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Abstract 

Soheil Aghajanian 
Reactive crystallisation studies of CaCO3 processing via a CO2 capture process: 
real-time crystallisation monitoring, fault detection, and hydrodynamic modelling 
Lappeenranta 2022 
142 pages 
Acta Universitatis Lappeenrantaensis 1044 
Diss. Lappeenranta-Lahti University of Technology LUT 
ISBN 978-952-335-864-5, ISBN 978-952-335-865-2 (PDF), ISSN 1456-4491 (Print), 
ISSN 2814-5518 (Online) 

Currently, a broad spectrum of decarbonisation efforts are ongoing in fundamental areas 
of human lifestyle to mitigate the global concerns materialising from climate-related 
transformations. Within the framework of carbon capture, utilisation, and storage 
(CCUS), the present study investigated the integration of two separation processes, 
namely, carbon dioxide (CO2) capture and the reactive crystallisation of calcium 
carbonate (CaCO3). In this work, aqueous sodium hydroxide solution was used for CO2 

absorption. The scalable and economically feasible production route of micron-sized 
CaCO3 occurs by the direct addition of the CO2-loaded liquid solution to a crystalliser 
containing aqueous calcium chloride. The coupled processes eliminate the demand for 
high-temperature regeneration and promote high product purity. From the CO2 capture 
perspective, small-scale demonstration experiments were scaled-up by utilising a hollow 
fibre membrane contactor–based CO2 capture system developed in-house. The overall 
mass transfer enhancement due to reaction was investigated.  

The fast kinetic reactive crystallisation process was studied at two different scales and a 
range of operating conditions by utilising multiple process analytical tools. The employed 
image analysis–based in-line digital microscope camera provided real-time crystal size 
data and images from the crystal suspension. The in-line probe was utilised to develop an 
agitation–based feedback control for the CaCO3 precipitation process. The real-time 
control scheme influences the crystal formation process by manipulating the energy 
dissipation and spatial supersaturation distribution of the stirred tank reactor. The 
investigation provided preliminary insights into the challenges of real-time micron-sized 
reactive crystallisation measurement and control. 

A first of its kind framework was proposed to develop a real-time process fault detection 
and diagnostics utilising 1D electrical resistance tomography (ERT) measurements. The 
most sensitive measurement point was experimentally justified as a data transmitter 
position for process diagnostics. In parallel to the ERT, the application of a novel 
ultrasound tomography (UST) system was investigated in the reactive crystallisation 
process. The bulk crystal concentration and the reagent feeding region were successfully 
visualised using ultrasound tomographic reconstructions. 

Computational fluid dynamics (CFD) was used to perform 3D simulations of the mixing 
hydrodynamic and to visualise the spatio-temporal distribution of the chemical reaction 



in the stirred tank reactor. The experimentally validated CFD simulations deliver a 
framework that can be employed as a virtual tomography tool in parallel with ERT and 
UST measurements. The main idea was to directly utilise the crystal size distribution data 
of the small-scale experiments for model development. The empirical modelling 
approach inherently contains the effects of the operating conditions and the kinetics of 
the precipitation and uses less computational resources by reducing the design 
parameters. 

Keywords: Carbon capture and utilisation, calcium carbonate reactive crystallisation, 
real-time fault detection, process control, crystallisation monitoring, CFD 
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Nomenclature 

Latin alphabet 

A surface area m2 
A  pre-exponential factor s–1 
C concentration mol m–3 
C  logarithmic mean driving force mol m–3 
D diffusion coefficient m2 s–1 
D material derivative – 
d diameter, average crystal size mm, µm 
d  number average crystal size µm 
E enhancement factor – 
E  activation energy J kg–1 mol–1 
𝑓 function – 
G total number of computational cells – 
g acceleration due to Earth’s gravity m s–2 
H Henry’s law constant – 
h height mm 
I electrical current µA 
i index (mesh study) – 
J flux mol m–2 s–1 
K overall mass transfer coefficient m s–1 
K  slope factor criterion (fault detection) – 
k individual mass transfer coefficient m s–1 
k  reaction rate constant m3 mol–1 s–1 
k turbulent kinetic energy m2 s–2 
L turbulence length scale m 
l length m 
M impeller torque N m 
N mixing speed RPM, s–1 
N  impeller power number – 
n  standard deviation of crystal size (Rosin-Rammler distribution) – 
P power N m s–1 
p pressure Pa 
Q goodness of prediction – 
R goodness of fit – 
R ideal gas constant J mol–1 K–1 
r reaction rate kg m–3 s–1 
T temperature K 
t time s 
U velocity (magnitude) m s–1 
u velocity vector field m s–1 
V volume m–3 



Nomenclature 12

V̇ flow rate m3 s–1 
w impeller blade width m 
X volume fraction of solids in the suspension – 
x x-coordinate (width) m 
y y-coordinate (depth) m 
z z-coordinate (height, distance) m 

Greek alphabet 

γ species local mass fraction – 
ε threshold criterion (fault detection time constant) – 
ϵ reactor energy dissipation rate m2 s–3 
ζ controller gain constant – 
Θ angle ° 
λ slope of the electrical current µA min–1 
μ dynamic viscosity Pa s 
π pi – 
ρ density kg m–3 
σ standard deviation – 
Σ summation  – 
τ residence time min 
υ volume fraction – 
ϕ numerical value of interest (mesh study) – 
ω specific turbulence dissipation s–1 

Dimensionless numbers 

Gz Graetz number = ,  ,

,  

Ha Hatta number =
 ,  ,  

Nq Impeller flow number = 
̇

 

Re Reynolds number =
  

Sh Sherwood number =
 ,

,
 

Stk Stokes number =
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Superscripts 

′ fluctuating velocity (Reynolds stresses) 
* equilibrium
° degree 
q order of finite volume discretization, 2nd order  
n hindered settling exponent, sampling points (mesh study) 

Subscripts 

0 initial 
10 percentile of crystal size distribution 
32 Sauter mean diameter (crystal size) 
43 De Brouckere mean diameter (crystal size) 
50 volume-based median crystal size  
90 percentile of crystal size distribution 
∞ infinite (enhancement factor) 
aq aqueous 
avg average 
ch chemical (absorption) 
circ circulation time 
coarse coarse mesh 
cr corrected velocity (hindered velocity) 
eq equivalent 
exp experiment 
f final (liquid height in the reactor) 
feed aqueous feed solution 
fine fine mesh 
g gas 
g,b gas bulk 
g,m gas-membrane interface 
i inner (diameter) 
I integral term (PI controller) 
imp impeller 
in inlet 
l liquid
l,b liquid bulk 
l,m liquid-membrane interface 
m membrane 
macro macromixing  
mag magnetic stirrer 
max maximum 
meso mesomixing  
min minimum 
mixer stirrer (mixer) 



Nomenclature 14

mixer off stirrer (mixer) off 
mixer on stirrer (mixer) on 
mixing mixing 
mz mixing zone 
out outlet 
ov overall 
P proportional term (controller) 
p solid particle (crystal) 
ph physical (absorption) 
pump off feed addition pump off 
pump on feed addition pump on 
R chemical reaction 
r ratio 
R-R Rosin-Rammler factor 
s solid 
sc size class 
t terminal velocity 
tip tip velocity (impeller) 
tot total 
turb turbulent 

Abbreviations 

1D  one dimensional 
2D  two dimensional 
3D  three dimensional 
ATR-FTIR attenuated total reflection Fourier transform infrared 
CCUS carbon capture, utilisation, and storage 
CFD computational fluid dynamics 
CPU central processing unit 
CSD crystal size distribution  
DOE design of experiments 
ERT electrical resistance tomography 
EXP experiment 
FBRM focused beam reflectance measurement 
FDD fault detection and diagnosis 
FIFO first‐in‐first‐out 
FTA fault tree analysis 
GCC ground calcium carbonate 
GHG greenhouse gas emissions 
HFMC hollow fibre membrane contactor 
HVAC heat, ventilation, and air conditioning systems 
MGA membrane gas absorption 
MRF multiple reference frame 
NRMSE normal root mean square error 



Nomenclature 15

PBE population balance equation 
PCC precipitated calcium carbonate 
PDF powder diffraction file 
PI proportional-integral (controller) 
PID proportional-integral-derivative (controller) 
PLS partial least square 
PP polypropylene 
PVM particle vision measurement 
RANS Reynolds-Averaged Navier Stokes 
RPM revolution per minute 
R-R Rosin-Rammler distribution 
SEM scanning electron microscope 
SIMPLE semi-implicit method for pressure-linked equations 
SST shear stress transport 
STD standard deviation 
STR stirred tank reactor 
TOF time-of-flight 
TRL technology readiness level 
UDF user-defined function 
UST ultrasound tomography 
XRPD X-ray powder diffraction
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1 Introduction 

Crystallisation is an important separation and purification technique that is fundamental 
in the manufacturing stream of industrial processes such as highly regulated active 
pharmaceutical ingredients, agricultural chemicals, cosmetics, and the food industry. 
There has been a recent growth in the requirement of reaction-type crystallisation 
processes (also known as precipitation and reactive crystallisation) in chemical industries 
(Amari et al., 2021). The high interest in reactive crystallisation correlates with the 
extreme need for a carbon-neutral industry, sustainability, and energy-efficient operation. 
Separation and purification methods in the chemical industry such as distillation, cooling, 
and evaporative crystallisation processes have high thermal energy consumption (Sholl 
and Lively, 2016). In reactive crystallisation from solution, a chemical reaction produces 
the desired crystalline phase without notable temperature change or heating operation. 
Thus, reactive crystallisation can play a positive role in the synthesis and purification of 
industrial processes as a more energy- and cost-efficient method (McDonald et al., 2021). 

Contemporary environmental policy is full of measures that are not able to fully resolve 
a problem due to the unprecedented challenges and complexities of today’s crises (Buck 
et al., 2020). Recent studies show that global warming can be kept to ~1.9–2 °C by 2100 
if all the net-zero greenhouse gas emissions mitigation pledges of the Climate Pacts are 
implemented in full and on time (Meinshausen et al., 2022). Total anthropogenic 
emissions and the concentration of CO  in the atmosphere were ~40 Gt CO2 yr–1 and ~441 
ppm in 2021, respectively (Friedlingstein, 2022), which are forecasted to potentially reach 
~50 Gt CO2 yr–1 and ~500 ppm before the year 2050 (Senftle and Carter, 2017). Realising 
a 45% cumulative reduction in human-made carbon dioxide by the mid-century is a 
substantial challenge (Millar et al., 2017). The climate challenge is augmented 
considering that anthropogenic greenhouse gas emissions (GHG) have never been 
decreased globally. To be competitive with the current sheer scale of traditional 
production technologies and to accomplish the designated climatic targets such as the 
Glasgow Climate Pact (Meinshausen et al., 2022) and the Paris Agreement (Akimoto et 
al., 2021), adopting a single CO  mitigation pathway does not seem feasible (Smith et al., 
2017). Indeed, developing and deploying a portfolio of effective carbon capture 
techniques would be the pragmatic approach. 

To date, CO  capture, utilisation, and storage (CCUS) technologies have been developed 
almost entirely as separate processes (Gutiérrez‐Sánchez et al., 2022). The main 
drawback of this approach is that the captured CO  has to be desorbed, compressed, and 
transported, which extends the utilisation path. As an emerging methodology, integrative 
CCUS pathways have seen considerable attention and research and development in the 
last few years (Salmón et al., 2018; Sen et al., 2020; Sun et al., 2021). In the integrated or 
coupled capture and utilisation strategies, the captured CO  is directly used for 
transformation into basic chemicals and fuels and can bypass the associated costs for CO  
compression and transportation (Kim et al., 2018; Kar et al., 2019;). 
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Particularly, the interest in developing integrated CCUS processes using calcium 
carbonate (CaCO ) has seen considerable growth in recent years (Liu and Gadikota, 2020; 
Tan et al., 2020; Poudyal and Adhikari, 2021). Techno-economic analyses present a high 
potential for the economic sustainability of integrated carbon capture–based CaCO  
production processes (John et al., 2021). The attention is mainly due to the broad spectrum 
of applications and the long-term CO  storage security of the chemical compound. A wide 
range of laboratory- and bench-scale research involving the study of calcium carbonate 
have been done by mixing aqueous solutions of Ca  (e.g., calcium chloride) and 
carbonates (CO ) (Rosa and Madsen, 2011; Ibrahim et al., 2012; Liendo et al., 2022). 
The liquid phase reaction route is a fast kinetic process and improves control over product 
quality. The traditional method of manufacturing micron-sized CaCO  has been crushing 
and grinding CaCO  natural rocks to produce ground calcium carbonate (GCC), which in 
turn requires additional processing (e.g., 0.817 kWh kg  is needed to obtain particles of 
7.7 μm from a feed GCC particles of 180–210 μm) (Grimes et al., 2020).  

An alternative method of manufacturing micron-sized CaCO  is by CO  gas bubbling into 
calcium hydroxide suspensions (Dusemund et al., 2011). The process involves the 
calcination of limestone (CaCO  natural rocks) at 900–1000 °C to produce slaked lime 
(calcium hydroxide); subsequently, the resulting calcium hydroxide solution is 
carbonated by bubbling CO  gas to precipitate calcium carbonate. The method is cost-
effective in terms of design and is the most frequently used production technique for 
precipitated CaCO  (Ibrahim et al., 2012; Grimes et al., 2020). The CO  bubbling route 
is, however, associated with low carbonation efficiencies (< 80%) (López-Periago et al., 
2010), a high degree of crystal agglomeration and aggregation and faces the challenges 
of high-temperature energy consumption (Montes-Hernandez et al., 2010; Zevenhoven et 
al., 2019). 

Membrane gas absorption (MGA) techniques have been proposed in the context of wet 
carbonation processes to enhance the performance of the carbon dioxide bubbling (Tan 
et al., 2021). Employing superhydrophobic–based MGA promotes the transfer of CO  gas 
into a calcium-rich absorbent solution that results in the formation of calcium carbonate 
in an integrated process. However, the feasibility and scalability of the system require 
further research due to severe fouling and wetting of the membrane (Tan et al., 2021). 
The cyclic calcium loop for CO  capture and CaCO  production has been proposed as a 
robust CO  sequestration unit operation (Keith et al., 2018). The first loop captures CO  
using aqueous sorbents (e.g., aqueous potassium hydroxide), while the second chemical 
loop produces CaCO , which is calcined to remove the CO  gas. The cost and complexity 
of the regeneration system remain a challenging task for the calcium looping systems. 
CaCO  is also produced as a by-product of the Solvay and the lime-soda processes. 
However, relatively poor quality and high impurities are obtained with the Solvay and the 
lime-soda approach (Ghiasi et al., 2020; Hanein et al., 2021). 

Within the concept of CCUS, the integration of CaCO  reaction synthesis and a carbon 
dioxide capture strategy is a promising and economically viable approach. Coupling the 
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two separation techniques enables carbon dioxide removal and the production of useful 
materials. The integrated approach to decarbonisation is in line with the notion of 
recycling the waste streams, improving the security of the supply of raw materials, and 
facilitating the shift towards a circular economy (Shindell et al., 2021). With the 
practically unlimited availability of CO  as a raw material, the chemical fixation route has 
the potential to turn carbon dioxide from emission sources (e.g., emissions from power 
plants and buildings) into a valuable feedstock. 

Of particular interest is the employment of a reactive crystallisation process that uses the 
CO -loaded solutions to produce micron-sized precipitated calcium carbonate (PCC). As 
illustrated in Figure 1.1, the membrane contactor–based CO  capture scheme operates 
using alkaline aqueous sodium hydroxide (NaOH, caustic soda) as the absorbent liquid. 
The spontaneous PCC formation occurs through a reactive crystallisation process where 
the liquid CO -rich reagent is added to a crystalliser containing calcium chloride (CaCl ) 
solution. The proposed approach investigated in this thesis is thermodynamically 
favourable to be performed in ambient conditions, and solid calcium carbonate is the main 
product that positively impacts the process economics. In addition, the high-temperature 
desorption energy of CO  from alkaline water solution (equivalent to ~2.5 MJ kg  CO ) 
is avoided (Mahmoudkhani and Keith, 2009). Assuming that the end-to-end unit 
operation is performed under stoichiometric conditions (i.e., a theoretical maximum of 
100% NaOH consumption and PCC production), the mother liquor after solid filtration 
mainly contains low-cost aqueous sodium chloride (NaCl, ~0.013 kg CO  / kg NaCl 

(Padella et al., 2019)). A pH treatment operation of the mother liquor makes the water 
solution suitable for reusability, thus, further improving the process sustainability (worth 
further study) (Stuardi et al., 2019). 

Figure 1.1: Overall schematics of the proposed integrated approach for CO  capture using hollow 
fibre membrane contactor and production of micron-sized CaCO  by reactive crystallisation. 
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The alternative approach of liquid phase precipitation enhances the manufacturability of 
the process in terms of crystal size and morphology. The resulting micron-range solid 
crystals promote crystal uniformity and powder flowability without complex milling 
operations to alter the crystal size distribution (Yang et al., 2015a). The liquid phase 
formation of calcium carbonate inherently promotes high product quality due to 
membrane CO  capture and a controlled CaCl  purity. The high purity of the micron-sized 
solid product turns the integrated process into a promising technology for PCC 
manufacturing. Currently, the market value of precipitated calcium carbonate is relatively 
higher than GCC and is in the range of ~115–450 $/t depending on the geographic 
location, purity (> 99% CaCO ) and crystal size (Zevenhoven et al., 2019). 

The environmental benefits of the process are fully realised if there is the availability of 
green electricity (e.g., solar, or hydroelectric) to supply the necessary NaOH. NaOH is 
produced in large amounts from the chlor-alkali process and can be utilised for CO  
absorption (Wang et al., 2021). Approximately 99.5% of all NaOH is produced through 
the chlor-alkali process with a global annual consumption of ~82 million tons in 2020 
(Kumar et al., 2019). A significant portion of traditional NaOH production is still 
associated with a high carbon footprint due to the lack of industry-wide green electricity 
(Lee et al., 2017). Alternative methods of NaOH supply could be from a brine-to-caustic 
process where the waste brine from desalination processes is converted to NaOH (Du et 
al., 2018). Considering that the seas and oceans of the Earth contain ~2 × 10  tonnes of 
Na  (Hanein et al., 2021), thermal desalination by solar power appears to be a promising 
approach (Thiel et al., 2017).  

The average carbon dioxide equivalent of NaOH production has been estimated to be in 
the range of ~0.5–1.9 kg CO /kg NaOH (Padella et al., 2019; Turner and Collins, 2013). 

The current average market price for sodium hydroxide varies in different regions and 
ranges from ~300–900 $/t in North America to ~286–344 $/t in Europe (Assi et al., 2020). 
Conversely, calcium chloride, which is abundant in nature in the form of natural minerals, 
has an average market price of ~300–400 $/t (N’Tsoukpoe et al., 2015). A relatively low 
emission factor is associated with calcium chloride because it is mainly obtained from 
waste streams (~0.038 kgCO /kg CaCl  (Padella et al., 2019)). Moreover, calcium 

chloride is manufactured in large quantities as a by-product of industrial processes such 
as the Solvay process (where calcium chloride is recovered from the ammonium chloride 
waste liquor) (Liendo et al., 2022). 

Precipitated CaCO  as the final product of the integrated CCUS process is of high interest 
in various industries. The calcium carbonate market in North America alone is forecasted 
to increase by ~63% from ~9.5 $ billion in 2020 to 15.5 $ billion in 2027 (Bayas and 
Ahuja, 2021). Calcium carbonate is one of the widely used fillers for plastics and 
polypropylene production, with increasing demand in the automotive industry 
(Thenepalli et al., 2015). CaCO  is among the constituents of soft glasses (e.g., electric 
bulbs, laboratory apparatus) covering around 90% of the current glassware market 
(Almer, 2017). As filler material, CaCO  has applications in the manufacturing stream of 
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biomedical products, superhydrophobic coatings, and papermaking (Zhang et al., 2011; 
Boyjoo et al., 2014; Oral et al., 2020).  

The manufactured PCC can be used in the production stream of paper and paperboards. 
Even though, the current method of choice for PCC production in the paper industry is 
the CO  bubbling route, new emerging technologies could be competitive in the future. 
Currently, printing papers contain ~20–35% by weight PCC, with an average price of ~3–
4 times lower than that of the chemical pulp (Han et al., 2020b). Attempts have been made 
to increase the PCC amount in papermaking, which also yields to improvement in the 
tensile strength (Han et al., 2020b). Paper products in various end-use industries face 
major global growth and act as a market driver for PCC. European Commission 
legislation (European Parliament, 2015) binds the European Union state members to 
reduce the annual average single-use plastics to 40 per capita by the end of 2025, thus, 
impacting the high demand for PCC in papermaking and paper-based packaging. 

Non-toxicity, biocompatibility, and purity of micron-sized calcium carbonate make it 
suitable for pharmaceutical and cosmetics applications (Wypych, 2016; Marzio et al., 
2022). In the food industry, PCC is used as enzyme support (Liendo et al., 2022) and to 
separate impurities during sugar refining (Hanein et al., 2021). Furthermore, micron-sized 
CaCO  can be employed as fertilisers to improve plant growth and crop productivity 
(Wang et al., 2019b). The injection of calcite crystals into the Earth’s stratosphere is a 
new area of research in the hot-debated (Buck, 2018a) solar geoengineering (Keith et al., 
2016). The calcite aerosol-based geoengineering, which is a replacement for the sulphate, 
has promising potential in reducing or reversing ozone depletion (Dai et al., 2020). 

1.1 Thesis objectives 

This study presents a carbon capture and utilisation strategy based on the integration of a 
fast kinetic reactive crystallisation process of calcium carbonate and a CO  capture 
technique. Aqueous NaOH was used for the CO  absorption. The production of micron-
sized calcium carbonate crystals occurs by direct addition of the CO -loaded liquid 
solution to a crystalliser containing calcium chloride (CaCl ). The chemical feasibility of 
the process was investigated in a small-scale setup with a final crystallisation reactor 
volume of 0.15 L. The CO  absorption was demonstrated by employing a SodaStream 
device with 0.8 L liquid volume. The reactive crystallisation process was performed in 
different operating conditions and studied by a screening design of experiments (DOE) 
technique.  

Following the small-scale experimental demonstration, the proposed approach for 
coupling the two separation techniques (i.e., CO  capture and reactive crystallisation) was 
performed in a larger-scale setup. The large-scale experimental equipment in this thesis 
refers to using an in-house developed hollow fibre membrane contactor for the CO  
absorption process (Nieminen, 2020) and a final crystallisation reactor volume of 3.4 L. 
The overall mass transfer coefficient and the evolution of the enhancement factor of the 
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NaOH–based CO  absorption process was investigated. From the solid crystal formation 
and characterisation perspective, experiments were carried out in a range of operating 
conditions to study crystal size control and to verify the calcite form of CaCO . 

In-line and real-time process analytical tools augment the understanding of the 
fundamentals of the process. This study employed three different crystallisation 
monitoring tools to demonstrate their application in the investigated process. A 
commercially available in-line microscopic video imaging (Pixact) and the associated 
real-time image analysis software were used to monitor the fast kinetic particulate 
process. Considering the challenges that exist in controlling the micron-sized crystals 
(d < ~10–15 μm), attempts were made to demonstrate the influence of agitation 
intensity on controlling and manipulating the crystal size distribution (CSD). The 
acquired CSD data from the in-line probe were compared with the laser diffraction-based 
offline measurements.  

An electrical resistance tomography (ERT) system was utilised to develop a real-time 
fault detection and diagnosis (FDD) monitoring system for the integrated CCUS process. 
The fault tree analysis (FTA) methodology was used to study the system failure states 
such as stirrer, pump, and feed concentration. Unfavourable faults and malfunctions were 
experimentally investigated, and a basic signal‐based alarming technique was developed. 
The potential advantages of the FDD are minimisation of production breaks, reduction of 
raw material consumption, and improvement of waste management. In parallel to the 
ERT, an ultrasound tomography (UST) system was employed as a non-invasive and non-
intrusive measurement tool to investigate the mixing-sensitive, liquid phase reactive 
crystallisation process. UST–based tomographic reconstructions offered useful insights 
into the reagent feeding visualisation in the stirred tank reactor (STR). In addition, the 
application of UST as an emerging measurement tool for studying solid particle settling 
time was investigated. Ultrasound tomography indicated a clear potential for further 
development of reactive crystallisation measurements. 

In this work, instead of applying the population balance equation (PBE), which is highly 
dependent on kernel functions and model parameters, the two-parameter Rosin-Rammler 
(R-R) distribution function was utilised. The R-R distribution function was used to 
construct experimental data fittings and correlations and perform the model validation. 
Specifically, the small-scale crystallisation experiments and models were used to validate 
the larger-scale reactive crystallisation configuration. Using the power of computational 
fluid dynamics (CFD), calcium carbonate species distribution was investigated as a 
virtual tomography tool. The term virtual tomography describes the use of CFD and 
reaction distribution as an aid for the design and utilisation of ERT/UST systems. 

1.2 Thesis structure 

Chapter 1 of the thesis begins by overviewing the main objective and motivations of the 
current research work: the integration of the two separation processes as a CCUS route. 
The importance of the decarbonisation efforts and the potential applications of calcium 
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carbonate for CO  mitigation is then outlined. The main objectives of the present thesis 
are discussed in Section 1.1. A summary of the main results and the contribution of this 
work is highlighted in Section 1.3. 

Chapter 2 provides a literature review of carbon dioxide capture technologies and their 
conversion to chemicals and fuels within the scope of this thesis. The challenges of 
different CCUS–based CO  mitigation routes are addressed. The main focus of this 
chapter is to provide an overview of the liquid absorption-based CO  capture processes. 
The advantages and disadvantages of membrane contactors as a novel CO  absorption 
technology are discussed. This chapter presents the theoretical background for calculating 
the mass transfer in the utilised hollow fibre membrane contactor, including the overall 
mass transfer coefficient and the enhancement factor. The employed assumptions within 
the scope of this work are presented. 

Chapter 3 provides an overview of the recent advances in (reactive) crystallisation process 
design, modelling, and control. Different real-time process monitoring tools and crystal 
characterisation instrumentations are discussed. The applications and limitations of the 
population balance equation for crystallisation modelling and control are summarised.  

Chapter 4 begins by presenting the integrated chemical process description and the 
operating envelope of the experiments. The entire experimental setup, materials, and 
methodologies used to carry out the experiments and measurements are discussed.  

Chapter 5 is dedicated to the results and discussion of the research work presented in this 
thesis. The small-scale proof-of-concept CCUS experiments are discussed in Section 5.1. 
In Section 5.2, the acquired results in the large-scale CCUS experiments are presented. 
The main research topics part of the large-scale experiments are the study of the overall 
mass transfer coefficient in the membrane contactor (Section 5.2.1), the application of the 
utilised in-line microscope probe in reactive crystallisation monitoring (Section 5.2.2), 
comparison of in-line and offline techniques for micron-sized crystal measurement 
(Section 5.2.3), and the feedback control demonstration (Section 5.2.4). Subsequently, 
Sections 5.2.5 and Section 5.2.6 discuss the investigated approach to fault detection with 
ERT and report the application of UST in characterising bulk particle distribution in the 
stirred tank reactor, respectively. Chapter 5 ends by describing the application of CFD in 
the reactive crystallisation process. Appendix A is dedicated to the numerical modelling 
of the fast kinetic semi-batch crystallisation process and it establishes the related 
mathematical formulation for validating the model. The governing fluid dynamics 
equations, the main assumptions, and the computational details are described. 

Chapter 6 concludes the present research work and overviews the main findings and 
contributions. Areas of future research and potential for further research and development 
are provided in this chapter. The bibliography is presented at the end of Chapter 6. 
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1.3 New results 

This section describes a list of new contributions and gives an overview of the main 
results obtained in this thesis.  

I) Experimental investigation

- Small- and large-scale integration of carbon capture and reactive crystallisation
of calcium carbonate using sodium hydroxide as the absorbent liquid
(Publications I and II).

Sustainable production of micron-sized CaCO  as a direct product of a CO  capture 
process. As a result of the integrated process, the high-temperature regeneration of the 
CO -loaded liquid absorbent was avoided (Section 5.1). 

- Real-time fault detection and diagnostics of the integrated CCUS process by
electrical resistance tomography measurements (Publication III).

A novel application for ERT as a real-time process fault detection and diagnostic tool in 
the integrated CO  capture and CaCO  reactive crystallisation was demonstrated. The 
most sensitive measurement point of the ERT system for process diagnostics was 
identified using experimental measurements and statistical analysis. Critical process 
parameters such as mixing, feed pump, and concentrations were identified using the fault 
tree analysis methodology. Limitations of the ERT–based tomographic measurements for 
the current application are briefly outlined (Section 5.2.5).  

- Application of ultrasound tomography for monitoring the 𝐂𝐚𝐂𝐎𝟑 reactive
crystallisation process (Publication IV).

The novel speed-of-sound–based tomographic imaging was successfully applied for 
reactive crystallisation monitoring. The UST system resolved the feed addition region 
and characterised the suspension homogeneity and bulk particle concentration in the 
stirred tank reactor. Ultrasound tomography indicated a clear potential for further 
development in reactive crystallisation measurements, especially in identifying particle 
solidification and measuring the spatial solid-liquid suspension inside the reactor (Section 
5.2.6). 

- In-line monitoring of the micron-sized calcium carbonate crystallisation and
insights into its process control (Publication V).

An image analysis–based digital microscope camera was used for in-line monitoring of 
the calcium carbonate suspension and for the direct evaluation of crystal size distribution 
(Section 5.2.2). Challenges of real-time monitoring and control of micron size (d  < 10–
15 μm) crystallisation were addressed. A control approach for the micron-range 
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precipitation system was demonstrated by varying flow hydrodynamic and reactor energy 
dissipation rates (Section 5.2.4). 

II) Development of a numerical approach for 𝐂𝐚𝐂𝐎𝟑 reactive crystallisation

- The experiment-based approach to crystal size determination in CFD
simulations for 𝐂𝐚𝐂𝐎𝟑 reactive crystallisation

Crystal size distribution data from small-scale experiments were correlated to the total
energy dissipation rate using the two-parameter Rosin-Rammler (R-R) distribution
function. The approach avoids the use of population balance in CFD and uses fewer
computational resources due to reduced design parameters. In addition, virtual
tomography was performed by solving the chemical transport equation for the
reactive crystallisation process. The spatio-temporal distribution of the chemical
reaction represents the calcium carbonate crystal formation in the computational
domain and can support the design and utilisation of ERT/UST systems.
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2 CO2 capture techniques 

This chapter addresses the research, development, and current challenges associated with 
carbon dioxide capture technologies and their conversion to fuels and chemicals. Given 
the scope of the present work, only the liquid absorption-based CO  capture processes are 
discussed. 

2.1 CO2 capture, utilisation, and storage 

Human-induced global warming has caused many observed variations in the climatic 
system of the planet. There has been a dramatic increase in the release of greenhouse 
gases over the past century, with carbon dioxide being the most critical one (see 
https://climate.nasa.gov for more information). Consequently, there has been a striking 
growth in renewable energy initiatives to achieve the demanding scenario of net-zero CO  
emissions by around mid-century and limiting global warming to below 1.5 °C above pre-
industrial levels of 1850–1900 (Bailera et al., 2021; da Cruz et al., 2021). While the target 
of 1.5 °C is technologically achievable, its social, economic and political feasibility is still 
unclear (Buck, 2018b; Gambhir et al., 2019). More profound decarbonisation efforts are 
needed to reduce the reliance of global energy on fossil fuels, which currently stands at 
~80% (Fernández et al., 2020). Major greenhouse gas emissions sources include 
transportation, power generation, oil refining, and chemical industry (see Figure 2.1). 

Figure 2.1: Approximated global greenhouse gas emissions data based on global emissions from 
2010 (Edenhofer, 2014).  
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In the efforts for decarbonisation and defossilisation, research and development has 
focused heavily on exploiting carbon capture, utilisation, and storage (CCUS) for climate 
mitigation (von Strandmann et al., 2019; Sullivan et al., 2020; Wei et al., 2021). The term 
CCUS refers to a variety of pathways based on the capture of CO  from emission sources 
or the atmosphere. In CCUS–based processes, the captured CO  can be used as feedstock 
to manufacture value-added products (i.e., utilisation) or stored long-term using various 
geological features (i.e., storage) (Bains et al., 2017). In terms of storage, CO  can be 
physically trapped in porous rocks (structural trapping), dissolved in groundwater 
(solubility trapping), or stored in the form of in situ mineral carbonation by reacting with 
subsurface rocks (Ringrose, 2018). Even though the leakage of CO  from well-regulated 
subsurface reservoirs is predicted to be negligible, the approach still lacks the long-term 
CO  storage security (Alcalde et al., 2018; Seyyedi et al., 2020). Alternatively, the 
utilisation and conversion of CO  to fuels and chemicals (such as methanol, CaCO , 
carbon allotropes, and kerosene) is considered a promising approach due to the economic 
viability of the finished product (Licht et al., 2016; Kamkeng et al., 2021; Laasonen et 
al., 2022) and the potential for developing energy-efficient unit operations (Alper and 
Yuksel Orhan, 2017).  

Depending on the nature of the process and the industry, different carbon capture routes 
can be implemented: pre-combustion technologies (Jansen et al., 2015), capture during 
combustion (Yadav and Mondal, 2022), and post-combustion (Mukherjee et al., 2019). 
Figure 2.2 shows a chart of different capture technologies and utilisation and storage 
pathways. The focus and the scope of this thesis is on a liquid solvent-based post-
combustion absorption using membrane contactors where CO  was captured and directly 
utilised for CaCO  production.  
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Figure 2.2: Model structure of carbon capture technologies and possible utilisation and storage 
pathways (Damiani et al., 2012; Ghiat and Al-Ansari, 2021). This study is focused on CO  
absorption using membrane contactor and conversion as PCC. 

2.2 Membrane contactor–based CO2 capture 

Carbon dioxide separation from gas streams can be performed by employing various 
methods such as absorption into liquid solvents (Vadillo et al., 2021), mineral carbonation 
(von Strandmann et al., 2019), biologically mediated methods (Wicker et al., 2021), and 
calcium looping (Rolfe et al., 2018). In recent years, all the stated technologies have been 
extensively investigated, considered practically feasible, and proved to not compete with 
or hamper global decarbonisation efforts. Each route has different pros and cons, such as 
the flue gas specifications and the CO  concentration of the point source, cost of 
implementation, large-scale efficiency, and energy consumption. Among the capture 
technologies, absorption into liquid solvents is the primary objective of the present 
research. 

Traditional absorption towers have been extensively employed for dissolving CO  gas 
into a liquid phase. Gas-liquid contacting is accomplished by dispersing the gas phase 
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into the liquid phase to achieve large contact areas and increasing the mass transfer rate. 
Following the absorption, high-temperature regeneration of the CO -rich solution is 
performed to allow the release and utilisation of the gaseous CO  (Li and Keener, 2016). 
An increase in the mass transfer rates of absorption towers is usually associated with high 
mechanical energy consumption and large unit size (i.e., environmental footprint) (Sanz-
Pérez et al., 2016). In addition, obtaining an accurate assessment of the gas-liquid mass 
transfer area is an operational challenge (Mansourizadeh and Ismail, 2009). 

In recent years, attempts have been made to develop alternative equipment and 
infrastructure to enable an energy-efficient carbon dioxide absorption process with ease 
of scale-up. Non-dispersive gas-liquid contacting through microporous hollow fibre 
membrane contactors (HFMC) has become a new alternative to overcome the challenges 
of traditional separation methods (Salmón et al., 2018). Membrane-based CO  separation 
technology has been widely investigated and demonstrated for CO  capture (Scholes et 
al., 2014; Usman et al., 2018). The technology is still under active research. Large-scale 
commercialisation is relatively limited due to implementation challenges such as 
selectivity efficiency, high-temperature operation, and membrane wetting (Chuah et al., 
2020). 

In HFMC configuration, liquid solvent and gas phases are circulated in a countercurrent 
flow pattern. The driving force for the separation process is, however, concentration 
rather than pressure. Phase dispersion adjustment across the membrane module is 
achieved by accurate pressure control where a small pressure drop is needed to ensure the 
continuity of the process. Furthermore, the gas-liquid membrane contactors offer 
additional advantages in comparison to the conventional equipment (Favre and Svendsen, 
2012); (i) lack of any flooding due to independent control of gas and liquid flow rates 
(Klaassen et al., 2005), (ii) compact structure and high surface-area-to-volume ratio, (iii) 
process intensification because of modular design and equipment size (i.e., facilitates 
scale-up), and (iv) high specific gas-liquid interfacial area (Chuah et al., 2018).  

Ideally, for efficient operation and low mass transfer resistance, membrane contactors are 
operated in non-wetted mode. The filling of membrane pores with absorbent liquid is 
among the drawbacks of membrane contactors that reduce the overall mass transfer rate 
during absorption (Kakati et al., 2019; Qazi et al., 2020). The membrane material needs 
to be hydrophobic to resist wetting by the aqueous absorbent (Nieminen et al., 2020a). 
Microporous polymeric materials such as polypropylene (PP) are commonly utilised to 
minimise the mass transfer resistance induced by the membrane (Zhao et al., 2016). 
Several types of liquid absorbents have been applied to CO  removal by employing 
membrane contactors, including aqueous solutions of NaOH, KOH, amines, and amino 
acid salts. Surface tension is one critical absorbent selection criterion (Bernhardsen et al., 
2019). The surface tension of the absorbent liquid is directly correlated to membrane 
wetting (Zhao et al., 2016). Absorbents with a low surface tension tend to penetrate the 
membrane pores, resulting in membrane wetting and degrading performance.  
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Traditional absorbents such as aqueous amines have been found to have a high tendency 
to wet microporous membranes (e.g., polypropylene) (Mosadegh-Sedghi et al., 2014). In 
this thesis, aqueous NaOH was used as the absorbent for the CO  capture process 
(Halliday and Hatton, 2021). Aqueous NaOH has a relatively higher surface tension, 
thereby improving the pore-wetting resistance of the utilised PP membrane 
(Mansourizadeh et al., 2010; Mosadegh-Sedghi et al., 2014). NaOH solution has also 
become a favourable absorbent in direct air capture processes due to a relatively high 
reaction rate between air and CO  gas (Stolaroff et al., 2008; de Jonge et al., 2019). The 
primary source for NaOH is the traditional chlor-alkali process; electrodialysis of 
seawater desalination brine is an alternative and energy-efficient route for NaOH 
production (Du et al., 2018; Kumar et al., 2021). See Section 1 for more information.  

Using liquid NaOH as the absorbent paves the way towards integration of the CO  capture 
system with sustainable production of microcrystalline calcium carbonate through a 
reactive crystallisation process. The investigated scalable approach in this thesis 
facilitates the production of a value-added chemical using CO  as feedstock while 
simultaneously eliminating the need for high-temperature regeneration of the solvent. The 
proposed CCUS method can be coupled, for instance, with HVAC (heat, ventilation, and 
air conditioning) systems in the exhaust air of buildings to convert the captured CO  into 
microcrystalline PCC (Baus and Nehr, 2022). The abrasive and absorbent property of 
PCC makes it particularly functional in toothpaste formulation and as a cosmetic agent 
(e.g., in eyeshadows, face powders, and sunscreens) (Trushina et al., 2014). The high 
purity of the synthetic PCC production in this work, which does not require a separate 
milling operation, makes it a potential raw material in dental care products such as 
toothpaste and could be a potential replacement for more expensive silica ingredients (Liu 
et al., 2003). It should be noted that a dentifrice-related application of PCC is strongly 
correlated to morphology, sufficient abrasiveness, and mean crystal size (~4–10 μm).  

2.2.1 Theory: determination of overall mass transfer coefficient 

Gas absorption in membrane contactors is based on contacting gas-liquid across a porous 
module that allows mass transfer without dispersing one phase into the other. In terms of 
operation, the membrane contactor is governed only by the diffusive transport of 
components at the interfaces and differs widely from other membrane processes (e.g., 
filtration) where convective flow also occurs. The diffusive transport in membrane 
contactors significantly decreases the membrane fouling compared to traditional 
membranes (Mansourizadeh and Ismail, 2009). The mass transfer in hollow fibre 
membrane contactors generally consists of three consecutive procedures: (a) diffusion of 
the gas to the gas-membrane interface, (b) diffusion through the pores from the gas-
membrane interface to the liquid-membrane interface, and (c) transfer and absorption 
from the liquid-membrane interface to the bulk liquid where the absorption takes place. 
Figure 2.3 shows a schematic illustration of mass transfer through the porous membrane 
contactor in a non-wetted mode (Zhao et al., 2016). 
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Figure 2.3: Schematic representation of mass transfer mechanism in a membrane contactor in 
non-wetted mode with gas-filled pores. p and C denote the gas partial pressure and liquid 
concentration, respectively. The subscripts are g,b (gas bulk), g,m (gas-membrane interface), l,m 
(liquid-membrane interface), and l,b (liquid bulk). k , k , and k  are the individual mass transfer 
coefficients for membrane, liquid, and gas, respectively (Cui and deMontigny, 2013). 

The following assumptions were made to calculate the mass transfer and the enhancement 
factor in this study: 

I. Fully countercurrent flow mode: the liquid absorbent flows upwards in the lumen

side (inside the hollow fibres) while the gas flows on the shell side.

II. Thermodynamic equilibrium and steady-state mode at the phase interface of the

membrane module.

III. Uniform membrane pore size distribution, uniform wall thickness, and a

negligible curvature of the membrane fibre (i.e., flat geometry).

IV. Well-mixed bulk liquid.
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Gas flux for the three regions of membrane, liquid, and gas can be described by the 
relation in Equation (2.1) (Zhao et al., 2016). 

J = k p , − p , = k p , − p , = k C , − C ,  (2.1)

where 

J (mol m–  s– ) is molar gas flux, k , k  and k  (m s– ) are the individual mass transfer 
coefficients for gas, liquid, and membrane, respectively. C (mol m ) and p (Pa) are the 
liquid concentration and gas partial pressure, respectively. The subscripts are g,b (gas 
bulk), g,m (gas-membrane interface), l,m (liquid-membrane interface), and l,b (liquid 
bulk). 

Henry’s law expresses that the solubility of a gas in a liquid is directly proportional to the 
partial pressure of the gas above the liquid: 

H =
p ,

C ,
(2.2) 

where 

H  (dimensionless) is Henry’s law constant for CO  in the solvent, p ,  is the partial 

pressure of the gas at the liquid-membrane interface, and C ,  denotes the liquid 

concentration at the liquid-membrane interface. 

Subsequently, the overall mass transfer coefficient based on the gas phase and based on 
the liquid phase can be described as follows: 

J = K p , − p∗ = K C∗ − C , (2.3)

p∗ = H C , (2.4)

p , = H C∗ (2.5)

where 

K  and K  are the overall mass transfer coefficients based on the gas phase and the liquid 
phase, respectively. p∗  is the CO  partial pressure that is in equilibrium with the liquid
bulk concentration (C , ). C∗  is the CO  gas partial pressure that is in equilibrium with
the gas bulk partial pressure (p , ). 

The resistance-in-series model can be used to correlate the overall mass transfer 
coefficient based on the gas phase and the liquid phase to the individual mass transfer 
coefficients for gas, liquid, and membrane (Chuah et al., 2020): 
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In this work, the overall mass transfer coefficient of the CO  capture process was 
experimentally estimated using the concentration difference over the membrane module 
as expressed by Equation (2.8) (Qazi et al., 2020).  

K =
V̇ ,  C ,  −  V̇ ,  C ,

A  C
(2.8)

where 

K  (m s ) describes the experimental overall mass transfer coefficient, V̇ ,  and V̇ ,  
(m  s– ) represent the gas side inlet and outlet flow rates, respectively; C ,  and C ,  
are the corresponding gas side inlet and outlet concentrations. A  (m ) is the overall 
membrane surface area (given in Table 2.1). C  is the logarithmic mean driving force 
(concentration difference) based on the gas phase concentrations (Cui and deMontigny, 
2013): 

C =
C ,  −  C ,

∗ − C ,  −  C ,
∗

ln C ,  −  C ,
∗ / C ,  −  C ,

∗
(2.9)

where 

C ,
∗  and C ,

∗  are the inlet and outlet gas phase concentrations in equilibrium with the 
corresponding liquid phase CO  concentrations. C ,

∗  and C ,
∗  can be determined by 

equilibrium relations such as Henry’s law constant. In the scope of this thesis, since the 
gas phase concentration in the liquid absorbent is far from the saturation point, the effect 
of the gas-liquid equilibrium becomes negligible (Luis, 2018). Hence, the concentration 
driving force in Equation (2.9) can be approximated based on the inlet and outlet gas 
concentrations by neglecting C ,

∗  and C ,
∗  (Mulukutla et al., 2014): 

C =
C , − C ,

ln C , /C ,
(2.10)
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2.2.2 Enhancement factor estimation for the chemical absorption 

The enhancement factor (E) describes the contribution of the chemical reaction to the 
mass transfer rate, as expressed in Equation (2.11). The enhancement factor depends on 
parameters such as reaction kinetics, stoichiometry, and diffusion coefficients; it is 
defined as the ratio of the absorption flux in the presence of a chemical reaction (J ) to 
the absorption flux in the presence of only physical absorption (J ) (Biard and Couvert, 
2013). The reactive absorption of CO  is governed by the reaction between CO  and the 
liquid solvent (e.g., NaOH) that results in an increased absorption rate. 

E =
J

J
(2.11)

The Hatta number (Ha) can be typically used to determine the enhancement factor 
(Gondal et al., 2015). For the reactive absorption of CO  in an aqueous solvent, the infinite 
enhancement factor (E ) corresponds to the condition wherein the carbon dioxide 
absorption rate is fully constrained by the mass transfer. Thus, the enhancement factor 
equals the Hatta number, which is a valid hypothesis for the scope of this thesis (Biard 
and Couvert, 2013; Bernhardsen and Knuutila, 2019): 

Ha ≅ E  (2.12)

For the overall reaction of CO  absorption in liquid (described by Equation (4.5)), it is 
assumed that the liquid bulk is thoroughly mixed, and an irreversible chemical reaction 
prevails during the chemisorption process (Krauβ and Rzehak, 2017). Hatta number 
expresses the ratio of reaction kinetics to mass transfer flux at the gas-liquid interface 
(Equation (2.13) (Darmana et al., 2007)). The rate constant of the reaction of CO  with 
OH  is listed in Table 2.1.  

Ha =
 C ,  D ,  k

k
(2.13)

where 

C ,  (mol m ) is the concentration of OH  in liquid,  k  (m  mol  s ) describes the 
reaction rate constant between the CO  gas and the absorbent (Equation (4.5)), and k  is 
the individual mass transfer coefficient of the absorbent liquid. D ,  (m  s ) denotes
the diffusion coefficient of the CO  in the liquid solvent. In this work, the molecular 
diffusivity of CO  in aqueous NaOH was estimated using the expression in Equation 
(2.14), which is principally valid for water (Darmana et al., 2007). It should be noted that 
the diffusion rate of the charged components present in the mixture is affected by the 
internal electrical forces (Kreulen et al., 1993), which are developed to maintain the 
electroneutrality of the liquid phase (Rivera et al., 2021). In this study, the microscopic 
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effects of electrical fields generated during the diffusion were assumed to be negligible 
and local electroneutrality approximation was considered. 

D , = 2.35 × 10  exp
−2119

T
 (2.14)

where T (K) is the temperature. 

The individual liquid mass transfer coefficient, k  (m s– ) can be determined by using the 
relation for Sherwood number as expressed by Equation (2.15) (Kumar, 2003; Zhao et 
al., 2016). 

k = Sh 
D ,

d ,
(2.15)

where 

Sh denotes the dimensionless Sherwood number, and d ,  (m) is the inner diameter of the 
hollow fibre (see Table 2.1).  

The Sherwood number and thus the liquid side mass transfer coefficient for the tube side 
can be calculated based on the analogy of Lévêque’s solution to an idealised heat transfer 
problem (Yang and Cussler, 1986; Holzbecher, 2008). The assumptions of the Lévêque’s 
problem are constant gas-liquid interface conditions and a fully developed laminar flow 
of liquid through the fibres (Kumar et al., 2003). Due to the small channels in and around 
the hollow fibres, the flow of either gas or liquid is in the laminar region (Cui and 
deMontigny, 2013; Chuah et al., 2020). The following correlations are developed for 
lumen side flow in hollow fibre modules (Kumar et al., 2003; Dindore et al., 2005): 

for Gz < 10 Sh =  3.67 (2.16)

for Gz > 20 Sh =  1.62 (Gz) .  (2.17)

In this work, the approximated Sherwood number given by Equation (2.16) was used. 
The Graetz (Gz) number was evaluated according to the relation in Equation (2.18). 

Gz =
U ,  d ,

D ,  lm

(2.18)

where 

U ,  (m s ) is the liquid flow velocity inside the fibres, and l  (m) is the membrane fibre 
length. Table 2.1 lists the physical and chemical parameters used to evaluate the overall 
mass transfer coefficient of the membrane contactor system.  
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Table 2.1: Physical and chemical parameters used to estimate the overall mass transfer coefficient 
and the enhancement factor.  

Parameter Value Unit Reference 

D ,  Diffusion coefficient of CO  in the 
solvent 

1.71 × 10  m  s  (Krauβ and Rzehak, 2017) 

k  
Reaction rate constant (CO  absorption 
in OH , (Equation (4.5)) 

8.4 m  mol  s  (Kreulen et al., 1993) 

T Temperature 293.15 K — 

d ,  Fibre inner diameter 220 μm — 

l Membrane fibre length 160 mm — 

U ,  Liquid flow velocity inside the fibres 0.02 m s  — 

A  Overall membrane surface area 1.4 m  — 
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3 Reactive crystallisation and particle characterisation 
techniques 

In reactive crystallisation processes, the principal driving force for solid crystal formation 
is supersaturation resulting from a fast chemical reaction. Supersaturation is 
thermodynamically expressed as the difference in the chemical potential of solute in the 
liquid phase and the solid phase (Karpiński and Bałdyga, 2019). In reactive 
crystallisation, supersaturation generation is very fast, which influences the final 
characteristics of crystals by controlling the nucleation (Lee et al., 2019) and crystal 
growth (Erdemir et al., 2019). In reactive crystallisation from solution (which is the 
reaction system of this thesis), the final crystal size is largely determined by the 
interaction between the instantaneous chemical reaction and mixing intensity (Qu et al., 
2021). Improving the understanding of reaction-type crystallisation processes is still 
demanding due to fast kinetic rates and complex interactions of turbulence with the crystal 
formation process (Teychené et al., 2020). 

Extensive efforts have been dedicated to developing modelling techniques and crystal 
characterisation instrumentations. In terms of modelling, population balance equations 
(PBEs) have been widely used to establish model-based crystallisation control and design 
strategies. High fidelity numerical algorithms have been used to solve and discretise the 
partial differential equations of PBEs, including method of characteristics (Hounslow and 
Reynolds, 2006), method of classes (Zhao et al., 2018), and method of moments 
(Randolph and Larson, 1971). Even though the discretisation approach to the PBEs 
preserves the complete history of size distribution, they are computationally intensive 
(Öner et al., 2020; Pan and Ward, 2021). Analytical solutions for the PBEs exist only for 
specific cases. The presence of case-dependent terms and kernel functions to model 
nucleation, crystal growth rate, and breakage limits the industrial and practical application 
of PBEs (Laitinen et al., 2019). 

The application of monitoring tools in the manufacture of solid particles enables the 
design of more efficient unit operations (e.g., by improving crystal quality) (Simon et al., 
2018). Current analytical measurement approaches to crystallisation processes differ 
widely and extend from offline methods to real-time technologies. Even though 
experimental sampling during crystallisation allows comprehensive offline analysis, it 
neglects the real-time process dynamics. In addition, experimental sampling is often 
associated with unfavourable sample work-up issues such as crystal aggregation. 
Conversely, in-line monitoring tools help avoid the measurement time delays of the 
offline analysis and make it possible to bypass the sampling shortcomings (El Arnaout et 
al., 2016; Wirz et al., 2020). 

A comprehensive literature survey shows that in-process crystal size measurement, and 
characterisation of suspensions, primarily using optical and imaging technologies, has 
been the research focus in recent years (2014–2020) (Scott, 2022). In situ sensors and 
crystal size measurement tools have been extensively employed in crystallisation 
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processes. The turbidity of suspensions has been correlated to the number of crystals  and 
their mean size through turbidity measurement tools (Harner et al., 2009). Focused beam 
reflectance measurement (FBRM) has been used to measure the chord length distribution 
of crystals suspended in a liquid phase (Kempkes et al., 2008; Han et al., 2020a). 
However, FBRM requires additional mathematical treatment to convert the chord length 
measurements into real-time crystal size distribution (Li et al., 2013). Particle vision 
measurement (PVM) and in situ microscopy methods with image and data processing 
algorithms have been used for visualisation (Kutluay et al., 2017; Zhang et al., 2020). 
Image analysis tools provide live information on the crystal shape, size, and evolution 
during crystallisation (Cardona et al., 2018). Owing to the recently developed optics and 
image analysis algorithms, progress has been made to extend the detectable crystal size 
distribution (CSD) range to the submicron level (Misawa and Yonamoto, 2021). 

Significant efforts have gone into developing in situ probes to collect quality images to 
characterise solid crystals (Gao et al., 2018; Wu et al., 2020). Nevertheless, further 
progress is needed to overcome the limits of in-line imaging in crystallisation, particularly 
in dense suspensions (8–10% solid suspension (Nagy et al., 2013)). From the operational 
viewpoint, optically dense slurries with high crystal density could limit the efficacy of 
high-resolution imaging. Attempts have been made to develop deep learning-based 
sensors to mitigate crystal detection in high-density slurries using neural network 
techniques (Manee et al., 2019; Lins et al., 2022). Besides the fabrication complexities, 
challenges in the interpretation of the acquired data by computer vision (e.g., image 
classification and object detection) may hinder gaining practical information (Salami et 
al., 2021; Galata et al., 2021).  

The big-data era and state-of-the-art data science is reforming  the technical and industrial 
landscapes. Unlike the automotive (Elluswamy et al., 2020) and aerospace industries 
(Brunton et al., 2021) where novel machine learning algorithms and data-driven 
optimisation techniques have been used at an industrial scale, implementation in chemical 
manufacturing processes has not been broadly observed (Qin and Chiang, 2019). The 
recent advancement of high-power parallel computing brings about the utilisation of 
distributed sensing technologies as a means for process monitoring, such as process 
tomography. Tomographic sensors can initiate a transition from point‐based 
measurements to graphical visualisation via machine learning and artificial intelligence 
(Wang, 2015; Bowler et al., 2020; Zhang et al., 2021b).  

Applications of process tomography in chemical and process engineering have been 
limited to monitoring mixing and flow patterns, gas hold-up measurements, and phase 
distribution, as discussed in (Sharifi and Young, 2013; Abdul Wahab et al., 2015; Kipping 
et al., 2017; Han et al., 2017; Hampel et al., 2022). Electrical capacitance tomography has 
shown promising application in diagnosing large crystal formation in the sucrose cooling 
crystallisation process (slow kinetics) (Wajman, 2021). Electrical impedance tomography 
was applied to monitor the spread of chemical reactions during the precipitation process 
of barium sulphate in a batch reactor (Gradov et al., 2018). In a first-of-its-kind study 
(Alberini et al., 2021), measurements of an ERT system were coupled with machine 
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learning to investigate acid-base mixing. Reaction mixing times were determined by 
measuring conductivity in the two-plane ERT system. In addition, a mathematical 
framework was provided to approximate the pH during the course of the fast kinetic 
process.  

Patterns of a 1D measurement of an ERT system were used for real‐time process fault 
detection and diagnosis in the calcium carbonate precipitation (Aghajanian et al., 2021b). 
The ultrasound tomography system has shown to be a promising non-invasive and non-
intrusive measurement tool capable of quantifying bulk crystal distribution in reactive 
crystallisation processes (Koulountzios et al., 2021a). ERT has been recently 
demonstrated as an effective tool to measure batch settling velocities of particles in 
mixing vessels (Chinedu Anyaoku et al., 2022). Moreover, the concept of settling velocity 
has been proposed for developing a potential control scheme by utilising electrical and 
ultrasound tomography techniques (Aghajanian et al., 2021a). Notwithstanding, a direct 
CSD measurement using tomographic techniques is very challenging and is an active field 
of research. One of the main difficulties is the centimetre resolution of tomographic 
instruments which limits their applicability in micron-range and dynamic particulate 
processes. 

3.1 Control strategies in crystallisation processes 

In-line process analytical instruments offer a framework to integrate control strategies for 
the efficient operation of crystallisation processes (Ghadipasha et al., 2018; Bowler et al., 
2020). Different control approaches can be employed depending upon the nature of the 
process under investigation. Implementation of model-free (direct design) and model-
based feedback control schemes using process analytical tools have been the topic of 
many studies in recent years (Yang and Nagy, 2015; Bhoi and Sarkar, 2018). Control 
variables could be temperature, supersaturation, crystal count, or mean crystal size. 

Model-based approaches are mainly based on the PBE implementation, where the 
fundamental condition is to develop a process model to adequately describe the 
nucleation, growth, and material balances (Nagy et al., 2008; Ghadipasha et al., 2018). 
Conversely, the direct design approach is grounded on the physical understanding of the 
process where a close-to-optimal set-point profile of temperature or supersaturation is 
needed (Woo et al., 2009; Yang et al., 2017). The latter has gained extensive interest as 
it eliminates the need to develop time-consuming multidimensional nucleation and 
growth rate models for feedback control purposes (Rajagopalan et al., 2019).  

Since supersaturation is the driving force of the crystallisation process, several 
concentration measurement tools have been utilised for process control. Attenuated total 
reflection Fourier transform infrared spectroscopy (ATR-FTIR) has been used for 
supersaturation control in cooling, antisolvent, and reactive crystallisation processes 
(Alatalo et al., 2010a; Ostergaard et al., 2020). Utilising the number average of counts by 
FBRM in a feedback control strategy (i.e., direct nucleation control) has become an 
established practice in antisolvent (Abu Bakar et al., 2009) and in cooling (Yang et al., 
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2015b) crystallisation. Several types of control techniques have been investigated for 
cooling and antisolvent crystallisation that extends from the conventional proportional-
integral (PI) controller (Zhang et al., 2020) to nonlinear model predictive control (Cao et 
al., 2017; Szilágyi et al., 2018). Efforts in developing efficient control strategies are 
ongoing due to the inherent complexity of many crystallisation processes. Achieving the 
desired shape and size distribution for the final product becomes particularly challenging 
in fast kinetic and micron-range particulate processes (Öner et al., 2020). Often, the 
conventional concentration control approaches that work well in cooling and antisolvent 
crystallisation become less effective in reactive crystallisation systems (Su et al., 2014).  

The use of proportional-integral-derivative (PID) controllers in crystallisation processes 
has been the subject of many studies over the past two decades and has become a 
straightforward choice for supersaturation control (Ostergaard et al., 2020). PI controller 
was integrated with FTIR and laser backscattering to yield larger crystals in batch cooling 
crystallisation by following a certain supersaturation profile (Fujiwara et al., 2002). The 
cascaded PI controller successfully maintained the supersaturation at the desired set-point 
by continually adjusting the reactor temperature in a cooling crystallisation (Liotta and 
Sabesan, 2004). In precipitation processes, PID was employed to influence the 
supersaturation by controlling the feeding pump and thus, crystallising out the preferred 
polymorph (Alatalo et al., 2010b).  

Limited research works have dealt with image analysis–based reactive crystallisation 
control where the mean crystal size range is below ~20–30 microns. In a recent study 
(Salami et al., 2021), an image analysis algorithm was developed using a neural network 
approach to detect undesired crystals (66–150 μm) and overcome the challenges of 
overlapping crystals in high suspension density slurries; the method was implemented 
using in situ imaging by PVM probe in a reactive crystallisation process. In reactive 
crystallisation, the small size ranges occur due to the near-instantaneous reactions and 
high rate of supersaturation generation, rendering the solid-state control challenging 
(Yang and Nagy, 2015; Yu et al., 2019). PBE–based control approaches often fall short 
of capturing dynamics of the fast kinetic processes due to the requirement for appropriate 
rate equations and the underlying crystal nucleation, growth, and mass balances. Some 
efforts have been made to shift towards more direct model-free schemes outside the PBE 
framework where empirical and measurement data were used to develop the control 
strategies (demonstrated in a batch cooling crystallisation (Griffin et al., 2016)).  

The use of big data and machine learning to develop control systems (i.e., data-driven 
control approach) has emerged as a promising strategy in batch crystallisation processes 
(Xiouras et al., 2022). Big data refers to the utilisation of a large amount of data generated 
by real-time sensing instruments and data processing algorithms (Chiang et al., 2017). 
The data-driven control frameworks become useful when model-based and model-free 
techniques become inapplicable (Garg and Mhaskar, 2018; Liu et al., 2020). Process 
control using deep learning, real-time image analysis, and data-driven approaches have 
been mainly demonstrated in antisolvent and cooling crystallisation processes (Borsos et 
al., 2017; Manee et al., 2022). 
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4 Experimental equipment, materials, and methods 

4.1 Integrated CO2 capture and CaCO3 reactive crystallisation 
process description 

The crystallisation system under investigation is a liquid phase reaction-type process that 
leads to the production of micron-sized CaCO  crystals. The spontaneous liquid reaction 
occurs by the addition of aqueous CO  to a crystalliser containing CaCl  solution 
according to the chemical reaction in Equation (4.1). Reaction kinetics for the 
investigated crystallisation process is considered immediate (Rosa and Madsen, 2011; 
Kontrec et al., 2021). 

CO
( )

+ 2 Na( ) + CaCl ( ) → CaCO ( ) ↓ +2 NaCl( ) (4.1)

The integration of CO  capture with CaCO  precipitation was performed in fed-batch 
mode by first conducting the CO  absorption, and then using the CO -rich solutions to 
produce sparingly soluble CaCO  crystals. The central concept of the proposed process is 
to use CO  as the raw material. Reactive crystallisation allows the elimination of an 
energy-intensive caustic recovery at ~800 °C (109.4 kJ mol  CO ) to regenerate CO  
from the sodium carbonate and sodium bicarbonate solutions (Mahmoudkhani and Keith, 
2009).  

Gaseous carbon dioxide has several transformations upon chemical absorption into 
hydroxide–based solvents, which leads to the formation and dominance of CO  in highly 
alkaline conditions. The well-established CO  dissolution and dissociation process and 
the following hydrogen carbonate (HCO ) and CO  ions formation can be expressed in 
a series of elementary reactions (Darmana et al., 2007). First, CO  gas is absorbed into 
the liquid phase through the following physisorption process: 

CO ( ) → CO ( ) (4.2)

After the physical absorption, CO  chemically reacts with OH  to form HCO–
( )

 and

CO
( )

. Hydrogen carbonate formation occurs instantly after CO  dissolution (Equation

(4.3)). Both the physical and chemical reactions are significantly fast at relatively high 
OH  concentrations (Yoo et al., 2013; Kipping et al., 2017). Thus, aqueous CO  is 
instantaneously consumed upon its generation and is not present in the solution. In 
addition, species equilibrium shifts to the carbonate ions formation due to an increased 
reaction rate and high hydroxide concentration (Equation (4.4)). 

CO
( )

+  OH( ) ⇔ HCO
( ) (4.3)

HCO
( )

+  OH( ) ⇔  CO
( )

+ H O( ) (4.4)
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The overall system describing the fast single-step irreversible reaction can be expressed 
by Equation (4.5) (Krauβ and Rzehak, 2017). 

CO
( )

+ 2OH( ) → CO
( )

+ H O( ) (4.5)

The pH of the feed liquid to the crystalliser is constrained to upper and lower limits. The 
limits are specified (i.) to avoid the formation of calcium hydroxide (Ca(OH) ) by 
operating the precipitation below its solubility threshold, and (ii.) to maintain the CO  
as the dominant species. To fulfil the stated criteria, the inlet CO  gas is terminated when 
the pH of the absorbent liquid reaches approximately 12.15 ± 0.15. The specified pH 
value is below the pH of 12.33 which corresponds to the solubility of Ca(OH)  at 25 °C 
(0.0214 mol L  (Moffitt Schall and Myerson, 2019)). In addition, Ca(OH)  formation is 
further restrained given the three-order of magnitude difference between the solubility 
product of Ca(OH)  and CaCO , which limits the precipitation of the Ca(OH)  (see Table 
4.1). 

Table 4.1:  Chemical properties of CaCO  and Ca(OH)  (Moffitt Schall and Myerson, 2019). 

Chemical 
compound 

Molar mass, 
[g mol ] Solubility product at 25 °C, [–] 

Solubility at 25 °C, 
[mol L ]

CaCO  100.09 3.36 × 10  1.29 × 10  

Ca(OH)  74.09 5.50 × 10  0.0214 

CO  absorption decreases the alkalinity of the liquid absorbent and results in a drop in 
pH. As displayed in Figure 4.1, the decrease in the pH, in turn, impacts the chemical 
speciation and concentration of the carbonate ions. The designated pH threshold (12.15 ± 
0.15) ensures that the CO  ions remain the dominant species in the post-capture liquid 
solution, which is the feed liquid for conducting the reactive crystallisation.  
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Figure 4.1: Effect of pH on CO  dissolution and equilibrium at a temperature of 25 °C (Sharifian 
et al., 2021). 

4.2 Integrated CO2 capture–CaCO3 reactive crystallisation setups 

The integrated CO  capture and reactive crystallisation experiments in this work were 
carried out at two scales: (i.) small-scale equipment for the feasibility and proof-of-
concept, and (ii.) large-scale experimental equipment for investigating the scalability of 
the process. Aqueous absorbent solutions were prepared using purified water and granular 
NaOH (purity > 99%, Merck and VWR, Germany) for the entire experimental work. 
Dried powder of anhydrous CaCl  (purity > 98%, Merck, Darmstadt, Germany) was used 
as the Ca  source to perform the reactive crystallisation. The small- and large-scale 
equipment and the experimental setups are discussed in Section 4.2.1 and Section 4.2.2, 
respectively. 

4.2.1 Small-scale experimental setup 

CO  absorption into aqueous NaOH solutions at the small-scale was performed using a 
CO  injection device (MySoda Co., see https://mysoda.eu/ for more information) 
equipped with a CO  cylinder (food grade E 290) and a 0.8 L liquid storage bottle. The 
reactive crystallisation with a final reactor volume of 0.15 L was performed following the 
CO  absorption (see Equation (4.1)). Figure 4.2 shows the corresponding photographs of 
the small-scale experimental configuration (schematics of the utilised reactors are 
presented in Figure A.2 in Appendix A). Table 4.2 lists the main configuration of the 
reactive crystallisation setup. 
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Figure 4.2: Small-scale CCUS experimental equipment consisting of SodaStream device for CO  
capture, Masterflex L/S syringe pump (Cole–Parmer GmbH), pH and temperature sensors, 
magnetic stirrer, and filtration equipment. 

4.2.2 Large-scale experimental setup 

An in-house developed hollow fibre membrane contactor was utilised for CO  capture 
during the large-scale experimentation. The volume of the solvent for CO  absorption was 
6 L. Experimental setup for the large-scale CO  capture process is presented in Figure 
4.3, and the overall flowsheet is presented in Figure 4.5. As discussed in Section 4.1, the 
inlet CO  gas to the capture unit was stopped once the designated pH threshold was 
fulfilled. Instead of regenerating the CO -rich liquid to release the CO  gas, the liquid was 
pumped from the capture unit into a crystalliser containing known amounts of CaCl . As 
presented in Table 4.2, the CaCO  reactive crystallisation process was conducted at two 
configurations of stirred tank reactors (STRs) to demonstrate the application of different 
process monitoring tools. 
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Table 4.2: Experimental configuration for the reactive crystallisation process of calcium 
carbonate. 

Experiment type and scale for the reactive crystallisation process 

Small-scale Large-scale 

Reactor diameter 86 mm 220 mm 200 mm 

Reactor material Glass Stainless steel Plexiglass 

Initial reactor volume 0.1 L 3 L 3 L 

Final reactor volume  0.15 L 3.4 L 3.4 L 

In-line monitoring system — Digital microscope camera 
Tomographic 

measurement (ERT-UST) 

Offline analysis Laser-diffraction (crystal size measurement), XRPD, SEM 

Baffles — 4 (90° apart) — 

Stirrer type 
Magnetic (l = 

50 mm) 
Six-blade Rushton impeller 

(d = 88 mm) 
Six-blade Rushton 

impeller (d = 70 mm) 

Stirrer material Plastic Stainless steel Plastic 

Table 4.3 lists the technical specifications of the major equipment used in the CO  capture 
unit. A comprehensive description of the membrane contactor–based demonstration unit 
for CO  capture is provided in (Nieminen et al., 2020b) and Publication II. Major 
components of the unit include (i.) a hydrophobic polypropylene hollow fibre membrane 
contactor (overall surface area: 1.4 m ), (ii.) a magnetic drive gear pump for liquid 
circulation, and (iii.) a glass vessel for adding absorbent solution at the beginning of the 
batch-wise experiment. The inlet gas stream consists of 10% V/V CO  (purity > 99.99%) 
and 90% V/V Nitrogen (N , purity > 99.5%). CO  concentration was selected to simulate 
typical CO  concentration in a flue gas composition (Bains et al., 2017; Zanco et al., 
2021). 
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Table 4.3: Technical specifications of the equipment, controllers, and measurement systems used 
in the CO  capture unit. 

Membrane contactor  Liqui-Cel 2.5 × 8 Extra-Flow, supplied by 3M  

Membrane material Polypropylene (PP) hollow-fibre membrane module 

Membrane contactor surface area 1.4 m  

Data acquisition platform NI cDAQ–9189 

Back-pressure controller Bronkhorst EL–PRESS, ± 0.1% reading, ± 0.5% full scale 

Liquid pump Pulsafeeder Eclipse E12 

Liquid flow rate controller Litre Meter LMX.48, ± 2% reading 

CO  inlet gas controller 
Bronkhorst EL–FLOW Select, accuracy ± 0.5% reading, 
± 0.1% full scale 

CO  inlet gas concentration measurement 
IR analyser (GMP251 probe, ± 0.2% CO , and Indigo 201 
transmitter, provided by Vaisala) 

CO  outlet gas concentration measurement GMP251 probe and Indigo 201 transmitter, Vaisala 

Temperature controller Lauda Variocool VC5000, ± 0.05 °C 

Figure 4.3: Photograph of the experimental setup for the large-scale CO  capture process. 
Annotation shows the main equipment. Aqueous sodium hydroxide was used as the solvent for 
CO  capture. The operation was done in fed-batch mode by first collecting CO -loaded solutions 
and then using them for the reactive crystallisation process. 
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4.3 Real-time monitoring and control framework by an in-line probe 

In this work, the main idea of using the in-line probe was to study the micron-sized crystal 
size distribution in real-time and to offer insights into agitation control in fast kinetic 
precipitation processes. The application of a commercially available in-line digital 
microscope camera for monitoring the reactive crystallisation of CaCO  is discussed in 
Section 4.3.1. Subsequently, the feedback controller design and its implementation are 
discussed in Section 4.3.2. 

4.3.1 Real-time image analysis–based process microscopy 

The crystallisation monitoring unit (Pixscope 24-300, Pixact Ltd, Tampere, Finland) is 
equipped with a high-power light source that transilluminates the crystal suspension at 
the tip of the measurement probe. A proper illumination condition results in an evenly 
distributed background intensity, which has been a common challenge faced by in-line 
image analysis technologies (Wu et al., 2020). Quantitative information from the captured 
images was obtained using edge detection of the sharp in-focus crystals and evaluation of 
the projected areas. The subsequent filtering and background smoothing techniques 
exclude the out-of-focus crystals from the overall statistics. Table 4.4 provides the 
technical specifications of the monitoring equipment. A detailed description of the in-line 
probe with a brief overview of the proprietary image recognition algorithms is provided 
in Publication V.  

The digital camera of the Pixact probe captures grayscale images at a resolution of 1.7 
μm per pixel and a measurement range of approximately 10–1000 μm, thus making it 
operational for micron-range particulate processes. The average image capturing rate was 
set at two images per second during the measurements. The time interval to report size 
distribution data was 60 seconds. The captured images were analysed to extract real-time 
crystal count, number average crystal size (arithmetic mean, d ), and volume average 
CSD, including d , d  (median diameter) and d . 

Table 4.4: Technical specifications of the utilised crystallisation monitoring system. 

Probe diameter 45 mm 

Probe Material Stainless steel AISI316L 

Configuration Direct optical imaging – the illumination unit 

Optical window (probe tip), protection Sapphire glass, IP64 

Image capturing rate 2 images per second 

Nominal resolution 1.7 μm per pixel (10–1000 μm) 

Total operating temperature range –20 °C – +120 °C

Digital-to-analogue signal converter Keithley DMM6500 Bench Digital Multimeter 
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4.3.2 Feedback controller implementation based on agitation intensity 

In fast kinetic crystallisation processes, turbulent-dispersive mesomixing dominates the 
course of the process (Torbacke and Rasmuson, 2004) and plays an important role in 
concentration distribution and final crystal characteristics. The role of micromixing and 
a proper feeding position, however, cannot be entirely neglected (Wang et al., 2007; 
Gradov et al., 2018). Mesomixing time constant can be estimated by the turbulent 
diffusion mechanism according to the following relations: 

t =
V̇

U  D
(4.6)

D = 0.1
𝑘

ϵ
(4.7)

where 

t  (s) is the mesomixing time scale, V̇  (m  s ) is the feed flow rate of the reagent, 
U  (m s ) denotes the local average liquid velocity (estimated by the tip velocity, 
Equation (A.15) in Appendix A), D  (m  s ) is the turbulent diffusion, and k (m  s ) 
and ϵ (m  s ) are turbulent kinetic energy and dissipation rate, respectively.  

In this work, the influence of mesomixing on crystal formation was considered to be the 
most dominant factor. Since the addition of the reagent was in the plane of the impeller 
(Barrett et al., 2011), it is assumed that the feed reagent was rapidly incorporated into the 
velocity field of the main flow surrounding the feeding region. Moreover, a uniform 
concentration of the bulk was considered because the overall residence time of the semi-
batch precipitation process was much greater than the macromixing time (τ ≫ t ) 
(Karpiński and Bałdyga, 2019). The assumptions justify the use of mesomixing for 
developing the control system. The macromixing time, which indicates the large-scale 
circulation and distribution of the feed liquid in the STR, can be approximated based on 
the circulation time: 

t =
V

N N d
(4.8)

t = 4.5 × t  (4.9)

where 

t  (s) and t  (s) are the circulation and the macromixing times, respectively, V 
(m ) is the reactor volume, d  (m) and N (s ) are the impeller diameter and mixing 
speed, respectively, and N  denotes the impeller flow number (~0.72 for Rushton impeller 
(Gradov et al., 2018)). 
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Utilising a real-time process microscopy probe coupled with a proportional-integral-
derivative (PID) controller to manipulate the hydrodynamic state and the supersaturation 
dispersion inside the crystalliser enables a direct design approach in the fast-reaction 
crystallisation process (Ostergaard et al., 2020; Gao et al., 2021). Even though the 
traditional PID algorithm has a fundamentally low response time (Ghadipasha et al., 
2015), it substantially decreases the deviations from the set-point (i.e., offset) and has 
been widely employed in various process industries (Alatalo et al., 2010b; Kano and 
Ogawa, 2010). In the present thesis, a PI controller was used to provide appropriate 
control performance for the process under investigation. The proportional term (ζ ) 
describes control action intensity, and the integral term (ζ ) is used for compensating 
control error (Caccavale et al., 2011b). The PI parameters were adjusted by experimental 
trial-and-error. In the context of this study, the derivative term was considered zero to 
avoid adding extra tuning parameters and to simplify the control design (neglecting the 
derivative term is a common practice in the vast majority of PID controllers 
(Shamsuzzoha and Skogestad, 2010)).  

Figure 4.4 presents the operational schematics for monitoring and controlling the semi-
batch reactive crystallisation process using the in-line Pixact probe. The only manipulated 
variable was the agitation speed (i.e., reactor dissipation energy). The feed flow rate was 
maintained constant. The experimentally measured number average crystal size 
(arithmetic mean, d ) was used as input to an in-house developed LabVIEW program. 
For the control demonstration, the in-line measurement equipment was calibrated based 
on the arithmetic mean. A closed-loop (feedback) system was established by acquiring 
the milliampere signals (i.e., representing number average size information) from the in-
line probe. The PI controller adjusts the stirring rate based on the difference between the 
desired set-point of crystal size and the measured size from the in-line probe. 

The following hypotheses were used to develop the feedback control system: 

i. During the course of the precipitation, mesomixing has a dominant effect in

comparison to the local environment near the feed point (i.e., feed flow rate

was constant and feed addition controller was neglected).

ii. Reactant supply to crystal surface is diffusion-limited; thus, the growth rate

becomes constant and independent of crystal size (Kile and Eberl, 2003).

iii. Formation of CaCO  crystal is immediate at each given time. The

hydrodynamic condition controls the mean size of the newly formed crystals.
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(a) 

(b) 

Figure 4.4: (a) Real-time feedback control schematics to manipulate mixing states during the 
reactive crystallisation process of CaCO . The mixing speed is the output signal of the controller. 
(b) Experimental setup for performing the in-line measurements and the control demonstration.

4.4 Real-time process fault detection and diagnosis by electrical 
resistance tomography 

4.4.1 The electrical resistance tomography system 

The utilised ERT system consists of a single plane of sixteen metal sensors (stainless 
steel) mounted equally around the perimeter and inside the wall of a plexiglass reactor 
with a diameter of 200 mm. The initial solution volume inside the STR was 3 L. The ERT 
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unit works by injecting a constant electrical voltage of 2241.3 mV through a source sensor 
(electrode) and simultaneously measuring the electrical current on the remaining sensors 
(i.e., sink sensors). The source sensor changes from sensor 1 to 16 in a sequential manner 
and the data are recorded through an associated data acquisition machine (supplied by 
Rocsole Ltd., Kuopio, Finland). More details about the ERT architecture are provided in 
(Rao et al., 2021) and Publication III. 

4.4.2 Failure identification and fault tree analysis development 

The experimental setup of the integrated CO  capture and the CaCO  reactive 
crystallisation under investigation consists of several key components as marked in 
Figure 4.5. Theoretically, a large number of possible fault combinations and malfunctions 
could occur during the current process. The term fault describes a departure of a parameter 
from an acceptable range (Caccavale et al., 2011a). The present study focuses on the 
critical constituent components that significantly affect the functionality of the entire 
CCUS process, namely, the feeding pump, mixing conditions, and liquid absorbent 
concentration. 

In this work, the fault tree analysis (FTA) methodology was used for fault assessment and 
the development of a map of the failure paths of the current unit operation 
(Venkatasubramanian et al., 2003). Even though the traditional FTA is not efficient 
enough for malfunction identification of large intercorrelated systems, it has been 
extensively utilised for fault diagnosis and revealing the root cause of the malfunction in 
different processes (Zhang et al., 2021a). The standard notations to represent the logic 
gates in the FTA are AND and OR. In OR gates, the interactions of the constituent 
components are in series where the failure of any single element leads to the failure of the 
entire process functionality (see Publication III for additional information). 

Figure 4.6 shows the structure of the fault tree developed based on the scope of this thesis. 
The process flow of the fault tree contains a top-level event, an intermediate layer, and 
the root causes (Adedigba et al., 2016). Three primary events at the intermediate layer 
affect the functionality of the topmost event. Mixer failure affects the reagent distribution 
of the reactive crystallisation, which directly impacts the crystal quality and size 
distribution. Nominal operation of the pump, concentration status of the incoming reagent 
liquid, and the initial CaCl  in the receiving reactor are additional points of failure that 
can be monitored in real-time. 
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Figure 4.5: Process schematics and a photograph of the ERT–based fault detection setup for the 
integrated CCUS approach. The main parts considered for the fault detection and diagnosis study are 
marked on the diagram. The feed addition pipe was located between sensors three and four throughout 
the experiments.  

Figure 4.6: Fault tree analysis flowchart of the integrated CO  capture–CaCO  production process. 
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4.4.3 Process fault detection and diagnostics implementation 

Qualitative trend analysis and semi-quantitative trend extraction have been proven to be 
effective methodologies for process monitoring, fault diagnosis and data mining 
(Charbonnier et al., 2005; Zhou et al., 2017). A semi-quantitative trend analysis method 
can potentially retain sufficient information from a process by merging qualitative 
knowledge with measurement data (Park et al., 2020). In this work, statistical analysis of 
the electrical current patterns was used to develop a real-time fault diagnosis approach 
for the investigated process (Nor et al., 2020). The averaged slope of the measurements 
from a single sensor of the utilised ERT system was analysed and correlated to the pump 
and the feed addition status. According to the chemical reaction presented in Equation 
(4.1), the addition of aqueous CO  feed results in the formation of solid CaCO  crystals. 
The precipitation of non-conductive solid calcium carbonate decreases the overall 
electrical current of the suspension. The incoming electrical current was stored in a 
temporary first‐in‐first‐out (FIFO) buffer memory where the newly available 
measurements continuously substitute the oldest data points in the local history. The FIFO 
memory allows to perform a dynamic moving average of the data. The mean slope of the 
electrical current was determined based on Equation (4.10). 

λ =
I

t
(4.10)

where 

λ (μA min ) is the average slope of the electrical current at each given time interval of t 
(min), and I (μA) is the electrical current. 

The reagent addition and the subsequent solid formation directly affect the slope of the 
electrical current measurements, resulting in descending direction providing that the solid 
formation continues. A similar pattern with ERT measurement was observed during a 
cooling crystallisation in which the electrical conductivity decreased by solid formation 
(Ricard et al., 2005). A sudden change in the slope measurement towards a plateau 
indicates a malfunctioning situation for the feed addition system (e.g., the feed pump 
switches off). The signal analysis strategy to evaluate a parameter called slope factor was 
mathematically expressed according to Equation (4.11). Moving averages of 5 s and 30 s 
were used to dynamically calculate the average slope of electrical current and to compare 
the slope factor at two consecutive periods during the experiments. 

K =
λ  

λ  
 where,   

Pump on (feed addition), K < ε

Pump off (no feed addition), K ≥ ε
 (4.11)

where 

K  is the slope factor of the electrical current and ε  is the criterion for triggering the 
fault detection alert for the feed pump. An alert associated with the feed addition 
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malfunction becomes activated on the graphical user interface when the ε  is fulfilled. 
λ   and λ   denote the average slope of the electrical current for the period 
when the feed flow (pump) is switched on and off, respectively.  

Similarly, the existing patterns in the measured electrical current were associated with the 
stirrer operating status through standard deviation calculation. As the stirrer gets switched 
on, a relative reduction in the mean standard deviation of the measurement was recorded. 
A standard deviation ratio (σ ) was defined to quantify the operating status of the stirrer 
according to Equation (4.12). Moving averages at two consecutive times of 5 s and 20 s 
were used to dynamically calculate the standard deviation of the incoming electrical 
current during the experiments.  

σ =
σ  

σ  (  )

where,   
Mixer on, σ < ε
Mixer off, σ ≥ ε

 (4.12)

σ =
σ  

σ  (  )

where 

σ   and σ   are the average standard deviations of electrical current obtained 
for the period when the stirrer switches on and off, respectively. ε  is the criterion 
used as the fault detection trigger value for the stirrer.  

The numerical values for triggering the fault detection (i.e., ε  and ε ) were 
achieved entirely based on trial-and-error procedures and experimental observations. In 
this work, the fault detection and diagnosis (FDD) approach was demonstrated at a 
constant mixing of 100 RPM and a feed flow rate of 40 ml min  for the current 
experimental configuration. It should be noted that mixing speed of 300 RPM and feed 
flow rate of 10 ml min  were also separately investigated but not reported here. The 
trigger values were obtained exclusively for the investigated operating conditions by 
conducting multiple experimental repetitions. Specifically, for each batch run at least 
three experiments were carried out to investigate the patterns of electrical current and to 
identify the most reliable fault detection trigger values. For validation purposes and the 
reliable FDD implementation, at least three additional experiments were conducted after 
obtaining the suitable values for ε  and ε . The slope factor and the standard 
deviation ratio reported in this study were calculated from a select validated experiment. 

The values of ε  and ε  were investigated for all the sensors for each batch 
experiment to verify the correctness of a single sensor operation. The minimum fault 
detection time affects the reliability of the implemented fault diagnostics framework. The 
optimum time in which the fault detection system operated nominally (i.e., no wrong 
detections and minimising the fault detection time) was experimentally realised to be 20 
s for the stirrer and 30 s for the feed pump.  
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4.5 Application of ultrasound tomography in CaCO3 reactive 
crystallisation 

In situ crystallisation measurement tools often face the challenges of fouling and 
degradation that impacts both the equipment lifecycle and the measurement efficacy. The 
liquid phase calcium carbonate crystallisation process under investigation is opaque and 
has a high tendency of fouling in-line measurement probes. The employed ultrasound 
tomography (UST) system, however, has the potential to provide cross-sectional images 
of the internal properties of the process without physically penetrating the reactor 
(Murakawa et al., 2021). Cross-sectional images are post-processed to potentially provide 
useful information such as local measurements of crystal volume fraction and bulk crystal 
distribution.  

In this work, the preliminary applications of UST in a dynamic crystallisation process are 
investigated. The structure of the utilised ultrasound system is discussed in Section 4.5.1 
and a potential application of UST in bulk crystal settling is reported in Section 4.5.2. 

4.5.1 Structure of the ultrasound tomography system 

The ultrasound tomography (UST) system is based on the transmission approach where 
the time-of-flight (TOF) delay was used as a reconstruction method. The utilised 
tomographic system measures the TOF of the transmitted pulses and determines the 
travel-time delays (Koulountzios et al., 2021b). The tomographic instrument characterises 
the time needed for a sound wave to permeate the suspension and evaluates the total 
energy lost due to signal back-scattering or absorption.  

The utilised UST measurement system (developed by Netrix SA, Lublin, Poland and the 
University of Bath, U.K.) consists of a single array of sixteen piezoelectric transducers 
(Multicomp/Farnell, Poland), electronics for data acquisition, and a computer to perform 
image reconstruction. An array of transducers was mounted at the outer section of a 
reactor of diameter 200 mm (the initial solution volume was 3 L). Transducers acted as 
both a transmitter and a receiver. The data acquisition machine was used for emitting and 
recording acoustic attenuation and measuring the TOF of the first arrival pulse. A total of 
sixteen recordings per transducer were conducted during each measurement, resulting in 
an overall temporal resolution of four frames per second. The employed temporal 
resolution was experimentally identified to provide satisfactory measurements of the 
investigated crystallisation process. 

Table 4.5 lists the structural parameters and design features of the UST. A detailed 
description of the UST hardware and development procedures is provided in 
(Koulountzios et al., 2021a) and Publication IV. Figure 4.7 displays a photograph and the 
schematics of the experimental setup in which the UST was used to perform the 
tomographic measurements and monitoring. 
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Table 4.5: Structural and operational parameters of the utilised ultrasound tomographic system. 

Parameter Unit Value 

Number of channels (piezoelectric transducers) — 16 
Transducer frequency kHz 400 ± 16 
Transducer diameter mm 11 
Transducer material — Aluminium 
Transducer temperature range °C (–20–80) 
Number of pulses — 6 

(a) (b) 

Figure 4.7: (a) Schematics and (b) experimental setup for the ultrasound tomographic 
measurement consisting of a reactor equipped with sensors and the associated electronics.  

4.5.2 Settling time estimation using UST measurement 

The sedimentation process and estimation of terminal velocity in suspensions are the 
subjects of interest in a range of scientific disciplines. A variety of experimental 
measurement techniques and theoretical formulations (Pal and Ghoshal, 2013; Kang et 
al., 2019) have been investigated in recent years. Application of video/image analysis (Lu 
et al., 2015), spectrophotometer (Reghu et al., 2022), ERT (Chinedu Anyaoku et al., 
2022), and ultrasound velocity profiler (Kosior et al., 2016) have been demonstrated. This 



4.5 Application of ultrasound tomography in CaCO3 reactive crystallisation 59

study reports the promising applications of 1D time-of-flight measurement of ultrasound 
tomography in the estimation of settling time.  

The settling velocity of a solid, non-rotating, spherical particle in an agitated suspension 
is a function of the terminal velocity (free settling velocity). The terminal velocity for the 
Stokes’ regime (Re  < 0.3) is determined based on the following expression (Atiemo-
Obeng et al., 2003):  

U =
g d  (ρ − ρ )

18 μ
(4.13)

where 

U  (m s ) is the terminal velocity, g (m s ) is the gravitational acceleration, μ (Pa s) is 
the dynamic viscosity, d  (m) is the average crystal size, and ρ  and ρ  (kg m ) denote 
the solid particle and liquid density, respectively (see Table A.2 in Appendix A for the 
values).  

Equation (4.13) describes the settling process of an individual particle. The presence of 
other solid particles, however, causes interactions and hindering effects leading to an 
increase in the drag forces at the particulate scale. The corrected velocity (known as the 
hindered velocity) is always less than the terminal velocity and is a function of the volume 
fraction of solids in the suspension (Koo, 2009): 

U

U
= (1 − X)  (4.14)

where 

U  (m s ) is the corrected velocity due to multi-particle hydrodynamic interactions; X 
denotes the solid volume fraction (i.e., the ratio of solid concentration in the suspension 
to the solid density). The value of the exponent n is 4.65 for dilute suspensions (X < 0.05) 
(Blazejewski, 2012).  

An important limitation of Equations (4.13) and (4.14) is that many bulk solid particulate 
processes in practice are not necessarily spherical and might be of different aspect ratios, 
orientations, and shapes (Kerr and Lister, 1991). The existence of such irregularly shaped 
and elongated crystals results in different flow behaviour and rather large deviations from 
the ideal settling velocity predicted by the abovementioned formulations (Yang et al., 
2022). Such effects of crystal size and shape are neglected within the scope of the present 
thesis and can be the topic of future research works using UST measurements. 

In the context of this experimental work, the settling period (time) was defined as the time 
needed for solid particles to reach from the liquid surface to the bottom of the plane of 
sensors upon stopping the agitation. As presented in the flowchart in Figure 4.8, first, the 
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free settling velocity was calculated using Equation (4.13); the calculated velocity was 
corrected for the investigated solid concentrations based on the hindered settling relation 
(Equation (4.14)); lastly, the settling period was estimated and compared to the 
experimental measurement from UST. 

Figure 4.8: Operational flowchart to estimate the settling velocity using time-of-flight 
measurement of the UST.  
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5 Results and discussions 

5.1 Small-scale CCUS process 

The small-scale CCUS experimental setup refers to using the SodaStream device and the 
crystallisation reactor with a diameter of 86 mm (see Table 4.2). The term CCUS 
represents the integration of the CO  capture technique and the precipitation of CaCO . 
Crystallisation experiments were performed batch-wise by first preparing the aqueous 
CO  solutions. All the experimental runs and the measurements were performed at a 
temperature of 20 ± 2 °C.  

A 0.8 L sodium hydroxide aqueous solution with an initial [OH ] of 0.32 mol L  was 
used to prepare the CO -rich reagent solutions. The CO  content of the reagent was 
approximated by performing a pH–based mass balance and assuming a 100% theoretical 
CO  absorption and NaOH consumption. Three repetitions were performed for each semi-
batch crystallisation experiment. All the solid crystals at the end of each batch were 
filtered, dried, and collected for analysis with the particle-in-air technique of the laser 
diffraction (Mastersizer 3000, Malvern Instruments, UK). Solid samples from each 
experiment were analysed one time to obtain the volume-based crystal size distribution 
(CSD) information. The amount of solid (mass, g) for analysis was identical, and the 
measurement unit was calibrated before the analysis. The reported CSD statistics are the 
average of three measurements.  

5.1.1 Effects of mixing and feed flow rate on CaCO3 reactive crystallisation 

As presented in Table 5.1, experiments were carried out at three mixing speeds and four 
feed flow rates to examine the sensitivity of the reactive crystallisation to the operating 
conditions. τ  and τ  are residence times and were defined as the ratio of the starting 
and the final suspension volume to its corresponding feed addition rate. Crystal sizes are 
reported in terms of d  (De Brouckere mean diameter). d  tends to increase by 
increasing the mixing speed at a constant feed flow rate and tends to decrease by 
increasing the reagent flow rate at a constant mixing speed. The same trend was observed 
for d  (Sauter mean diameter), which is not reported here. 

The primary reason for the observed behaviour is the interaction between mesomixing 
and concentration distribution. The reaction kinetics of the current semi-batch 
precipitation is fast compared to the rate by which mixing proceeds (t ≫ t ). An 
increase in the mixing speed from 50 RPM to 600 RPM mainly impacts the mesomixing 
inside the STR. The higher agitation rate at a given feed flow forms crystals of a relatively 
bigger average diameter. In addition, the local concentration gradient decreases by 
increasing the mixing speed (McGinty et al., 2020). Thus, the resulting uniform 
distribution of concentration attributes to the dominance of crystal growth over the 
primary nucleation.  
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Table 5.1: Overview of the small-scale CCUS process window and experimental results in terms 
of crystal size d . τ  and τ  represent the start and the end residence time of the 
crystallisation process. Tip velocity was approximated based on the length of the magnetic stirrer 
(πNl , l = 50 mm).  

CO  content of the aqueous reagent solution, assuming a 100% theoretical CO  absorption in NaOH( ): 
~0.32 mol L  

50 RPM, (U = 0.13 
m s ) 

300 RPM, (U = 
0.79 m s ) 

600 RPM, (U = 
1.57 m s ) 

V̇, 
ml min  

τ  τ  
d  d  d  

(min) 

1 100 150  7.6 ± 0.4 μm  11.9 ± 0.7 μm  14.4 ± 0.5 μm 

2.5 40 60 6.3 ± 0.3 μm 8.5 ± 0.5 μm 10.8 ± 0.4 μm 

5 20 30 4.7 ± 0.3 μm 7.1 ± 0.7 μm 8.2 ± 0.4 μm 

10 10 15 2.6 ± 0.6 μm 5.2 ± 0.6 μm 6.1 ± 0.8 μm 

Figure 5.1 shows the influence of different feed flow rates of aqueous CO  on CaCO  
CSD. At a constant mixing speed of 600 RPM, an increase in the feed flow rate yields 
relatively smaller crystal sizes. The observed CSD trend is attributed to the effect of the 
local flow environment on the reagent distribution. As the flow rate increases, crystal 
nucleation occurs at much faster timescales than the mixing process (McGinty et al., 
2020). A limited dispersion of the feed flow results in a large concentration gradient and 
thus a higher contribution of primary nucleation over crystal growth (i.e., a decrease in 
the product crystal mean size as also presented in Table 5.1). 

Figure 5.1: CaCO  crystal size distribution from the small-scale CCUS setup at 600 RPM mixing 
speed and three feed addition rates of 1, 5, and 10 ml min . 
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5.1.2 Sensitivity and regression analysis by the design of experiments 

Screening design of experiments (DOE) provides statistical methods to perform 
sensitivity analysis and examine the relative significance of one or more factors on the 
outcome of experiments (Weissman and Anderson, 2015; Politis et al., 2017). A proper 
DOE analysis yields practical insights into the underlying physics of the process under 
investigation and could enhance the replicability of experiments. In semi-batch 
precipitation processes, the complex interaction between mixing speed and feed flow of 
reagent governs the crystal formation process (Rehage et al., 2019). In this study, the 
impact of two factors, mixing speed and feed addition rate, on the crystal size was 
assessed by screening DOE. The commercial software MODDE® Pro (Version 12.0.1, 
Sartorius AG, Sweden) was employed for the analysis.  

A three-level fractional factorial design based on Taguchi’s orthogonal array table was 
employed to develop the design space (Kacker et al., 1991; Park et al., 2002). As 
presented in Table 5.2, the L9 design represents a Latin square (letter “L”) and the initial 
experimental runs (number “9”). Letters A and B are assigned to the process factors, 
mixing speed and feed flow, respectively; numbers 1, 2, and 3 indicate the first, second, 
and third levels of each factor, respectively. Three levels of 50, 300, and 600 RPM were 
considered for the mixing speed, and 1, 5, and 10 ml min  for the feed flow rate. The 
reason for neglecting the feed rate of 2.5 ml min  was to fit the experimental data to a 
balanced L9 design where factor levels are weighted equally (Gunst and Mason, 2009). 
The experimental measurement of crystal size d  (provided in Table 5.1) was used as 
the response of the model. The overall model was linear with no interactions between the 
factors. A total of (3 + 3)  × 3 experimental runs were performed with the addition of 
three centre points and two replications. Centre points were applied in a non-randomised 
order for model stability and linearity. The standard deviation of crystal sizes was 
considered as replications. 

Table 5.2: Overview of DOE array L9(3 ). 
Factors 

↓ 
EXP no. → 1 2 3 4 5 6 7 8 9 

A (mixing) 1 1 1 2 2 2 3 3 3 

B (feed flow) 1 2 3 1 2 3 1 2 3 

An in-built partial least square (PLS) approach was used to conduct the screening 
analysis. The PLS method projects the experimental data onto a more compact set of 
uncorrelated variables, where it performs least squares regression on the new data set 
instead of on the original data (Rosipal and Krämer, 2006). The main advantage of the 
PLS method is the analysis of the importance of individual observed variables and the 
detection of unimportant variables. 
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Figure 5.2 shows the estimated coefficients of the analysis. The coefficients were scaled 
and centred on unit variance to make the comparison possible. The scaled coefficients 
represent the sensitivity of the crystal size to process factors. The feed flow addition with 
a coefficient of ca. –2.6 has marginally more impact on the mean size than the coefficient 
of mixing speed ca. +2.2. The negative sign indicates that the mean size decreases with 
an increase in the agitation rate. The model statistics such as the goodness of fit (R = 
0.923) and the goodness of prediction (Q = 0.917) present the general fit quality and the 
precision of future predictions. The reproducibility criterion indicates the variation of the 
replicates compared to the overall mean variability. In general, model quality increases 
as the stated factors get closer to unity. A value of 0.964 for the reproducibility of the 
screening DOE study is at a reasonable level for the investigated data.  

Figure 5.2: Model statistics and the scaled coefficient chart from the screening DOE analysis. The 
size of each scaled and centred coefficient represents the relative sensitivity of the response 
(crystal size) to changes in process factors.  

The normal probability plot displayed in Figure 5.3(a) presents the observed response 
values vs. the prediction of the model for the current data. Ideally, a uniform spread of 
the experimental data points about the straight 1:1 line characterises a model with good 
predictability. In addition, in Figure 5.3(b) the linearity of the model was assessed by 
investigating the normal probability plot of residuals (i.e., the difference between the 
actual crystal size and the prediction of the model). The residuals are a normally 
distributed noise as they are scattered (approximately) close to the straight diagonal line 
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between –4 and +4 standard deviations, suggesting a valid linear assumption for the 
model. 

(a) (b) 

Figure 5.3: (a) The observed response vs. predicted values (crystal size). (b) Standardised 
residuals of the response vs. the normal probability of the distribution.  

5.1.3 Characterisation of CaCO3 solid crystals 

The polymorphic states and morphology of the solid CaCO  during the reactive 
crystallisation are influenced by synthesis and operating conditions such as pH, 
temperature, and calcium-to-carbonate ratio (Price et al., 2011). CaCO  appears in three 
common polymorphic states of cube-formed calcite, needle-shaped aragonite, and 
spherical vaterite (Udrea et al., 2012). The calcite polymorph is the thermodynamically 
stable calcium carbonate phase at ambient conditions (Chen et al., 1997; Kontrec et al., 
2021). The crystal shape of the calcium carbonate can be controlled by adjusting the 
temperature (Teir et al., 2016). Ambient pressure and temperature of 20–30 °C frequently 
favour the formation of calcite while a precipitation temperature of 60–80 °C favours the 
formation of aragonite (Teir et al., 2016). In addition, the pH of a solution is also essential 
in controlling the polymorphic form of PCC (Udrea et al., 2012; Trushina et al., 2014). 

Investigating the scanning electron microscope (SEM) and X-ray powder diffraction 
(XRPD) data provides more insights into the polymorphic states, morphologies, and the 
purity of precipitated CaCO . Figures 5.4(a) and (b) show the surface structure images at 
two different mixing speeds of 50 RPM and 600 RPM, respectively. Rhombohedral 
calcite polymorphs prevail in the samples at the experimental temperature of 20 ± 2 °C. 
The crystallinity and the morphological shape of the precipitated crystals can be improved 
by further controlling the pH, the reagent feed flow rate, and the agitation.  
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(a) 50 RPM (b) 600 RPM

Figure 5.4: SEM images of calcium carbonate crystals obtained at a feed flow rate of 1 ml min  
and mixing speed of (a) 50 RPM and (b) 600 RPM. SEM equipment was operated at 5 kV.  

Dried crystals of solid calcium carbonate were analysed using XRPD to investigate the 
PCC purity. As presented in Figure 5.5, XRPD patterns were characterised using the 
powder diffraction file (PDF) 01-012-8072. Samples of commercial calcite (purity > 
99%, VWR) and Ca(OH)  (purity > 97%, Merck) were analysed for comparison (Figure 
5.5(b)). Results indicate that the crystalline phase almost entirely consists of calcium 
carbonate with a potential purity of > ~99%. Considering the purity of the used raw 
materials (CaCl  > 98%, NaOH > 99%, and CO  > 99.9%) in the employed chemical 
system and the relatively high solubility of other possible compounds (Na CO : ~170 
g L , NaCl: ~356.5 g L ,  CaCl : ~745 g L  at 20 °C), the purity of the produced solid 
crystals after the washing stage is greater than 99%. In Figure 5.5(a), the main 
characteristic peak for the calcite polymorph appears at 2Θ of ~30° (Giacomin et al., 
2020). In addition, the peak sites are well correlated with the commercial CaCO , 
indicating the high purity of precipitated solid crystals in this work. 
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(a) 

(b) 

Figure 5.5: XRPD analysis of (a) micron-sized calcium carbonate and (b) commercial calcium 
hydroxide. CaCO  precipitation experiments were conducted at a mixing speed of 600 RPM and 
a feed addition rate of 1 ml min . 

5.2 Large-scale CCUS process 

The large-scale CCUS experiments were carried out using the membrane contactor–based 
CO  capture unit and stirred tank reactors of diameters 220 and 200 mm (see Table 4.2). 
Multiple monitoring tools and data analysis approaches were utilised to gain insight into 
the integrated process under investigation. For the reactive crystallisation process, the 
reactor with a diameter of 220 mm was used for the in-line Pixact measurement probe 
(monitoring and control), and the one with a diameter of 200 mm was used for 
tomographic measurements. All the experimental runs were performed at a temperature 
of 20 ± 2 °C. As discussed in the following sections, experimental procedures for each 
monitoring tool were repeated at least three times to ensure the repeatability of the 
reported results. 
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5.2.1 Overall mass transfer coefficient of the CO2 capture process 

Five different concentrations of sodium hydroxide–water solutions were used to 
demonstrate the CO  absorption using the membrane contactor–based capture unit. The 
approximate hydroxide concentrations of the solvents were 0.41, 0.52, 1.17, 3.16, and 
5.01 mol L , with a viscosity ranging from ~0.997 mPa s for the lowest concentration 
to ~2.867 mPa s for the highest used concentration (Sipos et al., 2001). The flow rates 
for the absorbent liquid and CO  were maintained at a constant level of 0.5 L min . It 
should be noted that the [OH ] concentration of the liquid absorbent (volume of 6 L) was 
measured before adding it to the capture unit. One uncertainty source during the 
experiments was the accurate measurement of pH after adding the solvent to the unit. The 
main reason was the piping and circulation of the absorbent liquid, which made the pH 
measurement to be challenging.  

Table 5.3 provides an overview of the large-scale CCUS experiments. The CO  gas flow 
was switched off when the pH started decreasing below ~12.3 (i.e., below the solubility 
value of calcium hydroxide (see Section 4.1)). Liquid samples were taken at the end of 
the absorption process to measure the total CO  content. A titration technique (1 mol L  
hydrochloric acid with methyl red indicator (Norouzbahari et al., 2016)) was used to 
approximate the CO  content (mol  L ). Each CO -rich aqueous solution was
analysed three times, and the average value is reported. The amount of CO  that was 
absorbed shows a direct relationship with the initial OH  concentration. All the liquid 
solutions after the CO  absorption were useable to carry out the precipitation process. 
CaCl  at a constant concentration of 0.048 mol L  was used as the source of the calcium 
ions for the precipitation. The average precipitated solid recovery was ~85–90% due to 
possible product leaks in the filtration equipment and the potential product losses left in 
the STR. 

Table 5.3: Overview of the integrated CO  capture–CaCO  precipitation process. CO  capture was 
demonstrated using a hollow fibre membrane contactor.  

CO -rich aqueous solution (after absorption) 
Semi-batch reactive crystallisation (large-scale 

STR) 

Total CO  content 
(mol  L )

Average OH  concentration 
(reagent solution), mol L  

Reagent addition 
volume per batch 

Solid recovered after 
precipitation  

0.012 ± 0.002 

0.014 ± 0.002 
(pH = ~12.14 ± 0.07) 

0.4 L 

0.020 ± 0.001 

0.054 ± 0.009 > ~85%

0.143 ± 0.014 

0.202 ± 0.041 

Figure 5.6 displays the evolution of the average overall mass transfer coefficient (see 
Equation (2.8)) over time. Higher CO  contents of 0.202 ± 0.041 mol  L  in the
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liquid absorbent were achieved at higher OH  concentrations, which in turn directly 
correlates with improvement in the overall mass transfer efficiency. According to the 
experimental results, the maximum value of the overall mass transfer coefficient increases 
from 2.97 × 10  m s  to 22.9 × 10  m s  at hydroxide concentrations of 0.41 
mol L  and at 5.01 mol L , respectively. At higher solvent concentrations, the chemical 
absorption process of CO  is prolonged, thus enhancing the CO  gas removal efficiency. 
The measured overall mass transfer coefficient decreases over time because of the batch-
wise CO  capture process and the consumption of hydroxide ions throughout the chemical 
reaction.  

The use of highly viscous solvents, in general, could impair the efficiency and 
performance of hollow fibre membrane contactors (Bernhardsen et al., 2019). It can be 
deduced that the use of higher viscosity NaOH solvent (~2.867 mPa s, OH  of 5.01 
mol L ) may indicate a slightly higher mass transfer reduction compared to the more 
dilute scenario (~0.997 mPa s, OH  of 0.41 mol L ). Investigating the effects of solvent 
viscosity was out of the scope of this work, and more experiments are needed to address 
the matter. The CO  capture of the integrated process can be optimised in terms of 
hydroxide concentration and consumption and the long-term operational stability of the 
membrane module.  

Figure 5.6: Overall mass transfer coefficient over time. The liquid absorbent flow rate and the gas 
flow rate during the experiments were constant at 0.5 L min . The feed gas concentration was 
10% V/V CO . 

As presented in Figure 5.7, the reduced mass transfer coefficient during the batch-wise 
experiments was associated with a reduction in the enhancement factor of the chemical 
reaction. CO  absorption is enhanced due to the chemical reaction between the incoming 
gas stream and disassociated hydroxide ions at the gas-liquid interface (Mansourizadeh 
et al., 2010). The large cross-sectional area of the membrane promotes the CO  gas 
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transport at the interfaces. Increase in the OH  concentration of the absorbent liquid shifts 
the reaction planes closer to the gas-liquid boundary (Hikita et al., 1976). The closer 
proximity of the two-step instantaneous reactions (i.e., Equations (4.3) and (4.4)) to the 
interface augments the enhancement factor and decreases the liquid-side mass transfer 
resistance. The overall mass transfer was also reduced by the reduction of the hydroxide 
ions throughout the batch-wise chemical reaction. 

Figure 5.7: Effect of hydroxide concentration on the enhancement factor during CO  absorption 
process. The liquid absorbent flow rate and the gas flow rate during the experiments were constant 
at 0.5 L min . The feed gas concentration was 10% V/V CO .  

5.2.2 Application of image analysis–based microscope probe for real-time 
CaCO3 precipitation monitoring 

Measuring the size and number of crystals during calcium carbonate reactive 
crystallisation has been largely limited to FBRM (Al Nasser and Al Salhi, 2013; Serpa et 
al., 2022). In some instances, PVM has been utilised for real-time imaging and visual 
observation of calcium carbonate polymorphs (Al Nasser and Al Salhi, 2015; Venancio 
et al., 2017). In this work, the Pixact microscopy probe (see Figure 4.4(b)) was used for 
real-time imaging and measurement of CSD, crystal count, and size. As discussed in 
Section 4.3.1, improved optics and illumination at the measurement gap coupled with the 
efficient detection of crystals using image analysis make the probe suitable for CaCO  
precipitation measurements. Calcium carbonate crystals tend to adhere to the window of 
the probe as the suspension density increases, which results in fouling and impairs the 
performance of the measurement. Suspension density of 0.1–0.25 vol-% was 
experimentally identified to be favourable to performing the measurements and 
mitigating the fouling of the probe.  
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The lower and the upper boundaries for the experimental window in the large-scale STR 
were defined to improve the performance of the in-line measurements (i.e., a direct scale-
up from the small-scale STR was not prioritised). The operating envelope for the mixing 
was 100–300 RPM, and the feed flow rate was 5–40 ml min . The formation of air 
bubbles was observed when the mixing speed exceeded ~300 RPM, which has 
undesirable impacts on the in-line measurements. However, objects of higher diameters 
(relative to average crystal size) can be neglected through real-time image analysis. The 
boundaries of the feed flow were selected as they suited the scope of this study well (e.g., 
by minimising material use, experimental time, and adequate precipitated solids for 
analysis) and due to the equipment limitations.  

The experimental procedures for preparing the reagent solutions rich in CO  remained 
the same during the entire monitoring and control experiments with the Pixact 
measurement probe. The operation was carried out in fed-batch mode: first, the carbon 
capture process was conducted; then, the CO -rich solutions were directly used as the feed 
stream into the STR containing 3 L of CaCl  solutions (0.048 mol L ). The total CO  
content of the feed liquid to the STR was constant at 0.202 ± 0.041 mol L  (see Table 
5.3). The total reagent addition volume per batch was 0.4 L.  

Figure 5.8 shows the evolution of the number average crystal size (arithmetic mean) and 
the crystal count measured by the in-line probe. At mixing speeds of 200 RPM and 300 
RPM, both the crystal size and count increase rapidly during the first 10–15 minutes into 
the measurements. In comparison, the rate of increase (i.e., slope) in crystal size and count 
at 100 RPM mixing speed was lower. The circulation time impacts the distribution of 
crystals in the STR, thereby, affecting the in-line measurements. Table 5.4 shows the 
calculated circulation time (Equation (4.8)) and the macromixing time (Equation (4.9)) 
for the investigated agitation speeds. The circulation time is 4.2 s for the lowest mixing 
rate and decreases to 1.4 s at the highest mixing speed of 300 RPM. As the probe is at a 
fixed position inside the STR (displayed in Figure 4.4), the alignment of crystals at the 
measurement gap and the distribution of the newly formed crystals tend to improve as the 
circulation time decreases. 

Table 5.4: Calculation of circulation time and macromixing time at the end of the liquid reagent 
addition into the reactor. The total suspension volume was 3.4 L. 

100 RPM 200 RPM 300 RPM 
U = 0.46 m s  U = 0.92 m s  U = 1.38 m s  

t , s t , s t , s t , s t , s t , s 

4.2 18.7 2.1 9.4 1.4 6.2 

Furthermore, as displayed in Figure 5.8, the rate of formation of new crystals declines 
over time for all the investigated cases, which is evident when compared by the slope of 
the crystal count at the initial stages of the reactive crystallisation process. The reason for 
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the decrease in the average count is the reduction in the effect of the driving force for the 
nucleation. For the experimental conditions at 200 RPM (Figure 5.8(b)), an induction 
period of approximately 7 min was observed before any increase in the measured crystal 
size. The delay was correlated to the formation of a large number of fine crystals (< 5 
μm). Even though the theoretical resolution of the in-line probe is 1.7 μm per pixel (see 
Section 4.3.1), the dynamic environment inside the STR impacts the effective 
detectability of the measuring probe. Additional information regarding the operating 
conditions and size distribution information is provided in Table 5.5. Letters (i), (ii), and 
(iii) in Figures 5.8(a) and (c) correspond to images in Figure 5.9.

Figure 5.8: Profiles of number average crystal size and crystal count during the reactive 
crystallisation of calcium carbonate. Experimental data were obtained at mixing speeds of (a) 100, 
(b) 200, and (c) 300 RPM at a constant feed flow rate of 10 ml min .

Figure 5.9 displays a select number of images from the calcium carbonate suspension. 
Timestamps of the images are presented with letters (i), (ii), and (iii) in Figures 5.8(a) and 
(c). Real-time microscopic images of the crystal suspension enable a live view into the 
crystalliser, which is beneficial for further design and optimisation. Even though 
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achieving a satisfactory micron-size resolution with the current experimental setup was 
challenging, the coupled statistical data of CSD and image analysis provides practical 
information from the reactive crystallisation under investigation. 

(a) 100 RPM, 10 ml min–1

(b) 300 RPM, 10 ml min–1

Figure 5.9: Real-time images during the calcium carbonate reactive crystallisation process at 
mixing speeds of (a) 100 RPM and (b) 300 RPM. The feed flow rate in both the cases was 10 
ml min . 

5.2.3 Benchmarking the real-time crystal size measurement with an offline 
technique 

Calcium carbonate crystal size distribution curves and distribution parameters including 
volume-based d , d , d  and span were compared using offline and in-line techniques. 
The in-line crystal size measurement refers to the Pixact microscopy probe (image 
analysis–based), and the offline measurement was carried out using laser diffraction 
(particle-in-air measurement, Mastersizer 3000, Malvern Instruments, UK). The laser 
diffraction instrument provides volume-based CSD information. Thus, to make the crystal 
size comparison possible, the volume-based crystal size of the Pixact microscope was 
used.  

Three identical experiments were performed to investigate the error margins. All the 
CaCO  crystals at the end of each batch run were filtered, dried, and used to perform the 
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offline CSD measurement. After tuning and calibrating the laser diffraction unit, each 
sample from the individual experiments was measured one time. The mean value of three 
experiments with the associated standard deviation was used for reporting d , d , d , 
span, and distribution curves. Similar procedures were done to evaluate the crystal size 
parameters using the in-line measurement. As discussed in Section 4.3.1, the time interval 
for reporting size distribution data using the in-line probe was 60 s. All the reported values 
from each batch experiment were averaged to evaluate the crystal size parameters. The 
averaging of the entire batch makes it possible to assess the size distribution through the 
evolution of the semi-batch precipitation process. 

According to the experimental data in Table 5.5, decreasing the feed addition rate at 
constant volumetric power (P/V) increases the average crystal size. Even though the 
calcium carbonate crystal nucleation and growth are inherently complicated (Ruiz-Agudo 
et al., 2011; Bergwerff and van Paassen, 2021), the major contributor to the observed 
behaviour can be explained by the interaction between mesomixing and the crystal growth 
phenomena. At constant volumetric power, mesomixing has a direct relation with the feed 
flow rate: a decrease in the feed flow reduces the mesomixing time scale (see Equation 
(4.6)). As the mesomixing condition improves in the reactor, the concentration gradient 
becomes less significant (i.e., supersaturation and nucleation rate decreases). The 
outcome of the dynamic interaction causes a relative increase in crystal growth time. 
Consequently, the calcium carbonate crystal growth prevails over the nucleation, 
resulting in crystals with a greater median size.  

Table 5.5: Volume-based median diameter (d ) of CaCO  obtained by in-line (image analysis, 
real-time) and offline (laser diffraction) measurement systems. τ  and τ  represent the start 
and the end residence time of the experiments.  

100 RPM 200 RPM 300 RPM 
Re = ~13000 Re = ~26000 Re = ~39000 

(P/V)  ≅ 0.03 W L  (P/V)  ≅ 0.4 W L  (P/V)  ≅ 1.35 W L  

V̇, 
ml min  

τ  τ d , μm d , μm d , μm 

[min] In-line Offline In-line Offline In-line Offline 

5 600 680 8.2 ± 0.7 7.2 ± 0.2 8.6 ± 1.4 8.8 ± 0.1 10.2 ± 1.5 8.6 ± 0.2 

10 300 340 6 ± 0.4 7.7 ± 0.3 7 ± 0.8 8.3 ± 0.4 7.2 ±0.7 9.3 ± 0.4 

20 150 170 5.2 ± 0.8 4.2 ± 0.2 5.4 ± 0.3 6.3 ± 0.3 7 ± 0.7 6.8 ± 0.1 

40 75 85 4.6 ± 0.8 4.6 ± 0.2 5 ± 1.4 4.7 ± 0.2 5.2 ± 0.8 5.8 ± 0.5 

Figure 5.10 shows the crystal size distribution from select batches presented in Table 5.5. 
The reported distribution curves were obtained by averaging three individual experiments 
conducted under identical operating conditions. The distribution width or span of the 
CSDs was calculated using the equation (span = (d − d )/d ) (Merkus, 2009). d  
and d  represent 10% and 90% in the volume-based crystal size distribution.  
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The overall CSD trend, distribution mode (i.e., peak), and  distribution parameters follow 
a similar pattern in the employed measurement techniques. A distinct difference, 
however, occurs at the corner point of the process window (i.e., 100 RPM, 40 ml min ) 
where a bi-modal distribution was recorded using the real-time measurement. Coupling 
the effects of the high feed flow rate with an inefficient agitation condition (macromixing 
time of 18.7 s and a circulation time of 4.2 s (see Table 5.4)) potentially promotes crystal 
agglomeration and aggregation, which affects the in-line measurement. Furthermore, 
newly formed crystals have a higher potential of sticking to the window of the probe when 
mixing is not sufficient at the measurement gap. Sticking of crystals in general and the 
fouling of CaCO  in particular remain operational and fabrication challenges for intrusive 
measurement probes. The challenge of sticking crystals has been mitigated by software-
side manipulation of the pixels (Borsos et al., 2017). 

Parameter In-line Offline Parameter In-line Offline 
d , μm 2.9 ± 0.1 2.8 ± 0.3 d , μm 3.7 ± 0.4 4.3 ± 0.3 
d , μm 9.5 ± 0.3 11 ± 0.8 d , μm 17.6 ± 0.7 17.6 ± 0.7 

Span 1.1 ± 0.03 1.1 ± 0.02 Span 1.9 ± 0.12 1.4 ±0.02 

Parameter In-line Offline Parameter In-line Offline 
d , μm 1.1 ± 0.1 2.7 ± 0.3 d , μm 2.8 ± 0.5 3.8 ± 0.8 
d , μm 8.5 ± 0.5 7.8 ± 0.2 d , μm 9.8 ± 0.3 10.9 ± 0.2 

Span 1.6 ± 0.2 1.1 ± 0.1 Span 1.4 ± 0.2 1.3 ± 0.2 

Figure 5.10: Comparison of crystal size distribution curves and diameter factors measured by in-
line (image analysis) and offline (laser diffraction) techniques. Mixing speeds of 100 and 300 
RPM with the reagent feed addition rates of 10 and 40 ml min  were selected for comparison. 
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5.2.4 Insights into agitation–based feedback control of CaCO3 precipitation 

Image analysis–based crystal size control in reactive crystallisation processes is 
challenging, mainly due to the interactions between mixing scales and fast crystallisation 
kinetics (discussed in Section 3.1 and Section 4.3.2). Implementing a real-time feedback 
control scheme to manipulate the mixing conditions, particularly the mesomixing, 
influences the spatial supersaturation distribution and crystal formation. As presented in 
Equation (4.6) and Table 5.4, the mesomixing timescale is inversely proportional to the 
turbulent conditions in the STR. In the reactive crystallisation of CaCO  investigated in 
this work, an experimental correlation exists between the agitation and the crystal size, 
where the crystal size increases by increasing the mixing speed at a constant feed flow 
rate. The experimental relation and a feedback controller provide a dynamic mixing 
environment in the STR to affect the course of the crystal nucleation and growth. 

The results of the control implementation are provided in Figure 5.11. The real-time 
arithmetic mean (number average, d ) crystal size measurements were influenced 
(controlled) by the change in the mean reactor dissipation energy (i.e., varying the mixing 
speed). Each of the initial mixing speeds of 100 RPM and 300 RPM was conducted at 
two feed residence times of 40 min and 20 min. For all the investigated cases the 
controller was activated after 1 min into the process. The controller set-point for each 
situation was a fixed value with no upper/lower boundaries. The overall accuracy was 
assessed by calculating the total mean crystal size of the entire batch (d ) and its 
standard deviation (marked regions on the charts). The maximum accepted deviation of 
the calculated d  from the set-point was less than ~15% for the reported experimental 
results. 

 In Figures 5.11(a) and (b), the preliminary mixing speed was 100 RPM, and the feed 
reagent flow rate was set at 10 and 20 ml min , respectively (U  is listed in Table 5.4). 
In all the experimental runs, the controller provides a satisfactory response in reacting to 
the real-time variations in the mean crystal size by frequently fine-tuning the mixing 
speed. In Figure 5.11(a), the mixing speed initially increases to 150 RPM before a sharp 
decrease (at ~10 min) to the designated lower boundary of 50 RPM. The rationale behind 
the decrease is that a lower agitation is favourable for the formation of relatively fine 
crystals. The crystal quality is, however, neglected. A similar pattern was followed based 
on the respective experimental conditions in Figures 5.11(b), (c), and (d).  

In Figure 5.11(c) with the initial stirring rate of 300 RPM, mixing initiates the downtrend 
at ~22 min into the process. The downtrend begins when the measured size passes the 
set-point value of 8 μm. However, afterwards, no changes were observed in the number 
average crystal size. The behaviour was mainly related to the dominance of pre-existing 
big crystals already formed in the STR. The accumulated suspensions affect the real-time 
crystal mean size. The observed behaviour is a practical challenge (and a limitation of the 
implemented methodology) where the mixing speed alone could not manipulate the mean 
size towards the smaller size classes. In Figure 5.11(d), the mixing speed changes in the 



5.2 Large-scale CCUS process 77

100–300 RPM range, impacting the hydrodynamic, nucleation, and growth rates of solid 
product crystals.  

It should be noted that the boundaries of the mixing speeds were expanded to as low as 
50 RPM for demonstrative purposes. The mixing speeds can be varied in real-time by the 
process operator. Moreover, the proportional (ζ ) and integral (ζ ) terms were estimated 
by trial and error and remained constant at 0.3 and 0.8, respectively. Coupling the image 
analysis–based measurements and the hydrodynamic state manipulation provide a 
satisfactory mean crystal size control within the operational envelope of the micron-sized 
(d  < 10–15 μm) reactive crystallisation. However, to overcome the limitations of the 
approach and improve the general controllability of the process, a feed flow control can 
be integrated into the current mesomixing controller (worth further investigation). 
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Figure 5.11: Profiles of controller output (mixing speed) and number average crystal size during 
the control demonstration. Experimental runs with the initial mixing speed of 100 RPM: (a) target 
set-point of 6 μm and feed flow rate 10 ml min  and (b) target set-point of 5 μm and feed flow 
rate 20 ml min . Experimental runs with the initial mixing speed of 300 RPM: (c) target set-
point of 8 μm and feed flow rate 10 ml min  and (d) target set-point of 7 μm and feed flow rate
20 ml min . 
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5.2.5 Malfunction scenarios and fault detection by ERT 

Preliminary ERT tomographs from the suspension were obtained using a Gauss-Newton 
reconstruction algorithm (Boyle et al., 2020). However, establishing a real-time analysis 
framework of the reactive crystallisation process utilising the tomographic visualisation 
was demonstrated to be limited due to the slow reconstruction time for a fast kinetic 
process and the low resolution (Wajman, 2021). Associating the effects of the main 
process parameters such as mixing speed and feed flow rate to the ERT–based 
tomography was not practical, and further research is needed to address the challenges. 
Meanwhile, data-based, statistical analysis of the electrical current from the ERT system 
was demonstrated to be efficient enough for real-time monitoring of the investigated 
process. The results reported in this work are a rare contribution to the application of 1D 
ERT measurements for real-time fault diagnosis in (reactive) crystallisation processes. 

The ERT–based malfunction identification was implemented in an STR with a diameter 
of 200 mm (see Table 4.2). A series of faults were induced on the stirrer (i.e., switching 
on (100 RPM) and off the mixer) to investigate the sensitivity of the sensors and select 
the most suitable ERT sensor for fault detection. In the preliminary experiments, the STR 
contained 3 L CaCl  at a concentration of 1.6 g L . No aqueous CO  reagent was added. 
As presented in Figure 5.12, abrupt changes in the electrical current were recorded at 
times 3, 6, 8, and 9.5 min after the beginning of the measurement. Patterns in the acquired 
electrical signals were associated with the stirrer status through standard deviation 
analysis (see Section 4.4.3).  

Table 5.6 lists a quantitative analysis of the standard deviation ratio (σ , see Equation 
(4.12)) for all the ERT sensors presented in Figure 5.12. σ  was evaluated at the times 
that the mixer was switched off. A fault detection trigger value of 1.9 was applied to the 
mixer standard deviation ratio criterion to realise the stirrer malfunctions. Even though 
similar patterns were characterised via other sensors, sensor number two was the most 
effective in consistently recording the variations in the amplitude of electrical signal 
during the experimental repetitions. The selected sensor was positioned in the proximity 
of the feeding region and demonstrated higher sensitivity and a lower stochastic 
behaviour to the electrical variations (see Figure 4.5). 
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(a) (b) 

(c) 

Figure 5.12: Electrical current measurement induced by switching on (100 RPM) and switching 
off (0 RPM) the stirrer. (a) Electrical current was obtained by averaging 16 electrodes of the ERT 
system. (b) Electrical signals are acquired with sensor number two. (c) Measurements of electrical 
current through individual sensors located at 90° apart inside the crystalliser. The initial CaCl
concentration in the reactor was constant at 1.6 g L  (total volume 3 L) and no reagent was added.
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Table 5.6: Standard deviation ratio (σ ) of all the electrodes of the utilised ERT system. σ  was 
calculated about the time the stirrer switches off. The mixing speed before switching off was 100 
RPM. CaCl  concentration in the reactor was 1.6 g L  (total volume 3 L). 

3–3.5 min 
(mixer off) 

5.5–6 min 
(mixer on) 

6–6.5 min 
(mixer off) 

7.5–8 min 
(mixer on) 

8–8.5 min 
(mixer off) 

Sensor 
number 

σ  σ  σ  σ  σ  

1 1.86 0.71 1.53 0.59 1.62 
2 2.14 0.55 2.30 0.42 2.12 
3 1.40 0.69 1.44 0.68 1.86 
4 1.57 0.57 1.60 0.67 1.36 
5 1.28 0.97 1.40 0.48 2.01 
6 1.84 0.59 1.45 0.65 1.48 
7 1.51 0.57 1.04 1.99 1.00 
8 1.80 0.55 1.59 0.89 1.08 
9 0.56 2.26 1.61 0.75 1.32 
10 1.62 0.52 1.58 0.68 1.87 
11 1.39 0.64 1.25 0.67 1.86 
12 1.66 0.66 1.56 0.61 1.73 
13 1.55 0.79 1.61 0.64 1.56 
14 1.13 0.84 1.43 0.55 1.56 
15 1.52 0.73 1.54 0.73 1.45 
16 1.60 0.61 1.79 0.54 1.58 

Three different scenarios were investigated for fault detection and diagnostics during the 
integrated CCUS process. As listed in Table 5.7, the investigated situations were focused 
on identifying the induced malfunctions over the pump, mixer, and feed solution. For all 
the cases, the mixing speed when switched on was 100 RPM, and the feed flow rate was 
40 ml min , and CaCl  concentration was 1.6 g L . For the actual precipitation 
experiments, the CO  reagent with a concentration of 0.143 ± 0.014 mol L  was 
employed from the CO  unit (see Table 5.3). All the experiments were repeated at least 
three times to ensure the repeatability of the results (discussed in Section 4.4.3). 

Table 5.7: Real-time process fault detection at different experimental conditions using sensor 
number two of the ERT system. The initial solution volume inside the STR was 3 L. 

Experiment 
number 

Induced malfunctions during the process Constantly operational 

EXP 1 Feed is water (i.e., NaOH dosing issues, 0 g L  CO ) 
Pump on (40 ml min ) 
and mixer on (100 RPM) 

EXP 2 Pump on (40 ml min ) and off Mixer on (100 RPM) 

EXP 3 Mixer on (100 RPM) and off Pump on (40 ml min ) 

Table 5.8 lists the experimentally derived fault detection trigger values used to execute 
the alert indicating a fault in the process. ε  was identical when the feed pump was 
on and off. As discussed in Section 4.4.3, a dynamic moving average was used to compare 



5 Results and discussions 82

the slope and the standard deviation of the incoming electrical current at two consecutive 
periods. Thus, the minimum time needed to identify the fault state for the investigated 
scenarios was 30 s for the feed pump and 20 s for the stirrer. 

Table 5.8: Fault detection trigger values and fault detection time for the stirrer and feed flow rate. 
Values were obtained by trial-and-error procedures and performing multiple experimental 
repetitions and are exclusive to a mixing speed of 100 RPM and feed flow rate of 40 ml min . 

Equipment Parameter Equation 
Fault detection 

trigger value, [–] 
Fault detection time, s 

Feed pump ε  (4.11) 15 30 

Stirrer ε  (4.12) 1.9 20 

According to the fault tree analysis (see Figure 4.6), the liquid reagent solution can cause 
a failure in the precipitation stage of the integrated process. Possible reasons could include 
upstream issues in NaOH dosing and inefficient CO  capture process. Figure 5.13 
demonstrates a situation where instead of a nominal concentration for the feed, water was 
used to simulate an extreme situation of the malfunction scenario (EXP 1 in Table 5.7). 
Introducing a non-ionic liquid to the reactor led to a continuous decline in the total 
electrical current of the suspension due to a rise in the solution volume. For the 
investigated concentrations, the minimum calculated feeding time of the crystallisation 
was 8 minutes (τ  = 8 min). In an ideal condition, when the minimum time is realised, 
the slope of the electrical current tends to reach a plateau due to a reduction in calcium 
chloride inside the STR. 

Figure 5.13: Fault detection scenario where the aqueous feed liquid contains 0 g L  CO  
solution. The stirrer and feed pump are working nominally at 100 RPM and 40 ml min , 
respectively. 
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The addition of the CO -loaded solution to the crystalliser leads to a reduction in calcium 
chloride concentration and the simultaneous formation of non-conductive solid product. 
Figure 5.14 shows a fault scenario (EXP 2 in Table 5.7) where the feed pump was 
switched off only once (from 7–8 min). After two minutes of starting the feed addition 
(from 5–7 min), the slope of the measured electrical current was steeper when compared 
to the duration where the pump was switched off (from 7–8 min). The malfunction of the 
feed pump resulted in a ~20–25 times decline in the relative slope factor (K ) towards a 
plateau (see Table 5.9). The sharp decrease automatically triggers the alarm, indicating a 
non-ideal situation concerning the feeding system. 

Figure 5.14: Fault detection situation where the feed pump switches off from a flow rate of 40 
ml min  during the reactive crystallisation process (τ  = 8 min). The stirrer was
constantly switched on at 100 RPM between 2 min to 14 min. 

The performance of the selected sensor number two to the induced pump failure as 
displayed in Figure 5.14 was compared to all the other sensors of the ERT system. As 
presented in Table 5.9, the sensitivity of the measurement points was compared in terms 
of the slope factor (K , Equation (4.11)). The implemented single-sensor methodology 
showed promising results in reacting to the variations in the slope factor at critical times 
during the dynamic process. 



5 Results and discussions 84

Table 5.9: Comparison of the slope factor criterion (K ) at the proximity of the pump failure. The 
feed flow rate during a nominal operation was 40 ml min  and the mixing speed was 100 RPM. 
The minimum fault detection time for the feed pump was 30 s.  

t =6.3–7.0 min, 
(Pump on) 

t =7.1–8 min, 
(Pump off) 

Slope factor, 
K  

 

t =8.1–8.9 min, 
(Pump on)  

Sensor number λ (× 10 ) λ (× 10 ) K = λ /λ  λ (× 10 )

1 -23.38 -3.16 7.39 -22.98
2 -25.35 -1.01 25.09 -24.87
3 -11.00 -4.71 2.33 -3.15
4 -6.19 -2.98 2.07 -9.55
5 19.12 -10.14 -1.88 -5.62
6 -0.50 -4.04 0.12 0.50
7 1.43 -3.4 -0.42 0.659
8 1.38 -5.46 -0.25 -1.06
9 2.35 -4.6 -0.51 -1.61
10 1.40 -3.10 -0.45 -2.20
11 3.08 -2.10 -1.4 0.78
12 1.86 -2.76 -0.67 -0.48
13 0.16 -1.57 -0.03 -0.18
14 -2.50 -5.00 0.5 -5.61
15 -14.04 -4.58 3.06 -13.39
16 -19.9 -2.36 8.43 -21.29

Figure 5.15 shows a malfunction situation corresponding to EXP 3 in Table 5.7 in which 
the feed addition pump was constantly operational from 5 min to 13 min (τ  = 8 
min) and multiple malfunctions were induced on the stirrer. Mixer failures were induced 
for a duration of 30 s at times 7 min and 10 min. As a result, rapid changes were recorded 
in the standard deviation of the acquired electrical current. The descending slope 
(−2.12 × 10  μA min ) of the fitted linear line between 5–12 min indicates a 
continuous consumption of CaCl  and formation of solids in the suspension. After ~13 
min, the value of the slope (−5.68 × 10  μA min ) decreases towards a plateau.  

The feed pump and the stirrer were shut down automatically at ~13.5 min when an abrupt 
change in the slope factor was fulfilled, and the minimum runtime of the process was 
elapsed (ca. 13.5 min). The minimum runtime was determined based on the utilised 
concentrations and material balance calculations. The minimum runtime was defined as 
the minimum feed flow needed for the consumption of a known amount CaCl  in the STR 
(more information is provided in Publication III). Moreover, Table 5.10 lists the average 
value of the slope (λ) of the electrical current between 5–12 min for different sensors 
corresponding to EXP 3 in Table 5.7. The quantitative comparison enables the assessment 
of the reliability of the selected sensor in triggering the alert for the stirrer failure. In 
comparison, the evaluated slope in sensor number two is more significant. 
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Figure 5.15: Fault detection scenario where the failure was induced on the mixer during the 
reactive crystallisation process. The feed pump was constantly switched on at a feed flow rate 
of 40 ml min  (τ  = 8 min). Pump and mixer switched off at ca. 13.5 min.

Table 5.10: Mean slope of the electrical current from all the sensors between 5–12 min. The data 
corresponds to a situation where the feed pump was constantly switched on (40 ml min , 
τ  = 8 min) and the faults were induced on the mixer. The minimum fault detection time for 
the stirrer was 20 s. 

Sensor number → #1 #2 #3 #4 #5 #6 #7 #8 

Mean slope of the current 
(μA min ), × (−10 ) 

1.93 2.12 1.04 0.47 0.96 0.14 0.18 0.26 

Sensor number → #9 #10 #11 #12 #13 #14 #15 #16 

Mean slope of the current 
(μA min ), × (−10 ) 

0.19 0.14 0.03 0.11 0.21 0.79 1.51 1.54 

5.2.6 Monitoring micron-sized CaCO3 suspensions and the precipitation process 
by UST 

Ultrasound tomography (UST) measurements were performed in a reactor of diameter 
200 mm, equipped with a Rushton impeller. The starting solution volume inside the STR 
was 3 L (see Table 4.2). The mixing speed was maintained at 100 RPM throughout the 
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entire UST experiments. The mixing speed was selected based on a few factors such as 
(i) having a sufficient degree of mixing in the STR without inducing a high level of noise
that is undesirable for the UST measurements and (ii) being in line with the overall
operating conditions of this research work. The same approach applies to the feed flow
rate which was 40 ml min  during the UST–based precipitation monitoring.

Before monitoring the reactive crystallisation process by UST, several experiments were 
carried out to investigate the performance and potential of the UST system in measuring 
the CaCO  suspensions. UST characterises the suspension by measuring the average 
acoustic attenuation or time-of-flight of the sound propagation. Three concentrations of 
solid calcium carbonate (VWR, purity > 99%, volume-based d  < ~20 μm) suspensions 
were used to investigate the sound propagation, namely, 8.3, 16.6, and 25 g L .  Solid 
particles were added by hand from the top of the reactor. Figure 5.16 shows a sequence 
of the experimental procedures during UST measurements for a concentration of 25 g L  
CaCO . The resulting tomographic images are provided in Figure 5.19. 

t = 1–4 min t = ~4–5 min t = 5–8 min t = 8–20 min 

Mixer switched on 
(100 RPM) 

Mixer switched off, solid 
particles addition (~4–4.5 min) 

Mixer switched on 
(100 RPM) 

Mixer switched off, 
particles settling 

Figure 5.16: Preparation of 25 g L  CaCO  suspension for ultrasound tomographic 
measurement. The measurement was carried out from t = 0–20 min. 

Figure 5.17 presents the average time-of-flight (TOF) data of the experimental procedures 
displayed in Figure 5.16. The presented TOF is the mean value of 256 measurements 
obtained from 16 piezoelectric transducers (see Section 4.5.1). Each set of 256 
measurements was obtained in 0.25 s. Mixing at 100 RPM (U  = 0.37 m s ) starts after 
1 min into the measurements and stops at 4 min. Switching on and off the mixer had no 
meaningful impact on the average time-of-flight measurements. A sharp disturbance 
(noise) was characterised at ~4 min due to the consecutive actions of switching off the 
mixer and the pouring of calcium carbonate particles. Switching on the mixer at ~5 min 
leads to the distribution of micron-sized solid particles in the reactor, resulting in a sharp 
increase in the time-of-flight delay signal at ~5.5 min. TOF delay signal increases from 
almost zero to ~0.33 μs, 0.68 μs, and 0.82 μs for concentrations of 8.3, 16.6, and 25 g L , 
respectively. The observed peak intensity in the measurements, noticeable at ~5.5 min is 
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proportional to the suspension concentration. Moreover, suspension homogeneity can be 
characterised using the utilised ultrasound tomography. The time-of-flight measurement 
decreases towards a plateau as the suspension becomes more homogenous. The random 
peaks and disturbances after switching off the mixer at ~8 min could be, to a large extent, 
related to the tangential motion of the liquid in the unbaffled reactor.  

(a) 8.3 g L (b) 16.6 g L

(c) 25 g L

Figure 5.17: Average time-of-flight measurement in three concentrations of CaCO  suspension. 
The suspension volume was constant at 3 L. Solid particles of 25, 50, and 75 g were added from 
the top of the reactor by hand. 
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Furthermore, analysis of the time-of-flight signals presented in Figure 5.17 provides 
additional insights into the crystals settling in the suspension. The approximate settling 
process can be estimated after switching off the mixing at t = 8 min. Figure 5.18 shows 
the time-of-flight delay signal after the mixing switches off (data obtained from Figure 
5.17). The time to reach a plateau in the measured signals was associated with the settling 
period. As discussed in Section 4.5.2, the settling period is characterised as the time 
interval of solid crystals drifting from the surface of the suspension to the bottom of the 
field of view of the sensors; the distance equals ~33 mm (see Figure 4.7(a)). The estimated 
settling period increases with the rise in the solid concentration. 

(a) (b) (c) 

Figure 5.18: Approximation of the settling process of crystals in calcium carbonate suspensions 
using ultrasound tomography. Solid concentrations were (a) 8.3 g L , (b) 16.6 g L , (c) 25 g L .
For all the cases, the mixer was switched off from 100 RPM at t = 8 min. 

Table 5.11 provides an overview of the approximated settling periods for the investigated 
calcium carbonate suspensions. The calculated settling period of 0.98 min for the most 
diluted suspension (i.e., 8.3 g L ) is in good agreement with the experimental UST 
measurements, which is ~1 min (see also Figure 5.18(a)). However, the deviation between 
the experimental measurements and the theoretical hindered settling calculations (see 
Equation (4.14)) significantly increases with higher solid concentrations. The large error 
margins can be linked to a high discharge rate of particles from the field of view as the 
solid volume fraction increases. In addition, due to the lack of baffles in the utilised STR, 
the suspension continues its tangential movement after the mixer switches off; thus, 
contributing to the discharge of particles out of the field of view.  

The quantitative analysis demonstrates the promising application of UST in investigating 
sedimentation and the concentration of suspended particles. The challenges can be 
addressed and the errors that undermine the accuracy of the methodology can be improved 
upon further research and development. 
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Table 5.11: Theoretical estimation of settling period (time) and comparison with the UST 
measurements. A constant crystal size of 25 μm was used for the calculations.  

Solid concentration, [g L ] 8.3 16.6 25 

Solid volume fraction, [–] 0.0031 0.0061 0.0092 

Terminal velocity, [mm s ] 0.37 0.37 0.37 

Corrected velocity, [mm s ] 0.366 0.359 0.352 

Calculated settling period, [min] 0.98 1 1.02 
Experimental settling period (approximated 
from UST), [min] 

1 1.5 4.5 

Non-invasive ultrasound tomography reconstructions provide planar visualisation of the 
events occurring in a stirred tank reactor. A major advantage of UST over the electrical 
resistance/impedance tomographic technique is its ability to provide satisfactory 
measurement even from the central region of STRs. Figure 5.19 shows the tomographic 
reconstructions of a 25 g L  calcium carbonate suspension. Reconstructions successfully 
characterise the addition of solid particles at the proximity of 4 min (~4.02–4.30 min, 
Figure 5.19(a)), which are recognisable by the evolution of the dark red regions (the 
relative colour bar of 1.5), showing locations with relatively higher TOF delays. The 
suspension mixing begins at ~5 min and is followed by a homogenisation process as 
depicted in Figure 5.19(b). The maximum delay in the sound speed (TOF peaks) which 
occurs towards the central region (see Figure 5.19(b), t = ~5.19 min) can be linked to the 
central vortex due to the mixing and the bulk circulation of the solid suspension. It should 
be noted that the colour bars are not scaled to show the absolute sound speed variation 
and are only a relative representation of TOF delay. 
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(a) 

(b) 

Figure 5.19: Ultrasound tomographic reconstruction at different times (minute) during the pouring 
and mixing process of calcium carbonate suspension (25 g L ). (a) Tomographic visualisation at 
the proximity of the pouring time. (b) Mixing of the suspension and homogenisation process. 
Numbers on the images indicate the elapsed time in minutes. The colour bars are a relative 
representation of TOF delay. 

The ultrasound tomography system was also employed to monitor the progression of the 
calcium carbonate reactive crystallisation process. Experimental conditions remained the 
same as the ERT experiments and are listed in Table 5.12. All the experiments were 
repeated three times to ensure the reproducibility of the results. Currently, the application 
of ultrasound tomography in crystallisation is at the technology readiness level (TRL) 2. 
The results reported in this thesis (also in Publication IV and (Koulountzios et al., 2021a)) 
are the first investigation of UST in crystallisation processes. 

Table 5.12: Experimental configuration for the reactive crystallisation of calcium carbonate 
during the ultrasound tomographic measurements. 
Parameter Value Unit 
Initial solution volume inside the STR 3 L 
CaCl  concentration in the reactor 1.6 g L  
Reagent addition volume 0.4 L 
Reagent addition concentration 0.143 ± 0.014 mol L  
Mixing speed, (tip speed) 100, (0.37) RPM, (m s ) 
Feed flow rate 40 ml min  
Feed residence time 10 min 
Feeding starts at 5 min 
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Reactive crystallisation is a dynamic process where sound velocity and amplitude 
attenuation oscillate continuously throughout the measurement. Studying the ultrasound 
reconstructions alongside the experimental events provides useful information from the 
process. Figure 5.20 shows the ultrasound tomographic reconstructions at different times 
throughout the precipitation. The feed addition begins at ~5 min. UST was able to identify 
the injection region and the dispersion of the aqueous CO – addition at the early times of 
the feeding as illustrated by the dark red and the relative colour bar of 0.1 in Figure 
5.20(a). Towards the end of the process (Figure 5.20(c), t > ~12 min), tomographic 
reconstructions effectively recognise the region where the delay in the measured sound 
velocity is the highest. Potential causes are an increase in the overall suspension density 
and the accumulation of crystals towards the central regions of the unbaffled STR. A 
similar trend of realising the spatial centric TOF peaks was observed during the pouring 
process of CaCO  as presented in Figure 5.19(b). 

(a) 

(b) 

(c) 

Figure 5.20: Tomographic reconstruction during the calcium carbonate reactive crystallisation 
process. Feed addition started at ~5 min into the measurements and continued for 10 minutes 
at 40 ml min . (a) and (b): reagent addition and dispersion in the crystalliser from 5.55–9.62 
min. (c): increase in the concentration of crystals and circulation in the central vortex from 
12.22–12.96 min. The colour bars are a relative representation of TOF delay. 
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5.3 CFD study of the reactive crystallisation 

Physics-based simulation and design have been identified as imperative elements for the 
future state of CFD in different scientific fields (Slotnick et al., 2014b; Cary et al., 2022). 
In the context of crystallisation processes, the experimentally determined correlations 
inherently contain the effects of operating conditions and reaction kinetics (Janbon et al., 
2019; Öner et al., 2019). As illustrated in Figure 5.21, the CFD study in this work tends 
to integrate the experimental knowledge for model development and computational 
validation. Specifically, the small-scale crystallisation experiments and models were used 
to validate the larger-scale reactive crystallisation configuration. The validated CFD 
model enables to further study the different aspects of the reactive crystallisation process 
such as geometric optimisation and scale-up, and chemical reaction distribution. 

Figure 5.21: Overview of CFD implementation and modelling for the investigated reactive 
crystallisation process. 

In this study, the flow hydrodynamic and the species distribution were investigated within 
the notion of virtual tomography tools. The term virtual tomography describes the use of 
CFD and reaction distribution modelling as an aid for the efficient design and utilisation 
of ERT/UST systems (Taborda et al., 2021). The numerical approach, mathematical 
formulation, computational details, and mesh study are discussed in Appendix A.  

The developed numerical simulation, which is valid for the case of the liquid phase 
calcium carbonate reactive crystallisation process is based on the following hypotheses: 

i. The pseudo solid crystals formation was assumed to be immediate at each time

interval. The hydrodynamic condition controls the mean crystal size.
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ii. The pseudo volume fraction of each size class was estimated without taking

into account the crystal mass and suspension density (i.e., secondary

nucleation is not present to affect the CSD) (Cheng et al., 2017).

iii. For the investigated operating conditions, Stokes’ number was significantly

smaller than unity (see Equation (A.8) in Appendix A). Hence, the pseudo

solid particles follow the bulk fluid motion without drag (Metzger and Kind,

2016).

iv. The calcium carbonate product was in the liquid phase and a single-phase flow

was used to perform the numerical study.

5.3.1 Fitting Rosin-Rammler distribution parameters to energy dissipation rate 

The CFD model was developed for the small-scale reactor setup equipped with a magnetic 
stirrer (V  = 0.15 L) and the large-scale reactor with a Rushton impeller (V  = 3.4 L) 
(Figure A.2 in Appendix A). Despite the liquid volume variation during the semi-batch 
reactive crystallisation experiments, the effects of continuous volume increase were 
neglected during the CFD modelling (de Souza et al., 2021); instead, a single “snapshot” 
of the increase in volume was considered. Thus, the liquid volumes corresponding to the 
end stage of the crystallisation experiments were modelled (see Section A.3 in Appendix 
A for additional information). 

The crystal size distribution data containing the effects of feed flow rate and mixing speed 
from small-scale experiments were fitted to the parameters of R-R distribution (i.e., 
average crystal size (d ) and standard deviation of each size class (n )). A set of 
small-scale reactive crystallisation experiments were carried out to derive the 
correlations. Figure 5.22 presents the experimental crystal size classes obtained at mixing 
speeds of 100 and 300 RPM (200 RPM not shown here). The minimum number of 
discrete size classes was determined such that the fitted curve based on the R-R function 
holds a reasonable accuracy (R > ~0.98). The fitting enables the prediction of 
cumulative volume fraction of crystal size classes in the large-scale reactor using CFD 
(see Equation (A.1) in Appendix A). The calculated values of n  and d  are listed 
in Table 5.13. 
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(a) (b) 

Figure 5.22: Crystal size classes obtained from small-scale experiments. Fitted curves describe 
the cumulative-volume form of the R-R distribution. All the experiments were conducted at a 
constant reagent feed addition rate of 10 ml min  (feed residence time of 5 min). Mixing speeds 
of (a) 100 RPM (U  = 0.26 m s ) and (b) 300 RPM (U  = 0.79 m s ).  

Table 5.13 lists the calculated values of the average crystal size and the associated 
standard deviation parameters of the R-R distribution for the small-scale experimental 
data presented in Figure 5.22. The power number for the magnetic stirrer was deduced 
from CFD simulations (N ≅ 1.2) and was used to determine the volume average eddy 
dissipation rate (Equation (A.5) in Appendix A) at three mixing speeds. In addition, the 
volume average dissipation energy of the 3D reactor was calculated from the CFD solver 
ANSYS® Fluent (Release 2021) for comparison purposes. Figure 5.23 shows the R-R 
distribution parameters as a function of the volume average energy dissipation rate. The 
correlations were used to determine the cumulative volume fraction of crystals in the 
large-scale configuration and to validate the model. 

Table 5.13: The evaluated average crystal size (d ) and standard deviation (n ) factors 
describing the Rosin-Rammler distribution for the small-scale experiments. An approximated 
power number of 1.2 was used for the utilised magnetic stirrer (obtained from CFD simulations). 

Mixing 
speed, 
RPM 

Tip speed, 
m s  

Volume average ϵ 
(N N d /V), 

m  s  

Volume average ϵ 
from CFD simulation 

(entire reactor), 
m  s  

Fitted standard 
deviation, 
n ,  [–] 

Fitted 
average 

crystal size 
class, d , 

μm 
100 0.26 0.012 0.014 2.0 5.55 
200 0.52 0.093 0.071 2.2 7.50 
300 0.78 0.313 0.250 2.3 11.0 
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(a) (b) 

Figure 5.23: Rosin-Rammler distributions factors as a function of the volume average dissipation 
energy of the small-scale experiments. (a) The average crystal size class (d ) and (b) the 
associated standard deviation of each size class (n ).  

5.3.2 Flow patterns and spatial distribution of species in the large-scale STR as 
virtual tomography 

Cross-sectional concentration distribution acts as a virtual tomography and is beneficial 
for visualising the effect of agitation intensity, reaction planes, and the main flow 
circulation. Tomographic measurements such as ERT have been demonstrated to be 
capable of measuring planar solid particle concentration at various heights in reactors 
(Zbib et al., 2018). Provided that the continuous phase and the dispersed phase have 
enough conductivity difference, ERT can determine the dispersed phase concentration 
difference (Carletti et al., 2014). Thus, such CFD modelling presented in this work 
provides further insight into supersaturation distribution and can be beneficial in the 
development and installation of tomographic measurements in reactive crystallisation 
processes. 

In this study, the single-phase flow was used to solve the species transport and to simulate 
the liquid phase mixing of chemical species (CO + Ca → CaCO ). Initially, the 
reactor was filled with Ca . The CO  reagent with a concentration of 0.08 mol L  was 
introduced in batch mode by patching a region below the liquid surface (z/h  = 0.89, h  
= 89.4 mm). Results are presented in Figure 5.24 and the schematics of the STR are 
presented in Figure A.2(a) in Appendix A. The species transport describes the spatio-
temporal distribution of the reagent and represents the calcium carbonate pseudo particle 
formation in the computational domain. The propagation of reaction planes (i.e., 
formation of calcium carbonate species) takes more time at a lower mixing speed of 100 
RPM. Figure 5.25 shows the consumption and formation of the species inside the 
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simulated STR at two mixing speeds. At a higher agitation rate, reagent dispersion 
becomes faster, thus, the required time for calcium carbonate species formation was 
relatively shorter.  

(a) 100 RPM (b) 300 RPM

Figure 5.24: Spatio-temporal distribution of calcium carbonate species in the simulated stirred 
tank reactor at mixing speeds of (a) 100 RPM, and (b) 300 RPM. The top view of the contours in 
three horizontal planes along the liquid height (h  = 89.4 mm) is displayed. The sliding mesh 
method was used to model the impeller rotation in a transient simulation. 
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(a) (b) 

Figure 5.25: Volume average consumption of the initial calcium chloride and formation of 
calcium carbonate species in the liquid phase. Mixing speeds of (a) 100 RPM (U  = 0.46 m s ) 
and (b) 300 RPM (U  = 1.38 m s ).  

Figures 5.26(a) and (c) present the velocity magnitude (normalised by U ) at two mixing 
speeds of 100 and 300 RPM. The calculations were carried out after completing at least 
15 impeller revolutions using the sliding mesh method (see Appendix (A.2)). The vector 
plots of the predicted flow patterns are coloured by normalised velocity magnitude in a 
vertical plane. As shown, flow discharges from the impeller blade tip in the radial 
direction and impinges on the reactor wall. Subsequently, the liquid flow forms a single-
loop vortex structure and a relatively strong swirling between the blades and baffles. 
Then, the liquid flows upward along the reactor wall and is drawn downward around the 
impeller and the bottom of the vessel. The instantaneous distribution of turbulent kinetic 
energy (𝑘) is visualised in Figures 5.26(b) and (d) for the 100 and 300 RPM mixing 
speeds, respectively. A top view of the turbulent kinetic energy distribution is displayed 
in a horizontal plane cutting through the impeller’s disc. The contour plots show a 
variation of approximately one order of magnitude in 𝑘 through the horizontal midplane 
(z/h  = 0.35, h  = 89.4 mm). Turbulent kinetic energy is the highest in the proximity of 
the blades due to large spatial velocity gradients at the impeller discharge stream. 
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100 RPM (U  = 0.46 m s ) 

(a) (b) 

300 RPM (U  = 1.38 m s ) 

(c) (d) 

Figure 5.26: Vector plots of flow pattern and turbulent kinetic energy distributions. (a), (c): 
Predicted flow in a vertical plane passing through the middle of the stirred tank reactor (coloured 
by velocity magnitude (normalised by U ). (b), (d): Top view of the contours of the turbulent 
kinetic energy in the horizontal midplane (z/h  = 0.35, h  = 89.4 mm) at mixing speeds of 100 
RPM and 300 RPM, respectively. 

5.3.3 Validation of the CFD model using experimental measurements from the 
Pixact microscopy 

The large-scale CFD model of the crystallisation was validated against the experimental 
measurements obtained by the in-line Pixact microscopy, which was conducted in a 3 L 
STR. Table 5.14 compares the results of crystal size classes from the large-scale 
simulations against the available experimental data at mixing speeds of 100 and 300 
RPM. Graphical representation for the cumulative CSD is provided in Figure 5.27. 

The numerical values of size classes (d ) in Table 5.14 were selected randomly from the 
experimental size distribution data of a given operating condition. Nevertheless, the 
overall trend in the prediction of volume fraction for other size classes shows a 
satisfactory agreement with the experimental measurements. As shown by the error 
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margin, the accuracy of the volume fraction estimation of each size class tends to decrease 
as the crystal size increases.  

The decrease in the accuracy of volume fraction calculation was expected due to the 
inherent limitations of the RANS methodology in handling the turbulence closure. Even 
though RANS models can well predict the time-averaged bulk flow, they average out a 
high degree of eddies (Brown et al., 2018), affecting ϵ determination (Gillissen and van 
den Akker, 2012). In this work, the volume average dissipation energy of the simulated 
large-scale reactor was used as input to estimate the individual size classes using the R-
R correlations (see Figure 5.23). Evaluating dissipation energy over the reactor volume 
improves its overall prediction (Lane, 2017). Averaging the ϵ over the mixing zone, cross-
sectional planes, and individual surface lines were also analysed, providing unsatisfactory 
results with relatively high error margins (not presented here).  

Table 5.14: Results of crystal size data from large-scale simulations and comparison to the 
experimental data.  

100 rpm 

υ: Volume fraction with a 
diameter greater than d  Volume average 

turbulence dissipation rate 
from simulation, m  s  

Rosin-Rammler factors 

d : Size 
classes 

EXP CFD 
Error 

margin, 
% 

d : 
average 

crystal size, 
µm 

n : 
standard 

deviation, [–] 

3 μm 0.961 0.850 11 

0.071 6.92 2.18 
6 μm 0.508 0.480 5 
9 μm 0.160 0.170 6 
12 μm 0.050 0.036 27 

300 rpm 

υ: Volume fraction with a 
diameter greater than d  Volume average 

turbulence dissipation rate 
from simulation, m  s  

Rosin-Rammler factors 

d : Size 
classes 

EXP CFD 
Error 

margin, 
% 

d : 
average 

crystal size, 
µm 

n : 
standard 

deviation, [–] 

4 μm 0.938 0.863 8 

0.192 9.01 2.35 
7 μm 0.554 0.576 4 
10 μm 0.225 0.279 24 
13 μm 0.080 0.094 17 
16 μm 0.030 0.021 30 

The cumulative CSD corresponding to the large-scale simulation can be reconstructed 
using the average crystal size and the standard deviation acquired from the Rosin-
Rammler distribution (see Table 5.14).  Figure 5.27 compares the cumulative crystal size 
distribution obtained from the CFD study and the experiments.  
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Even though there is a noticeable deviation between the model and the experimental data, 
the overall trend justifies the established mathematical modelling and the CFD approach 
(Nadal-Rey et al., 2022). The root cause of the deviation appears to be the strong 
dependence of the dissipation energy on mesh resolution, which is a significant bottleneck 
in the CFD workflow and a common challenge in RANS modelling (Slotnick et al., 
2014a). Although a grid independence study was carried out (Section A.5 in Appendix 
A), the sensitivity of the volume fraction (υ) to turbulence dissipation rate at different 
grid sizes was not separately investigated (i.e., large deviations in lower grid sizes are 
distinctly expected). The accuracy of the model, though, could be improved by further 
mesh refinement (Coroneo et al., 2011) and variations in the turbulence models (e.g., 
Scale-Adaptive Simulation (Menter et al., 2003)). 

(a) (b) 

Figure 5.27: Cumulative crystal size distribution by CFD simulation and comparison to the 
experimental data (obtained by the in-line Pixact microscopy at the large-scale setup). Mixing 
speeds of (a) 100 RPM and (b) 300 RPM. 
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6 Conclusions and suggestions for future work 

This thesis investigated the integration of CO  capture strategy and CaCO  reaction 
synthesis as carbon capture, utilisation, and storage (CCUS) technology. The scale-up of 
the CO  absorption process was demonstrated using a hollow fibre membrane contactor. 
CO  utilisation and commercialisation were demonstrated by producing high purity 
precipitated calcium carbonate  (PCC, calcite) through a liquid phase reaction. The 
desorption energy consumption, equivalent to ~2.5 MJ kg  CO  (for the caustic soda–
based absorption processes), was avoided by using the post-capture CO -rich aqueous 
solution for the reactive crystallisation. 

In this work, the calcium carbonate reactive crystallisation process was governed by a 
spontaneous crystal formation, resulting in a volume-based crystal size of d  < ~15–20 
μm. The utilised image-analysis–based probe measured in real-time the volume and 
number-based crystal size distribution and the mean crystal count. Moreover, the number 
average crystal size data from the in-line probe was used to investigate a feedback control 
approach during the large-scale precipitation experiments. The feedback control scheme 
influences the crystal formation process by manipulating the reactor energy dissipation 
and spatial supersaturation distribution. The challenge of the process control in the fast 
kinetic process was the influence of the previously-formed crystals on the real-time 
measurement which cannot be manipulated. Despite the applied hypotheses (e.g., 
immediate crystal formation and mesomixing dominance) and a limited change in the 
number average crystal size, the implemented framework provides a basis for an entirely 
model-free, mesomixing–based feedback control in a fast kinetic particulate system.  

A direct micron-range crystal size measurement using the utilised process tomography 
systems was challenging due to the centimetre resolution and slow reconstruction time of 
the tomographic instruments. The utilised ERT system was exploited as a novel 1D 
measurement tool for real-time fault detection and diagnosis of the integrated CO  
capture–CaCO  process. The general advantages of the implemented approach using a 
low-cost ERT are minimising production breaks, reducing raw materials consumption, 
and improving waste management.  

The novel ultrasound tomography (UST) system was employed to monitor the calcium 
carbonate suspension and the precipitation process without physically penetrating the 
reactor. The UST system resolved the feed addition region and characterised the 
suspension homogeneity using ultrasound tomographic reconstructions. The potential 
application of UST to study bulk crystal settling was investigated by assuming the crystals 
as fully spherical solid particles (i.e., neglecting the effects of shape and aspect ratio). The 
1D time-of-flight signals of the UST measurement data provided useful insights into the 
crystals settling in the suspension. In addition, upon further research, the measured time-
of-flight signals of the UST can be correlated to crystal volume fraction. The ultrasound 
tomography with a technology readiness level 2 for the current application revealed a 
clear potential for future studies. 
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Instead of population balance equations, which have many parameters for data fitting 
crystal growth and nucleation, the two-parameter Rosin-Rammler (R-R) distribution 
function was used to perform the numerical simulation of CaCO  reactive crystallisation. 
The small-scale crystal size distribution measurement data were used to construct the data 
fittings. The R-R parameters expressing the average size and the standard deviation of the 
pseudo solid crystals were correlated to the reactor dissipation energy. The RANS-based 
computational fluid dynamics (CFD) model was validated using the crystal size 
distribution data from the in-line measurement probe, performed in a larger-scale setup 
(reactor diameter of 220 mm). Even though a series of modelling assumptions were 
employed (e.g., neglecting drag forces and the liquid volume rise), the mathematical 
approach provided satisfactory results for the given size distribution data. The 
investigated CFD approach fits the category of alternative studies to crystallisation 
modelling outside the PBE framework and can be used as an aid for tomographic 
measurements. 

Scalable manufacturing is a key industrial challenge, which is evidently needed for the 
future state of CCUS systems. Hollow fibre membrane contactors can play an important 
role in the design of scalable CCUS unit operations. Coupling the scalable CO  capture 
technology with the production of PCC while simultaneously eliminating the need for 
high-temperature regeneration of the absorbent liquid is a promising approach. In 
addition, CO  conversion to precipitated calcium carbonate improves the long-term CO  
storage. A potential commercialisation route for the investigated process could be an 
integration with HVAC systems in buildings to convert the captured CO  into high purity 
PCC. The manufactured PCC is used in large amounts in a variety of applications such 
as fillers, paint, sugar refining and consumer products.  

A potential scale-up is based on parallel installation of multiple hollow fibre membrane 
contactors to increase the overall gas-liquid contact area. Upon the scale-up, the effects 
of industrial flue gas composition containing sulphur oxides (SO ) and nitrogen oxides 
(NO ) can be investigated. Sodium hydroxide is considered an efficient absorbent for SO  
and NO . However, considering the low solubility of sulphur compounds (e.g., CaSO , 
~43 ppm at 25 °C), its effect on the purity of the solid product should be further 
investigated. Furthermore, a continuous operation is mainly limited by reusing of mother 
liquor after the precipitation and filtration stage. A pH treatment step could potentially 
facilitate the way toward continuous CCUS technology.  

The integrated CCUS process can be investigated further from several aspects. A detailed 
techno-economic analysis, life cycle assessment and energy analysis of the total unit 
could provide additional insights into the integrated process. Ultrasound tomography 
shows clear potential to identify the solidification of crystals in the early stages of the fast 
kinetic reactive crystallisation process. Time-of-flight data of the UST system could be 
studied further to understand the solidification process during CaCO  precipitation. 
Additional studies can be carried out using ERT by changing the input parameters broadly 
to examine the system sensitivity and minimise the uncertainties. Process fault detection 
can be developed with capabilities such as automatic identification of the most sensitive 
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ERT sensor. The operating window of the reactive crystallisation process can be 
improved so that the residence time distribution becomes shorter. In terms of the feedback 
control for the investigated precipitation process, a feed flow controller can be integrated 
into the current agitation-based control system to improve the process controllability.  
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Appendix A: A numerical simulation approach for CaCO3 
reactive crystallisation 

The common methodology for numerical modelling of particulate materials has been the 
use of population balance equations (PBE) (Yang and Mao, 2014; Shiea et al., 2020). 
Despite the mathematical robustness of PBEs and their successful implementation for fast 
kinetic crystallisation processes (Haderlein et al., 2017; Metzger and Kind, 2017; Reis et 
al., 2018), they are highly dependent on kernel functions and model parameters (Pan and 
Ward, 2021; Chen et al., 2021). In some instances, kinetic parameters determined for one 
precipitation system might not be applicable to other precipitation processes (Ojaniemi et 
al., 2018). Strong cross-correlation and a high degree of freedom of possible parameters 
(e.g., nucleation, growth, and breakage terms) could degrade the predictive performance. 
The interaction between mixing scales and chemical reaction has been coupled with 
kinetic parameters, kernel functions, and multiphase models (e.g., the Eulerian−Eulerian 
model and the Eulerian−Lagrangian model) (Ngo and Lim, 2020; Qu et al., 2021). The 
coupling of multiphase CFD-PBE with an additional micromixing model (e.g., multi-
environment probability density function (Woo et al., 2006; Shiea et al., 2022)) increases 
the computational complexity and the cost.  

There is a great need, therefore, for the emergence of alternative physics-based modelling 
procedures to improve the application of CFD in crystallisation processes such as the 
particle breakage intensity technique (Xie et al., 2021) and dynamic 
compartmentalization (Öner et al., 2019). In this work, while some modelling 
assumptions still exist, the two-parameter Rosin-Rammler (R-R) distribution function 
was used to construct experimental data fittings and correlations using small-scale 
experimental data. The validation of the model was performed on a larger-scale 
configuration. Using the validated model, flow hydrodynamic and the chemical reaction 
were studied. The following sections discuss the establishment of the investigated CFD 
approach. Results are provided in Section 5.3 of the main text. 

A.1 Establishment of the mathematical model for crystal size evaluation

Among many size distribution functions, the Rosin-Rammler (R-R) expression has been 
used in many applications for describing the size distribution such as liquid sprays (Rafidi 
et al., 2018), hydrocyclone processes (Xu et al., 2012) and sugar crystallisation (Zinab et 
al., 2015). The cumulative volume fraction of crystals in the R-R distribution is described 
as (Alderliesten, 2013): 

υ = e ( / )  (A.1)

where υ is the cumulative volume fraction of crystals of diameter greater than d  (μm) 
(i.e., oversize distribution) and n  is the spread or size distribution parameter (in this 
work, represents the standard deviation of crystal size). d  describes the size constant 
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or scale parameter (in this work, refers to the average crystal size). d  is the crystal 
size at a volume fraction of 0.368 oversize. 

The R-R distribution function assumes that an exponential relationship exists between the 
crystal diameter and υ. The numerical value of n  is evaluated by the relation in 
Equation (A.2). 

n =
ln(−ln υ)

ln(d /d )
(A.2)

n  and d  can be correlated to experimental parameters such as mixing speed (i.e., 
total energy dissipation rate) using the experimentally measured size distribution. The 
complete range of size distribution can be divided into an adequate number of discrete 
size intervals (size classes) and then fitted to the R-R exponential equation. The minimum 
number of discrete size intervals was determined such that the equation (A.1) 
satisfactorily fitted to the extracted size classes. 

Size classes are determined by analysing the experimental CSD curves, e.g., a cumulative 
distribution function. Thus, by conducting the data fitting of CSD for several mixing 
speeds, R-R parameters can be evaluated as a function (𝑓) of the reactor energy 
dissipation rate (ϵ, m s ):  

d = 𝑓(ϵ) (A.3)

n = 𝑓(ϵ) (A.4)

The volume average viscous dissipation of turbulent kinetic energy is determined for 
different mixing speeds according to Equation (A.5) (Mayorga et al., 2022). 

ϵ =
N  N  d

V
(A.5)

where N (s ) is the impeller mixing speed, V (m ) is the liquid volume of the STR, d  
(m) is the impeller diameter, and N  is the mean power number. The power number for
the employed magnetic stirrer and the Rushton impeller was deduced from the torque
using CFD simulations (Equations (A.6) and (A.7)). The power draw and power number
of the Rushton impeller were also measured experimentally and compared with
simulations; the results are presented in Section A.5 (Appendix A).

P = 2π N M (A.6)

N =
P

ρ N  d
(A.7)
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where M (N m) is the torque, P  (N m s ) is the impeller power draw, ρ (kg m ) is 
the liquid density, and N  denotes the impeller power number.  

In this work, a set of small-scale experimental crystal size distribution data were used to 
derive correlations for d  and n  (see Figure 5.23 in the main text for more details). 
The R-R distribution volume fraction (υ) was implemented for a range of select size 
classes as user-defined functions (UDFs) in the CFD solver ANSYS® Fluent (Release 
2021). The UDFs for different size classes were introduced as scalar transport equations 
in the large-scale configuration in order to validate the developed model. UDFs were 
solved simultaneously with the species transport equation in a transient simulation. 
Operational schematics of the experiments and simulations are displayed in the flowchart 
in Figure A.1. 



Appendix A: A numerical simulation approach for CaCO3 reactive 
crystallisation 

134

Figure A.1: Flowchart to perform the CFD simulations and model validation. Small-scale 
simulations were used to calculate the power number and then evaluate the corresponding 
dissipation energy. The final validation was conducted by comparing the large-scale simulation 
results with the large-scale crystallisation experiments. 

A.2 Computational domain, mesh, and boundary conditions

In this work, two different reactor configurations were used to carry out the numerical 
simulations of the reactive crystallisation process. The small-scale reactor equipped with 
a magnetic stirrer, and the large-scale reactor with a Rushton impeller (see Table 4.2 in 



A.2 Computational domain, mesh, and boundary conditions 135

the main text). Figure A.2 displays the schematics of the reactor configurations 
(photographs of the experimental setups are provided in Figure 4.2 and Figure 4.4 in the 
main text). During the CFD study, the lid of the reactors was treated as a wall with a no-
slip boundary condition. In the magnetic stirrer configuration, it is assumed that the stirrer 
position is centred and fixed at 2 mm from the bottom during the modelling. It should be 
noted that the position of the magnetic stirrer is stochastic in reality (Achermann et al., 
2022). The 3D geometry and the unstructured tetrahedral mesh (see Figure A.3) were 
generated in ANSYS® DesignModeler (Release 2021). The same mesh generation 
framework was applied for all the investigated cases, with the liquid volume and height 
being varied accordingly.  

The computational domains were divided into two cell zones due to the rotation of the 
impeller in the flow domain. The cell zones comprise a stationary (tank) region and a 
rotating impeller region. An interface layer bonds the two cell zones together. The most 
common numerical approaches available for modelling the impeller rotation are the semi-
implicit multiple reference frame (MRF) in steady-state mode and the explicit method of 
the sliding mesh in a transient manner. The impeller region moves relative to the 
stationary region in the MRF method. The MRF approach approximately resolves the 
flow field to model the mixing hydrodynamic. Conversely, the sliding mesh increases the 
accuracy of the simulation by physically rotating the impeller in the domain. Even though 
the sliding mesh approach could get computationally expensive at relatively larger grid 
sizes, it provides the most accurate modelling of the impeller motion in the fluid domain. 

In this study, dimensions of the rotating zone were defined to fully resolve the unsteady 
flow field arising from the movement of the impeller. The height and the diameter of the 
rotating region (for the Rushton impeller configuration) were considered as h = 2w  
and d = 2d , respectively; d  (m) is the Rushton impeller diameter, w  (m) is 
the width of the blades equal to d /5 (Delafosse et al., 2008). A combination of the 
MRF and the sliding mesh was used to take advantage of the benefits of the approaches 
and improve the simulation time (Morchain et al., 2014).  

First, the MRF was applied to achieve a steady-state solution of the flow field. 
Afterwards, the sliding mesh was used to improve the simulation accuracy by modelling 
the impeller motion. The convergence towards a stationary flow was assessed by 
monitoring the torque to reach a plateau. At least 15 blade passages in the mixing region 
were carried out to ensure a steady-state solution. Table A.1 lists the time steps for the 
transient simulations. Residual tolerance of the solver was monitored until 10  orders 
of magnitude for convergence and a maximum inner correction iteration for all the 
governing equations were set at 15 iterations. The simulations were performed in parallel 
mode on an Intel® Core i7 with 4 CPU processors and a base speed of 3.60 GHz.  
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(a) (b) 

(c) 

Figure A.2: Schematics of the stirred tank reactors used for simulations. (a) The large-scale setup;
the initial volume of the STR was 3 L (h  = 79 mm) and the final volume (at the end of the reactive 
crystallisation) was 3.4 L (h  = 89.4 mm). (b) The small-scale setup with a magnetic stirrer with 
an initial liquid volume of 0.1 L (h  = 17.2 mm) and a final volume of 0.15 L (h  = 25.8 mm). 
Only a snapshot of liquid volume was simulated for each scenario, i.e., the feed addition and a 
continuous rise in liquid volume were not modelled. (c) Schematics of the Rushton impeller used 
for the large-scale simulations. 
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(a) 

(b) (c) 

Figure A.3: Computational domain and mesh for the simulated reactors. The large-scale reactor 
configuration was based on the Rushton impeller. (a) side view over a vertical plane passing 
through the middle of the stirred tank, (b) top view over a horizontal plane located at the middle 
of the impeller’s disc (z/h  = 0.35, h   = 89.4 mm). (c) The small-scale simulation was based on 
a magnetic stirrer; top view over a horizontal plane located at the middle of the stirrer (z/h  = 
0.23, h  = 25.8 mm). 

Table A.1: Time step size during transient simulation of the stirred tanks. 
Small-scale (magnetic 
stirrer, l  = 0.05 m) 

Large-scale (Rushton impeller, 
d  = 0.088 m) 

100 RPM 300 RPM 100 RPM 300 RPM 

Impeller tip speed 0.26 m s  0.78 m s  0.46 m s  1.38 m s  

Reynolds number ~2100 ~25000 ~13000 ~39000 

Time step size 
(t ) 

0.011 s 0.005 s 0.009 s 0.004 s 

Angular 
displacement per 

time step 
6.8° 9.2° 5.2° 6.5° 
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A.3 Fluid dynamics and computational details

The non-seeded, liquid phase calcium carbonate reactive crystallisation and pseudo 
crystal formation were assumed to be immediate at each given time during the single-
phase CFD modelling. A well-mixed hydrodynamic condition in the stirred tank reactor 
governs the mean size of the newly formed crystals. Secondary nucleation is neglected in 
the implemented method and the suspension density and the solid volume fraction were 
not taken into account. The momentum exchange between the continuous phase and 
micron-sized pseudo crystals was neglected, and a one-way coupling was considered. The 
Stokes number, which describes particle-liquid interaction, is the ratio of particle 
response time over the flow time scale expressed as (Lassaigne et al., 2016): 

Stk =
ρ  d  N

18 μ
(A.8)

where Stk denotes the Stokes number, ρ  (kg m ) is the solid particle density, d  (m) is 
the mean particle diameter, N (s ) describes the mixing speed, and μ (Pa s) is the 
dynamic viscosity of the liquid. For the operating conditions investigated in this work, 
the Stokes number was in the order of 10 – 10 . The Stokes number being 
significantly smaller than unity means the pseudo solid particles follow the bulk fluid 
motion without inducing drag forces (Metzger and Kind, 2016), which is the employed 
assumption during the current numerical simulations. 

The single-phase flow simulations were performed with the finite volume CFD code, 
ANSYS® Fluent solver (Release 2021). Simulations were carried out in double precision 
mode with the second-order upwind scheme for spatial discretisation of the governing 
equations. The second-order upwind discretisation method allows the CFD solver to 
evaluate the quantities using a linear reconstruction procedure and improves the 
simulation accuracy (Barth and Jespersen, 1989). The discretised governing equations 
were solved iteratively with the SIMPLE algorithm. 

Even though the actual experiments were performed in semi-batch mode (i.e., a 
continuous increase in volume due to a constant feed addition), the CFD simulations were 
performed by neglecting the effects of volume increase. A single “snapshot” of the 
increase in volume was considered to carry out the 3D simulations. The simplification is 
possible because the flow field does not change significantly with time, and the added 
volume of the feed flow is small compared to the initial reactor content (Vicum and 
Mazzotti, 2007; Manzano Martinez et al., 2021). The volume of the stirred tank reactor 
(STR) corresponding to the end stage of the crystallisation experiments was modelled for 
each case. A volume of 0.15 L for the small-scale STR and 3.4 L for the large-scale STR. 
The working fluid during simulations is water at 20 °C. The density and dynamic 
viscosity of the system was constant throughout the simulations (see Table A.2). 
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Table A.2: Parameters and the model constants used for calculations and the CFD simulations 
using the ANSYS® Fluent solver. 

Parameter Value Unit Reference 

Liquid density (water) 998 kg m  

(Haynes, 2016) Dynamic viscosity (water) 0.001 Pa s 

Solid CaCO  density, ρ  2710 kg m  

Gravitational acceleration, g 9.81 m s  — 

Initial Ca( ) concentration 0.08 mol L  — 

Initial CO
( )

 concentration 0.08 mol L  — 

Ideal gas constant, R 8.314 J mol  K  (Haynes, 2016) 

Temperature, T 293.15 K — 

Activation energy, E  5.25 × 10   J kg  mol  (Li and Jun, 2018) 

Pre-exponential factor, A  1.1 × 10  s  (Ramezani et al., 2017) 

A.4 The governing equations of the CFD model

The translation and distortion of the fluid in a given domain are basic components of fluid 
motion. The translational evolution of the fluid element is known as convection, while 
the distortion process is correlated to the presence of gradients of velocity and pressure 
fields. A set of coupled transport equations was used to describe the motion of a fluid 
element, including the conservation of mass (the continuity equation) and the momentum 
equation for the conservation of momentum (the Navier-Stokes equations). 

The differential form of the continuity equation for an incompressible flow where the 
variation of density is negligible (∂ρ ∂t⁄ = 0) is expressed as the divergence (∇ ∙) of the 
velocity vector field (𝐮) (Andersson et al., 2011a): 

∇ ∙ (ρ𝐮) =
∂𝐮

∂x
+

∂𝐮

∂y
+

∂𝐮

∂z
= 0 (A.9)

The conservation of momentum in a turbulent flow field is described by the Reynolds-
Averaged Navier Stokes (RANS) equations according to Equation (A.10) (Andersson et 
al., 2011b).  

ρ
𝐷𝐮

𝐷t
= ρ

∂𝐮

∂t
+ 𝐮 ∙ (∇𝐮) = −∇p + ρg + μ∇ 𝐮 + ∇ −ρ 𝐮 𝐮 (A.10)
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where  is the material derivative describing the convection terms, the terms on the right-

hand side are pressure gradient (∇p), the gravitation force (ρg), the momentum diffusion 
(μ∇ 𝐮), and the time-averaged values of the Reynolds stresses −ρ 𝐮 𝐮 . 

Turbulence closure models based on the eddy-viscosity (Boussinesq hypothesis) and the 
RANS equations have become the high-fidelity method for multiphysics simulations. The 
RANS–based schemes compute mean flow characteristics without fully resolving the 
turbulent spectrum in unsteady flow regions. Even though the approach compromises the 
accuracy and computational cost, it inherently limits the RANS simulations and cannot 
allow a detailed description of turbulence fluid mixing in STRs (Coroneo et al., 2011). 

The most well-established two-equation RANS–based models are developed based on the 
turbulence kinetic energy and the turbulence length scale. The two-equation models such 
as 𝑘 − ϵ and 𝑘 − ω use the exact transport equation for the 𝑘, while different formulations 
can be applied to evaluate the length factor (Menter and Egorov, 2010): 

ϵ ∝ 𝑘( / )/L (A.11)

ω ∝ 𝑘( / )/L (A.12)

where 𝑘 and L are turbulence kinetic energy and length scale, respectively. ω denotes the 
specific turbulence dissipation (i.e., mean frequency of the turbulence).  

This work used the Shear Stress Transport (SST) 𝑘−ω turbulence model with an enhanced 
wall treatment approach for 𝑘 and ω equations. A two-equation SST 𝑘 − ω model has 
been extensively used for reactor simulation (Singh et al., 2011; Wang et al., 2019a). The 
SST model was established based on the original k-ω methodology developed by Wilcox 
(Wilcox, 1994). Standard k-ω formulation has high capabilities in modelling viscous 
sublayer regions and provides accurate results for boundary layers with adverse pressure 
gradients (Lane, 2017). 

The SST model improves the accuracy in predicting the maxima of kinetic energy and 
turbulence energy dissipation rate at the impeller tip (Singh et al., 2011). However, it is 
still inherently sensitive to values of 𝑘 and ω outside the shear layer, which makes it 
dependent on freestream flow conditions (Menter, 2009). Owing to a robust near-wall 
formulation of the standard k-ω, the SST model utilises the original 𝑘-ω model in the 
sub- and log-layer and progressively switches to the standard 𝑘 − ϵ model in the wake 
region of the boundary layer. Thus, it integrates the best elements of the 𝑘 − ϵ and the 
𝑘 − ω models (Menter, 1994). The complete formulation of the SST model is given in 
(Menter, 2009). 

The chemical reaction of the investigated crystallisation process and distribution of each 
component in the flow domain were obtained by solving a convection-diffusion transport 
equation as follows (Chen et al., 2021):  
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∂

∂t
(ργ) + ∇ ∙ (ρ �⃗� γ) = −∇ ∙ ȷ⃗ + r (A.13)

where γ and ρ are the local mass fraction and density of each component, respectively; J 
is the diffusion flux of each species, �⃗� is mean flow velocity, and r (kg m  s ) describes 
the net rate of production of each species by chemical reaction. The rate constant of the 
reaction follows the Arrhenius expression. 

The Reynolds number, which is defined as the ratio of inertial forces to viscous forces, 
was calculated as follows (Jakobsen, 2009): 

Re =
ρ N d

μ
(A.14)

where ρ and μ are the liquid density and viscosity, respectively, d  is the impeller 
diameter. N (s ) is the stirring speed. Impeller tip speed (U , m s ) was calculated 
based on the following equation: 

U = π d N (A.15)

Grid independency analysis was performed by monitoring the power number for different 
grid sizes of the computational domain. As an additional criterion, the normal root mean 
square error (NRMSE) index of velocity magnitude was evaluated according to Equation 
(A.16) (Gough et al., 2018). The index states that the effect of mesh on numerical 
simulation and accuracy of the converged solution is insignificant when the NRMSE is 
less than 10%.  

NRMSE =
3

G
G

− 1

 
∑ (ϕ (i)  −  ϕ (i))

∑ (ϕ (i))

.

× 100% (A.16)

where G  and G  are the total number of computational cells for the fine and the 
coarse meshes, respectively. q is the order of finite volume discretisation, which is of a 
second-order upwind scheme. The exponent 𝑛 is the number of sampling points located 
in different locations of the computational domain. ϕ denotes the prediction of numerical 
values of interest on coarse and fine grids. 

A.5 Grid independence study

Four different grids were tested to assess the sensitivity and consistency of the results to 
the grid size. The grids were selectively refined in the proximity of the regions where 
large gradients of velocities (and other flow variables) were expected (e.g., impeller 
blades). Table A.3 reports a comparison of four increasingly fine grids. The results were 
obtained with the large-scale reactor model at a mixing speed of 300 RPM. It can be 
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observed that grid III provides satisfactory results and fits well with the currently 
available computational resources. A similar grid independency analysis was carried out 
for the small-scale reactor with a mixing speed of 300 RPM. At a grid size of 708,000, 
the calculated stirrer torque and the power number from the simulation were 0.048 W and 
1.2, respectively. 

Table A.3: Grid analysis based on the simulation of a stirred tank reactor equipped with a Rushton 
impeller with a diameter of 0.088 m. 𝑘 − ω SST turbulence model was used for transient flow 
modelling at 300 RPM mixing speed. Impeller rotation was modelled with a sliding mesh 
approach. 

Grid number NRMSE, U 

Power draw from 
impeller torque, [W] 

Power number from 
impeller torque, [–] 

Simulation Experiment Simulation Experiment 

I 219,000 34.17 1.84 

3.05 

1.79 

4.63 
II 522,067 18.21 2.31 3.51 

III 783,100 6.84 2.83 4.29 

IV 1,252,960 1.30 2.97 4.51 
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A B S T R A C T

A laboratory scale integration of carbon capture and utilization (CCU) technique operating based on highly 
alkaline aqueous hydroxide sorbents with a semibatch reactive crystallization process of calcium carbonate is 
presented. The study was conducted with a focus on investigating the kinetics of the crystallization process for 
CCU applications, where the production of micron-sized calcium carbonate particles occurs by direct addition of 
CO2-loaded solution to a crystallizer containing calcium chloride.

Within this system, the need for high temperature heat consumption above 800 °C (109.4 kJ/mol CO2) for 
CO2 decomposition from Na2CO3 is avoided by production of value-added chemical from carbonate rich so-
lution. The current set-up enables potential pre-treatment of carbon emission sources due to separate absorption 
and liquid-liquid crystallization processes. This leads to production of high-purity solid particles in comparison 
to conventional industrial practices.

Experiments were carried out at several operating conditions at ambient temperature and pressure and effect 
of the absorbent solution concentration on CO2 capture efficiency and subsequently the precipitation yield was 
analyzed. Based on coupling the standard method of moments approach of the population balance formulation 
with power-law kinetic expressions, a correlation was extracted between the growth rate constant and feed flow 
rate for the adopted process. Moreover, characterization of the precipitated sample indicates the vaterite 
polymorphs of calcium carbonate as the dominant crystals in the pH range of 7.9–10.4. These types of de-
monstrations could contribute to circular economy processes using waste materials and can be considered as a 
potential approach toward an efficient carbon capture and valorization technique.

1. Introduction

In recent years, there has been a drastic increase in natural climate
variability in a planetary scale, which is vividly evident based on in-
terannual world-wide temperature records [1]. Global climate change
and the following disruptions happening mostly because of man-made
greenhouse gas (GHG) emissions. To a substantial extent, carbon di-
oxide (CO2) accounts for the rise in average global temperature, mainly,
as a result of combustion of fossil fuels (oil, gas, coal) and widespread
deforestation. International laws and regulations, in case of a practical
implementation and adaptation, are crucial to mitigate and reduce
carbon footprints and prevent far worse economic and environmental
threats.

There is an increasing attention dedicated to research and devel-
opment concerning different disciplines of carbon capture, utilization
and storage (CCUS). Transformation of CO2 from various sources such
as fossil fuels emission, industrial wastes [2], atmospheric air,

fermentation of sugars [3] has been the focus of several scientific stu-
dies for carbon capture storage (CCS) and carbon capture utilization
(CCU) [4–8]. Owing to the wide-ranging applications, CCU technolo-
gies are regarded as potential alternatives for fossil fuel-based feed-
stocks. This is in line with the concept of increasing the recycling of
industrial wastes, securing the supply of raw materials and can con-
tribute to transition toward a circular economy [9]. In this regard,
production of valuable chemicals, organic carbonates and derivatives
are among the key products for carbon dioxide utilization applications
[10].

Depending on the concentration, operating conditions and targeted
applications a variety of physical [11], organic and inorganic CO2 se-
paration methods could be adopted [12]. Using chemical solvents as
well as membrane gas-liquid contactors are among the popular se-
paration practices that have gained attention worldwide [13–15]. There
has been a notable growth in the use of aqueous solution-based che-
mical absorption (e.g., liquid amine) techniques in many industries,
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which despite of their separating efficiency and large-scale im-
plementation capabilities, still entail key drawbacks in terms of energy
[16].

CO2 capture using a tandem loop of coupled hydroxide sorbent and
calcination cycle has been the subject of several research works
[17–19]. This strategy operates based on the carbonation-calcination
thermochemical cycle using an aqueous solution for CO2 capture. Even
though this approach has shown a strong potential to be developed into
a large-scale continuous CCUS plant [20], especially with the potential
of direct carbon dioxide capture from air, the sorbent regeneration step
is energetically demanding [21–23]. The resulting CO2-rich solution is
significantly energy-intensive in case of CO2 decomposition. For in-
stance, to regenerate NaOH directly from Na2CO3 by using conven-
tional causticization methods, substantial amount of high temperature
heat above 800 °C (109.4 kJ/mol CO2) is required [24]. Additionally,
releasing CO2 by an alternative method of calcination process entails
heating the material to above 900 °C (179 kJ/mol CO2) due to a strong
CO2-binding affinity that exists in the compound [16]. Furthermore, the
sorbent capacity has been reported to significantly drop as number of
cycles increase for every carbonation-calcination loop [25,26].

Alternatively, integrating a CO2 capture unit operation with a
crystallization process for production of value-added chemicals directly
from the CO2-loaded solution is considered a promising strategy that
could be beneficial in terms of energy, commercialization and en-
vironmental impacts [24,27,28]. Of particular interest is combining
CO2 absorption based on highly alkaline aqueous hydroxide sorbents
with a reaction type crystallization process (precipitation, reactive
crystallization) that leads to production of micron-sized calcium car-
bonate (CaCO3). Since alkaline absorbent, i.e. sodium hydroxide solu-
tion (NaOH), has high capacity and fast kinetics of absorption, its
adaptation for this purpose has become a customary practice in recent
years [29,30].

Calcium carbonate as the final product of the CCU system plays a
critical role in various industries such as petroleum, water treatment,
energy production and sugar refineries [31,32]. It is one of the most
commonly used fillers in pulp and paper industry due to its easy dis-
persion and low tendency to form agglomerates [33]. Specifically, mi-
cron-sized calcium carbonate could be used in plastics industry for
production of reinforced polymers and to improve properties and lower
the costs of polymer products [34]. It has been shown that the micron-
sized calcium carbonate particles can be used for production of gas
fertilizers to enhance plant growth, which leads to an increase in the
efficiency of plant photosynthesis and crop productivity [35]. Fur-
thermore, Small particle size fillers and pigments of calcium carbonate
have been used extensively in pharmaceutical and cosmetics industries
as colorants, dentifrice abrasive agents and coatings for drug delivery
[36]. Pharmaceutical grade calcium carbonate differs from those used
by other industries in terms of strict purity standards in which carbon-
neutral crystallization application of the present study provides pro-
mising prospects.

In all these applications, appreciation of crystal growth mechan-
isms, crystal size distribution (CSD), purity and chemical composition
of the solid particles are significant. Even though calcium carbonate
crystallization has been studied extensively from various scientific and
industrial perspectives, the research concerning this matter is still on-
going due to its broad applications and significant importance in the
global market [2,37,38].

Therefore, given the status quo of research on carbon reduction
actions as well as wide-ranging applications of the crystalized material,
integration of these unit operations demonstrate a strong advantage
toward CCU technology. Hence, the aim of this study, is a lab-scale
integration of CO2 capture strategy based on chemical absorption with
semibatch crystallization process of calcium carbonate. Here, the focus
is to provide a detailed insight into kinetics of the crystallization me-
chanism from the carbon utilization perspective. A design of experi-
ment analysis as well as a mathematical framework based on

population balance modeling have also been carried out to discuss the
effects of key operating conditions on the process.

The proposed method of this study is thermodynamically favorable
to be performed at the ambient temperature and pressure and avoids
the need of energy consumption for solvent recovery. Semibatch re-
active crystallization is conducted by addition of CO2-loaded absorbent
solution containing high-pH carbonate ions, to a receiving reactor of
calcium chloride solution. Reactive crystallization of calcium carbonate
by liquid-liquid reaction has been the subject of various studies cov-
ering different disciplines such as investigation of induction period
during the heterogeneous nucleation [39], analysis of surface nuclea-
tion growth [40] and studying the effects of impurities on CaCO3 for-
mation [41].

The current set-up enables potential pre-treatment of, for instance
industrial flue gases, due to separate absorption and liquid-liquid
crystallization processes. This can lead to formation of high purity solid
particles in comparison to common industrial practices for production
of precipitated calcium carbonate (PCC). Additionally, conducting the
crystallization process by a liquid-liquid reaction decreases the ten-
dency of crystal agglomeration and increases the controllability of the
process, thus promotes the production of micron-sized non-aggregated
crystals. Even though the cost-intensive solvent regeneration is avoided
through integrated CCU - crystallization strategy, mother liquor treat-
ment after solid filtration can turn the entire system to be conceived as
a sacrificial CO2 capture [42]; this can be to a large extent mitigated by
controlled-recycling of the mother liquor to the crystallizer [43].

The present study has been done within the European Union
Horizon 2020 TOMOCON project (Smart tomographic sensors for ad-
vanced industrial process control). The aim of the TOMOCON is to
demonstrate the functionality of tomography-assisted process control in
different industry-relevant cases. Eventually, the current crystallization
set-up will be scaled-up and integrated into an in-house carbon capture
unit. Moreover, electrical resistance tomography (ERT) and ultrasound
computed tomography (USCT) techniques will be utilized for process
monitoring and control during the scale-up. These topics will be the
subject of upcoming research works.

2. Materials and methods

2.1. Materials

Materials used to conduct the experiments include calcium chloride
dried powder (CaCl2, purity ≥ 96 %, Merck), sodium hydroxide 1M
(NaOH, purity ≥ 99 %, VWR) for pH control. Buffer solutions (Mettler
Toledo) with pH of 4.00, 7.00 and 10.00 were utilized to calibrate an
in-situ pH meter (Consort C3010). MySoda cylinder device (MySoda
Co., Finland) equipped with a CO2 tank (E290 food grade) is used to
demonstrate small-scale carbon capture process and to prepare carbo-
nate solutions. Addition rate of the reagent to the crystallizer is con-
trolled by a Masterflex L/S syringe pump (d =3.83mm).

Solid samples were characterized by an advanced particle size
analyzer Mastersizer 3000 (Malvern Instruments, UK), x-ray diffraction
(Bruker D8, Advance XRD) and scanning electron microscope (SU 3500
Hitachi).

2.2. Crystallization process description

The system under investigation is a semibatch reaction type crys-
tallization process of calcium carbonate by dissolving high-pH carbo-
nated water in calcium chloride solution. The idea with the crystal-
lization reaction is to demonstrate the clear advantages towards carbon-
neutral action by binding CO2 to solid product formation. Fig. 1 shows
the schematic representation of the integrated carbon capture process
and crystallization setup for the current work.

Gaseous carbon dioxide has several transformations upon dissolu-
tion in water. The chemical system that describes the speciation of CO2
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in natural water is well-established and can be represented according to
the following sequence of reactions,

⟺CO CO2(g) 2(aq) (1)

+ ⟺CO H O H CO2(g) 2 (aq) 2 3(aq) (2)

⟺ +− +H CO HCO H2 3(aq) 3 (aq) (aq) (3)

⟺ +− − +HCO CO H3 (aq) 3
2

(aq) (aq) (4)

In atmospheric pressure (1 atm, 101325 Pa) and ambient tempera-
ture (20–25 °C), carbon dioxide is scarcely soluble in water
(0.0384mol/L at 20 °C) [44]. CO2 absorption is enhanced by increasing
the alkalinity of the solution, and since pH significantly modifies the
amount of ionic species present in the aqueous solution, hence, certain
carbonate concentrations could be achieved by controlling the pH of
water for carbon dioxide dissolution.

In the present work, precipitation of the calcium carbonate occurs
based on the following chemical reaction,

+ + + ⟹

+ ⟹ +

+ −2 H CO 2 NaOH CaCl CaCO

2 HCl CaCO 2 NaCl

(aq) 3
2

(aq) 2 3

(aq) 3 (aq)

s

s

(aq) (aq) ( )

( ) (5)

where the feed solution consists of a high pH −CO3
2 ions and the re-

ceiving reactor contains calcium chloride solution. Throughout this
fast-chemical reaction, micron-sized particles of CaCO3, which at first
appears as a cloudiness in the suspension, settle to the bottom of the
crystallizer.

Calcium carbonate solubility in water is extremely low
( = × −K 3.36 10sp

9 at 25 ℃) and its formation rates are controlled by
many factors such as ionic calcium concentration, pH and super-
saturation; among which pH plays an important role by affecting both
the solubility and precipitation rate of CaCo3 [45].

2.3. Experimental procedure

Chemical absorbent selected for the current process is highly alka-
line water solution at atmospheric pressure. Solutions of carbonate ions
prepared by bubbling CO2 into high-pH distilled water using MySoda
cylinder device. Carbonate ions are the dominant species at higher pH
values during the speciation in water [37]. Therefore, to increase the
absorption amount of CO2 in deionized water and to achieve a certain
carbonate concentration, three different pH values of ±12.2 0.1,

±10.8 0.1 and ±9.8 0.1 were considered.
The precipitation experiments were carried out in a small-scale

laboratory crystallizer with a volume of 0.25 L equipped with a mag-
netic stirrer. For each semibatch operation, a constant concentration of
300 g/L CaCl2 solution was prepared in deionized water. Initial crys-
tallizer volume containing excess amounts of calcium ions throughout
each semibatch process was 0.1 L. Since CaCl2 dissolution in water is
exothermic, temperature of the solution was monitored with a ther-
mostat to reach the stable working temperature of 21 ± 2 ° C.

For the current crystallization system, final operating pH limit of the
feed solution is set at pH of 12.1 ± 0.1. This limit is set according to the
pH of calcium hydroxide Ca(OH)2 solubility at 20 ° C, which is 1.73 g/L
or equivalent pH of 12.37 [46]. Since solubility product of CaCO3 is
more than 3 orders of magnitude smaller than that of Ca(OH)2

( = × −K 5.5 10sp
6 at 25 ℃), thus the precipitation of the latter compo-

nent is prevented by operating below its solubility threshold. In Addi-
tion, pH of the suspension during the reactive crystallization of CaCO3

is a key factor that affects the process, since a highly alkaline mixture
tends to induce more calcite particles [47]. Absorption of CO2 decreases
the solution pH below the targeted limit; therefore, pH of the feed so-
lution is controlled to reach to the operating limit of the experiment as
discussed earlier.

Four different addition rates and three mixing speeds were con-
sidered during the experiments to investigate the effect of operating
conditions on kinetics of the solid particles. Subsequently, reactor re-
sidence time, τ, was calculated based on feeding rate and volume of the
reagent addition. Mixing was stopped when the pH of the suspension
approached a constant value. In order to increase the reliability and
repeatability of the results, each experiment was repeated for the total
of 5 times and averaged values with associated error bars used for
further post-processing.

After each set of experiment, solid particles were immediately fil-
tered from mother solution by vacuum filtration and dried in an oven
for 2 h at °70 C [48]. Particle size distribution (PSD) of the final product
from each semibatch operation was measured by laser diffraction
method in a particle size analyzer. Identical amounts of sample from
each experiment was used for this purpose. Moreover, crystal lattice
structure of all the solid samples was analyzed by x-ray diffraction
(XRD) and compared with the one from Ca(OH)2. To ensure the com-
position and surface structures of the solid particles, energy-dispersive
x-ray spectroscopy (EDS) of selected samples were obtained by the
scanning electron microscope (SEM) device.

2.4. Crystallization kinetics modeling

2.4.1. Overall modeling approach
Due to non − linear coupling of differential and algebraic equations

describing the underlying physics of particulate systems such as mate-
rial balance, reaction kinetics and particle formation evolution, math-
ematical modeling of these systems remain a challenging task.
Population balance equation (PBE) has been widely adapted for de-
veloping a mathematical scheme of crystallization systems. However,
solution to the PBE has always been a bottleneck for a robust process
modeling due to a dynamic and case-dependent terms that control es-
sentially all crystallization processes (e.g., nucleation, crystal growth,
agglomeration, breakage kernels).

Amongst the many different approaches to solve the PBE, standard
method of moment (SMOM) closure approach transforms the partial
differential equations into a set of ordinary differential equations of
low-order moments. Even though each moment conveys a physical
meaning that contains useful information about the particle number
(m0), surface area (m1), solid volume (m3) and De Brouckere mean
diameter ( =d m m/43 4 3), the knowledge of the particle size distribution
is lost as a result of this transformation [49].

2.4.2. Establishment of the mathematical model
The PBE formulation for a size-independent growth rate that de-

scribes the behavior and evolution of a semibatch crystallization for a

Fig. 1. Schematic representation of the lab-scale integration of CO2 absorption
setup with CaCO3 crystallization process.
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system with a crystal-free feed rate and no outflow can be expressed as
[50],

∂
∂

+ ∂
∂

= −
+

n L
t

G n L
L

n L
τ t

( ) ( ( )) ( )
0 (6)

with initial and boundary conditions of,

= =n L n t(0, ) 0, ( , 0) 0 (7)

where n(L) is the population density related to the size of the crystal L,
G is the size independent growth term, initial mean residence time, τ0, is
the ratio of crystallizer volume at time t over the feed addition rate, Q.
Eq. (6) is established under the assumption that:

a Agglomeration and breakage are not present and probability ten-
dency of micron − sized crystals for secondary nucleation are neg-
ligible.

b Reactant supply to crystal surface is diffusion-limited, which results
in size-independent crystal growth mechanism [51].

c Primary nucleation is the predominate phenomenon due to high
levels of supersaturation that exist in a reactive crystallization [52].

d Precipitation reaction is instantaneous, and the small-scale labora-
tory reactor is well-mixed.

The corresponding standard moment transformation of the PBE can
be written as

= + −
+

=−
dm
dt

B jGm
m

τ t
j0 , 0, 1, 2, . . .j j

j
j

0 1
0 (8)

with initial conditions =m (0) 0j . In Eq. (8), B0 denotes the nucleation
rate.

Nucleation and growth rates could be described as empirical power-
law functions of the species concentrations, i.e., supersaturation, as
follows [53],

=B K S( )b
b

0 (9)

=G K S( )g
g (10)

where b and g denote the exponent of nucleation and growth, respec-
tively. Nucleation rate, B, typically has a unit of − −number m s3 1 and its
constant Kb has a unit of − − −mol m sb b3 3 1; growth rate term, G, and its
constant Kg have the unit of −m s 1 and − + −mol m sg g3 1 1, respectively. S is
the supersaturation in the bulk solution determined by species molar
concentration and solubility product constant of the calcite given by

= −+ −S [Ca ][CO ] K2
3
2

sp, CaCO3 (11)

For an ideal semibatch crystallizer, the material balance for an ir-
reversible elementary reaction can be written as,

= −
dN

dt
r V t( )α
α

i
i (12)

= − +
dN

dt
C Q r V t( )

α
α α

j
j j (13)

where, indices αi and αj are assigned to the chemical species in the
receiving tank and the feed solution, respectively. N is the amount of
each component in moles; C is the feed concentration, mol m/ 3; r re-
presents the reaction rate as follows,

= =r r k C Cα α α αi j j j (14)

where k is the Arrhenius reaction rate constant,

= ⎛
⎝

− ⎞
⎠

k A E
RT

exp a

(15)

In Eq. (15), A is the pre-exponential factor, Ea is activation energy, R is
the universal gas constant and T denotes the temperature.

3. Results and discussion

3.1. Design of experiments and regression analysis

Design of experiments (DOE) technique offers a structured metho-
dology to develop an experimental model by analyzing the relations
and interactions between process inputs and outputs. Commercial DOE
software MODDE Pro (Umetrics, Sweden) was utilized to develop an
experimental design space through statistical screening evaluation.

To carry out the experimental data analysis and identify the beha-
vior of parameters affecting the process, three-level fractional factorial
design with 5 replications of the experiments were used. An inbuilt
partial least squares (PLS) approach was applied to estimate the coef-
ficients of the model. PLS combines data about the variances of both the
predictors and the responses by considering the correlations among
them [54]. In the present ANOVA analysis, volume mean diameter of
the crystallized material was used as the model response, and feed
addition rate with mixing speed were considered as the model vari-
ables.

Fig. 2 shows the graphical representation of the basic fit quality
factors, where a model with high predictive capability of new unseen
data is characterized by these criteria being closer to 1 (100 %). For the
current model, R2 (goodness of fit), Q2 (goodness of prediction), model
validity and model reproducibility are all in a satisfactory range. Fig. 3
displays the coefficient plot as a result of DOE analysis, which indicates
that the feed rate has marginally more noticeable impact on the average
particle diameter of the crystallization process. The size of the coeffi-
cient represents the change in the response; since the variables are
centered and scaled to unit variance, comparison of the coefficients
become possible. Moreover, plot of observed vs. predicted values as
presented in Fig. 4, shows a strong correlation between the model’s
prediction and its actual outcome due to a uniform distribution of ex-
perimental points about the 1:1 line.

3.2. Effect of operating conditions on precipitation

3.2.1. Effect of mixing intensity
In a reaction type crystallization technique, temporal and spatial

degree of homogeneity within the crystallizer is sensitive to agitation
conditions. Accordingly, crystallization experiments were carried out at
three different mixing speeds of 50, 300 and 600 RPM to investigate the
effect of stirring rate on pH and volume mean particle diameter (also
called the DeBroukere mean, d43). As displayed in Fig. 5, it can be seen

Fig. 2. Fit quality representation from screening DOE analysis.
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that higher mixing speeds promotes particles with bigger in mean
diameter. This is because higher stirring rate favors the growth phe-
nomenon and generates an environment where supersaturation gets
uniformly distributed at micro, meso and macro scales.

Major contradictory observations have been reported in the litera-
ture regarding the effect of mixing on mean particle size for different
processes. It has been shown, both numerically and experimentally,
that an increase in mixing rate increases [55], decreases [56,57] or
even does not have any clear effect on the mean particle size [58,59].
This can be attributed to the different operating conditions and kinetics
of each system under investigation.

Fig. 6 shows the dynamic pH measurement obtained at different
rotation speeds during the crystallization experiments. Upon the feed
addition, pH drops continuously until it becomes steady at the end of
the process. Results indicating an increase in mixing efficiency which in
turn affects the circulation of ionic species in the suspension. The higher
impeller speeds generate a stronger turbulent shear flow that leads to
the increase of hydroxyl ions dissociation and a comparatively faster
drop in the slurry pH.

3.2.2. Effect of addition rate and feed concentration
Addition mechanism of the reagent to the crystallizer has a pro-

nounced effect on mass transfer rates, supersaturation generation, and
therefore on nucleation and growth of crystals. It is important, then, to
recognize the behavior of micron-sized particles to the feed addition. In
the current work, this effect is characterized by the process residence
time and it is defined as the total time that it takes to inject a constant
volume of the reagent until the completion of the crystallization.

Experiments were carried out at four different flow rates of 1, 2.5, 5
and 10ml/min. As represented in Fig. 7, increasing the residence time
corresponds to a lower inlet flow rate, which allows more time for
crystals to grow; hence, leads to production of particles with bigger
average diameter. This is also illustrated in a form of size distribution
curves in Fig. 8, where distribution is to a certain extent broader at
lower feed rates.

CaCO3 crystallization was also carried out at different absorbent
solution concentrations as tabulated in Table 1. Amount of total CO2

absorption varies depending on the initial pH of the absorbent liquid.
Carbon dioxide content was evaluated based on the crystallization yield
obtained directly from the experiments and the governing mass balance
relations. Operating at lower hydroxide ions concentrations during the
carbon dioxide absorption, limits the carbonate formation and influ-
ences the process yield. Hence, this becomes a rate-limiting factor upon
the crystallization that reduces the extent of nucleation and growth
phenomena. Additionally, average regeneration energy that has been
averted during the process was estimated based on the high tempera-
ture heat needed for CO2 decomposition from Na2CO3 solution, which

Fig. 3. Scaled coefficients plot of DOE. Size of the coefficient represents the
relative sensitivity of the response.

Fig. 4. Observed versus predicted values of the response.

Fig. 5. Effect of mixing speed at multiple feed rates on average diameter of
CaCO3 particles with associated error bars.

Fig. 6. Averaged dynamic pH measurement during the precipitation at feed rate
of 1 ml/min and 0.81mol/L CO2 loaded solution.
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corresponds to 109.4 kJ/mol CO2.

3.3. Determination of CaCO3 kinetics parameters by PBE

In this study, the developed mathematical model of PBE-SMOM and
the governing mass balance equations of the semibatch reactor were

implemented in MATLAB software (Release R2019a). Available ex-
perimental data of mean particle size, d43, were used to carry out the
model validation by adjusting the growth rate constant. Kinetic para-
meters of reactive crystallization exhibit a nonlinear dependence on the
operating conditions and key process variables such as driving force,
temperature, and hydrodynamic conditions; hence, due to this sensi-
tivity, there tends to be a bias in the literature between the values of the
rate constant and the exponent in the power-law equation [60,61].
Based on the earlier assumptions (section 2.4.2) and owing to the fast-
chemical reaction of the current reactive crystallization system, growth
phenomena is considered a dominant factor over the nucleation para-
meters; therefore, growth rate constant was determined as a function of
volumetric addition rate by data fitting for each operating condition. As
summarized in Table 2, the remaining values of the reaction constants
and physical parameters used to carry out the simulation were obtained
from the literature.

Fig. 9 presents the relations between growth constant and average
particle diameter at mixing speed of 600 RPM and volumetric flow rate
of 1ml/min. It indicates that growth rate constant increases as a result
of a decrease in carbonate ions concentration in the feed solution. Be-
cause of a drop in the concentration and density of the counter ions in
the crystallizer, the rate in which the particles tend to grow increases;
however, the overall suspension density, and subsequently yield will
also decrease by operating at lower absorbent solution concentrations.

The resulting correlations between feed addition rate, Q, and
growth rate constant at absorbent solution concentration of ±0.81 0.13
mol/L and mixing speed of 600 RPM is represented in Fig. 10, and can
be expressed as

= − − −ln k ln Q ln Q( ) 0.038( ( )) 0.31 ( ) 17g
2 (16)

3.4. Characterization of the calcium carbonate

Calcium carbonate appears in three major polymorphic states de-
pending on the crystallization condition (e.g., temperature, pH): calcite,
aragonite and vaterite, among which only calcite is thermodynamically
stable. In addition, ambient temperature mainly favors the formation of
either calcite or vaterite [64]. Detailed investigation of the polymorphic

Fig. 7. Variation in mean particle diameter at different residence time during
the crystallization process.

Fig. 8. CaCO3 particle size distribution at three different addition rates at
mixing speed of 600 RPM. CO2 loaded solution concentration of 0.81mol/L
corresponds to pH 12.2.

Table 1
Effect of CO2 content, mixing speed and feed rate on average particle size with associated standard deviation.

Total CO2 content (mol/L) Estimated regeneration energy avoided (kJ/mol CO2) Flow rate (ml/min) Mixing (RPM) d43 (μm) Yield (%)

0.81 ± 0.13 88.29 1 50 7.64 ± 0.47 82
10 50 2.65 ± 0.66
1 600 14.40 ± 0.58
10 600 6.18 ± 0.83

0.65 ± 0.1 70.85 1 50 5.98 ± 0.61 80.7
10 50 3.24 ± 0.78
1 600 9.81 ± 0.30
10 600 5.73 ± 0.54

0.23 ± 0.18 25.07 1 50 5.67 ± 0.47 74
10 50 3.21 ± 0.32
1 600 9.28 ± 0.72
10 600 6.41 ± 0.64

Table 2
Values of the constant parameters adapted from literature for CaCO3 pre-
cipitation simulation.

Parameter Value Unit Reference

Kb ×9 109 − − −mol m Sb 3b 3 1 [37]

b 8.6 – [37]
g 2 – [37]
Ea ×48 103 j mol/ [62]
R 8.314 − −j mol k1 1 [44]

Ksp × −3.36 10 9 mol L2 2 [63]
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state of the final product is out of the scope of the current work;
however, comparing the surface structures of the precipitated samples
obtained by SEM (Fig. 11) with literature data, suggest that the vaterite
form of calcium carbonate are dominant, which can be recognized by
the plate-like morphology of crystals [65]. Moreover, as displayed in
Fig. 6, final pH of the suspension in the range of 7.9–10.4 promotes an
environment for vaterite formation [47]. The energy-dispersive x-ray
spectroscopy (EDS) technique of the SEM instrument was also em-
ployed to quantify the elemental composition information of a ran-
domly selected sample; according to the identification, 9 % carbon,
36.7 % oxygen, 53.6 % calcium, and minor amounts of impurities were

the constituent elements of the precipitated sample.
X-ray diffractometry is utilized to determine the atomic and mole-

cular structure of precipitated solid particles. All the solid particles
obtained during the experiments were identified by XRD and the
powder diffraction file (PDF) database 01-083-1762. XRD patterns of
two selected samples are presented in Fig. 12. Typical XRD analysis of
Ca(OH)2 solid particles (Purity ≥ 96 %, Merck) was also carried out
separately for comparison. Results indicate that the crystalline phase
were almost entirely consists of calcium carbonate.

4. Conclusion

In this study, laboratory scale integration of a carbon capture
technique based on highly alkaline aqueous solutions with semibatch
reactive crystallization process of calcium carbonate was investigated.
Here, the focus was to analyze the effect of different operating condi-
tions on kinetics of the crystallization. Given the dependency of CO2

absorption rate on hydroxide ions concentration in the absorbent so-
lution, different concentrations of feed solution were prepared. Based
on the acquired results, it was concluded that carbon dioxide absorption
efficiency, and consequently, the overall process yield decreases by
operating at lower pH levels of the absorbent solution. The present
approach toward CCU enables potential pre-treatment of major carbon
emission sources while avoiding a high temperature heat consumption
for solvent regeneration phase by production of value-added chemicals.

Moreover, a mathematical framework based on population balance
equation and standard method of moment was provided. The relations
between growth rate constant of the current process with volume mean
diameter and feed concentration was investigated and a correlation was
extracted to evaluate growth constant. Precipitated solid samples were
characterized by SEM and XRD, which verifies the formation of micron-
sized calcium carbonate with a favorable environment for growth of
vaterite polymorphs. The experimental data and kinetic analysis of the
small-scale integration of carbon capture technique with a crystal-
lization process can provide a basis toward further development to a
continuous pilot-scale by combining an in-house carbon capture unit for
production of CaCO3.
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Fig. 9. The relation between growth rate constant and mean particle diameter
obtained at 600 RPM and 1ml/min for different CO2 loaded solutions.
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Fig. 10. Correlations between volumetric flow rate and growth rate constant at
mixing speed of 600 RPM.

Fig. 11. SEM images of CaCO3 crystals obtained at 600 RPM, addition rate of 1ml/min and CO2 concentration of 0.81mol/L. SEM device operated at 5 kV.
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A B S T R A C T   

This research work presents the integration of polypropylene hollow fiber membrane contactor–based CO2 ab-
sorption unit using aqueous sodium hydroxide (NaOH) as the absorbent solution, and precipitation of high- 
quality calcium carbonate by addition of calcium chloride. The integrated crystallization process bypasses the 
need for cost-intensive energy regeneration of the absorbent solution. Given the lifetime of high added value 
precipitated calcium carbonate, the proposed approach for integrating solid particle formation and a carbon 
dioxide mitigation technique can be considered as a potential post-combustion technology for carbon capture, 
utilization and sequestration (CCUS). 

The overall CO2 mass transfer coefficient in the membrane contactor and subsequent crystallization process 
was investigated by conducting the experiments at different operating conditions. For a maximum hydroxide 
concentration of 5.01 mol L− 1, an overall mass transfer coefficient of 2.25⋅10− 4 m s− 1 and CO2 flux of 2.45⋅ 
10− 4 mol m− 2 s− 1 were obtained for a 0.5 L min− 1 of gas flow rate. The proposed liquid–liquid crystallization 
process produces a narrow size distribution of micron-sized calcium carbonate with a mean diameter of 3–8 µm 
that can be used in the paper, coatings, food and biomedical industries.   

1. Introduction 

The Intergovernmental Panel on Climate Change (IPCC) has stated 
that a 45% cumulative reduction in human-induced carbon dioxide 
(CO2) emissions by 2030 is required in order to limit the global warming 
to below 1.5 ◦C above pre-industrial levels and target of net zero CO2 
emissions needs to be reached around the mid-century [1]. Despite the 
rapid recent growth in renewable energy initiatives (e.g., wind and 
solar), high consumption of fossil fuels and the consequent greenhouse 
gas (GHG) emissions have been identified as the only plausible cause of 
the recent global climatic change [2]. Considering that anthropogenic 
GHG emissions have never been decreased on a planetary scale [3], 
achieving a 45% reduction target is a considerable challenge that re-
quires unprecedented and profound changes in fundamental sectors of 
human lifestyle such as manufacturing, transportation, buildings, and 
electricity and food production [4,5]. 

For financing, political, scale-up and environmental reasons, adopt-
ing a single CO2 reduction strategy does not seem practical [6], and 
utilization of a portfolio of different techniques would appear to be a 
more pragmatic approach. 

A considerable amount of multidisciplinary research has been dedi-
cated to climate change mitigation by means of carbon capture utiliza-
tion and storage (CCUS). CCUS refers to a family of technologies and 
processes based on the capture of CO2 from emissions sources or the 
atmosphere [7]. In CCUS-based climate change mitigation processes, 
captured CO2 is stored long-term utilizing various geological features 
such as saline aquifers and depleted oil and gas reservoirs or recycled by 
conversion into products such as fuels or chemicals. Alongside ongoing 
laboratory- and pilot-scale research and development, industrial efforts 
are advancing in deployment of large-scale CCUS facilities [8–10]. The 
Use of integrated CO2 capture strategies that enable simultaneous car-
bon dioxide removal and the production of valuable materials, is 
considered a promising approach [11,12]. From the techno-economic 
viewpoint, such strategies of decarbonization are less energy intensive 
and economically attractive as there is high market potentials for CO2- 
based fuels, chemicals and materials [13,14]. 

Carbon dioxide capture strategies based on liquid absorption 
[15–18], solid sorbents [19], CO2-responsive materials [20], mineral 
carbonation [21] and calcium looping [22,23] have been widely 
investigated. Of the approaches available, solvent-based CO2 capture 

* Corresponding author. 
E-mail address: soheil.aghajanian@lut.fi (S. Aghajanian).  

Contents lists available at ScienceDirect 

Separation and Purification Technology 

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

https://doi.org/10.1016/j.seppur.2021.119043 
Received 22 March 2021; Received in revised form 26 May 2021; Accepted 27 May 2021   



Separation and Purification Technology 274 (2021) 119043

2

processes using amine-based absorbents (e.g., mono-ethanol-amine 
(MEA)) are currently the most established and dominant post- 
combustion capture technology [24–26]. However, despite continuing 
development of alternative solvent systems and process configurations, 
issues such as absorbent stability and degradation, energy costs and 
environmental implications require further consideration [27–29]. 

The use of calcium hydroxide-based CO2 sorbents has been proposed 
as a robust method for CO2 capture [30,31]. Even though the reaction 
cycle of Ca(OH)2–CaCO3 has a capability for even direct capture of CO2 
from ambient air [32], the need for solvent regeneration, the high costs 
and the complexity of the hydration process of calcium hydroxide and 
the calcination of calcium carbonate have remained among the key 
challenges [33]. 

Conventional industrial absorption towers have been widely used for 
sorption of a gas into a liquid solution. They are, however, associated 
with a high energy penalty and large implementation footprint [34]. 
Membrane contactors, on the other hand, represent an alternative 
method for contacting gas and liquid phases in mass transfer operations 
such as CO2 absorption [35,36]. Owing to their high surface-area-to- 
volume ratio, compact structure and modular design, which leads to 
process intensification due to reduction of the equipment size, mem-
brane gas-liquid contactors have a significant potential to intensify CO2 
capture and improve the efficiency of the separation process [37,38]. 

A major shortcoming in membrane gas-liquid contactors is the 
additional mass transfer resistance that membrane provides [39]. For 
efficient operation and a negligible effect on the overall mass transfer 
coefficient, membrane contactors should be operated in non-wetted 
mode with pores filled with gas, not solvent. [40–42]. Additionally, 
utilization of membrane-based carbon dioxide capture technology is 
strictly related to the conditions and compositions of the stream to be 
treated, which to some extent limits its application. For instance, flue gas 
at elevated temperatures requires cooling prior membrane separation 
and also harsh chemicals within gas stream could negatively affect the 
membrane module and its performance [43]. 

Conventional absorbents such as aqueous amines have been found to 
wet low-cost microporous membranes such as those prepared from 
polypropylene (PP) [41]. The membrane wetting tendency of aqueous 
NaOH is, however, much lower due to the high surface tension of the 
solution, making it particularly attractive for use in membrane con-
tactors [44,41]. Utilization of aqueous NaOH has also found interest in 
direct air capture of CO2 [45–47]. Additionally, alkaline industrial waste 
residues (e.g., NaOH from chlorine production) are produced in large 
amounts and can be exploited as a readily available material for use in 
CO2 absorption processes [48]. Aqueous solutions of NaOH at relatively 
higher concentrations (e.g., 2 M) have shown promising efficiency in 
flue gas desulfurization [49]. Sulfur dioxide removal efficiency is 
beneficial when the gas stream to membrane contactor is not high-purity 
carbon dioxide. 

CO2 capture using alkaline-based solutions (e.g., NaOH) also pro-
vides the opportunity for integrated production of carbonates via crys-
tallization. This route could facilitate the production of a functional and 
valuable material while simultaneously removing the need for high 
temperature regeneration of the absorbing solution [50]. The CO2- 
loaded solution can be directly fed to a reactor rich in a Ca2+ source to 
carry out a crystallization process yielding micron-sized calcium car-
bonate. Calcium sources, particularly calcium chloride, are economical 
to use and are abundant in nature (e.g., natural minerals), and they can 
be obtained and recovered from waste streams and industrial by- 
products such as cement kiln dust, coal ash and ammonium chloride 
waste liquor (Solvay process). The use of hitherto underutilized side- 
products is in line with the aims of increasing the recycling of indus-
trial wastes and improving the security of the supply of raw materials, 
and it can contribute to the transition towards a circular economy. 

A coupled CO2 capture and crystallization process could provide a 
sustainable route to precipitated calcium carbonate. Calcium carbonate, 
constituting a high added-value specialty chemical, could in turn 

facilitate the economic feasibility of the overall CO2 capture and utili-
zation scheme [51]. 

Calcium carbonate has a variety of applications in different sectors of 
industry; for example, it is considered a key additive in the cement 
industry—global cement production is expected to rise to more than 4 
billion tons per annum by 2040 [52] and CaCO3 is among the constit-
uents of soft glasses (e.g., bottles, laboratory apparatus and electric 
bulbs) which encompasses nearly 90% of the present day glassware 
[53]. Furthermore, CaCO3 as a filler material has a wide range of ap-
plications in the production process of paper, plastics, coatings, hygiene 
and biomedical products [54], in food industry as an enzyme supports 
[55] and in catalysis [56]. For instance, post-treatment of micron-sized 
CaCO3 with appropriate binders makes it suitable for use as a filler in 
coatings to produce superhydrophobic surfaces [55]. Given the 
biocompatibility and non-toxicity of calcium carbonate, it is also among 
the essential particulate materials for pharmaceutical applications [57]. 
Technical applications of CaCO3 are determined by its physiochemical 
characteristics such as chemical purity, surface area and size distribu-
tion [58]. 

The proposed CaCO3 production process has a potential for post- 
treatment of flue gases because of separate absorption and crystalliza-
tion processes. This approach could provide a framework to manufac-
ture CaCO3 with high degree of process controllability in comparison to 
traditional industrial methodologies, which are primarily based on 
bubbling CO2 gas into milk of lime suspensions [59]. In the latter case, 
agglomeration tendency of solid products increases as a result of greater 
concentration gradients, which can negatively affect the process control. 

The present paper reports a laboratory-scale integration of a hollow 
fiber-based CO2 absorption process utilizing aqueous sodium hydroxide 
solution with a crystallization process for production of micron-sized 
calcium carbonate. Carbon dioxide absorption and subsequent reactive 
crystallization result in production of high-purity solid particles. Addi-
tionally, the proposed method is thermodynamically favorable for per-
formance at the ambient condition and avoids the need for solvent 
recovery via heating. 

2. Experimental 

2.1. Materials and methods 

Calcium chloride (CaCl2, purity > 98%, Merck) was used as the cal-
cium source in the crystallizer. Purified water and granular sodium 
hydroxide (NaOH, purity > 98%, Merck) was utilized to prepare absor-
bent solution during experiments. Buffer solutions of pH 4.00, 7.00 and 
10.00 (Mettler Toledo) were used to calibrate a pH sensor (Consort 
C3010), which is capable of dynamic pH and temperature recording. 
Addition of the CO2 loaded solution to the crystallizer was controlled by 
a peristaltic syringe pump (Cole–Parmer GmbH) with an accompanying 
tubing of 2 mm in diameter. The crystal lattice structure of the precip-
itated material was characterized by X–ray powder diffraction (Bruker 
D8, Advance XRD). A scanning electron microscope (SEM, SU 
3500Hitachi) was used for surface structures analysis and an advanced 
particle size analyzer, Mastersizer 3000 (Malvern Instruments, UK) was 
utilized to obtain particle size distribution (PSD) data using Particles-in- 
Air (PIA) method. 

2.2. Integrated crystallization and CO2 capture process description 

The crystallization process considered in the present study is a rapid 
liquid–liquid reaction that results in precipitation of sparingly soluble 
micron-sized CaCO3. pH–controlled reactive crystallization in this 
semibatch system occurs from aqueous solutions of CaCl2 and CO2−

3 
according to the chemical reaction in Eq. (1): 

CO2−
3 (aq)+ 2Na+(aq) +CaCl2(aq)→CaCO3(s)↓ + 2NaCl(aq) (1) 
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A similar approach can be carried out using alternative Ca2+ sources, 
for instance calcium iodide (CaI2)—the selection of which can be a 
function of process requirements and overall market price. In the present 
process, the semibatch feed contains dissociated CO2−

3 , OH− and Na+

ionic solution at a pH level below the calcium hydroxide (Ca(OH)2) 
solubility limit at 20 ◦C (pH = 12.37). Operating below the Ca(OH)2 
solubility limit restrains the formation of Ca(OH)2 during the process. 
Given the three orders of magnitude difference between the solubility 
product of CaCO3 (Ksp = 3.36 × 10− 9 at 25 ◦C) and Ca(OH)2 
(Ksp = 5.5 × 10− 6 at 25 ◦C), crystallization of the latter component can 
be avoided [60]. 

Carbon dioxide absorbs into the liquid solution to form CO2−
3 

through a chemical absorption between CO2 and OH− . The well- 
established carbon dioxide instantaneous dissolution process and suc-
ceeding bicarbonate and carbonate ions formation can be described in a 
series of elementary reactions in which CO2 gas first has to be physically 
absorbed in water based on the reaction in Eq. (2) [61]: 

CO2(g) ⇔ CO2(aq) (2) 

Subsequently, aqueous CO2 reacts with OH− as follows: 

CO2(aq) +OH−
(aq) ⇔ HCO−

3 (aq) (3)  

HCO−
3 (aq)+OH−

(aq) ⇔ H2O(l)+CO2−
3 (aq) (4) 

Since the physical and chemical reactions are fast at high pH values, 
aqueous CO2 does not exist in the solution. According to the reaction in 
Eq. (3) and Eq. (4), CO2(aq) is instantly consumed upon its generation, 
which also results in a rapid drop in pH. 

2.3. CO2 capture unit 

Major components of the CO2 capture unit are (1) a commercial- 
grade hollow fiber membrane contactor as the absorber (surface area: 
1.4 m2), (2) a glass vessel that contains absorbent liquid and (3) a reactor 
to carry out the crystallization process. A detailed description of the 
capture unit is given in [16]. The graphical user interface for control, 
measurement, and data acquisition (NI cDAQ–9189) was developed in 
the LabVIEW software environment. Fig. 1 shows the overall flowsheet 
of the batch-wise integrated CO2 capture–crystallization process leading 
to production of solid calcium carbonate particles. 

A magnetic drive gear pump (Pulsafeeder Eclipse E12) is used to 
circulate the absorbent liquid in the unit. The liquid flow rate is 
measured by a flow meter (Litre Meter LMX.48, ± 2% reading) which is 
located at the pump outlet section. A hydrophobic polypropylene–based 
membrane (Liqui-Cel 2.5 × 8 Extra-Flow, supplied by 3 M), acts as an 
interface between the gas and the absorbent liquid and enables stable 
separation. 

In the membrane module, the liquid and gas phases are circulated in 
a countercurrent flow pattern; the gas stream flows downwards on the 
shell side of the membrane, while the absorbent liquid flows in a 
countercurrent direction into the hollow fibers. Thus, precise pressure 
measurement control across the membrane module is critical to prevent 
phase dispersion on each side of the membrane. In the system under 
investigation, the gas outlet pressure of the membrane was maintained 
at 0.1 bar below the incoming liquid inlet pressure; for this purpose, the 
CO2 capture unit is equipped with a back-pressure controller (Bronk-
horst EL–PRESS, ± 0.1% reading, ± 0.5% full scale) located in the gas 
outlet section of the membrane module. 

The CO2 inlet gas stream is regulated by mass flow controllers 

Fig. 1. Flowsheet of the batch-wise carbon dioxide capture and utilization operation: sodium hydroxide–based liquid solutions are used as absorbent and calcium 
chloride is the source of calcium ions in the crystallizer. Absorbed CO2 is converted to CaCO3 through a crystallization technique. 
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(Bronkhorst EL–FLOW Select, accuracy ± 0.5% reading, ± 0.1% full 
scale) and its concentration is monitored by an IR analyzer (GMP251 
probe, ± 0.2% CO2, and Indigo 201 transmitter, provided by Vaisala). A 
separate IR analyzer (GMP251 probe and Indigo 201 transmitter, Vai-
sala) is used for outlet gas concentration monitoring. The temperature of 
the cooling water is controlled by a circulating cooler (Lauda Variocool 
VC5000, ± 0.05 ◦C). 

2.4. Procedure 

Granular NaOH powder and purified water were used to prepare five 
different concentrations of sodium hydroxide absorbent solutions. Ionic 
concentrations of the capture media within these experiments were 
0.41, 0.52, 1.17, 3.24 and 5.01 mol L− 1, which was determined by pH 
measurement device. During each batch operation with a given absor-
bent concentration, the CO2 capture equipment was filled with 6 L of the 
solution. Throughout the absorption process, the liquid height in the 
glass vessel was approximately half the vessel height. 

The inlet gas stream to the capture unit consists of 90% v/v Nitrogen 
(N2, > 99.5%) and 10% v/v CO2 (>99.99%) for the simulated flue gas 
composition. An IR gas analyzer measures and verifies the initial CO2 
concentration, and in the case of a successful validation, the whole feed 
gas stream then flows into the membrane contactor. Pressure at the inlet 
and outlet of the membrane module was adjusted so that wetting of the 
membrane by the absorbent liquid could be avoided. The temperature of 
the solution was controlled by a heating and cooling system to maintain 
the sorption process temperature within the operating range of the 
current experiments (20 ± 2 ◦C). The constant CO2 gas flow rate of 0.5 
L min− 1 was terminated based on the continuous pH measurement and 
by considering the pH boundary of the calcium hydroxide; this pro-
cedure was adopted because carbonate ions are the dominant species at 
higher pH values during the speciation in water, which leads to higher 
efficiency throughout the crystallization operation. 

Total CO2 content (mol L− 1) of the rich solvent was determined by 
titration method using Chittick apparatus (Soham Scientific), which is 
the method described by the Association of Official Analytical Chemists 
[62]. Upon completion of the absorption process, a liquid sample was 
taken for further analysis. For this purpose, titration was carried out 
with 1 mol L− 1 of hydrochloric acid (HCl), which consequently results 
in quantification of the released CO2 gas [63]. 

Post-absorption CO2-rich solvents were used to carry out the crys-
tallization process instead of heating the sodium carbonate and sodium 
bicarbonate solutions to release the gas via a caustic recovery at 800 ◦C 
(109.4 kJ mol− 1 CO2). Crystallization experiments were conducted in a 
0.5 L crystallizer equipped with a magnetic stirrer. CaCl2 as the Ca2+

source was used in excess amount with a constant concentration of 
400 g L− 1. Starting volume in the reactor for each semibatch operation 
was 0.1 L. 

Since the fast reaction regime of the crystallization process is affected 
by the operating conditions, three addition rates of CO2−

3 -loaded solu-
tions of 2, 10 and 20 ml min− 1 were considered, each at three different 
mixing speeds of 100, 400 and 700 RPM. For all the experimental runs, 
the amount of reagent added to the crystallizer remained constant at 
0.2 L. Crystallized solid particles were separated by a vacuum filtration 
process and dried in a laboratory oven for 2 h at 70 ◦C [64]. Consecu-
tively, average precipitation yield was evaluated based on the stoi-
chiometric ratio of the total carbonate ions addition to the crystallizer 
and the final mass of the dried sample. Solid particles were characterized 
by XRD, SEM and laser diffraction. To demonstrate the experimental 
repeatability, end-to-end experimental procedures were carried out for a 
total of 3 times, and averaged values with related error bars were used to 
assess the results. 

2.5. Determination of mass transfer coefficient 

The mass transfer coefficient of an absorption process in a hollow 
fibre membrane contactor generally includes three consecutive steps of 
diffusion from the bulk gas to the gas–membrane interface, diffusion 
through the membrane pores from the gas–membrane interface to the 
liquid–membrane interface, and transfer from the liquid-membrane 
interface to the bulk liquid [65,66]. The overall mass transfer coeffi-
cient (Kg) can be described according to the approach of the resistance- 
in-series model; this model is based on a number of assumptions, for 
instance, thermodynamic equilibrium at the phase interface. The mass 
transfer coefficients can be described as follows: 

1
Kg

=
1
kg

+
1

km
+

1
Emkl

(5)  

where kg, km and kl are the individual gas, membrane and liquid mass 
transfer coefficients [m s− 1], respectively, m is the dimensionless 
gas–liquid partition coefficient, which can be replaced by Henry’s law 
constant, and E is the enhancement factor describing the ratio of the 
chemical absorption rate to the physical mass transfer rate in the 
absence of chemical reaction. 

The enhancement factor can typically be estimated by use of the 
Hatta number (Ha), which is the ratio of the reaction kinetics to the mass 
transfer flux at the gas–liquid interface. Furthermore, the mass transfer 
enhancement factor calculation can be significantly simplified assuming 
that the conversion of reactants is instantaneous (i.e., reaction kinetics is 
not the limiting step), and an infinitely fast irreversible chemical reac-
tion prevails in the system [67–69]. In the current work, the infinite 
enhancement factor (E∞) corresponds to the situation wherein the rate 
of absorption is entirely limited by the diffusion phenomena and the 
relative magnitudes of the infinite enhancement factor and Hatta 
number are such that E∞

Ha > 50 is fulfilled. In this case, the enhancement 
factor is equal to the Hatta number, which is a valid assumption for the 
reaction system employed in the present work [66,70]. Hence, the Hatta 
number can be expressed as follows: 

Ha =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DCO2,NaOH krCOH−

,L

√

kl
(6)  

where COH−
,L 

[
mol m− 3] is the concentration in bulk of the absorbent 

liquid, and kr is the reaction rate constant between CO2 gas and the 
solvent, which is given as 8.4 m3 mol− 1 s− 1 [71]. DCO2,NaOH 

[
m2 s− 1] is 

the diffusion coefficient of the solvent (OH− ) in the solution, which can 
be determined by the following correlation [67]: 

DCO2,NaOH = 2.35⋅10− 6exp
(
− 2119(K)

T

)
[
m2 s− 1] (7) 

The liquid side mass transfer coefficient, kl(m s− 1), can be estimated 
based on Sherwood number (Sh) and Graetz number (Gz) correlations 
reported in the literature [66]: 

kl = Sh
DCO2,NaOH

di
(8)  

Gz =
vld2

i

DCO2,NaOH l
(9) 

Here, di is the inner diameter of the fiber (220 µm), l is the membrane 
fiber length (160 mm), and vl is the liquid flow velocity inside the 
membrane. For flow conditions with a fully developed radial concen-
tration profile (Gz < 10), which is the case under the present experi-
mental conditions, the Sherwood number is given by Sh = 3.67 [72]. 

The gas-side overall mass transfer coefficient can be determined 
based on the gas-phase concentration change over the membrane 
module, and the driving force for separation is a concentration differ-
ence based on the solubility of the gas component into the liquid phase. 
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The experimental overall mass transfer coefficient can be evaluated from 
the CO2 absorption flux through the membrane module: 

Kg =
J

ΔClm
=

Qg,inCg,in − Qg,outCg,out

Am(ΔClm)
(10)  

where J is the flux (mol m2 s− 1), Qg,in and Qg,out represent the gas side 
inlet and outlet flow rates (m3 s− 1), respectively; Cg,in and Cg,out are the 
measured CO2 concentrations at the inlet and outlet gas (mol m− 3), 
respectively; Am is the membrane surface area and ΔClm is the loga-
rithmic mean driving force based on the gas-phase concentrations: 

ΔClm =

(
Cg,in − C*

g,in

)
−
(

Cg,out − C*
g,out

)

ln
[(

Cg,in − C*
g,in

)/(
Cg,out − C*

g,out

) ] (11)  

where C*
g,in and C*

g,out are the inlet and outlet gas phase concentrations in 
equilibrium with the corresponding liquid phase CO2 concentrations. It 
should be noted that since the gas-phase concentration in the alkaline 
liquid absorbent is far from the saturation level, the influence of the gas- 
liquid equilibrium becomes insignificant [70,73]. This assumption 
makes it therefore possible to consider the effects of C*

g,in and C*
g,out in Eq. 

(11) as being negligible and the concentration driving force can be 
estimated based on the inlet and outlet gas concentrations [74]. 

3. Results and discussion 

3.1. Overall mass transfer coefficient and CO2 flux 

The effect of variation in CO2 absorption into 5 sets of different 
concentrations of sodium hydroxide solution was investigated at 
20 ± 2 ◦C under 10% v/v CO2 for a simulated flue gas composition: 
absorbent liquid solutions of 0.41 and 0.52 M (mol L− 1) representing a 
dilute state in which viscosity is about the same as water, one inter-
mediate concentration of 1.17 M, and eventually two higher molarity 
and high-viscous solutions of 3.24 and 5.01 M. 

Fig. 2 presents the change in overall mass transfer coefficient over 
time and shows the effect of different hydroxide-based liquid absorbent 
concentrations. Change in overall mass transfer coefficient is calculated 
based on the absorbed CO2 flux and logarithmic mean driving force 
according to Eq. (10). The gas and liquid flow rates were considered 
constant 

(
0.5 L min− 1) during the absorption process—this results in a 

liquid velocity 0.02 m s− 1. The experimental results show that 
increasing the OH− concentration in the capture media had a favorable 
effect on the absorption performance. At higher sodium hydroxide 
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Fig. 2. Change in overall mass transfer coefficient over time for different 
NaOH-based absorbent solutions; CO2 gas flow rate of 0.5 L m− 1, feed gas 
concentration of 10% v/v CO2, and liquid flow rate 
of 0.5 L m− 1 (

0.02 m s− 1). 

Fig. 3. Evolution of the enhancement factor as a function of [OH− ] for different NaOH–based absorbent solutions. Liquid and CO2 gas flow rates are 0.5 L m− 1, and 
feed gas concentration of 10% v/v CO2. 
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concentrations, dissolution and the following chemical absorption of 
CO2 is prolonged, which causes a substantial enhancement in CO2 gas 
removal efficiency and leads to a decrease in the CO2 concentration of 
the outlet gas leaving the membrane module (Appendix A). The 
maximum value of the overall mass transfer coefficient increases from 
2.97⋅10− 5 m s− 1 at 0.41 M to 2.29⋅10− 4 m s− 1 at 5.01 M. However, as 
each experiment was operated batch-wise, overall mass transfer coeffi-
cient decreases over time due to a reduction in enhancement factor. 

Increase in the overall mass transfer coefficient can be described in 
terms of the enhancement factor, as presented in Fig. 3. Absorption of 
the CO2 gas into the solvent is enhanced by the chemical reaction be-
tween CO2 and the disassociated hydroxide ions of the absorbent liquid 
at the gas–liquid interface [44]. When the two-step reaction between 
dissolved CO2 and NaOH in solution (i.e., Eq. (3) and Eq. (4)) proceeds 
instantaneously, increase of the OH− concentration moves the reaction 
planes closer to the gas–liquid interface [69]. The closer proximity to the 
gas–liquid interface results in an increase in the enhancement factor 
based on Eq. 6 and decreasing liquid-side mass transfer resistance, 
which leads to improvement of the overall mass transfer coefficient of 
the fast reaction. 

Fig. 4 displays the effect of initial hydroxide loading on CO2 flux and 
the overall mass transfer coefficient for three of the solvents used in the 
capture process. The substantial increase in the rate of CO2 flux and the 
overall mass transfer coefficient can be attributed to the higher hy-
droxide concentration. With the current in-house CO2 capture system 
equipped with a PP hollow-fibre membrane contactor, a CO2 flux of 

2.45⋅10− 4 mol m− 2 s− 1 was reached at the maximum concentration of 
5.01 M. Given the low wettability of the membrane contactor with 
NaOH solutions, which is due to high surface tension [44], and owing to 
the large cross-sectional area of the membrane, transport of the CO2 gas 
into the liquid phase and thus the absorption performance improves 
significantly at the OH− concentrations of above 3.24 M (pH = 14.51). It 
should be noted that very highly viscous solvents could negatively affect 
the diffusion and solubility of CO2 into the solvent, which could impair 
the performance of the membrane contactor [75]. A separate investi-
gation is needed to optimize the hydroxide concentration, and long-term 
stability. A detailed analysis of these effects is beyond the scope of the 
present work. 

Improvements in CO2 capture efficiency is also evident in the total 
CO2 content of the solution (mol CO2 / L absorbent), as presented in 
Table 1. The total amount of the absorbed gas content in the capture 
media was evaluated by titration technique following the termination of 
the CO2 gas flow rate. Increase in CO2 capture efficiency is also bene-
ficial from the CaCO3 crystallization viewpoint since it directly impacts 
the overall yield and efficacy of the process. The precipitation yield was 
evaluated based on the stoichiometric ratio of the total carbonate ions 
added to the crystallizer and final mass of the dried sample. The rela-
tively low average precipitation yields in some experiments, as tabu-
lated in Table 1, are due to problems with the laboratory apparatus used 
(i.e., vacuum filtration, slurry discharge region) and the actual yield for 
all the experiments may be higher than 90%. 
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Fig. 4. Effects of hydroxide concentration during the CO2 absorption on: (a) overall mass transfer coefficient, (b) CO2 flux. Liquid and gas flow rates are both 0.5 
L m− 1, and feed gas concentration is 10% v/v CO2. 

Table 1 
Summary of different operating conditions, resulting CO2 content, CO2 loading and average crystallization yield during the process.  

CO2 capture process CaCO3 Crystallization process 

Initial absorbent 
concentration 

Post–capture absorbent 
concentration 

Total CO2 content, (mol 
L− 1) 

CO2 loading, molCO2 /

mol[OH− ]

Addition 
volume, (L) 

CaCl2 in the crystallizer, 
(g L− 1) 

Averaged Yield, 
(%) 

pH [OH− ], (mol 
L− 1) 

pH [OH− ], (mol 
L− 1) 

13.61 0.41 12.07 0.0011 0.012 ± 0.002 0.0306 ± 0.0038 0.2 400 60 ± 9 
13.72 0.52 12.23 0.0170 0.020 ± 0.001 0.0390 ± 0.0083   61 ± 10 
14.07 1.17 12.10 0.0126 0.054 ± 0.009 0.0462 ± 0.0082   83 ± 7 
14.51 3.24 12.21 0.0162 0.143 ± 0.014 0.0442 ± 0.0065   91 ± 6 
14.70 5.01 12.15 0.0141 0.202 ± 0.041 0.0402 ± 0.0150   79 ± 13 a  

a Lower yield arises due to an observed filtration problem. The actual yield for all crystallization experiments is closer to theoretical values (>90%).  
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3.2. Effect of operating conditions on the crystallization process 

Changes in operating conditions (e.g., mixing, feed rate) directly 
impacts the mixing-sensitive liquid–liquid crystallization reaction by 
affecting the complex interaction of mass transfer, particle growth 
phenomena and diffusion rate. Investigating a wide range of operating 
conditions can pave the way toward conducting further process devel-
opment and optimization–especially from the final particle quality 
perspective. 

In the present study, mixing in the semibatch crystallizer was per-
formed at several ranges of intensities in order to capture the effects of 
agitation on particle nucleation and growth. Fig. 5 shows results of the 
crystallization process using a post-capture CO2-loaded solution with an 
initial absorbent concentration of 5.01 M. In the figure, CaCO3 particle 
size distribution curves and the Sauter mean diameter, D32, are plotted 
and extracted for mixing speeds of 100, 400 and 700 RPM, each at three 
addition rates. 

Data provided in Fig. 5 also illustrates the complex role of the reagent 
addition rate to the vessel. In the present work, only a constant addition 
scheme was studied. In semibatch mode, both parameters (i.e., mixing 

and addition rate) play a critical role in defining an environment for 
concentration gradient and distribution of supersaturation throughout 
the course of the crystallization process. Accordingly, an increase in the 
feed addition rate at a constant mixing speed leads to a decrease in 
CaCO3 particle size. Average value of the Sauter mean diameter changes 
monotonically for a given condition; meaning, it increases with rise in 
agitation intensity (Fig. 5 (a-c)). Mixing of the reactants, primarily 
through local shear at mesoscale, distributes the counter ions of the feed 
solution in the reactor; an increase in the mixing intensity circulates the 
crystals at the instance of nucleation, hence promoting suitable condi-
tions for crystal growth [76,77]. 

At lower mixing speeds, the rate of nucleation in the bulk solution 
becomes a dominant factor at lower mixing speeds, which could 
generate a high level of supersaturation [78]. This phenomenon limits 
the crystal growth surface area due to formation of a high number of 
initial nuclei, which can subsequently affect adversely the morphology 
and purity of the final product. To achieve an optimum operating mode 
either with respect to chemical and physical purity attributes or process 
scale-up, a compromise is required between mixing, addition mode and 
crystallizer volume. 

Fig. 5. CaCO3 particle size distribution and the Sauter mean diameter at three addition rates of CO2−
3 -loaded solutions, 2, 10 and 20 ml min− 1, at three different 

mixing speeds of 100, 400 and 700 RPM. Results were obtained with initial absorbent solution concentration of 5.01 mol L− 1. 
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Local mixing intensity throughout the vessel impacts the rate of 
dispersion of hydroxyl ions of the feed solution. The results in Fig. 6 
show a relatively sharper drop in liquid phase pH with increase in 
agitation in each semibatch crystallization operation. A faster drop in 
the pH is an indicator of the uniformity of the supersaturation in the 
crystallizer. pH change can be used as a qualitative nucleation and 
growth monitoring technique to avoid local high concentration regions. 

3.3. Characterization of the CaCO3 

pH control plays a decisive role in determining the polymorphic state 
and morphology of precipitated calcium carbonate. Depending on the 
evolution of the crystallization process and the operating conditions (e. 
g., temperature) three anhydrous crystalline polymorphic forms of cal-
cium carbonate can be produced, namely, rhombic calcite, acicular 
aragonite and spherical vaterite [58]). The calcite polymorph is the most 
thermodynamically stable phase of calcium carbonate at ambient tem-
perature under normal atmospheric conditions. Based on the literature 
data [79], pH range of above 8.6 tends to induce more calcite particles 
and limits the vaterite polymorphs, thus facilitating calcite formation; 
calcite particles formation is also evident in XRD and SEM data in the 
present work. 

Fig. 6. Average value of pH as a function of time during crystallization of 
CaCO3 at different mixing speeds of 100, 400 and 700 RPM at initial NaOH 
concentration of 5.01 M. 
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Fig. 7. X-ray diffraction patterns of precipitated CaCO3. Comparison between commercial calcium carbonate and experimental results obtained at mixing speed of 
700 RPM and feed addition rate of 2 ml/min. 

MPR007)b(MPR001)a(

Fig. 8. SEM images of precipitated calcite obtained at mixing speeds of 100 and 700 RPM at a constant addition rate of 2 ml/min and initial absorbent solution 
concentration of 5.01 M. SEM device operated at 5 kV. 
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Solid samples of the vacuum-filtered, washed and dried calcium 
carbonate cakes were analyzed using an X-ray diffraction technique. 
Typical XRD patterns were identified with the powder diffraction file 
(PDF) database 04-012-8072. Fig. 7 shows the XRD spectra of a selected 
sample that is compared with commercial calcite (provided by VWR, 
purity > 99%). Peak positions along the 2Theta axis indicate a strong 
correlation of the characteristic reflection of the calcite crystals. All 
other precipitates produced throughout the experiments had the exact 
same XRD pattern. The shape and intensity of the peaks suggests that the 
morphology and crystallinity of the precipitated calcium carbonate 
obtained in the present research could be improved by more precise 
control of the operating conditions. 

The SEM images in Fig. 8 reveal a variety of morphologies of calcite. 
The diverse forms of calcite arise due to insufficient mixing and excess 
nucleation that generates a high degree of supersaturation, which in 
turn promotes an environment for formation of a blocky small calcite 
particles (Fig. 8a). At higher mixing speeds where supersaturation is 
properly distributed, rhombohedral calcite and platy structures were 
dominantly formed (Fig. 8b). The polymorphic form, irregular shape 
and purity of the precipitated calcite can be further improved and 
optimized by conducting a detailed polymorphic investigation; for 
instance, by design of experiments and screening investigation, and 
manipulating the feed addition rate and mixing speeds to improve the 
final crystal morphology. 

4. Conclusion 

This study demonstrates a carbon dioxide capture based on a poly-
propylene hollow fiber membrane contactor and its direct utilization for 
manufacturing micron-sized (3–6 µm) precipitated calcium carbonate 
with a crystallization process. In the proposed operation, the high 
energy-intensive regeneration process is avoided by manufacturing 
long-lived, calcite as a permanent way to sequester CO2. 

In this integrated CO2 capture–crystallization technology, 
CO2−

3 -loaded solutions were directly utilized to effectuate a CaCO3 
crystallization process by using calcium chloride as the Ca2+ source. 
Liquid–liquid crystallization increases the controllability of the process, 
thus generating considerable potential for production of high-purity 
solid particles in comparison to traditional industrial practices. 

NaOH-based solvents at several hydroxide (OH− ) concentrations 
were used as the primary capture media due to their strong CO2 binding 

affinities. For the maximum studied hydroxide concentration of 5.01 
mol L− 1, an overall mass transfer coefficient of 2.25⋅10− 4 m s− 1 and 
CO2 flux 2.45⋅10− 4 mol m− 2 s− 1 were obtained for a 0.5 L min− 1 of 
gas flow rate. The increase in the overall mass transfer coefficient is due 
to a significant increase in the reaction enhancement factor. 

Even though high temperature regeneration of the aqueous sorbent 
can be avoided by means of a crystallization method, water loss could 
impose a critical constraint on use of the technique, turning the entire 
approach into a sacrificial capture process. However, water loss is not 
prohibitive as water can be, to a large extent, be recycled, and reused 
through water treatment and purification techniques. This issue, along 
with process optimization for polymorphic control and the effect of 
solvent viscosity on membrane efficiency could be among the key 
components of future investigations. The effectiveness of the method-
ology, its overall economic feasibility and its ease of scalability make the 
approach a potential post-combustion carbon capture, utilization and 
sequestration technology that can pave the way toward 
environmentally-friendly industrial manufacturing. 
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Appendix A. Carbon dioxide removal efficiency and membrane outlet concentration 

CO2 removal efficiency, i.e., CO2 recovery, is evaluated based on the molar flows (mol s− 1) of CO2 in the inlet and outlet gas, respectively. Fig. A1 
shows the CO2 recovery of the process and simultaneous drop in the liquid phase pH as function of time for different experimental runs. Operating at a 
diluted absorbent liquid, decreases the efficiency of the contactor as more CO2 passes the module without being absorbed. The decrease in absorption 
efficacy is due to a reduced rate of chemical reaction (enhancement factor) and driving force at lower concentration of hydroxide ions (Fig. A1 a-b). 

Higher values of CO2 recovery are observed for higher absorbent liquid concentrations due to the availability of substantial amount of hydroxide 
ions that can react with carbon dioxide. Moreover, as presented in Fig. A2, absorption performance improves as the initial operating concentration 
reaches the maximum of 5.01 M (pH = 14.70). Compared with more diluted states, higher OH− concentrations significantly reduce the CO2 con-
centration exited from the membrane module, where the gas outlet remains below 3 vol% /ppm through a time span of 1 h. Even though operating at 
high levels of liquid alkalinity increases the process run time and total amount of absorbed CO2, it might negatively affect the CO2 diffusion and 
solubility. In order to find an optimal alkaline concentration, different types of membranes and effects of gas–liquid flow rate can be investigated. 
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Fig. A1. CO2 removal efficiency and variation in liquid phase pH for sodium hydroxide solutions with different initial concentrations. CO2 gas flow rate of 0.5 L m− 1, 
feed gas concentration of 10% v/v CO2, and liquid flow rate of 0.5 L m− 1( 0.02m s− 1). 
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Abstract: In the present research work, an electrical resistance tomography (ERT) system is utilized
as a means for real-time fault detection and diagnosis (FDD) during a reactive crystallization pro-
cess. The calcium carbonate crystallization is part of the carbon capture and utilization scheme
where process monitoring and malfunction diagnostics strategies are presented. The graphical logic
representation of the fault tree analysis methodology is used to develop the system failure states.
The measurement consistency due to the use of a single electrode from a set of ERT electrodes for
malfunction identification is experimentally and quantitatively investigated based on the sensor sen-
sitivity and standard deviation criteria. Electrical current measurements are employed to develop a
LabVIEW-based process automation program by using the process-specific knowledge and historical
process data. Averaged electrical current is correlated to the mechanical failure of the stirrer through
standard deviation evaluation, and slopes of the measured data are used to monitor the pump and
concentrations status. The performance of the implemented methodology for detecting the induced
faults and abnormalities is tested at different operating conditions, and a basic signal-based alarming
technique is developed.

Keywords: fault detection; reactive crystallization; electrical resistance tomography; CaCO3 precipitation

1. Introduction

Crystallization has a significant impact on the final characteristics of particulate
systems and plays an essential role in the manufacturing stream of various industrial
processes such as agricultural chemicals, cosmetics, pigments, food ingredients, and the
highly-regulated active pharmaceutical ingredients (APIs). Real-time anomaly detection
and monitoring the functioning stability of the physical–chemical components during
crystallization processes are crucial to ensure a reliable operation, minimize performance
variations, and, therefore, improve product quality and production volumes.

In particular, there has been recent growth in need of chemical industries for pre-
cipitation processes, which lies in the extreme requirement of energy-efficient operation,
process intensification, and sustainability [1]. In comparison to cooling and evaporative
crystallization, precipitation processes, also known as reactive crystallization, can be imple-
mented at a reduced level of thermal energy [2]. In reactive crystallization, supersaturation
generation is done by performing a chemical reaction in the solution to form a solid com-
pound at a concentration that is higher than its solubility in the solution [3]. A major
unfavorable aspect of the reactive crystallization processes is the potential to generate a
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high degree of supersaturation, which increases the possibility of crystal aggregation and
agglomeration [4].

Considering the extensive applications of crystallization, a wide range of in situ and
online instrumentation and distributed sensing technologies have been developed for
process monitoring and control, which noticeably improve the quality of the final crystals.
For instance, the following sensor technologies have been extensively used: focused
beam reflectance measurement [5], particle vision probe [6,7], turbidity measurement [8],
electrical [9], and ultrasound tomography [10].

Crystallization monitoring tools provide abundant information from the system that
augments the understanding of the unit operation and enables a framework to identify
potential problems and abnormal behaviors. Among such distributed sensing measure-
ment systems, process tomography is an emerging technology that delivers the capability
of measuring spatio-temporal field information (e.g., species distribution and phase), vi-
sualization through image reconstruction, and cross-sectional images (tomographs) of
particular property distribution [11].

Tomographic measurements in chemical engineering processes can generate a large
amount of data from process parameters and facilitate the route towards developing: (i)
pattern recognition for fault detection via machine learning algorithms and data fusion
strategies [12], (ii) data-driven behavior characterization in batch processes, and (iii) human–
machine interfaces and volumetric visualization [13]. Even though the adoption of new
digital and data-driven technologies has become a common practice in the aerospace and
automotive industries, its pragmatic implementation in chemical processing manufacturing
has not been broadly observed [14]; hence, process tomography has the potential to initiate
the transition from point-based measurements to graphical visualization via big data
analytics [15].

Electrical resistance tomography (ERT) is one of the fast-evolving tomographic modal-
ities used to characterize a process through quantifying the electrical field of the medium.
The fast growth of ERT is mostly due to the economic aspects, the relative simplicity of
implementation, and the potential for sub-millisecond temporal resolution [16]. On the
other hand, among the main disadvantages is the data acquisition rate, which affects the
image reconstruction time; noise generation is highly correlated to measurement speed,
therefore, undesirably impacting the image quality [17]. Furthermore, the inherent nonlin-
earity of both the conductivity measurement and the inverse algorithms limits the spatial
resolution of the electrical tomography technique to approximately 2–5% of the reactor
diameter [13,16].

Electrical resistance tomography is a subcategory of electrical impedance tomography
in which the real component of the impedance is measured. Most applications of ERT in
chemical engineering are dedicated to the extent of agitation performance in stirred tank
reactors: liquid/liquid mixing [18], solid/liquid mixing [19], mixing of multiphase non-
Newtonian fluids [20], investigating gas hold-up distribution [21,22], and also, in air-lift
reactors to measure local gas holdup and visualize gas distribution [22]. Few research
works investigated the application of ERT to monitor the progression of precipitation
processes through tomographic measurements. These studies investigated the feed loca-
tion and effects of ionic solution addition using barium sulfate precipitation as a study
case [23,24]. In a recent, first-of-its-kind investigation, 2D ERT sensor data were integrated
with machine learning to monitor reaction-type crystallization development and to demon-
strate the prospect of utilizing ERT as a robust tool for simultaneous pH and conductivity
measurement [25].

Considering the nature of the ERT, spatially averaged conductivity values allow the
measurement to be obtained across the planar region of interest. ERT has the potential for
species transformation measurement and reaction progress monitoring through quanti-
fying the topology-based visualizations of reactive crystallization processes. Successful
implementation and interpretation of the physical phenomena improves the understanding
of the mixing and feed addition in a stirred tank reactor and facilitates process optimization.
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Additionally, due to the characteristics of the ionic solutions, rapid changes can be recorded
and correlated to specific events during the process, for instance, identifying the feed
addition time and location, the start of mixing, etc. To the best of our knowledge, utilizing
electrical resistance tomography sensor information as a means for real-time fault detection
and diagnosis (FDD) during (reactive) crystallization processes has not been investigated.

Common methodologies for fault detection, malfunction identification, and abnormal
events characterization in chemical processes are carried out by failure assessment tech-
niques such as fault tree analysis (FTA), Bayesian network (BN), and principal component
analysis (PCA) [26]. Even though BN and PCA are identified as superior techniques in
handling complex processes, the conventional fault tree has been extensively applied in
process systems and fault diagnosis [27,28]. FTA depends on both probability theory and
Boolean algebra and can be conducted qualitatively, quantitatively, or as a combination
of both [29]. A frequent assumption in FTA is the independence of events, which is not
necessarily valid [30]. Moreover, the standard fault tree approach is not flexible enough for
large intercorrelated systems [27].

In this paper, a real-time ERT-based fault detection and diagnosis approach for the
reactive crystallization process of CaCO3 is investigated. A basic qualitative fault tree
analysis was carried out to identify the key events during the process, which includes stirrer
states, pump, and feed concentration. The utilized voltage exciting-current measurement
ERT system comprises a single plane of 16 stainless steel electrodes around the perimeter of
the crystallizer. The measured electrical current of a single electrode was used as input to an
in-house developed LabVIEW program where dynamic statistical analysis was carried out
for process automation, decision making, and alerting system. The strategy for selecting a
single ERT sensor was experimentally and quantitatively investigated based on the relative
sensitivity criterion of the individual electrode. Theoretical calculations, experimental
repetitions, and process-specific knowledge were used to analyze the statistical patterns in
the measured electrical current and to ensure the selection of the suitable sensor (electrode).
The investigated crystallization process is part of the carbon capture and utilization scheme
where process malfunction and monitoring are presented in this research work.

2. Materials and Methods
2.1. The Integrated CO2 Capture and CaCO3 Crystallization Setup

The chemical reaction governing the liquid–liquid reactive crystallization of calcium
carbonate is presented in Equation (1):

CO2−
3 (aq) + 2 Na+(aq) + CaCl2(aq) → CaCO3(s) ↓ +2 NaCl(aq) (1)

In the process under investigation, the semi-batch feed contains dissociated CO2−
3 ,

OH−, and Na+ ionic compounds at a pH range of 12.1 ± 0.05. The aqueous ionic solution
flows through an inlet pipe (diameter: 3.2 mm) into the receiving reactor containing calcium
chloride (CaCl2, purity > 98%, Merck, Darmstadt, Germany). Figure 1 shows the schematics
and a photograph of the entire experimental setup in which the ERT system was utilized
for fault detection and diagnosis analysis.

The feed solution is a result of absorbing CO2 gas (purity > 99.99%) into a high con-
centration of sodium hydroxide (NaOH, purity > 98%, Merck) solutions. A magnetic drive
gear pump (Pulsafeeder Eclipse E12) was used to circulate the liquid solution in the unit
and for the addition of the CO2-loaded solution to the crystallizer. The feed addition rate
to the receiving reactor is constant at 40 mL min−1 during the entire experimental work.
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Figure 1. Process schematics: integrated CO2 capture and calcium carbonate crystallization. A photograph shows the
electrical resistance tomography mounted around the crystallizer. Marked with green shows the main components for the
FDD analysis.

A gas-liquid hollow fiber membrane contactor (polypropylene, Liqui-Cel 2.5 × 8
Extra-Flow, 3 M) was used for CO2 absorption into the NaOH solution. Carbon dioxide
absorbs into the liquid solution to form CO2−

3 through a well-established carbon dioxide
instantaneous dissolution and dissociation process in NaOH solutions [30]. Firstly, through
the physisorption process, CO2 gas is physically absorbed in the liquid phase:

CO2(g) → CO2(aq) (2)

Secondly, in the subsequent chemical reactions, which are very fast at higher pH
values [31,32], aqueous CO2 reacts with hydroxide ions to form HCO–

3(aq) and CO2−
3(aq)

,

according to Equations (3) and (4), respectively:

CO2(aq) + OH−
(aq) ⇔ HCO−3(aq)

(3)

HCO−3(aq)
+ OH−

(aq) ⇔ H2O(l) + CO2−
3(aq)

(4)

Hydrogen carbonate formation occurs immediately after carbon dioxide dissolution
(Equation (2)); hence, the aqueous form of the CO2 is instantaneously consumed in the solution.
Detailed descriptions of the membrane contactor system for the CO2 capture unit and its
integration with a calcium carbonate crystallization process are given in [33,34], respectively.

2.2. The Electrical Resistance Tomography System

Figure 2 shows the schematics of the experimental reactor and the array of metal
electrodes. The crystallization reactor was equipped with a single plane of 16 stainless
steel electrodes mounted around the perimeter and connected to a data acquisition system
(supplied by Rocsole Ltd., Kuopio, Finland). The utilized electrical resistance tomography
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was based on the injection of a constant electrical voltage of 2241.34 mV on one of the
electrodes (i.e., source electrode) and simultaneously measuring the electrical current
distribution on the remaining electrodes (i.e., sink electrodes). The source electrodes were
consecutively switched from electrodes number 1–16, and the measurement was recorded
accordingly. The frequency of operation is 156 kHz, and the image capturing frame rate is
14.7 Hz.
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Figure 2. Schematics of the experimental setup. (a) Dimensions of the plexiglass reactor and position of the ERT sensors.
(b) Top view of the array of ERT sensors around the reactor. Electrodes were installed at equal distances around the
perimeter of the tank. Feed addition pipe is located between electrodes 3 and 4 throughout the entire experiment. The initial
solution volume in the tank is 3 L.

The circular electrodes with a diameter of 12 mm were made of stainless steel and
were configured inside the wall of the reactor. There was no visible oxidation or rust on
the electrodes, and they are not interfering with the chemical reaction. Experiments were
conducted at a temperature of (20 ± 2) ◦C. A plastic-made Rushton impeller was used
for agitation; in comparison to the metal impeller, the plastic-made impeller reduces the
induced noise intensity during the data acquisition process, which is favorable in terms
of image reconstruction and statistical signal analysis. The impeller tip speed was kept
constant at 0.37 m s−1 for all the experiments.

2.3. Failure Identification and Fault Tree Analysis Development

The fault tree analysis methodology was used to develop the system failure states
irrespective of their severity. The FTA is a graphical logic representation of combinations of
failures or events that may occur to a functional system and shows a map of failure paths.
Depending upon the criticality of the process, each branch can be developed further. The
logic gates in the FTA are commonly represented by OR and AND gates. In OR gate, system
components interactions are in series: failure of any single element leads to failure of the
entire process. In AND gate, system components interact in parallel; thus, simultaneous
failure of all the system components is required to fail the whole process.

Figure 3 shows the FTA of the integrated crystallization–CO2 capture system of the
present study. The process under investigation consists of several important physical and
chemical components such as feeding pump, stirrer, reagent solution, CO2 gas absorbent
solution concentration, and amount of calcium chloride in the receiving reactor. Because
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there is a relatively large theoretical combination of such faults, the investigated cases
represent the ones with practical interest to the entire process.
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Figure 3. Fault tree analysis diagram for the integrated CO2 capture and reactive crystallization process of calcium carbonate.

The fault tree comprises a top-level event, intermediate events, and potential root
causes for each scenario. Three primary causes induce the failure of the topmost event:
stirrer status, initial concentration in the receiving tank (reactor status), or pump status
(feed addition). Reagent distribution in the crystallizer is not efficient when the mixer is
in switched-off mode and results in extensive aggregation and agglomeration of particles.
Moreover, the lack of CaCl2 in the reactor, nominal operation of the pump, and concen-
tration of the incoming reagent solution are additional points of failure of the semi-batch
crystallization process. Each of the primary events can be a combination of lower-level
events; circles represent cases that need no further expansion, and diamonds stand for
situations where no additional developments have been investigated (e.g., due to lack of
information or scope of the present study).

2.4. Malfunction Diagnostics Implementation

Single- and multi-electrode current measurements and real-time statistical analysis of
the ERT electrodes can be exploited for real-time fault detection and malfunction diagnosis
when out-of-specification events occur throughout the entire process. In the present
study, the graphical user interface for data acquisition and malfunction identification was
developed in the LabVIEW software environment. A first-in-first-out (FIFO) buffer memory
was deployed to store the electrical current measurements from all the electrodes where
the newly available measurements continuously substitute the oldest data points in the
local history. Moving average and a user-controlled sample length are used for sampling
the measurements of a pre-selected electrode. Real-time tuning of the sampling length and
intervals provides a rational approximation of the events from inside the suspension and
the precipitation process.
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Averaged single-electrode data from the ERT system were correlated to the mechanical
failure of the stirrer through standard deviation (SD) evaluation. The measured electrical
signals were averaged every 5 s, and then, a moving average with a time difference of 20 s
was used for dynamic evaluation of the standard deviation, which provides satisfactory
performance for basic applications. According to the relation in Equation (5), when the
real-time calculation of the SD ratio criterion is greater than a pre-determined parameter, it
is an indication of an abrupt change in the status of the mixer (e.g., mixer switched off).
The mixer standard deviation ratio criterion (σr) was investigated for the scenarios where
the feed addition (pump) is on and off.

σr =
σmixer off
σmixer on

∣∣∣
(pump on)

σr =
σmixer off
σmixer on

∣∣∣
(pump off)

where,
{

Mixer on, σr < εmixer
Mixer off, σr ≥ εmixer

(5)

where σmixer off and σmixer on are the signal standard deviation obtained from experimental
data when the mixer is switched off and switched on, respectively. εmixer denotes the
trigger value that initiates the alert as the criteria are fulfilled, which is the same for both
the pump-on and pump-off situations. The adjustable parameters (i.e., σr, sampling times,
etc.) are manually fine-tuned for each operating condition by trial-and-error procedures
according to the stability and transient response of the experiment under investigation.

Similarly, ascending and descending slope of the averaged electrical current from
the designated electrode were used to monitor the pump and feed addition status. The
formation of the solid particles in the solution decreases the mean electrical current of the
solution throughout the feed addition window. The average slope of the electrical current
is continuously determined as follows:

C =
I

∆t
(6)

where I is the electrical current (microampere, µA), C is the average slope of the electrical
current (µA min−1), and ∆t is the measurement time (minute). An abrupt decrease in the
continuous slope measurement toward a plateau (i.e., zero slopes) indicates a situation
where the feed addition pump is switched off, as expressed in Equation (7):
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where K is the slope factor, and εfeed is the threshold value that triggers the alert concerning
the pump status. A time difference of 30 s was used to evaluate the moving average of the
incoming electrical signals for the pump status. Table 1 lists the threshold values for εmixer
and εfeed that were used during the experimental investigation.

Table 1. Threshold values to trigger the alert system for mixer and feed addition pump malfunctions.
Averaged values obtained from multiple experiments with their standard deviation are reported.

Equipment Parameter Threshold Value The Time Difference for
Moving Average, s

Mixer εmixer 1.9 ± 0.1 20
Pump εfeed 15 ± 4 30

2.5. Total Ion Balance Modeling and the Minimum Runtime

The presence of different ionic compounds (see Equation (1)) during the calcium
carbonate crystallization process results in the variation of the electrical current flow in the
opaque solution. To enhance the accuracy of the process automation in terminating the
crystallization (i.e., switching off the mixer and feed pump), a minimum runtime criterion



Sensors 2021, 21, 6958 8 of 20

was defined. The theoretical minimum runtime was determined by the total ion balance
modeling of the entire process—that is, the minimum amount of the feed solution required
to consume a known calcium chloride concentration in the receiving tank. A final command
to terminate the crystallization process is applied when both the experimentally measured
slope factor criterion is satisfied, and the minimum runtime has elapsed.

The data presented in Table 2 were used to perform the theoretical ion balance model-
ing over time for the investigated chemical reaction. The pumping capacity of the impeller,
Q, can be used to quantify the flow pattern in the stirred tank reactor. As expressed in
Equation (8), Q is the volumetric flow rate passing through the mixing planes due to the
rotation of the impeller [35].

Q = NqND3 (8)

where Nq is the pumping number of the Rushton impeller [36], N is the stirring rate (rps),
and D is the impeller diameter.

Table 2. Main operating parameters for the theoretical ion balance modeling and
precipitation experiments.

Parameter Unit Value

CaCl2concentrations g L−1 0, 1.6, 3.3, and 6.6
NaOH concentration at the feed mol L−1 12.1 ± 0.05
CO2−

3(aq)
concentration at the feed mol L−1 0.14 ± 0.2

Impeller pumping capacity m3 s−1 0.004
Impeller pumping number – 0.70

Impeller diameter m 0.07
Stirring rate rps 1.67

Impeller tip speed m s−1 0.37

As presented in Figure 4, four different initial concentrations of calcium chloride
were employed to conduct the calculations. When the initial concentration of Ca2+

(aq)

in the receiving reactor is 0 g L−1, the addition of the ionic feed solution results in an
immediate rise in the total ions in the crystallizer without the formation of any solid
particles. Crystallization occurs when the initial concentration of Ca2+

(aq) is non-zero, which
is an indication of a decrease in the supersaturation and formation of non-conductive solid
particles. Depletion of the initial Ca2+

(aq) in the reactor results in a continuous descending
trend for the global electrical current distribution of the solution.
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Figure 4. Theoretical modeling and calculation of the total ion balance during the crystallization process. Constant
parameters are feed solution pH: 12.1, CO2−

3 concentration: 0.14 mol L−1, feed addition rate: 40 mL min−1. Initial solution
volume in the reactor is 3 L. (a) No precipitation; (b) precipitation until 8 min, afterward calcium chloride is depleted;
(c) precipitation until 16 min, afterward no calcium chloride is present; (d) precipitation until 31 min, afterward no calcium
chloride is remaining.

3. Results and Discussion
3.1. ERT Sensitivity Analysis and Sensor Selection

The operating architecture of the utilized ERT system is voltage exciting and current
measurement via a system of equidistant electrodes fixed around the boundary of the
stirred tank reactor. Gauss–Newton reconstruction algorithm was used for post-processing
the ERT tomographs. Even though tomographic data can provide cross-sectional represen-
tation from within a stirred tank reactor, in the current investigation, the ERT reconstruc-
tions could not be utilized due to non-deterministic and insensitive data from the crystal
suspensions. Employing them for fault identification does not efficiently characterize
malfunction situations. Moreover, the complex nature of the topology-based visualization
renders the real-time interpretation a challenging task. The transient correlation of the
reconstructions to physico-chemical phenomena of the fast-kinetic crystallization process
becomes extremely limited due to a relatively slow reconstruction time and the global
resolution. In summary, more research efforts are needed for image reconstructions studies
in detail. On the other hand, statistical analysis of the single- and multi-electrode current
measurement of the ERT provides satisfactory information from the suspension that con-
tains a conductive liquid phase and non-conductive solid phase. Figure 5 displays the
multi-electrode current measurements for different concentrations of water-CaCl2 system.
The mean of averaged electrical current from 16 electrodes is used for approximate quan-
tification of the total current of the solution. Results show that the distinguishability and



Sensors 2021, 21, 6958 10 of 20

sensitivity range of the utilized ERT system becomes limited by operating at a relatively
higher CaCl2 concentration.
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Figure 5. Mean of averaged current measurement from 16 electrodes of the ERT for quantification
of the total current of the solution. Different concentrations of CaCl2 solutions are used for a 1-min
measurement. Solutions are stable with no mixing.

Additional statistical analysis of the electrical currents from ERT electrodes demon-
strates a continuous pattern in the acquired signals that can be linked to physio-chemical
changes of the precipitation process. As discussed in Section 2.4, the effects of mixer status
(i.e., switched on/off) can be observed through standard deviation analysis. Figure 6 shows
the variation in electrical current measurement based on a single- and multi-electrode
analysis induced by the change in stirrer conditions. The elapsed time (T) of the experiment
is reported in the form of T+ (T-Plus), which starts from the beginning of the process. Upon
switching off the mixer at times 3, 6, 8, and 9.5 min into the process, an abrupt increase
in the relative standard deviation of the measurement data is recorded. According to
Table 1 (Section 2.4), a threshold value of 1.9 ± 0.1 was assigned to the mixer SD ratio (σr)
for monitoring and reporting the stirrer operating status. The assigned value to σr was
obtained through experimental repetitions and trial-and-error procedures. If the dynamic
SD ratio measurements rise above the threshold value, it triggers an alert indicating the
mixer is switched off.

The rise in signal amplitude due to a change in the mixer status is robustly observed
over electrode no. 2 (Figure 6b)—a quantitative analysis of the standard deviation ratio of
all the electrodes of the utilized ERT system for the selected batch experiment is presented
in Appendix A (Table A1). Calculating the SD ratio around the time that the mixer is
switched off indicates the minimum SD ratio criterion is satisfied over electrode no. 2. Even
though analogous patterns are spotted in other electrodes—including the total averaged
value (Figure 6a)—the evaluated σr is consistent on the selected electrode throughout
different experimental repetitions.

Although employing a single electrode to analyze the ERT measurements provides
partial knowledge of the suspension and the precipitation process, it demonstrates as a
promising tool to investigate faults and malfunction throughout the process. In the present
study, the measurement of the electrical current from electrode no. 2 was used to develop
the FDD methodology. The selected electrode was located close to the feed point and
demonstrated a relatively higher sensitivity to the process under investigation.
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Figure 6. Changes in electrical current measurement induced by switching on (100 RPM) and off (0 RPM) the stirrer at CaCl  concentration of 1.6 g L , without any reagent addition. (a) Electrical current measurements by averaging 16 elec-
trodes; (b) mixer-induced variation in the signals acquired through electrode no. 2; (c) comparison of electrical current 
measurements via single-electrode located at 90-deg apart inside the stirred tank reactor. Quantitative information from 
all the electrodes is reported in Appendix A. 

A good qualitative agreement was identified between the theoretical analysis of the 
total ion balance (Figure 4a) and the experimental measurements by the ERT electrodes. 
Figure 7 shows the measurements where the initial amount of Ca( ) is 0 g L ; hence, the 
addition of the ionic solution (containing OH  and CO ) to water results in a continuous 
increase in the overall electrical current. While the mixing is uninterrupted at 100 RPM 

Figure 6. Changes in electrical current measurement induced by switching on (100 RPM) and off (0 RPM) the stirrer
at CaCl2 concentration of 1.6 g L−1, without any reagent addition. (a) Electrical current measurements by averaging
16 electrodes; (b) mixer-induced variation in the signals acquired through electrode no. 2; (c) comparison of electrical
current measurements via single-electrode located at 90-deg apart inside the stirred tank reactor. Quantitative information
from all the electrodes is reported in Appendix A.

A good qualitative agreement was identified between the theoretical analysis of the
total ion balance (Figure 4a) and the experimental measurements by the ERT electrodes.
Figure 7 shows the measurements where the initial amount of Ca2+

(aq) is 0 g L−1; hence,

the addition of the ionic solution (containing OH− and CO2−
3 ) to water results in a con-

tinuous increase in the overall electrical current. While the mixing is uninterrupted at
100 RPM during the experiment, the pump switches off at 6 min into the process for moni-
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toring the effects of the feed addition; after switching on the pump at T+8 min, a similar
pattern is observed. Measurements were obtained by averaging the electrical currents
from 16 electrodes of the ERT system and compared with the data from electrode no. 2.
Additional qualitative similarities between the theoretical analysis and the experimental
measurements are discussed in Section 3.3.
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3.2. Measurements of CaCO3 Solid Particles Addition by ERT Electrodes

To investigate the dynamical effects of solid calcium carbonate on the electrical field
of the ERT system, two different amounts of solid particles were added into the reactor
containing 3 L water. Solid samples of commercial calcite (provided by VWR, purity > 99%)
were used for the measurement. Particles were added from the top of the reactor by hand.

Figure 8a,b shows the experimental measurement and procedures for the solid con-
centrations of 8.3 g L−1 and 33.3 g L−1. Solid particle addition occurred after 5 min
(i.e., T + 5 min) into the measurement when the mixer was switched off from 100 RPM. No
significant changes in the electrical current of the medium were observed before and after
the addition of the non-conductive calcium carbonate. The electrical current of the solution
slightly increases from an average value of

(
2.7± 0.3× 10−3) µA to

(
3.3± 0.2× 10−3) µA

after switching on the mixer at T+6 min. The relative increase in the current is primarily due
to the distribution of solids and distinct electrical properties of the suspension. Moreover,
since the background medium was non-conductive in comparison to Ca2+

(aq) solutions, the
status of the mixer (e.g., on/off) was not substantially affecting the electrical field.

3.3. ERT-Based Fault Detection and Malfunction Scenarios

Different scenarios of the ERT-based malfunction investigation are listed in Table 3. Ex-
isting patterns in the signals measured by a single electrode of the ERT system are analyzed
to determine the mechanical equipment condition throughout each batch operation.
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Figure 8. Variation in the electrical current of CaCO3 suspensions based on single-electrode measurements; (a) CaCO3:
8.3 g L−1; (b) CaCO3: 33.3 g L−1. The mixer switches on at 100 RPM.

Table 3. The investigated scenarios for fault detection and diagnostics with electrode no. 2 of the
ERT system. All the experiments are carried out at a mixing speed of 100 RPM and feed addition rate
of 40 mL min−1 .

Experiment Index Constantly Operational Malfunction(s) during the Process

Case no. 1 Pump ON Mixer ON and OFF
Case no. 2 Mixer ON Pump ON and OFF
Case no. 3 Pump ON and Mixer ON Feed is water (not carbonate ions)

In all the cases, the initial concentration of calcium chloride was 1.6 g L−1. The main
operating parameters of the experiments are tabulated in Table 2 (Section 2.5). The end-
to-end experimental procedure for each operating condition was repeated three times to
ensure the validity and repeatability of the results. As presented in the total ion balance
modeling of the process, the addition of the ionic reagent solution to the reactor leads to
the precipitation of CaCO3 and the subsequent depletion of CaCl2. The formation of the
non-conductive solid calcium carbonate was monitored in real-time by the ERT system and
measured through electrode no. 2, which was located adjacent to the feeding point.

Figure 9 displays a situation where operator-induced mixer malfunctions were en-
forced while the precipitation process was ongoing; mixer malfunctions of duration 30 s
were applied at times T + 7 min and T + 10 min into the process. Switching off the stirrer
results in a rapid variation of the electrical current and increases the mean standard devia-
tion, which in turn notifies the operator via an alert system implemented in the process
automation program. Currently, return to the nominal operating mode following the
fault is done by the operator; however, there is a possibility of full automation by further
development of the experimental setup and the software.
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Figure 9. Fault detection and malfunction scenarios for case no. 1 in Table 3. The feed pump is
constantly switched on, and the mixer switches on (100 RPM) and off (0 RPM), while the precipitation
is ongoing. The entire experimental process automatically shuts down when CaCl2 is depleted at ca.
T + 13 min. The constant feed flow rate is 40 mL min−1.

Furthermore, as shown in Figure 9, the slope of the measured electrical current
has a descending trend because of the continuous reagent addition and formation of
solids. The decreasing slope of the fitted linear line between 5–12 min, which equals
ca. −2.12× 10−4 µA min−1, indicates the consumption of CaCl2 in the suspension. After
13 min into the process, the value of the slope decreases (−5.68× 10−6 µA min−1) to a
roughly plateau region. For the employed concentrations of species, both an abrupt change
in the slope factor after 13 min and fulfilling the minimum experimental runtime result in
an automatic shutdown of the mixer and the feed pump. Quantitative data of the mean
value of the slope between 5 and 12 min from different electrodes are presented in Table 4.
The data address the reliability of the selected electrode in triggering the alert system
concerning the stirrer malfunctions; in comparison to other electrodes, steep of the slope in
electrode no. 2 is greater.

Table 4. Assessment of the slope of the electrical current between 5 and 12 min from all the electrodes of the ERT system.
The data describe the malfunction scenarios for case no. 1 in Table 3 and Figure 9.

The Slope of the Electrical Current from All the Electrodes of the ERT System during the Time between 5 and 12 Min

Electrode 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Current (µA min−1),
× (−1× 10−4)

1.93 2.12 1.04 0.47 0.96 0.14 0.18 0.26 0.19 0.14 0.03 0.11 0.21 0.79 1.51 1.54

Figure 10 demonstrates the intermittent operation of the feed pump and its effect
on the electrical current measurement of the ERT system (electrode no. 2). The mean
value of the electrical current from T + 5 min to T + 7 min has a steeper slope angle
in comparison to the period in which the pump is switched off (between 7–8 min). A
rapid decrease of 20–25 times in the average slope factor of the electrical current toward a
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plateau automatically triggers the alarm that indicates a malfunction in the pump—a time
difference of 30 s was used to evaluate the moving average of the incoming electrical signals
for the pump status. Since the precipitation and the real-time fault detection were dynamic
and fast, the accuracy and efficiency of the decision-making of the process automation are
promising enough to realize the overall trend of the experimental system.
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Figure 10. Fault detection and malfunction situation for case no. 2 in Table 3. The stirrer is continu-
ously on (100 RPM), and a malfunction is enforced on the pump at T + 7 min. Precipitation is ongoing
only when the feed pump is on. The feed flow rate is 40 mL min−1.

To ensure a satisfactory single-sensor operation during the precipitation process, the
performance and sensitivity of different electrodes of the ERT system to pump failure
were analyzed. As displayed in Figure 11, measurements obtained from four equidistance
electrodes, positioned at 90-deg apart inside the reactor—namely, sensors no. 3, 6, 10,
and 14—can be qualitatively compared with the data from electrode no. 2. In terms of
the lower stochastic behavior of the acquired signals in different operating conditions,
measurements obtained through sensor no. 2 were, in comparison, robust enough for
malfunction identification for the pump.

In addition, Table 5 presents the slope factor evaluation for all the electrodes of the ERT
system at critical times during the process—the analysis is used to assess the sensitivity
of the measurement point. The implemented methodology based on electrode no. 2 did
well in reacting to significant variations in the slope factor, which is an indication of the
pump malfunction.

According to the FTA analysis, the content of the feed solution can lead to reactive
crystallization failure. Issues in the feed solution could be due to prior faults in the system,
for instance, inefficient CO2 capture process leads to lower concentrations of the CO2−

3(aq)

in the feed. Figure 12 presents an operating condition where the feed concentration was
not at the nominal level of 0.14 mol L−1 ± 0.2 mol L−1 of CO2−

3(aq)
, and instead, water was

used to conduct the experiments. The addition of the non-ionic solution to the crystallizer
containing 1.6 g L−1 of CaCl2 resulted in a continuous decrease in the overall electrical
current of the medium, as measured by electrode no. 2. The expected precipitation
time after the start of the feed pump was 8 min; since no calcium chloride is consumed
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throughout the 8-min window, the decrease in the overall electrical current was due to an
increase in the solution volume and not the precipitation process.
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Figure 11. Performance of different sensors during feed pump failure situations (case no. 2 in Table 3). Sensors are separated
at 90-deg apart inside the crystallizer. The initial CaCl2 concentration is 1.6 g L−1. The feed flow rate is 40 mL min−1, and
mixing speed is 100 RPM.

Table 5. Comparison of the slope of electrical current over all the electrodes of the ERT system.
The slope factor, K , is calculated at the time that the pump is switched off, which triggers an alert
based on electrode no. 2. The data illustrate the malfunction scenarios for case no. 2 in Table 3 and
Figures 10 and 11.

t1 = 6.3–7.1 Min,
(Pump On)

t2 = 7.2–8 Min,
(Pump Off) Slope Factor, K t3 = 8.1–8.9 Min,

(Pump On)

Electrode Index Ct1 (×10−5) Ct2 (×10−5) K=Ct1 /Ct2 Ct3 (×10−5)

1 −23.38 −3.16 7.39 −22.98
2 −25.35 −1.01 25.09 −24.87
3 −11.00 −4.71 2.33 −3.15
4 −6.19 −2.98 2.07 −9.55
5 19.12 −10.14 −1.88 −5.62
6 −0.50 −4.04 0.12 0.50
7 1.43 −3.4 −0.42 0.659
8 1.38 −5.46 −0.25 −1.06
9 2.35 −4.6 −0.51 −1.61

10 1.40 −3.10 −0.45 −2.20
11 3.08 −2.10 −1.4 0.78
12 1.86 −2.76 −0.67 −0.48
13 0.16 −1.57 −0.03 −0.18
14 −2.50 −5.00 0.5 −5.61
15 −14.04 −4.58 3.06 −13.39
16 −19.9 −2.36 8.43 −21.29
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4. Conclusions

In this paper, real-time malfunction diagnosis and fault detection in the reactive
crystallization process of CaCO3 was investigated by utilizing a single sensor of an electrical
resistance tomography system. The occurrence of unfavorable faults and malfunctions in
the key components of the process stream negatively impacts the final product and results
in crystallization failure and can be quantitatively studied.

The fault detection and diagnostics of the investigated process were developed based
on the fault tree analysis approach. It has been shown that failures in the critical process
parameters such as mixing, pump, and concentrations can be effectively identified by the
existing patterns of a single-electrode measurement. Stirrer operational condition was
developed based on standard deviation analysis of the incoming signals, while the electrical
current slope assessment was used for reporting the pump (feed addition) situation. To
ensure a reliable single-electrode operation, experimental repetitions and quantitative
analysis of the standard deviation and slope factors are thoroughly investigated. The
process automation program was developed in the LabVIEW software environment, and
the threshold values to trigger the alert system were experimentally investigated.

Although the tomograph reconstructions failed for the reasons mentioned in this
paper, it was possible to develop a fully functional fault detection system using ERT sensor
data. The most sensitive measurement point based on the experimental measurements was
selected as sensor data transmitter to fault diagnosis.

The current fault detection approach may be studied by varying the input parameter
values broadly to check system sensitivity and robustness. In this context, investigation
of different signal processing schemes (e.g., more comprehensive signal-to-noise ratio
analysis) could be tested in malfunction identification. Adding more automation to the
associated program, such as the capabilities to dynamically identify the most sensitive
electrode, can be the subject of further investigations. Additionally, a key area of further
research concerns the development of ERT reconstructions and investigates its potential
to be used in the process under investigation. Subsequently, the integrated approach (i.e.,
fault detection and tomography) provides a means to simultaneously study the particle
suspension densities at the outlet section and inside the crystallization reactor.
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Appendix A

Table A1. Standard deviation ratio analysis of all the electrodes of the ERT system. SD ratio (σr)

are evaluated according to Equation (5) in the main text and are reported around the time that the
mixer switches off. The results are related to the experiment where CaCl2 concentration is 1.6 g L−1,
without the feed solution addition; the mixer switches on at 100 RPM. Illustrations for selected
electrodes are displayed in Figure 6 of the main text.

3–3.5 Min,
(Mixer Off) 5.5–6 Min 6–6.5 Min,

(Mixer Off) 7.5–8 Min 8–8.5 Min,
(Mixer Off)

Electrode Index σr σr σr σr σr

1 1.86 0.71 1.53 0.59 1.62
2 2.14 0.55 2.30 0.42 2.12
3 1.40 0.69 1.44 0.68 1.86
4 1.57 0.57 1.60 0.67 1.36
5 1.28 0.97 1.40 0.48 2.01
6 1.84 0.59 1.45 0.65 1.48
7 1.51 0.57 1.04 1.99 1.00
8 1.80 0.55 1.59 0.89 1.08
9 0.56 2.26 1.61 0.75 1.32
10 1.62 0.52 1.58 0.68 1.87
11 1.39 0.64 1.25 0.67 1.86
12 1.66 0.66 1.56 0.61 1.73
13 1.55 0.79 1.61 0.64 1.56
14 1.13 0.84 1.43 0.55 1.56
15 1.52 0.73 1.54 0.73 1.45
16 1.60 0.61 1.79 0.54 1.58
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Abstract: In this work, an ultrasound computed tomography (USCT) system was employed to
investigate the fast-kinetic reactive crystallization process of calcium carbonate. USCT measurements
and reconstruction provided key insights into the bulk particle distribution inside the stirred tank
reactor and could be used to estimate the settling rate and settling time of the particles. To establish
the utility of the USCT system for dynamical crystallization processes, first, the experimental imaging
tasks were carried out with the stirred solid beads, as well as the feeding and stirring of the CaCO3

crystals. The feeding region, the mixing process, and the particles settling time could be detected from
USCT data. Reactive crystallization experiments for CO2 capture were then conducted. Moreover,
there was further potential for quantitative characterization of the suspension density in this process.
USCT-based reconstructions were investigated for several experimental scenarios and operating
conditions. This study demonstrates a real-time monitoring and fault detection application of USCT
for reactive crystallization processes. As a robust noninvasive and nonintrusive tool, real-time signal
analysis and reconstruction can be beneficial in the development of monitoring and control systems
with real-world applications for crystallization processes. A diverse range of experimental studies
shown here demonstrate the versatility of the USCT system in process application, hoping to unlock
the commercial and industrial utility of the USCT devices.

Keywords: ultrasound computed tomography; travel-time imaging; time-of-flight transmission
imaging; mixing process; crystallization process; CO2 capturing via crystallization

1. Introduction

Industrial Process Tomography (IPT) offers great prospects to visualize the state
of vessels, pipes, and tanks containing multi-phase flows and mixtures without being
destructive and invasive to the process. Nowadays, there is a great need for monitoring the
internal functions of the processes to further improve the design and operation. Therefore,
the application of IPT in a wide variety of industrial applications is thoroughly being
researched, such as fluid transport in pipes, and the manufacturing of paint, detergents,
food, cosmetics, and pharmaceutical operations.

Industrial reactors are broadly used in different unit operations, making the tomo-
graphic studies on their functionality a hot topic for the research communities [1–7]. Slurry
transportation processes can also be found in many process reactors, for example, dredging,
food processing, and nuclear waste management. Slurry flow usually involves moving
high-density material through a carrier liquid (e.g., water), with few tomographic studies
being focused on slurry mixtures [8–11]. Mixing in industrial reactors is critical and chal-
lenging, especially in the case of complex fluid rheology. There are different types of mixing
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processes: liquid–liquid mixing, gas–liquid mixing, solid–liquid mixing, and the mixing of
multiphase non-Newtonian fluids. Furthermore, the challenges can be further increased
when the product has high-quality requirements for the degree of homogenization, and the
end-product has limited tolerance to variations in the hydrodynamics conditions in the
reactor. As the mixing phenomena can significantly affect the quality of the end products,
it is of significant importance to utilize monitoring instrumentation for detailed analysis
and to perform an efficient operation in terms of final yield.

Crystallization is a key reaction in many pharmaceutical/chemical sectors. Among
several types of crystallization processes, the industrial demand for reactive crystallization
(also known as precipitation) has been increasing in recent years [12]. The growth is mostly
due to the energy efficiency of these processes in comparison to, for instance, cooling
or evaporative crystallization. In reactive crystallization, the formation of solid particles
from solution is very fast and reactions are instantaneous, which causes local variations in
density and supersaturation gradient. In these processes, efficient mixing at different scales
(i.e., micro-, meso-, and macro-mixing) becomes a critical factor and has a significant impact
on process characteristics such as crystal size distribution and shape [13]. Coupling the
fast reaction kinetics with the complex nature of the fluid flow hydrodynamics renders the
monitoring and control of the unit operations challenging. The real-time characterization
and control of fast kinetic crystallization systems have profound importance in ensuring
end-product quality in these mixing sensitive processes. The main control parameters
have been the subjects of intensive research. Normally, yield and quality targets for batch
crystallization are given in terms of solute concentration and crystal size distribution
(CSD). Several multipurpose and reliable methods measuring these characteristics have
been studied, which are mainly based on the use of in situ spectroscopic techniques.
Such techniques include mid- and near-infrared, Raman, UV-visible, and ultrasound
spectroscopy [14–18]. Regarding ultrasound techniques, nonspectroscopic methods have
been studied in the form of single-frequency acoustic emission with promising results,
leading to less complex measurement setups [19,20]. Moreover, the influence of mixing
speed on crystal size distribution (CSD) has been studied widely [21–23]. However, due to
the abovementioned complexities, the development of functional monitoring and control
schemes for these fast kinetic processes is still an ongoing research topic [24].

Contrary to the abovementioned crystallization monitoring single-point measurement
methods, there has not yet been any applicability of tomographic methods for the control
of such processes. Tomography could add useful information regarding the topology and
the material phase distributions in mixtures. It can also offer the opportunity to quantify
the degree of homogeneity of particulate suspensions and other multiphase mixtures. Even
though tomographic techniques cannot compete against the spectroscopic methods in PSD
measurements, they can add useful spatial information and can be used as a fault detection
or quality assurance tool for the complex mixing processes. They can also be used as
complementary alternative measurements to the PSD single-point measurements aiming
at multiple measurements integration. Few tomographic studies have been conducted for
monitoring in situ crystallization processes such as X-ray microtomography [25,26], X-ray
diffraction tomography [27], electrical resistance tomography [28–30], electrical capacitance
tomography (ECT) [31], and ultrasound tomography [32]. The reconstructed tomograms
can help to identify the reaction endpoint and ensure the chemical reactions are controlled
precisely. In reactor processes—particularly in crystallization—integrated tomographic
visualization, data fusion, and machine learning have the potential to be utilized as a
complementary method to the conventional point-based measurement techniques, aiming
at fault detection, suspension density and spatial distributions characterization, and PSD
indications. The USCT can be used in a contactless fashion as it was in this study, offering
an advantage over EIT that requires direct contact with the medium. Furthermore, the sen-
sitivity of EIT is reduced in the central area of the reactor tank, while USCT can offer a good
and uniform resolution over all regions. More commercial availability of the EIT devices
could be a reason for their use in various processes. This work aimed to demonstrate that
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the USCT is a very versatile IPT tool and deserves further commercial development for
deployment in real-life applications.

In the present work, an ultrasound computed tomography system was utilized to
investigate the reactive crystallization process of calcium carbonate. USCT offers some
major advantages over other tomographic methods, offering a low-cost alternative that
could reach suitable outcomes in spatial and temporal resolution. The calcium carbonate
production is integrated with a carbon capture process where CO2 gas is absorbed into
sodium hydroxide solutions. The idea presents real-world applicability for carbon dioxide
utilization and valorization to an economically attractive chemical [33]. The utilized USCT
measurement system is based on acoustic impedance features to characterize and image
acoustical distributions. USCT measurements and reconstruction provided insights into
the bulk particle distribution inside the stirred reactor and were used to estimate the
settling velocity of the particles. The study gave insights into the crystallization system and
aimed to link the online tomographic measurements to fault detection and malfunction
identification when out-of-specification events occur throughout the process. The paper
demonstrated an extensive range of uses for a versatile USCT system.

It is worth noticing that the USCT technology has reached remarkable image resolution
that is comparable to MRI and XCT for various medical applications, as well as geophysical
applications [34–36]. The medical applications of the USCT for brain and breast imaging can
be considered as static-type imaging, so a very large number of (smaller size) transducers
could be used. The same could be carried out in industrial process applications. However,
the limiting factor is the dynamical nature of most of the process monitoring applications.
Deployment of a very large number of sensors leads to extensive measurement time and
extensive computational time.

2. USCT System and Method

The USCT system in this study is based on transmission-mode USCT data. Recorded
waveforms are used to reconstruct travel-time delays and acoustic attenuation (AA) pro-
files using the time-of-flight (TOF) of the first arrival pulse and its amplitude, respectively.
Figure 1 depicts the tomographic setup focused on a tank reactor. The tomographic
setup consists of the sensor’s ring array, the electronic hardware/controller, and the host
computer, which is responsible for the tomographic software and displaying the results.
The reactor tank is made of acrylic material and is equipped with a feeding pump and a
stirrer. The sensor’s array is defined by 16 piezoelectric transducers. They work as both
transmitter and receiver, mounted at the outer boundary of the tank, using an ultrasonic
glue. The instrument can provide TOF and amplitude data as it filters the full-waveform
signal and shares the data with the host computer. For this pre-processing step, the elec-
tronic hardware is responsible as the filtering occurs in analog form. Therefore, the system’s
temporal resolution is optimized, as a significant amount of data are cut off before the data
transfer stage. The tomographic instrument measures the time needed for a wave to over-
come the medium but also the energy that is being lost by absorption or back-scattering.

2.1. The USCT Hardware

The USCT hardware system consists of a circular ring of 16 transducers, an elec-
tronic hardware setup for emitting and recording TOF and AA data of the first arrival
pulse, and computer software for analysis and reconstructions. Each recording comprises
256 measurements, accounting for 16 recordings for every one of the 16 emissions that
take place. The system provides 5 frames of computed TOF/AA values each second,
hence resulting in an overall temporal resolution of 4 frames per second (fps). Such a
response over time was used for tomographic reconstruction execution in the present work
and is considered adequate for a wide range of dynamical processes, such as pipe-flow
monitoring. The USCT system’s design features are presented in Table 1.
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Figure 1. A tank reactor with the integrated USCT system.

Table 1. The main design features, structural parameters, and values of the utilized ultrasound
tomography system.

Parameter Value

Transducers’ frequency 400 kHz
Number of pulses 6

Supply voltage +72/−72 V
Pull to the ground after extortion 45.2 dB

Gain the first stage 1 v/v
Analog filter Band-pass 350 kHz

Convert to envelope HI
Offset-RAW signal 1.75 V

Offset-ENVELOPE signal 0 V
Number of channels 16

The system consists of eight four-channel measurement cards connected by an FD
CAN bus with a measuring module, which is a bridge between the microprocessor measur-
ing system and the panel. The measuring module monitors the course of the measurement,
stores parameters, controls the high-voltage converter, and switches the bus. The four-
channel measurement card was made in a modular manner. The sections of amplifying
and filtering analog signals were made on small separate PCBs. For better isolation of
individual channels, it is possible to mount a shielding housing on each module. In ad-
dition, a four-channel high-rectangular-voltage generator was designed at the bottom of
the plate. The generator circuit consists of four four-channel MOSFET drivers connected
to double H bridges (TC8220). A single section can generate a three-stage square wave
signal (Vpp–GND–Vnn). Depending on the power source, the circuit can generate voltages
from +100 V to −100 V. In the presented prototype, the generator circuit is powered by a
symmetrical voltage of +/−24 V. Therefore, the maximum instantaneous current efficiency
of MOSFET keys is 3 A. The converters were synchronized with a built-in counter in the
STM32G474 microcontroller. The sampling data travel to the internal memory buffer by
DMA. The generation of appropriate waveforms controlling the MOSFET keys of the
four-channel high-voltage generator was carried out by cascading three meters. The mi-
crocontroller generates 4 square waveforms (for a positive key, for a negative key, and for
two keys connected to the device’s ground). The control signals travel directly to all four
generator sections. Each section has an input that activates or deactivates a given section.
Thanks to that, it is not necessary to generate control signals separately for each section.
The analog module is a system that amplifies the ultrasonic transmitting signal. The pro-
posed design has an integrated AD8331 amplifier with gain control using an external DAC
converter and a system converting the AC signal to ADL5511 envelopes and two THS4521
differential amplifiers. Due to the distance between the modules and the microcontroller
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and the presence of a high-voltage generator on the same PCB, the final output signal from
the module is a symmetrical differential signal, which reduces the amount of noise.

Figure 2 shows the full waveform signal used for the selection of TOF and AA values.
A minimum threshold of 10% was used to cut down the minor pulses caused by back-
scattering or equipment-related noise. The threshold’s level is presented in Figure 2 by
the black horizontal line. The TOF value is determined by the projection of the first
signal’s point after the threshold to the x-axis (time step axis), shown by the red point
in the corresponding graph. The biggest y-value (the y-axis is a measurement value that
represents the amplitude of the receiving wave) within a 20% signal’s window in the
transmitted pulse “region” indicates the recorded pulse’s amplitude, depicted by the black
point in the graph. A more detailed method for signal picking can be seen in [37], where the
hardware is also briefly described. In both TOF and amplitude data, the “Deleting Outliers”
statistical filtering method was used to handle the noise coming from multi-backscattering.
An iterative implementation of the Grubbs Test, which checks one value at a time, was
used to identify the outlier signals [38]. The MCUSD11A400B11RS transducer (ultrasonic
sensor, frequency 400 kHz +/−16 kHz, diameter 11 mm, material made of aluminum,
input voltage 300 Vp-p, directivity (−3 dB) 7◦ +/− 2◦, operating temperature −20 ◦C to
80 ◦C. Manufacturer: MULTICOMP) was used for the sensor array. UST1.0 with 40 kHz
operation was used in [39,40].

Figure 2. Recorded full-waveform signal from 1st transmitter-6th receiver pair.

2.2. Image Reconstruction

The tomographic approach uses the transmission sensitivity matrix that simulates the
propagation of the measured energy from sensors. The measurement data for transmission
tomography include TOF data and Amplitude Attenuation (AA) data. TOF measurement
data come from the subtraction of background data from the full data, and they define the
travel-time delays in microseconds (µs).

TOF = TOFf ull − TOFback (1)

AA measurement data [41] are computed by

AA =
1
fc

ln
( AA f ull

AAback

)
(2)
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where AAback is the reference amplitude data and AA f ull is the data when the domain
changes from background, namely the data that come during the process and describe the
changes in the acoustic field. fc is the center frequency of the excitation pulse.

Each spherical wave can be approximated by a cone of rays and, subsequently, every
plane wave by a fan of rays. Using the recorded TOF or AA values, one can calculate the
average sound speed or acoustic attenuation for the path of the modeled ray. To generate
the propagation model of the emitting energy, a computational model based on diffraction
on the 1st Fresnel zone is utilized [42]. Fresnel volume or ‘fat ray’ tomography is an ap-
pealing compromise between the efficient ray theory tomography and the computationally
intensive full waveform tomograph [43]. Using a finite frequency approximation to the
wave equation leads to a sensitivity kernel where the sensitivity of the travel time delay
also appears in a zone around the fastest ray path. The delay time is given as:

∆t(x) = t(s, x) + t(x, r)− t0(s, r) (3)

where t(s, x) and t(x, r) are the travel times from the source(s) to the point x and from x to
the receiver (r), respectively, and t0(s, r) is the travel time along the ray path from source to
receiver. One can evaluate the times of traveling using the ray-tracing method. A point x is
always within the first Fresnel zone if the corresponding travel time satisfies the following
equation, in which T defines the emitted wave’s period:

|∆t(x)| < T
4

(4)

The sensitivity of a Frechet kernel based on the first Fresnel zone is defined as follows:

D(x) = K V(s, x) V(x, r) cos
(

2π
∆t(χ)

T

)
exp

−( a∆t(x)
T
4

)2
 (5)

where D(x) is the sensitivity at domain’s point x, V(s,x) is the amplitude at x of the wavefield
propagating from source s, V(x,r) is the amplitude at receiver point r with the wavefront
emitted from point x, and K is the normalization constant. The cosine factor models the
alternating sensitivity being positive in the odd Fresnel zones and negative in the even
Fresnel zones. a denotes the Gaussian factor, which controls the degree of cancellation
in Fresnel zones beyond the first. The SIPPI MATLAB software was used to generate
the sensitivity kernels [44]. To develop the USCT system of the present work, a Frechet
sensitivity map described by Buursnick et al. and produced by the SIPPI MATLAB package
was employed [43]. The sensitivity matrix represents a linearly modeled distribution of
acoustic propagation that can fit well with TOF and AA.

Ai,j =
Di,j

∑m
i1=1 ∑j1=j Di1,j1

(6)

where Si,j is the sensitivity matrix based on the Frechet method and Ai,j is the normalized
matrix, which is used for reconstructions, with i = [1, . . . m] and j = [1, . . . , n].

A generalized tomographic forward problem uses the approximated excitation’s
sensitivity model and the known domain to recover the measurement data. In our approach,
TOF or AA differences can be used as measurement data ∆M. It can be expressed as:

∆M = A ∆S + e (7)

where ∆M is the measured data from sensors and ∆S is the reconstructed distribution based
on acoustic features. A represents the modeling operator that expresses the sensitivity
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distribution in the FOV, and e is the noise in the measurements. A simplified inversion can
be performed using linear back-projection (LBP):

∆S ≈ AT ∆M (8)

Generally, the LBP leads to low-quality USCT imaging results. Advanced regularization-
based methods can produce high-quality images. To solve the regularized inverse problem
with a high degree of stability, the robust total variation (TV) regularization algorithm is
applied [39]. The TV problem is defined as an optimization problem as follows:

minA(∆S) = ||(A ∆S + e)− ∆M||2 + a ||∇∆M||1 (9)

where a is the regularization parameter, ∇ is the gradient, and ||.||1 is the l1−norm. Subse-
quently, the problem to be solved is the constrained optimization problem, as shown in
Equation (10) given a priori known noise level p:

xa = argmin ∆S ( α ||∇∆S||1) such that ||A ∆S− ∆M||2 < p (10)

The constrained optimization problem is solved by the Split Bregman-based TV algo-
rithm [45]. To optimize the tomographic images, the negative effects of undesired artefacts
are removed by careful selection of the regularization parameter.

3. CaCO3 Crystallization Setup and Process Description

Ultrasonic measurements have a proven efficiency in the characterization of suspen-
sion densities and slurry mixtures. Prior studies have shown the relation between phase
velocity and acoustic attenuation on growing suspensions and different frequency excita-
tions [46,47]. These studies were based on single measurements, providing an indication of
the average changes in the entire domain. The USCT method can extend these to provide
local and regional information. In crystallization cases, the regions of well-dispersed crys-
tals and regions of associated crystal networks could exist together. Moreover, accounting
for the vigorous stirring process and the aeration that could be introduced to the mixture,
a three-phase flow would occur by a region of dispersed gas/solid/liquid phase (liquid
solution-crystalline particles-bubbles). Acoustic attenuation can be reduced further as
sound propagates through the dispersed phase, due to multiple back-scattering. Regarding
time-of-flight, delays are noticeable in the propagating signals over frames due to the
forming dispersed phase and the low-frequency excitation of 400 kHz.

The micron-sized crystallization process of the present work is part of the carbon cap-
ture and utilization scheme where process monitoring with the USCT system is presented.
Carbon dioxide is scarcely soluble in water under the standard temperature and pressure
conditions. CO2 absorption is improved by increasing the pH of water so that the resultant
chemical reaction becomes very fast at higher pH values. Sodium hydroxide–water with
pH 14.10 ± 0.1 was used to prepare the reagent solution for the crystallization process.
A small-scale CO2 bottle (purity > 99.99%) was employed to demonstrate the carbon cap-
ture process and to inject the gas into the solutions. The operation was performed by first
collecting the CO2-loaded solutions, and later using them for calcium carbonate crystal-
lization. In the process under investigation, the semi-batch feed to the stirred tank reactor
contained dissociated CO2−

3(aq)
, OH−

(aq), and Na+
(aq) ionic solution at a pH range of 12 ± 0.1.

The governing chemical reaction is presented in Equation (11) where aqueous CO2−
3(aq)

flows through an inlet pipe (diameter: 2 mm) into the crystallizer containing a known
concentration of calcium chloride (CaCl2, purity > 98%, Merck). A detaileds description of
the CO2 capture process and its integration with the calcium carbonate crystallization is
given in [48].

CO2−
3 (aq) + 2 Na+(aq) + CaCl2(aq) → CaCO3(s) ↓ +2 NaCl(aq) (11)
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The feed addition rate to the receiving reactor was constant at 40 mL min−1 during
the whole experiment. All the experimental runs were carried out at a temperature of
20 ± 2 ◦C. Figure 3 shows the schematics of the utilized crystallization reactor.

Figure 3. Schematics of the experimental setup. Dimensions of the plexiglass reactor and position of
the USCT sensors. The initial solution volume in the tank is 3 L.

Figure 4 shows photographs of the entire experimental setup in which the USCT
system was utilized to conduct process monitoring. The crystallization reactor was made
of plexiglass with an inner diameter of 190 mm, and a plastic-made, flat-blade Rushton
impeller was used for agitation.

Figure 4. Ultrasound experimental setup. (a) Reactor tank, (b) measurement unit, (c) mixer.

4. Results and Discussion

Several dynamical experiments were specifically designed to evaluate the USCT
response to various process events. The effects of certain operator-induced malfunctions
including switching on/off the stirrer and the feed pump, particle addition, and phase
changes were investigated. A description of the experimental results is presented in
the following sections. In the presented work, we show the potential applications of
the USCT in chemical reactor processes and especially in batch crystallization. USCT
characterizes the medium by measuring the time of flight and acoustic attenuation of
the sound propagation. Ultrasound tomographic imaging offers promising industrial
applications due to its low-cost value and the ability to be nonintrusive to the whole
process even though it is considered invasive to the process. First, the experimental
tests focused on particles’ concentration and dynamical status characterization in mixing
scenarios. As mixing highly affects the dynamical state of the tanks, it introduces noise
to the system, which disturbs the ultrasonic measurements. Noise is always apparent in
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the measurements when the dynamics of the tank abruptly change. The main challenge,
regarding ultrasonic online measurements in mixing environments, is the elimination of
the “stirring noise” and the use of the quantitative information, without the measured data
being seriously distorted.

4.1. Particle Beads Detection by Ultrasound Tomography

To establish the dynamical imaging based on particle concentration, circular particle
beads of 4 mm in diameter were poured into the stirred tank reactor containing 3 L of
water. The idea of the proposed experiment was to investigate the effects of mixing and
the real-time changes in the dynamical states of the reactor by using USCT. A description
of the experimental procedures is presented in Table 2.

Table 2. Particle beads detection experimental procedure.

Steps Task

1 T + 0 min: Reactor filled with 3 L of water
2 T + 0 min: USCT measurements start
3 T + 1 min: Addition of 100 g of particle beads at 1 min
4 T + 2 min: Mixer starts at 200 RPM at 2 min
5 T + 3 min: Stop mixer at 3 min
6 T + 4 min: End of USCT measurements at 4 min

Figure 5 shows experimental photos and tomographic reconstructions over time
during the experiment with 100 g of particle beads. Figure 5a–c present three distinguished
states of the experiments during the first 2 min: (a) the beginning, (b) the middle, and (c) the
end of particle addition. The sedimentation process of solid particle beads is clear in
the presented experimental photographs. The 2D reconstructions show the gradually
increasing values of the injection point as the particles were poured into the tank. Acoustic
field inhomogeneities were introduced both due to the existence of particles within the
sensors’ field-of-view (FOV) and the disturbances that occurred due to pouring. Figure 5d
presents the reconstructed frames during the particles’ pouring, showing an increasing
trend of TOF delays. Figure 5e displays the tank’s state immediately after the pouring and
provides insights into the particle’s settling over time, as it is described by a decreasing
trend of TOF delays.

As tabulated in Table 2, mixing at 200 RPM was switched on at approximately
T + 2 min into the experiment. Due to the mixing, the whole medium turned into a
dispersed liquid—solid state, as displayed by the experimental photo in Figure 6a. Tomo-
graphic reconstruction addresses the mixing-induced inhomogeneities by compromising
the higher intensity values across the entire region-of-interest (ROI), as shown in Figure 6c.
According to Figure 6b, the particles tended to assemble in the tank’s central area (where
the stirring took place), which is due to the central vortex formation and the centripetal
force induced by the stirrer rotation. The reconstructions in Figure 6d were in good agree-
ment with the experimental observations where higher inhomogeneities were formed at
the central location after the start of the stirrer.

The exact experimental procedures as discussed above (Section 4.1) were conducted
two more times, each time adding 100 g of additional particle beads to 3 L of water and
recording the measurements. Figure 7 shows the dynamical analysis of the experiment
using the mean value of the 256 measurements. All the three curves are described by a
small prior bump that corresponds to the pouring and the disturbances that are caused
and a latter one that corresponds to the concentration of the mixture, as it comes after
the stirring starts. Comparing the three curves, quantification can be achieved with TOF
imaging as the delays are related to the concentration of the two/phase mixture. For these
experimental cases, AA data were analyzed, offering the same responses as the TOF data.
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Figure 5. Addition of 100 g of particle beads in 3 L of water: (a–c) experimental photos demonstrating
the pouring location and the mixing (200 RPM); (d) reconstructions between 0.99 min and 1.39 min,
(e) reconstructions between 1.6 min and 1.84 min that corresponds to terminating the time of the
addition of the particles and the settling period.

Figure 6. Monitoring the mixing process of 100 g of particle beads (diameter 4 mm) with USCT.
(a,b): Experimental images of mixing at 200 RPM and the formation of a central vortex in the tank.
(c,d): USCT-based tomographic reconstructions between 2 min and 2.25 min, showing the process of
mixing. Amount of particles: 100 g, water volume: 3 L.
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Figure 7. Mean values of the time-of-flight delay for the three experiments with different bead
concentrations. The volume of water inside the reactor is constant at 3 L and 3 different amounts of
particles are tested.

The experiment with the plastic beads offers insights into the system’s functionality
in high-dynamical scenarios. First, efficiency was proven in detecting malfunction cases
coming from localized higher concentrations and generated disturbances in the medium
(by pouring). Then, quantification was achieved in different concentration tests. Finally,
the specific flat blade turbine impeller introduced the specific pattern of gathering the
plastic beads close to the stirring area (tank’s center).

4.2. Characterizing CaCO3 Solid Particles Distribution by USCT

Four different concentrations of solid calcium carbonate suspensions were used to
investigate the sound propagation. Samples of commercial calcite (provided by VWR,
purity > 99%) were added by hand from the top of the reactor containing 3 L of water.
Figure 8a presents the experimental procedure in sequence. Figure 8b,c display the recon-
structions over the pouring process of the calcium carbonate particles, while Figure 8d
shows the reconstruction over the mixing process and provides insights into the mixture’s
homogeneity. The tomographic images were obtained for the concentration of 25 g L−1 at
several key events and show the particle addition and also the effect of mixing that leads
the medium to a homogeneous state.

As presented in Figure 9, all the conducted experiments’ mean TOF data are defined
in a similar graph. In T + 1 min, stirring starts in the reference medium (water) having
almost zero impact on the mean TOF data. The highest peak at T + 4 min in the mean
values graph is due to an abrupt change and disturbance in the reactor caused by the
pouring of CaCO3 particles. Switching on the mixer at T + 5 min distributes the micron-
sized particles in the suspension and causes a rapid increase in the TOF. The increase in
the TOF delays agrees with the concentration increase. The TOF has a descending trend
after reaching the maximum peak (ca. from T + 5.5 min afterward), which characterizes
a relatively homogenous medium that facilitates sound propagation, concluding in the
sound speed propagation decrease at higher concentrations of solid calcium carbonate in
the reactor, resulting in higher TOF delays. For the corresponding experiments, AA data
were analyzed, offering the same responses as the TOF data.
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Figure 8. (a) Images on shown time step images of feeding. (b,c) Reconstruction between times
4.02 min and 4.30 min, describing feeding. (d) Reconstruction between times 4.95 min and 7.43 min
during the mixing process.

Quantification of Particle Settling Time by USCT Measurement

The settling velocity of particles is a function of the free settling velocity (terminal
velocity): it decreases as the solid particle concentration increases in the fluid domain.
The free settling velocity of particles for the Stokes’ regime, Vt, is determined based on the
following expression:

Vt =
gd2

p

(
ρσ − ρ f

)
18µ

(12)

where ρ f and ρs are fluid and solid density, respectively, dp represents particle diameter
(mean particle diameter: 25 µm), g is the gravitational acceleration (9.81 m s−2), and µ
denotes the dynamic viscosity of the fluid (0.0089 Pa s for water). The value of the free
settling velocity is strongly dependent on higher volumetric concentrations of solids (ϕ);
when a cloud of solid particles is settling in a quiescent liquid, additional interactions and
hindering effects (i.e., increased drag caused by the proximity of particles) influence its
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settling velocity. A typical semiempirical approach known as Richardson–Zaki is based on
the power-law function of volume fraction:

VHS = Vt(1− ϕ)n (13)

where VHS denotes the hindered settling velocity (i.e., corrected velocity), and n is a
function of the particle Reynolds number and dilution degree of the suspension: n = 6.5 for
Rep < 0.2.

Figure 9. Mean values of the time-of-flight difference data in four concentrations of CaCO3 suspen-
sions. Experimental procedures are the same for all the concentrations. The initial volume of water is
3 L. Settling period is defined to calculate the settling velocity of particles. (a–c) Plot for 8.3 g, 16.6 g,
and 25 g; (d) all the mean values from (a–c) in one plot.

In the present work, the settling period was approximated based on the ultrasound
tomographic measurements of the most diluted suspension (i.e., 8.3 g L−1 CaCO3 concen-
tration). The settling period is defined as the time interval for a cloud of solid particles to
reach from the suspension surface to the plane of the sensors after the mixer is switched
off—the distance from the suspension surface to the plane of the sensor is ca. 33 mm.
A plateau in the measured mean value of the sound speed is obtained after the stirrer is
switched off, as shown in Figure 9. The initial point of the plateau in the measurement is
attributed to the time that solid particles are passing the plane of sensors.

As calculated based on Equations (12) and (13) for the abovementioned particle size,
the average settling period is approximately 1 min for the solid volumetric concentration
of 0.31% (8.3 g L−1). The calculated value of 1 min is in good agreement with the estimated
settling period from the USCT measurement (Figure 9a). However, in denser particle
suspensions, the estimated settling periods based on USCT are higher up to 5 min for the
case of 33.3 g L−1 solids (ϕ = 1.22%). According to Equation (13), the particle hindered
settling velocity does not explain the estimated settling times by the USCT. Apparently,
the denser suspensions of size-distributed particles tend to discharge from the measurement
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zone (plane of sensors). Moreover, considering that the tank is without any baffles, the fluid
motion continues in the tangential direction after stopping the mixer. The effects of
particle motion, travel path of particles, and settling times can be further investigated by
Computational Fluid Dynamics (CFD) simulations and the Lagrangian particle tracking
method alongside the USCT experiments.

4.3. Reactive Crystallization Monitoring by USCT

Ultrasound-based tomographic measurement was used to detect localized crystalline
suspensions and monitor the reactive crystallization of the calcium carbonate process
according to the chemical reaction in Equation (11). In all the cases, the initial concentration
of calcium chloride was 1.6 g L−1. The operating parameters of the experiments are listed
in Table 3. The entire experimental procedure was repeated two times to ensure the
repeatability of the measurements.

Table 3. Main operating parameters for the CaCO3 crystallization experiments.

Parameter Unit Value

CaCl2 concentrations g L−1 0, 1.6
NaOH concentration at the feed mol L−1 12.1 ± 0.1
CO2−

3(aq)
concentration at the feed mol L−1 0.15 ± 0.5

Feed addition rate mL min−1 40
Impeller diameter m 0.07

Stirring rate rpm 100
Impeller tip speed m s−1 0.37

Two instances of the mean value of sound speed are presented in Figure 10. Due to the
fast kinetic nature of the particulate system, the nucleation phenomena are instantaneous,
which results in the formation of micron-sized particles. The mean value of sound speed
obtained from averaging the ultrasound signals is not sensitive enough to react significantly
to the onset of inherently stochastic nucleation, which begins at approximately T + 5 min
into the process. The formation of amorphous calcium carbonate (ACC) after initiating
the feed solution could be an alternative cause of the measurement delay. The formed
ACC in the precipitation system will dissolve first and, then, transform within minutes to
produce crystalline forms of vaterite and calcite, depending on the pH of the solution and
the mixing conditions [49].

Nucleation determines the main properties of the crystal population, including the
crystal polymorph, the number of crystals, and their size distribution. In the current
precipitation system, there is a possibility for the following succession of mechanisms to
occur [50,51]: (i) the formation and growth of ACC; (ii) the simultaneous creation of ACC
surface complexation sites from which calcite starts to precipitate; (iii) the calcite growth
from ACC; (iv) the creation of further calcite surface complexation sites and competitive
precipitation of calcite. Hence, the observed delay between the times of 5 and 10 min in the
USCT measurement could be attributed to the nature of the precipitation system. More
investigations can be conducted to improve the overall operational performance of the
measurement and the chemical process.

Furthermore, ultrasound tomographic reconstructions provide deeper insight into
the precipitation process of calcium carbonate. Data of Trial 1 in Figure 11 were used
to reconstruct the tomographic images, which shows the feeding points and the phase
change throughout the process. The injection point is encircled by the black circle in the
first reconstructed frame presented.
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Figure 10. USCT measurement of the reactive crystallization process: mixing speed of 100 RPM
and feed addition rate of 40 mL min−1. Mean value of sound speed measured for two identical
crystallization experiments.

As demonstrated in the experiments with particle beads (Section 4.1), USCT measure-
ment proved to be effective in recognizing and characterizing the bulk particle distribution
in the reactor. Figure 12 shows the final stages of the calcium carbonate crystallization
(based on Table 3), where the concentration of the suspension increases, and the particles
are primarily accumulated in the central vortex region where a three-phase composition is
formed regarding liquid solution, solid particles, and bubbles.

In reactive crystallization, the time-of-flight USCT provides useful information on
feeding points and the later stage of the material phase change and crystal growth. Re-
ferring to the mean value plot of TOF data in Figure 10, it is less clear to see the start and
stop of the mixer and the start and stop of the pump. This may lead to some limitations for
the TOF data to be used in malfunction identification (e.g., failure of the pump or mixer)
and the process control implementation. In [37], we developed a full waveform USCT
algorithm taking into account the acoustic attenuation, as well as the TOF data. Indeed,
for the amplitude attenuation, the image reconstruction process follows a similar procedure
as the transmission time-of-flight-mode USCT. Figure 13 presents AA reconstructions for
the same period as Figure 12. Comparing the two figures, one can conclude that time-
of-flight and acoustic attenuation provide similar results, as even the trend of increase
is similar. Hence, amplitude attenuation imaging has not been presented in this work.
Figure 12b shows the mean value of acoustic attenuation for a central excitation frequency
of fc = 400 kHz. However, as one can see from Figure 14b below, the mean value plot for
amplitude attenuation shows several clearer points of interest, such as the points where the
mixer is switched on (2 min) and the pump is switched on (5 min), the stop of the stirrer
(7.5 min), and the start of the stirrer (8 min). This suggests that the amplitude attenuation
may provide complementary information for future control and malfunction analysis in
crystallization processes. Figure 14 shows the mean of time-of-flight and amplitude attenu-
ation data for similar time steps as Figure 10. However, plots in Figure 14 generated by
smoothing the original data with a step of 10 frames. Similar imaging results can be seen
between the TOF images and the AA images. Regarding TOF data, only the positive TOF
delays were considered for this study as diffraction of the ultrasound is expected from the
dispersed phase, especially at the low excitation frequency of 400 kHz. A multi-modality
USCT, as developed in [37], and further information fusion from TOF and AA could be
investigated in future studies.
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Figure 11. Ultrasound reconstructions during the calcium carbonate crystallization process (Trial 1
in Figure 8). Mixing speed of 100 RPM and feed addition rate of 40 mL min−1. Parts a and b show
the feeding points and c and d represent the crystal formation process. USCT reconstruction during
experiments: (a) from T + 3.3 min to T + 6.29 min, (b) from T + 6.6 min to T + 9.6 min, (c) from
T + 10 min to T + 12.9 min.
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Figure 12. Calcium carbonate crystallization monitoring: evolution of the particle concentration and
formation of a central vortex toward the end of the process (time: 16.6 min to 19 min). Experiments
are related to trial 1 in Figure 10; operating parameters are listed in Table 3. (a) The TOF images
frames, (b) growth of dispersed phase.

Figure 13. (a) Image reconstruction for amplitude attenuation for the same time windows as Figure 9.
(b) Reconstructed volume depicting the growth of dispersed phase.

To conclude, the reactive crystallization experiment was a full-scale test on live-process
challenges. In the specific process, the system showed capability in detecting the injection
point, as a prior localized suspension in the form of ACC. Moreover, providing real-time
measurements of travel-time delays’ mean values aims at the inhomogeneities’ character-
ization over time and subsequently the dispersion state of the mixture. Finally, acoustic
attenuation data proved to be more sensitive compared to the time-of-flight responses,
as their response was significantly better in the malfunction analysis. Concluding, the mean
value data for each experiment of USCT were plotted to show a global picture of the process’
progress and dynamics in all cases. Distributed sensing measurement systems such as
process tomography provide the capability to measure spatiotemporal field information
from within the process. Therefore, the reconstructed images aided in the injection point
and in the mixture’s homogeneity characterization. The USCT images showed the feeding
process, the mixing process, and material phase changes during the crystallization process.
Moreover, USCT data were further analyzed to estimate the settling velocity and settling
time of particles in the suspension.
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Figure 14. (a) Mean value of TOF data. (b) Mean value of acoustic attenuation data (in dB/MHz).
In both cases: mixer on at 2 min and pump on at 5 min, stop of stirrer at 7.5 min, and stirrer starts
again at 8 min.

5. Conclusions

Transmission-mode USCT was examined for industrial process monitoring. The ex-
periments were designed in such a way that enables critical evaluation of the USCT and its
usability for process monitoring and potentially for process control. For transmission USCT,
we implemented both time-of-flight, allowing speed-of-sound imaging, and amplitude
attenuation imaging. Although we mostly showed the time-of-flight data, the amplitude
attenuation was also examined and provided similar or, in some cases, complementary
information on the state of the process. The major events on the process, such as feeding,
and switching on and off the pumps and the stirrer, could be seen in the data. These
indicators could be integrated into the process and be used for process malfunction. CO2
capturing via reactive crystallization is becoming a new tool to reduce the negative environ-
mental impact of CO2, helping in net-zero targets. There is clear indication that the USCT
tool can be used to monitor such a process noninvasively and could then become a practical
tool to process design that can maximize the overall process yield contributing to affordable
carbon capture and carbon reduction. To develop a complete understanding of a complex
industrial process, such as carbon capture experiments, it is likely that a multi-modality
sensing and imaging approach will be required. In such a multimodality imaging setup,
the data-rich USCT is likely to play a vital role. The work of this paper demonstrates that
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USCT is a very attractive and proven tool to many industrial applications. Hopefully, this
work will stimulate further commercial exploitation of the USCT technology.
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In the present study, a crystallization monitoring unit consisting of an in-situ digital micro-

scope camera and real-time image analysis is utilized for monitoring and control of a

micron-sized, liquid-liquid crystallization of calcium carbonate. The crystallization pro-

cess  is integrated with a membrane contactor-based carbon dioxide capture process to

demonstrate a sustainable CO2-to-chemical unit operation. The measurement probe tran-

silluminates the crystal suspension and provides a live view from the crystallizer. In a series

of  open-loop experiments, the effects of several operating conditions such as feed flow rate

and  volumetric power on crystal size and particle count are investigated. For comparison

purposes, solid product crystals are assessed with an offline laser diffraction technique. In

the  closed-loop experiments, the controlled variable is average particle diameter, and the

manipulated variable is mixing intensity. The implemented set-point tracking PI controller

generates actuating signals based on real-time image analysis measurement of the crystal

size. Experimental results demonstrate a practical approach for measuring micron-sized

particle suspensions, which is a challenge for particles with a mean diameter smaller than

15–20 �m, provides insights into the mixing intensity-based particle size controllability in

fast-reaction precipitation systems and offers a framework to implement a direct design

feedback control policy.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical

Engineers. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1.  Introduction

Crystallization monitoring and real-time evaluation to obtain a deeper

insight into the process play a key role in optimizing the manufacturing

stream. Crystallization can be regarded as an essential separation and

purification technique in different industries such as food, chemical,

and pharmaceutical (Paul et al., 2005). Owing to fast-growing develop-

ments in high-power parallel computing and the wide-ranging process

analyzers, remarkable advancements have been made in crystalliza-

∗ Corresponding author.
E-mail address: soheil.aghajanian@lut.fi (S. Aghajanian).

tion optimization over the past two decades. Applications of in situ

monitoring and sensor technologies in crystallization are of paramount

importance. Monitoring techniques enable a potential pathway for

high-efficacy operations, thus achieving the increasing demands on

product quality, resource optimization, and sustainability require-

ments.

Current real-time analytical measurement approaches of crys-

tallization processes differ widely and available methods include:

quantifying the supersaturation in the liquid phase and characteriza-

tion of the solid phase by attenuated total reflection Fourier transform

infrared (ATR–FTIR) spectroscopy and focused beam reflectance mea-

surement (FBRM), respectively (Kempkes et al., 2008; Kutluay et al.,

2017; Nagy and Braatz, 2012); identification of polymorphism phenom-

https://doi.org/10.1016/j.cherd.2021.12.001
0263-8762/© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article
under  the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ena by Raman spectroscopy, particle vision measurement (PVM) (Zhang

et al., 2020), bulk video imaging, optical-based image analysis meth-

ods (Jiang and Braatz, 2018; Venâncio et al., 2017), conductivity- and

ultrasound-based tomographic instruments (Aghajanian et al., 2021b;

Eder and Briesen, 2019; Koulountzios et al., 2021).

Fundamental advantages of in-line and real-time monitoring

instrumentation are their potential to bypass the sampling drawbacks

and the associated time delays (el Arnaout et al., 2016; Wirz et al., 2020).

Even though experimental sampling during crystallization is an essen-

tial procedure in terms of detailed analysis of the actual sample, it

is associated with unfavorable post-sampling issues (e.g., yield reduc-

tion, loss of dynamic mechanisms, etc.). In-line process analytical tools

facilitate the efficient design of crystallization systems and enable the

integration of feedback control strategies (Bowler et al., 2020). Depend-

ing on the type of crystallization and feasibility of implementation,

control variables can be temperature, supersaturation level, average

particle count, and crystal size.

Implementation of functional model-based or model-free (direct

design) feedback control systems with different monitoring tools have

been investigated in recent years (Bhoi and Sarkar, 2018; Ghadipasha

et al., 2018; Yang and Nagy, 2015); however, due to the underlying com-

plexity of crystallization processes in terms of achieving the desired

size distribution and shape for the final product, research works to

develop efficient control schemes are still ongoing (Acevedo et al., 2016;

Öner et al., 2020). A feedback control strategy based on concentra-

tion gradient during cooling and antisolvent crystallization has been

performed by ATR–FTIR, near-infrared spectroscopy (NIR), PVM, or a

combination of these techniques (Ostergaard et al., 2020a; Saleemi

et al., 2012). Average particle count and direct nucleation control

schemes have been investigated in different crystallization applica-

tions by utilizing FBRM (Abu Bakar et al., 2009; Yang et al., 2015).

Real-time Raman spectroscopy is proven to be capable of continuous

polymorphic control throughout the cooling crystallization of active

pharmaceutical ingredients (Pataki et al., 2013). Optical methods and

particle vision instruments (Borsos et al., 2017) with real-time image

algorithms and data processing approaches (Wu et al., 2020) have been

demonstrated as robust methods for monitoring crystallization and

characterizing particle size (above ∼40–50 �m) and the number of crys-

tals (Barrett et al., 2010; Gao et al., 2018; Kacker et al., 2018).

A wide range of control strategies for cooling and antisolvent crys-

tallization processes have been implemented that extends from the

traditional proportional-integral controller (Zhang et al., 2020) to math-

ematically complex models of nonlinear model predictive control (Cao

et al., 2017; Szilágyi et al., 2018). Also, data-driven approaches for mod-

eling and control of particulate processes have been investigated (Garg

and Mhaskar, 2018; Öner et al., 2020; Sanzida and Nagy, 2013).

There has been a recent growth in the demand for precipitation

processes in chemical industries that lies on the requirement of energy-

efficient operation and sustainability (Sholl and Lively, 2016). In reactive

crystallization systems, the generation rate of supersaturation is very

fast and the reaction regimes are instantaneous that makes it dif-

ficult to achieve a robust process control in terms of solid particle

stability, purity, and particle size distribution (Yu et al., 2019); more-

over, the implementation of practical and high-fidelity feedback control

strategies such as nonlinear model predictive control becomes more

challenging (McDonald et al., 2021; Yang and Nagy, 2015). Instantaneous

reactions are controlled by molecular diffusion (Tapio et al., 2019), and

reaction terms can also be neglected while conducting mass transfer

modeling due to the inherent speed of the chemical reaction (Zhao

et al., 2017). In liquid-phase precipitation, mass transfer resistance is

even smaller than in gas-liquid contacting precipitation processes and

the subsequent nucleation of crystals is usually very fast, ranging from

milliseconds to seconds (Qu et al., 2021).

In fast kinetic systems, inertial-convective phenomena and tur-

bulent diffusion (mesomixing) become a dominant factor and have

a significant impact on process characteristics such as crystal size

distribution and morphology (Barrett et al., 2011; Gradov et al., 2018;

Janbon et al., 2019). A traditional proportional-integral (PI) controller

to manipulate the supersaturation dispersion and hydrodynamics

state by utilizing a real-time process microscopy probe can enable a

direct design in fast-reaction crystallization processes (Gao et al., 2021;

Ostergaard et al., 2020b; Zhang et al., 2020). A direct design approach

is beneficial in terms of implementation because a time-consuming

kinetics estimation, complex mathematical equations of population

balance, and predetermined heating or cooling policies are not neces-

sarily needed (Sanzida and Nagy, 2019). The PI algorithm considerably

decreases the offset (i.e., deviation from the set-point), however, a key

inherent limitation is the relatively slow response time (Ghadipasha

et al., 2015)—the latter can be significantly improved by applying delay

compensation algorithms (Porru and Özkan, 2019).

In the current work, the central idea is to challenge the micron-

sized particle monitoring and investigate the mean particle size control

pathways within the scope of the research. A commercially available

process microscopy system (Pixact Ltd., Tampere, Finland) is employed

for in-line monitoring of the reactive crystallization process of calcium

carbonate (CaCO3). The utilized probe transilluminates crystal suspen-

sion in a 5-mm thin measurement cap at the tip of the probe, captures

the silhouettes (shadows) of crystals with a digital microscope camera,

and measures their size and concentration by real-time image analysis

technique. The measured number-averaged mean diameter is used as

input to an in-house developed LabVIEW program where a PI controller

sends an actuating signal to manipulate the stirring speed in the crys-

tallizer. Minimizing the fouling effects of CaCO3 on the measurement

probe and particle size distribution monitoring of the micron-range

particulate system (d50 < ∼ 12 �m) are among the primary challenges

of the present investigation.

The fast kinetic CaCO3 crystallization system is performed as a

laboratory-scale semi-batch process in which calcium chloride is used

as a Ca2+ source and the reagent solution rich in CO2−
3 stream is

obtained through a carbon-capture process (Aghajanian et al., 2021a;

Nieminen et al., 2020). The idea demonstrates important real-world

applicability for carbon dioxide utilization and conversion to cal-

cium carbonate, which has profound industrial importance (Adavi and

Molaei Dehkordi, 2021; Baciocchi et al., 2006). The coupled processes

provide a sustainable route for CaCO3 production while simultane-

ously eliminating the demand for high-temperature regeneration of the

absorbing solution. Manufacturing CaCO3 through a liquid-liquid reac-

tion increases the process controllability in comparison to conventional

approaches of bubbling CO2 gas into the milk of lime suspensions,

which give rise to relatively larger concentration gradients (Ghiasi et al.,

2020).

2.  Experimental  setup  and  equipment

2.1.  Semibatch  crystallization  setup

The experimental setup consists of a stainless steel baf-
fled crystallizer of diameter 220 mm (height/diameter = 1.6)
equipped with an overhead stirrer (Heidolph Instruments) and
a standard six-blade Rushton turbine (diameter = 88 mm).  The
calcium carbonate crystallization process considered in the
present work is an instantaneous liquid reaction that results
in the precipitation of micron-sized solid particles. In the sys-
tem under investigation, aqueous CO2−

3 as the reagent solution
flows through an inlet pipe (diameter: 2 mm)  into the crystal-
lizer containing calcium chloride (Anhydrous, Merck ≥ 98 %).
The reactive crystallization in the current semi-batch system
occurs according to the chemical reaction in Eq. (1):

CO2−
3(aq) + 2Na+

(aq) + CaCl2(aq) → CaCo3(s) ↓ + 2NaCl(aq) (1)

Integration of the two separation methods (i.e., carbon
dioxide capture and crystallization) is based on the idea of a
high absorption rate of CO2 gas into strong OH-based solutions
and the chemical reaction that favors the dominance of CO2−

3
formation in highly alkaline conditions. Carbon dioxide is
absorbed into the liquid solutions of sodium hydroxide (NaOH,
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purity ≥ 99 %, VWR) to form CO2−
3 through a well-established

chemical absorption between CO2 and OH– (Darmana et al.,
2007). In notably high pH levels, reaction rate increases, and
through species dissociation, the equilibrium shifts toward
the carbonate ions formation. Since the physical and chem-
ical reactions are fast at high pH levels, aqueous CO2 does not
exist in the solution and is instantly consumed upon its gen-
eration. A pH meter (Consort C3010) is used for dynamic pH
measurement of the NaOH solutions and calibrated by using
standard buffer solutions (Mettler Toledo).

A magnetic drive gear pump (Pulsafeeder Eclipse E12) is uti-
lized to inject the absorbent liquid into the reactor at different
volumetric rates. An offline particle size analyzer Mastersizer
3000 (Malvern Instruments, UK) is used to perform the particle
size distribution (PSD) measurements. The laser diffraction-
based particle size analyzer is used for comparison purposes
with the outcome of the in-line Pixact process microscopy unit
(Pixact Ltd., Finland).

2.2.  Real-time  process  microscopy  technique

The crystallization monitoring system utilized in the present
study consists of a microscopy probe, advanced image  analysis
software, industrial Windows 10 computer, and an automa-
tion gateway for the control toolbox. The purpose of the
automation gateway is to convert the scaled mean diameter
to an input signal for the PI-based feedback control scheme.
The process microscope probe is equipped with a high-power
light source for transillumination of the crystal suspension
at a 5-mm thin measurement cap at the tip of the mea-
surement probe (head material: stainless steel AISI316L). A
high-resolution digital microscope camera collects blur-free
images of the suspension at 1.7 �m per pixel resolution at a
measurement range of ca. 10–1000 �m and provides a contin-
uous live view from inside the crystallizer. The acquired data
are not limited to only the chord length measurements and
can be used as a benchmark for comparison with offline PSD
analyzers.

The image  analysis algorithm evaluates the main charac-
teristics of solid crystals such as crystal size distribution, the
number of crystals, volumetric and arithmetic mean diameter
based on direct optical imaging of the suspension. Size charac-
teristics of each solid crystal are determined by automatically
detecting their edges as local maxima of image  greyscale
gradient. Greyscale gradients are also utilized for focus dis-
crimination that distinguishes sharp in-focus particles from
blurry particles that are located outside the focal plane of
the camera. Real-time image  segmentation, discretization,
and fast image  acquisition facilitate crystal detection, thus
enabling the system to perform effective measurements of
small particles during the process. The image  recognition
algorithms function by scanning and categorizing the features
of each particle: its edge and projected area, which are in
salient contrast from the background (Fig. 1). Subsequently,
the features go through a series of filtering and morphological
operations to provide comprehensive information about the
characteristics of particles (e.g., size, number, shape).

2.3.  PI-based  controller  implementation

Kinetics of the ionic-based reactive crystallization processes
are in general fast, nonlinear and complex, rendering them
difficult to control (McDonald et al., 2021). Given the sensitivity

of these processes to hydrodynamics conditions in the reactor,
a closed-loop control system can be implemented to manip-
ulate the agitation intensity according to in situ real-time
measurements of the mean particle size. A closed-loop (feed-
back) control system adjusts the control variable according to
a pre-defined set-point of a key process parameter. An open-
loop control system, on the other hand, uses a pre-determined
input profile and a local controller that implements the control
variable without reacting to the variations in the main process
parameter.

The output of a PI algorithm is expressed by the composi-
tion of two  different correcting terms (Caccavale et al., 2011):

u (t) = Kpe (t) +  Ki

t∫

to

e (�) d� (2)

where u is the controller output (e.g., mixing speed), e is the
error between the set-point and the measured output, Kp and
Ki are the positive gains for proportional and integral terms,
respectively; � denotes the integration variable, representing
the time elapsed since the initial time t0.

PI controller lacks the derivative action of a PID system
and has been widely applied in process industries (Kano
and Ogawa, 2010; Shamsuzzoha and Skogestad, 2010). Two
adjustable parameters of the PI controller can provide sat-
isfactory performance for basic applications and detailed
mathematical knowledge of the process is not necessarily
needed for tuning the gain parameters. Controller gains can
be manually adjusted by trial and error procedures accord-
ing to the stability and transient response (overshoot, rising
time, and settling time) of the system under investigation (Hu
and Xiao, 2011). In the investigated experimental system, the
effects of strong nonlinearities, which could exist due to the
nature of the batch process, are neglected throughout the con-
trol implementation.

Fig. 2 presents schematics of the structural design and
a photograph of the reactive crystallization monitoring and
control set-up of the current work. A feedback connection is
established by acquiring the milliampere signals of the in-
line microscopy probe. A digital-to-analog converter (Keithley
DMM6500 Bench Digital Multimeter) is used for signal conver-
sion and transformation. In the current strategy, the impeller
rotation speed is the output signal of the PI controller.

A first-in-first-out (FIFO) buffer memory  is deployed to store
mean particle diameter data. In the FIFO layer, the newly
available particle size information continuously substitutes
the oldest data points from the local history. Moving aver-
age is used for data sampling over a user-controlled sample
length. Real-time adjustment of the sampling length and
intervals allow a rational approximation of the transient dis-
tribution of particle sizes in the stirred tank reactor since the
previously-formed crystals remain in the crystallizer. In case
of a difference between the averaged incoming signal from
the in situ probe and the set-point value, an actuating sig-
nal is applied to the manipulated variable within the next
operational loop.

2.4.  Experimental  procedure

Sodium hydroxide–water solutions with pH 14.49 ([OH−] = 3.1
mol  L−1) are used for CO2 gas (>99.99 %) absorption and the
subsequent preparation of the reagent solutions rich in CO2−

3 .
The operation is done in fed-batch mode by first collecting



Chemical Engineering Research and Design 1 7 7 ( 2 0 2 2 ) 778–788 781

Fig. 1 – Illustration of particle characterization from a microscope image.

Fig. 2 – Schematics of the image analysis-based PI controller during the calcium carbonate reactive crystallization process
and a photograph of the experimental equipment.

the CO2-loaded solutions and then using them for the crys-
tallization process. A hydrophobic polypropylene membrane
contactor (supplied by 3 M)  is used for the gas-liquid absorp-
tion process—a detailed description of the process is reported
in (Aghajanian et al., 2021a). The total CO2 content of the rich
solvent is determined by titration method using Chittick appa-
ratus (Soham Scientific), and 1 mol  L−1 of hydrochloric acid
(HCl). Post-absorption CO2-rich solvent with a concentration
of 0.32 mol  L−1 is used to carry out the CaCO3 crystalliza-
tion process. The concentration of the reagent solution and
the total reagent addition volume (0.4 L) are kept constant
throughout the entire experimental works. All the experimen-
tal runs are carried out at a temperature of 20 ± 2 ◦C.

The crystallization process is performed in semi-batch
mode with flow rates of 5, 10, 20, and 40 ml  min−1 for the CO2−

3(aq)

liquid stream. The starting volume of the stirred tank reactor
is 3 L, which contains CaCl2 solutions with a concentration of
0.048 mol  L−1. The stirring speed in the crystallizer varies in
the range of 100 RPM (tip speed: 0.46 m s−1) to 300 RPM (tip
speed: 1.38 m s−1).

The inline process microscopy probe is mounted from the
top section of the stirred tank reactor. To maximize the efficacy
of particle size measurement, the location of the probe (fixed
measurement gap) is maintained at a constant height adjacent
to the impeller discharge stream where a high local turbulence
intensity and main flow circulation occurs. The measure-
ment tip is washed and cleaned by a fabric after each batch
operation to prevent excessive fouling and accumulation
of solids. Upon terminating the crystallization process and
the measurements, entire solid particles of the semi-batch
precipitation are separated by utilizing a vacuum filtration
tank and then dried for 2 h. Samples are also analyzed by
an offline laser diffraction method with particles in the air
measurement technique. All the collected solid particles of
CaCO3 are used to conduct the offline analysis and to acquire
the PSD.

To increase the repeatability and reliability of the mea-
surement results, experimental tests are repeated a total of
3 times under the same operating conditions—including the
absorption process, crystallization monitoring, control, and
size evaluations,—and the averaged values with related error
bars are used for further post-processing.

3.  Results  and  discussion

3.1.  Real-time  CaCO3 reactive  crystallization
monitoring

Fig. 3 shows the evolution of the mean diameter, the corre-
sponding number of particles, and images from within the
process for the selected experiments. Due to rapid nucle-
ation and the fast reaction regime that influence the principal
driving force of the process (supersaturation), a significant
increase in total counts of solid crystals is observed at the
initial phases of the process, especially in 100 and 300 RPM
mixing speeds. The rapid increase in CaCO3 nucleation at the
early stages of crystallization is also reported in the literature
(Al Nasser and Al Salhi, 2015). However, for the experiment at
200 RPM mixing speed (Fig. 3II), an induction period of ∼7 min
is observed before a clear increase in the number of particles.
An alternative root cause for the observed delay is the forma-
tion of a large number of fine crystals (smaller than ∼5 �m)
below the effective detectability range and the spatial resolu-
tion of the microscopic probe.

Later in the process, the rise in the average number of
particles gradually decreases and remains at a steady level
when compared to the beginning of the process; this indi-
cates depletion of the calcium chloride and a decline in the
driving force for nucleation. At the end of the crystallization,
however, the decreasing rate of particle count is less evident
in 100 RPM mixing speed, which could be due to the blend-
ing condition that affects the mean flow circulation loops and
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Fig. 3 – Experimental data at mixing speeds of (i) 100, (ii) 200, and (iii) 300 RPM at a constant feed addition rate of 10
ml min−1. Profiles of the total number of particles and mean size over time as evaluated by the in-line measurement probe
are provided in the first row. Timestamps of the real-time images correspond to letters (a), (b), and (c) as indicated in the
plots. Feed residence time distribution is 40 min  and the average suspension density is 0.15–0.2 vol-%.

the spatio-temporal distribution of the solid particles at the
probe location (Torbacke and Rasmuson, 2004). Moreover, the
observed fluctuating behavior in the number-averaged par-
ticle size measurements at 200 and 300 RPM mixing speeds
might also be related to the above-mentioned flow pattern
in the measurement gap and alignments of the particles at
the probe window. Additionally, circulation of the previously-
formed crystals with the main flow and nucleation of new
crystals also affects the real-time size trends at higher mixing
speeds.

Real-time images obtained from the product crystals are
also presented in Fig. 3. Timestamps of the images correspond
to letters (a), (b), and (c) in the equivalent mean size over time
plot (top row). The presented sample images are obtained at
times 1, 12, and 36 min  after the beginning of feed addition.
Microscopic images of the particle-loaded suspension enable
a direct view into the crystallizer, which facilitates the iden-
tification of key physical phenomena. Even though achieving
a micron-size resolution for the present particulate systems
is challenging, the coupled image  analysis algorithm allows a
satisfactory statistical assessment of particle size distribution

and count. For instance, in the case of relatively lower mixing
speed (i.e., Fig. 3, I–a, at 100 RPM) plumes of the incoming car-
bonate ions surrounding the feeding point can be observed.
Slow supersaturation distribution can promote unfavorable
crystal aggregation, which can be avoided by performing real-
time adjustments to the experimental conditions, such as
increasing the mixing rate.

3.2.  Effect  of  process  parameters  on  crystal  size
measurements

An operating envelope for the experiments is defined to inves-
tigate the effects of mixing speed and feed addition rate on the
formation of solid crystals, and to provide a suitable environ-
ment in the crystallizer to optimize the functionality of the
measuring probe.

At higher suspension densities during the precipitation
process, calcium carbonate crystals adhere to the surface of
the utilized in-line probe and have a higher tendency of foul-
ing the probe’s window. CaCO3 layer formation on the surface
of the probe is more  evident at higher suspension densities,
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which impairs the performance of the measurement. To per-
form an accurate measurement of particle size and count,
and to mitigate the probe fouling, suspension density (�sus)
is maintained at relatively lower values. In this study, an aver-
age �sus of 0.1–0.25 vol-% are identified as an optimal range
to carry out the experiments. Measurements at higher sus-
pension densities can be made possible by further developing
the monitoring probe to be used in a non-intrusive mode or
implementing a bypass system for online sample-based mon-
itoring.

Extensive air bubble formation at higher mixing intensi-
ties could also have undesirable outcomes on the efficiency of
the measurements. Given the utilized reactor configuration,
the maximum mixing speed limit of 300 RPM is identified as
a suitable range of operation that can reduce the air bubble
formation.

Table 1 presents an overall view of the open-loop batch-
wise experiments that are carried out to investigate the effect
of operating conditions on calcium carbonate formation. A
total of 12 batches are presented at four different CO2−

3(aq)

feed addition rates. For each batch run, particle size data
are obtained in real-time by the in situ probe and then with
the offline laser diffraction technique. Three mixing speeds
are used to perform the experiments; stirrer speeds corre-
spond to very low, medium, and high mixing intensities inside
the stirred tank reactor. The volumetric power (P/V) for each
operating condition is evaluated by the torque meter of the
impeller. These data can be used to further optimize and
scale up the semi-batch reactive crystallization to achieve the
desired size range at lower energy consumption.

3.2.1.  In-line  and  offline  particle  size  distribution
measurement
Fig. 4 shows an analysis of real-time particle size distribution
measurement against the offline laser diffraction technique
concerning the overall size distribution and diameter fac-
tors such as d10, d90 and the width of the PSD (i.e., span),
which calculated using the equation (span = (d90 − d10) /d50)
(Lamešić et al., 2017). Filtered and dried solid products sam-
ples of the entire semi-batch precipitation are used for the
offline laser diffraction measurements. Two reagent feed addi-
tion rates of 10 and 40 ml  min−1 at three different mixing
speeds are used for comparison purposes. Differences in the
overall size distribution and diameter criteria of the two mea-
suring techniques originate from the dynamical nature of the
micron-range particulate system, varying sensitivities of the
sensors and software algorithms that lead to slight discrep-
ancies in characterization; however, the overall trend of size
distributions of the two methodologies are in a reasonable
agreement.

The in situ measuring probe operates at its maximum
resolution limit due to the size distribution in the stud-
ied precipitation process. The main interest is not the size
of the smallest particles, but the fractions of different size
classes in the particle size distribution, which are of practical
importance for monitoring the state of the crystallization. For
instance, at batch 10 which is located at the corner point of the
process window (i.e., 100 RPM, 40 ml  min−1), a bi-modal distri-
bution is detected via the in-line probe. The bi-modal crystal
size distribution is a result of a higher tendency to form small
crystals when mixing shear force is not sufficient to effec-
tively distribute the resulting supersaturation of a high feeding
rate. Distribution peaks (mode) are located at relatively higher

scales with the offline measurement (e.g., batch 5 and 10). The
difference in the peak location is because samples are mea-
sured at the end of the batch, which minimizes the effects of
randomly oriented overlapping crystals on the measurement.
Moreover, sticking crystals on the measurement probe is also
another challenging issue for the microscopy equipment and
could have unfavorable effects on the size distribution. The
negative sticking effect of crystals is to a large extent miti-
gated by the power of image  processing algorithms that allows
to digitally hide the pixels where particles are stuck (Borsos
et al., 2017).

3.2.2.  Effect  of  turbulent  mixing  conditions
Fluid flow hydrodynamics in a stirred tank reactor is a complex
phenomenon and varies significantly at different locations
in the tank. In the semi-batch systems with instantaneous
chemical reactions, supersaturation distribution at the feed
regions and its spatial gradients in the impeller zone are
affected by mixing conditions. As presented in Table 1 (Section
3.2), the product crystal mean size from the in-line measure-
ment is correlated to the power input of the agitator, which
is a key parameter in reactor design, affecting mixing perfor-
mance, circulation time, and thus the overall mass transfer
rate (He et al., 2020). Mean crystal sizes (d50) acquired from
the measurement probe is compared against three volumet-
ric powers of 0.03, 0.40, and 1.35 W L−1 at different feeding
rates—corresponding to the Reynolds numbers of ca. 14000,
29000, and 44000, respectively. In the present study, feed point
location is kept constant at the impeller plane throughout the
experiments.

In the spontaneous calcium carbonate precipitation
system, the formation of relatively smaller crystals is pre-
dominated due to the fast nucleation rate (Al Nasser and Al
Salhi, 2015; Chen et al., 2005). According to the experimen-
tal data of the present study, at a constant power input per
unit volume, decreasing the feeding rate of CO2−

3(aq)
leads to an

increase in average crystal size. As the spatial concentration
gradient (i.e., driving force) decreases, the local nucleation rate
becomes smaller leading to a relative increase in the particle
size (Ruiz-Agudo et al., 2011). Also, at higher P/V values, crys-
tal size tends to be relatively bigger because of the available
supersaturation at the feeding region and the smaller local
concentration gradients.

3.3.  Insights  into  feedback  control  implementation  for
micron-sized  particles

Statistical data obtained from several open-loop batches
resulted in characterizing the process behavior and identify-
ing the experimental correlation between the mixing speed
and CaCO3 mean crystal size: an increase in the intensity
of the agitation at a constant feed addition rate results in a
relative increase in average crystal size and vice versa. The
feedback control policy drives a process to function accord-
ing to a preplanned target; hence, in this work, the objective
is to manipulate the hydrodynamics and the resulting super-
saturation inside the crystallizer to influence the particle size
distribution. To develop the set-point tracking PI controller
strategy, the output signal of the PI controller is the impeller
rotation speed while the volumetric feed flow rate remains
constant for each operating condition.

In the non-seeded spontaneous precipitation of calcium
carbonate under investigation, it is hypothesized that the par-
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Table 1 – Overview of process window and different operating conditions during CaCO3 precipitation experiments.
Comparison of mean diameter (d50) with the in-line image analysis technique and the offline laser diffraction method for
12 batches. The size distribution plots of selected batches are presented in Fig. 4.

100 RPM, (P/V = 0.03 W L−1) 200 RPM, (P/V = 0.40 W L−1) 300 RPM, (P/V = 1.35 W L−1)

Feed rate, [ml min−1] In-linea Offlineb In-line Offline In-line Offline

5
Batch 1, �feed = 80 min Batch 2, �feed = 80 min Batch 3, �feed = 80 min

d50 d50 d50

8.2 ± 0.7 �m 7.2 ± 0.2 �m 8.6 ± 1.4 �m 8.8 ± 0.1 �m 10.2 ± 1.5 �m 8.6 ± 0.2 �m

10
Batch 4, �feed = 40 min Batch 5, �feed = 40 min Batch 6, �feed = 40 min

d50 d50 d50

6 ± 0.4 �m 7.7 ± 0.3 �m 7 ± 0.8 �m 8.3 ± 0.4 �m 7.2 ± 0.7 �m 9.3 ± 0.4 �m

20
Batch 7, �feed = 20 min Batch 8, �feed = 20 min Batch 9, �feed = 20 min

d50 d50 d50

5.2 ± 0.8 �m 4.2 ± 0.2 �m 5.4 ± 0.3 �m 6.3 ± 0.3 �m 7 ± 0.7 �m 6.8 ± 0.1 �m

40
Batch 10, �feed = 10 min Batch 11, �feed = 10 min Batch 12, �feed = 10 min

d50 d50 d50

4.6 ± 0.8 �m 4.6 ± 0.2 �m 5 ± 1.4 �m 4.7 ± 0.2 �m 5.2 ± 0.8 �m 5.8 ± 0.5 �m

a In-line: process microscopy.
b Offline: laser diffraction.

Fig. 4 – Comparison of particle size distribution obtained by the in-line image analysis-based probe and the offline (laser
diffraction) measurement. Feed addition rates are 10 and 40 ml  min−1, corresponding to feed residence time of 40 and
10 min, respectively. Batch numbers with additional particle size information are specified in Table 1.

ticle growth rate is correlated to the degree of supersaturation
(Lee et al., 2019). Moreover, it is assumed that the reactant
supply to crystal surfaces is diffusion-limited, which in turn
makes the growth rate dynamics constant and independent
of particle size throughout the semi-batch precipitation (Kile
and Eberl, 2003). Therefore, CaCO3 particles formation is spon-
taneous at each given time and the hydrodynamics situation
in the stirred tank reactor governs the mean size of the newly
formed particles.

Fig. 5 shows the results of the control demonstration for
the selected experimental cases—size distribution for each
scenario is presented in Appendix A. For each control run,
the initial mixing speed and the set-point values for process
control experiments are determined based on the open-loop
data (Table 1). The control structure did well to react to the
variations in the number-averaged mean diameter through-
out most of the control experiments by continually adjusting
the agitation speed; the approximated standard deviation of
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Fig. 5 – Profiles of number-averaged mean diameter (d50) and controller output (stirring rate) over time at several operating
conditions during the control experiments. For the initial mixing speed of 100 RPM: (a) feed flow rate of 10 ml min−1, target
set-point: 6 �m, (b) feed flow rate of 20 ml  min−1, target set-point: 5 �m. For the initial mixing speed of 300 RPM: (c) feed
flow rate of 10 ml  min−1, target set-point: 8 �m, (d) feed flow rate of 20 ml  min−1, target set-point: 7 �m. The corresponding
particle size distribution for each control demonstration case is provided in Appendix A.

the final mean size for all the cases is less than 10 % of the
set-point. In the present study, input values of Kp and KI are
maintained at constant values of 0.3 and 0.8, respectively, and
are estimated by trial and error procedures. In addition to the
gain parameters, the sampling length and the time intervals
for particle size averaging can be modified on the graphical
user interface (GUI), according to the progression of the exper-
iment.

Fig. 5(a) and (b) presents the scenarios where the initial
mixing speed is 100 RPM and the feed addition rates are 10
and 20 ml  min−1, respectively. At the beginning of the crystal-
lization process for each of the individual cases, the mixing
speed increases and decreases to the designated maxima (150
RPM) and minima (50 RPM), respectively. Similar behavior is
observed in Fig. 5(c) where the initial mixing speed is set at 300
RPM; stirring rate decreases at approximately 23 min  into the
process as the mean particle size is passing above the set-point
limit of 8 �m. However, afterward, no significant change in the
averaged particle size derivative is recorded upon changing
the mixing speed. The main reason for the lack of variation
in the number-averaged mean diameter is that the number
of pre-existing bigger particles in the crystallizer is dominant
(i.e., the number of already-formed bigger crystals are rela-
tively higher), and the decrease in the mixing speed is not
able to significantly manipulate the overall mean size toward
the smaller size classes. Another influence could be due to

the dynamic nature of the precipitation process such as crys-
tal growth mechanism and the reaction kinetics of calcium
carbonate precipitation, which are neglected within the scope
of the present study. In Fig. 5(d) the agitation intensity varies
between 300 RPM and 100 RPM so that the hydrodynamics
condition affects the nucleation and growth mechanism. The
upper and lower agitation boundaries are set based on the
selected operating conditions, real-time observations, and in
case needed, can be manipulated via the GUI.

The experimental results highlight the controllability of a
micron-sized precipitation process (d90 < ∼20�m) by utiliz-
ing in-line image  analysis-based measurements and mixing
states manipulation. However, a shortcoming of the current
approach is that the accumulated suspensions (i.e., formation
of previously produced crystals) remain unchanged and are
always measured throughout the semi-batch crystallization.
Even though the particle size measurements during the feed-
back control experiments are based on transient averaging
of the incoming signals via the implementation of a tempo-
rary buffer layer in the software, this assumption might not
be an accurate representation of the actual size distribution
inside the crystallizer. Moreover, for the investigated chemical
reaction, a relatively small dependence (i.e., sensitivity) of the
mean particle diameter to the mixing speed is observed dur-
ing the experiments, which limits the efficacy of the controller.
Implementing a bypass system for online sample-based mon-
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itoring and broadening the experimental setup by integrating
the feed flow addition-based control strategy are among the
main subjects for future investigations.

4.  Conclusion

The present research work demonstrates the applicability of
an inline process microscopy probe for monitoring, control,
and real-time diagnostics of liquid–liquid crystallization of
calcium carbonate without a need for kinetics determina-
tion and complex mathematical formulations of population
balance. The current crystallization system that results in
micron-sized calcium carbonate is integrated with a carbon
dioxide (CO2) absorption process. The proposed approach of
integrating the production of calcium carbonate and a CO2

mitigation process can be considered as a potential post-
combustion technology for carbon capture, utilization, and
sequestration (CCUS).

In the present work, a total of 12 CaCO3 precipitation
batches at four feeding rates of CO2−

3(aq)
at 5, 10, 20, and

40 ml  min−1 and three stirrer tip speeds of 0.46 m s−1, 0.92
m s−1 and 1.38 m s−1 are monitored using an in-line process
microscopy technique. Operating at a small micron size region
during the measurement is among the key challenges of
the present investigation. Number-averaged mean crystal size
and size distribution parameters obtained by the real-time
measurement are compared with an offline laser diffraction
method.

Image  analysis-based feedback control system is imple-
mented in the LabVIEW software based on the results of the
open-loop experiments and the sensitivity of the precipita-
tion process to hydrodynamics conditions in the stirred tank

reactor. A set-point tracking PI controller reacts to the varia-
tions in the mean diameter signal, enabling manipulation of
the agitation intensity within a desired process window. Even
though the in-line probe operates at its maximum resolution,
digital image  processing coupled with advanced recognition
of solid particle boundaries enhances the detectability of
micron-sized particles.

The operational performance and efficiency of the anal-
ysis with the employed process microscopy can be further
improved by operating in non-intrusive mode or implement-
ing a bypass system for online sample-based monitoring
(mitigating the fouling effects). Also, considering a relatively
higher sensitivity of the solid particles to feed flow rate, the
implementation, and applicability of a simultaneous mixing
and flow control can be the subject of further investigations.
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Appendix  A

Fig. A1 shows the results of particle size distribution obtained
from the process control experiments using the in-line pro-
cess microscopy system (Fig. 5 in the main text). For case (a),

Fig. A1 – Particle size distribution plots for each of the control demonstration experiments. Detailed results and the
corresponding letters a, b, c, and d are provided in Fig. 5 of the main text.
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the feed flow rate is 10 ml  min−1 and the target set-point for
feedback control is 6 �m. For case (b), the feed flow rate of the
reagent is constant at 20 ml  min−1 and the target set-point
during the control demonstration is 5 �m. The initial mixing
speed for case (c) and case (d) is 300 RPM, while the target
set-points are 8 �m and 7 �m, respectively.
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