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ABSTRACT 
Bing Han 
Influence of multi-phase phenomena on semibatch crystallization processes of 
aqueous solutions 
Lappeenranta 2015 
73 p. 
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Diss. Lappeenranta University of Technology 
ISBN 978-952-265-813-5, ISBN 978-952-265-814-2 (PDF),  
ISSN-L 1456-4491, ISSN 1456-4491 
 
Crystal properties, product quality and particle size are determined by the operating 
conditions in the crystallization process. Thus, in order to obtain desired end-products, 
the crystallization process should be effectively controlled based on reliable kinetic 
information, which can be provided by powerful analytical tools such as Raman 
spectrometry and thermal analysis. The present research work studied various 
crystallization processes such as reactive crystallization, precipitation with anti-solvent 
and evaporation crystallization. The goal of the work was to understand more 
comprehensively the fundamentals, phenomena and utilizations of crystallization, and 
establish proper methods to control particle size distribution, especially for three phase 
gas-liquid-solid crystallization systems.  
 
As a part of the solid-liquid equilibrium studies in this work, prediction of KCl solubility 
in  a  MgCl2-KCl-H2O system was studied theoretically. Additionally, a solubility 
prediction model by Pitzer thermodynamic model was investigated based on solubility 
measurements of potassium dihydrogen phosphate with the presence of non-electronic 
organic substances in aqueous solutions. The prediction model helps to extend literature 
data  and  offers  an  easy  and  economical  way  to  choose  solvent  for  anti-solvent  
precipitation. 
 
Using experimental and modern analytical methods, precipitation kinetics and mass 
transfer in reactive crystallization of magnesium carbonate hydrates with magnesium 
hydroxide slurry and CO2 gas were systematically investigated. The obtained results gave 
deeper insight into gas-liquid-solid interactions and the mechanisms of this heterogeneous 
crystallization process. The research approach developed can provide theoretical 
guidance and act as a useful reference to promote development of gas-liquid reactive 
crystallization.  
 
Gas-liquid mass transfer of absorption in the presence of solid particles in a stirred tank 
was investigated in order to gain understanding of how different-sized particles interact 
with gas bubbles. Based on obtained volumetric mass transfer coefficient values, it was 
found that  the  influence  of  the  presence  of  small  particles  on  gas-liquid  mass  transfer  
cannot be ignored since there are interactions between bubbles and particles. 
 



 
 
Raman spectrometry was successfully applied for liquid and solids analysis in semi-batch 
anti-solvent precipitation and evaporation crystallization. Real-time information such as 
supersaturation, formation of precipitates and identification of crystal polymorphs could 
be obtained by Raman spectrometry.  
 
The solubility prediction models, monitoring methods for precipitation and empirical 
model for absorption developed in this study together with the methodologies used gives 
valuable information for aspects of industrial crystallization. Furthermore, Raman 
analysis was seen to be a potential controlling method for various crystallization 
processes. 
 
Keywords: absorption  of  CO2, dissolution, evaporation crystallization, Pitzer model, 
precipitation with anti-solvent, Raman spectrometry, reactive crystallization, reaction 
kinetics, solid-liquid equilibrium 
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1. Introduction 

1.1 Background  

Compared with other separation technologies for chemicals, crystallization offers many 
advantages, such as moderate operating conditions, high purity of product and low costs. 
Depending on the specific system and properties of the compounds involved, different 
crystallization methods such as cooling crystallization, evaporation crystallization, melt 
crystallization, precipitation methods based on using anti-solvents, or reactive 
crystallization can be chosen. However, desired product with uniform particles and 
specific crystalline shape can only be produced under optimized operating conditions. 
Most crystallization methods aim to reduce the solubility of the crystallization compound 
by temperature or solution composition changes or by chemical reactions. Therefore, 
knowledge of the solubility is essential for the design and control of crystallization 
processes. Consequently, there is a need to develop solubility predictions which require 
only a small amount of experimental data and which can predict with the aid of different 
thermodynamic models the solubility of substances in different solvents over a wide range 
of conditions. 
 
Reactive crystallization is a core technology in industrial crystallization. It is a reaction 
process in either gas-liquid or liquid-liquid phases to produce poorly soluble substances 
(Ding 1985). Reactive crystallization can be used for separating and purifying substances 
that are easily precipitated from solutions containing also other compounds. Reactive 
crystallization can be considered as a complex process because it includes two processes; 
namely, the chemical reactions occurring between the reactants and the precipitation 
itself. The rates of the chemical reactions and crystallization are crucial factors controlling 
the particle size distribution. Moreover, macro- and micro-scale mixing is also important 
for the properties of the final product.  
 
In the last decades, reactive crystallization research has mainly focused on homogeneous 
liquid-liquid systems in which the reactants are dissolved. Several studies have reported 
the effect of mixing on the reaction rate and crystallization rate and have concluded that 
the reaction rate is an important parameter for controlling the crystallization and the 
precipitates formed. Most precipitates formed from fast reactions are usually sparingly 
soluble. Thus, supersaturation increases significantly due to the fast occurrence of 
preliminary nucleation, which leads to the formation of fine particles. The reaction rate is 
mainly controlled by adjusting the mixing time of the reactants in the reactor. Therefore, 
hydrodynamics in the reactor plays a crucial role for understanding reactive 
crystallization. Reactive crystallization has nowadays found many applications, such as 
preparation of ultrafine particles, catalysts, magnetic materials, electronic ceramic 
materials,  dispersants,  pigments  and  auxiliaries  (Stankiewicz  2003,  Tosheva  and  
Valtchev 2005, Purxins et al. 2006, Carteret et al. 2009). With the development of 
technology, gas-liquid reactive crystallization is evolving and is now finding application 
in areas such as the preparation of nanomaterials, synthetic products, petrochemicals, and 
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polymer materials. (Sun et al. 2013, Chen et al. 2004, Varma et al. 2011, Nandi et al. 
2014) 
 
In gas-liquid reactive crystallization, the reactions between the gas and liquid are more 
complex than the homogeneous reactions occurring in a single liquid phase, due to the 
contribution of the gaseous reactant. At the same time, a new solid phase occurs by 
crystallization. Therefore, the whole system contains three phases, i.e. gas-liquid-solid. 
This multi-phase system includes gas-liquid mass transfer, reaction and crystallization 
from the supersaturated mother liquor to the solid phase. In such systems, gas-liquid mass 
transfer kinetics, reaction kinetics and crystallization kinetics affect the properties of the 
final product. Moreover, the mass transfer kinetics between the gas and liquid phases is 
affected by many factors, such as gas hold-up and bubble size distribution.  
 
Bubble appearance in the reactor is related to the gas properties, liquid properties and 
fluid hydrodynamics. The interactions between the bubbles and particles have a crucial 
impact on the system, and these interactions affect the kinetics of mass transfer and further 
crystallization kinetics. Therefore, gas bubble behavior in the dynamic system plays an 
important role in reactive crystallization.  
 
Most researchers have investigated the selection of reaction equipment, scale-up, 
optimum operating conditions and the improvement of production capacity from a 
practical perspective. Study of reaction kinetics, crystallization kinetics and interaction 
mechanisms in gas-liquid reaction crystallization is less prevalent. Due to the 
considerable number of impacting factors and the complex process, different kinetic 
models and equations have been obtained for specific systems by different researchers 
using different methods.  
 
Inline information such as concentration of substance, supersaturation, and the quantities 
of precipitated crystals is useful in understanding of the mechanisms of crystallization. 
However, obtaining such real-time information is difficult for both the reaction and the 
crystallization since the processes are relatively fast. Advanced techniques, however, 
exhibit potential for capturing inline information, enabling the real changes during the 
process to be identified, which would be valuable for further development of industrial 
crystallization. 

1.2 Objective and scope of the work 

In the present work, various crystallization processes such as reactive crystallization, 
precipitation with anti-solvent and evaporation crystallization were investigated in 
semibatch mode. The aim was to understand the mechanisms of these crystallization 
processes and to establish methods to control the crystal size distribution in gas-liquid 
reaction crystallization. In the gas-liquid reactive crystallization under study, slurries 
containing solid reactant particles were used as reactant solutions. Consequently, solids 
are present in the whole process. This heterogeneous reaction is complicated due to 
dissolution of the reactant and its kinetics differs from a homogeneous reaction where the 
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reactant is fully dissolved in the solution. Moreover, several steps such as absorption of 
gas into liquid phase, dissolution of reactant, chemical reactions and precipitation occur 
simultaneously in the studied gas-liquid reactive crystallization. These steps are 
considerable difficult to investigate at the same time since they happen so fast. Therefore, 
various chemical processes such as absorption, the influence of inert particles on 
absorption, and precipitation were studied separately. Conventional crystallization 
kinetics methods of nucleation and crystal growth rate based on crystal size distribution 
analysis cannot be used for such heterogeneous systems because the crystal size 
distribution analysis would yield results in which the fraction of reactant particles cannot 
be distinguished. Therefore, accurate nucleation or crystal growth cannot be obtained. 
The kinetics study in the current work is thus based on solid phase composition analyses. 
Solid composition monitoring gives crucial data on solid reactant dissolution and 
formation of precipitate.  
 
A further objective was also to stimulate novel and innovative ideas for the application 
of other complex gas-liquid reactive crystallizations. Raman spectrometry, as a modern 
analytical tool, can be applied for analysis of these crystallization processes. It can 
provide inline or offline information to identify the crystal polymorphs and to study 
crystallization kinetics and mechanisms. Simultaneous use of a laser diffraction size 
analyzer and thermal analyzer can enable kinetic data to be obtained, allowing study of 
the reaction mechanism and fundamentals of gas-liquid reactive crystallization. 
Furthermore, Pitzer thermodynamics modeling can provide appropriate tools for 
solubility predictions of a solute in the presence of various admixtures. 
 
The thesis consists of theoretical and experimental parts. The Pitzer thermodynamic 
model is introduced in detail in Chapter 2. Application of the Pitzer model in solubility 
prediction  of  KCl  in  an  MgCl2-KCl-H2O  system  and  of  KH2PO4 in non-electrolyte 
solutions was studied. The results of the latter were presented in Publication II. The results 
presented in Publications IV and V concerning mass transfer and kinetics of magnesium 
carbonate semi-batch reactive crystallization with magnesium hydroxide and carbon 
dioxide are explained and summarized in Chapter 3. Chapter 4 discusses the mass transfer 
of absorption in the presence of suspended solid particles in a stirred tank. Application of 
Raman spectrometry in anti-solvent precipitation of KH2PO4 from binary solvents and 
evaporation crystallization of indomethacin from organic solvents is summarized in 
Chapter 5. The results were mainly presented in Publications I and III. The conclusions 
of the present study and the outlook for future work are summarized in Chapter 6. 
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2. Solubility modeling of crystallizing compounds in 
solutions 

2.1 Introduction 

Crystallization or precipitation can efficiently separate solute compounds in solid form. 
The solubility of the crystallizing compound in the solution is the key factor for the 
crystallization. Solubility is a measurement of the dissolution capacity of the solvent, i.e. 
the amount of solute dissolved in a unit volume of solvent at a certain temperature. Thus, 
solubility affects the selection of the crystallization method (evaporation, cooling, etc.) 
used to generate supersaturation in the solution to a large extent. The solubility is an 
indispensable part of crystallization operations and it is affected by many factors, such as 
temperature, solution composition and pressure.  
 
Although solubility data of many pure substances are available in databases or reported 
in literature, the fast pace of developments in chemical technology often results in a need 
for solubility data for a new compound or new solvent. Moreover, obtaining solubility 
data from extensive experimental investigations can be time-consuming and costly, and 
material consumption can be significant. Consequently, current research is increasingly 
focusing  on  predicting  solubility  of  different  systems  based  models  such  as  the  Pitzer  
model, for aqueous solutions, and UNIQUAC, Wilson and NRTL models for organic 
compound systems (Kuramochi et al. 2005, Jouyban et al. 2002, Pinho et al. 2002). If a 
theoretical solubility model can be applied for the specific compound system, a relatively 
small amount of experimental data is usually required for data fitting.  

2.2 Pitzer thermodynamic theory  

In  precipitation  or  crystallization  processes,  description  of  the  thermodynamic  
equilibrium for the solid-liquid phases is a crucial step when the solutions are not ideal. 
Activity coefficients can be used for prediction of how the admixtures present in the 
solution or how anti-solvents affect the solubility of the crystallizing compound. For 
highly non-ideal solutions, the driving force when expressed by concentration differences 
or concentration ratios between supersaturated solution and the solution at equilibrium 
can have insufficient accuracy, and activity coefficients are required in such cases as well. 
The present work focuses on solubility modeling of aqueous solutions based on Pitzer 
theory, which gives a way to calculate ion activity coefficient and osmotic coefficient of 
solvent. 
 
The activity coefficient expresses a basic property of an electrolyte solution and is 
important for solubility prediction of inorganic salts, liquid-liquid extraction, and salt 
water phase diagram calculation. The activity coefficient of the electrolyte in a certain 
range of temperatures and solution compositions can be determined by thermodynamic 
models.  
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Thermodynamics  of  electrolyte  solubility  is  the  description  of  a  non-ideal  solution  by  
calculating its activity coefficient. In the 1970s, Pitzer (1973a, 1973b) extended Debye-
Hückel electrolyte theory to concentrated solutions, forming Pitzer theory. The core of 
this theory is a semi-empirical equation for calculating ion activity coefficient and solvent 
osmotic coefficient.   
 
Pitzer theory can be applied for thermodynamics modeling of many compound systems, 
such as pure and mixed electrolyte solutions, symmetric and non-symmetric electrolytes, 
inorganic and organic electrolytes, dissociate equilibria of electrolytes and neutral 
molecules. It can also be used for the calculation of thermodynamic properties under high 
temperature and pressure at molten salt conditions (Niu et al, 2001). 

2.2.1 Activity coefficient for pure electrolyte solution  

For pure electrolyte MX with the molality m, mean activity coefficient can be expressed 
as (Pitzer 1991): 
 

MX
XM

MX
XM

XMMX CmBmfzz 2
2

3
)(22ln                       (2.1) 

 
where M and X are the cation and the anion, respectively. M, X, ZM and ZX are the ion 
number, the charge number of the cation and anion in each molecule, respectively, 

M+ X. The extended form of the Debye-Hückel term f  and the form for the ion 

strength dependence of MXB  are defined in Eqs. (2.2) and (2.3) respectively. MXC  is 

related to MXC . 
 

]
)1ln(2

1
[

p

mp

mp

m

b
Ib

Ib
I

Af                                                                   (2.2) 

)()(2 2
2

1
10

mMXmMXMXMX IgIgB                                                (2.3) 

2/3 MXMX CC                                                                                                            (2.4) 
 

Im is the ionic strength of solution, and 2/)( 2

i
iim mZI . bp is an universal parameter 

with the value 1.2 (mol·kg-1)-1/2. A  is the Debye-Hückel coefficient for osmotic function, 
which has the value 0.3920 (mol kg-1) -1/2 at 25 °C. 
 
In Eq. (2.3), for other than 2-2 salts (1-1-, 2-1-, 1-2-, 3-1-, 4-1-type salts) only the first 
two terms are considered with the value 1 = 2.0 (mol kg-1) -1/2. Three terms are taken into 
account for all 2-2 salts at 25 °C with the values 1 = 1.4 (mol kg-1) -1/2 and 2 = 12.0 (mol 
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kg-1) -1/2. 0
MX and 1

MX represent short-range interactions. 2
MX is negative and is related 

to the association equilibrium constant. MXC  relates to short-range interactions of three 
ions.   
 
The function of g(x) is expressed as: 
 

22 )
2
11(12)( xexxxg x                                                                             (2.5) 

2.2.2 Activity coefficient for mixed electrolytes 

In theory of mixed electrolytes, sums of neutral electrolyte composed by positive and 
negative ions are over the various cations and over the anions (Pitzer 1991):  
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In Eqs. (2.6) to (2.8), C and C’ are cations and A and A’ are anions. Cm  is the molality 

of cation C and CZ  the charge number. Nc is the species number of the cations. Anion A 
and the neutral molecule have similar definition. M, X and N stand for cation, anion and 
neutral molecule, respectively.  
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 is the interactions of three ions of different sign, which could be two cations and one 
anion, or two anions and one cation. B is the coefficient in the second dimension, which 
is  related  to  ion  strength.  B’  is  the  ion  strength  differential  of  B.  0

CA , 1
CA , 2

CA are 

characteristic parameters of electrolyte CA. 2  is very important for 2-2 type or higher 
valence type electrolytes because electrolytes with high valence have a strong tendency 
of static association, whereas 2  can be neglected for other valence types. For 
electrolytes with at least one monovalent ion, 1 =2.0 (mol kg-1) -1/2 and 2 =0  can  be  
used. For 2-2 electrolytes at 25 °C, 1 =1.4 (mol kg-1) -1/2, 2 =12 (mol kg-1) -1/2. 
Generally, it is supposed that 1 and 2  do not change by temperature.  accounts for 
interactions between ions of like charge (two cations or two anions), which arise only for 
mixed solutions. ij

E  and ij
E '  account for these electrostatic unsymmetrical mixing 

effects and they depend only on the charges of i and j and the total ion strength. When the 
charge quantity of i and j are equal, ij

E  and ij
E '   are zero. J(x) is the group integration 

for short-range interaction potential energy.  J'(x) is the first order derivative of J(x). J(x) 
and J'(x) only depend on ion strength and ion charge number. In Eqs. (2.21) and (2.22), 
C1 = 4.581, C2 = 0.7237, C3 = 0.012, C4 = 0.528 (Niu et al. 2001).     
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2.3 Solubility prediction of potassium chloride in a MgCl2-KCl-H2O 

system 

Solubility of KCl in an MgCl2-KCl-H2O system was predicted successfully with a Pitzer 
theoretical model at 25 °C in this study (Han et al. 2009). The prediction is divided into 
three steps. The first step is to calculate the average activity coefficient of KCl with 
different molalities in pure potassium chloride solution by Eqs. (2.1) to (2.5). The second 
step is calculation of the solubility product of KCl. Based on the solubility of KCl in the 
ternary system from literature, m(KCl) is known. The solubility product (Myerson 2002) 
can be calculated by Eq. (2.23): 
 
Ksp(KCl) =

22m                                                                                                         (2.23) 
 

(KCl) is calculated from the first step. Thus, the solubility product of KCl is taken from 
pure  KCl  solubility  data,  i.e.  a  binary  solution.  In  an  MgCl2-KCl-H2O ternary system, 
activity coefficients of K+ and Cl- can be calculated from Eq. (2.6) to (2.22). Then ±(KCl) 
is known in the third step. The parameter values used in the calculations are summarized 
in Table 2.1. Because the solubility product only depends on temperature, Ksp(KCl) is 
constant in pure KCl and ternary solutions. Thus, the solubility of KCl in the ternary 
system can be backward predicted by Pitzer model by iterating. Comparison of the 
predicted and reference data is shown in Figure 2.1 (Han et al. 2009). 
 
Table 2.1 Pitzer parameters used in the calculation (Pitzer 1991, Niu et al. 2001). 

0
KCl  1

KCl  KClC  0
2MgCl  1

2MgCl  
2MgClC  MgK,  ClMgK ,,  

0.04835 0.2122 -0.00084 0.35235 1.6815 0.00519 0 -0.022 

 

 
Figure 2.1 Predicted results compared with literature data (Han et al. 2009). 
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2.4 Solubility of potassium dihydrogen phosphate in aqueous 
solutions containing non-electrolyte organic compounds 
(Publication II) 

2.4.1 Experimental section 

Solubility of potassium dihydrogen phosphate (KH2PO4, KDP) in different mixtures of 
water and three non-electrolytes, acetone, ethyl acetate and thiourea, were measured by 
gravity analysis method in the temperature range of (298.15 to 313.15) K. The molality 
of acetone in the solvent was in the range of (0.441 to 5.739) mol·kg 1. For ethyl acetate, 
two molalities, 0.291 and 0.597 mol·kg 1, were used. For thiourea, molalities of 0.200 to 
1.50 mol·kg 1 were used. The experimental method is described in detail in Publication 
II.  

2.4.2 Results and discussion 

Solubility of KH2PO4 in water 
In order to check if the method used in solubility measurement is reliable and accurate, 
solubility experiments of KH2PO4 in water were checked at four temperatures: 298.15, 
303.15, 308.15, and 313.15 K. Comparison of the results of this work and reference data 
is shown in Figure 2.2.  
 

 
Figure 2.2 Comparison of experimental and reference solubility data of KH2PO4 in water 
at (298.15, 303.15, 308.15, and 313.15) K. Part 1 and Part 2 mean that the data were 
obtained in Tianjin and Lappeenranta respectively. 
 
It can be seen from Figure 2.2 that the experimental data agreed well with the reference 
data. The average relative deviation is smaller than 3.2 %. Therefore, it can be concluded 
that the method used in this work can reliably obtain accurate solubility data. 
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Solubility of KH2PO4 in mixed solvents  
For the same composition of solvent, solubility of KH2PO4 increased with increase in 
temperature in the three mixtures studied: (water + acetone), (water + ethyl acetate) and 
(water + thiourea). The solubility of KDP decreased with increasing concentration of non-
electrolytes at constant temperature. The results predicted by the Pitzer thermal model 
agreed consistently well with the experimental data. The critical Pitzer parameter 
concerning interactions for ions and non-electrolyte molecules, , can explain the effect 
of non-electrolyte on the solubility of KH2PO4.  
 

   

 
Figure 2.3 Solubility of KH2PO4, expressed as the molality of the salt (msalt), as a function 
of the nonelectrolyte (m) in mixtures of water with acetone (A), ethyl acetate (B), and 
thiourea (C) at the following temperatures:  , T = 298.15 K;  , T = 303.15 K; – · – 
· , T = 308.15 K; - -, T = 313.15 K. 
 
Figure  2.3  shows  the  solubility  of  KH2PO4 affected by non-electrolyte solvents. The 
results show that acetone has a big effect on the solubility of KH2PO4, whereas ethyl 
acetate and thiourea do not influence the solubility very much. In addition to the solubility 
data obtained from the present study, the solubility of KH2PO4 in three mixtures of water 
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with urea, ethanol and 1-propanol at 303.15 K has been reported in literature (Partanen et 
al. 2003, Barata et al. 1997). Therefore, in order to directly observe the effect of different 
solvents on the solubility of KH2PO4, comparable results are shown in Figure 2.4. It can 
be seen that the solubility is most affected by alcohol (ethanol, 1-propanol, acetone), with 
smaller effects found for thiourea and ethyl acetate. Urea has the least impact. The results 
provide valuable information for the selection of solvent in crystallization processes. To 
get the desired crystallized product, a suitable solvent and its concentration can be 
correctly chosen based on the prediction trend, thus saving time and costs and promoting 
work efficiency. 
 

 
Figure 2.4 Comparison of measured and calculated solubilities against non-electronic 
concentrations at 303.15 K. Symbols stand for experiments and curves for predictions. 

2.5 Summary 

In this chapter, application of the Pitzer thermodynamic model to prediction of the 
solubility of KCl in MgCl2-KCl-H2O  ternary  system  was  theoretically  studied.  It  was  
noted that the activity coefficient and solubility of KCl at 25 °C can be predicted through 
an iteration method with the solubility product and the Pitzer model. New solubility data 
for KH2PO4 in aqueous solutions of acetone, ethyl acetate and thiourea in the temperature 
range of (298.15-313.15) K were obtained experimentally. It was further noted that the 
established function of parameter  and temperature reflects well the influence of non-
electrolyte on the solubility of KH2PO4. The optimal condition of this model is that the 
molality should smaller than 6 mol·kg–1. This is probably the limitation of the model since 
the impact of non-electrolyte can be easily considered by the relationship of  and T. The 
present work demonstrated that the Pitzer model can effectively applied to solubility 
prediction from aqueous KDP solutions containing organic compounds.  
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3. Reactive crystallization of magnesium carbonate 

3.1 Magnesium carbonate precipitates 

The present work focuses on carbonate precipitation with CO2 gas and the selected model 
compound was magnesium carbonate. Influence of variables such as temperature, gas 
flow rate and stirring rate on pH of the solution, particle size distribution and crystal shape 
of precipitate in the heterogeneous system was investigated and discussed. From offline 
and inline measuring methods obtained kinetic data on various simultaneously occurring 
phenomena give insight into the mechanism of the studied gas-liquid reactive 
crystallization which is a part of precipitation.   

3.1.1 Formation of magnesium carbonates  

Magnesium carbonate compounds can consist of different ratios of magnesium 
hydroxide, magnesium carbonate and water depending on pH and temperature. There are 
many hydrous forms, such as barringtonite (MgCO3·2H2O), nesquehonite 
(MgCO3·3H2O), lansfordite (MgCO3·5H2O),  artinite  (Mg2CO3(OH)2·3H2O), 
hydromagnesite (Mg5(CO3)4(OH)2·4H2O) and dypingite (Mg5(CO3)4(OH)2·5H2O). The 
anhydrous form, magnesite (MgCO3), is usually hard to synthesize. It is the most stable 
Mg-carbonate compound at elevated temperature. For example, Hänchen et al. (2008) 
reported that magnesite formed at 120 °C and CO2 pressure of 100 bar. At ambient 
temperature, it is impossible to precipitate magnesite. 
 
In general, hydrated forms of magnesium carbonate are much easier to produce than the 
anhydrous form. This is attributed to the highly hydrated character of Mg2+ in solution. 
The initial appearance of thermodynamically unstable phases is a common phenomenon 
and often related to Ostwald’s rule of stages (Mullin 2001). For instance, nesquehonite 
formed initially could be gently replaced by the less hydrated compound hydromagnesite. 
Water molecules being dipoles have strong electrostatic interaction with all ions. The 
electrostatic force can form a barrier around the Mg cations and the cations easily 
incorporate into the carbonate structure (Hänchen et al. 2008). Molecular dynamics 
simulations indicate that Mg2+ is a little smaller than Ca2+ and thus result in higher charge 
density, but the lifetime of water molecules surrounding Mg2+ is in the order of hundreds 
of picoseconds, in contrast to only a few picoseconds for Ca2+,  K+, or Na+ (Jiao  et  al.  
2006). Therefore, the extremely high hydrophilic nature of Mg2+ restricts the formation 
of anhydrous carbonates through magnesium in anti-solvent process.   

3.1.2 Production of magnesium carbonate by homogeneous liquid reaction 

Dong et al. (2008, 2009) investigated the solubility and stability of nesquehonite in 
several single salt and two salt solutions in the temperature range of 15 to 35 °C. In single 
salt solutions (NaCl, KCl, MgCl2, and NH4Cl), the solubility of nesquehonite decreased 
with increasing temperature, whereas it rose in mixed solutions (NaCl+MgCl2, NH4Cl+ 
MgCl2, LiCl, and LiCl+ MgCl2). With the exception of NaCl solution, the solubility 
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increased with the addition of other single salts. The solubility increased with increasing 
concentration of magnesium due to the formation of MgHCO3

+. The pH decreased with 
increasing concentration of ammonium chloride, which resulted in an increase in the 
solubility because of the increase of H+.   
 
Since abundant valuable chemicals in MgCl2 brine, fabrication of these chemicals from 
brine has been attracted interest due to its low-cost, high-purity and large-scale compared 
with traditional method. Because of its good filtration characteristics, nesquehonite has 
been studied by many researchers from the reaction of MgCl2 and NaCO3 / (NH4)2CO3 
(Wang et al. 2008, Cheng et al. 2009, 2010). Nucleation kinetics and the effect of 
parameters such as temperature, initial concentration and stirring speed on crystal 
properties (morphology and particle size) have been investigated. Crystals of 
nesquehonite are generally needle-like. Fine petaloid microspheres of basic magnesium 
carbonate (xMgCO3·yMg(OH)2·zH2O) have been obtained through ultrasonic irradiation 
by soda ash method from the reaction of MgSO4·7H2O with Na2CO3.  (Ohkubo  et  al.  
2007).  

3.1.3 Production of magnesium carbonate by heterogeneous gas-liquid reaction 

Chemical trapping is a potential method for capture and storage of CO2. Precipitation was 
carried out in a H2O-CO2-Na2CO3-MgCl2 system at temperatures between 25 °C and 120 
°C  and  at  a  partial  pressure  of  CO2 between  1  and  100  bar.  The  supersaturation  level  
affects the forms of magnesium carbonate (Hänchen et al. 2008). Microtubes of basic 
magnesium carbonate (xMgCO3·yMg(OH)2·zH2O)  with a surface “house of cards” 
structure have been synthesized from the reaction between magnesium hydroxide and 
carbon dioxide by adding NaOH solution. The product was formed through needlelike 
particles of magnesium carbonate trihydrate (Mitsuhashi et al. 2005). Ferrini et al. (2009) 
reported a novel method to synthesize nesquehonite via the reaction of magnesium 
chloride with CO2 at 20±2°C. Ammonia solution was used to adjust pH to around 7.8-8.2 
to obtain nesquehonite. Teir et al. (2007, 2009) investigated a method to produce 
magnesium carbonate from serpentinite (abundant magnesium) for permanent storage of 
CO2. Serpentinite was firstly dissolved in acid (HCl/HNO3) at high temperature. Then the 
magnesium salt precipitated is obtained after evaporation of excess solvent. Magnesium 
carbonate can be precipitated into the solution by bubbling CO2,  which  is  mixed  by  
magnesium salt  and  water  under  alkalinity  conditions.  Suitable  pH for  precipitation  of  
magnesium carbonates is 9.  

3.2 Factors impacting the particle size distribution of magnesium 
carbonate 

3.2.1 Experimental part 

A 3 L crystallizer equipped with a jacket was used for semi-batch crystallization. A 
specifically defined amount of Mg(OH)2 (purity 99.6%) mixed with deionized water was 
put into the crystallizer. Gaseous CO2 (purity 99.7%)  was  fed  from the  bottom of  the  
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crystallizer through a sparger into the prepared Mg(OH)2 suspension when the 
temperature achieved the target temperature. Slurry samples were taken during the 
process. Solids were filtered and dried at room temperature for later analysis. Beckman 
Coulter LS13320 laser particle size analyzer and X-ray diffraction were used for the 
characterization of the obtained crystals. The experimental procedure and obtained crystal 
size distributions are introduced in further detail in the publications (Han et al. 2012, Han 
et al. 2014). Figures A1 to A6 in Appendix A show the main results obtained by Han et 
al. (2014). Selected impact factors are listed in Table 3.1. 
 
Table 3.1 Selected experimental impact factors. 
Factors Values 
Temperature 25 °C, 40 °C, 62 °C 
Size of gas sparger 40 µm, 60 µm 
Initial concentration of Mg(OH)2 slurry 2.0 %, 2.9 %, 3.8 % 
Size of Mg(OH)2 Grinding and without grinding 

3.2.2 Results and discussion  

Temperature 
It was found that magnesium carbonate trihydrate was produced at all three temperatures. 
This finding differs from results published in literature (Shao et al. 2009, Botha et al. 
2001), which reported that magnesium carbonate trihydrate could transfer to 
hydromagnesite during 55-65 °C. The reason might be that reactive conditions in the gas-
liquid and liquid-liquid reaction are different. The slurry pH decreased faster at higher 
temperature, which is shown in Fig. 3.1. Fig. 3.2 shows that a large amount of magnesium 
carbonate was already formed at 10 min at 62 °C, whereas only a small amount formed 
at 40 °C and almost no magnesium carbonate was produced at 25 °C. Thus, the reaction 
rate increases with increasing temperature. Moreover, the Mg(OH)2 slurry reaction with 
CO2 is an exothermic process, and temperature increases at the beginning of the reaction 
which can be seen in temperature data shown in Fig 3.1. The results also demonstrated 
that the greater the temperature increase, the faster the reaction is. Thus, the particle size 
of magnesium carbonate precipitate increases with temperature (Fig. 2 in Han et al. 2014). 
However, at 62 °C there is a dual peak of particle size distribution, because primary 
crystals agglomerated due to the formation of a great amount of magnesium carbonate 
crystal nuclei during a short time.   
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Fig. 3.1 Time dependence of pH and temperature at 25, 40, and 62 °C. Experimental 
conditions: gas flow rate 9 L/min, pore size of sparger 60 µm, initial slurry concentration 
3.8 %. Temperature profiles expressed as ‘·······’.  
 
Pore size of gas sparger 
With constant CO2 flow, the pH is reduced faster with the sparger of bigger pore size (Fig. 
3.3). From XRD diagrams (comparison of Fig. 3.2c and Fig. 3.4), it can be seen that the 
solid mainly was Mg(OH)2 with a sparger of 40µm at 15 min, whereas a certain amount 
of magnesium carbonate already existed in the system with a sparger of 60 µm, which 
indicates that reaction rate is faster with the sparger of larger pore size. As a consequence, 
there is more time for crystal growth and thus larger particles are produced with a bigger 
pore size gas sparger (Fig. 3 in Han et al. 2014).  
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Fig. 3.2 XRD pattern for solid samples taken at different time at 62°C (a), 40°C (b), 25°C 
(c) together with reference data. 
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Fig. 3.3 Time dependence of pH and temperature for two pore sizes of sparger. 
Experimental conditions: gas flow rate 9 L/min, temperature 25°C, initial slurry 
concentration 3.8 %.  
 

 
Fig. 3.4 XRD pattern for solid samples taken at different times with a sparger of pore size 
40 m. 
 
Initial slurry concentration of magnesium hydroxide 
The pH of the system decreased with decreasing initial concentration of Mg(OH)2 (Fig. 
4 in Han et al. 2014). With a CO2 flow rate of 9 L/min, there was no precipitate when 
initial concentration was 2.0 %. The lack of precipitate may be because all Mg(OH)2 was 
reacted to aqueous Mg(HCO3)2 due  to  the  high  flow  rate  of  CO2. This explanation is 
supported by the work of Mitsuhashi et al. (2005), who used an aqueous solution of 
Mg(HCO3)2 produced by Mg(OH)2 and CO2 to control the crystal shapes of magnesium 
carbonates. In order to establish if CO2 flow (9 L/min) is too high for precipitation, a 
lower flow rate (1 L/min) was tested at other constant experimental conditions. For this 
lower flow rate, a small amount of magnesium carbonate was precipitated. The results 
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indicate that pH is really important throughout the whole reactive crystallization and the 
reactive crystallization can be controlled by adjusting initial Mg(OH)2 slurry 
concentration and CO2 flow rate.  
 
Smaller crystals were obtained with initial concentration of Mg(OH)2 of 3.8 % (Fig. 5 in 
Han et al. 2014). At the beginning of the reaction, magnesium concentrations were the 
same for different solid contained slurries of Mg(OH)2. With gaseous CO2 introduced into 
the system, the dissolution rate increased due to the pH reduction. There were many more 
particles when the Mg(OH)2 suspension density was higher. Therefore, the interfacial area 
was relatively higher between the solid and liquid phases, thus resulting in the higher 
dissolution rate. Consequently, the supersaturation of magnesium carbonate was 
increased, which increased the nucleation rate. The obtained particle size was then smaller 
with higher slurry concentration.   
 
Crystal size of magnesium hydroxide 
The median size of raw material and grinding magnesium hydroxide were 6.6 µm and 2.9 
µm, respectively (Fig. 6 in Han et al. 2014). At CO2 flow rate of 5 L/min, pH profiles and 
particle size distribution (shown in Fig. 3.5) were almost the same for the two different 
initial Mg(OH)2 particle sizes. However, when the CO2 flow rate was increased to 9 L/min, 
the reduction in initial Mg(OH)2 particle size accelerated the decrease of pH. Thus larger 
particles of magnesium carbonate were formed (Fig. 7 in Han et al. 2014).   
 

 
Fig. 3.5 Particle size distribution using different size of Mg(OH)2. Experimental 
conditions: gas flow rate 5 L/min, temperature 25°C, pore size of sparger 40µm, initial 
slurry concentration 3.8 %. 
 
The dissolution surface area increased because of the decrease in particle size of the 
reactant. This led to increased dissolution rate. However, the crystallization process is 
mainly controlled by the absorption of CO2. Therefore, a low flow rate of CO2 does not 
affect particle size distribution significantly, whereas a high flow rate of CO2 can enhance 
the gas-liquid mass transfer. The supersaturation is increased, which promotes the crystal 
growth, obtaining larger crystals.  
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3.3 Precipitation kinetics of magnesium carbonate 

3.3.1 Experimental section 

Experimental method 
Based on investigation of impact factors on magnesium carbonate discussed in Chapter 
3.2, temperature of 25 °C, pore size of sparger of 40 µm and initial magnesium hydroxide 
concentration of 3.8 % were kept constant in the experiments. Two other main factors, 
gas flow rate and stirring rate, were chosen to study precipitation kinetics. A number of 
experiments of oxygen absorption in water were also carried out to investigate mass 
transfer of gaseous CO2 absorption. Detailed description of the experimental materials 
and methods are introduced in Publications IV and V.  
 
Raman spectroscopy  
The Raman spectra of reactant Mg(OH)2 and precipitant MgCO3·3H2O are shown in Fig. 
3.6. Characteristic peaks of Mg(OH)2 and MgCO3·3H2O appeared at 278 cm-1, 443 cm-1, 
and 1100 cm-1, respectively. The results show that Raman spectrometry can be used for 
identifying solid samples because there were no overlapped peaks between the spectra of 
the two compounds.  
  

   
Fig. 3.6 Raman spectrum of magnesium hydroxide (left) and magnesium carbonate 
trihydrate (right). 
 
Experiments for calibration of Raman spectra are described in Publication IV. A Bruker 
Raman spectrometer with OPUS software can be used to create calibration models based 
on different mathematical methods. The optimal model given for the present system is 
multiplicative scatter correction. The range of wavenumber is 195~1095 cm-1, and the 
correlation coefficient is 98.19. The calibration results can be seen in Fig. 3.7. 
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Fig. 3.7 Raman calibration model by multiplicative scattering correction. 
 
Based  on  the  investigation  of  Raman  spectrometry  by  the  author  in  Publication  I  and  
reports in the literature (One et al. 2004, Hatakka et al. 2010, Agarwal et al. 2010), use of 
a univariate calibration model (namely the ratio of peak height) is an easy and simple 
method to establish the Raman calibration model. The relationship of the composition of 
the mixtures and ratio of peak height is shown in Fig. 3.8. The expression of the model 
can be found in Publication IV. 
 

 
Fig. 3.8 Raman calibration model by univariate method, symbol and solid line stand for 
experimental data and fitting line respectively. 
 
When comparing these two calibration methods, the univariate method with coefficient 
R2 of 0.9905 is better than the method used by OPUS. On the one hand, the current study 
focused on an inorganic compound system. Therefore, the obtained spectrum is relatively 
simple compared with other complex system, such as various organic compound systems. 
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On the other hand, it may be so that in the present study only seven mixtures used for 
calibration were not enough to generate multivariate model. Or it might include other 
irrelevant information during fitting for this simple system by multivariate method. 
Therefore, it can be concluded that univariate peak height ratio method is much better 
than multivariate method. Patel et al. (2001) also reported that univariate method was 
more suitable for simple system than multivariate method in transformation of 
sulfathiazole crystalline forms.  
 
Thermal analysis method (Publication V) 
A simple mathematic model was established to determine the composition of solid 
mixtures. Detailed thermal analysis method was introduced in Publication V.  

3.3.2 Effect of CO2 flow rate (Publications IV and V) 

At constant temperature and stirring speed, the increase of flow rate of CO2 can promote 
the precipitation of magnesium carbonate. Moreover, the volumetric mass transfer 
coefficient (kLa) of oxygen was enhanced by increasing gas flow rate, which reflects the 
similar trend of predicted kLa for  CO2. The results are shown in Publication IV. The 
results obtained both from precipitation and mass transfer experiments indicate that 
absorption of CO2 plays a key role in the semi-batch precipitation process of magnesium 
carbonate. Nucleation started earlier with higher flow rate and there were more time for 
crystal growth. Then the larger particles of magnesium carbonate were obtained.  

3.3.3 Effect of stirring speed (Publications IV and V) 

At constant temperature and flow rate of CO2, stirring rate has an effect on dissolution of 
magnesium hydroxide. Generally, high mixing rate can accelerate the dissolution of the 
substance. However, dissolution of Mg(OH)2 was not enhanced with the highest stirring 
rate used in the study, 750 rpm. It was found that a mixing rate of 650 rpm was the optimal 
speed in the studied magnesium carbonation process. From the onset of the absorption 
experiments (Publications IV), kLa was enhanced with increase in rotation speed at 
constant flow rate. The absorption rate of gaseous CO2 increased. The studied carbonation 
system is a heterogeneous reaction. Hence, bubbles and particles have interactions with 
each other and mass transfer phenomena occur throughout the whole process. Factors 
such as bubble size, particle size and shape, and crystal aggregation have an impact on 
the particle size of the final precipitate product. 

3.3.4 Characteristics of the crystallized product (Publication V) 

Nesquehonite (MgCO3·3H2O) was produced from the slurry of magnesium hydroxide 
and CO2 gas. The crystals of nesquehonite are mostly needle-like shaped particles and 
aggregated with each other. The XRD results show the high crystallinity of the obtained 
nesquehonite  crystals.  Some  small  flaky  crystals  on  the  needle  shaped  particles  were  
found in the middle of the precipitation process.     
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3.4 Carbonation process monitored by in-line Raman spectroscopy 

3.4.1 Experimental section 

Materials and methods 
An immersed Raman probe (Kaiser Optical system) was used to monitor the precipitation 
process of magnesium carbonate. The wavelength of the laser was 785 nm.  The spectra 
were captured with an exposure time of 30 s with two accumulations. The interval time 
between two measurements was 65 s. The total duration was 60 min for each semi-batch 
process. Temperature of 25 °C, flow rate of 1 L/min and stirring rate of 650 rpm were 
used as experimental conditions. The experimental procedure is the same as used in 
Publications IV and V.  
 
Raman Calibration 
Ten aqueous solutions of NaHCO3 with the concentration of 0.1, 0.2, 0.25, 0.31, 0.35, 
0.4, 0.5, 0.61, 0.7 and 1 mol/L were used in calibration to determine the concentration of 
HCO3

 from the Raman peak area. Fifteen aqueous solutions of Na2CO3 with  the  
concentration of 0.1, 0.2, 0.25, 0.31, 0.35, 0.40, 0.45, 0.51, 0.55, 0.60, 0.65, 0.71, 0.8, 0.9 
and 1 mol/L were used to generate the calibration model for CO3 . The characteristic 
peaks used in calibration for HCO3  (Fig. 3.9) and CO3  (Fig. 3.10) were at 1020 and 
1066 cm 1, respectively. These two calibration models are shown individually in Fig. 3.11 
and Fig. 3.12. It can be seen that good calibration models can be produced by univariate 
method for the two ions considered.  
 

 
 
Fig. 3.9 Spectrum of NaHCO3 solutions with different concentration. 
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Fig. 3.10 Spectrum of Na2CO3 solutions with different concentration. 
 

 
Fig. 3.11 Raman calibration model generated by univariate method for HCO3 . 
 

 
Fig. 3.12 Raman calibration model established by univariate method for CO3 . 
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3.4.2 Results and discussion 

With the addition of CO2 flow, the formation of magnesium carbonate can be clearly seen 
from the characteristic peaks located at wavelength of 1100 cm 1, as shown in Fig. 3.13. 
Ten samples were taken during precipitation and analyzed by TOC to determine the 
concentration of total carbon in the liquid phase.  
 

 
Fig. 3.13 Formation of magnesium carbonate from semi-batch precipitation. 
 
Fig. 3.14 compares inline and offline results for carbon concentration. The predicted total 
carbon was calculated by the sum of HCO3  and CO3  obtained from inline monitoring. 
It can be seen that the inline results agreed well with offline measurements. During the 
precipitation the concentration of CO3  is  very  low  and  most  of  the  carbon  is  the  
bicarbonate ion in the liquid. Titration with hydrochloride acid was used to determine the 
concentration of these two ions offline. However, the concentrations could not be 
determined due to the very great deviation. Raman inline monitoring gives more valuable 
information about individual compounds. The expected results of real-time information 
about the reactive crystallization process were successfully captured by the Raman 
immersion probe. However, the dissolution of Mg(OH)2 could not be monitored by the 
Raman probe used due to overlapping of the characteristic peak of Mg(OH)2 and the peak 
of the sapphire window of the Raman probe.  
 

 
Fig. 3.14 Comparison of carbon concentration obtained by inline and offline 
measurements. 
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3.5 Summary 

Magnesium carbonate trihydrate can be formed with proper operating conditions through 
the reactive crystallization of magnesium carbonate from the reaction of magnesium 
hydroxide and carbon dioxide at room temperature and atmospheric pressure. The 
favorable pH for the formation of nesquehonite is 7-7.6, which means that reactant 
Mg(OH)2 is completely reacted. 
 
The increase of temperature and pore size of gas sparger results in larger particles of 
magnesium carbonate, whereas smaller particles were precipitated with higher initial 
concentration of Mg(OH)2 slurry. Particle size of Mg(OH)2 has no effect on particle size 
distribution of magnesium carbonate with lower gas flow rate. However, this effect was 
significant as flow rate of CO2 increased. It gives basic idea of how to control particle 
size distribution of magnesium carbonate in the heterogeneous system. 
 
The effects of flow rate and stirring rate on the precipitation of magnesium carbonate 
were investigated in detail. The trends of consumption of magnesium hydroxide obtained 
with Raman spectrometry agreed quite well with the results obtained with the thermal 
analysis method. Therefore, the kinetics and mechanism of the magnesium carbonation 
process can be explained well from both the solid and liquid phases. As a result, stirring 
rate has an impact on dissolution rate of Mg(OH)2.  Mass transfer of CO2 absorption is 
one of the main factors in the current heterogeneous reaction system.  
 
Tests of inline monitoring with an immersed Raman probe gave plenty of valuable data. 
The concentrations of HCO3  and CO3  of filtrate samples, which are extremely difficult 
to measure offline by titration, with short time intervals, can be determined based on the 
developed Raman calibration models. Moreover, the formation of magnesium carbonate 
can be monitored from the Raman spectra.  
 
In the future, more experiments are needed to find a way to quantify how much 
magnesium carbonate is formed during precipitation. Real-time information about the 
liquid and solid phases can be obtained and quantified from the Raman spectra 
simultaneously. Such information would be a significant improvement in understanding 
of the mechanisms and kinetics of the whole heterogeneous carbonation process. Inline 
measurements, i.e. real-time process monitoring, can be considered a more accurate 
method than  offline  analysis  by  sampling.  In  offline  analysis  from the  stirred  tank  the  
chemical  reactions  and  precipitations  may  continue  in  the  taken  samples,  which  can  
results in inaccurate kinetic data. Therefore, appropriate inline analysis methods are 
favorable. As a summary, it can be concluded that Raman analysis can yield accurate real-
time data on the evolution of crystallization during a semi-batch precipitation process. 
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4. Mass transfer of absorption in the presence of 
suspended solid particles in a stirred tank 

In semi-batch precipitation processes, the particle size distribution and quantity of solid 
particles may differ over time, which may also affect other phenomena taking place 
during precipitation. In the heterogeneous reactive crystallization occurring in a gas-
liquid system, absorption is one of the unit operations. Tiny nuclei may first form during 
precipitation. The existence of these small particles may have an impact on the absorption 
rate, and therefore, the influence of solid particles on absorption was investigated (Han et 
al. 2011, Sha et al. 2015).  

4.1 Introduction 

Mass  transfer  of  gas-liquid  (G-L)  systems  is  crucial  in  a  number  of  chemical  unit  
operations, such as heterogeneous reactive crystallization, hydrogenation, oxidation, and 
chlorination. To enhance gas-liquid mass transfer, bubble size should be sufficiently 
small to maximize the interfacial surface area and gas bubbles should be dispersed into 
the continuous liquid phase as uniformly as possible. The mass transfer coefficient in a 
gas-liquid system is usually expressed by a volumetric mass transfer coefficient, kLa, 
which is an important parameter for the design of reactors, their scale-up and unit 
operations. The volumetric mass transfer coefficient is affected by many factors, such as 
the undersaturation level of the absorbing gas compound in the solution (driving force), 
gas holdup, bubble size distribution, temperature, pressure, agitation, gas flow rate and 
liquid viscosity.  

4.1.1 Mechanism of mass transfer of absorption at gas-liquid interfaces 

Gas absorption  in  the  liquid  phase  can  be  divided  into  two kinds  of  processes.  One  is  
physical absorption involving molecular and convective transport of atoms and molecules 
within the physical system. The other is chemical absorption in which a reaction between 
the gas and liquid phases takes place. Often, chemical species transfer between the two 
phases through an interface or diffusion. The driving force of mass transfer processes is 
the concentration difference between the phases. The random motion of molecules causes 
a net transfer of mass from an area of high concentration to an area of low concentration. 
For separation processes, thermodynamics shows the equilibrium state which the system 
intends to achieve, while mass transfer models can yield the rates at which the separation 
will occur, and the fluxes of transferring compounds. There are many widely used mass 
transfer theories such as the double boundary layer model, Higbie penetration theory, 
Danckwerts surface renewal model and combinations of these theories. (Zlokarnik 2001)  

4.1.2 Effect of solids on the mechanism of mass transfer of absorption 

According to Cooke et al. (2008) three main mechanisms of gas-liquid mass transfer are 
influenced by solids. Firstly, the apparent viscosity of the solid-liquid suspension can be 
affected due to damping of the turbulence by solids. Secondly, in the heterogeneous 
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regime, solids have been shown to supplant small bubbles in the dense phase, which will 
affect gas-liquid mass transfer. Cooke et al. (2008) studied in detail if this mechanism 
explains results indicating a decrease in gas-liquid mass transfer with solid addition. They 
found that the addition of solids can reduce gas hold-up, and thus decrease the gas-liquid 
mass transfer in an air-water system. However, in a Na2SO4 system both large and small 
bubbles coalesced due to the presence of solid particles. This is a different mechanism 
than that previously proposed of solids simply supplanting small gas bubbles out of the 
dense phase. Thirdly, there can be an interface effect: very tiny active particles acting at 
the interface enhance the gas-liquid mass transfer (Korda  and Linek, 2006) or cause a 
very large reduction in gas-liquid mass transfer by inducing coalescence. Gentile et al. 
(2003) reported that the non-wetted particles tend to collect at the air-water interface and 
bridge the dividing water film between the bubbles, which enhances the coalescence.  
 
Relating to the enhancement of gas-liquid mass transfer rate, four mechanisms are 
introduced in the literature (Ruthiya et al. 2003a, 2003b, Kluytmans et al., 2003). I. 
Boundary layer mixing. Four different physical phenomena influence the convective 
mass transfer and the concentration gradient at the G-L interface. II. Shuttling. Visiting 
frequency of particles at the G-L interface is increased by increasing solid concentration 
and mixing intensity. This leads to an increased transport of gas from the G-L interface 
to the bulk liquid and thus an increase in kL. For instance, Korda  and Linek (2006) 
reported that the interface is rigid in the absence of particles, which hinders the motion of 
liquid along the interface, forming a boundary layer; whereas in the presence of particles, 
the interface is completely mobile and surface renewal proceeds according to the 
penetration model. III. Coalescence inhibition. In a suspension, particles adhering to 
bubbles and electrolyte can reduce or hinder the coalescence of gas bubbles, which results 
in an increase in the G-L interfacial area. The following five factors can affect this 
mechanism: surface tension of the liquid, viscosity and density of the liquid or suspension, 
ionic forces, lyophobicity of the particles, and particle size. Kluytmans et al. (2003a, 
2001) presented that the gas-liquid interfacial area was increased by the addition of carbon 
particles and electrolytes in a bubble column and stirred tank reactor with the gas inducing 
impeller. IV. Boundary layer reaction or grazing effect. When fine particles catalyze a 
chemical reaction at the G-L interface, significant conversion occurs within the diffusion 
layer around the gas bubbles, therefore increasing the mass transfer rate. This explains 
the enhancement of mass transfer with catalyst particles (Zhang et al., 2006, 2008).  

4.1.3 Factors affecting mass transfer of absorption 

The presence of solid particles can influence several ways in gas-liquid systems, such as 
mass transfer rates, gas holdup, and bubble size distribution. The mass transfer rate 
between gas and liquid is affected by the density difference between the solid and liquid, 
the volume fraction of solids in the suspension, and the particle size. Larger particles can 
enhance the mass transfer rate by increasing eddy generation and by breaking gas bubbles. 
On the other hand, the presence of small particles can reduce the mass transfer rate, as the 
small particles may influence fluid rheology by decreasing the apparent viscosity of the 
suspension.  This  effect  can  be  a  crucial  factor  in  semi-batch  precipitation,  where  very  
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small nuclei are usually formed (He et al. 2006, Yuan and Murray 1997, Willoughby and 
Sharma 2004, Sudduth 2008). 
 
Generally, mass transfer of absorption in stirred tanks is accelerated by increasing the gas 
flow rate, mixing intensity, temperature, etc. (Ferreira et al. 2010, G mez-Díaz et al. 
2003, 2005, Velts et al. 2010). In addition, solid properties and quantity are important. 
Ferreira et al. (2010) investigated the effect of solid phase properties (size and density) 
on the gas-liquid mass transfer characteristics and their respective physical properties at 
different temperatures in a bubble column. They concluded that the solid size and loading 
have a negative effect on kLa. The kLa was increased with increase in temperature. An 
empirical correlation for kLa dependence on the experimental variables was developed. 
Mena et al. (2011) studied whether solid concentration and solid particle properties such 
as mean diameter affect kLa in a bubble column. The results showed that the kLa decreased 
with increasing solid loading and mean diameter. The loading of hollow glass spheres 
had a dual effect on kLa. Namely, for low solid loading kLa increases with solid content 
and decreases with further solid addition. This effect relates to different surface particle 
properties.  
 
Few studies, however, have investigated the influence of different-sized particles on mass 
transfer in stirred tanks or reactors. Since mechanically agitated vessels are widely used 
for  gas-liquid  reactions,  for  example,  in  waste  disposal  plants  and  in  fermentation,  the  
absorption processes affected by solid particles in a stirred tank is a valid and important 
area of research. Findings from such work would provide very useful information for 
vessel design and optimization of unit operations.  

4.2 Experimental section 

4.2.1 Experimental material 

Sieved solid particles, quartz and calcium carbonate were used to investigate their 
influence  on  mass  transfer  of  oxygen  in  the  compared  air  and  tap  water  system.  The  
particle size distribution of the sieved particles was analyzed by a Beckman Coulter LS 
13320 laser diffraction particle size analyzer. The results are shown in Figure 4.1. The 
median diameters of the two different quartz particles are 640 m (Fig. 4.1a) and 41.1 m 
(Fig. 4.1b) respectively. The median diameter of the calcium carbonate particles was 5.07 

m (Fig. 4.1c). 
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Figure 4.1 Particle size distribution of quartz (a, b) and calcium carbonate(c). 

4.2.2 Experimental method 

Experimental procedure 
Experiments were carried out in an acrylic glass tank with a diameter and height of 0.48 
m and 0.60 m, respectively. Four baffles (1/10 of the vessel diameter width) were installed 
symmetrically on the inner wall of the tank to promote mixing. A Rushton stirrer of 0.16 
m diameter was used for mixing. The stirrer was located 0.16 m from the bottom of the 
tank.  
 
The physical absorption system was studied using oxygen absorption into water and solid-
liquid suspensions in the present work. In each experiment, approximately 87 liters of tap 
water were first fed into the tank. The temperature of the solution was adjusted by an 
immersed coil, which was connected to a thermostat. This coil was removed after 
reaching the target temperature in order to ensure that it did not affect the flow pattern. 
All absorption experiments in this study were carried out at 10 °C because generally the 
solubility of gases in liquids is higher at low temperatures. A probe of an oxygen meter 
(Marvet Basic 2000, Elke Sensor LLC) was immersed in the tank to monitor the 
concentration of dissolved oxygen in the solution. The probe recorded data every 6 s. A 
certain amount of solid was added and mixed in the tank for 10 min in order to disperse 

c 

a b 
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the particles well. A dynamic gassing-out method was used (Van’t Riet 1979). Nitrogen 
was used to remove the oxygen in the system. When the saturation level achieved less 
than 5 %, pressurized air was fed into the water through a sparger at the bottom of the 
tank and distributed by a Rushton stirrer. The experiment was ended when the saturation 
level reached 95 %. A superficial gas velocity of 5.5×10-4 m/s and various rotation speeds 
were used for all experiments. The mixing power was measured by a torque meter. The 
schematic system of the experiment is shown in Figure 4.2.  
 

       
Figure 4.2 Schematic of the experimental set-up (Sha et al. 2015). 
 
Calculation of critical impeller speed  
Mixing of gases and solids in liquids in mechanically agitated reactors is employed in 80 % 
of chemical industry operations; such operations include leaching, complete dissolution 
of  reagents,  and  suspension  of  catalysts  and  products  such  as  precipitates  and  crystals  
(Smith 1990). Agitation can increase the contact area between phases through mixing, so 
it is widely used in unit operations. In general, a dispersion of the suspension is considered 
to be complete if no particle remains at rest at the bottom of the vessel for more than 1 or 
2 s. This chapter mainly considers a gas-liquid-solid three phase system, which means 
that agitation is important. In order to reach complete suspension, the critical rotation 
speed of the impeller needs to be calculated.  
 
The most commonly used critical impeller rotation speed is that of Zwietering (1958), 
who proposed a correlation for minimum impeller speed for complete suspension of 
solids based on a huge amount of experimental data. The equation is shown in Eq. (4.1): 
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where Njs is the critical impeller speed for solids, rpm; S the impeller constant depending 
on the ratio of the impeller to diameter of reactor (in this study, S=7.5 for the Rushton 
impeller);  the kinematic viscosity, m2 s-1; dP the average particle diameter, m; p and  
the particle density and liquid density, respectively, kg m-3; X the mass ratio of suspended 
solids to liquid × 100, kg solid/kg liquid×100; D the diameter of the impeller, m; and g 
the gravity acceleration, m s-2.  
 
In gas-liquid-solid and liquid-solid reactors, critical speed depends on many factors such 
as particle settling velocity, design of the impeller and sparger, and their positions. Using 
empirical Eq. (4.1), researchers (Chapman et al., 1983, Nienow et al., 1986, Wong et al., 
1987, Rewatkar et al., 1991, Dylag et al., 1994) have suggested different critical impeller 
speeds for gas-liquid-solid phases based on reactor and impeller type. Eq. (4.2) was used 
to calculate critical impeller speed in the present study for three phase system (Chapman 
et al., 1983).  
 

Vjsjsg QNN 94.0                                                                                              (4.2) 
 

where Njsg is the critical impeller speed for gas-liquid-solid system, rpm; QV  the ratio of 
gas flow rate to liquid volume, m3/(m3 min).  
 
Table 4.1 shows the basic data used for calculating the critical impeller speed. The critical 
impeller speed for the solid suspension density and operating conditions used in the 
present study is listed in Table 4.2. Several absorption experiments were carried out with 
the rotation speeds in the range of 220-470 rpm, namely 3.67-78.33 s-1. 
 
Table 4.1 Basic data for calculating critical impeller speed. 

  (kg/m3)  (m2/s) dP (m) 

water 999.7 1.31×10-6 - 
quartz 2650 - 4.11×10-5 
quartz 2650 - 6.40×10-4 

calcium carbonate 2710 - 5.07×10-6 
 

Table 4.2 Critical impeller speed with various solid volume fractions at constant 
superficial gas velocity (5.5×10-4 m/s). 
Critical rotation 
speed, rpm  

Solid volume fraction  % 
0.01 0.03 0.08 0.38 1.00 2.17 3.56 

quartz (640 m) 267 320 360 444 506 560 599 
quartz (41.1 m) 155 185 208 257 292 324 346 
CaCO3 (5.07 m) 103 124 139 171 195 216 231 

 
 
 

Property 
Solid 
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Calculation of volumetric mass transfer coefficient kLa 
As reported by Fuchs et al. (1971), Van’t Riet (1979), and Vandu and Krishna (2004), the 
signal measured by the oxygen probe has an inherent delayed response. This lag time has 
to be considered in the mass transfer data treatment in order to guarantee the accuracy of 
the transfer rate. In order to obtain the probe response time , the probe of the oxygen 
meter was swiftly transferred from water completely desorbed of oxygen content to a 100 % 
oxygen  saturated  water  solution.  The  abrupt  rise  in  the  oxygen  meter  reading  was  
monitored and recorded at 6 s time intervals. The dynamic response curve of the oxygen 
sensor is shown in Figure 4.3. Subsequently, the probe response time  was determined 
by recording 63.2 % of the step change. According to five measurement results, the 
response time was 31 s.  
 

 
Figure 4.3 Dynamic response of oxygen sensor obtained by calculating response time. 
 
The volumetric mass transfer coefficient, kLa, can be calculated from the concentration 
against time t by Eq (4.3) using a statistical method (Fuchs et al. 1971).  
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where C* and C0 are the oxygen solubility and oxygen concentration at t = 0, respectively; 
and C is the concentration of oxygen in the liquid. Figure 4.4 shows the experimental data 
points of oxygen concentration versus time and a fitting curve by Eq (4.3) for the air-
water system with a gas velocity 5.5×10-4 m/s and rotation speed 3.93 s-1 at 10 °C. Each 
experiment was repeated two or three times under the same conditions in order to obtain 
accurate experimental data. 
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Figure 4.4 Dissolved oxygen concentration versus time for an air-water system with the 
superficial gas velocity of 5.5×10-4 m/s and rotation speed of 3.93 s-1 at 10 °C (Sha et al. 
2015). 

4.3 Results and discussion 

4.3.1 Absorption of oxygen to water in an air-water system 

Before studying the influence of solid particles on mass transfer between the gas and 
liquid phase, mass transfer experiments in an air-water system were performed. In general, 
volumetric mass transfer coefficient (kLa)  is  expressed  as  a  function  of  specific  power  
input (PG/VL) and superficial gas velocity (ug), as according to Eq (4.4).  
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The parameters of ,  and  are determined based on the experimental conditions. The 
exponents obtained from the present work with literature data (Van’t Riet 1979, Juáreze 
and Orejas 2001, Stenberg and Andersson 1988, Linek et al. 1991, Wu 1995, Moucha et 
al. 1995, Linek et al. 1987, Smith et al. 1977) are summarized and compared in Table 4.3. 
Because constant gas flow rate is used in the current study, it is impossible to get the 
exponent value of . However, it can be seen that the value of  is in the reasonable range 
proposed by former data.  
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Table 4.3 Comparison of mass transfer correlation constants for an air-water system 
between literature data and the present work (Sha et al. 2015). 

Reference Mass transfer coefficient  kLa = (Pg /VL) (ug)  
   

Van’t Riet 1979 0.026 0.4 0.5 
Juárez et al. 2001 0.00111 0.9504 0.6282 
Linek et al. 1987 0.00495 0.593 0.4 
Linek et al. 1991 0.00384 0.654 0.4 
Moucha et al. 1995 0.0146 0.611 0.554 
Smith et al. 1977 0.0104 0.475 0.4 
Wu et al. 1995 0.01036 0.67 0.56 
Stenbergand Andersson, 1988 0.0053 0.55 0.32 
This work 0.3571 0.488  

4.3.2 Influence of quartz particles on absorption mass transfer of oxygen in an 
air-water system 

The measured results of the volumetric mass transfer coefficients in the air-water system 
in the presence of quartz sands are shown in Figure 4.5. The values show that the 
volumetric mass transfer coefficient increased with increasing specific power input both 
with and without particles in the system. Simultaneously, there was no effect of quartz 
sands on gas-liquid mass transfer with solid volume fraction s from 0.01 to 0.08 % (solid 
mass fraction ws = 0.02 to 0.2 %) and two sizes of quartz particles. This result is the same 
as the findings obtained by Alper et al. (1980), (ws = 0 to 2 %), but different from the 
results by Oguz et al. (1987) who reported that kLa decreased with increasing volume 
fraction of solid phase in the range of 0.01 to 0.1. Therefore, the main factor of kLa is not 
affected by the quartz quantity alone, i.e. suspension density, but also by other 
experimental conditions, such as the gas flow rate. 
 

 
Figure 4.5 Effect of quartz sands with different volume fractions on the absorption mass 
transfer of oxygen from air  to water in a stirred tank with a superficial  gas velocity of 
5.5×10-4 m/s at 10 °C (Sha et al. 2015). 
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4.3.3 Influence of calcium carbonate particles on the absorption mass transfer of 
oxygen in an air-water system 

The determined results of mass transfer between air and water with the presence of CaCO3 
particles are shown in Figure 4.6. The values show that the volumetric mass transfer 
coefficient increased with specific power input as reported in the literature. The 
volumetric mass transfer coefficient kLa in the studied system is dependent on the 
concentration  of  the  particles  in  the  suspension.  When  the  concentration  of  CaCO3 
particles in the suspension is below 10 kg/m3 ( s = 0.4 %), the particles have no obvious 
effect on kLa. When the solid loading is higher than 0.4 %, the volumetric mass transfer 
coefficient starts to increase. 
 

 
Figure 4.6 Effect of CaCO3 particles with different volume fractions on the mass transfer 
of oxygen from air to water in a stirred tank with a superficial gas velocity of 5.5×10-4 
m/s at 10 °C (Sha et al. 2015). 
 
In order to find the reason for the increase in the volumetric mass transfer coefficient in 
the presence of calcium carbonate particles, viscosities of different suspended solutions 
were measured at 10 °C and 25 °C using a MCR Anton Paar rheometer (cylinder chamber). 
The results are shown in Table 4.4. A dynamic viscosity increase can be expected to 
increase the mass transfer resistance thus leading to lower kLa value. 
 

Table 4.4 Dynamic viscosity of calcium carbonate slurry with various volume fractions 
at 10 °C and 25 °C 

Volume fraction of CaCO3 in 
slurry (%) 

Viscosity (×10-3 Pa s) 
10 °C 25 °C 

0.4 1.3 1.2 
1.0 1.3 1.2 
2.2 2 1.4 
3.6 2.3 1.9 
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From Table 4.4, it can be seen that the viscosity of the slurry decreases with increasing 
temperature, as commonly known, and increases because of the presence of CaCO3 
particles of 5.07 m at constant temperature. Moreover, the viscosity of the suspension 
rises  slightly  with  the  addition  of  CaCO3 crystals: the thicker suspension had a higher 
viscosity. However, the viscosity of the suspension with suspension density of 96.4 kg/m3 
( s = 3.6 %) was still quite low. The viscosity of the CaCO3 suspension was only 2.3 times 
higher than that of pure water at 10 °C. The suspensions at the studied suspension 
densities were found to be Newtonian fluids (obtained dynamic viscosity values 
approximately constant at shear rates of 10 to 100 s-1). 
 
Generally, the viscosity of a solid-liquid suspension is higher than the viscosity of pure 
water. This results in decreased gas bubble spreading in the reactor and promotion of gas 
bubble coalescence leading to lower values of gas-liquid mass transfer coefficient kL and 
gas-liquid interfacial area a, respectively (Li et al., 1996). In the present study, however, 
according to Figure 4.6, kLa increased with increasing suspension density of CaCO3, from 
10 to 96.4 kg/m3 ( s = 0.4 – 3.6 %). The presence of solid particles in the stirred tank was 
expected to affect the hydrodynamics and consequently the gas-liquid mass transfer 
process. At low suspension density, a small amount of solid particles cannot have a strong 
effect, and thus the difference in kLa between the absence and the presence of solid 
particles is not great. When the content of CaCO3 crystals is increased, the particles play 
a role in the gas-liquid mass transfer that is larger than the effect of viscosity. It means 
that the frequency of the surface renewal and interface mobility are increased and the 
bubble coalescence inhibited, as discussed by Ruthiya et al. (2003b). Particles adhering 
to the gas bubbles in the suspension can reduce or hinder gas bubble coalescence. Thus, 
in the presence of small particles the total gas-liquid interfacial surface area is greater 
than the total surface area in clear liquids, i.e. the bubbles remain smaller, which increases 
the volumetric mass transfer coefficient. 

4.3.4 Gas-liquid mass transfer model in the presence of solids 

As discussed above, the studied factors such as specific power input, particle size, and 
solid content have an impact on the mass transfer rate of absorption. Obtained 
experimental results were fitted using the function kLa = f(Pg/VL,  *,  dp,  s). Some 
researchers have proposed empirical models of mass transfer coefficient with the 
existence of particles in a stirred reactor (Linek et al., 2008, Kielbus-Rapala and Karcz, 
2009). However, in the stirred tank gas-liquid mass transfer model considering both solid 
concentration and particle size has not been published.  
 
Although two solids were studied in the current work, their densities are similar to each 
other (Table 4.1). Thus this study could be considered as describing the impact of 
different-sized particles of the same solids on gas-liquid mass transfer rate. Based on the 
103 experimental data points for different-sized solid particles and various solid loading 
at constant superficial gas velocity of 5.5×10-4 m/s, the following correlation was obtained: 
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where * is the effective dynamic viscosity of the particle-liquid mixture and dp is  the  
particle size. * can be determined by Einstein expression (Coulson et al., 2002) shown in 
Eq (4.6).  
 

Ls )5.21(*                                                                                                   (4.6) 
 

where L is the viscosity of the liquid. This expression is very useful for gas-liquid-solid 
three phase systems because the volumetric concentration of the particles has an influence 
on the viscosity of the system, which may affect the interfacial area. 
 
A comparison of the experimental data and values obtained from Eq. (4.5) is presented in 
Figure 4.7. It can be seen that the predicted results agree quite well with the experimental 
results. The average relative error is 3.16 %. The form of the correlation reflects that the 
absorption rate is mainly influenced by specific power input, effective viscosity of the 
system and solid loading. The particle size does not affect it as strongly. 
 

 
Figure 4.7 Comparison of the experimental results (kLaexp) and the predicted results 
(kLapred) calculated from Eq (4.5) (Sha et al. 2015). 

4.4 Summary 

The effect  of  solid  particles  on  absorption  mass  transfer  of  oxygen  for  an  air-water  
system in a stirred tank was studied experimentally. At a constant temperature of 10 °C 
and gas flow rate of 5.5×10-4 m/s, the volumetric mass transfer coefficient kLa increased 
with the increase in specific power input. Quartz sand particles with mean size of 41.1 



52 
 
and 640 m did not have an impact on kLa with  solid  volume  fraction  up  to  0.08  %.  
However, CaCO3 particles of 5.07 m were found to have an effect on kLa. This effect 
depended on the solid content in the system. There was almost no effect of CaCO3 
particles on the mass transfer rate for solid volume fraction of 0.4 %. However, kLa 
increased with the addition of a larger amount of CaCO3 particles when the solid volume 
fraction range varied from 1 to 3.6 %. The obtained correlation expression for the 
volumetric mass transfer coefficient kLa in the studied stirred tank system is shown in Eq 
(4.5). However, the applicability of this equation is limited to the conditions used in the 
current study. Generally, many parameters such as gas flow rate, geometry of reactor and 
impeller, surface tension, temperature and solid type have an impact on the mass transfer 
rate. To summarize, the influence of solids on gas-liquid mass transfer cannot be ignored 
in a multiphase system such as the gas-liquid reaction crystallization process. It was 
evidenced by the experimental results that the presence of small particles smaller than 10 
µm in volume fraction range below 4 % may have an effect on the mass transfer rates of 
absorption in semi-batch precipitation processes where the crystal size distribution may 
change over time due to nucleation and crystal growth. Absorption rates can be higher 
with high nucleation rates and suspension densities. 
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5. Application of Raman spectrometry to anti-solvent 
precipitation and evaporation crystallization 

This section introduces the studies carried out when Raman spectrometry was used for 
inline and offline analysis of anti-solvent precipitation of KDP and evaporation 
crystallization with aqueous and organic compound systems. Application of Raman 
analysis for monitoring of reactive crystallization of magnesium carbonate was discussed 
in Chapter 3 above. 

5.1 Anti-solvent precipitation of potassium dihydrogen phosphate 
(Publication I) 

Raman spectrometry was used for inline measurements to real-time monitor semi-batch 
anti-solvent precipitation of KDP with acetone from aqueous solution.    

5.1.1 Introduction 

Anti-solvent precipitation is defined as a solute crystallized from a primary solvent by the 
addition of another solvent in which the solute is relatively insoluble. The solubility of 
the solute decreases due to the existence of the second solvent. Anti-solvent 
crystallization is a powerful isolation and purification technique, especially for systems 
where the temperature coefficient of solubility is low or the solute is unstable at elevated 
temperatures (O’Grady et al. 2007). For instance, the technique is commonly used for 
crystallization processes of pharmaceutical compounds.   
 
One of the advantages of anti-solvent crystallization is that precipitation can be carried 
out at low temperature, which is important for thermally sensitive products. 
Consequently, the approach is energy-efficient compared with evaporation 
crystallization. Another advantage is that the solvent activity changes remarkably, so the 
method can have more profound effect on the crystal shape or polymorphic form than in 
the case of the cooling crystallization. However, anti-solvent crystallization also has 
disadvantages. The solvent separation or recycling incurs additional costs. Higher capital 
costs are also required due to the high supersaturation gradients needed in large scale 
systems (Mostafa  Nowee et  al.,  2008,  Nagy et  al.,  2008).  On the  other  hand,  the  anti-
solvent crystallization approach is highly dependent on mixing. When poor mixing 
regimes exist, high local supersaturation occurs at antisolvent induction zones. This 
results in excess primary nucleation rates, which leads to fine crystal particle formation 
that easily tends to agglomerate. (Takiyama et al. 1998) 
 
Various parameters have effects on anti-solvent crystallization. Such parameters include 
mixing intensity, seeding, addition rate and concentration of the anti-solvent, which all 
have an impact on nucleation and crystal growth because of the resultant changes in the 
driving force supersaturation. Crystal shape and size are thus affected by these operating 
factors (Kim et al., 2003, Kitamura and Sugimoto, 2003, Yu et al., 2005, Zhang et al., 
2010, Lee et al., 2014). Increasingly advanced technologies have been used to monitor 



54 
 
anti-solvent crystallization, and real-time information has become available that can assist 
in control of this complex process. Anti-solvent crystallization of cortisone acetate was 
in situ monitored by fiber optic Raman spectrometry by Falcon and Berglund (2003). 
Their results showed that Raman spectrometry can monitor both the solution phase, i.e. 
the mother liquor, and the solid state form. Yu et al. (2006) investigated the effects of 
seed loading and seed size distribution on anti-solvent crystallization of paracetamol from 
a water-acetone mixture operated at constant supersaturation by attenuated total 
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. A focused beam 
reflectance measurement (FBRM) probe was used to in-situ measure solid phase 
information such as chord length distribution.  Brown et al. (2011) studied anti-solvent 
crystallization (acetone/water system) of paracetamol in an oscillatory baffled 
crystallizer. The mass of crystals were tracked in time by laser illuminated video imaging. 
This analysis method allowed determination and monitoring of the instantaneous and 
overall average rate of crystal mass growth. Zhang et al. (2011) showed the feasibility of 
ultraviolet fiber spectroscopy for on-line concentration measurement of anti-solvent 
crystallization (ethanol/water system) of –artemether. The results indicated that the 
dependence of temperature on UV spectra was weak, but UV spectra were related to the 
–artemether concentration and the solvent composition. Moreover, application of 

attenuated total reflectance ultraviolet visible (ATR-UV/vis) spectroscopy for the 
monitoring of a multi-component crystallization system with FBRM has been reported 
(Saleemi et al., 2012). The predicted concentration profiles by the developed model using 
principal component artificial neural networks agreed quite well with the actual data. 
These process analytical technological tools provide valuable information, including the 
identification of compounds and monitoring of their respective concentrations in the 
solution.  

5.1.2 Experimental section 

The anti-solvent crystallization of KH2PO4 at 25 °C was on-line monitored by Raman 
spectroscopy, where water and acetone were used as the solvent and anti-solvent 
respectively. First, the solubility of KH2PO4 in water with various mass fraction of 
acetone was experimentally determined by gravimetrical method. A function of KH2PO4 
solubility and concentration of acetone was obtained and used in the further calculation 
of KH2PO4 solubility at different concentrations of acetone at 25 °C (Publication II). A 
calibration  model  was  needed  to  correlate  the  Raman  spectra  with  the  KH2PO4 
concentration in the solution. Therefore, 13 ternary undersaturated solutions were used to 
generate the Raman calibration model. Beckman Coulter LS13320 laser diffraction 
particle size analyzer was used to determine particle size distribution of precipitates. 
Detailed methodology descriptions, such as experimental set-up, measuring procedure 
and the calibration approach are introduced in Publication I.  

5.1.3 Results and discussion 

Six  semi-batch  anti-solvent  crystallization  experiments  with  two feeding  positions  and  
three feeding rates were carried out. The concentration profiles over time obtained from 
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the predicted and experimental results are shown in Fig. 5.1 to 5.4. The other two graphs 
were presented in Publication I.  
 

 
Fig. 5.1 Obtained KDP and acetone concentration profiles for batch time of 47 min, feed 
up. 

 

 
Fig. 5.2 Obtained KDP and acetone concentration profiles for batch time of 47 min, feed 
down. 
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Fig. 5.3 Obtained KDP and acetone concentration profiles for batch time of 69 min, feed 
down. 
 

 
Fig. 5.4 Obtained KDP and acetone concentration profiles for batch time of 137 min, feed 
down. 

 
All the figures show that a similar trend was observed with different feeding rates and 
feeding positions. Two feeding positions that near the surface of the crystallizer and close 
to impeller were named feed up and feed down respectively. The concentration of KDP 
in the solution determined by the Raman calibration model agreed well with the 
concentration measured off-line by gravimetrical method. With the addition of acetone in 
the system, KDP concentration initially maintained a constant level, then quickly dropped 
and reduced gently at the end. The profile indicates three periods: an induction, nucleation 
and crystal growth period (Jiang et al. 2004). The driving force, supersaturation, increased 
to a maximum level, then sharply decreased, and finally maintained a constant level. The 
supersaturation profiles are shown in Fig. 5.5a and 5.6a. For both feeding positions, the 
supersaturation increased with increase in the feeding rate of acetone. Particle size 
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distribution of the final product, shown in Fig. 5.5b and 5.6b, reduced with increasing 
feeding rate due to the higher supersaturation generated.   
 

 
Fig. 5.5 Supersaturation profile (a) and crystal size distribution (b) of KDP with feed up. 
 

 
Fig.  5.6  Supersaturation  profile  (a)  and  crystal  size  distribution  (b)  of  KDP  with  feed  
down. 
 
When comparing the supersaturation profiles for the two feeding positions shown in 
Fig.5.7, Fig. 5.8 and Publication I, no significant difference is observed with the studied 
feeding positions of acetone. This means that mixing is efficient and the concentration in 
the reactor can be considered as being uniform.  
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Fig. 5.7 Supersaturation of KDP with two feeding positions with batch time of 46 min. 
 

 
Fig. 5.8 Supersaturation of KDP with two feeding positions with batch time of 137 min. 

5.2 Evaporation crystallization of indomethacin solutions 
(Publication III) 

As described in this section of the present work, Raman spectrometry was used for offline 
polymorphs and solvates analyses of indomethacin crystals obtained by evaporation 
crystallization with various solvents.   

5.2.1 Experimental section 

Evaporation crystallization experiments of indomethacin (IMC) from pure organic 
solvents such as ethanol, acetone and ethyl acetate were carried out at ambient 
temperature and pressure. The polymorphs of obtained IMC were determined offline with 
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Raman spectroscopy. Detailed description of the experimental materials and procedure is 
introduced in Publication III.  

5.2.2 Results and discussion 

It was found that the predicted evaporation rates for acetone and ethyl acetate calculated 
with a mathematic model based on Fick’s first law of diffusion and a hypothesis of one 
component mass transfer from the liquid surface through the stagnant gas phase (McCabe 
et al. 2005) agreed well with the experimental results. However, the predicted value for 
ethanol was about 36 % lower than the experimental result. Accelerated flux caused by 
the surrounding airflow might be a reason for the discrepancy since the evaporation rate 
is very sensitive to the ventilation surrounding the experimental system. 
 
Raman analysis showed that -IMC was formed for ethanol and ethyl acetate at the 
characteristic peak of 1650 cm 1 during evaporation as seen in Publication III Fig. 5. 
There is a remarkable peak at Raman shift of 1690 cm 1 for boundary layer 3 cm. Two 
characteristic peaks at wavenumber of 1650 cm 1 and 1690 cm 1 appeared for boundary 
layer 4 cm. Consequently, both  and the solvate form of IMC can be obtained from the 
evaporation process when acetone is used as a solvent (Fig. 6 in Publication III). All the 
main outcomes were shown and discussed in Publication III. 

5.3 Summary 

Raman spectroscopy could successfully monitor the precipitation process of KDP with 
acetone as the anti-solvent. The concentration of KDP could be predicted by the 
calibration model and the supersaturation of KDP could thus be determined. The results 
showed that the feeding rate of acetone had an effect on the crystal product: the higher 
the feed rate, the smaller the crystal size. However, feeding position had no obvious 
influence on the crystallization.  
 
The mathematic mass transfer model successfully predicted the flux and the evaporation 
rate of solvent during evaporation. Offline measurement by Raman spectroscopy can 
easily identify the polymorph of indomethacin. Therefore, Raman spectroscopy is a 
powerful analytical tool that can not only determine the polymorph of compound, but also 
provide real-time information, which is very important and valuable for better controlled 
crystallization processes.     
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6. Conclusions 
The present work focused on study of multi-phase phenomena and crystallization kinetics 
in various crystallization processes using advanced process analytical technology. 
Phenomena having an impact on gas-liquid reactive crystallization and related to gas-
liquid mass transfer in absorption, chemical reactions and precipitation processes were 
investigated.  The  effects  of  particles  on  absorption  mass  transfer  and  the  effects  of  
operating conditions on gas-liquid reactive crystallization were detailed and 
comprehensively analyzed. The analysis gave insights into the interactive mechanisms of 
gas-liquid-solid three phase systems and offered new ideas and references for 
development of reactive crystallization processes. Moreover, Raman spectrometry was 
successfully applied for anti-solvent precipitation and evaporation crystallization. Raman 
analysis can provide real-time information for identification and quantification of crystal 
polymorphs. A solubility expression based on Pitzer theory was derived to support the 
research of anti-solvent crystallization. Based on the theoretical and experimental 
investigations in this study, the main findings are presented as below. 
 
Firstly, the solubility of KCl in MgCl2-KCl-H2O system was theoretically studied. The 
activity coefficient and solubility of KCl at 25 °C could be predicted by iteration method. 
The solubility of KDP in the binary solvents (water + acetone), (water + ethyl acetate) 
and (water + thiourea) at (298.15-313.15) K were determined experimentally. The 
solubility data derived fills a gap in the solubility database. The results showed that the 
solubility  of  KDP  increases  with  temperature  increase  at  constant  composition  of  
solvents, and decreases with increase in concentration of non-electrolytes at constant 
temperature. The relationship of temperature T and the Pitzer parameter  refers to 
interaction between ions and non-electrolyte molecules obtained by the simplified Pitzer 
model.  The  developed  Pitzer  model  can  express  well  and  determine  accurately  the  
solubility of KDP in non-electrolyte solutions. In the present work the derived Pitzer 
model  is  valid  at  molality  of  the  non-electrolyte  below  6  mol  kg-1. This is maybe a 
limitation for the established model. In future work, more systems should be studied to 
establish in more detail the applicability and predictive capability of this model.  
 
Secondly, semi-batch precipitation of magnesium carbonate from the reaction of 
magnesium hydroxide and carbon dioxide was investigated. In the temperature range of 
25 to 62 °C and at atmospheric pressure, crystalline magnesium carbonate trihydrate with 
needle-like shape was mainly obtained as crystalline product. The mean particle size was 
approximately 20 to 25 µm. Increase in temperature and pore size of the gas sparger 
promoted the formation of larger particles. Magnesium carbonate with smaller particles 
were precipitated at higher initial slurry concentration of Mg(OH)2. The results indicate 
that there is no effect of particle size of Mg(OH)2 on the particle size distribution of final 
precipitates at low flow rate of CO2. However, there is a remarkable effect at higher CO2 
flow rate. Moreover, kinetics information such as concentration of ions in the liquid phase 
and quantity of solids in the solid phase was captured and analyzed in the studied semi-
batch reactive crystallization process. It can be concluded that mass transfer of CO2 is a 
critical factor in control of the heterogeneous system. Stirring rate had an impact on the 
dissolution rate of Mg(OH)2, but this effect also depends on other factors such as gas flow 
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rate and suspension density. A mixing rate of 650 rpm was found to be the optimal speed 
for the configuration studied.  
 
The models developed in this work on the basis of Raman spectrometry and thermal 
analysis method can determine the components in precipitated solid mixtures, which 
yields  information  on  the  dynamics  of  the  reaction  system  and  the  consumption  of  
reactant Mg(OH)2 and formation of magnesium carbonate. Furthermore, the agreement 
between these two models indicates that reaction kinetics could be monitored through 
Raman analysis of the solid phase. Inline measurements by Raman probe immersed in the 
crystallizer  can  collect  information  on  kinetic  phenomena  in  a  fast  and  simple  way.  It  
should be pointed out that inline Raman analysis seems to have great potential for wide 
utilization in crystallization process studies.   
 
The studied MgCO3 precipitation system is complicated because solid particles exist 
throughout the whole process. Therefore, nucleation, crystal growth and 
aggregation/agglomeration rates cannot be investigated easily. However, crystal size 
distribution of the final product and the collected kinetic data of concentrations in the 
mother liquor and solid phase composition allow development of a modeling approach 
where these kinetic factors of precipitation can be obtained. In practice, development of 
carbonate method has great potential value in collecting and recycling magnesium 
sources from industrial wastewaters or mineral rocks and in capturing and storing CO2. 
Several kinds of flue gases containing CO2 could be used as a reactant. Furthermore, the 
proposed carbonation precipitation process can be used to separate also other cations. 
 
Thirdly, the effect of solid particles on absorption mass transfer was investigated at 
constant temperature and gas flow. As it can be expected, mass transfer was enhanced 
with  increase  in  mixing  intensity.  No effect  on  mass  transfer  rate  was  found from the  
different sized quartz and fine calcium carbonate particles at low suspension density. 
However, kLa rose as the amount of fine calcium carbonate particles increased. The 
existence of small particles enhances renewal and movement of the interface, and hinders 
the coalescence of bubbles. Therefore, mass transfer rate becomes higher with increased 
small particle concentration. An empirical model describing the effect of solids on gas-
liquid mass transfer was derived. The major factors were mixing input, solid content and 
liquid effective viscosity, whereas particle size had a minor effect on obtained volumetric 
mass transfer coefficient values. This observation reveals that the effect of the presence 
of solids on gas-liquid mass transfer cannot be ignored, especially when small particles 
exist in the system. 
 
Finally, Raman spectrometry was successfully applied to anti-solvent precipitation of 
KDP in a mixed solvent of acetone and water. The supersaturation profiles of KDP were 
obtained by usage of a Raman immersion probe. The results showed that the feeding rate 
had a significant effect on precipitation. The feeding position, on the other hand, did not 
affect precipitation so much. Evaporation crystallization of IMC in organic solvent was 
also  studied.  Raman  spectroscopy  was  easily  able  to  identify  the  polymorph  of  
precipitated IMC. Therefore, Raman spectrometry is clearly a powerful tool to investigate 
complicated crystallization processes. Inline Raman spectroscopy can result in real-time 
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information on the concentration of solute in the liquid phase and thus the supersaturation 
degree, which is the driving force in crystallization. In addition, other useful information 
regarding solid composition and formed polymorphs is provided. Nevertheless, an 
appropriate calibration model is essential for accurate quantification by Raman 
spectroscopy.  
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Appendix A 
 

 
Fig. A1 Effect of temperature on crystal size distribution of the final product. (Fig. 2 in 

Han et al. 2014) 
 

 
Fig. A2 Effect of pore size of sparger on the particle size distribution of the final 

product. (Fig. 3 in Han et al. 2014) 
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Fig. A3 Effect of the initial slurry concentration of magnesium hydroxide on pH. (Fig. 4 

in Han et al. 2014) 
 
 

 
 
Fig. A4 Effect of initial slurry concentration of magnesium hydroxide on the particle 

size distribution of the product. (Fig. 5 in Han et al. 2014) 
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Fig. A5 Crystal size distribution of raw and milled magnesium hydroxide. (Fig. 6 in 

Han et al. 2014) 
 
 

 
Fig. A6 Effect of the initial particle size of magnesium hydroxide on the particle size 

distribution of the final product at a flow rate of 9 L/min. (Fig. 7 in Han et al. 
2014) 
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