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KKuurrzzffaassssuunngg  

Die Chemikalienrückgewinnung (CRG) in der Zellstoffindustrie, in der Magnesiumbisulfit 
als Kochlauge zum Einsatz kommt, ist ein bewährter Prozess, der das Potenzial hat, ein 
nahezu geschlossener Chemikalienkreislauf zu sein. Nach der Verbrennung der Dick-
lauge wird Magnesiumoxid aus der Asche zurückgewonnen und zu Magnesiumhydroxid 
hydratisiert. In einem mehrstufigen Absorptionsprozess wird Schwefeldioxid (SO2) mit 
dem zurückgewonnenen Magnesiumhydroxid aus dem Abgas absorbiert, wobei Magne-
siumbisulfit entsteht, das dann wieder als Kochlauge eingesetzt wird. Suboptimale Pro-
zessbedingungen führen allerdings häufig zu einem vermeidbaren zusätzlichen Chemi-
kalienverbrauch, wodurch der Kreislaufcharakter des Prozesses verloren geht. Dieser zu-
sätzliche Chemikalienverbrauch kann durch Prozessoptimierung minimiert werden. 
Diese Arbeit befasst sich mit der Optimierung der Chemikalienrückgewinnung in Mag-
nesiumbisulfit-Aufschlussprozessen mithilfe von Simulation. Prozesssimulation ermög-
licht es virtuelle Experimente durchzuführen und somit Prozessineffizienzen zu identifi-
zieren und ein optimiertes Prozessdesign abzuleiten. In dieser Arbeit werden zwei 
Hauptquellen für den Einsatz von zusätzlichen Chemikalien und deren Minimierung be-
trachtet: Unerwünschte Ausfällungen im Absorptionssystem, die zu einem Chemikalien-
verlust führen und Rußbildung bei der Verbrennung, welche zu einem erhöhten Bedarf 
an Bleichmitteln bei der Zellstoffproduktion führt.  

Das erste Ziel der Arbeit besteht darin, mit Hilfe von Prozesssimulation unerwünschte 
Ausfällungen im Prozesssystem zu detektieren und den Prozess so zu optimieren, dass 
Ausfällungen minimiert werden. Hierfür wurde ein thermodynamisches Prozessmodell 
entwickelt, das das komplexe Elektrolytsystem (MgO-CaO-SO2-H2O-O2-CO2) in der Che-
mikalienrückgewinnung beschreibt und potenzielle Ausfällungen vorhersagt. Durch die 
Anwendung des validierten Modells in Prozessfließbildberechnungen wurden pH-Wert, 
Temperatur und das Verhältnis von Mg(OH)2 zu SO2 als Schlüsselparameter identifiziert, 
die unerwünschte Niederschlagsreaktionen beeinflussen und Parametergrenzen festge-
legt, bei deren Überschreitung es zu vermehrten Ausfällungen kommt. Abschließend 
wurde ein optimiertes Prozessdesign vorgestellt, das durch eine optimale Einstellung 
des Mg(OH)2-SO2 Verhältnisses eine Minimierung der Ausfällungen erreicht und somit 
erheblich zur Reduzierung des Chemikalienverbrauchs beiträgt.  

Das zweite Ziel dieser Arbeit besteht darin, mithilfe von Computational Fluid Dynamic 
(CFD) Simulationen den Einfluss der Laugenzerstäubung auf die Verbrennung im Kessel 
zu ermitteln. Durch die Optimierung der Laugenzerstäubung in den Kessel kann die Ver-
brennung im Kessel optimiert werden und somit Rußbildung reduziert werden. Hierfür 
wurde ein CFD-Modell des Laugenkessels entwickelt, welches das Einsprühen der Lauge 
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und die Verbrennung im Kessel beschreibt. Im Anschluss an die Entwicklung des Modells 
wurde der Einfluss unterschiedlicher Sprüheigenschaften wie Partikelgröße, Sprühwin-
kel und Sprühform auf die Verbrennungsgeschwindigkeit in virtuellen Experimenten be-
rechnet. Die durchgeführten Experimente ergaben, dass eine kleine Partikelgröße, ein 
weiter Sprühwinkel, sowie ein Hohlkegelsprühmuster gegenüber einem Vollkegelsprüh-
muster vorteilhaft für eine schnelle Tropfenverbrennung sind.  

Die vorgestellte Forschung trägt zum Verständnis und zur Verbesserung der Chemikali-
enrückgewinnung in der Zellstoffindustrie bei und unterstreicht die Bedeutung einer si-
mulationsbasierten Optimierung für nachhaltige und effiziente Prozesse. Die entwickel-
ten Simulationsmodelle stellen Werkzeuge zur Bewertung von Prozess- und Systemde-
signs dar, die über die durchgeführten Untersuchungen hinaus eingesetzt werden kön-
nen. Das im Rahmen dieser Arbeit entwickelte thermodynamische Prozessmodell kann 
im Anlagenbetrieb, sowie in der Anlagenauslegung unterstützend eingesetzt werden. 
Anlagenbetreibern ermöglicht es die Betriebsgrenzen der Anlage zu finden und auf Be-
triebsprobleme mit einem umfassenden Verständnis des mechanistischen Zusammen-
spiels innerhalb des Prozesssystems zu reagieren. In der Anlagenauslegung können mit 
Hilfe des Modells verschiedene Prozessszenarien durchgerechnet werden und ein opti-
miertes Design gefunden werden, das auf die Bedürfnisse und die Infrastruktur des An-
lagenbetreibers zugeschnitten ist. Mit Hilfe des im Rahmen dieser Arbeit entwickelten 
CFD-Modells kann ausgewertet werden, wie verschiede Designänderungen die Strö-
mungsverhältnisse und die Verbrennung im Kessel beeinflussen und wie effizient emis-
sionsmindernde Maßnahmen umgesetzt werden können. Die angewandten Methoden 
lassen sich auch auf andere Verbrennungsszenarien übertragen. Durch die Anpassung 
kinetischer Parameter im Modell ist das entwickelte Simulationswerkzeug nicht auf die 
Verbrennung der hier untersuchten Lauge limitiert, sondern kann auch Verbrennungs-
kessel anderer Brennstoffe abbilden.  
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AAbbssttrraacctt  

The chemical recovery process in the pulp industry, employing magnesium bisulfite as 
cooking liquor, has long been established and holds the potential to operate as a near-
closed-loop system concerning chemical usage. Post-combustion of red liquor, magne-
sium oxide is reclaimed from the ash and hydrated into magnesium hydroxide. In a mul-
tistage absorption process, sulfur dioxide (SO2) is extracted from exhaust gas using the 
recovered magnesium hydroxide, forming magnesium bisulfite, which is then reused as 
cooking liquor. However, suboptimal process conditions often result in avoidable addi-
tional chemical usage, compromising the closed-loop nature of the process. Hence, 
there is a significant opportunity for enhancing chemical recovery through process opti-
mization. This thesis delves into optimizing chemical recovery within magnesium bisul-
fite pulping processes using simulation techniques. Simulation enables virtual experi-
mentation, allowing the identification of primary process inefficiencies and the deriva-
tion of optimized process designs. This thesis addresses two main optimization poten-
tials: minimizing unwanted precipitation in the absorption system and reducing soot for-
mation during combustion, thereby reducing the necessity for bleaching chemicals in 
pulp production. 

The first objective of this study is to employ process simulation to tackle unwanted pre-
cipitation in the system. A comprehensive thermodynamic process model of the chemi-
cal recovery process, encompassing the complex electrolyte system components (MgO-
CaO-SO2-H2O-O2-CO2), was developed to predict precipitations accurately. By utilizing 
the validated model in process flowsheet calculations, the pH value, temperature, and 
Mg(OH)2 to SO2 ratio were identified as key parameters influencing undesired precipita-
tion reactions, and parameter limits at which increased precipitations occur were de-
fined. Finally, an optimized process design is presented that minimizes precipitation by 
optimally adjusting the Mg(OH)2-SO2 ratio, thereby significantly reducing chemical con-
sumption. 

The second objective of this thesis is to use Computational Fluid Dynamics (CFD) simu-
lations to analyze the effect of red liquor spraying on combustion inside the furnace. By 
optimizing the spraying behavior, the combustion can be improved, and soot formation 
can be reduced. For this purpose, a CFD model of the combustion vessel was developed, 
which describes the spraying and combustion of red liquor. With the developed model, 
the influence of different spray characteristics, such as particle size, spray angle, and 
spray type, on the combustion speed was calculated in virtual experiments. The experi-
ments revealed that a smaller particle size, a wider spray angle, and a hollow cone spray 
type, compared to a full cone spray type, are beneficial for faster droplet combustion. 
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This research contributes to understanding and improving chemical recovery processes 
in the pulp industry, emphasizing the importance of simulation-based optimization for 
sustainable and efficient operations.  

The developed simulation models are tools for evaluating process and system designs 
that extend beyond the performed investigations. The thermodynamic process model 
developed in this work can support both plant operations and plant design. It enables 
plant operators to identify the operational limits of the plant and respond to operational 
problems with a comprehensive understanding of the mechanistic interplay within the 
process system. In plant design, the model allows the simulation of various process sce-
narios and supports finding an optimized design tailored to the needs and infrastructure 
of the plant operator. The developed CFD model facilitates evaluating how different de-
sign changes affect flow and combustion conditions in the furnace and how emission 
reduction measures can be implemented. The applied simulation approaches can be 
transferred to various combustion scenarios. By adjusting kinetic parameters in the 
model, the developed simulation tool is not limited to the combustion of the red liquor 
but can also simulate furnaces using other fuels. 
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RReesseeaarrcchh  SSuummmmaarryy  

The main research results of this thesis are published or submitted to be published in journal 
and conference publications, which can be found in full length in the chapter Publications of 
this thesis. The chapter Research Summary provides the context and overview of those publi-
cations. 
 
Firstly, the importance of the performed research is highlighted by introducing the circum-
stances, challenges, and barriers faced in transforming pulp production into a more resource-
efficient and environmentally friendly process. The introduction leads to the importance of 
process optimization of established processes and the potential of simulation as a tool to find 
optimized process conditions. The introduction concludes by defining the objectives of this 
thesis. 
 
This thesis focuses on the chemical recovery of magnesium bisulfite-based pulp production. 
Section 2 offers background information on the involved processes and explores the optimiz-
ing potential by going deeper into the objectives. Section 3 outlines the approaches applied 
to target the thesis' objectives. Furthermore, it gives insight into the application of the devel-
oped simulation tools at an industrial plant. Finally, section 4 summarizes the publications that 
constitute this thesis before a conclusion and outlook are provided in section 5. 
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11 IInnttrroodduuccttiioonn  
New technologies, new processes, new materials. High hopes are set on cutting-edge technol-
ogies to provide transformative solutions in tackling the climate and resource crisis. However, 
besides this wave of innovation, long-established processes can substantially influence reduc-
ing environmental impact when intensified and optimized. In the relentless pursuit of sustain-
ability and efficiency, process optimization and intensification are a powerful and immediate 
tool for industries seeking to enhance their performance. The potential of process optimiza-
tion is increasingly recognized among the research community, showing a sharp increase in 
publications on the topic since 2000 (Sitter et al. 2019). One of the long-established industries 
that can benefit from process intensification is the pulp and paper industry. 400 million tons 
of paper are produced globally annually (Furszyfer Del Rio et al. 2022). And even though digi-
talization is slowly removing paper from our offices, paper production is expected to grow to 
900 Mt by 2050 due to increased demand for, e.g., packaging and hygiene products (Furszyfer 
Del Rio et al. 2022). Accounting for 1.1 % of direct global industrial combustion and process 
CO2 emissions and being the largest final energy consumer of Austria, making up 7 % of Aus-
tria's industrial CO2 emissions, the pulp and paper industry is both a vital economic player and 
a significant environmental contributor (Bashmakov et al. 2022; Furszyfer Del Rio et al. 2022). 
The need for capital, funding, and the potential halt in production from new technology adop-
tion are cited as key barriers in the pulp and paper industry to transform the industry 
(Furszyfer Del Rio et al. 2022). With such barriers in place, optimizing and intensifying existing 
technologies gains in importance. 

The key to performing process optimization lies in comprehending how process alterations 
influence overall process performance. An invaluable tool to analyze the effect of process pa-
rameters is the simulation of the process system. Thermodynamic simulations, coupled with 
flowsheet calculations and computational fluid dynamic simulations, offer insight into de-
pendencies in complex systems, which couldn't be monitored without them. The development 
of simulations enables the performance of experiments in a virtual environment. This empow-
ers scientists and engineers to derive optimized process designs for running industrial-sized 
systems without needing expensive experimental setups. Using process and computational 
fluid dynamic simulations, this thesis addresses the optimization of pulp production's chemical 
recovery. By identifying flaws in the existing process and proposing optimization strategies, 
we aim to contribute to the pursuit of sustainability within this industry. To achieve this, virtual 
experiments, facilitated by process simulation and computational fluid dynamics, are an inval-
uable tool.  
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By analyzing the chemical recovery of the pulp industry, two main optimizing potentials are 
identified: Avoiding precipitation during absorption and reducing soot formation during com-
bustion. From this, two main objectives are derived for this thesis: 
 

1. Process simulation to target precipitations in the absorption system 
2. CFD Simulation to target soot formation during red liquor combustion 

 
The following takes you through the process of addressing those objectives.  
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2 Chemical Recovery in the Pulp Production – a Closed Loop?
Before paper can be paper, it begins as pulp: a fibrous material obtained by breaking down 
cellulose-containing sources, traditionally wood or other plant materials, or recycled paper 
mechanically or chemically. Chemical pulping is the predominant pulping method (Pratima 
Bajpai 2016). During chemical pulping, lignin is dissolved under elevated temperature (up to 
around 180 °C) and pressure (up to around 9.5 bar) using an aqueous chemical solution, re-
sulting in the extraction of pulp fibers. This chemical solution, known as white liquor, plays a 
crucial role in pulping. The type of white liquor distinguishes two primary chemical pulping 
methods used: Alkaline sulfate-based pulping (Kraft process) and sulfite-based pulping, with 
our focus on the latter. Among sulfite-based processes, magnesium sulfite pulping prevails 
due to its capacity for chemical recovery post-usage (Pratima Bajpai 2017). Before looking into 
chemical recovery in detail, we first briefly integrate the chemical recovery into the pulp pro-
duction line (Figure 1).

Figure 1: Main steps of the pulp production line

After pulping, the so-called red liquor is removed from the pulp through washing. The pulp 
undergoes further processing, including sorting and bleaching, before proceeding to the pa-
permaking line. Bleaching is essential to achieve white paper and typically uses hydrogen per-
oxide, oxygen, chlorine, and other bleaching chemicals. To minimize the use of bleaching 
chemicals, the objective is to employ as much as necessary, as little as possible.
In addition to the utilized chemicals, the red liquor contains lignin residues and hemicellulose. 
Before entering the chemical recovery process, the water content of the red liquor is reduced 
through evaporation. The white liquor is reclaimed after chemical recovery and can be reused 
for pulping. Now, let us look at the chemical recovery.
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Figure 2 shows a simplified flowsheet of the chemical recovery in magnesium bisulfite-based 
pulping processes. 

Figure 2: Simplified flowsheet of the chemical recovery in magnesium bisulfite-based pulping 
process

In the first step, red liquor is combusted. Magnesium bisulfite decomposes to MgO, SO2, O2,

and H2O through combustion. MgO is in the fly ash and is, subsequent combustion, separated 
from the gas in an electrostatic precipitation. After washing the ash to prevent accumulation 
of side elements such as Na, K, and Chlorides, MgO is hydrated to form magnesium hydroxide. 
The resulting magnesium hydroxide slurry serves as an absorbent within the chemical absorp-
tion process.
Meanwhile, the flue gas is saturated with water in a saturator and enters the absorption pro-
cess. The absorption process can consist of several absorption units. In the chemical absorp-
tion process, sulfur dioxide (SO2) is absorbed from the gas phase and reacts with the magne-
sium hydroxide slurry to yield magnesium sulfite. This magnesium sulfite then reacts further 
with SO2 to produce magnesium bisulfite, which can be reintroduced as a cooking liquor within 
the pulp production process, thus establishing a closed-loop system.
Equations 1 to 3 summarize the main reactions leading to the recovery of magnesium bisulfite. MgO + H2O → MG(OH)2 (1) MG(OH)2 +  SO2 → MgSO3 + H2O (2) MgSO3 + SO2 + H2O → Mg(HSO3)2 (3) 

Under ideal conditions, a complete chemical recovery can be attained. However, unwanted 
precipitation reactions can occur under unideal process conditions besides the intended reac-
tions. Precipitation of salts in the system highly influences the efficiency of the process. A high 
precipitation rate causes chemical loss as the precipitated salts will be washed out in a regular 
cleaning step rather than recycled in the process (Steindl et al. 2005). Uncontrolled precipita-
tion of salts means interruption of the closed-loop process, leading to increased usage of fresh 
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chemicals and more frequent cleaning operations. Consequently, additional SO2 and MgO 
must be introduced into the system to compensate for these losses, which reduces the eco-
nomic viability of the process and challenges its ecological footprint.  
 
Chemical losses can be compensated in various ways. They may be introduced into combus-
tion as MgSO4 or pure sulfur, added before hydration as MgO, or injected as SO2 into the ab-
sorption unit. Finally, SO2 is supplemented post-chemical recovery during white liquor prepa-
ration to ensure complete conversion from MgSO3 to Mg(HSO3)2 and to adjust the pH of the 
white liquor to approximately 4.5, a prerequisite for utilizing it as cooking liquor in magnesium 
bisulfite pulping processes (Pratima Bajpai 2018). However, irrespective of the stage at which 
chemicals are introduced into the process, the guiding principle remains consistent: minimize 
their usage. Each additional chemical introduction disrupts the closed-loop system and chal-
lenges the ecological footprint and economic feasibility. Therefore, the overarching aim of this 
thesis is to minimize the necessity for adding fresh chemicals to the process. To achieve this, 
it is imperative to comprehend where chemical losses originate. 

Precipitation in the absorption system  

While equations 1 to 3 look like a straightforward, simple chain of reactions, the chemical 
system inside the absorption process is a complex electrolyte system in which many dissocia-
tion and precipitation reactions occur simultaneously and influence each other. Process sim-
ulation is invaluable for depicting a complex system in a process that includes multiple absorp-
tion steps. The primary objective of this thesis is to address chemical losses resulting from 
unwanted precipitation reactions within the system using process simulation. Objective 1 en-
tails developing a process simulation tool capable of accurately predicting precipitates and 
facilitating improved process design choices. Absorption systems are commonly designed fol-
lowing absorption efficiencies. The developed tool allows us to expand the understanding of 
the complex system and to overview conditions that promote precipitation reactions, thus 
including this knowledge on top of absorption efficiency when making design choices.  

Soot formation during combustion 

Expanding our scope beyond the chemical recovery, we encounter another potential to mini-
mize overall chemical usage. And this potential lies in reducing bleaching chemicals during the 
bleaching of pulp. The necessity for bleaching agents can, in part, be attributed to the chemical 
recovery process, specifically to the combustion of red liquor. Soot formed during combustion 
is carried throughout the entire chemical recovery process, ultimately ending up in the white 
liquor and causing coloration to the pulp during pulping. This increases the demand for bleach-
ing chemicals. Soot are carbonaceous particles that form during the incomplete combustion 
or pyrolysis of hydrocarbons (Michelsen et al. 2020). Figure 3 schematically shows the com-
plex process of soot formation.  
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Figure 3: Schematic diagram of the physical and chemical steps in soot formation (Chu et al. 
2023) 
 
Soot formation occurs in several steps. Initially, hydrocarbons break down by losing hydrogen 
atoms, leading to radical sites forming. In the second step, smaller aromatic rings are formed, 
which grow into larger ring structures called polycyclic aromatic hydrocarbons (PAH). These 
larger structures form soot particles through coagulation, surface growth, and internal struc-
tural chang (Chu et al. 2023; Baumbach et al. 2016). To avoid soot, the complete combustion 
of red liquor must be ensured. Besides fuel type, pressure, time, and temperature, the fuel-
to-air ratio (equivalence ratio) is recognized as a significant parameter influencing soot for-
mation (Gleason et al. 2022; Mansurov 2005). Optimized fuel dispersion leads to an optimized 
mixing of fuel and oxygen, enhancing combustion. Red liquor spraying is recognized as a pa-
rameter that can be fine-tuned by simply replacing the nozzles, thus eliminating the need for 
redesigning the combustion vessel while significantly impacting combustion efficiency. The 
second objective aims to identify optimized red liquor spraying to enhance combustion effi-
ciency. 
Combustion processes involve the complex interaction of fuel, oxidizer, and combustion prod-
ucts within a confined space—the combustion vessel. A spatially resolved understanding of 
how fluid dynamics, heat transfer, and chemical kinetics operate inside the combustion vessel 
is crucial to derive improvements in the combustion system. Computational fluid dynamics 
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can provide such an understanding. Objective 2 of this thesis focuses on simulating the com-
bustion vessel using computational fluid dynamics (CFD). Through the development of the 
simulation, a tool for conducting virtual experiments is established, which allows for analyzing 
the effects of spraying characteristics on the combustion of red liquor.  



10

3 Applied Approaches
This chapter summarizes the applied approaches to target the thesis' objectives. 

3.1 Objective 1: Process Simulation to Target Precipitations
Figure 4 shows graphically the applied approaches that lead to fulfilling objective 1. 

Figure 4: Applied approaches to target objective 1 and associated publications

In process modeling, an accurate description of the chemical system is essential. The initial 
step involved understanding the present chemical system and selecting available thermody-
namic data to describe it. Based on this foundation, a thermodynamic model was developed 
to describe all dependencies adequately. The validated model was then integrated into a pro-
cess simulation, utilizing data from an actual industrial plant for assessment. Once the process 
model was rigorously evaluated, virtual experiments were conducted to derive optimized pro-
cess conditions. This systematic approach ensures a precise representation of the chemical 
system and facilitates the exploration and refinement of optimal operational parameters in a 
simulated environment. 
The following takes you through the performed steps in detail and refers you to the corre-
sponding publications. 

Review of thermodynamic data

The chemical system present in the absorption system is a complex electrolyte system. Figure 
5 summarizes the present compounds. 
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Figure 5: Electrolyte system in the absorption system (Weiß et al. 2023)

The system consists of a gas phase, a liquid phase, and solid precipitations. The gas entering 
the absorption is water-saturated and consists primarily of SO2, O2, CO2, H2O, and N2. CO2, 
SO2, and O2 are dissolving partially into the liquid phase and are taking part in the electrolyte 
reaction system. The liquid slurry consists of Mg(OH)2, present in the liquid phase as MgOH+,
OH- and Mg++. CaO enters the process as a side element through process water, leading to
CaOH+ and Ca++ in the liquid phase. The dissolved gases and the dissolved Mg(OH)2 and 
Ca(OH)2 interact in equilibrium reactions, causing the precipitation of sulfates, sulfites, and 
hydroxides when solubility limits are exceeded. Reliable literature data are vital to ensure the 
developed model's accuracy. This is why a comprehensive literature review of available solu-
bility data was conducted. Journal Paper I is a review paper studying the electrolyte system in 
detail and reviewing available solubility data of potential precipitations. 

Development and assessment of the thermodynamic model

The thermodynamic model needs to be able to describe the electrolyte system accurately. The 
electrolyte NRTL activity coefficient model was chosen to model the electrolyte system. The 
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electrolyte NRTL model is widely used to model electrolyte systems. It incorporates short-
range interactions as well as long-range electrostatic interactions between ions to describe 
the activity coefficients. The electrolyte NRTL model was applied as proposed by Chen and 
Evans and extended by Mock et al. (Chen and Evans 1986; Mock et al. 1986). The vapor phase 
properties were calculated using the Redlich-Kwong equation of state (Redlich and Kwong 
1949). A detailed description of the model is provided in Journal Paper II. The model is em-
bedded in Aspen Plus, which is why Aspen Plus V10 was chosen as the modeling software. 
After selecting the thermodynamic method, all dissociation and precipitation reactions were 
implemented into the model. Table 1 shows all implemented reactions.  
 
Table 1: Implemented electrolyte reactions 
Reaction Type 
2 H2O ↔ OH- + H3O+ Partial dissociation equilibrium 
2 H2O + SO2 ↔ H3O+ + HSO3

- Partial dissociation equilibrium 
H2O + HSO3

- ↔ H3O+ + SO3
-- Partial dissociation equilibrium 

H2SO4 + H2O ↔ H3O+ + HSO4
- Partial dissociation equilibrium 

H2O + HSO4
- ↔ H3O+ + SO4

-- Partial dissociation equilibrium 
MgOH+ ↔ OH- + Mg++ Partial dissociation equilibrium 
CaOH+ ↔ OH- + Ca++ Partial dissociation equilibrium 
2 H2O + CO2 ↔ H3O+ + HCO3

- Partial dissociation equilibrium 
H2O + HCO3

- ↔ H3O+ + CO3
-- Partial dissociation equilibrium 

Mg(OH)2 → OH- + MgOH+ Complete dissociation 
Ca(OH)2 → OH- + CaOH+ Complete dissociation 
MgSO4 → Mg++ + SO4

-- Complete dissociation 
MgSO3 → Mg++ + SO3

-- Complete dissociation 
CaSO4 → Ca++ + SO4

-- Complete dissociation 
CaSO3 → Ca++ + SO3

-- Complete dissociation 
MgCO3 → Mg++ + CO3

-- Complete dissociation 
CaCO3 → Ca++ + CO3

-- Complete dissociation 
Mg(OH)2 (s) ↔ OH- + MgOH+ Salt precipitation equilibrium 
Ca(OH)2 (s) ↔ OH- + CaOH+ Salt precipitation equilibrium 
MgSO3 * 6 H2O (solid) ↔ Mg++ + SO3

-- + 6 H2O (aqueous) Salt precipitation equilibrium 
MgSO3 * 3 H2O (solid) ↔ Mg++ + SO3

-- + 3 H2O (aqueous) Salt precipitation equilibrium 
CaSO3 * ½ H2O (solid) ↔ Ca++ + SO3

-- + ½ H2O (aqueous) Salt precipitation equilibrium 
MgSO4 * H2O (solid) ↔ Mg++ + SO4

-- + 1 H2O (aqueous) Salt precipitation equilibrium 
MgSO4 * 7 H2O (solid) ↔ Mg++ + SO4

-- + 7 H2O (aqueous) Salt precipitation equilibrium 
CaSO4 * 2 H2O (solid) ↔ Ca++ + SO4

-- + 2 H2O (aqueous) Salt precipitation equilibrium 
CaSO4 (solid) ↔ Ca++ + SO4

-- (aqueous) Salt precipitation equilibrium 
 
Journal paper II evaluates the applicability of the electrolyte NRTL method to model the SO2 
absorption and the solubility of all potential salts in the system. 
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Modeling the chemical recovery  

With the validated thermodynamic model, it is possible to calculate process flowsheets. Be-
fore a generic flowsheet was built, an industrial plant served as an illustrative process exam-
ple. Due to confidentiality, the details of the complete process model are not presented in this 
work. Journal Paper III presents exemplarily one absorption unit of the industrial example 
process. The following briefly describes the procedures performed to achieve a validated pro-
cess model describing the full chemical recovery. 
A comprehensive flowsheet depicting this industrial example plant was developed. Figure 6 
shows the flowsheet in the simulation environment Aspen Plus.  
 

 
Figure 6: Constructed flowsheet of the industrial example process 
 
The flowsheet covers the process steps of red liquor combustion, cooling of the exhaust gas, 
an electrostatic precipitator, a flue gas saturator, MgO hydration, absorption units, and finally, 
the white liquor preparation. The constructed flowsheet was fed and evaluated using real-
world industrial plant data.  
 
Initially, crucial measurement points were identified and precisely located. Daily measure-
ments covering all characterizing parameters were collected spanning a duration of one year, 
resulting in a robust dataset. This dataset was subjected to data processing procedures. In the 
first phase, an analysis of the plotted data over time was conducted to identify intervals rep-
resenting stable plant conditions indicative of standard operational scenarios. In the subse-
quent phase, data outliers within these identified stable time windows were identified and 
systematically excluded. A data point was defined as an outlier if its value exceeded five times 
the median absolute deviation (MAD) from the median: 

5 ∗ 𝑀𝐴𝐷 = 5 ∗ 1𝑛 ∑|𝑥𝑖 − �̃�|𝑛
𝑖=1  (4) 

Where �̃� is the median, 𝑥𝑖  the measured value and 𝑛 the number of measurement points. To 
confirm their status as outliers, the data plots over time were analyzed. By adhering to this 
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meticulous data processing approach, the resultant dataset was refined, ensuring its reliability 
and suitability for subsequent modeling analyses. 

The combustion unit performs stoichiometric calculations, including the reactions given in Ta-
ble 2. 

Table 2: Implemented combustion reactions 
Reaction Reaction product type 
C  + O2   -->  CO2  Gas phase 
N2  + O2   -->  2 NO Gas phase 
S  + O2   -->  SO2  Gas phase 
2 H2 + O2   -->  2 H2O Gas phase 
Cl2  + H2   -->  2 HCl Gas phase 
Mg + S  + 2 O2   -->  MgSO4  Solid ash 
Ca + S  + 2 O2   -->  CASO4 Solid ash 
2 Mg + O2   -->  2 MgO Solid ash 
2 Ca + O2   -->  2 CaO Solid ash 

The electrostatic precipitator is modeled to remove solid ash from the flue gas with defined 
efficiency. The saturator, modeled as a flash unit, calculates chemical and phase equilibrium 
and includes the hydration of residual MgO and CaO post-electrostatic precipitation. The hy-
dration of MgO for slurry preparation is modeled using a stoichiometric reactor. The absorp-
tion units, modeled as flash units, calculate chemical and phase equilibrium. In industrial ab-
sorption venturi systems, the physical solubility of SO2 is recognized as the limiting factor pre-
venting the system from achieving equilibrium  (Marocco 2010). A gas bypass was imple-
mented to adjust venturi efficiency and align the equilibrium model with the actual process. 
A comprehensive description of the simulation of absorption unit 3 is provided in Journal Pa-
per III. The process simulation of the entire chemical recovery system revealed that absorp-
tion unit 3 is most prone to precipitation, which is why this unit was selected as an exemplary 
absorption unit for publication. 

The flowsheet was calibrated over the gas bypass to fit the industrial plant data of the com-
bined SO3

-- + HSO3
- in the liquid phase after white liquor preparation and after each absorption 

step. The combined SO3
-- + HSO3

- in the liquid phase serves as a prevalent parameter within 
the pulp industry, commonly referred to as "total SO2". This parameter is assessed daily in a 
laboratory following the extraction of a sample from the operational plant's absorption bot-
toms. Figure 7 shows the calculated and the measured combined SO3

-- + HSO3
- in the liquid 

phase. 
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Figure 7: Combined SO3
-- + HSO3

- in the liquid phase after white liquor preparation, after ab-
sorption units 1 to 6, and after the saturator; measured values with standard deviation 

The absorption process occurs in a counterflow configuration. In absorption unit 6, a signifi-
cant portion of the liquid consists of Mg(OH)2. The white liquor consists of Mg(HSO3)2. 
Mg(HSO3)2 exists in a dissociated state within the liquid phase, presenting as Mg++, SO3

--, HSO3
-

, and H3O+ (refer to Table 1 for the detailed electrolyte reactions). Following equations (2) and 
(3) in section 2, an increase in the absorption of SO2 leads to a corresponding increase in SO3

-

- + HSO3
- within the liquid phase. The model and measurements confirm this trend of rising

SO3
-- + HSO3

- as we progress through the absorption units.

Finally, the flowsheet was evaluated using the following parameters: 

1. CO2, O2, and SO2 in the gas phase before the saturator
2. SO2 in the exhaust gas after the last absorption step

Table 3 summarizes the calculated and measured CO2, O2, and SO2 in the gas phase before the 
saturator. 

Table 3: CO2, O2 and SO2 in the gas phase before the saturator in vol% N, dry 
Measurement with relative error Calculation 

CO2 13.31 (relative error: 0.9 %) 13.42 
O2 5.42 (relative error: 3.3 %) 5.89 
SO2 1.13 (relative error: 2.3 %) 1.136 
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Figure 8 shows the SO2 in the exhaust gas after the last absorption step. 

Figure 8: SO2 in the gas before absorption units 1 to 6 and after absorption unit 6 

The SO2 content is measured at two distinct points: prior to the absorption units and at the 
exhaust gas stack. The measurement is upstream of the gas saturator, where the gas under-
goes saturation with water. Both Table 3 and Figure 8 represent the concentration on a dry 
basis, resulting in uniform values before and after saturation at the saturator. The gas phase 
measurements demonstrate a high level of accuracy for the model. As anticipated, the SO2 
content in the gas phase decreases with each absorption step until it is ultimately discharged 
through the exhaust gas stack.  

With the simulation of the industrial example process, the main precipitation phenomena 
were analyzed, and units where precipitation occurs were identified. Sensitivity analyses were 
performed to gain further insight into parameters influencing precipitation, investigating the 
effect of temperature, pH value, and Mg(OH)2-slurry to SO2 ratio. Journal Paper III summarizes 
the results of the performed sensitivity analyses for one exemplary absorption unit. The find-
ings correspond to those from the literature study in Journal Paper I, confirming the reliability 
of the process simulation. 

Building a process simulation tool and finding an optimized process design 

To separate the process model from the industrial example process and derive generic rec-
ommendations for absorption system design, a generic absorption flowsheet was developed. 
Conference Paper I presents this generic flowsheet along with two distinct process designs. 
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One design focuses on rapid SO2 absorption, while the other aims to reduce precipitation 
within the system. Based on indications from Journal Paper III that excess Mg(OH)2 leads to 
the precipitation of MgSO3 hydrates, the process design aimed at minimizing precipitation fol-
lowed the principle of avoiding excess Mg(OH)2. Conference Paper I quantifies the chemical 
savings associated with adopting the process design that minimizes precipitation. 
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3.2 Objective 2: CFD Simulation to Target Soot Formation
Figure 9 shows graphically the applied approaches that lead to fulfilling objective 2. 

Figure 9: Applied approaches to target objective 2

A detailed spatial resolved approach is necessary to perform virtual experiments and derive 
the influence of different spraying characteristics on the combustion time, depicting the fluid 
dynamics, phase changes, and reaction kinetics. Therefore, a CFD model was developed, 
which describes the fuel spraying into the combustion vessel, the flow through the furnace,
and the combustion inside the furnace. The developed CFD simulations were fed and evalu-
ated using real-world industrial plant data from the same industrial example plant as for ob-
jective 1. Once evaluated, virtual experiments were performed to investigate the influence of 
spray angle, spray type, and particle size on combustion time. The results are submitted to be 
published in Journal Paper IV. The following takes you through the performed steps and refers 
you to the submitted paper for more details. 

Development of the CFD Model

The CFD model was developed using the open-source simulation environment OpenFOAM® 
and employs an Eulerian-Lagrangian approach. The red liquor droplets, which are sprayed into 
the furnace, were treated as discrete particles, and the particle surrounding gas phase was
modeled as a continuous phase. Figure 10 visualizes the concept of the applied Eulerian-La-
grangian approach with the employed two-way coupling.
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Figure 10: Top left: Lagrangian particles; Top right: Eulerian flow; Bottom: Eulerian-Lagrangian 
approach 
 
While the description of Lagrangian particles can be computationally intensive, the benefit of 
this method lies in its ability to track specific properties of individual particles. The chosen 
approach, therefore, allows for tracking features such as the combustion time of red liquor 
droplets. The modeling approach with its underlying equations is thoroughly explained in 
Journal Paper IV. 

Implementation of Phase Change and Combustion Reactions 

The CFD model incorporates phase change phenomena and reaction kinetics to model the 
combustion process of red liquor. Red liquor combustion involves a complex system of reac-
tions in which organic matter is oxidized and inorganic matter is recovered in the ash. How-
ever, the combustion process can be divided into four phases: Drying, devolatilization, volatile 
combustion, and char combustion (Pratima Bajpai 2017). Those phases were implemented 
into the CFD model. Figure 11 provides an overview of the simplified reaction system inte-
grated into the CFD model. 
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Figure 11: Visualization of implemented combustion steps

Drying was modeled following the Spalding evaporation model (Spalding 1953). The volatile 
components were represented as pseudo-species CxHyOzSs, which combusts in a gas phase 
combustion reaction. The stoichiometry of the gas phase reaction was derived from the 
known elemental composition of red liquor. The gas phase combustion was modeled using 
the non-kinetic Eddy Dissipation Diffusion Model (Magnussen and Hjertager 1977). The devo-
latilization and char combustion were modeled following an Arrhenius kinetic approach. Due 
to lack of available kinetic data on the combustion of red liquor, kinetic data were obtained 
by fitting data to results from non-isothermal thermogravimetric analyses (TGA). Journal Pa-
per IV presents the results of the performed TGA and the kinetic data fitting and summarizes 
the applied phase changes and reaction models in detail.

Constructing a computational mesh 

To depict the industrial combustion vessel, a 3D Geometry was built based on technical draw-
ings from the industrial example plant. Figure 12 shows the 3D Geometry of the industrial 
combustion vessel.
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Figure 12: Left: 3D Geometry of the industrial combustion vessel (dimensional grid in m); 
Right: Close-up of combustion zone with air and fuel inlets

The combustion air enters from the top. Red liquor is sprayed into the combustion vessel 
through 16 two-phase nozzles. The combustion zone is lined with refractory material, simu-
lated as adiabatic walls. As the combustion gas travels towards the outlet, it heats steam 
through tube bundle heat exchangers, which were modeled as anisotropic porous zones with 
a heat sink. The 3D geometry was discretized into a predominantly hexahedral mesh. When 
creating a computational mesh, the goal is to determine a cell size that is fine enough to depict 
the flow accurately while maintaining reasonable computational times. To achieve this, a 
mesh study was conducted, comparing the calculated velocity along the centerline of the fuel 
spraying for different mesh sizes with values from the literature. The geometry, the final mesh, 
and the performed mesh study are detailed in Journal Paper IV.

Performing virtual experiments

After the development of the CFD simulation, the simulation was fed with data from the in-
dustrial example plant. The data underwent the same processing as the data used for objec-
tive 1 (see 3.1). The reliability of the simulation was evaluated by comparing the results to 
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data from the industrial reference plant and literature expectations and by analyzing the sim-
ulation results of the Eulerian field and the Lagrangian particles for their physical accuracy. 
The evaluation concluded that the developed simulation model is a reliable tool to conduct 
comparative parameter studies. The evaluation and simulation results are detailed in Journal 
Paper IV. Finally, virtual experiments were performed on the developed CFD simulation tool 
to analyze the effect of three spraying characteristics (characteristic particle size, spraying an-
gle, and spray type) on the mean particle combustion time. Table 4 summarizes the performed 
virtual experiments.  
 
Table 4: Performed virtual experiments 

Factor Characteristic particle size Spraying angle Spray type 
Experiment#1 2 mm 15 ᵒ Hollow Cone 
Experiment#2 2 mm 30 ᵒ Hollow Cone 
Experiment#3 3 mm 15 ᵒ Hollow Cone 
Experiment#4 3 mm 30 ᵒ Hollow Cone 
Experiment#5 2 mm 15 ᵒ Full Cone 
Experiment#6 2 mm 30 ᵒ Full Cone 
Experiment#7 3 mm 15 ᵒ Full Cone 
Experiment#8 3 mm 30 ᵒ Full Cone 

 
Journal Paper IV summarizes the virtual experiments, concluding with recommendations on 
designing fuel spraying to optimize the combustion.  
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44 RReessuullttss  ––  SSuummmmaarryy  ooff  PPuubblliiccaattiioonnss  
This chapter summarizes the research papers that constitute this thesis. My contribution to 
each publication is stated in the List of Appended Publications at the beginning of this thesis. 
The full papers are found in the chapter Publications.  

44..11 OObbjjeeccttiivvee  11::  PPrroocceessss  SSiimmuullaattiioonn  ttoo  TTaarrggeett  PPrreecciippiittaattiioonnss  
Journal Paper I is a comprehensive literature review paper on available solubility data of po-
tential precipitations in the MgO-CaO-SO2-H2O system, the chemical system present in the 
absorption of the chemical recovery. The reviewed data serve as a reliable basis for process 
modeling of this system. The study identifies MgSO3, MgSO4, Mg(OH)2, CaSO3, CaSO4, and 
Ca(OH)2 as potential salts and analyzes their solubility behavior under various conditions. The 
stability of the salts depends on the state of the salts and on influencing factors such as pH 
value, SO2 content, and the co-existence of other salts. Those factors are also investigated in 
the review study.  
Literature data evaluated by the International Union of Pure and Applied Chemistry (IUPAC) 
are revisited, and additional and newer studies are supplemented to obtain a solid base of 
accurate experimental values. For a temperature range from 0 to 100 °C, the reviewed inves-
tigations and data provide a solid base to map precipitation issues accurately. 
 
Journal Paper II assesses the thermodynamic modeling of the MgO-CaO-CO2-SO2-H2O-O2 sys-
tem using the electrolyte NRTL activity coefficient model, primarily focusing on the solubility 
of potential salts in the system. The study investigates the solubility of SO2 in water and its 
absorption equilibrium with Mg(OH)2 as well as the precipitation of Mg(OH)2, Ca(OH)2, MgSO3, 
CaSO3, MgSO4, CaSO4, and their hydrate forms. The calculated equilibria and solubilities are 
evaluated using experimental literature data reviewed in Journal Paper I. The deviation from 
the experimental data is calculated and plotted for each calculation to visualize the model's 
performance. The study concludes the model's applicability to describe chemically stable sys-
tems and to predict precipitations during absorption processes. However, limitations of the 
model are recognized, such as capturing dynamic hydrate transition behavior in rapidly chang-
ing and unstable systems. Furthermore, the study highlights the scarcity of experimental data 
regarding SO2 absorption in Mg(OH)2 solutions, limiting the evaluation of thermodynamic 
models based on such data. 
 
Journal Paper III applies the thermodynamic model evaluated in Journal Paper II and presents 
a process model featuring a single absorption unit. The process model is fed and validated 
using industrial plant data. It accurately depicts the pH value and the combined HSO3

- and   
SO3

-- content in the liquid phase after absorption. Sensitivity analyses are conducted to iden-
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tify key parameters influencing unwanted precipitation reactions in the system, including tem-
perature, pH value, and the Slurry/SO2 ratio. The study identifies parameter limits at which 
increased precipitations occur. The process model simulates one absorption unit from an in-
dustrial plant and is tailored to that specific facility. Consequently, the extrapolation of results 
to a generic absorption process has limited validity. The study highlights the importance of 
not only considering removal efficiency but also potential solid precipitation when designing 
an SO2 absorption process. 

Conference Paper I presents two process designs for a multistep SO2 absorption process uti-
lizing an Mg(OH)2 slurry representing a generic absorption process in the magnesium bisulfite-
based pulp industry. The first design focuses on maximizing SO2 absorption efficiency with the 
fewest steps needed to reach a target SO2 content in the exhaust gas. In contrast, the second 
design aims to achieve the target SO2 content while minimizing chemical loss due to precipi-
tation in the system. The results indicate that the first design achieves the target SO2 limit 
after four absorption steps but suffers from significant precipitation loss, accounting for al-
most 20 % of the product output by weight. The second design requires eight absorption steps 
to meet the target SO2 limit, but it effectively reduces precipitation loss to only 5 % of the 
product output by weight. The process design that minimizes precipitation results in a fivefold 
reduction in SO2 demand and a 20 % decrease in slurry demand compared to the design fo-
cused solely on maximizing absorption. 

44..22 OObbjjeeccttiivvee  22::  CCFFDD  SSiimmuullaattiioonn  ttoo  TTaarrggeett  SSoooott  FFoorrmmaattiioonn  
The submitted Journal Paper IV presents virtual experiments using computational fluid dy-
namics simulations to investigate the impact of various spraying parameters on the combus-
tion time of red liquor droplets within a combustion vessel. The simulations integrate compu-
tational fluid dynamics with kinetic modeling. Performed thermogravimetric analyses (TGA) 
of red liquor provide insights into combustion behavior and provide the basis for kinetic model 
fitting. One-step reaction kinetics are incorporated into the model. The virtual experiments 
include parameters such as spray angle, droplet size, and spray type. Through these experi-
ments, recommendations on optimizing red liquor spraying for faster combustion are derived. 
The virtual experiments revealed that the fastest combustion is achieved with a 2 mm droplet 
size and a 30° spraying angle, using the hollow cone spray type, as these spray characteristics 
enhance fuel dispersion in the combustion vessel. The developed CFD model is presented as 
a tool for further investigations beyond the scope of the performed virtual experiments.  
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5 Conclusion and Outlook
This thesis aimed to derive process optimization strategies to minimize the necessity for add-
ing fresh chemicals to the magnesium bisulfite pulping process through process and compu-
tational fluid dynamic simulations. Two main sources for the need to add chemicals were iden-
tified and targeted: precipitation in the absorption system causing chemical loss and soot for-
mation during red liquor combustion, leading to an increased demand for bleaching agents in 
the pulp production line. 

To tackle precipitation in the absorption system, a mechanistic process simulation tool for the 
chemical recovery was developed. For that purpose, comprehensive literature reviews, ther-
modynamic modeling, and flowsheet calculations were integrated. The literature review of 
solubility data for potential salts in the MgO-CaO-CO2-SO2-H2O-O2 establishes a reliable basis 
for process modeling. The assessment of the electrolyte NRTL activity coefficient model to 
depict the complex electrolyte system concludes that the model effectively describes chemi-
cally stable systems and predicts precipitations. The model assumes thermodynamic equilib-
rium. This entails that the model is limited to describing chemically stable systems and does 
not capture dynamic hydrate transitions. Furthermore, it was recognized that experimental 
data on the absorption capacity of SO2 in Mg(OH)2 are scarce. To overcome this, it is recom-
mended that future studies investigate the absorption capacity experimentally. A setup to de-
termine the absorption capacity experimentally was prepared as presented in Figure 13, which 
can be used for further studies on this topic. 

Figure 13: Prepared setup to determine the SO2 absorption capacity of Mg(OH)2

The setup requires improving the sensitivity of the measurement of SO2 in the gas phase, 
which remains a topic for future research possibilities.
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Finally, an industrial-scale process model of the chemical recovery was developed using the 
validated thermodynamic model. A real industrial example process was used as a reference 
process. Since the model's applicability to derive generic recommendations for Mg(OH)2-SO2 
absorption processes is limited due to its specific tailoring to a particular industrial setup, a 
more generic process flowsheet model was developed. This model was used to explore differ-
ent process designs for multistep SO2 absorption using an Mg(OH)2 slurry. The first design 
follows the conventional maxime to maximize SO2 absorption efficiency, resulting in signifi-
cant chemical loss due to precipitation. The second design focuses on minimizing precipita-
tion. The proposed process design to minimize precipitation requires more absorption steps 
but significantly reduces both SO2 and slurry demand. Focusing solely on chemical usage, this 
study suggests that the design aiming for minimized precipitation is advantageous over the 
conventional design aimed at fast absorption. To comprehensively evaluate the environmen-
tal impact of both designs, a cradle-to-grave life cycle assessment for both process designs is 
recommended.  
 
The developed model has proven to be an invaluable tool for calculating and comparing dif-
ferent process designs and their impact on chemical loss and demand. Beyond the investiga-
tions performed, the model can be used to conduct parameter studies, find operational limits, 
and enhance the overall understanding of the process system. With this tool, industries can 
respond to operational problems with a comprehensive understanding of the mechanistic in-
terplay within the process system. For future development, the process model can also serve 
as the foundation for creating digital twins of industrial absorption systems. A digital twin is a 
virtual replica of a physical system used for real-time monitoring, diagnostics, and predictive 
maintenance. By integrating the model with real-time data from the actual system, industries 
can achieve better control and oversight, anticipate issues before they occur, and optimize 
performance on the fly. Furthermore, the process model can be an effective teaching tool for 
both operating and development engineers, helping them understand the process beyond the 
operational flows. This educational application ensures that staff are well-versed in both the 
theoretical and practical aspects of the system, promoting more effective and informed oper-
ation. Such a teaching tool becomes increasingly valuable with higher staff fluctuation. 
 
To tackle soot formation during red liquor combustion, a 3D resolved CFD simulation tool of 
an industrial sized combustion vessel was developed. The combustion behavior was imple-
mented as a simplified reaction system, including drying, devolatilization, combustion of vol-
atiles, and char combustion. The devolatilization as well as char combustion kinetics were de-
rived by parameter fitting to non-isothermal TGA results. The developed simulation setup was 
used to perform virtual experiments varying spraying characteristics such as characteristic 
droplet size, spray angle, and spray type and to analyze their effect on the average particle 
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combustion time. Based on the performed calculation, it was derived that a reduction in par-
ticle size, a wider spray angle, and hollow cone over full cone spraying are advantageous for 
the combustion speed. To enhance the developed CFD simulation tool, future studies can fo-
cus on increasing the level of detail in modeling the reaction system. Refining the reaction 
system can include the implementation of char gasification with H2O and CO2, resolving the 
volatiles into heavy and light volatiles as well as resolving the gas combustion reaction system. 
The refinement of the combustion model will necessitate mesh refinement, increasing com-
putational complexity. Implementing a dynamic mesh that refines in reaction zones is a po-
tential approach to managing computational demands. Literature reports that red liquor drop-
lets swell significantly during devolatilization, a phenomenon also observed during the per-
formed TGA experiments. The implementation of particle swelling and, with it, addressing the 
heat transfer within particles can further improve the model's accuracy while also adding com-
plexity and increasing computational effort.  

The developed CFD model serves as a tool that extends beyond the performed analyses of fuel 
spraying characteristics and their influence on combustion speed. The simulation of the com-
bustion vessel allows for studying temperature zoning, oxygen supply, and fuel residence time 
in hot and cold combustion zones, providing detailed insights into the complex combustion 
system that are difficult to measure without extensive and expensive experimental setups. 
The CFD tool enables industries to test and evaluate various design modifications and retro-
fitting options for existing combustion vessels to improve combustion efficiency and reduce 
emissions. Such studies can include analyzing the effect of air staging and determining the 
optimal location of fuel nozzles. It also allows studying the effect of changing input conditions, 
including air inlet temperature and fuel-air ratio. Furthermore, the model can investigate fuel 
adaptation scenarios, such as changes in water content and the effects of additives. It is im-
portant to note that altering fuel composition can impact reaction kinetics, requiring adjust-
ments to the model's kinetic parameters. The applied approaches in developing the CFD 
model are applicable to various combustion scenarios. By updating the kinetic input data, the 
model can be adapted to simulate the combustion of any liquid or solid particle fuel, making 
it a valuable tool for optimizing and controlling combustion processes across a wide range of 
industries. 
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Abstract: This review studies unwanted precipitation reactions, which can occur in SO2 absorption
processes using a magnesium hydroxide slurry. Solubility data of potential salts in the MgO-CaO-
SO2-H2O system are evaluated. The reviewed data can serve as a reliable basis for process modeling
of this system used to support the optimization of the SO2 absorption process. This study includes the
solubility data of MgSO3, MgSO4, Mg(OH)2, CaSO3, CaSO4, and Ca(OH)2 as potential salts. The sol-
ubility is strongly dependent on the state of the precipitated salts. Therefore, this review includes
studies on the stability of different forms of the salts under different conditions. The solubility data in
water over temperature serve as a base for modeling the precipitation in such system. Furthermore,
influencing factors such as pH value, SO2 content and the co-existence of other salts are included and
available data on such dependencies are reviewed. Literature data evaluated by the International
Union of Pure and Applied Chemistry (IUPAC) are revisited and additional and newer studies
are supplemented to obtain a solid base of accurate experimental values. For temperatures higher
than 100 ◦C the available data are scarce. For a temperature range from 0 to 100 ◦C, the reviewed
investigations and data provide a good base to evaluate and adapt process models for processes in
order to map precipitations issues accurately.

Keywords: solid-liquid phase equilibria; precipitation; SO2 absorption; magnesium hydroxide slurry;
sulfates; sulfites; hydroxides

1. Introduction

The removal of SO2 from exhaust gas using an absorptive magnesium-based slurry
is a well-established method to control SO2 emissions and simultaneously recover Sulfur
as a resource of further usage. The pulp production industry using magnesium bisulfite
as cooking liquor can ensure a nearly full chemical recovery if applying the absorption
process in an optimized way.

After combustion, magnesium oxide is recovered from the ash, hydrated to magne-
sium hydroxide, and serves subsequently as absorbent. The absorption of SO2 from the
exhaust gas with hydrated magnesium oxide forms magnesium bisulfite, which serves
again as cooking liquor. Equations (1)–(3) show the simplified reactions leading to the
recovered cooking liquor.

MgO + H2O ! MG(OH)2 (1)

MG(OH)2 + SO2 ! MgSO3 + H2O (2)

MgSO3 + SO2 + H2O ! Mg(HSO3)2 (3)

This process allows the full reuse of required chemicals leading to a nearly closed-loop
process control.

However, besides the intended reactions, unwanted precipitation reactions can occur
under unideal process conditions. The precipitation of salts in the system highly influ-
ences the efficiency of the process. A high precipitation rate causes chemical loss as the
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precipitated salts will be washed out in a regular cleaning step rather than recycled in
the process [1]. Uncontrolled precipitation of salts therefore means interruption of the
closed-loop process leading to an increased usage of fresh chemicals and to more frequent
cleaning operations. This challenges not only the ecological footprint but also the economic
feasibility.

To prevent precipitation and provide a cleaner and more efficient production, it is
essential to understand the precipitation reactions in the system. Advanced process model-
ing can help in optimizing process conditions. A model, which covers the complex matter
of precipitation reactions in electrolyte systems, requires the inclusion of all necessary
dependencies sufficiently. Reliable literature data are of vital importance to ensure accuracy
of the developed model. This makes a comprehensive review of available solubility data in
the literature necessary.

While MgO, SO2 and H2O are process elements, CaO and O2 can influence the
reaction system as non-process elements. CaO can enter the process with process water
and can consequently contribute to precipitation issues in the system. O2 enters the process
as remaining oxygen in the exhaust gas stream and can influence precipitation due to
oxidation. To provide a comprehensive understanding of the precipitation process in the
system, this review studies the solubility of salts in the MgO-CaO-SO2-H2O-O2 system
based on available literature data.

The following covers a comprehensive review of available solubility data for MgSO3,
CaSO3, MgSO4, CaSO4, Mg(OH)2 and Ca(OH)2 as potential salts in the system. One major
source for solubility data is the solubility data series of the International Union of Pure
and Applied Chemistry (IUPAC) [2,3]. However, not all potential salts are covered in
these evaluations. Therefore, this review includes additional data and also complements
the data with newer studies to comprehensively review the state of the art of available
solubility data. Furthermore, correlations describing the solubility reported in the literature
are included and reviewed.

Based on the data, this paper recommends strategies for sufficiently accurate modeling
of the precipitation. Although original data are partially given in molar units, this review
gives all solubility data in g/100 g to provide consistency throughout the review.

2. Chemical System and Precipitation of Salts

Figure 1 visualizes simplified the chemical system leading to the formation and
precipitation of sulfites, sulfates, and hydroxides in the studies system.

 

Figure 1. Chemical system leading to precipitations in the MgO-CaO-H2O-SO2-O2 system.

SO2 and O2 from the gas phase dissolve into the liquid phase according to the Vapor-
Liquid-Equilibrium (VLE). The presence of Mg+ from dissolved Mg(OH)2 (see Section 2.5)
and the presence of SO3—from dissolved SO2 in the liquid phase lead to the formation



Processes 2021, 9, 50 3 of 17

of MgSO3. Mg(OH)2 and MgSO3 are intended products of the main process reactions
(compare Equations (1)–(3)). Ca(OH)2 and CaSO3 are formed in the presence of CaO as
a non-process-element in the same manner. The presence of oxygen in the exhaust gas
can lead to oxidation of sulfites and the formation of MgSO4 and CaSO4 [4]. Mg(OH)2,
Ca(OH)2, MgSO3, CaSO3, MgSO4 and CaSO4 can precipitate in the system according
to the Solid-Liquid-Equilibrium (SLE). The following focuses on the solubility of these
potential salts.

Sulfites and Sulfates precipitate as different hydrates depending on process condi-
tions [2]. The solubility of the hydrate forms can differ greatly. Understanding the stability
behavior of these hydrate forms is therefore of great practical interest when developing a
reliable process model.

2.1. Magnesium Sulfite (MgSO3)

Equation (4) shows the solution equilibrium of MgSO3.

MgSO3 (s) + x ⇥ H2O (aq) $ Mg2+(aq) + SO3
2−(aq) + x ⇥ H2O (aq) (4)

Lutz’s evaluation in the Solubility Data Series of IUPAC reported that the stable hy-
drate form of MgSO3 at temperatures lower than 37.85 ◦C is hexahydrate (MgSO3*6H2O).
At temperatures higher than 37.85 ◦C it is trihydrate (MgSO3*3H2O) [2]. This report is
based on the studies of Hagisawa, Okabe et al., Pinaev et al., and Lutz et al. [5]. However,
a slow conversion rate from the metastable hexahydrate to trihydrate leads to the establish-
ment of a metastable solubility equilibrium and the crystallization of hexahydrate even at
temperatures higher than 37.85 ◦C [6,7].

The conversion of hexahydrate to trihydrate is a pH and temperature depending
process. Steindl et al. monitored the conversion using Raman Spectroscopy [1]. While at a
temperature of 68 ◦C the conversion was completed after around 50 min, at a temperature
of 53 ◦C the conversion was completed after around 580 min. The studies also showed an
increasing conversion time with increasing starting pH value [1]. Following Steindl et al.
a low pH value and high temperatures enhance therefore the conversion of hexahydrate
to trihydrate. At temperatures higher than 40 ◦C, magnesium hexahydrate has a higher
solubility than trihydrate (see Figure 2). Preventing the conversion of hexahydrate to
trihydrate is therefore of practical interest to lower precipitation.

2.1.1. Solubility of MgSO3 Hydrates in Water

Figure 2 shows solubility data of magnesium hexa- and trihydrate in water.
The data found in the literature are mutually in very good agreement. The studies of

Hagisawa and Markant were evaluated by Lutz in the IUPAC Solubility data series [2,5,8,9].
The data captured by Söhnel and Rieger and by Lowell et al. match those studies very
well [6,8].

While the solubility of magnesium hexahydrate is increasing with temperature, the
solubility of trihydrate is decreasing with temperature. This indicates that the dissolution
of trihydrate is exothermic whereas the dissolution of hexahydrate is endothermic. Nyvlt
was able to describe the temperature dependency of the solubility by correlating the data
of Lowell, leading to the following equations with x being the molar fraction and T the
temperature in K [10]:

lnxMgSO3⇤6H2O = −82.918 − 2668.11
T

− 28.268 log T (5)

lnxMgSO3⇤3H2O = −79.595 − 4179.381
T

− 25.435 log T (6)
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Figure 2. Solubility of MgSO3 in Water [5,6,8–10].

The plot of these equations in Figure 2 shows a good correlation with existing literature
data for trihydrate and hexahydrate at temperatures up to 60 ◦C. The correlation shows an
increasing deviation from data points at higher temperatures.

The solubility of the two hydrate forms have an inverse dependency on temperature
and the conversion times can be long. Consequently, occurring precipitation in the system
is highly dependent on residence time and process conditions. While the given data
provide a solid base for modeling purposes, a critical review of each given case is necessary
to cover the change in solubility accurately.

However, the solubility of MgSO3 in the MgO-CaO-SO2-H2O-O2 system is not solely
a function of temperature.

2.1.2. Influence of SO2 on Solubility of MgSO3 Hydrates

The solubility of MgSO3 increases with increasing SO2 content in the solution [2].
Figure 3 shows experimental data as well as a correlation of literature data of the solubility
of magnesium sulfite over the SO2 content in the solution at 25 ◦C [2,11].

Lutz recommends describing the change in solubility with the presence of SO2 by
following correlation with S being the Solubility of MgSO3 in mol/kg and b the molality of
SO2 in mol/kg [2]:

SMgSO3
= 0.0347 + 0.4885 ⇥ bSO2 (7)

Figure 3 shows the good agreement of this correlation with the available experimental
data by Conrad and Brice. The increasing solubility with an increasing SO2 content can be
explained with the formation of Mg(HSO3)2 (see Equation (3)). Several studies recorded
an increasing amount of total dissolved magnesium sulfite with increasing amount of
Mg(HSO3)2 in the MgSO3-Mg(HSO3)2-H2O system [2].
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Figure 3. Solubility of MgSO3 over total SO2content in the solution [2,11].

2.1.3. Influence of MgSO4 on Solubility of MgSO3 Hydrates

Several authors reported the influence of MgSO4 on the solubility of MgSO3. Figure 4
shows the solubility of MgSO3 hexahydrate over the MgSO4 content in the solution and
Figure 5 the solubility of MgSO3 trihydrate respectively. The presence of MgSO4 may also
influence whether trihydrate or hexahydrate is formed as stable form [6,8]. Pinaev explains
this by the effect of MgSO4 on the solution temperature and viscosity [8]. However, there
are not enough studies found to confirm and characterize this influence sufficiently.

The data of Kovachev et al., 1970, Pinaev 1964 and Nvylt et al., 1977 are taken from
the IPUAC solubility data series [2]. The experimental data for trihydrate and hexahydrate
are in relatively good agreement with each other. All studies report an increase in solubility
with increasing MgSO4 content. Kovachev et al. covered the widest range of MgSO4
content. The study covers the whole range of MgSO4 content in which only MgSO3
hydrates precipitate. At higher MgSO4 contents than plotted in Figures 4 and 5, MgSO4
hydrates precipitated besides MgSO3 hydrates [2].

The data of Kovachev et al. show a maximum in solubility of MgSO3 at MgSO4
content of around 13 to 17 g per 100 g for trihydrate as well as for the hexahydrate [2].
The data for hexahydrate reported by Pinaev indicate as well that the solubility stabilizes
when reaching a certain amount of MgSO4 [2]. Lowel et al. present a graph showing the
dependency between MgSO4 content and the solubility of MgSO3 hexahydrate based on
values reported by Pinaev and McGlamery et al. [8].

The data of Söhnel and Kovachev et al. show that the effect of the presence of MgSO4
on the solubility of MgSO3 trihydrate is smaller for lower temperatures [2,6].

N˛vlt correlated literature data to describe the influence of MgSO4 on the solubility of
hexahydrate with the following equation with S being the Solubility in kg/kg H2O and
xMgSO4 being the content of MgSO4 in kg/kg H2O [10]:

SMgSO3
=

⇣
1 + 8.54 ⇥ xMgSO4

− 28.92 ⇥ x2
MgSO4

⌘
⇥ SMgSo3 in water (8)
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Figure 4 shows the plot of this correlation for the solubility at 35 ◦C, 50 ◦C and 70 ◦C.
While at 35 ◦C the correlation shows good agreements with experimental data, at higher
temperatures the correlation increasingly underestimates the solubility of MgSO3 with
increasing MgSO4 content.

Figure 4. Solubility of MgSO3 hexahydrate over MgSO4 content at different temperatures [2,6,10].

Figure 5. Solubility of MgSO3 trihydrate over MgSO4 content at different temperatures [2,6].
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2.2. Calcium Sulfite (CaSO3)

Equation (9) shows the solution equilibrium of CaSO3 in water:

CaSO3 (s) + x ⇥ H2O (aq) $ Ca2+ (aq) + SO3
2−(aq) + x ⇥ H2O (aq) (9)

Lutz states in the IUPAC solubility series that CaSO3 precipitates primarily as hemi-
hydrate (CaSO3*1/2H2O). The existence of dihydrate (CaSO3*2H2O) and tetrahydrate
(CaSO3*4H2O) was also reported but not confirmed for the CaSO3-H2O system [2].

2.2.1. Solubility of CaSO3 Hydrates in Water

The solubility data of CaSO3 in the literature are scarce and existing data scatter over
a wide range. Lutz evaluated in the IUPAC solubility several studies found in the litera-
ture [2]. Based on the evaluated data, Lutz recommends a solubility value of 0.0054 g/100 g
of water at 25 ◦C. However, this value comes with a deviance of ±0.0012 g/100 g, which
corresponds to around 22%. Lutz explains this strong scatter with the existence of different
modifications of CaSO3*1/2H2O and its tendency to form supersaturated solutions [2].

Figure 6 shows the literature data of Bobrovnik and Kotelnikova and van der Linden,
which were identified as the most accurate by Lutz, as wells as the newer data of Malghe
and Kumar [2,12–14].

Figure 6. Solubility of CaSO3 in water [2,12–14].

The original data reported by Van Der Linden give the solubility for CaSO3 dihy-
drate [14]. Due to the conclusion that the stable form is the hemihydrate, the solubility
for hemihydrate is given in the IUPAC solubility series as calculated values based on the
data reported by Van der Linden [2]. All data show a decrease in solubility with increasing
temperature. The data from Malghe and Kumar strongly deviate from other literature data
and greatly extend the deviance stated by Lutz. As the study does not specify the form of
the analyzed CaSO3 and due to the strong discrepancy, it is recommended to exclude these
values for modeling purposes.
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Lutz was able to correlate the literature data from Bobrovnik and Kotelnikova and
van der Linden using the following equation with S as the solubility in mol/K and T as the
temperature in Kelvin [2]:

logS = −15.367 − 1155.67
T

− 3.290 log T (10)

The plot of this correlation in Figure 6 shows good agreement with the literature data
when excluding the data by Malghe and Kumar [13].

2.2.2. Influence of SO2 on Solubility of CaSO3 Hydrates

As for the MgSO3-SO2-H2O system, the SO2 content also has an increasing effect
on the solubility of CaSO3 [2]. Figure 7 shows the solubility of CaSO3 over the total SO2
content in the solution at 25 ◦C.

Figure 7. Solubility of CaSO3 over total SO2 content in the solution [2,11].

The data from Kuzminykh and Babushkina in 1956 are taken from the IUPAC solubility
data series [2]. Lutz recommends describing the change in solubility with the presence
of SO2 by following correlation with S being the Solubility of CaSO3 in mol/kg and b the
molality of SO2 in mol/kg.

SCaSO3 = 0.460 ⇥ bSO2 − 0.026 ⇥ b2
SO2

(11)

Figure 7 shows the applicability of this correlation for an SO2 content up to 10 g per
100 g water. For higher SO2 contents, the correlation slightly overestimates the solubility
compared to the data from Conrad and Brice.

As for MgSO3, the increasing solubility with increasing SO2 content can be explained
with the formation of Ca(HSO3)2.

2.2.3. Influence of CaSO4 on Solubility of CaSO3 Hydrates

CaSO4 has a decreasing effect on the solubility of CaSO3 [2]. Figure 8 shows solubility
data of CaSO3 in water and in solution, which is saturated with CaSO4 over temperature.
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Figure 8. Solubility of CaSO3 in water and in CaSO4 saturated solution [2,14,15].

All reported data show a significant decrease in the solubility of CaSO3 in a solution,
which is saturated with CaSO4 compared to the solubility in water. The effect of decreasing
solubility is on average around −58% and maximum −75%. Unlike for MgSO3, there
are no data reported, which analyze the effect of different sulfate concentrations on the
solubility of CaSO3.

2.3. Magnesium Sulfate (MgSO4)

Equation (12) shows the solution equilibrium of MgSO4:

MgSO4 (s) + x ⇥ H2O (aq) $ Mg2+(aq) + SO4
2−(aq) + x ⇥ H2O (aq) (12)

Many studies have examined the stability of different hydrate forms of MgSO4 [16–20].
Following the study by Li et al. MgSO4 exists stably as kieserite (MgSO4*H2O) and hex-
ahydrate (MgSO4*6H2O) at 50 ◦C and only as kieserite at 75 ◦C in the MgCl2-MgSO4-H2O
system [18]. Starkyite (MgSO4*4H2O) was recognized as metastable form at both tem-
peratures and pentahydrate (MgSO4*5H2O) as metastable form at 50 ◦C. In a very recent
study, Dongdong et al. have developed a thermodynamic model to predict the thermody-
namic behavior of the Mg(OH)2-MgSO4-H2O system. The model defines heptahydrate
(MgSO4*7H2O) as stable form at temperatures lower than 45.85 ◦C, hexahydrate for the
temperature range of around 45.85 to 71.85 ◦C and kieserite for temperatures higher than
71.85 ◦C [20]. A solubility diagram of the MgSO4-H2O system presented by Steiger et al.
supports this observation giving similar temperature windows for the existence of hep-
tahydrate, hexahydrate and kieserite as stable hydrate forms of MgSO4 [17]. Nevertheless,
several metastable hydrate forms, such as starkyite or pentahydrate, may coexist in this
temperature range [16–18] and different studies give partially contradictory new insides in
the complicated reaction system [18].

Solubility of MgSO4 Hydrates in Water

Figure 9 presents measured and correlated solubilities of the different hydrate forms
over temperature.
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Figure 9. Solubility of MgSO4 in water [21–24].

The solubility of MgSO4 salts in water is almost by factor 100 higher than the solubility
of MgSO3 hydrates (compare Figures 2 and 9). Except for kieserite, the different hydrate
forms show a similar solubility behavior. The data from Ting and McCabe report around
25% lower solubility than the other data. Otherwise, the data are in very good agreement
with each other. The solubility of all hydrate forms except kieserite increases with increasing
temperature. Apelblat and Manzurola correlated their data with the following equation
with S being the Solubility in mol/kg and T being the temperature in K [23]:

lnS = 39.172 − 2795.9
T

− 5.0309 ln T (13)

This correlation describes the solubility of all hydrate forms up to a temperature of
70 ◦C well when excluding the data from Ting and McCabe (see Figure 9). At higher
temperatures, the solubility decrease of kieserite reported by Robson needs to be taken into
account and cannot be covered by the given correlation.

2.4. Calcium Sulfate (CaSO4)

Equation (14) describes the solution equilibrium of CaSO4 in water:

CaSO4 (s) + x ⇥ H2O (aq) $ Ca2+(aq) + SO4
2−(aq) + x ⇥ H2O (aq) (14)

Several studies report three main forms of CaSO4, which is hemihydrate (CaSO4*1/2H2O),
dihydrate (CaSO4*2H2O), and anhydrite (CaSO4) [25,26]. While dihydrate is recognized
as the stable form at temperatures lower than 40 ◦C and anhydrate at higher tempera-
tures, hemihydrate is a metastable form and can coexist at temperatures around 90 to
130 ◦C [27–29].

2.4.1. Solubility of CaSO4 Hydrates in Water

The solubility of the different CaSO4 hydrates was studied by several researchers [25,28–33].
The data are summarized in Figure 10.
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Figure 10. Solubility of CaSO4 in water [25,28–33].

The newer data are in good agreement with older data, which indicates good accuracy
of the data. The solubility curves are clearly distinguishable between the three different
hydrate forms. While the solubility of dihydrate increases with temperature in the stable
window to up to 40 ◦C, a further increase in temperature leads to a decrease in solubility
for all hydrate forms. The phenomen that the solubility of dihydrate starts decreasing at
around 40 ◦C can be explained thermodynamically with the change of the sign of the heat
of solution [31].

2.4.2. Influence of Mg++ on Solubility of CaSO4 Hydrates

The presence of magnesium and calcium can influence each other’s solubility. Several
authors have reported the association effect of magnesium, which increases the solubility of
CaSO4 with an increasing presence of magnesium cations as the cation associates the partial
sulfate ion to form stable MgSO4 [25,34]. As a consequence of the formation of MgSO4 the
solubility of CaSO4 increases. Wu et al. studied the influence of magnesium chloride on the
solubility of CaSO4. They report that at a MgCl2 content of around 9 mol/kg the solubility
of CaSO4 dihydrate is around half the solubility at the same temperature in water [25].

2.5. Magnesium Hydroxide (Mg(OH)2)

When describing the solubility of Mg(OH)2 in an aqueous solution, two main equilib-
ria need to be considered. One is the dissociation of Mg(OH)2 and the other is the formation
of the ion pair MgOH+.

Mg(OH)2 (s) $ Mg2+ (aq) + 2OH− (aq) (15)

Mg2+(aq) + OH−(aq) = MgOH+ (aq) (16)

Therefore the solubility of Mg(OH)2 is a distinctive function of the pH value of the
solution [3,35]. Scholz and Kahlert studied the pH dependence of the solubility of metal
hydroxides and established an equation describing the solubility SMg(OH)2

as a function of
pH, the solubility product Ksol, Mg(OH)2

and the autoprotolysis constant of water Kw [35]:

logSMg(OH)2
= logKsol, Mg(OH)2

+ 2logKw − 2pH (17)
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This equation is based on the consideration that formed OH− ions are part of the
autoprotolysis reaction of water and takes the following definitions into account [35]:

SMg(OH)2
= cMg2+ (18)

Ksol, Mg(OH)2
= cMg2+ ⇥ c2

OH− (19)

KW = cH3O+ ⇥ cOH− (20)

pH = − logcH3O+ (21)

Knowing the solubility product of Mg(OH)2 this equation allows an easy calculation
at which pH value the precipitation of Mg(OH)2 starts at a given temperature. While a
lower pH value is leading to a higher solubility, Mg(OH)2 is almost insoluble at neutral pH
or higher.

Solubility of Mg(OH)2 in Water

Lambert and Clever evaluated comprehensively available data in the IUPAC solubility
data series [3]. Figure 11 shows solubility data of Mg(OH)2 in water.

Figure 11. Solubility of Mg(OH)2 in water [3,20,36–41].

The data from Näsänen (1942), Travers and Nouvel (1929), and Lambert (1982) were
taken from the IUPAC solubility data series [3]. Due to the low solubility, the direct mea-
surement of a precise value is difficult. Therefore, several studies derived the solubility
in water indirectly from the solubility product determined by measurements in a ternary
system [3]. These values are designated as indirect determination in Figure 11. Literature
data distinguish between active and inactive Mg(OH)2. Active Mg(OH)2 describes the
amorphous form of Mg(OH)2 after precipitation or hydration of MgO. Aging leads to a ther-
modynamic stable form with a lower solubility described as inactive Mg(OH)2 [3]. Several
studies focused on the solubility change from active to inactive Mg(OH)2 [36,37]. Although
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there is a general trend visible that active Mg(OH)2 has a higher solubility, the spread
of data points at room temperature makes it impossible to derive a systematic trend [3].
While the direct measurements done by Busch show only a slight decrease of solubility
with progressing aging, Hostetler observed a solubility decrease by almost 50% [36,37]. As
the value for the active Mg(OH)2 from Busch is taken after 8 h of equilibration time, the
small decrease can be explained with an already progressed aging at this time.

While there are several studies analyzing the solubility at room temperature, there are
only a few studies covering a wider temperature range. Travers and Nouvel performed
direct measurements of the solubility in water, Lambert and Clever determined the solubil-
ity indirectly [3]. Lambert and Clever explain the difference between the values of these
two studies with insufficient aging of the Mg(OH)2 by Travers and Nouvel [3]. Correlating
the literature data Lambert and Clever recommend the following equation to describe the
tentative values for the solubility of Mg(OH)2 in water as a function of temperature with S
being the solubility in mol/kg and T the temperature in Kelvin [3]:

lnS = 81.965 − 3432.07
T

− 13.893 ln T (22)

The plot of this correlation in Figure 11 shows a good agreement with experimental
data for temperatures higher than 20 ◦C.

In a very recent study, Dongdong et al. developed several thermodynamic models
to describe the Mg(OH)2-H2O system based on the CALPHAD methodology [20]. The
model describes the thermodynamic properties of the system through the Gibbs free energy.
Adjustable parameters allow the optimization of the model by fitting it to literature data.
They were able to describe the system by fitting the adjustable parameters to solubility data
described in the literature. However, they found that using the previously described litera-
ture data to fit the model leads to inconsistent thermodynamic results. Whereas a model
using the solubility product given by McGee and Hostetler to complement the determina-
tion of the Gibbs energy equation showed consistency at least in the temperature window
from 0 ◦C to 50 ◦C [20,42]. The solubility product reported by McGee and Hostetler shows
only a small temperature dependency with –log(K) = 10.89 at 10 ◦C and –log(K) = 11.10 at
90 ◦C [42]. Especially at higher temperatures, the model based on these values shows a
high deviation from solubility data found in the literature (see Figure 11) [20]. Dongdong
et al. conclude that the limitations in modeling the Mg(OH)2-H2O system are due to the
general lack of reliable experimental data of the solubility of Mg(OH)2.

2.6. Calcium Hydroxide Ca(OH)2

Equation (23) shows the solution equilibrium of Ca(OH)2:

Ca(OH)2 (s) $ Ca2+ (aq) + 2OH− (aq) (23)

Like Mg(OH)2, the solubility of Ca(OH)2 depends on the state of aging and the pH
value of the solution. Following the study by Scholz and Kahlert, the pH dependency of
the solubility can be expressed in the same way as for Mg(OH)2 with the solubility product
of Ca(OH)2 respectively, leading to the following equation [35]:

logSCa(OH)2
= logKsol, Ca(OH)2

+ 2logKw − 2pH (24)

The evaluation of solubility data of Ca(OH)2 by Lambert and Clever revealed that
the difference in solubility between fresh and aged Ca(OH)2 decreased with increasing
temperature and was in general small [3]. Which justifies the focus on the solubility of
aged Ca(OH)2 only.
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Solubility of Ca(OH)2 in Water

Figure 12 shows the solubility of Ca(OH)2 over temperature. Except for the data of
Yuan et al. all shown literature data were evaluated by Lambert and Clever in the IUPAC
solubility data series [3].

Figure 12. Solubility of Ca(OH)2 in water [3,32,43–46].

The data from Fratini (1945), Hedin (1955), and Komar et al. (1976) were taken from
the IUPAC solubility series [3]. The newer and older data are in very good agreement with
each other. The solubility is around 100 times lower than for Mg(OH)2 and decreases with
increasing temperatures.

Lambert and Clever were able to correlate the literature data using the following
equation with S being the solubility in mol/kg and T the temperature in Kelvin [3]:

lnS = 86.1534 − 3492.14
T

− 13.7494 ln T (25)

Also the younger experimental data of Yuan et al. fit the correlation very nicely, which
confirms the applicability of that correlation [3,32].

3. Conclusions

Solubility data for MgSO3, CaSO3, MgSO4, CaSO4, Mg(OH)2 and Ca(OH)2 were
summarized and reviewed to provide a solid base for modeling purposes.

To cover the precipitation of MgSO3 the solubility of its hexa- and trihydrate needs
to be taken into account. The existence of these hydrate forms depends on the process
conditions. Available solubility data for both hydrates cover a temperature range of 0 to
100 ◦C and are in good agreement with each other. The inverse dependency on temperature
of the two hydrate forms makes it necessary to critical review, which hydrate form occurs
under the given conditions in the process prior to its modeling.
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The solubility data of CaSO3 are scarce, and only for a temperature range of 50 to
100 ◦C is more than one corresponding data source available. CaSO3 precipitates as
different hydrate forms. However, the solubility behavior of these hydrate forms does not
differ apparently. A differentiated consideration of the single hydrate forms is therefore
not required to model precipitation accurately.

Much data reports the influence of the sulfates MgSO4 and CaSO4 on MgSO3 and
CaSO3 respectively. To describe the precipitation accurately, it is essential to include this
influence into a process model.

Investigations on the precipitation of MgSO4 report multiple existences of metastable
hydrate forms varying with temperature and relative humidity and sluggish kinetics [16,17,19].
The available solubility data of MgSO4 cover a temperature range of 0 to 200 ◦C. The
available data for each single hydrate form are scarce. The solubility behavior of all studied
hydrate forms except kieserite do not differ apparently. The available data imply that
the different hydrate forms can be described together based on their combined data. The
solubility of kieserite however shows an inverse temperature dependency and needs to be
considered separately.

The precipitation and solubility of CaSO4 are well studied. To cover the solubility
behavior accurately, the hemihydrate, the monohydrate and the dihydrate need to be taken
into account. For all hydrate forms, more than one data source is available for a temperature
range of 0 to 100 ◦C. All available data are in very good agreement with each other.

Studies of the solubility of Mg(OH)2 and Ca(OH)2 show that at pH value lower than
7, the precipitation of the hydroxides can be disregarded when modeling an industrial
process. A change to higher pH values, however, can cause heavy precipitation. Mg(OH)2
is almost insoluble in water. The precise values of the solubility scatter at room temperature
between around 0.75 ⇥ 10−3 and 2 ⇥ 10−3 g/100 g, partially explained by the solubility
difference of active and inactive Mg(OH)2. Only two data sources are available for a wider
temperature range of up to 200 ◦C, which show a corresponding trend. The solubility of
Ca(OH)2 in water is well studied by many different researchers in a temperature range of
0 to 100 ◦C. All available data are in very good agreement with each other. For temperatures
higher than 100 ◦C only one data set was found, which blends very well with the data for
lower temperatures.
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ABSTRACT: This work assesses the thermodynamic modeling of
the MgO-CaO-CO2-SO2-H2O-O2 system using the electrolyte
NRTL activity coefficient model, primarily focusing on the
solubility of potential salts in the system. The assessment includes
the SO2-H2O and SO2-Mg(OH)2 vapor−liquid equilibria as well as
the precipitation of Mg(OH)2, Ca(OH)2, MgSO3, CaSO3, MgSO4,
CaSO4, and their hydrate forms. The analysis covers a temperature
range of 0 to 100 °C and focuses on calculations at atmospheric
pressure. The performed calculations assess the necessity of
defining equilibrium constants Keq as a function of temperature to
describe the chemical equilibria accurately. The SO2 solubility in
water is studied for a pressure range of 0.545 to 1.788 bar. The SO2-
Mg(OH)2 absorption equilibrium is studied for a SO2 partial
pressure range of 0.00963 to 1.101325 bar and a MgO
concentration of up to 14.5 kg/m3 H2O. The results are evaluated using experimentally determined data from the literature. The
study shows that the model recognizes all reported precipitation forms in the correct temperature range in chemically stable systems.
The solubility of Mg(OH)2 is calculated with a deviation from literature data of <6% for a temperature range of 70 to 90 °C and a
maximum deviation of −40% for temperatures close to 0 °C. The calculated Ca(OH)2 solubility at the complete studied
temperature range deviates less than 11% from the literature data. The model also recognizes the pH dependency of the solubility of
both hydroxides. The calculated solubility of MgSO3 hexahydrate deviates less than 1% from literature data, and the calculated
solubility of MgSO3 trihydrate shows a maximum deviation from literature data of 20% at temperatures up to 90 °C. The solubility
of CaSO3 hemihydrate is predicted with a deviation of <1% at a temperature range of 70 to 100 °C and a deviation of <30% for
temperatures higher than 20 °C. The model predicts the solubility of MgSO4 monohydrate with a maximum deviation from
literature data of 20% and overestimates the solubility of MgSO4 heptahydrate by up to 118% compared to literature data. The
solubility of CaSO4 monohydrate is calculated with a deviation from literature data of <2%, and the solubility of CaSO4 dihydrate
with a deviation of <7%. The model’s accuracy in predicting the SO2 solubility in water variates strongly depending on which
literature data points it is compared to. The smallest deviation from literature data is 1% compared to data measured at 60 °C and a
pressure of 1.377 bar. The highest deviation is 60% compared to data measured at 90 °C and atmospheric pressure. The study shows
that the experimental data in literature describing the SO2 absorption in an Mg(OH)2 solution are scarce. This leads to a limited
ability to evaluate thermodynamic models based on experimental data. The model describes the SO2 absorption in Mg(OH)2 with a
deviation between 8 and 52% compared to available literature data.

1. INTRODUCTION
The MgO-CaO-CO2-SO2-H2O-O2 system is an important
electrolyte system for flue gas treatment processes, where SO2
is removed from the gas by absorption. It has particular
importance in the pulp and paper industry, as the absorption of
SO2 using Mg(OH)2 slurry allows the recovery of magnesium
bisulfite, which then can be used as cooking liquor for pulp
production again. The absorption of SO2 using magnesium
hydroxide slurry has recently gained increased attention due to
the possibility of removing pollutants SO2 and NOx simulta-
neously.1 Complex industrial absorption processes often have
up to 10 absorption steps. To run the process in an optimized

way, mechanistic models are of great importance. A mechanistic
model allows a deeper understanding of the complex electrolyte
system and the detection of critical zones in the process chain. A
mechanistic model combined with process control data of a
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plant can provide a digital twin of the plant, which can be used to
find optimized process parameters or to control the process.

The MgO-CaO-CO2-SO2-H2O-O2 system is prone to
precipitation in the system. While in some processes,
precipitation is wanted to separate the solids from the liquid,
in the chemical recovery of the pulp industry, precipitation is
highly undesired. Uncontrolled precipitation causes the block-
age of pipes and consequential chemical loss.2 Whether the
precipitation is desired or avoided, a rigorous thermodynamic
model can serve as a valuable tool to identify precipitation in the
system. The occurrence of precipitation depends on the
complex present electrolyte system. Therefore, a mechanistic
model needs to cover all relevant reactions of that system.

The electrolyte NRTL model is a commonly used method to
model electrolyte systems. Si et al. applied the electrolyte NRTL
method to an SO2 absorption system based on calcium.3 Schöggl
et al. described the MgO-H2O-SO2 system using the electrolyte
NRTL method.4 Their study indicates that the method is
applicable to model that system. However, the study also
suggests improving the model by adapting the calculation results
to literature data through an external function that overwrites
the calculation results with input data. Zidar et al. modeled the
MgO-H2O-SO2 equilibrium using the Rudzinski+Pitzer-Ion
activity coefficient model.5 They used the Pitzer’s ion interaction
model to calculate the activity coefficients in the mixture and the
Rudzinski method to determine the pH value. While there are
earlier studies available building up to the results of Zidar et al.,6
there are no newer studies found in literature that target the
topic of thermodynamic modeling of the absorption system. The
lack of available studies motivated the authors to conduct a
comprehensive assessment of the applicability of the semi-
empirical electrolyte NRTL method to model the absorption
equilibrium as well as precipitations in the system. This study
evaluates the applicability of the electrolyte NRTL method to
model the SO2 absorption using up-to-date available thermody-
namic property data and the solubility of all potential salts in the
system. The calculated results are compared to available
experimental data from the literature.

2. METHODS
The system was rigorously modeled using the simulation
environment and data banks of Aspen Plus V10. The electrolyte
system is described using the true component approach. The
true component approach, unlike the apparent component
approach, means that all true components of the electrolyte
system, including ions, salts, and molecular species, are reported.
The results were evaluated using literature data reviewed in a
previous study.7 The following summarizes the applied
methodology.
2.1. Thermodynamic Framework. The electrolyte NRTL

activity coefficient model was applied as proposed by Chen and
Evans and extended by Mock et al.8,9 The vapor phase properties
were calculated using the Redlich−Kwong equation of state.10

The system was calculated in phase equilibrium. The equality
of the fugacity of every component in the different present
phases is the basis of the performed key thermodynamic
property calculations:

=f fi i
v l

(1)

2.1.1. Vapor Phase PropertiesRedlich−Kwong Equation
of State. The fugacity of the vapor phase is expressed as follows:

=f ypi i i
v v

(2)

The fugacity coefficients are represented by
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The vapor phase properties are calculated by the cubic
equation of state Redlich−Kwong:10
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The critical temperature and the critical pressure of the pure
components were retrieved from the standard implemented data
banks in Aspen Plus V10.

2.1.2. Liquid Phase PropertiesElectrolyte NRTL Activity
Coefficient Model. The fugacity of the liquid phase is expressed
as follows:

= *f f xi i i i
l , l

(10)
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,l

,
,v
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p

im
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(12)

The activity coefficient represents the deviation of the mixture
from ideality. The reference state defines which state is referred
to as ideal. In other words, the reference state dictates the
conditions at which the activity coefficient is assigned to the
value of 1.11 The properties of the reference state are denoted by
*. For supercritical components (CO2, O2, and SO2) and ions,
the model was calculated using an unsymmetric reference state,
which means that the reference state is at infinite dilution at
system temperature and pressure:

* =i
i

i (13)

The basis for the unsymmetric activity coefficient is the actual
mixed solvent present. For all other components, the reference
state is that of a pure compound. The liquid phase reference
fugacity is then defined as that of the pure liquid component i at
system temperature and pressure.
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The behavior of dissolved gases, such as CO2, O2, and SO2, is
represented using Henry’s law. The expression of the fugacity of
the liquid phase becomes the following:

= *f Hxi i i i
l

(14)

The temperature-dependent Henry’s constants were retrieved
from the standard implemented data banks in Aspen Plus V10.
Table 1 gives the applied ln(H) exemplary for 70 °C.

The activity coefficients were calculated using the electrolyte
NRTL activity coefficient model.8,9 The model is based on the
assumptions that, due to strong repulsive forces between ions of
like charge, the immediate neighbors of any ions are ions of
opposite charge and that the distribution of ions results in local
electroneutrality.

The model describes the excess Gibbs energy based on the
following relation:
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The model describes the activity coefficient with a Pitzer−
Debye−Hückel (PDH) and a Born (Born) expression for long-

range electrostatic interactions and an NRTL-local composition
contribution (lc) for the short-range interactions:

= + +ln ln ln lni i i i
PDH Born lc

(16)

= +

+
+

Ä
ÇÅÅÅÅÅÅÅÅÅÅÅÅikjjjjj y{zzzzzÉ

ÖÑÑÑÑÑÑÑÑÑÑÑÑ
M

A
z

I

z I I

I

ln
1000 2

ln(1 )

2

1

i
i

x

i x x

x

PDH

s

2

2 3

(17)

=A
N Q

kT
1
3

2 d
1000

A s e
2

s

3

(18)

=I x z
1
2x i i

2
(19)

=
ikjjjjj y{zzzzzQ

kT
z
r

ln
2

1 1
10i

i

i

Born e
2

s w

2
2

(20)

= +
ikjjjjjj y{zzzzzzx G

x G

xG

x G

x G

x G
ln i

j i ji ji

k k ki j

j ji

k k kj
ji

j j

k k kj

lc m m m m

(21)

=G eij
ij ij (22)

= + + +a
b

T
T f Te ln( )ij ij

ij
ij ij (23)

Table 1. Applied Henry’s Constants Expressed as ln(Hij) at 70
°C

component i component j ln(Hij)T=70°C

SO2 H2O 4.91122046
O2 H2O −18.0625181
CO2 H2O 8.26167044

Table 2. Considered Electrolyte System

reaction type

2 H2O ↔ OH− + H3O+ partial dissociation equilibrium
2 H2O + SO2 ↔ H3O+ + HSO3

− partial dissociation equilibrium
H2O + HSO3

− ↔ H3O+ + SO3
−− partial dissociation equilibrium

H2SO4 + H2O ↔ H3O+ + HSO4
− partial dissociation equilibrium

H2O + HSO4
− ↔ H3O+ + SO4

−− partial dissociation equilibrium
MgOH+ ↔ OH− + Mg++ partial dissociation equilibrium
CaOH+ ↔ OH− + Ca++ partial dissociation equilibrium
2 H2O + CO2 ↔ H3O+ + HCO3

− partial dissociation equilibrium
H2O + HCO3

− ↔ H3O+ + CO3
−− partial dissociation equilibrium

Mg(OH)2 → OH− + MgOH+ complete dissociation
Ca(OH)2 → OH− + CaOH+ complete dissociation
MgSO4 → Mg++ + SO4

−− complete dissociation
MgSO3 → Mg++ + SO3

−− complete dissociation
CaSO4 → Ca++ + SO4

−− complete dissociation
CaSO3 → Ca++ + SO3

−− complete dissociation
MgCO3 → Mg++ + CO3

−− complete dissociation
CaCO3 → Ca++ + CO3

−− complete dissociation
Mg(OH)2 (s) ↔ OH− + MgOH+ salt precipitation equilibrium
Ca(OH)2 (s) ↔ OH− + CaOH+ salt precipitation equilibrium
MgSO3 * 6 H2O (solid) ↔ Mg++ + SO3

−− + 6 H2O (aqueous) salt precipitation equilibrium
MgSO3 * 3 H2O (solid) ↔ Mg++ + SO3

−− + 3 H2O (aqueous) salt precipitation equilibrium
CaSO3 * 1/2 H2O (solid) ↔ Ca++ + SO3

−− + 1/2 H2O (aqueous) salt precipitation equilibrium
MgSO4 * H2O (solid) ↔ Mg++ + SO4

−− + 1 H2O (aqueous) salt precipitation equilibrium
MgSO4 * 7 H2O (solid) ↔ Mg++ + SO4

−− + 7 H2O (aqueous) salt precipitation equilibrium
CaSO4 * 2 H2O (solid) ↔ Ca++ + SO4

−− + 2 H2O (aqueous) salt precipitation equilibrium
CaSO4 (solid) ↔ Ca++ + SO4

−− (aqueous) salt precipitation equilibrium
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= +c d (T 273.15K)ij ij ij (24)

The adjustable parametersborn radius, the dielectric
constant coefficients, and the binary interaction parameters
were retrieved from the standard implemented data banks in
Aspen Plus V10.

2.1.3. Chemical System. The model includes partial
dissociation equilibrium reactions, complete dissociations
reactions, and salt precipitation equilibrium reactions. Table 2
summarizes all considered reactions.

The chemical equilibrium is calculated using built-in or user-
supplied parameters to describe the equilibrium constants Keq as
a function of temperature. If no equilibrium constants are given,
the equilibrium is calculated from the reference state Gibbs free
energies of the participating components following:

=
*

K
G
RT

ln( ) m
(25)

The applied parameters to describe the temperature-depend-
ent equilibrium constants are retrieved from the Aspen Plus V10
data bank. Table 3 gives the applied ln(K) exemplary for 70 °C.
2.2. Performed Analyses for Assessment. To assess the

accuracy of the thermodynamic calculations, the calculated
properties were compared with experimental data retrieved from
the literature. The deviation of the calculated value from
literature data is given as

= ◊x x
x

deviation (%)
( )

100calculated literature

literature (26)

The following summarizes the performed calculations and the
referenced literature data.

2.2.1. Solubility of SO2. The solubility of SO2 in water was
calculated following two different approaches. First, it was
calculated solely using Henry’s Law without any electrolyte
reactions. Then, it was calculated considering electrolyte
reactions (see 2.1) to evaluate the influence of including the
electrolyte equilibrium on the calculated SO2 solubility. The
solubility was calculated for a temperature range from 20 to 90
°C and a pressure range from 0.545 to 1.788 bar. The
calculations were compared to experimental data from Rumpf
and Maurer and Young et al.12,13

2.2.2. SO2 Absorption in Mg(OH)2 Solution. The SO2
absorbed in Mg(OH)2-H2O solution was calculated considering
all electrolyte reactions given in 2.1. The calculation was
performed to be comparable to available experimental literature
data. In the experimental data, the temperatures range from 24
to 29.85 °C and the SO2 partial pressures from 0.0095 to 0.888
atm. The MgO concentration in water ranges from 0 to 14.5 kg/
m3. The quantitative effect of the presence of Mg(OH)2 on the
solubility of SO2 is expressed as enhancement factor. The
enhancement factor describes the increase in solubility of SO2

when Mg(OH)2 is present in the solution compared to the
solubility in pure water. The calculations were compared to
experimental data from Mondal and Young et al.13,14

2.2.3. Solubility of Mg(OH)2 and Ca(OH)2. Two dissociation
reactions describe the solubility of the hydroxides: the
dissociation of Mg(OH)2 or Ca(OH)2 and the formation of
the ion pair MgOH+ or CaOH+. This makes the solubility of the
hydroxides strongly pH-dependent. This dependency is better
described by calculating the equilibrium from the reference state
Gibbs free energies of the participating components rather than
from equilibrium constants. Therefore, the equilibrium was
described by the reference state Gibbs free energy calculations.
The solubility of Mg(OH)2 and Ca(OH)2 was calculated for a
temperature range from 0 to 100 °C and a pH range from 7 to
13. The pH was adjusted by adding HCl to the system, as HCl
does not affect the equilibrium equations of the chemical system.
To evaluate the influence of modeling the formation of the
MgOH+ or CaOH+ ion pair on the calculated solubility, the
calculation was performed with and without considering its
formation. The calculations were compared to experimental data
from Dupre ́ and Bialas, Remy and Kuhlmann, Busch, Whipple
and Mayer, Hostetler, Einaga, Lambert and Clever, Dongdong
et al., Scholz and Kahlert, Bassett and Taylor, Yeatts and
Marshall, Bates et al., and Cameron and Robinson.15−27

2.2.4. Solubility of MgSO3 and CaSO3 Hydrates. The
solubility of MgSO3 and CaSO2 hydrates was calculated for a
temperature range from 0 to 100 °C. The chemical equilibrium
was first calculated by the reference state Gibbs free energy
calculations and then by applying equilibrium constants (see
Table 3). Literature studies report a solubility dependency of
MgSO3 and CaSO3 hydrates on the presence of sulfate.
Therefore, the influence of MgSO4 or CaSO4 on the solubility
was calculated. The calculations were compared to experimental
data from Lowell et al., Hagisawa, Markant et al., Söhnel and
Rieger, Nyv́lt, Lutz, van der Linden, Bobrovnik and Kotelnikova,
and Bichowsky.28−36

2.2.5. Solubility of MgSO4 and CaSO4 Hydrates. The
solubility of MgSO4 and CaSO4 hydrates was calculated for a
temperature range from 0 to 100 °C. The chemical equilibrium
was first calculated by the reference state Gibbs free energy
calculations and then by applying equilibrium (see Table 3).
The calculations were compared to experimental data from
Zhang et al., Robson, Apelblat and Manzurola, Ting and
McCabe, Wu et al., Patridge and White, Power and Fabuss,
Wang et al., Hulett and Allen, Yuan et al., and Li and
Demopoulos.37−47

3. RESULTS AND DISCUSSION
The following summarizes and discusses the results of the
performed calculations including the SO2 solubility in water, the
SO2 absorption in Mg(OH)2, the solubility of MG(OH)2 and

Table 3. Applied Equilibrium Constants Expressed as ln(Keq) at 70 °C

reaction ln(K)T=70°C

2 H2O ↔ OH− + H3O+ −37.510985
2 H2O + SO2 ↔ H3O+ + HSO3

− −9.31441704
H2O + HSO3

− ↔ H3O+ + SO3
−− −21.4048358

MgSO3 * 6 H2O (solid) ↔ Mg++ + SO3
−− + 6 H2O (aqueous) −15.6969191

MgSO3 * 3 H2O (solid) ↔ Mg++ + SO3
−− + 3 H2O (aqueous) −16.7808349

MgSO4 * H2O (solid) ↔ Mg++ + SO4
−− + 1 H2O (aqueous) −12.3224139

MgSO4 * 7 H2O (solid) ↔ Mg++ + SO4
−− + 7 H2O (aqueous) −13.1206858

CaSO4 * 2 H2O (solid) ↔ Ca++ + SO4
−− + 2 H2O (aqueous) −18.4221215
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Figure 1. (a) SO2 solubility in water over temperature at different pressures.12,13 (b) Deviation of calculated values from literature data (see eq 26).

Figure 2. (a) SO2 absorbed in Mg(OH)2-H2O solution (T = 29.85 °C, SO2 partial pressure = 0.963 kPa).14 (b) Deviation of calculated values from
literature data (see eq 26).

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c00868
Ind. Eng. Chem. Res. 2023, 62, 12626−12639

12630

https://pubs.acs.org/doi/10.1021/acs.iecr.3c00868?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00868?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00868?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00868?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00868?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00868?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00868?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00868?fig=fig2&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c00868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ca(OH)2, the solubility of MgSO3 and CaSO3 hydrates, and the
solubility of MgSO4 and CaSO4 hydrates.
3.1. SO2 Solubility. 3.1.1. SO2 Solubility in Water. Figure 1

shows the calculated SO2 solubility in water compared with
experimental data from the literature.

When calculating the solubility in water, the model shows, in
general, a good agreement with the literature data. It is expected
that electrolyte reactions increase the solubility of SO2. This
increase can also be observed when comparing the calculated
results with and without considering electrolyte reactions. The
calculated increase in solubility is around 6% at 20 °C and
around 18% at 90 °C. Even if the calculation with the electrolyte

reactions is the more detailed approach, the performed
calculations cannot justify the necessity to implement the
electrolyte reactions to calculate the SO2 solubility in water.
Compared to the newer data from Rumpf and Maurer, the
calculation without electrolyte reactions performs better than
the calculation with electrolyte reactions at temperatures >50
°C. Compared with the IUPAC correlation of literature data,
however, the calculation with electrolyte reactions performs
better at temperatures >40 °C. Considering electrolyte reactions
does therefore not necessarily improve the accuracy of the
calculation when compared to experimental data from the
literature.

Figure 3. (a) SO2 absorbed in Mg(OH)2-H2O solution (T = 24 °C, MgO concentration: 14.5 kg/m3 MgO in water).13 (b) Deviation of calculated
values from literature data (see eq 26).

Figure 4. (a) Solubility of Mg(OH)2 in water over temperature.15−22 (b) Deviation of calculated values from the correlation of literature data by
Lambert and Clever (see eq 26).
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3.1.2. SO2 Absorption in Mg(OH)2 Solution. Due to the
chemical absorption, the presence of Mg(OH)2 increases the
solubility of SO2 significantly. Figures 2 and 3 show the
calculated absorbed SO2 compared to experimental values from
the literature.

The simulation results show the same trend as the
experimental values found in the literature, but the absolute
values show some deviation. However, the deviation is not
consistent. For low MgO concentration, as studied by Mondal,14

the model underestimates the absorbed SO2 by around 49 to
51% (Figure 2). Mondal derives an enhancement factor of 5 at a
MgO concentration of 1 kg/m3. The calculation leads only to an
enhancement factor of 2.5. The calculated effect of the
Mg(OH)2 on the SO2 absorption is, therefore, only half
compared to the measured effect by Mondal.

For high MgO concentrations, as studied by Young et al. and
reported in the IUPAC solubility data series, the model
overestimates the absorbed SO2

13 (Figure 3). At a low SO2
partial pressure of 0.091 atm, the model calculates a between 20
and 26% higher absorption. At a high partial pressure of 0.888
atm, it calculates an 8% higher absorption than reported in the
literature. The overestimation of the absorbed SO2 by the model
compared to the measured values could indicate that the
experiment’s equilibrium has not been reached. In the model
calculation, it was assumed that all the MgO present in water
hydrates to Mg(OH)2 and takes part in the absorption reactions.
However, reaching a total hydration rate in a real system is
difficult. The overestimation by the model could also indicate
that there was not a 100% hydration rate reached in the
experimental setup. However, the present data do not deliver
enough evidence for such theories. Furthermore, the contrary
deviation for low MgO concentrations14 does not support this
theory either. The available experimental data are too scarce to
derive a trustful evaluation of the model in this regard.
Therefore, the model was not adapted to fit one of the
experimental data sets.
3.2. Solubility of Magnesium Hydroxide (Mg(OH)2).

Figure 4 shows the calculated solubility of Mg(OH)2 in water
compared with data from the literature.

The calculated solubility shows very good agreement with the
literature data. The trend of the calculated solubility is parallel to
that of Dongdong et al. using the Calphad method22 but reveals
lower solubility values. While at a temperature around 20 to 30
°C the model predicts a lower solubility than most experimental
data, the model fits the experimental data very well in the
temperature range from 70 to 90 °C with a deviation close to 0%.
Furthermore, the calculation shows that including the formation
of the MgOH+ ion pair in the calculation has little effect on the
solubility of Mg(OH)2. The model would therefore allow a
simplification of the chemical system by disregarding the
formation of MgOH+. It needs to be considered that the model
describes the solubility of thermodynamic stable (inactive)
Mg(OH)2. In real systems, Mg(OH)2 can also be present as
active Mg(OH)2. Literature data indicate that active Mg(OH)2
has a higher solubility and that the solubility decreases with
aging and the transformation to inactive Mg(OH)2. This might
be relevant for the temperature range of 20 to 30 °C. However,
literature data are not definite about this decrease.21

Figure 5 shows the modeled pH dependency of the solubility
of Mg(OH)2 and the pH dependency given by the equation of
Scholz and Kahlert.23

The calculation shows the same trend as the trend given by
Scholz and Kahlert,23 which is the solubility drop at a specific pH

value. While Mg(OH)2 is very soluble at a low pH value, the
solubility drops rapidly between a pH of 8 and 9. According to
the model, this solubility drop happens at a pH of 8.36.
According to Scholz and Kahlert’s calculation, it occurs at a pH
of 8.1. The pH dependency given by Scholz and Kahlert is
derived from an equation to calculate the solubility as a function
of pH value, solubility product taken from literature, and the acid
constant of water and is not derived directly from experimental
data.23 Using Scholz and Kahlert’s equation with a 5% lower
solubility product, the model’s calculation and the calculation
following Scholz and Kahlert match very well. This shows that
the underlying solubility product input can be one cause for the
deviation from Scholz and Kahlert’s dependency.
3.3. Solubility of CalciumHydroxide (Ca(OH)2). Figure 6

shows the calculated solubility of Ca(OH)2 in water compared
with data from the literature.

The calculated solubility shows the same trend as the
experimental data from the literature. Unlike for Mg(OH)2,
including the formation of the CaOH+ ion pair in the calculation
shows an improving effect on the calculated solubility of
Ca(OH)2. Without considering the formation of CaOH+, the
model underestimates the solubility by 19 to 33% compared to
the correlation of Lambert and Clever.21 Considering the
formation of CaOH+, the model underestimates the solubility
only by around 4.5 to 11%.

Like Mg(OH)2, the solubility of Ca(OH)2 is strongly pH-
dependent. Figure 7 shows the modeled pH dependency of the
solubility of Ca(OH)2 and the pH dependency given by the
equation of Scholz and Kahlert.23

As for Mg(OH)2, the solubility is very high for low pH values
and drops rapidly when reaching a certain pH level. The
modeled solubility drop happens at a pH value of around 11.6;
using Scholz and Kahlert’s equation reveals a solubility drop at a
pH value of 11.1.23 As for Mg(OH)2, one reason for this
deviation between the two calculated pH dependencies can be
the underlying solubility product taken from the literature.
Lowering the underlying solubility product in Scholz and
Kahlert’s equation by 17% reveals a very good match to the
model calculation.
3.4. Solubility of Magnesium Sulfite (MgSO3). Figure 8

shows the calculated solubility of MgSO3 hydrates in water
compared with data from the literature.

Figure 5. Solubility of Mg(OH)2 depending on the pH value.23
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The model predicts the hexahydrate as the stable form at
lower temperatures and the trihydrate as the stable form at
higher temperatures. This fits with the experimental data
reported in the literature. When calculating the solubility of
MgSO3 hydrates based on the reference state Gibbs free
energies, the model overestimates the hexahydrate’s solubility
and underestimates the trihydrate’s solubility compared to the
experimental data. Furthermore, the model predicts the change
from hexahydrate to trihydrate as the stable hydrate form at
around 12 °C. Following experimental data, this change happens
at about 40 °C. This deviation between the model and

experimental values is closed when calculating with the
temperature-dependent equilibrium constants. The calculated
solubility fits very well with the experimental data from the
literature. When using the model to calculate a real system, it
must be considered that it predicts the formation and solubility
of the stable hydrate form at the given temperature. Therefore, at
temperatures higher than 40 °C, the model reports solely the
formation of MgSO3 trihydrate, as this is the stable form at those
temperatures. However, the conversion from hexahydrate to
trihydrate can be very slow in real systems. This can lead to the
co-presence of meta-stable hexahydrate at temperatures above
40 °C even though trihydrate is the stable form at this
temperature.29,31,48 The equilibrium model cannot cover the
dynamic behavior of the transition from hexahydrate to
trihydrate. As trihydrate has a higher solubility than hexahydrate
at temperatures over 40 °C, this can lead to an overestimation of
precipitates in the system when modeling the system.

Figure 9 shows the calculated solubility of MgSO3 trihydrate
depending on the MgSO4 content in the system compared to
experimental data from the literature.

The model predicts the dependency of the solubility on the
MgSO4 content in the solution satisfactorily. Up to a MgSO4
content of 10 g/100 g, the calculated solubility lies within the
deviation of the available literature data. At higher MgSO4
content, the model underestimates the solubility of the
trihydrate. However, the deviation compared to the data of
Lutz does not exceed 30%.

Figure 10 shows the calculated solubility of MgSO3
hexahydrate depending on the MgSO4 content in the system
compared to experimental data from the literature.

Figure 6. (a) Solubility of Ca(OH)2 in water over temperature.21,24−27 (b) Deviation of calculated values from the correlation of literature data by
Lambert and Clever (see eq 26).

Figure 7. Solubility of Ca(OH)2 depending on the pH value.23
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The calculated solubility shows a similar trend as the solubility
reported in literature and lies within the deviation between the
different reported experimental data. As for the trihydrate, the
model tends to underestimate the solubility at high MgSO4

contents.
3.5. Solubility of Calcium Sulfite (CaSO3). Figure 11

shows the calculated solubility of CaSO3 hydrates in water
compared with data from the literature.

In literature, different hydrate forms of CaSO3 are reported in

the temperature range from 30 to 100 °C. However, CaSO3

hemihydrate is recognized as the dominant one.33 The

calculated solubility of CaSO3 hemihydrate based on the

reference state Gibbs free energies shows very good agreement

with the correlation of literature data done by Lutz at

temperatures >50 °C with a deviation of <8%.

Figure 8. (a) Solubility of MgSO3 hydrates in water over temperature.28−32 (b) Deviation of calculated values from the correlation of literature data by
Nyv́lt (see eq 26).

Figure 9. Solubility of MgSO3 trihydrate over MgSO4 content at different temperatures.31,33
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Figure 12 shows the calculated solubility of CaSO3 hemi-
hydrate in water and a CaSO4-saturated solution compared to
experimental data from the literature.

The solubility of CaSO3 hemihydrate is lower in the presence
of CaSO4. The model describes this decrease in solubility. For
temperatures ≥80 °C, the model fits very well with the measured

values of van der Linden. For lower temperatures, the model
underestimates the solubility of CaSO3 hemihydrate compared
to the data from van der Linden and Lutz. This correlates with
the findings from Figure 11, where the model also under-
estimates the solubility at lower temperatures. Bichowsky
measures a lower solubility than van der Linden and Lutz.

Figure 10. Solubility of MgSO3 hexahydrate over MgSO4 content at different temperatures.31−33

Figure 11. (a) Solubility of CaSO3 hydrates in water over temperature.33−35 (b) Deviation of calculated values from the correlation of literature data by
Lutz (see eq 26).
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Compared to the data of Bichowsky, the model describes the
solubility in CaSO4-saturated solution at 25 °C very well.
3.6. Solubility of Magnesium Sulfate (MgSO4). Figure

13 shows the calculated solubility of MgSO4 hydrates in water
over temperature compared with data from the literature.

The model recognizes only heptahydrate as the present
hydrate form when calculating the solubility based on the
reference state Gibbs free energies. Furthermore, the model
predicts a significant increase in solubility with increasing

temperatures. However, experimental data from literature show
that up to 48 °C heptahydrate is the stable hydrate form,
between 48 and 68 °C hexahydrate is the stable form, and
monohydrate is the stable one at temperatures higher than 68
°C.38,39 When applying the equilibrium constants, the model
predicts heptahydrate and monohydrate as stable forms. The
model does not recognize hexahydrate as a stable form between
48 and 68 °C. While the calculated solubility of the
monohydrate fits the literature data very well, the calculated

Figure 12. Solubility of CaSO3 hydrates over CaSO4 content at different temperatures.33,34,36

Figure 13. (a) Solubility of MgSO4 hydrates in water over temperature.37−40 (b) Deviation of calculated values from the correlation of literature data
by Apelblat and Manzurola (see eq 26).
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solubility of heptahydrate increases more strongly with temper-
ature than reported in literature. This effect and the fact that
hexahydrate is not recognized lead to a significant over-
estimation of the solubility of up to 118% at a temperature of
70 °C. The experimental solubility data for hexahydrate are
scarce, which makes a consistent adaption of the model difficult.
3.7. Solubility of Calcium Sulfate (CaSO4). Figure 14

shows the calculated solubility of CaSO4 hydrates in water over
temperature compared with data from the literature.

Experimental data from the literature report the dihydrate as a
stable form at temperatures up to around 50 °C. At higher
temperatures, the stable form is the anhydrate. The model
describes this change in the stable hydrate form very well. When
calculating the solubility based on the reference state Gibbs free
energies, the model describes the solubility of the anhydrate very
well and overestimates the solubility of the dihydrate. The
calculated solubility of the dihydrate is improved by applying
equilibrium constants for its precipitation reaction.

4. CONCLUSIONS
The electrolyte NRTL activity coefficient model was applied to
model the vapor, liquid, and solid phases of the MgO-CaO-CO2-
SO2-H2O-O2 system.

To model the SO2 solubility in water, the study suggests that a
simplification of the model to a simple vapor−liquid equilibrium
calculation using Henry’s law is possible without sacrificing
model accuracy. When calculating the SO2 absorption into
Mg(OH)2 slurry, considering the electrolyte reaction equili-
brium is crucial. The model calculates the absorption trend
correctly but shows quantitative deviations from available
experimental data from the literature. However, experimental
data sets for the SO2 absorption in Mg(OH)2 in literature are
scarce and the evaluation of the model using available data is
inconclusive on whether deviations are caused by measurement

uncertainties or model parameters. More experimental data are
necessary for a trustful evaluation of the model and a potential
adaptation of model parameters.

The model predicts potential stable precipitates in the system
at a temperature range from 0 to 100 °C correctly. The study
shows that the chemical equilibrium of the precipitation of
Mg(OH)2, Ca(OH)2, CaSO3 hemihydrate, and CaSO4
anhydrate can be calculated satisfactorily from the reference
state Gibbs free energies of the participating components. The
chemical equilibrium of the precipitation of MgSO3 hexahydrate
and trihydrate, MgSO4 monohydrate and heptahydrate, and
CaSO4 dihydrate requires built-in or user-supplied parameters
to describe the equilibrium constants Keq as a function of
temperature to achieve high accuracy of the model. The model
overestimates the solubility of MgSO4 heptahydrate. Due to its
high solubility, MgSO4 is not a critical precipitate in the system.
This leads the authors to the conclusion that the model is
applicable to simulate precipitation in the system even though
the solubility of MgSO4 heptahydrate is overestimated.

The study shows that the model describes the chemical
system in equilibrium satisfactorily and is a valuable tool for
predicting precipitates in the system. However, it must be
considered that the model cannot cover the dynamic behavior of
hydrate transition and metastability of possible precipitates in
fast-changing and unstable systems.
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■ NOMENCLATURE
Aφ Debye−Hückel parameter
Fp Poynting factor
G Gibbs energy
H Henry’s constant
Ix ionic strength (mole fraction scale)
K equilibrium constant
M molecular weight
NA Avogadro’s number
Qe electron charge
R gas constant
T temperature
V volume
Z compressibility factor
aij, bij, cij, dij, eij, f ij unsymmetric binary parameters
a, ai attraction coefficient, attraction coefficient

of pure component i
b, bi limiting volume coefficient, limiting volume

coefficient of pure component i
d mass density
f fugacity
k Boltzmann constant
n mole number
p pressure
pi vapor pressure of pure component i
ri born radius of the ionic species i
x mole fraction in the liquid phase
y mole fraction in the vapor phase
zi charge number of ion i
Greek symbols
φ fugacity coefficient
ε dielectric constant
αij non randomness factor
ρ “closest approach” parameter (following Pitzer set to 14.9)
τij energy parameter

γ activity coefficient

Subscripts
i component i
m molar
c critical
s solvent
w water
Superscripts
v vapor phase
l liquid phase
∞ infinite dilution
* reference state
E excess
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A process model to describe SO2 absorption from exhaust gas using an absorptive magnesium-based slurry
was developed in Aspen Plus® V10. The model includes the thermodynamic description of the electrolyte system
MgO-CaO-SO2-H2O-O2-CO2, including precipitation reactions in the system. The property method electrolyte-
NRTL with an asymmetric reference state was chosen as the thermodynamic method. The model was evaluated
using plant data for pH value, HSO3- and SO3-- content of the liquid phase from an industrial SO2 absorption
venturi system of the pulp and paper industry. The model shows good accuracy in describing the pH value and
the combined HSO3- and SO3-- content. Sensitivity analyses were performed to identify key parameters that
influence unwanted precipitation reactions in the system and to support the optimization of the SO2 absorption
process. Temperature and the Mg(OH)2/SO2 ratio in the system were identified as key parameters influencing
the formation and precipitation of sulfites. The pH value was identified as a key parameter affecting the
precipitation of magnesium hydroxide. The model predicts the precipitation of Mg(OH)2 at a pH value of higher
than 8 and the precipitation of MgSO3 trihydrate at a temperature higher than 78 °C or a slurry/SO2 ratio higher
than around 4. The performed analyses can support optimized process design decisions for SO2 absorption
processes to avoid limiting precipitation issues.

1. Introduction

The chemisorption of SO2 is a well-established technology to reduce SO2 emissions from SO2 containing
exhaust gas from different industries such as coal-firing plants, sintering plants, or pulp production. Besides the
traditionally used absorptive slurry based on limestone (Ozyuguran and Ersoy-Mericboyu 2010), a magnesium
based slurry is widely used as an absorbent with the advantage of better recyclability and higher SO2 removal
efficiencies (Liu et al. 2020). Magnesium hydroxide as an absorptive slurry gained increased attention due to
the possibility of removing the pollutants SO2 and NOx simultaneously (Zou et al. 2019). In the pulp production
industry, magnesium hydroxide is used as slurry to control SO2 emissions and simultaneously recover the
cooking liquor. Eqs(1) – (3) summarize the main reactions of the chemical recovery for magnesium-based
systems:

MgO + H2O → Mg(OH)2 (1)

Mg(OH)2 + SO2 → MgSO3 + H2O (2)

MgSO3 + SO2 +H2O → Mg(HSO3)2 (3)

After the combustion of black liquor, magnesium oxide is recovered from the ash and hydrated to serve as
absorbent for the SO2 removal in the absorption venturi system. There, SO2 reacts with the slurry to form
magnesium bisulfite, which serves again as cooking liquor for pulp production.
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The goal of such chemical recovery system is the full reuse of required chemicals to target a closed-loop process
control. However, unwanted precipitation reactions in the system can challenge this goal. Uncontrolled
precipitation can lead to blockage of pipes, shortens maintenance intervals, and increases the chemical
demand. Therefore, it is essential to understand the reaction system leading to precipitations when designing
wet flue gas desulfurization systems. While most studies focus on removal efficiency, the issue of precipitation
is often overlooked, leading to a lack of studies targeting that issue in literature. In a previous work, potential
salts and their solubility data from literature were studied (Weiß and Harasek 2021). In literature, a solid
database for the solubility of potential salts in water is available. However, potential precipitations are dependent
on the complex present electrolyte system. A rigorous thermodynamic model can provide a tool to analyze the
effect of different parameters on the precipitation by including all necessary electrolyte reactions. The MgO-
H2O-SO2 system was previously modeled by Zidar et al. using the Rudzinsky+Pitzer-Ion activity coefficient
model (Zidar et al. 1997). Steindl et al. described the same system using the electrolyte NRTL method  (Steindl
et al. 2008). The newer study of Si et al. applies the electrolyte NRTL method on an SO2 absorption system
based on calcium (Si et al. 2019). This study investigates the effect of temperature, pH value, SO2, and Mg(OH)2

in the system on precipitation calculated by the electrolyte NRTL method. The flowsheet and input data are
based on an industrial absorption plant of the chemical recovery in the pulp industry.

2. Methods

The system was modeled as a steady-state process in thermodynamic equilibrium. The thermodynamic
framework, the reaction system, and the flowsheet calculations were set and performed using the sequential
modular simulation tool Aspen Plus® V10. The following summarizes the applied methodology.

2.1 Thermodynamic framework 

The system was rigorously modeled using the built-in elecNRTL property method in Aspen Plus® V10. This
method uses the electrolyte NRTL activity coefficient model as proposed by Chen and Evans and extended by
Mock et al. The vapor phase properties were calculated using the Redlich-Kwong equation of state. As for every
activity coefficient model, the activity coefficient expresses the deviation of a solution from ideality. The reference
state of the system defines which state is referred to as ideal. For ions, the reference state of infinite dilution in
the actual mixed solvent present was chosen (asymmetric reference state). For all other components, the
reference state is that of a pure compound. The reference state for supercritical, dissolved gases, defined as
Henry components in Aspen Plus®, is at infinite dilution (asymmetric reference state) at system temperature and
pressure. In the studied system, SO2, O2, and CO2 were defined as Henry components. All pure component and
binary interaction parameters were retrieved from the standard implemented data banks in Aspen Plus® V10.

2.2 Chemical system 

Aspen Plus® V10 allows the description of electrolyte systems using the true component approach. The true
component approach, unlike the apparent component approach, means that all true components of the
electrolyte system, including ions, salts, and molecular species, are reported. The chemical equilibrium is
calculated using built-in or user-supplied parameters to describe the equilibrium constants Keq as a function of
temperature. If no equilibrium constants are given, the equilibrium is calculated from the reference state Gibbs
free energies of the participating components. Table 1 summarizes all considered reactions and how the
chemical equilibrium was calculated.

Table 1: Considered electrolyte system 

Reaction Type Calculation of chemical equilibrium
2 H2O ↔ OH- + H3O+ Equilibrium built-in coefficients for Keq

2 H2O + SO2 ↔ H3O+ + HSO3- Equilibrium built-in coefficients for Keq

H2O + HSO3- ↔ H3O+ + SO3-- Equilibrium built-in coefficients for Keq

H2O + HCl ↔ Cl- + H3O+ Equilibrium Gibbs free energy calculation
H2SO4 + H2O ↔ H3O+ + HSO4- Equilibrium Gibbs free energy calculation
H2O + HSO4- ↔ H3O+ + SO4-- Equilibrium Gibbs free energy calculation
MgOH+ ↔ OH- + Mg++ Equilibrium Gibbs free energy calculation
CaOH+ ↔ OH- + Ca++ Equilibrium Gibbs free energy calculation
2 H2O + CO2 ↔ H3O+ + HCO3- Equilibrium built-in coefficients for Keq

H2O + HCO3- ↔ H3O+ + CO3-- Equilibrium built-in coefficients for Keq

Mg(OH)2 → OH- + MgOH+ Dissociation -
Ca(OH)2 → OH- + CaOH+ Dissociation -
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Table 1: Considered electrolyte system, continued 

Reaction Type Calculation of chemical equilibrium
2 H2O + CO2 ↔ H3O+ + HCO3- Equilibrium built-in coefficients for Keq

H2O + HCO3- ↔ H3O+ + CO3-- Equilibrium built-in coefficients for Keq

Mg(OH)2 → OH- + MgOH+ Dissociation -
Ca(OH)2 → OH- + CaOH+ Dissociation -
MgSO4 → Mg++ + SO4-- Dissociation -
MgSO3 → Mg++ + SO3-- Dissociation -
CaSO4 → Ca++ + SO4-- Dissociation -
CaSO3 → Ca++ + SO3-- Dissociation -
MgCO3 → Mg++ + CO3-- Dissociation -
CaCO3 → Ca++ + CO3-- Dissociation -
Mg(OH)2 (s) ↔ OH- + MgOH+ Salt precipitation Gibbs free energy calculation
Ca(OH)2 (s) ↔ OH- + CaOH+ Salt precipitation Gibbs free energy calculation
MgSO3 * 6 H2O ↔ Mg++ + SO3-- + 6 H2O Salt precipitation built-in coefficients for Keq

MgSO3 * 3 H2O ↔ Mg++ + SO3-- + 3 H2O Salt precipitation built-in coefficients for Keq

CaSO3 * ½ H2O ↔ Ca++ + SO3-- + ½ H2O Salt precipitation Gibbs free energy calculation
MgSO4 * H2O ↔ Mg++ + SO4-- + 1 H2O Salt precipitation built-in coefficients for Keq

MgSO4 * 7 H2O ↔ Mg++ + SO4-- + 7 H2O Salt precipitation built-in coefficients for Keq

CaSO4 * 2 H2O ↔ Ca++ + SO4-- + 2 H2O Salt precipitation built-in coefficients for Keq

CaSO4 ↔ Ca++ + SO4--  Salt precipitation Gibbs free energy calculation

2.3 Flowsheet and input data 

The developed flowsheet was based on an industrial absorption unit (Figure 1).

Figure 1: Flowsheet of SO2 absorption venturi system in Aspen Plus® V10 

It consists of a flash unit “VENTURI”, which calculates the chemical and phase equilibrium at atmospheric 
pressure of 1.013 bar and without any heat duty. In an industrial venturi system, the physical solubility of SO2 is
considered as the limiting process preventing the system to be in equilibrium (Marocco 2010). To adapt the
equilibrium model to the real process, a gas bypass allows adjusting the venturi efficiency. The reactor “HYDRA” 
covers the hydration of MgO and CaO to Mg(OH)2 and Ca(OH)2 respectively, resulting in the input stream
“SLURRY”. The hydration reactor was implemented as a stoichiometric reactor with a hydration rate of 90 %.
The stoichiometric reactor “OXID” covers the oxidation of SO3-- to SO4-- in the liquid outlet of the venturi. Several
studies describe the kinetics of the oxidation of SO2 in the liquid phase. Due to the complex nature and fast
kinetics of the reaction (Hudson et al. 1979), it was assumed that the total O2 in the liquid phase reacts with
SO3--. The initial composition of the exhaust gas “G0” is summarized in Table 2. 

Table 2: Gas composition G0 in vol% (standard conditions, dry) 

N2 SO2 O2 CO2 NO
78.43 0.41 5.94 13.52 1.71

In industrial SO2 absorption processes, the exhaust gas usually passes several absorption units in series, and
the liquid outlet of an absorption unit is recycled counter current into the previous unit. The stream “RECYCLE” 
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represents this liquid recycle stream. The composition of the input streams “RECYCLE” and “MGO+H2O” are
summarized in Table 3.

Table 3: Composition of input streams RECYCLE and MGO+H2O in mass-% 

H2O Mg(HSO3)2 MgSO3  MgSO4 CaSO3 CaSO4 MgCO3 MgO CaO N2 Others
RECYCLE 97.20 1.66 0.82 0.04 0.07 0.03 0.08 0.06 0.05
MGO+H2O 90.95 0.34 0.04 7.84 0.35 0.48

On the presented flowsheet, sensitivity analyses were performed to study the effect of temperature, pH value
and the input ratio of slurry and SO2.

3. Results and discussion

In the following the model is validated using industrial plant data. Furthermore, results of the performed
sensitivity analyses are presented and discussed.

3.1 Validation of model with plant data 

Table 4 compares the calculated values of the liquid product stream with measured plant data at process
conditions.

Table 4: Comparison of calculated values with data of industrial plant (with σ = standard deviation) in product 
(T=68 °C; ṁGas0= 374,000 kg/h,  ṁRecycle= 83,000 kg/h,  ṁSlurry=3,840 kg/h, venturi efficiency = 0.55) 

Units Calculated Plant data
pH 5.47 5.18 σ = 0.07
SO3-- + HSO3- mass-% SO2 2.94 3.04 σ = 0.22
SO3-- mass-% SO2 0.13 0.39 σ = 0.09

The calculated amount of SO2, which is present as SO3-- and HSO3- in the liquid product, is in very good
agreement with the measured value. The pH value shows only a small deviation of 0.22 pH units, considering
the standard deviation of the measurement. Compared to measurements, the model underestimates the amount
of SO2, which is present as SO3--.

3.2 Effect of temperature on solid precipitation 

Figure 2a and b show the precipitation as a function of temperature, while all other input parameters were
unchanged.

a) b)

Figure 2: Precipitation in product as a function of temperature; (a) total precipitation mapped in linear scale; (b) 
precipitation of MgSO3* 3 H2O and CaSO3* ½ H2O mapped in logarithmic scale (ṁGas0= 374,000 kg/h, ṁRecycle= 
83,000 kg/h, ṁSlurry=3,840 kg/h, venturi efficiency = 0.55) 

The process model reports precipitation of CaSO3 hemihydrate (CaSO3* ½ H2O) over the whole considered
temperature range. CaSO3 hemihydrate has the lowest solubility in water compared to the other considered
sulfates and sulfites (Weiß and Harasek 2021). Its solubility decreases with temperature, which corresponds to
the increase of CaSO3* ½ H2O in the product with temperature. However, due to the small amount of calcium

538



present in the system, the effect of its precipitation in the product stream is small and makes up only around 0.1
mass-% in the product. At temperatures higher than 78 °C, the model also reports MgSO3 trihydrate (MgSO3*
3 H2O) as precipitated solid. This can be explained by the shift in the vapor-liquid phase equilibrium with
increasing temperature. The total liquid product flow decreases with increasing temperature. As a consequence,
the concentration of MgSO3 in the liquid product exceeds the solubility limit leading to the precipitation of
MgSO3*3 H2O. Another factor is that at higher temperatures, the less soluble MgSO3*3 H2O is the dominantly
occurring form, while at lower temperatures, the more soluble MgSO3*6 H2O is the stable form (Steindl et al.
2005). The transition from hexahydrate to trihydrate as stable form can explain the precipitation of MgSO3 at
higher temperatures.

3.3 Effect of pH value on solid precipitation 

Figure 3 shows the effect of the pH value in the system on solid precipitation.

Figure 3: Precipitation in product as a function of pH value adjusted by adding HCl and NaOH (T = 68 °C, 
ṁGas0= 374,000 kg/h, ṁRecycle= 83,000 kg/h, ṁSlurry=3,840 kg/h, venturi efficiency = 0.55) 

The pH value was adjusted by adding HCl and NaOH to the system. HCl and NaOH were chosen as they are
not part of other reactions in the electrolyte system other than their dissociation. The analyses show that
Mg(OH)2 precipitates when a pH value of 8 is exceeded. This corresponds to the studies by Scholz and Kahlert
(Scholz and Kahlert 2015).

3.4 Effect of slurry/SO2 ratio on solid precipitation 

Figure 4a and b show the effect of the mass flow ratio of slurry and SO2 into the venturi flash on the precipitation.

a) b)

Figure 4: Precipitation in product as a function of the mass flow ratio Slurry/SO2; (a) Varying of SO2 input; (b) 
Varying of slurry input (T = 68 °C, ṁGas0= 374,000 kg/h, ṁRecycle= 83,000 kg/h, venturi efficiency = 0.55) 

The ratio was varied once by changing the SO2 input and once by changing the slurry input. Following the Eqs(2)
and (3), excess Mg(OH)2 in the system leads to an increased formation of MgSO3. The model reports that at a
ratio higher than 4, the solubility limit is exceeded and MgSO3 precipitates as trihydrate. The start of the
precipitation can also be recognized by the inflection point of the slope of pH value in the product. This point is
at a pH value of around 5.7 to 6.  
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4. Conclusions

The simulation showed promising results when compared with industrial measurement data. The performed
analyses showed the importance to not only consider removal efficiency but also potential solid precipitation
when designing wet flue gas desulfurization systems. The model reports CaSO3 hemihydrate as precipitated
solid in the product under the analyzed conditions. The precipitation of MgSO3 trihydrate was reported when
exceeding a temperature of 78 °C or a slurry/SO2 ratio of higher than around 4. Mg(OH)2 was reported when
exceeding a pH value of 8 in the system. Those findings correspond to solubility reports found in literature. The
model describes the solids occurring in the product. In a real system, local solubility exceedance can occur and
lead to depositions. While the model does not depict those local concentration differences, it gives a good
indication of key parameters influencing the precipitation in the system and provides a qualitative assessment
of those influencing factors. Based on the performed analyses, it is recommended to ensure temperatures below
78 °C and a slurry/SO2 ratio of lower 4 when using a magnesium hydroxide slurry. Furthermore, it is
recommended to prevent exceeding a pH value of 8 to limit precipitation issues in the system. For a further
evaluation of those findings, measurements using infrared spectroscopy are recommended to identify the solids
and to determine the ratio of SO3-- and HSO3- in the liquid product.
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Abstract 
This study proposes two different process designs of a multistep SO2 
absorption process using an Mg(OH)2 slurry. The first design aims 
to absorb as much SO2 as possible in as few steps as necessary until 
a target SO2 content in the exhaust gas is reached. The second design 
focuses on reaching the target SO2 content in the exhaust gas and 
minimizing the chemical loss due to precipitation in the system. The 
process designs were designed and calculated using the process 
simulation environment of Aspen Plus® V10. The results show that 
the target SO2 limit is reached after four absorption steps for the first 
process design. However, the precipitation loss makes up almost 20 
wt% based on the product output. The second design requires eight 
absorption steps to reach the target SO2 limit in the exhaust gas. 
However, the precipitation loss can be reduced to 5 wt% based on 
the product output. The results suggest that minimizing precipitation 
in the system can improve material process performance. 

Introduction 
The absorption of SO2 with a magnesium-based absorptive slurry is 
a commonly used technology to reduce SO2 emissions from SO2-
containing exhaust gas [1]. In magnesium bisulfite (Mg(HSO3)2) 
based pulp processes, the chemisorption of SO2 leads to the recovery 
of the cooking liquor Mg(HSO3)2 following Equation (1) and (2):  

Mg(OH)2 + SO2 → MgSO3 + H2O    (1) 

MgSO3 + SO2 +H2O → Mg(HSO3)2   (2) 

Figure 7 shows the simplified process loop of the chemical recovery 
in a magnesium bisulfite-based pulping process. 

 

Figure 7: Simplified process loop of the chemical recovery of a 
magnesium bisulfite pulping process 

The absorption of SO2 with Mg(OH)2 is a crucial step in recovering 
the cooking liquor. The chemical reaction system during absorption 
is complex and consists of equilibrium, dissociation, and 
precipitation reactions. Previous studies identified CaSO3 
hemihydrate, Ca(OH)2, Mg(OH)2, MgSO3 tri-, and hexahydrate as 
potential salts precipitating in the system under usual absorption 
conditions [2], [3]. While reactions leading to the formation of 
Mg(HSO3)2 (see Equation (1) and (2)) are wanted, precipitation 
reactions are highly unwanted. Precipitation in the system leads to 
deposits on the process equipment, blockage of pipes, and 
subsequently to chemical loss as the salts have to be washed out in a 
regular cleaning step and are not recycled in the recovery process 
[4]. This challenges the efficiency of the process and increases its 
ecological footprint. Therefore, this study suggests that it is crucial 
to not only focus on SO2 removal efficiency but also to include the 
issue of precipitation in process simulations to design an optimized 
process for absorption.  

Figure 8 summarizes the input and output streams of the process. 

 

Figure 8: Input and output streams of the absorption process 

Solids, which translate into chemical loss, are considered as 
separated outlet stream. To use the liquid product as cooking liquor, 
a pH value of around 4.5 is required for the magnesium bisulfate 
pulping process [5]. To meet this pH value, additional SO2 has to be 
added to the liquid product depending on the pH value after 
absorption. Figure 8 includes this required SO2 as an input stream.  

The following investigates two different process design approaches 
and proposes an optimized process design based on process 
simulations.  

Methods 
The process was modeled as steady-state process in 
Aspen Plus® V10 using the Elec-NRTL property method. The 
chemical system includes all relevant equilibrium, dissociation, and 
precipitation reactions. The model covers the precipitation of CaSO3 
hemihydrate, Ca(OH)2, Mg(OH)2, MgSO3 tri- and hexahydrate.  

Figure 9 shows the flowsheet of the process as it was implemented 
in AspenPlus.  
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The figure shows exemplary a 6-step absorption process.  

Input streams 

The flue gas has typical properties for a flue gas coming from a 
combustion unit in the pulp industry. It enters the absorption process 
saturated with water and at 68 °C and a pressure of 1.077 bar. Table 
5 summarizes the flue gas composition. 

Table 5: Flue gas composition in mass-% (wet basis) 

H2O N2 CO2 O2 SO2 NO 

17.49 58.36 15.81 5.04 1.94 1.36 

The total flue gas flow was set to be 100 000 kg/h. The slurry 
consists of 91.35 wt% H2O, 8.5 wt% MgO, and 0.15 wt% CaO.  

Besides flue gas and slurry, there is also extra SO2 entering the 
process. The liquid product, after absorption, needs to have a pH 
value of 4.5 to be used as cooking liquor in the bisulfite pulping 
process [5]. Depending on the pH value of the liquid output of the 
absorption process, extra SO2 needs to be added to reach a pH value 
of 4.5. The flow of the extra SO2 was adjusted to reach this pH value 
by a design specification. 

Output streams 

The SO2 content in the exhaust must not exceed a specific SO2 limit. 
In this study, a target content of 450 mg/Nm3 SO2 was set following 
the suggestions given by the Austrian Federal Environmental 
Agency [6]. It needs to be considered that this limit is referred to dry 
exhaust gas with an oxygen content of 5 %. Equation (3) describes 
the conversion from the actual O2 content in the exhaust gas to the 
reference O2 content of 5 %:  ܱܵଶ ቀ ேయ , 5% ܱଶቁ ൌ  ଶଵ%ିହ%ଶଵ%ିைమሺ%ሻ ∗ ܱܵଶ ቀ ேయቁ  (3) 

The liquid product stream is set to have a pH value of 4.5. At each 
absorption unit, a solid stream exits the process representing the loss 
due to precipitation.  

Process units 

Stoichiometric reactors cover the hydration of MgO and CaO in the 
slurry input. The implemented reactors consider complete hydration 

of MgO and CaO to Mg(OH)2 and Ca(OH)2.  

The absorption units are implemented as flash units, which calculate 
the phase and chemical equilibrium between all entering streams. An 
industrial absorption unit does not reach equilibrium, with the 
physical solubility of SO2 being the limiting process in the system 
(Marocco 2010). The absorption efficiency in each absorption unit 
was set to 70 % using a bypass stream for the flue gas. It is assumed 
that 30 wt% of the flue gas is not reacting with the entering liquid 
streams but passing through to the next unit without interacting with 
the entering liquid stream. 

After each absorption unit, a stoichiometric reactor covers the 
oxidation of SO3-- to SO4-- with O2 in the liquid outlet. The fractional 
conversion of O2 was set to 1 due to the fast kinetics of the oxidation 
reaction [7].  

A subsequent split unit separates the precipitates from the liquid 
stream. All salts present after each absorption stream are removed 
from the liquid stream and discharged from the process. These solids 
make up the chemical loss, which occurs during an absorption 
process due to precipitation in the system.  

The described flowsheet was used to design two different process 
approaches. Sensitivity analyses varying the slurry input of each 
absorption unit allowed to find optimized process conditions. 

Process design maximized absorption 

The first design aims to minimize the SO2 in the exhaust gas with as 
few absorption units as possible. Sensitivity analyses varying the 
slurry input streams allowed finding the highest absorption rate of 
each unit without adding excess slurry. The flowsheet was 
systematically extended with absorption units until the target SO2 
content in the exhaust gas was reached. 

Process design minimized precipitation 

The second design aims to minimize precipitation in the system 
while reducing the SO2 content in the exhaust until the target SO2 
content. To find the optimized slurry input, sensitivity analyses were 
performed by varying the slurry input. The optimized slurry input 
was defined as the highest slurry input possible, where the SO2 drop 
in the gas phase was still high and the solid increase low. This point 
can be identified by plotting the ratio (y) of SO2 drop in the gas phase 

Figure 9: Process flowsheet of multi-step SO2 absorption (exemplary six steps) 
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and solid increase over the slurry input following Equation (4): ݕ ൌ  |∆ௌைమ ௦ ௦|∆௦௨௬ ௨௧ ∗ ∆௦௨௬ ௨௧∆௦ௗ௦    (4) 

The flowsheet was systematically extended with absorption units 
until the target SO2 content in the exhaust gas was reached. 

Evaluation and comparison of both process designs 

Finally, the process designs were compared and evaluated using the 
following parameters: 

. Number of required absorption units to reach a target SO2 
content in the exhaust gas 

. Material loss due to precipitation (kg) 

. The ratio of the amount of material loss due to 
precipitations and final liquid product (%) 

. Amount of extra SO2 required to reach a pH value in the 
liquid product stream of 4.5 

. The ratio between the amount of liquid product and overall 
slurry input (kg/kg) 

Results and Discussion 
Figure 10 shows the result of the sensitivity analysis varying the 
slurry input for the first absorption step (V0). The following 
describes the choice of operating point for the first absorption step 
exemplary. 

Figure 10: Solid precipitations and SO2 content in the exhaust gas 
over slurry input for the first absorption step (V0) 

The figure shows the chosen operating points for the first absorption 
step for each process design. The SO2 decrease in the exhaust gas 
flattens significantly at a slurry input of 5100 kg/h. Higher slurry 
input does not improve the absorption of SO2 anymore. Therefore, 
the operating point for the process design maximized absorption is 
set at a slurry input of 5100 kg/h. The optimized operating point for 
a process design that aims for minimized precipitations is at a slurry 
input of 3400 kg/h. At a lower slurry input, almost no precipitation 
occurs. Only around 9 kg/h precipitates form. Looking closer at the 
composition of the solid stream shows that the solid stream at a lower 
slurry input consists mainly of CaSO3 Hemihydrate. At higher slurry 
input, MgSO3 Trihydrate starts precipitating, indicating that the 
solubility limit of MgSO3 is exceeded. This point can be clearly 
identified in Figure 11. Figure 11 shows the ratio between SO2 
decrease and solid increase (y) following Equation (4) over the 
slurry input. 

 

Figure 11: Ratio y (following Equation (4)) over slurry input for the 
first absorption step (V0) 

The ratio drops significantly at a slurry input of 3400 kg/h. A higher 
slurry input would drastically increase the system's precipitation, 
making this operating point the optimized point for the process 
design minimized precipitation. 

The slurry input for the subsequent absorption steps is chosen 
following the same approach until the target SO2 content in the 
exhaust gas is reached. Figure 12 summarizes the resulting slurry 
input for each absorption step for both designs. Fehler! 
Verweisquelle konnte nicht gefunden werden. shows the SO2 content 
in the exhaust gas after each absorption step.  

 

Figure 12: Slurry input for each absorption step and total slurry 
input for both process designs   

 

Figure 13: SO2 content in the exhaust gas after each absorption 
step for both process designs 

Figure 13 shows that the process design maximized absorption 
requires four absorption steps to reach the target SO2 content. The 
process design minimized precipitation requires eight absorption 
steps. Both designs reach an SO2 content in the exhaust gas of around 
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80 ppm on a wet basis. This corresponds to an SO2 content of 
around 350 mg/Nm3, referred to dry exhaust gas with an oxygen 
content of 5 %. Although the process design minimized 
precipitations requires more absorption steps, it requires less overall 
slurry input to reach the target SO2 level (Figure 12). While the 
process design maximized absorption requires a total slurry input of 
9700 kg/h, the process design minimized precipitation requires only 
a total slurry input of 7700 kg/h. Minimizing precipitations can 
therefore lower the slurry demand by 20 %. The lower chemical loss 
due to precipitation explains the lower slurry demand. Figure 14 
shows the solid precipitation after each absorption step and the total 
solid precipitation for both process designs. 

 

Figure 14: Solid removal after each absorption step and the total 
solid removal for both process designs  

1620 kg/h solids precipitate in the process design maximized 
absorption. In the process design minimized precipitation only 
390 kg/h solids precipitate. Precipitation is therefore minimized by 
around 75 %.  

Considering the material input and product output, minimization of 
precipitation results in an overall better process performance as it 
reduces chemical loss. This can be illustrated by giving the ratio of 
final product, which serves as cooking liquor, and slurry input. The 
amount of chemical loss due to precipitation compared to the product 
output is given by the ratio of solids and the final product (Figure 
15).  

 
Figure 15: left: Ratio between product and slurry demand; 
right: Ratio between solids and product expressed in percentage 

When designing the process following the minimized precipitation 
design, the product output is higher than the slurry input, leading to 

a ratio of 1.04. When designing the process following the maximized 
absorption design, the product output is lower than the slurry input, 
leading to a ratio of 0.88. The ratio between solids and final product 
output shows that without considering the minimization of 
precipitations, the amount of chemical loss in the system due to 
precipitations makes up almost 20 % of the amount of the final 
product.   

But slurry input is not the only material input required. Depending 
on the pH value of the liquid outlet of the absorption process, SO2 
needs to be added to reach the target pH value of the cooking liquor 
of 4.5. Figure 16 shows the pH value of the liquid after the absorption 
and the SO2 needed to reach the target pH value of 4.5 for both 
process designs. 

 

Figure 16: left: pH value of liquid after absorption before SO2 
addition; right: SO2 demand to reach target pH of 4.5 

The minimized precipitation design leads to around five times lower 
SO2 demand to reach the target pH value of 4.5. The SO2 demand is 
6.3 kg/h, while the process design maximized absorption requires 
the addition of 32.8 kg/h SO2.  

Conclusion 
The results show that heavy precipitation occurs in the first three 
absorption steps when designing the process to reach maximized 
absorption. By lowering the absorption in each step, precipitation 
can be significantly reduced. However, more absorption steps are 
necessary to reach the target SO2 content in the exhaust gas. The 
process design minimized precipitation results in a five times lower 
SO2 demand and a 20 % lower slurry demand. This study only 
compares the two process designs regarding slurry input, SO2 input, 
and chemical loss due to precipitation. It does not include the 
chemicals required to wash out the solid deposits during 
maintenance intervals. High precipitations also lead to a high 
washing liquid demand.  

The study suggests that a process that aims to minimize 
precipitations performs more material efficiently due to an overall 
lower chemical demand and lower chemical loss in the process. The 
performed analyses show that including unwanted precipitations in 
process simulation experiments is crucial to find optimized 
absorption conditions. To make a final judgment about the economic 
and ecologic advantages of installing extra absorption units to reduce 
precipitation, a comprehensive case study is necessary, which takes 
a cradle to grave or cradle to cradle approach for the process, the 
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process equipment, process chemicals and the energy demand into 
account. 
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Abstract 

Red liquor combustion is a crucial step in the chemical recovery process within the pulp and paper 

industry, involving multiple stages such as combustion, MgO hydration from ash, and SO2 absorption 

using recovered magnesium hydroxide. The formed magnesium bisulfite is then recycled as cooking 

liquor. The research aims to analyze how different red liquor spraying characteristics affect combustion 

time, guiding recommendations for optimal spraying characteristics to achieve faster combustion us-

ing computational fluid dynamics (CFD). 

Red liquor combustion is simulated in the open-source environment OpenFOAM®, employing Eulerian-

Lagrangian coupling simulations, treating red liquor droplets as Lagrangian particles. One-step devo-

latilization and combustion kinetics are derived from performed non-isothermal thermogravimetric 

analyses (TGA) and implemented into the model. An industrial red liquor combustion vessel served as 

a reference case. Through virtual experiments, we explore the impact of spray angle (15° and 30°), 

droplet size (2 mm and 3 mm), and spray type (fullcone vs. hollowcone) on combustion efficiency. The 

performed simulations indicate that the combustion time can be reduced by approximately 30 % by 

reducing the characteristic particle diameter from 3 mm to 2 mm. Furthermore, hollowcone spraying 

revealed faster combustion times than fullcone spraying. The fastest combustion time was achieved 

with a characteristic particle size of 2mm, a spraying angle of 30°, and using a hollowcone spray type. 

Keywords: Fuel spraying, Lagrangian particle combustion, Pulping liquor, Recovery boiler, CFD Simula-

tion 
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1 Introduction
The combustion of spent pulping liquor is a crucial part of the chemical recovery process in the pulp 

and paper industry. Among the sulfite-based pulping processes, magnesium bisulfite pulping is domi-

nant due to its potential for almost complete chemical recovery [1]. During the combustion of magne-

sium bisulfite spent liquor, also called red liquor, MgO is recovered in the ash. Sulfur is mainly oxidized 

to SO₂, resulting in an SO2-loaded combustion gas. The recovered MgO is washed and hydrated to 

Mg(OH)₂, which subsequently serves as an absorbent in a multi-stage SO₂ absorption process. During 

the absorption, SO₂ and Mg(OH)₂ form magnesium bisulfite, which can then be reintroduced as pulping 

liquor. Such chemical recovery minimizes the usage of fresh chemicals, thus lowering the process' en-

vironmental footprint. However, the combustion of red liquor affects the chemical usage in the pulping 

process beyond the chemical recovery, as ineffective combustion leads to soot formation, which is 

carried through the whole chemical recovery process to the pulp, leading to the coloration of the pulp, 

thus causing an increased demand of bleaching agents. Figure 1 visualizes the journey of soot in chem-

ical recovery in a simplified manner.

Figure 1: Simplified scheme of the chemical recovery when soot forms during combustion

Improving combustion has, therefore, a dual effect: it enhances the efficiency of the pulp recovery 

process and reduces the necessity of bleaching agents, resulting in an overall reduced environmental 

footprint and increased economic viability.

Due to its large inorganic content and high water content, spent pulping liquor has a very low heating 

value of 12-15 MJ/kg compared to other industrial fuels (e.g., heating oil: 41 MJ/kg), making its effec-

tive combustion a unique challenge [2]. Red liquor is sprayed into the furnace with a water content of 



 

around 30 to 40 wt%. The spraying characteristics of the fuel highly influence the combustion efficiency 

inside the furnace. Optimizing the spraying behavior into a furnace can significantly enhance the com-

bustion efficiency of existing furnaces without the necessity of redesigning the furnace. This study aims 

to investigate the effect of spraying characteristics on the combustion speed of fuel droplets inside an 

industrial-scale combustion vessel via computational fluid dynamics (CFD) simulations. While the used 

reference case is tailored to an industrial-scale combustion vessel of red liquor, the simulation ap-

proach and the results can also be expanded to other fuels with high water content and large droplet 

spraying (mm).  

A great part of research focuses on studying the spraying and its influence on the combustion of very 

fine droplets (µm) [3–5]. Droplet sizes for the combustion of spent pulping liquor are typically in the 

scale of mm. Although the pulp and paper industry accounts for 1.1 % of direct global industrial com-

bustion and process CO2 emissions [6,7], and the combustion of spent pulping liquor poses a particular 

challenge due to its mentioned characteristics, academic research on optimizing the design of spent 

pulping liquor combustion furnaces and its fuel spraying are scarce. Horton et al. studied in 1992 the 

effect of spraying on the combustion of black liquor using CFD simulation [8]. Laitinen et al.  performed 

CFD simulations of a black liquor boiler to study the dispersion of sprayed droplets and the secondary 

air supply system without implementing combustion models [9]. Black liquor refers to the liquor from 

an alkaline sulfate-based pulping process (Kraft process), while red liquor refers to the liquor from 

sulfite-based pulp processes. However, to our knowledge, no study has been focused on simulating 

the combustion of red liquor and deriving recommendations on optimized fuel spraying for such chal-

lenging fuels, making this a novel study in the field of applied CFD.  

In this study, we apply one-step combustion models for the combustion of red liquor and perform a 

comparative study on the effect of spraying behavior on droplet combustion time. To model the com-

bustion, we follow an Eulerian-Lagrangian approach, which allows us to track the fuel droplets inside 

the furnace. A two-way coupling enables the exchange of momentum, energy, and mass between the 

discrete fuel droplets and the continuous phase. The Eulerian-Lagrangian method is a widely recog-

nized approach to describe liquid fuel spraying [10]. 

The CFD simulation setup allows us to run experiments in a virtual environment. By varying spraying 

characteristics such as spraying angle, droplet size, and spray type, we are predicting which factor is 

most influential in speeding up combustion inside the vessel and which spraying behavior is the most 

promising regarding combustion time.  



22 MMaatteerriiaall  aanndd  MMeetthhooddss  
In this chapter, we introduce the methods used for our study. Section 2.1 provides the governing equa-

tions of the applied Eulerian-Lagrangian approach. In section 2.2, we introduce the used phase change 

and reaction models. Finally, we present the simulation setup on which the developed workflow was 

tested, including the simulation geometry, the computational mesh, and the boundary conditions. This 

chapter closes by summarizing the performed virtual experiments in section 2.4.  

22..11 CCoommppuuttaattiioonnaall  FFlluuiidd  DDyynnaammiiccss  ((CCFFDD))  

The simulations are performed in the open-source simulation environment OpenFOAM® version 9 us-

ing the solver reactingFoam. The combustion vessel operates with stable conditions, allowing the sim-

ulations to be performed in a steady state. Figure 2 visualizes the concept of the applied Eulerian-

Lagrangian approach. Although describing Lagrangian particles can be computationally intensive, this 

method's advantage lies in its ability to track specific properties of individual particles. 

 

Figure 2: Top left: Lagrangian particles; Top right: Eulerian flow; Bottom: Eulerian-Lagrangian approach 

(Visualization inspired by Hirche et al. [11]) 

The gas phase is described as Eulerian phase. The liquid fuel droplets are modeled as wet solid point 

centers of mass with constant volume and described as Lagrangian particles. The coupling between 

the Eulerian phase and the Lagrangian particles is realized as a two-way coupling. The influence of the 



 

fuel droplets (Lagrangian particles) on the gas phase (Eulerian phase) is modeled employing source 

terms. The influence of the gas phase on the fuel droplets is modeled using submodels. To save com-

putational time, particles are grouped into representative parcels, each comprising numerous particles 

with the same characteristics that are tracked and solved together. 

The 𝑘 − 𝜀 model is used to account for turbulency with the default model coefficients [12,13]. The 𝑘 −𝜀 model is commonly used in the simulation of industrial furnaces in OpenFOAM® [14,15]. 𝑘 represents 

the turbulent kinetic energy, and 𝜀 the eddy dissipation rate. The eddy disspation rate gives the rate 

at which turbulent kinetic energy transforms into internal thermal energy due to viscous effects. Radi-

ation was calculated using the P1 model, a commonly used radiation approximation for particle com-

bustion processes, as implemented in OpenFOAM® [16]. The following describes the modeling of the 

Eulerian Flow and the Lagrangian Particles. 

Eulerian Flow 

The Eulerian flow is described employing the continuity equation, the momentum equation, the en-

ergy equation, and the species equation (Equation (1)-(3)).  

The continuity equation with 𝑆𝑚 being the source term for mass reads  𝜕𝜌𝑔𝜕𝑡 + ∇ ∙ (𝜌𝑔𝑈𝑔) = 𝑆𝑚 (1) 

where 𝜌𝑔 is the density, 𝑈𝑔 is the velocity. 𝑆𝑚 is resulting from reaction and phase change.  

The Momentum equations for compressible fluids reads  𝜕(𝜌𝑔𝑈𝑔)𝜕𝑡 + ∇ ∙ (𝜌𝑔𝑈𝑔𝑈𝑔) − ∇ ∙ (𝜏𝑔) = −∇p + 𝜌𝑔g + 𝑆𝑢 (2) 

The equation includes viscous force with 𝜏𝑔being the stress tensor. 𝑆𝑢 describes the momentum source 

term resulting from interaction with the Lagrangian particles.  

The energy equation includes diffusion with 𝛼𝑒𝑓𝑓 being the effective thermal diffusivity and reads  𝜕(𝜌𝑔(ℎ + 𝐾))𝜕𝑡 + ∇ ∙ (𝜌𝑔𝑈𝑔(ℎ + 𝐾)) − ∇ ∙ (𝛼𝑒𝑓𝑓∇ℎ) = ∇p + 𝜌𝑔𝑈𝑔 ∙ g + 𝑆ℎ (3) ℎ is the enthalpy, and 𝐾 the kinetic energy. 𝑆ℎ is the energy source term resulting from the exchange 

with the Lagrangian particles. 

To describe the multi-component nature of the flow, the species equation is applied with 𝑆𝑖 being the 

species source term resulting from reaction and phase change. The species equation reads 



𝜕𝜌𝑔𝑌𝑖𝜕𝑡 + ∇ ∙ (𝜌𝑔𝑈𝑔𝑌𝑖) − ∇ ∙ (𝜇𝑒𝑓𝑓𝑆𝑐 ∇(𝜌𝑔𝑌𝑖)) = 𝑆𝑖 (4) 

 𝑌𝑖  describes the mass fraction for species 𝑖, 𝜇𝑒𝑓𝑓 the effective viscosity for species transport and 𝑆𝑐 

the Schmidt number. The last term represents the diffusion of the species' mass fraction.   

Lagrangian Particles 

Newton's second law of motion describes the movement of the Lagrangian particles. Drag force 𝐹𝐷, 

gravitational force 𝐹𝑔 and lift force 𝐹𝐿 are acting on the particle, leading to the following equation 𝑑𝑑𝑡 (𝑚𝑝𝑈𝑝) = 𝐹𝐷 + 𝐹𝑔 + 𝐹𝐿 (5) 

where 𝑚𝑝is the particle mass and 𝑈𝑝 the particle velocity. 

The drag force is calculated with the sphereDrag model from the OpenFOAM® library:  

𝐹𝐷 = 𝑚𝑝𝑈𝑔 34 𝜇𝑔𝐶𝐷𝑅𝑒𝑝𝜌𝑃𝑑𝑝2  (6) 

𝜇𝑔is the dynamic viscosity and 𝑈𝑔 the velocity of the carrier (gas phase) at the cell-occupying particle, 𝜌𝑃 the particle mass density and 𝑑𝑃 the particle diameter. The particle drag coefficient 𝐶𝐷 is based on 

the empirical expression by Putnam [17]: 

𝐶𝐷 = 24𝑅𝑒𝑝 (1 + 16 𝑅𝑒𝑝23)  if 𝑅𝑒𝑝  ≤ 1000 and 𝐶𝐷 = 0.424 if 𝑅𝑒𝑝 > 1000 (7) 

The lift force is calculated following: 

𝐹𝐿 = 𝑚𝑝 𝜌𝑔 32𝜋√𝑅𝑒𝑤  𝐶𝐿𝜌𝑃 (𝑈𝑔 − 𝑈𝑝) × 𝜔 (8) 

Where 𝜔 = ∇ × 𝑈 is the vorticity of the gas at particle location and 𝑅𝑒𝑤 =  𝜌𝑔𝑑𝑝2|𝜔|𝜇𝑔 . The lift coefficient 𝐶𝐿 is based on the Saffman-Mei expression [18,19]: 

𝐶𝐿 = 6.46 (1 − 0.3314√12 𝑅𝑒𝑤𝑅𝑒𝑝  ) 𝑒−0.1𝑅𝑒𝑝 + 0.3314√12 𝑅𝑒𝑤𝑅𝑒𝑝   if 𝑅𝑒𝑝 < 40  and  

𝐶𝐿 = 6.46 ∙ 0.0524√12 𝑅𝑒𝑤 if 𝑅𝑒𝑝 ≥ 40 (9) 

 

A stochastic dispersion model is applied to account for perturbation of a particle due to turbulence 

[20]. The particle is perturbed by turbulence if the timestep is smaller than 𝜏𝑡𝑢𝑟: 



 𝜏𝑡𝑢𝑟𝑏 = min (𝑘𝜀 , 0.16432 𝑘1.5𝜀𝑈𝑟𝑒𝑙) (10) 

Where 𝑈𝑟𝑒𝑙 = |𝑈𝑝 − 𝑈𝑔 − 𝑈𝑡𝑢𝑟𝑏| (11) 

With 𝑈𝑝 being the particle velocity, 𝑈𝑔 the gas phase velocity and 𝑈𝑡𝑢𝑟𝑏 the turbulent velocity.  

The velocity undergoes perturbation in random direction 

𝑈𝑡𝑢𝑟𝑏 = √2𝑘3 |𝑁|𝑑𝑣 (12) 

where 𝑁 is a random normal with mean 0 and standard deviation 1, and 𝑑𝑣 a vector with [𝑎 cos(𝜃), 𝑎 sin(𝜃), 𝑢]. 𝑎 is random between 0 and 1, 𝑢 random between -1 and 1, and 𝜃 random 

between 0 and 2𝜋. The model is part of the standard OpenFOAM® library under the name StochasticDis-

perisionRAS. 

The gas-particle heat transfer is modeled using the empirical Nusselt correlation by Ranz-Marshall [21]: 

𝑁𝑢 = 2 + 0.6𝑅𝑒𝑝12𝑃𝑟13 (13) 

22..22 PPhhaassee  CChhaannggee  aanndd  RReeaaccttiioonnss    

Phase change and reaction models are implemented to model the combustion of red liquor. Drying, 

devolatilization, and char combustion are the three main stages of red liquor combustion [2]. The 

fourth stage is smelt of ash, which is a slow process and disregarded in the performed simulation due 

to the short residence time of the fuel droplets in the furnace. Red liquor combustion is a complex 

reaction system during which organic matter is burnt and inorganic matter is recovered in the ash. In 

this study, a simplified combustion reaction system is implemented that summarizes the complex com-

bustion system into four steps with two reactions: 

1. Drying 

2. Devolatilization  

3. Volatile combustion in the gas phase:  𝐶𝑥𝐻𝑦𝑂𝑧𝑆𝑠 + (𝑥 + 𝑦4 − 𝑧2 + 𝑠) 𝑂2 → x CO2 + y2  H2O + s SO2 (14) 

4. Char combustion: 𝐶 +  𝑂2 →  CO2 (15) 



Figure 3 visualizes the combustion steps that are implemented in the simulations. 

Figure 3: Visualization of implemented combustion steps

The stoichiometry of the gas phase reaction can be derived from the known elemental composition of 

red liquor. While several studies in literature study the kinetics of black liquor [22,23], the available 

studies on red liquor are scarce. The composition of red liquor, being highly specific, can introduce 

significant variations in the kinetics of reactions. Hence, we generated our own kinetics data tailored 

to our red liquor composition. For this purpose, thermogravimetric analyses were performed. The fol-

lowing section describes the conducted analyses and the implemented phase change and reaction 

models.

2.2.1 Thermogravimetric Analyses of Red Liquor

Non-isothermal thermogravimetric analyses (TGA) of red liquor were conducted to investigate its de-

volatilization and combustion behavior. The experiments were carried out using an STA 449 C Jupiter 

instrument manufactured by NETZSCH. TGA experiments were performed under two different gas en-

vironments: Nitrogen (N2) and an oxidizing environment containing 21 vol% oxygen (O2). The sample 

was dried by holding the temperature at 105 °C for 100 min. After drying, the heating rate was set to 

15 K/min. The sample was heated to 1100 °C. During the experiments, the weight of the sample was 

recorded. From the recorded data, various parameters describing the devolatilization and combustion 

behavior are derived:  - Temperature at which devolatilization starts (TDevol) - Amount of volatiles left when combustion starts (volatile residual coefficient)- Kinetic data for devolatilization and char combustion

Figure 4 shows the temperature and mass loss referred to the dry basis over time from the TGA results.



Figure 4: TGA result: Temperature and mass loss (wt% dry mass) over time in N2 and oxidizing environ-

ment after 100 min of drying

The ash, char, and volatile content align with the elemental composition as detailed in section 2.4. 

Devolatilization initiates at 115 °C (TDevol). Combustion initiates with a residual coefficient of 0.254. 

The devolatilization process reveals three distinct zones, suggesting a division between light and heavy 

volatiles. However, for simplicity, we have aggregated the volatiles into a single group in this study.

To obtain kinetic data for devolatilization and char combustion, the Arrhenius equation, which relates 

the rate constant of a chemical reaction to the temperature and activation energy, was utilized: 

𝑘𝑘𝑖𝑛 = 𝐴𝑒− 𝐸𝑅𝑇 (16) 

With 𝐴 being the pre-exponential factor, 𝐸 the activation energy, 𝑅 the universal gas constant, and 𝑇
the absolute temperature. Non-linear least squares regression was employed to fit the Arrhenius equa-

tion to the experimental data. This fitting process yielded the pre-exponential factor (A) and the acti-

vation energy (E) for both devolatilization and carbon combustion. Finally, the quality of the fit was 

assessed by comparing the model predictions based on the optimized parameters with the experi-

mental data.

In our study, we opted for this simplified approach to determine the kinetics of our red liquor system 

instead of more sophisticated methods, such as the Ozawa-Flynn-Wall model that requires TGA with 

at least three different heating rates. While these advanced techniques offer comprehensive insights 

into the kinetics of reactions, our primary goal was to obtain a preliminary indication of the kinetics 



rather than delve deeply into kinetic analysis. This approach provided us with a foundational under-

standing of the kinetics, setting a solid groundwork for future in-depth studies if necessary. 

Table 1 summarizes the results for 𝐸 and 𝐴 from the data fitting. 

Table 1: Activation Energy E and pre-exponential factor A from data fitting 
 

E (J/kmol)  A (1/s) 

Devolatilization 3.54 x 106 3.16 

Char combustion 1.17 x 107 44.98 

 

Figure 5 shows the model predictions for the devolatilization based on the values from Table 1 and the 

experimental data.  

 

Figure 5: Model prediction for grouped volatiles and experimental mass loss over time during devo-

latilization (t = 112 - 135 min) 

Figure 6 shows the model predictions for the char combustion based on the values from Table 1 and 

the experimental data. 



 

 

Figure 6: Model prediction and experimental mass loss over time during char combustion 

(t = 143.2 min - 149 min) 

22..22..22 PPhhaassee  CChhaannggee  aanndd  RReeaaccttiioonn  MMooddeellss  

The following describes the applied phase change and reaction models, including drying of fuel drop-

lets, devolatilization, gas phase combustion, and solid char combustion. 

Drying of fuel droplets 

Drying of the particle is calculated using the Spalding evaporation model [24]: 𝑑𝑚𝐻2𝑂𝑑𝑡 = 𝜋𝑑𝑝𝑆ℎ𝜌𝑔𝐷𝐻2𝑂𝑙𝑛 (1 + 𝑌𝐻2𝑂,𝐹 + 𝑌𝐻2𝑂,∞1 − 𝑌𝐻2𝑂,𝐹 ) (17) 

With 𝐷𝐻2𝑂 being the diffusion coefficient,  𝑆ℎ the Sherwood number, which describes the ratio of 

convective to diffusive mass transport. 𝑌𝐻2𝑂,𝐹 represents the mass fraction of evaporated water in the 

film surrounding the droplet and 𝑌𝐻2𝑂,∞ in the far field. A detailed description of the model can be 

found in [25]. If the saturation pressure is greater than 99.9 % of the critical pressure of water, drying 

is calculated as flash boiling based on the model by Zuo et al. [26]. 

Devolatilization 



Devolatilization of volatiles is calculated using the single kinetic rate devolatilization: 𝑑𝑚𝑑𝑡 = 𝑘𝑘𝑖𝑛 ∙ 𝑚 (18) 

The kinetic rate 𝑘𝑘𝑖𝑛 is calculated following Arrhenius (Equation (16)). The activation energy 𝐸 and the 

pre-exponential factor 𝐴 are given in Table 1.  

We use a pseudo-species CxHyOzSs to represent the volatile components that combust, as described in 

equation (14). Because there are no thermophysical properties for such a pseudo species, we calculate 

the molecular weight according to the reaction equation and otherwise use CH4 properties as an esti-

mation. To close the overall energy balance of red liquor conversion (dry heating value of 13.4 MJ/kg), 

we use the latent heat of devolatilization and calculated it to be 8.9 MJ/kg. 20 % of the enthalpy is 

retained by the particle due to surface reactions.  

Gas Phase Combustion 

The combustion of volatiles in the gas phase reads  𝑣𝑜𝑙 =  𝐶𝑥𝐻𝑦𝑂𝑧𝑆𝑠 𝑣𝑜𝑙 + 2,806 𝑂2 → 2,163 CO2 + 3,104 H2O + 0,517 SO2 (19) 

The gas phase combustion is modeled using the Eddy Dissipation Diffusion Model [27]. This Turbu-

lence-Chemistry Interaction Model is commonly used to predict the combustion behavior in turbulent 

flows [28]. The model does not use kinetic data. The time scale is determined by the minimum turbu-

lence and diffusion time scales. The turbulence mixing time scale is taken from the turbulence model 

(𝑘 − 𝜀). The diffusion time scale describes the volatile-oxygen mixing in laminar regions: 

𝑤𝑣𝑜𝑙 = 𝜌𝐶 min (𝑌𝑣𝑜𝑙 , 𝑌𝑂22.806) max(𝑡𝑑𝑖𝑓𝑓 ,  𝑡𝑡𝑢𝑟𝑏) (20) 

𝑡𝑑𝑖𝑓𝑓 = 𝐴𝐵 𝜈𝑒𝑓𝑓(Δ𝑡)2 (21) 

𝑡𝑡𝑢𝑟𝑏 = 𝐶𝐸𝐷𝐶 𝜖𝑘 (22) 

With 𝑌𝑣𝑜𝑙  being the volatile mass fraction, 𝑌𝑂2 the oxygen mass fraction and 2.806, the stoichiometric 

oxygen to volatile mass ratio.  

Carbon Combustion 

The char combustion  



 𝐶 + 𝑂2 = 𝐶𝑂2 (23) 

is calculated following the single kinetic rate model 𝑑𝑚𝑐ℎ𝑎𝑟𝑑𝑡 = 𝑘𝑘𝑖𝑛 𝑚 (24) 

The kinetic rate 𝑘𝑘𝑖𝑛 is calculated following Arrhenius (Equation (16)). The activation energy 𝐸 and the 

pre-exponential factor 𝐴 are given in Table 1. 

22..33 SSiimmuullaattiioonn  SSeettuupp  

The simulation setup was based on an industrial red liquor combustion vessel as a reference case. The 

following describes the simulation geometry, the computational mesh, and the applied boundary con-

ditions. 

22..33..11 SSiimmuullaattiioonn  GGeeoommeettrryy    

Figure 7 shows the 3D Geometry of the combustion vessel with its inlets and outlets. 



Figure 7: Combustion vessel with inlets and outlets (dimensional grid in m)

The combustion air enters through 18 square openings from the top, while the fuel enters through 16 

nozzles modeled as round openings with a diameter of 27 mm. The combustion zone is lined with 

refractory material, simulated as adiabatic walls. The vessel is simulated until the outlet shown in Fig-

ure 1, which is situated before the gas clearing units. As the combustion gas travels towards the outlet, 

it heats steam through tube bundle heat exchangers, modeled as anisotropic porous zones with a heat 

sink (Figure 8). 



Figure 8: Heat exchanger 1 to 4 in red and brown and refractory lining zone in green

The porosity accounts for pressure loss, and the heat sink for the heat transfer. For each heat ex-

changer, the porosity 𝑓𝑥,𝑦,𝑧 is calculated in x, y, and z directions as following

𝑓𝑥,𝑦,𝑧 = 𝐴𝑣𝑜𝑖𝑑𝐴𝑡𝑜𝑡𝑎𝑙 (25) 

With 𝐴𝑣𝑜𝑖𝑑 being the void area and  𝐴𝑡𝑜𝑡𝑎𝑙 the total area. The pressure loss ∆𝑝 is calculated according 

to the Darcy-Forchheimer law

∆𝑝 = − (𝜇𝐷 + 𝜌|𝑈|2 𝐹) 𝑈 (26) 

With 𝜇 being the dynamic viscosity and 𝜌 the density of the fluid, 𝑈 the velocity of the fluid. 𝐷 and 𝐹
are the Darcy and the Forchheimer coefficients, respectively. Assuming the heat bundles are perfo-

rated plates, Idelchik's equation for perforated plates is applied [29]:𝐷 = 0
And

𝐹𝑥,𝑦,𝑧 = (0.707(1 − 𝑓𝑥,𝑦,𝑧)0.375 + 1 − 𝑓𝑥,𝑦,𝑧)2𝑓𝑥,𝑦,𝑧2 (27) 

Table 2 summarizes the applied Forchheimer coefficients F.



Table 2: Forchheimer coefficients F for heat exchangers 1 to 4 in 1/m 

 1 2 3 4 

Fx 0.1654 0.8742 0.1654 0.8742 

Fy 0.1654 0.8742 0.1402 0.6295 

Fz 3.3624 3.3449 1.3337 1.8810 

 

The heat transfer over the heat exchangers is known from standard operation of the vessel. Table 3 

summarizes the applied heat loss over the heat exchangers. 

Table 3: Heat sink of heat exchanger 1 to 4 in MJ 

1 2 3 4 

2440 1850 1030 1540 

22..33..22 CCoommppuuttaattiioonnaall  MMeesshh  

To perform the CFD simulation, the domain of interest is discretized into a predominantly hexahedral 

mesh using snappyHexMesh in OpenFOAM®. The domain is divided into four zones with different re-

finement levels to ensure reasonable computational times while having a fine enough computational 

grid (Figure 9). 



Figure 9: Calculation mesh with four different refinement levels (left: Overall combustion vessel, right: 

Nozzle inlet area)

The mesh has 867,000 cells and is divided into four regions with different refinement levels (see Figure 

9). The mesh has a maximum aspect ratio of 7.7, maximum non-orthogonality of 59, and maximum 

skewness of 2.3. 

The mesh size of the mesh region 4, which is close to the nozzle inlet, is set to meet two conditions: 

One, the cell size is greater than the size of the fuel droplets (characteristic droplet sizes are 2 to 3 mm), 

a requirement to track the Lagrangian particles correctly (see chapter 2.1). Second, the cell size is small 

enough to correctly predict the velocity field of the spraying. To determine which cell size meets the 

second condition, the velocity field of the spraying was calculated with different cell sizes and com-



pared to literature values. Figure 10 shows the relative velocity along the centerline (Centerline veloc-

ity Uc/Maximum velocity at nozzle exit Um) of the spraying calculated with different cell sizes compared 

to data from Mi et al. [30].

Figure 10: Left: Relative velocity along the center line, Right: Relative velocity along 15° line; (x: Dis-

tance from the nozzle; De: Nozzle diameter)

Close to the nozzle, the velocity is predicted the best by applying a cell size of 2.3 mm. Close to the 

nozzle, the velocity is underestimated when applying a cell size of 5.4 mm. However, 20 cm from the 

nozzle (x/De=7), the velocity is predicted the best when applying a cell size of 5.4 mm. The combination 

of two cell sizes, 2.3 mm close to the nozzle and 5.4 mm further from the nozzle, predicts the velocity 

best. However, looking at the 15° line of the nozzle spraying instead of the centerline, both mesh, the 

optimized mesh, combining the two cell sizes 2.3 and 5.4 mm, and the 5.4 mm mesh, are predicting a 

similar velocity. To ensure meeting the condition, that the cell size is greater than the size of the fuel 

droplets and following the observations made through the mesh study, a cell size of 5.4 mm was cho-

sen for the simulation. 

Table 4 summarizes the cell average volumes of the different refinement levels of the final mesh.

Table 4: Cell volume of different refinement regions shown in Figure 9

Refinement Region 1 2 3 4 



 

Cell Volume (m3) 4.601*10-4 1.150*10-4 7.189*10-6 1.123*10-7 

 

22..33..33 BBoouunnddaarryy  CCoonnddiittiioonnss  aanndd  EEvvaalluuaattiioonn  

The applied boundary conditions are based on normal operation conditions of the industrial reference 

combustion vessel. The red liquor has a water content of 38 wt%. The elemental composition on dry 

basis is given in Table 5. 

Table 5: Elemental composition of red liquor in wt% dry mass 

Ash 11.20 

Char 21.80 

Volatiles 67.00 

C 38.80 

H 3.79 

S 10.69 

O 33.90 

 

A volumetric flow rate of 154 034 Nm³/h at 383 °C is specified for the air inlet. The air composition 

comprises 76.52 wt% N2, 23.4 wt% O2, 0.08 wt% CO2. The red liquor spraying is a two-phase spraying 

with red liquor and water vapor. Red liquor is injected at a rate of 14.64 l/s with a density of 

1302 kg/m3, with a temperature of 106 °C. Simultaneously, water vapor is introduced at a rate of 

2.82 kg/s, with a temperature of 162 °C.  

To assess the reliability of the simulation we compared our simulations to measurement data available 

from the industrial reference plant as well as to expectations derived from literature. The assessment 

includes answering following questions: Are the visualized results physically accurate and reasonable? 

Is the temperature inside the combustion vessel in agreement with measurement data? Is the gas 

composition at the outlet in agreement with measurement data? Is the combustion time in agreement 

with expectations based on literature values?  



2.4 Virtual experiments

The red liquor injection was simulated varying three spraying parameters: spray type, spraying angle,

and particle size. The particle-size distribution was modeled by drawing random samples from the 

Rosin-Rammler (Weibull) probability density function (PDF) as described in [31]. The shape parameter 

n was set to 3. The scale parameter λ, which represents the characteristic particle diameter was varied. 

Figure 11 summarizes the varied parameters.

Spray type Fullcone                                                         Hollowcone 

Spraying angle 

Particle size

Figure 11: Varied parameters of virtual experiments

Table 8 summarizes the virtual experiments conducted in this study.

Table 6: Parameter setting in virtual experiments

Particle size λ (mm) Spraying angle in (°) Spray type 

Experiment#1 2 30 Hollowcone



 

Experiment#2 2  15 Hollowcone 

Experiment#3 3  30 Hollowcone 

Experiment#4 3  15 Hollowcone 

Experiment#5 2  30 Fullcone 

Experiment#6 2  15 Fullcone 

Experiment#7 3  30 Fullcone 

Experiment#8 3  15 Fullcone 

 



3 Results and Discussion
The following presents the results of the simulations that were conducted. Firstly, the simulation case 

with a characteristic droplet diameter λ of 2 mm, a spraying angle of 30°, and the spray type hollow-

cone is examined in detail as reference case to assess the accuracy of the simulations. Finally, the 

outcomes of the virtual experiments are presented. 

3.1 Evaluation of Simulation Results
Figure 12 visualizes the Lagrangian particles colored based on their time inside the combustion vessel 

since injection and their ash content, representing simulation results.

Figure 12: Left: Lagrangian particles visualized scaled by factor 10 colored based on the age in s; right: 

Simulation results: Lagrangian particles visualized scaled by factor 10 colored based on the ash 

weight fraction

The particles have a residence time of 8 to 10 seconds in the vessel and enter after around 4 to 5 s the 

cooling section of the heat exchangers. The increasing ash content of the visualized Lagrangian parti-

cles shows the progress of combustion as the particles travel through the combustion vessel. The re-

sults show that almost all particles have an ash content of 1 when reaching the vessel exit, only few 

particles are not completely combusted. We can derive further insides into the reaction system inside 

the vessel by looking at the Eulerian field. Figure 13 shows the streamlines inside the vessel.



Figure 13: Calculated streamlines in Eulerian field colored based on the velocity in m/s

The streamlines depict the gas flow through the furnace. Figure 14 shows the temperature along 
with the CO2 content of the Eulerian field.

Figure 14: Left: Simulation results for temperature in K in Eulerian field; right: Simulation results for 

CO2 weight fraction in Eulerian field



At the area of red liquor injection, the temperature drops due to water evaporation and the endother-

mic devolatilization. The temperature reaches a maximum of 1900 K inside the vessel due to exother-

mic combustion reactions and decreases over the heat exchangers due to their cooling effect. The 

increase in temperature in the area above fuel injection and at the vessel bottom can be traced to 

exothermic combustion reactions, which is confirmed by the increased CO2 in those areas. The com-

bustion above fuel injection can be attributed to volatile combustion, while the combustion in the 

bottom area is due to char combustion. The volatile release and the volatile combustion can be seen 

in Figure 15.

Figure 15: Left: Simulation results for volatile weight fraction in Eulerian field; right: Simulation re-

sults for SO2 weight fraction in Eulerian field

The biggest volatile release is happening in the area above fuel injection, where the volatiles are also 

combusting as the SO2 increase in this area indicates. 

Industrial data provide three temperature measurements on a plane inside the combustion vessel. The 

temperature profile at this plane was extracted from CFD simulations to evaluate the simulations (Fig-

ure 16).



Figure 16: Combustion vessel with simulated temperature profile in K on plane highlighted in blue

The temperature measurements at the plane are located approximately 0.5 m from the wall. The 

measured temperatures are in the range of 1465 K to 1485 K. The simulated temperatures closely 

match these measured values. 

Further industrial data used to evaluate the performed simulations include the gas outlet composition. 

Table 7 summarizes the calculated and measured gas outlet composition. The deviation between cal-

culation and measurement is given as

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (%) = 𝑥𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∙ 100 (28) 

Table 7: Gas composition in vol% dry

Measurement with      

standard deviation s 

Calculation Deviation (%) 

CO2 17.4 (s:0.21) 17.89 3 

O2 2.29 (s:0.18) 4.65 103

SO2 1.13 (s:0.02) 1.92 71



The calculated SO2 content is 71 % higher compared to the measurement. The simulation assumes that 

all the sulfur present in the fuel reacts to form SO2. However, in reality, sulfur is partially recovered in 

the ash as MgSO4, which explains the lower SO2 content in the measurement. The CO2 content has a 

deviation of 3 % and is, therefore, in good agreement with the measurement. The calculated O2 con-

tent is 103 % higher than the measured one. Looking at the calculated gas composition over the outlet 

area, it is notable that the gas composition shows local differences across the outlet area (Figure 17). 

Figure 17: dry wt% of CO2, O2 and SO2 at the two outlet planes

The O2 content ranges between 2.8 and 5.8 wt%. Such variation across the outlet area indicates that 

the measurement depends highly on the position of the sensor. The deviation between measured and 

calculated O2 content can therefore be partially attributed to the sensor position and partially to the 

simplified reaction system in the model.

Figure 18 shows the simulated mean particle mass loss over time as relative mass m/m0.



 

 

Figure 18: Mean relative particle mass m/m0 in kg/kg over residence time for the experiment 2mm, 

30°, Hollowcone 

The water content is depleted in less than 0.2 s. Char combustion begins when the residual coefficient 

of the volatiles is reached, peaks at around 1.7 s and completes after around 1.9 s. Bajpai et al. provide 

the following timeframe for black liquor droplet combustion [2]: - Drying 0.1 - 0.2 seconds - Devolatilization: 0.2 - 0.3 seconds - Char combustion: 0.5 – 1 seconds 

Järvinen determined the combustion time of 2 mm black liquor droplets in 1000 °C dry air experimen-

tally [32]. The drying and devolatilization was completed after around 2.8 s, the char combustion after 

around 6 s. While these time frames are not specific to red liquor combustion, they indicate what to 

expect and show that our simulation results are in the expected range given in literature.  

The overall results show a satisfactory alignment with both industrial plant data and literature. Con-

sidering that the objective of this study is a qualitative assessment evaluating the influence of spraying 

characteristics on combustion time rather than quantitative analyses, the simulations are evaluated as 

reliable for a comparative parameter study.  

33..22 EEffffeecctt  ooff  sspprraayy  cchhaarraacctteerriissttiiccss  oonn  ccoommbbuussttiioonn  ttiimmee  

Figure 19 shows the mean combustion time for a particle for the different virtual experiments, and 

Table 8 gives the exact times in numbers. The combustion time is defined as the time when the char 

content in the particle reaches the threshold of 0.01. 



 

Figure 19: Mean combustion time for a particle for the different virtual experiments 

Table 8: Results of design of virtual experiment 

Factor Particle size λ 

(mm) 

Spraying angle (°) Spray type Combustion time 

(s) 

Experiment#1 2  15  Hollowcone 2.05 

Experiment#2 2  30  Hollowcone 1.93 

Experiment#3 3  15 Hollowcone 2.93 

Experiment#4 3  30  Hollowcone 2.92 

Experiment#5 2  15 Fullcone 2.41 

Experiment#6 2  30  Fullcone 2.18 

Experiment#7 3  15  Fullcone 2.99 

Experiment#8 3  30  Fullcone 2.97 

 



 

The fastest combustion is achieved when combusting particles with a characteristic particle size of 

2 mm with hollowcone spraying and a spraying angle of 30°. Combusting particles with a characteristic 

particle size of 3 mm with fullcone spraying and a spray angle of 15° shows the longest combustion 

time. The following discusses the influence of the three investigated spraying characteristics (droplet 

size, spraying angle, and spray type) on the particle combustion time in detail.  

Influence of droplet size 

As expected, a smaller mean droplet diameter accelerates combustion due to reduced mass needing 

evaporation and devolatilization. Figure 20 illustrates this effect by comparing the mean particle mass 

loss over time across different experiments, with particle size being the sole distinguishing factor in 

each pair. 

  

  

Figure 20: Mean particle mass as relative mass m/m0 over time for mean droplet size 2mm vs 3mm 

The initial drop in mass is attributed to drying, followed by a less steep mass loss due to devolatiliza-

tion. The rapid decrease in mass loss indicates the main char combustion phase. Table 9 gives the 

calculated effect of particle diameter reduction on combustion time (CT) in %: 



𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  𝐶𝑇2𝑚𝑚 − 𝐶𝑇3𝑚𝑚𝐶𝑇3𝑚𝑚  (29) 

Table 9: Calculated influence of mean droplet size on particle combustion time 

Spraying angle (°) Spray type Effect of particle reduction (%) 

15  Hollowcone -30 

30 Hollowcone -34 

15 Fullcone -19 

30 Fullcone -27 

 

The reduction in combustion time across all sets of experiments is ≥ 19 %, highlighting the significant 

impact of particle size on combustion duration. When spraying as hollowcone with a spraying angle of 

30° the combustion time is 34 % faster when reducing the characteristic particle size from 3 mm to 

2 mm.   

Influence of spraying angle 

Figure 21 shows the mean particle mass loss over time across different experiments, with the spraying 

angle being the sole distinguishing factor in each pair. 

  



 

  

Figure 21: Mean particle mass as relative mass m/m0 over time for spraying angle 15° vs 30° 

Almost all experiments show, that widening the spraying angle accelerates combustion. When com-

busting particles with a characteristic size of 3 mm with fullcone spraying, no change in combustion 

time can be observed. Table 10 gives the calculated effect of widening the spraying angle on combus-

tion time (CT) in %: 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑠𝑝𝑟𝑎𝑦𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒 =  𝐶𝑇30° − 𝐶𝑇15°𝐶𝑇30°  (30) 

Table 10: Calculated influence of spraying angle on particle combustion time 

Particle size λ 

(mm) 

Spray type Effect of widened spraying angle (%) 

2  Hollowcone -6 

3  Hollowcone 0 

2  Fullcone -10 

3  Fullcone -1 

 

When combusting 2 mm particle, the combustion time is reduced by up to 10 % by using a 30° spray 

angle instead of a 15° spray angle. When combusting particles with a characteristic size of 3 mm, the 

effect is insignificant. 

Influence of spray type  



Figure 22 shows the mean particle mass loss over time across different experiments, with the spray 

type being the sole distinguishing factor in each pair. 

  

  

Figure 22: Mean particle mass as relative mass m/m0 over time for spray type fullcone vs hollowcone 

For all cases, hollowcone spraying is beneficial for a fast combustion compared to fullcone spraying. 

Table 11 gives the calculated effect of changing the spray type on combustion time (CT) in %: 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑠𝑝𝑟𝑎𝑦 𝑡𝑦𝑝𝑒 =  𝐶𝑇𝐻𝑜𝑙𝑙𝑜𝑤𝑐𝑜𝑛𝑒 − 𝐶𝑇𝐹𝑢𝑙𝑙𝑐𝑜𝑛𝑒𝐶𝑇𝐹𝑢𝑙𝑙𝑐𝑜𝑛𝑒  (31) 

Table 11: Calculated influence of spray type on particle combustion time 

Particle size λ (mm) Spraying angle (°) Effect of changing spray 

type (%) 

2  15 -15 

3  15 -2 



 

2  30 -12 

3  30 -2 

 

For all experiments changing the spray type from fullcone to hollowcone has a reducing effect on com-

bustion time. The reduction in combustion time is with 12 and 15 % high when combusting 2 mm par-

ticles, while the effect is with 2 % significantly smaller when combusting 3 mm particles.  
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A CFD model for the combustion of red liquor was developed, and CFD simulations were performed 

analyzing the effect of different spraying characteristics on the droplet combustion time inside an in-

dustrial-sized combustion vessel. The results demonstrate that our simulations align reasonably well 

with industrial plant data and literature sources. They also yield physically expected outcomes, affirm-

ing the reliability of our CFD setup for qualitative studies investigating the influence of various param-

eters on combustion time. Through virtual experiments varying spraying characteristics such as char-

acteristic particle size, spraying angle, and spray type, we discovered that the fastest combustion was 

achieved with a characteristic droplet size of 2mm, a spraying angle of 30°, and using the hollowcone 

spray type. These spraying characteristics promote optimal fuel dispersion within the combustion ves-

sel, leading to accelerated combustion rates. Notably, reducing particle diameter exhibited the most 

significant effect, reducing combustion time by approximately 30 %. Widening the spraying angle from 

15° to 30° could further enhance combustion by up to 10 % when combusting droplets with a charac-

teristic size of 2 mm, although this effect was marginal when combusting droplets with a characteristic 

size of 3 mm. Similarly, switching from fullcone to hollowcone spraying reduced combustion time by 

up to 15 % when combusting droplets with a characteristic size of 2 mm and 2 % when combusting 

droplets with a characteristic size of 3 mm. Overall, the influence of spraying characteristics on com-

bustion time was higher for fuel droplets with a characteristic size of 2 mm compared to fuel droplets 

with a characteristic size of 3 mm. 

With our study, we aimed to perform a comparative study of the influence of different spraying char-

acteristics on the combustion time. For that purpose, we implemented one-step combustion models 

and derived devolatilization and char combustion kinetics from non-isothermal TG analyses. To im-

prove the level of detail of the performed simulations, we recommend expanding the implemented 

reaction models into a sophisticated reaction system, including the H2O and CO2 gasification of char 

and the resolved description of the devolatilization of single components. It must be noted that such 

an extension requires detailed experimental kinetic determination. Furthermore, the model can be 

improved by incorporating particle swelling, a typical behavior of spent pulping liquor during combus-

tion, and non-sphericity of the particles. 
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Abbreviations   

CFD  Computational Fluid Dynamics 

CT  Combustion Time 

PDF  Probability Density Function 

TGA  Thermogravimetric Analysis 

Roman symbols   

𝑨 1/s Pre exponential factor 

𝑨𝒗𝒐𝒊𝒅 m2 Void area 

𝑨𝒕𝒐𝒕𝒂𝒍 m2 Total area 

𝑪𝑫 - Drag coefficient 

𝑫 1/ m2 Darcy coefficient 

𝑬 J/kmol Activation Energy 

𝑭 1/m Forchheimer coefficient 

𝑭𝑫 kg m/s2 Drag force 𝑭𝒈 kg m/s2 Gravitational force 

𝑭𝑳 kg m/s2 Lift force 

𝑲 m2/s2 Kinetic energy 

𝑵 - 
Random normal with mean 0 and stand-

ard deviation 1 𝑵𝒖 - Nusselt number 

𝑷𝒓 - Prandtl number 

𝑹 J/(K kmol) Universal gas constant 



 𝑹𝒆 - Reynolds number 

𝑺𝒉 J/(m3s) Energy source term 

𝑺𝒎 kg/(m3s) Mass source term 

𝑺𝒖 N/(m3s) Momentum source term 

𝑺𝒉 - Sherwood number 

𝑺𝒄 - Schmidt number 

𝑻 K Temperature 

𝑻𝑫𝒆𝒗𝒐𝒍 K 
Temperature at which devolatilization 

starts 𝑼 m/s Velocity 

𝒀 kg/kg Mass fraction 

𝒂 - Random between 0 and 1 

𝒅 m Diameter 

𝒅𝒗 - Vector [𝑎 cos(𝜃), 𝑎 sin(𝜃), 𝑢]. 𝒇𝒙,𝒚,𝒛 - Porosity 

𝒈 m/ s2 Gravitational acceleration 

𝒉 J/kg Enthalpy 

𝒌 m2/s2 Turbulent kinetic energy 

𝒌𝒌𝒊𝒏 1/s Kinetic rate  

𝒎 kg Mass 

𝒏 - 
Shape parameter in Rosin-Rammler 

(Weibull) PDF 𝒑𝒊 kg/(m s2) Partial pressure of component i 



∆𝒑 kg/(m s2) Pressure loss 

𝒕 s time 

𝒖 - Random between -1 and 1 

�⃗⃗�Ԧ m/s Velocity vector 

Greek symbols   

𝜶𝒆𝒇𝒇 m2/s Effective thermal diffusivity 

𝜺 m2/s3 Turbulent dissipation rate 

𝜽 - Random between 0 and 2 

𝝀 m Characteristic particle size 

𝝁 kg/(m s) Dynamic viscosity 𝝁𝒆𝒇𝒇 kg/(m s) Effective viscosity 

𝝆 kg/m3 Density 

𝝉 kg/(m s2) Stress tensor 𝝉𝒕𝒖𝒓 s Turbulent timestep 

𝝎 1/s Vorticity 

Subscripts   

∞  Far field 

𝒄  Centerline 

𝑭  Film around particle 

𝒈  Gas 

𝒊)  Species i 

𝒎  Maximum 



 𝒑  Particle 
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