spray towers with droplet sizes of a few hundred
micrometres the time to reach terminal velocity is usually very short. [74] It can therefore
be assumed that the droplet falls at a steady terminal velocity through the tower, at least for
most of the time.

Based on the information given about the selected nozzles the terminal velocity can be
calculated using the equations and correlations mentioned above. Since the nozzles’ droplet
sizes are initially not known, different values have been assumed. The correlation between
terminal velocity and droplet size by taking the example of the Monarch 5.50 GPH 60° PLP
nozzle is shown in Table 8. With a capacity of 0.266 L/min and an orifice diameter of 1 mm,
the exit velocity was calculated to be 5.64 m/s. The relative velocity between the droplet and
the counter flowing gas stream is 6.33 m/s, based on a gas velocity of 0.69 m/s. The terminal
velocity for the given example ranges from 0.12 m/s to 1.05 m/s, showing that smaller
droplets have a lower terminal velocity.

Table 8: Correlation between terminal velocity and droplet diameter by the example of the Monarch
5.50 GPH 60° PLP nozzle

Droplet diameter [mm] 10.00 50.00 100.00 150.00
Reynolds number 7.81 39.06 78.11 117.17
Drag coefficient 5.06 1.81 1.24 1.00
Terminal velocity [m/s] 0.12 0.45 0.77 1.05

In the design of spray towers it is also common to determine the tower height based on the
terminal velocity. From the tower height H = uwt, it becomes clear that by decreasing the
droplet size and therefore decreasing the terminal velocity the tower height can be reduced.
With t being the time needed for the precipitation of calcium carbonate and assuming that
the reaction occurs almost instantaneously (in a matter of milliseconds), the distance needed
for a droplet to reach terminal velocity is very short.

To optimise mass and chemical transport between droplets and the gas phase it is desirable
to reach a stable operational state of counter-current two-phase flow in the spray tower. The
interactions between droplets and the gas stream are visualized in Figure 11. It shall be
noticed that equations for mass, momentum as well as energy are interdependent.
Interactions between droplets and the gas stream greatly affect droplets’ trajectories and their
residence time in the spray tower. [75] Additionally, interactions between droplets and
between droplets and the tower wall can cause coalescence, agglomeration, breakage,
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deposition or similar effects. As one would expect, droplet-droplet interactions are originated
in regions of high droplet concentration, particularly nearby the spray tower wall and in the
close proximity of the spray nozzle. By optimizing parameters such as tower height, spray
nozzle type, gas injection position, etc., these effects can be minimized or avoided.

GAS DROPLET
Mass
Velocity *“—  coupling — Trajectories
Pressure -— Momentum _, Size
(drag)
Temperature — Heat —_— Temperature
transfer

Figure 11: Droplet-gas interactions (Adapted from [76])
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6 Experimental Work

The experimental part of this work is divided into two parts. The first part covers the spray
analysis which had been performed in order to analyse the spray nozzles and determine their
droplet sizes. The second part covers the actual spray carbonation experiments which were
carried out with the laboratory-scale test plant.

6.1 Spray Analysis

To analyse the nozzles and to find out their droplet sizes, measurements were recorded using
the Malvern particle sizer 2600. The operating principle of the Malvern particle sizer is the
measurement of scattering light via a laser beam. A typical experimental configuration is
shown in Figure 12. Any particles introduced to the beam of the Helium-Neon laser will
scatter the laser light onto the receiver lens, which operates as a Fourier transform lens. The
scattered light is then collected by a detector, which creates an electronic output signal
proportional to the light energy measured. The scattered light is measured over a range of 31
separate solid angles of collection. Depending on the angle of observation, each particle
scatters light with a unique light intensity. The particle’s individual energy peak can then be
related to its diameter. [77]
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Figure 12: Typical experimental configuration for spraying tests with Malvern particle sizer [77]

6.1.1 Methodology

Before the measurements were started the optical measurement unit was aligned so that the
laser beam was focused on the centre detector. After the alignment of the optical unit the
background scattering inherent was measured. This measurement is used by the analysis
program to subtract background scattering sources from future sample measurements. In
order to check whether the laser intensity is still good and the alignment in an acceptable
range, the background scattering inherent was measured again after the sample
measurements were recorded. For this spray analysis a range lens of 300 mm was chosen.
The lens covers a range from 5.8 to 564 um and the suggested distance of the sample to the
lens is less than 400 mm. Only particles that pass through the beam within this cut-off
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distance can be measured by the range lens. Each spray nozzle was horizontally positioned,
with the laser beam passing through the centre line of the spray cone. To exhaust the spray
after it has passed through the laser beam and additionally to avoid any back circulation of
the spray, a plastic pipe was placed across from the nozzle in close distance to the laser beam.
The Monarch 5.50 GPH 60° nozzle was positioned so, that the nozzle-to-laser beam distance
was first 2 cm and then 4 cm. Because of their narrower spray angle, the other nozzles were
only tested at a distance of 4 cm from the laser beam. Given their small capacity, the
Monarch 0.60 GPH 45° nozzle and the DANFOSS 0.60 GPH 45° nozzle were only tested at
higher pressure levels (5 and 4/4.5 bar).

Figure 13: Positioning of the Monarch 5.50 GPH 60° nozzle; left picture: 20 mm nozzle-to-laser beam
distance; right picture: 40 mm nozzle-to-laser beam distance

The nozzle itself has been attached to a water hose, which was connected to the water tap in
the laboratory. A pressure gauge as well as a shut off valve were used to measure and control
the pressure during the measurements. The water temperature was measured with a Fluke 52
K/J thermometer.

For the measurements the liquid-droplet-spray scattering experiment type, based on
Fraunhofer diffraction, was chosen. The Fraunhofer diffraction model assumes that particles
scatter light like discs of the same diameter. The analysis to obtain a volume distribution
from light scattering data is based on the so-called model independent analysis, which is not
constrained to be of particular mathematical form since no assumptions about the form of
the result are made. The number of sweeps was set to 5000.

6.1.2 Results

In total, a number of 114 measurements were recorded with the Malvern particle sizer. In
between, the background scattering was measured and if necessary the optical measurement
unit was realigned and the measurements were repeated. In order to be able to compare
droplet sizes with PCC particle sizes, the results for droplet sizes are reported on a volume
basis. A complete table with all measurement data can be found from Appendix A.

At first, the mean droplet diameter of the Monarch 5.50 GPH 60° nozzle at pressures of 5
bar, 4 bar, 3 bar, 2.6 bar, and 1.8 bar was measured and an average was calculated for each
pressure level. Operating the nozzle with a water pressure below 2 bar resulted in an
underdeveloped spray cone, which is why only measurement results between 2.6 and 5 bar
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are illustrated in Figure 14. From the graph it can be seen that droplet size decreases with
increasing pressure. The average volume-based diameter at 5 bar was calculated to be 81.37
um (at a nozzle-to-laser beam distance of 4 cm) and 102.34 um (at a nozzle-to-laser beam
distance of 2 cm). All droplets measured with the nozzle being 2 cm from the laser beam
had a higher diameter compared to the ones where the distance from the nozzle to the laser
beam was 4 cm. This is probably due to the reason that closer to the nozzle orifice, large
droplets have not yet been broken down to smaller ones.

120

€ —
i—

= L ]
” 100 — —— ——
‘B i—
E 80 +
o
o
T 60
C
@
(]
S 40
Q
IS
= 20
©]
>

0

5 4 3 2.6

Water pressure [bar]

—Volume mean droplet size (distance of nozzle to laser beam: 2 cm)
= Volume mean droplet size (distance of nozzle to laser beam: 4 cm)

Figure 14: Mean diameter and standard deviation of spray droplets of Monarch 5.50 GPH 60° at
different water pressures measured at two different distances of the nozzle to the laser beam

A comparison of all nozzles and their droplets’ mean diameters are displayed in Figure 15.
The smallest droplets were measured at 5 bar and were generated by the DANFOSS 0.60
GPH 45° nozzle (61.86 um). The biggest droplets at 5 bar were generated by the DANFOSS
5.50 GPH 45° nozzle (95.50 um). As the pressure increased from 2.6 bar to 5 bar a sharp
decrease in droplet size was observed. The DANFOSS 2.50 GPH 45° nozzle showed the
biggest change in droplet size from 2.6 to 5 bar (A=75.31 um), while the droplet size of the
Monarch 5.50 GPH 60° nozzle decreased only about 26 wm with increasing pressure.
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Figure 15: Mean diameter of spray droplets from 7 different nozzles at different water pressures
measured with Malvern particle sizer at a nozzle-to-laser beam distance of 4 cm.
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During all measurements the water temperature was between 20.8°C and 23.1°C. Comparing
the droplet sizes of nozzles with a full cone spray pattern (see Figure 16), it can be observed
that the nozzle with the highest flow rate (DANFOSS 5.50 GPH 45°) generated the biggest
droplets. With a volume mean diameter of 61.86 um the DANFOSS 0.60 GPH 45° nozzle
generated the smallest droplets. From Figure 16 it can also be seen that there is a slight
difference in the spray patterns of DANFOSS and Monarch nozzles, as the nozzles generated
droplets with different sizes (61.86 um vs. 71.65 um) even though their flow rate and spray
angle is the same (0.60 GPH and 45°).
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Figure 16: Mean diameter of spray droplets from spray nozzles with full cone spray pattern at 5 bar
water pressure measured with Malvern particle sizer at a nozzle-to-laser beam distance of 4 cm.

6.1.3 Discussion

To keep the experiment rather simple and less time-consuming the nozzles were connected
to the water tap in the laboratory. This restricted the experiment in two ways: for one, only
lukewarm water (between 21°C and 23°C) was available from the water tap; and for another,
the pressure was limited to around 5 bar. During the measurements, fluctuations in the
pressure were observed, especially around 5 bar. It was also observed that droplet size
slightly increased in cases where the laser beam was not passing exactly through the centre
line of the spray cone.

The results of all measurements with a nozzle-to-laser beam distance of 4 cm are in
agreement with the theory, showing that droplet size increases with decreasing pressure. The
measurements with the Monarch 5.50 GPH 60° nozzle being 2 cm from the laser beam were
first recorded at pressures of 4, 3.15, and 2.6 bar. When re-measuring the background it
turned out that the optical unit had to be re-aligned. Therefore the measurements were
repeated, this time at pressures of 5, 4, 3, and 2.6 bar. Since background scattering might
have caused an increase in the droplet size, only the data of the second measurement run are
presented in Figure 14. Overall, the Malvern particle sizer is a simple and fast instrument to
measure droplet size distributions of sprays.

Because the properties of the Ca-rich solution are quite similar to those of water, droplet
sizes in the same range as the measured ones can be expected for the spray carbonation
experiments. With a slightly higher viscosity of the Ca-rich solution compared to water
(1.11cP at 20°C [25]), a slight increase in droplet size can be expected.
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6.1.4 Calculations Based on Experimental Results

With the data obtained from the size measurements the terminal velocity for droplets of each
nozzle type was calculated. The velocity of the counter flowing CO> gas was estimated based
on the stoichiometric volume flow rate and the cross sectional area of the gas pipe. The
terminal velocity and the Reynolds number were calculated according to Eq.31 and Eq.32
respectively (see Chapter 5.1.1.1). Recommended correlations for the Reynolds number and
the drag coefficient as stated in Table 7 were used to calculate the drag coefficient.

Table 9: Terminal velocity calculated for each nozzle based on the droplet size data obtained by the
spray analysis (pressure =5 bar)

Nozzle [L/%in] [rr?r?n] [nL:/es] [nL:/rs] [SI?I] Re | Co [m]
Mon. 0.60 GPH 45° R 0029 | 05 | 246 | 254 | 7165 | 2244 | 254 | 046
DAN. 5.50 GPH 45° S 0270 | 08 | 895| 965| 9550 |11378 | 1.02 | 0.83
Mon. 5.50 GPH 60° PLP 0266 | 10 | 564 | 633| 8137 | 6361 | 138 | 0.6
Mon. 5.50 GPH 30° HV 0266 | 08 | 882 | 951| 6410 | 7524 | 1.26 | 061
DAN. 0.60 GPH 45° S 0029 | 05 | 246 | 254 6186 | 1937 | 277 | 041
DAN. 1.50 GPH 45° S 0074 | 05 | 625| 644 | 6641 | 5283 | 1.53 | 057
DAN. 2.50 GPH 45° S 023 | 05 | 1042| 10.74| 76.04 |100.82 | 1.08 | 0.72

From the droplet size of each nozzle it is also possible to give a rough estimation about the
theoretical particle size of a PCC particle. The theoretical PCC particle size was estimated
assuming that the size of a PCC particle is limited to the amount of calcium inside the droplet,
since the molar ratios for Ca and CaCOs are 1:1. Consequently, a bigger droplet contains
more Ca which can react with the CO- to create more CaCOs compared to a smaller droplet.
It was further assumed that one litre of the solution contains 20 g of Ca. Once the mass of
CaCOs is known, the volume can be calculated by its density (2.71 g/cm®). The following
table presents the theoretical particle size of a cube-shaped PCC particle for each nozzle type
based on the droplet size.

Table 10: Theoretical particle size of a cube-shaped PCC particle (V=volume; s=cube’s side length)

Nozzle da v.05 [mm] | Vcacos [mm®] | Scupe [nm]
Mon. 0.60 GPH 45° R 71.65 3 549.60 15.25
DAN. 5.50 GPH 45° S 95.50 8 405.06 20.33
Mon. 5.50 GPH 60° PLP 81.37 5199.73 17.32
Mon. 5.50 GPH 30° HV 64.10 2 541.58 13.65
DAN. 0.60 GPH 45° S 61.86 2284.12 13.17
DAN. 1.50 GPH 45° S 66.41 2826.14 14.14
DAN. 2.50 GPH 45° S 76.04 4 243.19 16.19
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6.2 Spray Carbonation Experiments

Due to delays with the construction of the test plant, the time for experimental work was
limited and therefore it was decided to keep the focus of the experimental work rather on
producing PCC with a certain particle size distribution than producing PCC with a certain
morphology. The main challenges encountered during the experimental work are discussed
in an additional section of this chapter (see section 6.2.4).

6.2.1 Equipment Setup

Figure 17 depicts the main elements of the equipment setup used for the spray carbonation
experiments. The key components of the laboratory-scale test plant are summarized in Table
11.

Temperature
sensor

pH electrode
connection

Figure 17: Spray tower and pressure tank of the laboratory-scale test plant

Table 11: Key components of the laboratory-scale test plant

Name Number of units Type/ Description
Pressure tank 1 Acid resistant steel; 100 L; max. 40 bar
Spray tower 1 Acrylic pipe; 200x194, 2m
Pump 1 SEF; MAG 33 T8; 0.35 kW; 50 Hz
Pipe 1 Acid resistant steel
Variable area flow meter 1 Kyto6la Instruments, LH-5AR-HR; 0.5-7 NL/min
pH meter 1 JUMO tecLine pH single-rod electrode; pH 0-12
Temperature sensors 2 Type K thermocouple
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6.2.2 Methodology

Before each test run all instruments were checked, all valves were closed, and the nozzle
was assembled in the spray tower. The Ca-rich solution was then pumped into the pressure
tank which was sealed and pressurized afterwards. Nitrogen gas was used to pressurize the
tank. After that, the volumetric flow rate of CO2 was adjusted and the spray tower was filled
with CO- gas. Then the valve from the pressure tank to the spray tower was opened and Ca-
rich solution was sprayed into the spray chamber. Depending on the test run the outlet
pressure of the nitrogen cylinder was adjusted to 5 bar or 10 bar. The BenchLink Data Logger
3 was used to record temperature and pH in the spray tower. The produced PCC was
collected after each test run and dried for 24 hours at 120°C. After each test run the spray
tower was rinsed and cleaned with hot water and a brush.

Initially the focus of the experimental work was on the question whether it is possible to
produce PCC with different spraying nozzles and if there are any significant changes in
particle size distribution based on the nozzle type. The first tests were therefore performed
with the Monarch 5.50 GPH 60°, Monarch 0.60 GPH 45°, and Monarch 5.50 GPH 30°
nozzle. To study the effect of pressure on particle size distribution three tests at 10 bar were
additionally performed with the DANFOSS 5.50 GPH 45° nozzle (Test 6), the Monarch 0.60
GPH 45° (Test 7) and the DANFOSS 2.50 GPH 45° nozzle (Test 11). After receiving the
results from the particle size distribution analysis of the first three tests, it was decided to
further investigate the correlation between the nozzle’s capacity and the final particle size
distribution. To do so, experiments with three nozzles with the same spray angle but different
flow rates were performed (Test 8, 9 and 10). All test runs are summarized in Table 12.

Table 12: Run matrix for the laboratory-scale spray carbonation experiments
Stoich. COz flow  Test duration

Pressure CO:2 flow

Test # Tested Nozzle [bar] [L/min] [L/min] [min]
Test 1 Monarch 5.50 GPH 60° 5 ~95 3.24 37
Test 2 Monarch 0.60 GPH 45° 5 >1 0.35 15
Test 3 Monarch 5.50 GPH 30° 5 >1 3.24 10
Test 4 Monarch 5.50 GPH 30° 5 ~25 3.24 11
Test5 DANFOSS 5.50 GPH 45° 5 ~35 3.28 8
Test 6 DANFOSS 5.50 GPH 45° 10 ~45 4.52 9
Test7 Monarch 0.60 GPH 45° 10 ~2.0 0.48 40
Test 8 DANFOSS 0.60 GPH 45° 5 ~2.0 0.35 30
Test 9 DANFOSS 1.50 GPH 45° 5 ~2.0 0.90 18
Test10 DANFOSS 2.50 GPH 45° 5 ~2.0 1.49 16
Test11  DANFOSS 2.50 GPH 45° 10 ~3.0 2.06 15

It shall be mentioned that after Test 3 the CO> flowmeter was changed in order to enable a
more accurate adjustment of the CO. volumetric flow rate. The Ca-rich solution that was
used for the experiments was generated with the conventional X2PCC process and with a
slag-to-liquid ratio of 100 g/L. The solution’s calcium concentration is around 20 g/L.

To determine the particle size distribution (PSD) of the PCC particles the samples were taken
to the Aalto University School of Chemistry, where they were tested with the Malvern
Mastersizer 2000 (with a Hydro 2000MU wet sample dispersion unit). One feature of the
Malvern Mastersizer 2000 is the variable power in-line sonication, which can help to break
large agglomerates of particles. Each sample was tested three times. The first measurement
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was recorded after letting the sample disperse in the deionized water for 2 minutes (no us).
The second measurement was taken after applying ultrasound to the sample for 2 minutes
(us on), and the third measurement 2 minutes after the ultrasound has been turned off (us
off). The ultrasonic probe tip displacement indicator, which shows the power of the
ultrasonic probe, was set to 5 p for all measurements. Deionized water was used as dispersant
(refractive index of 1.33) and the pump speed was set to 2500 rpm. The optical properties of
the particles were defined with a particle refractive index of 1.52 and a particle absorption
of 0.1.

Samples of the produced PCC were also sent to the Center of Microscopy and
Nanotechnology in Oulu, Finland where the PCC morphology was determined by Scanning
Electron Microscope (SEM) imaging and by X-ray diffraction (XRD analysis). The XRD
analyses were performed using a Rigaku SmartLab 9 kW diffractometer. To identify
crystalline phases the PDXL2 software was used and quantitative results were obtained via
a Rietveld analysis.

6.2.3 Results & Discussion
The test results of the spray carbonation experiments are summarized in Table 13.

Table 13: Results for the spray carbonation experiments

Test | trest ——  Thotom  Ttop G/L  PCC particle size D (v, 0.5) [um] Crystal
# [min] pH [°C] [°’C]  [mé/L] (nous) (withus) (us off) morphology
1 37 7.62 1349 20.07 0.036 36.21 29.93 29.77 Calcite
2 15 8.13 n/a 19.82 0.034 22.86 20.68 21.24 Calcite
3 10 8.81 n/a 20.73  0.004 42.56 29.05 29.61 n/a
4 11 8.26 n/a 2152 0.009 33.66 29.13 29.45 Calcite
5 8 7.95 1756 21.16 0.013 43.44 38.57 38.25 Calcite
6 9 8.04 20.40 23.03 0.012 46.15 40.11 39.91 Calcite
7 40 7.81 1591 19.96 0.050 29.29 24.41 25.90 Calcite
8 30 8.06 1764 19.95 0.069 66.98 55.50 53.33 Calcite
9 18 8.24 1798 20.52 0.027 53.70 43.20 42.28 Calcite
10 16 8.39 1897 21.20 0.016 47.86 41.74 41.41 Calcite
11 15 8.20 19.80 22.87 0.018 57.55 47.96 47.06 Calcite

During each spray carbonation test the temperature in the bottom as well as in the top of the
spray tower increased between 0.28°C and 4.64°C. Sudden temperature changes were
measured during some of the test runs and were probably due to temperature changes inside
the laboratory hall (caused by opening of doors in winter time). Due to a malfunction of one
of the temperature sensors there are no data available for temperature measurements in the
bottom of the spray tower for Test 2, Test 3, and Test 4. While the pH was strongly
fluctuating in the beginning of most of the test runs, a more stable value was usually reached
towards the end of each test run. However, since the pH electrode was not submerged in the
solution for most of the time of the experiments, pH values are only conditionally
representative. The highest end pH was reached during Test 3 (9.28) and the lowest during
Test 6 (7.95). Charts illustrating the temperature and pH recordings of all experiments can
be found from Appendix B.
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The gas-to-liquid ratio (G/L ratio) defines the amount of cubic metre CO> used per litre of
Ca-rich solution. Depending on the test run the G/L ratio ranged from 0.004 to 0.069 m®/L,
when the calculated stoichiometric G/L ratio equals 0.012 m®/L.

Due to the similarities between Test 3 and Test 4, the XRD analysis and SEM imaging was
only performed for the sample of Test 4. It is assumed that the polymorph of PCC from Test
3 is calcite as well. The effects of different parameters on the PSD and the morphology are
discussed in more detail in the following pages.

6.2.3.1 Particle Size Distribution

Figure 18 shows the mean and standard deviations for the PSD of the measured PCC
samples. The values include the data from all three measurement rounds (no us, us on, and
us off). The smallest PCC particles were generated with the Monarch 0.60 GPH 45° nozzle
both at 5 bar and at 10 bar (Test 2 and Test 7). Test 2 (us on) gave the smallest particle size
of 20.68 um. All experiments yielded PCC particles too coarse to be used directly as filler
material in the paper or plastic industry.
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Figure 18: Result of PCC particle size measurements: mean particle size and standard deviation

Interestingly, all tests performed with the Monarch nozzles (Test 2, Test 7, Test 4, Test 1,
and Test 3) generated smaller particles compared to tests using DANFOSS nozzles. Only
when analysing the test results it was noticed that a change in the methodology might have
been responsible for the bigger particle size values of Test 8, 9, 10, and 11. The cleaning and
brushing of the spray tower was usually very time consuming compared to the actual
duration of the spray carbonation test. Because Test 8, 9, 10, and 11 were all performed on
the same day, the spray tower wall was not brushed after each test run, as otherwise
customary. In order to save time, the spray tower was only rinsed with water between each
test run. The rinsing water, containing PCC particles that were washed from the spray tower
wall, was then collected together with the PCC rich solution. In previous experiments only
PCC rich solution that had been accumulated at the bottom of the spray tower was collected
and any PCC particles left on the spray tower wall were lost during the cleaning of the
reactor. It is likely that these deposited PCC particles caused an increase of the average PSD,
as it will be discussed in more detail later.

A complete table with the results of the PSD measurements for the PCC samples can be
found from Appendix C. All tests show a mono-modal particle size distribution with a peak
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shift towards a smaller particle diameter after the application of ultrasound. On an average
the particle size of all samples could be decreased by 7 um with the help of ultrasonic
treatment. The particle size of some samples decreased even further with the third
measurement, while other samples’ particle size increased slightly as soon as the ultrasound
was turned off. When comparing the measured D (v, 0.9) particle sizes before and after the
application of ultrasound (see Table 14), it can be seen that the D (v, 0.9) of all tests, except
Test 2, has been bigger before the ultrasound application. In the case of Test 2 the D (v, 0.9)
particle size decreased by 17% with the application of ultrasound, but increased again by
18% after the ultrasound was turned off.

Table 14: Decrease of D (v, 0.9) particle size - compared before and after the application of ultrasound
Test # ‘ 1 2 3 4 5 6 7 8 9 10 11
AD(v, 0.9) ‘ 36% 2% 165% 16% 25% 33% 19% 91% 52% 25%  30%

To emphasize the effect of ultrasonic treatment on PSD an additional measurement with
increased ultrasonic power was recorded; the sample of Test 8 was measured without the
application of ultrasound, once with ultrasound with an ultrasonic displacement indicator of
5 u, and once with ultrasound with an ultrasonic displacement indicator of 10 p. As a result,
the particle size decreased from 66.98 um (no us) to 55.50 um (us on 5) to 46.09 um (us on
10). The PSD of two samples (Test 5 and Test 8) before, with, and after the application of
ultrasound is shown in Figure 19 for comparison. It can be seen that the PSD of Test 5 is
very symmetric without any minor peaks before as well as after the application of ultrasound.
In the sample of Test 8 on the other hand, the occurrence of agglomerates is clearly visible
in the form of a peak at around 500 um. A longer ultrasound application may have broken
these agglomerates even further, this was however not investigated.
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Figure 19: PSD of Test 5 (left) and Test 8 (right) before, with and after the application of ultrasound

Figure 20 illustrates the difference in PSD of two spray carbonation samples and two
samples from experiments with the conventional X2PCC plant. The mean particle size of
Test 2 is around 11 um and 14 pm smaller compared to Test 4 X2PCC and Test 9 X2PCC
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respectively. On the other hand, the mean particle size of Test 8 is around 21 um bigger
compared to Test 4 X2PCC and 18 um bigger compared to Test 9 X2PCC.
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Figure 20: Comparison of PSD (after ultrasound) between samples of spray carbonation tests (Test 2
and Test 8) and conventional X2PCC carbonation tests (Test 4 X2PCC and Test 9 X2PCC)

Effect of droplet size on particle size

Earlier in this work the theoretical particle size of a PCC particle was estimated based on the
amount of calcium inside a droplet. The calculations predicted that the side length of a cube-
shaped PCC particle from a droplet with a diameter of about 70 um would be around 15 pm.
Figure 21 compares the PCC mean particle size (after us) with the mean droplet size from
different nozzles and the theoretical PCC particle size. The sample of Test 2 has the smallest
deviation of the measured PCC particle size from the theoretical particle size, while the
sample of Test 8 shows the maximum deviation (40 um) from the theoretical particle size.
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Figure 21: Comparison of droplet diameter, PCC particle size (after us) and theoretical PCC particle
size (side length of cube-shaped particle)
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Figure 22 shows the PCC particle size as a function of the droplet size. Given the data
depicted in both graphs, it can be seen that in all cases the particle size is smaller than the
droplet size. However, there is no clear trend confirming that nozzles with smaller droplets
also create smaller PCC particles. When analysing these and also the following results, it
should be kept in mind that agglomeration has a great impact on the outcome of this study.
If the precipitation reaction does not happen fast enough, one can also assume that droplets
will first collide with each other or deposit on the spray tower wall and finally on the bottom,
which would mean that the original droplet size had already changed before the precipitation
happens. Furthermore, higher flow rates cause more turbulent spray patterns, which in turn
favour the deposition of droplets on the spray tower wall, especially in the area where the
spray projects to the wall.

Theor. PCC sice @® Dan.5.50-45° @® Mon. 5.50-60° Dan. 2.50-45°
@® Mon. 0.60-45° Dan. 1.50-45° Mon. 5.50-30° @® Dan.0.60-45°
60
50
€
3
-
= 40
= o
o
=
o 30 o
g
3 20 [
@
o
10
0
60 65 70 75 80 85 90 95 100

Droplet size D [v, 0.5] in um

Figure 22: Actual and theoretical PCC particle size vs. droplet size

Effect of spray angle on particle size

To study the effect of different spray angles on the particle size, nozzles with the same flow
rate but with different spray angles were tested (Monarch 5.50 GPH 60°, Monarch 5.50 GPH
30°, and DANFOSS 5.50 GPH 45°). All four tests were conducted at a pressure of 5 bar.
Before conducting the experiments it was expected that with a narrower spray angle fewer
droplets will collide with the tower wall and that the nozzle with the narrowest spray angle
will generate the smallest PCC particles. The results show that the nozzles with 60° and 30°
spray angle generated PCC particles of almost the exact same size whereas the nozzle with
aspray angle of 45° clearly generated bigger PCC particles (see Figure 23). The tall and slim
design of the spray tower may be responsible for these results. Since the diameter of the
spray tower is only 200 mm collisions of droplets against the spray tower wall were
unavoidable, even when using a nozzle with a 30° spray angle. Differences in the design of
Monarch and DANFOSS nozzles may as well cause variations in particle sizes. To indicate
whether the nozzle design is responsible for the differences in the particle size, further
experiments with nozzles not only with the same capacity but also made by the same
manufacturer would be needed.
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Figure 23: Comparison of PCC particle size of spray carbonation tests with nozzles with same flow
rate (5.50 GPH) but different spray angles (60°, 45°, and 30°)

Effect of nozzle capacity on particle size

To determine whether the nozzle capacity has an effect on the particle size, four DANFOSS
nozzles with a spray angle of 45° and a capacity of 0.60 GPH, 1.50 GPH, 2.50 GPH, and
5.50 GPH were tested. The effect of different nozzle capacities on the particle size is shown
in Figure 24. While the nozzle with the highest capacity produced the smallest particles, the
nozzle with the lowest capacity produced the biggest particles.
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Figure 24: Comparison of PCC particle sizes of spray carbonation tests with DANFOSS nozzles with a
spray angle of 45° and varying flow rates

The illustrated results are somewhat inconsistent with the before discussed hypothesis, that
a higher flow rate would cause more collisions and therefore have a negative impact on the
PCC particle size (in terms of bigger particles). One explanation for the shown correlation
between nozzle capacity and particle size could be that experiments with a small nozzle
capacity last longer, and therefore increase the probability for crystal growth and formation
of agglomerates. When looking at the G/L ratio of Test 5, 10, 9, and 8 a trend between the
G/L ratio and the particle size can be observed: With increasing G/L ratio the particle size
increases. While the actual CO> flow rate during Test 5 was close to the stoichiometric value,
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the actual CO- flow rate during Test 8 was almost 6 times higher than the stoichiometric
flow rate.

Effect of pressure on particle size

It has been assumed that an increase in pressure will cause the droplet size to decrease and
consequently also the PCC particle size to reduce. The results of the PSD measurements
reveal, contrary to expectations, that an increase in pressure causes an increase in the PCC
particle size. As shown in Figure 25 each nozzle (DANFOSS 5.50 GPH 45°, Monarch 0.60
GPH 45°, and DANFOSS 2.50 GPH 45°) produced bigger PCC particles at 10 bar pressure
than at 5 bar pressure. Increasing the pressure from 5 bar to 10 bar clearly increased the
impact of the droplets on the spray tower wall. A very turbulent fine spray mist was produced
by the nozzle creating a foggy area around the nozzle head and in the upper part of the tower.
Due to the lower flow rate during Test 7 and 11 the spray tower wall first seemed to be less
wet compared to Test 6. As the experiments proceeded, depositions started to build up on
the tower wall, especially in the upper part of the spray tower. The longer the experiments
took, the wetter the wall also became. For example, during Test 6 it was clearly visible that
PCC particles were running down the wet tower wall to the bottom of the spray tower.
During all experiments it was also noticed that turbulent spray pattern only occur —if they
occur— in the upper part of the spray tower. When observing the lower part of the tower, one
could see particles falling steadily to the bottom of the spray tower, where they accumulated
in the spraying solution. Particles that deposited on the spray tower wall, on the other hand,
stayed in direct contact with the CO, gas stream. During the experiments the solution
containing the PCC particles was drained from the spray tower from time to time. That
implies that deposited particles spent longer time in the spray tower compared to particles
which fell to the spray tower bottom.

By looking at the results presented in Figure 25 and considering the experimental
observations, it seems plausible that the mean particle size is larger in cases with turbulent
spray pattern, as higher fluid pressure causes deposition of droplets on the tower wall.

DANFOSS 5.50 GPH 45° Monarch 0.60 GPH 45° DANFOSS 2.50 GPH 45°
50 50 50 10 bar
10 bar > bar
40 40 40
30 30 10 bar 30
5 bar

20 20

10

HMTest5 MTest6 HTest2 MTest7 B Testl0 WTestll

Figure 25: Comparison of average PCC particle size (D [v, 0.5] in pm) of spray carbonation tests with
5 and 10 bar
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6.2.3.2 Morphology

Table 15 presents the results of the morphology analysis including the outcome of the
quantitative phase identification. Calcite has been identified as the major component for all
the tested samples. With 96.59% Test 6 has the highest calcite content, while Test 5 has the
lowest one with 80.48%. Calcium titanium iron (111) oxide has been identified as a minor
component in most of the test samples (1, 2, 4, 6, 7, 8, 10, and 11). Other minor components
discovered are magnesium fluoride, sodium peroxide, chabazite, chromium oxide, graphite,
perovskite, silicon oxide hydrate, and sodium magnesium.

Table 15: Results of the morphology analysis of samples from the spray carbonation experiments

Test| tra oo ng‘: ']fIZW GIL P(ig jge Crystal  [CaCOs] [Others]
# [min] [LUmin]  [L/min] [m?/L] [um] morphology [%] [%]
1 37 ~95 3.24 0.036 36.21 Calcite 96.10 3.90
2 15 >1 0.35 0.034 22.86 Calcite 94.30 5.70
4 11 25 3.24 0.009 33.66 Calcite 96.10 3.90
5 8 3.5 3.28 0.013 43.44 Calcite 80.48 19.52
6 9 45 4.52 0.012 46.15 Calcite 96.59 3.41
7 40 2.0 0.48 0.050 29.29 Calcite 90.21 9.79
8 30 2.0 0.35 0.069 66.98 Calcite 92.87 7.13
9 18 2.0 0.90 0.027 53.70 Calcite 96.40 5.60
10 16 2.0 1.49 0.016 47.86 Calcite 85.60 14.40
11 15 3.0 2.06 0.018 57.55 Calcite 92.61 7.39

The SEM images obtained from the morphology analysis are presented in Figures 26-30. By
looking at the pictures, the rhombohedral, but agglomerated, nature of the particles produced
can be confirmed. The images of Test 4 (see Figure 27) present what looks like to be the
least agglomerated and most distinct rhombohedral crystals of around 10 um in size. At the
same time, the actual CO. flow rate during Test 4 was lower than the calculated
stoichiometric CO> flow rate, meaning that the availability of CO, was limited. The CO-
flow rate during all other experiments was either equal to or higher than the stoichiometric
flow rate. This would suggest that a low G/L ratio favours the growth of rhombohedral faces
in a less agglomerated state.

Figure 26: SEM images of samples from Test 1 (left) and Test 2 (right)
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A long chain of single crystals forming one big particle can be seen in the left picture in
Figure 29. This could explain why the PSD of the sample from Test 8 was much bigger
compared to others.

Figure 29: SEM images of samples from Test 8 (left) and Test 9 (right)

41



Figure 30: SEM images of samples from Test 10 (left) and Test 11 (right)

6.2.4 Experimental Learning and Challenges

This part of the work highlights some learnings and the main challenges encountered during
the experimental work with the laboratory-scale test plant.

Spray tower design

One important criteria for the spray tower was the visibility into the tower. For the diameter
of the acrylic pipe the maximum available size (20 cm) was chosen. Originally, the idea was
to clean the spray tower after each experiment by filling it up with water (and if necessary
adding 0.5 molar hydrogen chloride solution) and leaving it appeal overnight. The spray
tower bottom, however, was not capable of handling the increasing mass of water inside the
tower while filling it up, which caused a major leakage and a lasting damage to the seals of
the bottom part of the tower. It was therefore decided to replace the complete bottom of the
spray tower, which caused a delay of more than two weeks. By gluing the new bottom part
and the bottom lid to the spray tower pipe, the problem of leakages would have probably
been solved entirely. But since the spray tower had to be flushed and cleaned after each test
run, it was decided to attach the lid with a rubber seal instead, which allowed to remove the
bottom lid when necessary. Additionally it was decided to clean the tower with a brush
instead of completely filling it up with water. To avoid or minimize leakages from the rubber
seal during experiments, part of the PCC-rich solution was continuously drained from the
tower. This had the disadvantage that the solution level in the bottom of the tower very rarely
reached such a height that the pH electrode would have been emerged in the solution.

A problem was also encountered with the new thread for the pH electrode, as it was not 100
percent tight which caused gas leakages during some of the experiments.

Because of the fixed location of the pressure tank and the tall design of the spray tower, the
bottom of the spray tower almost reached to the floor which made draining of the solution
form the spray tower rather unhandy.

When testing nozzles with different spray angles it became apparent that collisions of

droplets against the tower wall occurred even with a spray angle of 30°. One option to avoid
these collisions could be to use a spray tower with a larger diameter.
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Wear of nozzle

During the replacement work of the spray tower bottom, the Monarch 5.50 GPH 60° nozzle
was left in the spray tower. In the course of a bit more than two weeks the nozzle became
clogged and part of the filter material of the nozzle seemed to have oxidized (see picture 2
in Figure 31). To minimize the risk of plugging and oxidization for coming experiments,
each nozzle was removed from the spray tower and cleaned after the experiment. Even
though these precautions were taken, it still happened that after Test 7 the Monarch 0.60
GPH 45° nozzle became so clogged that any efforts to clean and reuse it for another
experiment were ineffective. During Test 8 and 9 oxidization of the nozzle occurred even
during the test run (see picture 3 in Figure 31). This caused also a discoloration of the PCC
rich solution from white to a grey bluish colour. The nozzle filters of the DANFOSS 0.60
GPH 45° and the DANFOSS 1.50 GPH 45° nozzle are different than those from the
DANFOSS nozzles with a higher capacity. It is likely that the difference in the filter material
Is responsible for the fast oxidization during Test 8 and 9.

The first picture in Figure 31 illustrates the importance of the nozzle filter. It shows the
amount of dirt particles that were filtered during Test 5 and Test 6. Without the nozzle filter
these particles would clog the nozzle orifice immediately.
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Figure 31: Picture showing dirt particles on the nozzle filter (1); PCC depositions on the Monarch 5.50
60° nozzle (2); oxidized DANFOSS 0.60 GPH 45° nozzle (3)

Filling the pressure tank

Using a pump to fill the pressure tank with the Ca-rich solution allowed to accelerate the
filling process. However, the closed design of the pressure tank also posed the risk to overfill
the tank and spill Ca-rich solution.

Measurements

The laboratory-scale test plant was originally equipped with a mass flow meter
(Schlumberger DATAMATE 2100™) and a pressure meter to measure the flow rate and
pressure of the Ca-rich solution entering the spray tower. Because the actual flow rate was
too small for the mass flow meter to measure, no data about the liquid mass flow were
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recorded during the experiments. Failure of the pressure meter also led to a lack of pressure
measurement data for all the experiments. The liquid pressure was regulated with the
pressure gauge from the nitrogen cylinder.

To study how much of the CO; actually undergoes a reaction to form PCC in the spray tower,
it would also be necessary to measure the CO, concentration before and after the spray tower
as well as the volumetric flow rate of the gas. Because it was not known how much nitrogen
from the pressure tank ends up in the spray tower, it was not possible to affiliate the amount
of gas bubbles in the off-gas scrubber to the amount of CO- gas leaving the spray reactor.
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7 Conclusion

The objective of this work was to study the concept of a spray carbonation process with the
aim to produce PCC from steelmaking slag and carbon dioxide. In order to determine
whether it is possible to generate PCC via spray carbonation, a laboratory-scale test plant
was designed and constructed. The spray carbonation test plant uses a spray nozzle to
disperse fine droplets of a Ca-rich solution into a spray tower, where calcium carbonate
precipitates as a result of the reaction between calcium and the counter flowing CO2 gas. In
addition to the spray carbonation experiments with the laboratory-scale test plant, also a
spray analysis was conducted.

The feasibility of PCC production from steel slag via spray carbonation was successfully
demonstrated at the laboratory-scale. All experiments succeeded in producing PCC in the
form of rhombohedral calcite. The highest calcite content measured was 96.59 %. Depending
on the extent of particle agglomeration, the PCC particle size ranged from 22.86 to 66.98
um. Agglomeration was observed in all samples to a variable extent, which became also
apparent when applying ultrasound to the samples. The results obtained from the spray
carbonation experiments did not indicate that smaller droplet size leads to smaller PCC
particle size. Furthermore, no correlation between different nozzle spray angles and particle
size was observed. Yet, a trend between the G/L ratio and the particle size was seen when
testing nozzles with the same spray angle but different capacities. In fact, the particle size
increased with increasing G/L ratio. This seems reasonable considering that the crystal can
continue to grow longer, the more CO there is dissolved in the solution. Experiments with
a fluid pressure of 10 bar revealed that a turbulent spray pattern favours the formation of big
PCC particles. Droplet collisions and depositions on the spray tower wall were found to play
an important role in this context.

When comparing the presented spray carbonation process with the conventional X2PCC
process, it can be concluded that by using a spray nozzle instead of a gas sparger the PCC
particle size can be decreased. Using a spray nozzle also resulted in a significant increase of
the interfacial area between liquid droplets and the gaseous atmosphere, which enhances the
mass transfer between the phases. The nozzles tested in this study produced droplets in a
size range of 50 to 100 um (at 5 bar). Different nozzles may generate even smaller droplets,
which should be kept in mind in future research. A significant drawback of the spray
carbonation process over the X2PCC process is the process capacity. Even though the
precipitation reaction in the spray tower is very fast, the total carbonation time is much longer
compared to the original X2PCC process. While the carbonation of 170 litres Ca-rich
solution in the conventional X2PCC process takes about 30 minutes, it would take between
10 and 155 hours (depending on the nozzle capacity) to spray the same amount of solution
into the spray tower. A bigger reactor and a nozzle with a higher capacity, or multiple nozzles
would be needed to reduce the carbonation time of the spray carbonation process.

Even though the particle size of PCC crystals produced via spray carbonation is not yet of
commercial standard, future research in this area seems very promising. While this study
revealed a potential alternative to the conventional X2PCC process, more research is still
needed to gain better insight into the reaction mechanisms and to obtain more knowledge
how different parameters affect PSD and crystal morphology.
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8 Recommendations

Based on the results of this thesis and on learnings from conducting the experimental studies,
several recommendations for future research have been made and are presented in this
section.

= Tests should be repeated in order to confirm the validity of their results. To gain a
deeper understanding of the effect of certain parameters on the PCC particle size and
morphology, only one test parameter should be changed at a time.

= Based on the challenges that were encountered during the spray carbonation
experiments, it is recommended to design a spray tower with as few openings as
possible since each opening or removable part poses a risk for leakages and should
therefore be avoided. Other recommendations include measures to improve the
handiness and operational safety of the plant. Due to the closed design of the pressure
tank it was impossible to see how full or empty the tank was, which made the filling
and pressurizing procedure more complicated. Also leaving more space between the
spray tower bottom and the floor would increase the handiness when draining the
solution from the spray reactor.

= |t was hypothesized that droplet collisions and depositions on the spray tower wall
and bottom are leading to bigger particle sizes. Further tests should be performed to
determine whether a reduction in PCC particle size can be achieved by changing the
spray tower design. Another option could be to come up with a spray tower design
that allows to remove PCC particles from the spray tower as soon as precipitation
has occurred. By quickly taking the PCC particles from the reactor, crystal growth
may be arrested.

= Only Monarch and DANFOSS oil nozzles were used for the experiments in this
study. More experiments with other nozzles should be performed in order to
investigate whether it is possible to further decrease the droplet size and thereby also
the PCC particle size.

= One challenge encountered during the experiments was oxidation of some of the
nozzles. Nozzles with brass filter screens should therefore be avoided.

= Due to time constraints and delays in commissioning of the laboratory-scale plant no
experiments at temperatures above room temperature were conducted. Additional
experiments should be performed to study the effect of temperature on PCC
morphology and to assess other parameters that have an influence on PCC
morphology. To avoid any sudden temperature changes, such as the ones observed
during the spray carbonation experiments, the ambient temperature should be kept
constant.

= The application of ultrasound showed that some samples were strongly

agglomerated. To get more insight into the ability of ultrasound to break
agglomerates, measurements with longer ultrasound applications should be recorded.
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= In order to determine how much of the incoming CO- actually undergoes a reaction
in the spray tower, it is recommended to measure the CO, concentration before and
after the spray tower as well as the volumetric flow rate of the gas.
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Appendix A — Results of the Spray Nozzle Analysis

All measurement data obtained during the spray nozzle analysis with Malvern particle sizer
can be found from the following table.

Rec. | Pressure | N-L-D' | Temp. | D[3,2] —Surface | D(v,0.1) | D(v,0.5) | D(v, 0.9)
No [bar] [cm] [°C] weighted mean [pm] [pm] [pm]
1 4.00 2 22.2 54.32 29.46 93.75 175.52
2 4.00 2 22.2 54.36 29.47 93.68 175.83
3 3.15 2 22.7 57.63 33.09 100.75 185.29
4 3.15 2 22.8 56.88 32.51 100.31 184.65
5 2.60 2 22.7 63.73 36.79 107.56 199.11
6 2.60 2 22.6 63.76 36.85 107.57 199.42
7 1.80 2 22.6 85.56 50.72 133.41 243.22
8 1.80 2 22.6 84.27 48.94 132.59 238.34
9 4.00 2 22.5 53.03 27.85 92.29 185.21
10 4.90 4 22.3 44.29 23.72 73.73 155.76
11 4.90 4 22.3 44.43 23.63 73.78 158.19
12 4.00 4 22.3 49.96 26.70 84.13 175.94
13 3.10 4 22.4 55.89 31.28 96.53 192.37
o 14 2.50 4 22.4 65.72 35.84 108.69 208.93
= 15 1.70 4 22.4 100.32 56.36 160.00 276.86
o 16 4.00 4 22.4 50.58 27.11 85.75 185.09
; 17 5.00 4 22.4 47.16 24.84 81.14 19251
o 18 4.90 4 22.4 47.32 25.01 81.84 194.24
8 19 4.90 4 22.5 46.56 24.75 79.27 158.95
k 20 4.00 4 22.6 52.44 27.89 88.82 176.15
5 21 3.00 4 22.7 58.47 32.01 98.59 186.98
§ 22 2.60 4 22.7 65.74 36.29 106.49 197.04
§ 23 5.00 4 22.9 51.55 26.98 88.86 179.19
24 4.90 4 22.9 53.07 27.71 90.99 184.03
25 5.00 2 22.5 59.76 34.21 101.89 195.19
26 5.00 2 22.2 60.15 34.80 102.77 195.06
27 5.00 2 22.1 60.16 34.44 102.36 194.93
28 5.00 2 22.3 60.25 34.37 102.34 196.12
29 4.00 2 22.7 62.11 35.96 105.01 198.31
30 4.00 2 22.7 56.38 33.00 98.39 185.55
31 4.00 2 22.9 59.83 34.74 102.20 193.09
32 4.00 2 23.0 60.67 35.24 103.32 195.89
33 3.00 2 23.1 67.38 39.74 111.11 207.85
34 3.00 2 23.1 64.80 38.28 108.26 201.93
35 3.00 2 23.0 65.65 38.83 109.35 204.61
36 2.60 2 22.9 71.63 42.61 116.56 214.76
37 2.60 2 22.9 71.75 42.57 116.52 214.13

1 N-L-D = Nozzle-to-lazer beam distance
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Rec. | Pressure | N-L-D | Temp. | D[3,2] —Surface | D(v,0.1) | D(v,0.5) | D(v, 0.9)
No [bar] [cm] [°C] weighted mean [pm] [pm] [pm]

38 5.20 4 22.4 51.97 29.19 70.64 135.22

39 5.20 4 22.1 51.62 28.94 70.33 135.52

o 40 5.00 4 22.2 49,91 29.16 72.59 125.60
LO 41 5.00 4 22.1 52.54 29.07 73.92 135.41
I 42 5.00 4 22.1 52.88 29.38 74.02 136.00
% 43 5.00 4 22.1 52.18 28.91 73.66 140.98
2 44 5.00 4 22.1 47.79 27.93 64.05 113.26
2’ 45 450 4 22.1 55.68 30.48 79.90 152.03
2 46 450 4 22.1 52.18 30.36 79.37 140.93
= 47 4.50 4 22.1 53.14 30.80 80.14 142.19
p 48 450 4 22.1 55.85 30.37 80.06 154.01
49 5.20 4 22.1 47.72 28.57 64.15 106.59

50 5.20 4 22.1 47.92 28.80 64.25 107.20

51 5.00 4 21.2 59.33 30.78 97.60 192.74

52 5.00 4 21.2 58.70 30.41 96.17 190.78

n 53 5.00 4 21.1 58.24 30.14 95.27 189.50
fg 54 5.00 4 21.2 57.00 29.53 92.97 187.00
T 55 4.00 4 21.6 62.76 33.10 99.98 192.09
& 56 4.00 4 21.7 62.82 33.25 100.29 191.38
2 57 4.00 4 21.7 62.49 32.98 99.91 190.77
Lo 58 4.00 4 21.6 62.71 33.14 100.40 192.02
B | 59 3.00 4 215 79.69 42.21 12514 | 221.00
2 [ 60| 3.00 4 215 79.81 4236 | 12524 | 22131
<ZE 61 3.00 4 21.6 79.97 42.58 125.64 220.52
o 62 2.40 4 21.5 97.61 53.03 153.79 256.69
63 2.40 4 21.5 98.11 53.47 154.65 257.72

64 2.40 4 21.5 99.03 53.96 155.49 259.86

65 5.00 4 21.5 41.72 23.44 66.43 135.95

66 5.00 4 21.4 41.45 23.23 66.21 135.05

> 67 5.00 4 21.4 40.66 23.16 62.54 129.14
:—_ 68 5.00 4 21.4 40.34 23.08 61.22 126.51
S 69 4.00 4 21.3 48.39 26.96 76.17 147.09
E 70 4.00 4 21.4 48.50 27.02 76.40 147.93
o 71 4.00 4 21.4 48.89 27.09 77.28 150.69
8_ 72 4.00 4 21.4 49.11 27.19 77.66 151.74
2 73 2.90 4 21.4 74.63 40.68 117.45 213.05
% 74 2.90 4 21.4 74.97 40.87 118.17 214.33
5 75 2.90 4 21.4 75.63 41.23 119.17 215.14
= 76 2.60 4 21.3 84.95 46.11 134.33 238.00
77 2.60 4 21.4 84.76 45.94 133.75 237.97

78 2.60 4 21.4 84.75 46.05 133.83 238.56

o 79 5.00 4 21.6 43.92 24.76 60.27 110.37
; 80 5.00 4 21.5 44,99 25.21 61.80 113.64
& 81 5.00 4 21.5 45.20 25.28 62.30 114.47
8 82 5.00 4 21.5 45.14 26.30 63.06 103.90
; 83 4.20 4 21.9 50.35 27.78 74.72 129.31
Q 84 4.20 4 21.7 51.34 27.87 76.33 134.08
§ 85 4.00 4 21.7 54.34 28.81 81.60 146.54
e 86 3.85 4 21.7 55.77 29.27 84.10 154.12
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Rec. | Pressure | N-L-D | Temp. | D[3,2] —Surface | D(v,0.1) | D(v,0.5) | D(v, 0.9)

No [bar] [cm] [°C] weighted mean [pm] [pm] [pm]
87 5.00 4 21.6 43.92 25.21 66.76 118.28
88 5.00 4 21.6 43.16 25.28 66.38 112.83
89 5.00 4 21.5 43.37 25.30 66.33 113.41
OQ 90 5.00 4 21.5 43.20 25.32 66.16 113.19
T 91 4.00 4 21.5 53.60 30.41 85.99 146.98
] 92 4.00 4 21.5 53.83 30.45 85.59 146.14
B 93 4.00 4 21.5 53.83 30.35 85.82 146.98
; 94 4.00 4 21.4 54.86 30.52 85.95 147.01
3 95 3.00 4 21.5 67.88 36.68 118.63 201.00
= 96 3.00 4 21.5 70.21 36.45 114.37 193.66
<D‘: 97 3.00 4 215 73.30 37.00 116.97 197.61
98 2.50 4 214 85.97 40.68 136.78 228.07
99 2.50 4 214 86.84 40.68 136.90 229.06
100 2.50 4 214 87.03 40.99 137.22 228.44
101 5.00 4 21.1 48.47 26.82 76.34 133.25
102 5.00 4 21.0 48.21 26.69 76.08 132.95
103 5.00 4 21.1 47.84 26.58 75.91 132.70
OQ 104 5.00 4 21.2 47.24 26.50 75.85 132.42
T | 105 4.00 4 21.1 57.89 31.89 93.88 166.36
O | 106 4.00 4 21.0 58.03 33.47 97.07 167.64
B | 107 4.00 4 20.9 57.52 33.30 96.89 167.39
3 108 4.00 4 20.8 58.92 33.45 96.73 166.92
8 | 109 3.00 4 20.9 89.61 48.01 137.99 225.01
= | 110 3.00 4 20.8 84.32 45.15 129.70 215.62
<D‘: 111 3.00 4 20.9 85.05 45.57 130.64 216.13
112 2.40 4 20.9 107.19 57.84 167.02 277.30
113 2.60 4 21.1 92.66 46.49 143.26 233.67
114 2.60 4 21.2 92.85 46.84 143.79 235.12
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Appendix B — Temperature and pH Recordings of Spray
Carbonation Experiments

The temperature and pH measurements recorded during the spray carbonation experiments
are presented in the following charts.

Temperature Measurements at Bottom of Spray Tower
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Appendix C — Results of the PSD Measurements

All Measurement data obtained from the particle size distribution analysis with Malvern
Mastersizer 2000 are summarized in the following table:

D [4,3] - Volume | D[3,2] — Surface D(v, 0.1) D(v, 0.5) | D(v, 0.9)
weighted mean weighted mean [pm] [pm] [pm]
no us 47.23 32.51 18.47 36.21 82.86
Testl us on 36.88 27.50 16.38 29.93 61.41
us off 36.64 27.36 16.32 29.77 60.84
no us 35.54 8.54 10.52 22.86 52.25
Test2 us on 31.99 7.77 9.70 20.68 44.77
us off 35.53 8.05 9.88 21.24 53.23
no us 75.40 14.38 13.69 42.56 189.23
Test3 us on 33.85 10.15 11.14 29.05 64.46
us off 39.70 10.43 11.39 29.61 71.47
no us 36.23 27.44 18.82 33.66 58.18
Test4 us on 30.74 23.79 17.55 29.13 47.05
us off 37.04 24.45 17.64 29.50 50.03
no us 47.10 40.02 25.33 43.44 74.65
Testd us on 40.83 36.39 24.63 38.57 60.43
us off 40.46 36.10 24.48 38.25 59.78
no us 79.74 43.88 26.71 46.15 93.12
Test6 uson 52.19 38.01 24.20 40.11 70.80
us off 51.38 37.80 24.11 39.91 70.17
no us 45.47 16.70 13.75 29.29 63.02
Test7 us on 26.60 8.62 10.96 24.41 46.35
us off 35.64 21.33 13.04 25.90 53.15
no us 135.09 25.19 24.47 66.98 352.10
Test8 us on 105.85 20.59 21.14 55.50 251.05
us off 86.68 23.80 21.04 53.33 184.12
no us 97.83 21.64 24.93 53.70 124.08
Test9 us on 56.69 26.73 22.02 43.20 86.03
us off 52.78 35.62 22.22 42.28 81.75
no us 51.53 39.31 27.31 47.86 82.08
Test10 us on 43.76 34.34 25.60 41.74 66.05
us off 43.41 34.12 25.46 41.41 65.45
no us 65.62 47.69 30.67 57.55 106.11
Testll us on 52.65 43.94 27.34 47.96 84.87
us off 51.36 43.34 27.33 47.06 81.70




