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1. Introduction 

Different polymorphic or solvate forms of crystalline materials often show differences in 

physicochemical properties, such as, hygroscopicity, solubility, surface chemistry, stability, and 

processability [Bec01]. Selective manufacturing of desired products of polymorphs or 

solvates has been important problems in the chemical and pharmaceutical sectors for over a 

century. Thermodynamically, amorphous solids provide higher solubility and higher 

dissolution rates compared to crystalline forms. However, amorphous forms are often not 

wanted as they are not stable and can be transformed into crystalline forms during drying, 

processing, storage, or dissolution [Bab11,Pok06]. Hydrates, solvates with water can be 

described in terms of the stoichiometric ratio of water molecules to host molecules. They are 

either stoichiometric or non-stoichiometric [Tie16]. In general, amorphous and crystalline 

forms of a substance exhibit different physical properties such as compressibility, melting point, 

bioavailability and solubility, which can greatly affect the performance of the material 

thereafter [Kan15]. Therefore, it is important to control the manufacturing process to produce 

selectively the desired solid forms. Fig. 1-1 shows a classification scheme for the solid forms 

[Cui07,Ulr15,Hea17].  

Solid forms can be classified as crystalline and amorphous forms according to the order of 

molecular packing. Long-range order in crystalline forms refers to the regularity or periodicity 

in which hundreds or thousands of molecules first assemble via neighbours (short ranges) and 

then propagate over perceivable distances to form phases [Ulr15]. On the other hand, the 

amorphous form presents only short-range order in molecular packing and no long-range order. 

Short-range order here refers to the way neighboring molecules sit next to each other 

(molecular coordination). As shown in Fig. 1-1, crystalline solids can also exist in several 

subphases such as polymorphs, solvates (or hydrates) and co-crystals [Cui07,Ulr15,Hea17]. 

Because of the different arrangements of molecular packing, polymorphs have different 

crystalline lattices of the same chemical substance (at different free energy states). On the other 

hand, solvates/hydrates and co-crystals are similar in that they all consist of more than one 

chemical substances. All types of chemical substances (main substance and the other) 

participate in the short-range and long-range order of one single crystal form, and the 

stoichiometric ratios between the involved substances and their coordination in these crystal 

forms are often highly ordered. Preparing crystalline forms from amorphous materials is 

difficult due to the potential for a selective formation and transformation of different solid 

forms. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-1: Classification scheme for the solid forms [Ulr15]. 
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The physical stability of a solid phase depends on the thermodynamic conditions (temperature, 

pressure, and concentration). One solid phase has the least free energy at any given condition. 

The molecular arrangement in crystals frequently influenced by the kinetic determines the 

functionality and properties (e.g. dissolution rate, morphology and purity) of many kinds of 

materials [Kit09]. Therefore, in order to obtain highly functional products in the industrial 

sector, advanced control technology for crystallization of polymorph (or solvated) crystals is 

required. Compounds in various solid-state forms, crystalline or amorphous, offer unique 

challenges in product development and manufacturing. In many cases metastable forms are not 

adopted because they are susceptible to transformation into more thermodynamically stable 

forms [Rod99, Kim15]. 

The theoretical studies on the transformation kinetics related to dissolution and growth and the 

formation of stable and unstable forms without transformation are necessary. It should be 

possible to crystallize the pure product in the desired polymorph (or solvate). The selective 

crystallization of polymorphs (or solvates) has been investigated by only a few researchers 

[Kit09,Jin10,Kim15], and supersaturation, solvent and temperature are known to be important. 

There is, however, little theoretical framework regarding the effects of these factors. Although 

theoretical considerations of the effect of supersaturation have been proposed [Car85], the 

theory fails to explain some observations for polymorph crystallization. The effect of 

supersaturation has been described by Ostwald's law of stages [Ost97]. This explains the 

spontaneous change from a metastable form to a stable form, but lacks a theoretical basis for 

the selectivity of the crystalline form. Since supersaturation affects the metastability of the 

phase, various types of polymorphs (or solvates) can be explored therefrom.  

Previous studies on the selective manufacturing of solid forms depends on laboratory control 

of operating parameters and process analytical techniques [Her12,Mah14,Yan20,Hei12]. 

However, theoretical work on selection of solid forms is relatively rare. The screenings of solid 

form are a challenging task. The solubility of each polymorph is not the operational factor, 

however, the supersaturation of each polymorph is based on the solubility. Based on a selected 

case study of GMP (disodium guanosine 5′-monophosphate), the kinetic and thermodynamic 

properties of the selective formation and transformation from the amorphous form to the 

crystalline hydrate forms are systemically highlighted. 
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2. State of Art 

2.1 Phase Transformation 

Generally, the mechanisms of phase transformation are divided into solid state and solution 

state (Tab. 2-1). Solid state transformation can cause a polymorphic transformation, solvation/ 

and crystallization of amorphous solids during processing, storage, and preparation [Zha04]. 

Solution state transformation, as crystallization of polymorph takes place in solution, 

polymorphic transformation often occurs according to Ostwald's rule of stages [Ost97], 

whereby the metastable form is transformed into the stable form. It considers selective 

separation, co-crystal preparation, crystallization conditions, polymorph screening and 

polymorph crystallization.  

Tab. 2-1: History of phase transformations 

Year States Materials Operation method Solid form control 

2002 Solid state Caffeine Wet granulation Hydration [Jor02] 

2004 Solid state Carbamazepine 
Process-induced phase 

transition (heating) 
Anhydrate-dihydrate [Zha04] 

2006 Solid state Indomethacin Surface crystallization Amorphous formation [Wu06] 

2007 Solid state Chlorpropamide Sheer-based Polymorph [Wil06] 

2010 Solid state Astaxanthin Thermal treatment Polymorph transformation [Guo10] 

2013 Solid state Felodipine Melt quenching Amorphous formation [Kes13] 

2016 Solid state Caffeine 
Process-induced phase 

transition(compression) 

Phase transition of polymorph 

[Jub16] 

2018 Solid state Acetaminophen 
Thermal gradient 

crystallization 
Polymorph transformation [Cha18] 

2019 Solid state Chlorpropamide Sheer-based Polymorph transformation  [Tha19] 

2021 Solid state DL-methionine Milling Polymorph transformation [Shi21] 

2004 Solution Paracetamol 
Crystallization from 

liquid solutions 
Selective crystallization [Mik04] 

2007 Solution Paracetamol 
Anti-solvent 

crystallization 
Supersaturation effect [Tak12] 

2011 Solution 

Sodium-2-

ketogulonate 

monohydrate 

Anti-solvent 

crystallization 
Crystalline morphology [Sch11] 

2013 Solution  Indomethacin 
Evaporative 

crystallization 
Kinetic study on polymorph [Hel13a] 

2014 Solution 

Theophylline - 

hydroxybenzoic 

acids 

Solution crystallization Co-crystal screening [Buc14] 

2015 Solution Paracetamol 
Ultrasound assisted 

crystallization 
Polymorph crystallization [Mor15] 

2016 Solution Clopidogrel 
Anti-solvent 

crystallization 

Polymorphic transition in ionic liquid 

[An16] 

2017 Solution 
Olmesartan 

medoxomil 

Anti-solvent 

crystallization 
Amorphous crystallization [Qi17] 

2018 Solution Acetaminophen 
Evaporation 

crystallization 

Solution shearing crystallization 

[Gut18] 

2021 Solution Carbamazepine Rapid cooling Solvent effect on polymorph [Ouy21] 

2022 Solution GMP Supersaturation control Amorphous crystallization [Kim22a] 
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Especially, solution crystallization frequently occurs in chemical industrial sectors, operated in 

high supersaturation. It is very difficult to control the transformation process and to produce 

the target polymorph. Hence, it is essential to grasp which operating factors affect the 

transformation kinetics. The metastable form transforms to the stable form due to the free 

energy difference. The transformation in solution is usually based on the crystallization 

behavior in solution. It is composed of the growth of the stable form and the dissolution of the 

metastable form. Thus, the solid form is determined by the degrees of supersaturation. The 

combination of operating conditions and processing methods contributes to the selection of the 

polymorph. Therefore, it is important to consistently control the desired polymorph during the 

manufacturing process. 

2.2 Crystallization of Polymorphs  

In the crystallization of polymorphs and solvates from solutions (also, two or more component 

systems) the thermodynamic stability of each polymorph (or solvate) can be estimated through 

solubility. The crystallization process consists of transformation as well as competition of 

polymorphs (or solvates) in nucleation and crystal growth [Ulr03]. Usually, the stable form 

nucleates separately from the metastable form. However, in some cases the nucleation of the 

stable form occurs on the surface of the metastable form and epitaxial growth is observed 

[Sto05].  

Phase transformation in solution can be divided into solution-mediated and liquid-mediated 

transformation according to the conditions of solution concentration and metastable solid 

concentration. The solution-mediated operations only can transform from a metastable form to 

the stable form (Fig. 2-1). This type of transformation is driven by the difference in solubility 

between the two forms. While adding the metastable solid to the saturated solution, the solution 

concentration maintains the solubility of the metastable solid, and induces transformation of 

the metastable solid into a stable solid by controlling seeding, cooling, pH or anti-solvent, etc.. 

The concentration decreases to solubility of stable solid form. The liquid mediated phase 

transformation follows two cases of polymorph (or solvate) crystallization [Dan16]; one is that 

the metastable form nucleated first and then transformed into the stable form, the other was 

nucleation and growth of the stable form without transformation (Fig. 2-2). In this process, a 

metastable form is created in a non-equilibrium state at the metastable zone limit, and is 

transformed into a stable form after the induction period has elapsed. The process occurs 

depending on the crystallization conditions such as solvent type, temperature, concentration, 

cooling rate, and so forth. The kinetics of the transformation is determined by solubility 

difference, solid/solvent ratio, agitation, processing temperature, and seeding.  

 

 
Fig. 2-1: Processes of solution-mediated phase transformation (SMPT). 

Fig. 2-1 shows the concept of solution-mediated phase transformation process. For monotropic 

system (Fig. 2-3a), the metastable polymorph (polymorph MS) has a higher solubility than the 

stable polymorph (polymorph S). These solubilities depend on the anti-solvent fraction in anti-

solvent crystallization. When a polymorph MS solid is added in a constant anti-solvent fraction, 
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the solution reaches a concentration saturated with the polymorph MS, and the solid does not 

dissolve in the saturated solution and can be set to point A (in Fig.2-3). Slurry solution 

composed of MS solids and saturated solution dissolves MS solid and moves from point B to 

point C, generating S solid by seed, surface activation, collision, mixing, etc.. The solution at 

this point is saturated with respect to polymorph MS and supersaturated with respect to 

polymorph S. The solute concentration varies between the solubility concentrations of the two 

polymorphs, in the region from point B to point C. During the nucleation and growth of 

polymorph S crystals, the solute concentration reduces continuously to the solubility of 

polymorph S, CS
*.  

 

 

Fig. 2-2: Processes of liquid-mediated phase transformation (LMPT). 

Fig. 2-2 shows the concept of liquid-mediated phase transformation process. Fig. 2-3b shows 

the solute concentration against anti-solvent fraction for monotropic systems. Metastable zone 

width and solubility of two forms are compared in different supersaturation region. If the anti-

solvent fraction is increased from starting point of the horizontal solid line, the solution is 

supersaturated with respect to the polymorph (or solvates) MS, which is a metastable limit that 

metastable crystals may be crystallized (both nucleation and growth). Moreover, in point A at 

the end of the horizontal solid line (the solution at concentration Co), then the solution is 

supersaturated with respect to both polymorphs (or solvates), in which polymorph (or solvates) 

MS may first nucleate. The solute concentration starts to be decreased. During the nucleation 

and growth of polymorph MS crystals, the solute concentration Co reduces continuously to the 

solubility of polymorph MS, Cms
*. When the solute concentration decreases and reaches the 

metastable zone limit (point B) of the stable phase S, the metastable phase MS begins to 

transform into the stable phase S by means of dissolution and growth. The concentration 

decreases until the solubility of polymorph S.  

Tab. 2-2 shows the historical background of studies on polymorph crystallization in solution. 

Cardew [Car85] predicted the change of solute concentration by modeling the SMPT process 

using dissolution and growth kinetics. Since then, a model of phase transformation with in-situ 

measurement of solute concentration [Wan00] and solid concentration [Cai08] has been 

verified. Most of the works were focused on the study of SMPT's operating condition effects 

and polymorph screening by crystallization. Recently, the theoretical modeling of the 

transformation process has been expanded by introducing amorphous solidification and 

dissolution, and crystal nucleation and growth, and the validity of the model has been proved 

by in-situ experimental results [Kim22]. 
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(a) Liquid-mediated transformation            (b) Solution-mediated transformation 

Fig. 2-3: Comparison of liquid- and solution-mediated phase transformation using anti-

solvent addition (the red lines are operating solution lines). 

 

In cases when the solution-mediated transformation occurs, the supersaturation of each 

polymorph contributes to the determination of polymorphic form. Fig. 2-3 shows the variation 

of concentration in liquid- and solution mediated transformation. The ratio of supersaturations 

for metastable form (ms) and stable form (s) can be calculated by: 
𝑆𝑚𝑠

𝑆𝑠
=

𝐶𝑠
∗

𝐶𝑚𝑠
∗                                  (2-1) 

where S is the supersaturation ratio (C/C*) and C* the saturation concentration. 

The supersaturation ratio for solution-mediated transformation is affected by solubility 

difference of the phases, which is a thermodynamic property. 
 

Tab. 2-2: Historical background of studies on polymorph crystallization in solution 

Year Author Materials Process, idea or theory 

1985 Cardew [Car85] Copper phthalocyanine SMPT model based on dissolution and growth 

1988 Amathieu [Ama88] Gypsum Surface nucleation, dissolution rate, growth kinetic  

1992 Boistelle [Boi92] Pancreatic R-amylase 

isoenzymes 

pTransition temperature  

1996 Beckmann [Bec96] Abecarnil  Effect of temperature  

2000 Wang [Wan00] Progesterone First Raman monitoring of the SMPT  

2001 Lewiner [Lew01] aKGA monohydrate FTIR monitoring polymorph transformation 

2002 Yamanobe [Yam02] D,L-methionine Qualitative modelling of the phase transition  

2002 Jourani [Jou02] Hydroxyapatite Transformation kinetics by growth and dissolution  

2002 Davey [Dav02] Dihydroxy-2,6 benzoic acid Monitoring of the transition by optical microscopy  

2002 Garcia [Gar02] Irbesartan  In-situ monitoring by conductimetry  

2003 Veesler [Vee03] Irbesartan Dissolution controlled by the mass transfer  

2003 Ferrari [Fer03] Glycine Limiting step analysis 

2004 Ono [Ono04] L-glutamic acid  Rate limiting step area of metastable crystals 

2004 Fevotte [Fev04] SaC  In-situ near-IR spectroscopic  

2005 Hu [Hu05] Flufenamic acid Monitoring of the solute concentration  

2005 Stoica [Sto05] Steroid API Surface nucleation on metastable form 

2006 Scholl [Sch06] L-glutamic acid  In-situ monitoring using Raman, PVM, FTIR and 

FBRM probes the rate-controlling step  

2006 Qu [Qu06] Carbamazepine  Rate-controlling step on the transformation rate 

https://aiche.onlinelibrary.wiley.com/doi/full/10.1002/aic.14745#aic14745-fig-0005
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2006 Omar [Oma06] Paracetamol Interfacial energy of polymorphic forms in different 

solvents 

2007 Caillet,[Cai08] Citric acid  Simultaneous monitoring of the concentration of 

solid in suspension  

2008 Barthe [Bar08] 

 

Paracetamol 

 

In-situ monitoring of the transformation by tracking 

habit modification  

2008 Omar [Oma08] Acetaminophen Supersaturation effect on growth rate 

2009 Kelly [Kel09] Carbamazepine Effect of solvent on induction time  

2010 Guo [Guo10] Astaxanthin Polymorph screening by heat treatment  

2010 Jin [Jin10] Atorvastatin calciuum Solvate transformation 

2011 Lee [Lee11] Sulfamerazine Transformation by A Couette–Taylor crystallizer  

2012 

 

Xu [Xu12] HNIW Crystallization mechanism and supersaturation in 

transformation 

2013 Flood [Flo13] DL-methionine Dissolution, nucleation, and growth kinetics 

2014 Munroe [Mun14] Sulphathiazole Dissolution-recrystallization mechanism  

2015 Kim [Kim15] Clopidogrel Relationship between supersaturation and solubility  

2015 Seidel [Sei15] Salicylic acid First concept on liquid-mediated phase 

transformation 

2016 Dang [Dan16] Taltirelin Supersaturation effect  

2016 Hartwig [Har16] Xylitol Crystallization in solution 

2017 Wang [Wan17] Argatroban Ternary phase diagrams and rate controlling step  

2018 Guo [Guo18] Rifampicin Mathematical model with kinetics of dissolution, 

nucleation and growth   

2019 Zong [Zon19] Lansoprazole Thermodynamic and population balance models  

2020 Tang [Tan20] Tolfenamic Acid Modeled by nucleation, growth, and dissolution 

2021 Kim [Kim21] GMP Metastable limit, supersaturation and solubility 

2022 Kim [Kim22] GMP Rate-controlling step, nucleation behavior 

 

For liquid-mediated transformation:  
𝑆𝑚𝑠

𝑆𝑠
=

𝐶𝑠
∗ 𝐶𝑚𝑠

∗⁄

𝐶𝑚𝑒𝑡,𝑠 𝐶𝑚𝑒𝑡,𝑚𝑠⁄
                               (2-2) 

The supersaturation ratio for liquid-mediated transformation is affected by metastable limiting 

concentrations of the phases, which is a kinetic parameter influenced by supersaturation. 

It is reported that the polymorph (or solvate) crystallization is affected by seeds, additives, 

solvents and interfaces [Tao07, Kit09, Kit13]. However, the quantitative comparisons between 

the operating factors and polymorph (or solvate) crystallization behavior is not yet understood. 

The crystallization of polymorphs and solvated crystals consists solely of competition between 

nucleation and growth rates, and transformation from a metastable state to a stable form. The 

nucleation process is practically the most important factor for the control of polymorph (or 

solvate) crystallization. However, selective crystallization of polymorphs (or solvates) requires 

elucidation of the mechanisms of each constituent step of the crystallization process and their 

relationship to operating conditions. Therefore, the controlling factors including molecular 

structure of polymorph (or solvate) crystallization and the crystallization mechanism in systems 

consisting of various crystal solvate forms and an amorphous form should be investigated.  

According to Ostwald's rule of stages [Ost97], the solution-mediated crystallization process 

[Ngu08] frequently transforms the crystal form, allowing only a change from the metastable 

form to the stable form, making it difficult to prepare the metastable form. Therefore, it is 

important to grasp which operation factors influence the transformation. The transformation is 

caused by the difference in solubility between the two forms or various mechanisms depending 
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on the supersaturation conditions. The crystallization conditions for the production of the pure 

metastable forms can also be set according to the supersaturation conditions [Jun05]. Therefore, 

the generation of the amorphous form can also be established by this method 

[Kim15,Vau06]. When an amorphous form is suspended in a saturated solution, a 

transformation into a stable crystalline form can occur [Kim22b].  

Solvent-mediated transformation studies can use a single measurement instrument, such as 

attenuated total reflectance Fourier transformed infra-red (ATR-FTIR) [Sal98], near infra-red 

(NIR) [Bla05], Raman [Ngu15] or focused beam reflectance measurement (FBRM) [Su13,Bar 

08,Mos14], but in many cases use a combination of instruments to understand simultaneously 

complex mechanisms. To understand the hydrate formation and the transformation during 

operation, it is necessary to measure not only the solid form and concentration of the suspended 

solid state in solution, but also the change in solute concentration. Supersaturation is a non-

equilibrium parameter affecting nucleation and crystal growth kinetics [Ulr02,Oma08,Oma06]. 

Supersaturation should be calculated from the difference between solubility and actual solution 

concentration, which is measured in real time by in-line instruments. Particle number, particle 

size distribution, and particle size are needed to be measured as they provide information on 

nucleation and growth during transformation. By analyzing the formation and transformation 

kinetics of substances composed of amorphous, heptahydrates and tetrahydrates with in-situ 

measuring devices, these solid forms can be selectively prepared. Supersaturation limits for 

polymorph (or solvate) crystallization with anti-solvent are established based on 

methanol/water ratio, initial concentration, anti-solvent addition rate and temperature. 

2.3 Thermodynamics of Polymorph (or Solvate) Crystallization 

2.3.1 Thermodynamics of Phase Selection 

Solubility is an important parameter that determines the supersaturation, which is a non-

equilibrium parameter to affect the nucleation rate, crystal growth and phase transformation 

kinetics [Tak12]. Therefore, it is important to be able to measure the solubility to understand 

selection of solid forms in the crystallization process. For the selective preparation of 

compounds with various solid forms, it is necessary to know their solubility differences. 

The difference in solubility between solid forms results from differences in molecular 

configuration, or more precisely, in the balance between the attractive forces that hold solids 

together and the destructive forces that make solute molecules into solution. The solid form 

with the lowest solubility is necessarily the most stable at the temperature considered. In fact, 

the more soluble polymorph (or solvate) will eventually undergo solvent-mediated 

transformation as the system strives to reach equilibrium. It is generally recommended to 

formulate the most stable solid form to avoid transformation problems. 

Solubility data for metastable phases of substances are rarely reported. The metastable form is 

easy to be transformed into the stable form during solubility measurement. To measure the 

solubility of the metastable form, an experiment is required to reach equilibrium and ensure 

that the solid form is still the metastable form. Therefore, to determine the solubility of 

metastable forms, the concentration of the solution phase and the forms of the solid phase must 

be simultaneously measured in-line. The solubility of metastable forms is measured to reach 

equilibrium at temperature. There are many methods of measuring solute concentration, such 

as gravimetric analysis [Pin05], titration [Buc98], spectroscopy [Har09], HPLC [Wol89] or 

solution density. Solubility is a thermodynamic property, and so its true value is certainly not 

affected by the time course of a phase transformation. Measurement of the solubility of solid 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-bib-0010
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-bib-0011
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-bib-0012
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forms requires accuracy and precision to avoid problems associated with phase transformations 

in solution. The most stable polymorph always results in the lowest solubility and vice versa. 

The key for selection of solid form requires not only measuring the solubility of all forms in 

the solvent to be used, but also obtaining information on the metastable zone limit of forms 

according to supersaturation [Kim15]. 

2.3.2 Thermodynamic and Kinetic Factors of Polymorph (or Solvate) Crystallization  

Fig. 2-4 shows the thermodynamic characteristics of polymorph (or solvate) crystallization 

in the case that the stable form is formed without transformation from the supersaturated 

solution and when the metastable form is formed and transformed into the stable form [Cro10]. 

Thermodynamically, a system is driving itself to the lowest possible free energy state (GS in 

Fig. 2-4). This will correspond to the equilibrium state of the most stable polymorph (or 

solvate), form S in this example. However, the stable polymorph (or solvate) may have a higher 

activation energy (barrier to nucleation), ES, than the metastable polymorph MS. This makes 

nucleation of the metastable polymorph (or solvate) more likely as there is less of a barrier to 

overcome in doing so. Nucleation of metastable forms can be occurred even when this is not 

the thermodynamically preferred phase. This is a kinetic effect: nucleation of the metastable 

phase can occur at a faster rate because it has less of a barrier to overcome. The metastable 

form will subsequently transform to the stable form provided it has enough time to do so (ES1 

and ES2). In general, thermodynamics may be viewed to favor a stable polymorph (or solvate) 

formation and kinetics metastable polymorph (or solvate) formation. The situation can arise 

where two polymorphs (or solvates) are almost energetically equivalent and can nucleate 

simultaneously. This is a result of similar nucleation and growth rates for both polymorphs (or 

solvates), and the resulting polymorphs (or solvates) are termed “concomitant” polymorphs (or 

solvates) [Ber99]. Once a polymorph (or solvate) form is established in solution, the potential 

may exist for it to transform to a more stable form. The transformation options available to a 

polymorph (or solvate) are determined by the system being monotropic or enantiotropic. 

 

 

 

 

 

 

 

 

 

Fig. 2-4: Free energy profiles and solute concentration profiles for polymorph (or solvate) 

crystallizations with and without transformation [Cro10].  

In polymorph (or solvate) crystallization, polymorph (or solvate) S crystals nucleate and grow 

because the solution is still supersaturated with respect to polymorph (or solvate) S (Plot A). 

In the liquid-mediated phase transformation (LMPT), after the metastable polymorph (or 

solvate) MS forms first at CMS,met, a stable form S solid at SS,met where the stable form S starts 
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to form (Plot B). It grows and decreases in concentration until solubility of the form S. In SMPT, 

the solute concentration drops below the solubility of polymorph (or solvate) MS, the 

supersaturation ratio of polymorph (or solvate) S becomes SS,met, which leads to polymorph (or 

solvate) MS start dissolving (Plot C). This is the starting point for the phase transformation 

process in solution, which includes the nucleation and crystal growth of the stable polymorph 

(or solvate) S and the crystal dissolution of the metastable polymorph (or solvate) MS [Oma13, 

Wan17]. The solute concentration is still constant by the reduction of the solute concentration 

due to the growth of polymorph (or solvate) S crystals and the increment of the solute 

concentration due to the dissolution of polymorph (or solvate) MS crystals. Therefore, during 

the SMPT process, the dissolution of polymorph (or solvate) MS crystals is rapid enough to 

maintain the solute concentration Co at or close to the solubility CMS
* of polymorph (or solvate) 

MS. This concentration (or supersaturation ratio) will remain constant until polymorph (or 

solvate) MS crystals are completely dissolved. If the crystals of polymorph (or solvate) S are 

further grown, the solute concentration starts to reduce until the concentration reaches the 

solubility CS* of polymorph (or solvate) S. At this point, the whole SMPT process is complete, 

the supersaturation ratios SMS= 1 and SS < 1. This coincides with Point B in Fig. 2-3b.  

Form of the residual solid in the solubility measurement and analysis might be transformed. 

Therefore, in-situ measuring techniques are desirable, because it is difficult to monitor the 

metastable form with an off-line analysis [Zha11,Par19]. A focused beam reflectance 

measurement (FBRM) probe and a Raman spectroscope are mounted on-line to measure the 

crystal size, the number of particles, the polymorph (or solvate) difference, and the solubility, 

simultaneously. In addition, off-line measurements using thermogravimetric analysis-

differential scanning calorimetry (TGA-DSC), powder X-ray diffraction (PXRD), light 

microscopy, Raman spectroscopy, and scanning electron microscopy (SEM) can find out the 

thermal decomposition properties, structure and crystal form. 

In previous studies, the solubility had been measured by the gravimetric method, but changes 

in the crystal form during the measurement process were not analyzed [Par19,Pan15,Oma13].  

When the amorphous form is suspended in a saturated solution, a transformation to the stable 

form can occur. Thus, there can be difficulties in measuring the solubility of the unstable form. 

In anti-solvent crystallization, knowing the maximum supersaturation limit is also necessary 

for selective formation of polymorphs (or solvates). 

2.4 Phase Transitions of Metastable Phases 

Unstable (or metastable) forms arise for kinetic reasons in the unstable (or metastable) phase. 

The unstable phases may remain in a metastable state for a period. The transformation of a 

metastable phase corresponding to the minimum free energy of the system into a stable phase 

is called a phase transition. A polymorph (or solvate) does not directly proceed towards 

equilibrium, but towards the closest metastable state [Ost89]. There are many examples that 

support this rule, but there are also many exceptions. 

Fig. 2-5 shows the solubility curves of three solid phases at different anti-solvent fraction, the 

stable phase, the metastable phase, and unstable phase according to the monotropic solubility 

rule. Depending on the degree of supersaturation, the metastable zone limit at which each phase 

is formed is different at low supersaturation, the metastable zone limit is low and nucleation 

and growth of stable form occur without transformation. Since JS > JMS, it is stable phase S that 

is expected to nucleate. At middle and high supersaturations, the solution is supersaturated for 

three phases, which have the potential to nucleate. If the metastable phase nucleates before the 

stable phase according to the Oswald phase rule, this means that the kinetic factors that lead to 
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nucleation dominate the thermodynamic factors that lead to the final equilibrium. So, JS> JMS 

> JUS, which can only be described in two ways.  

 (1) the interfacial free energies among crystals of phases S, MS and US and solution are as 

follows: γS > γMS > γUS, since crystals of different phases have different surface structures (even 

if the crystal chemical composition is the same) and since the higher the solubility the lower 

the interfacial energy, the inequality on the interfacial energy is verified [Gu01,Tey08]. 

(2) the kinetic factor K0 of a stable phase is higher than the kinetic factor of metastable phase, 

K0S>K0MS> K0US, since the kinetic factor depends on the frequency factor and is thus higher 

than the unstable or metastable phase. 

There are two possibilities for phase transformation: phase S is present in the solution (appears 

simultaneously with phase MS or by heterogeneous nucleation on phase MS) and phase S 

grows at the transformation of phase MS, which will disappear, or else only crystals of phase 

MS are present but are metastable [Dav86,Oma13]. The kinetics of transformation from phases 

MS to S is limited either by the kinetics of dissolution of the unstable phase or by the kinetics 

of growth of the metastable phase [Rod99]. Stable form S may directly nucleate and grow, and 

it can reach point F through the transformation process of metastable form MS and unstable 

form US. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-5: Schematic plots of the solubility curves of three phases in anti-solvent 

crystallization, in the case of a monotropic system [Thr00]. 

 

The solubility curves of polymorphs (or solvates) are unchangeable due to a thermodynamic 

property, while their metastable zone limits are changeable, because of a kinetic property. The 

metastable zone limit depends on the degree of driving forces such as cooling, evaporation, 

and anti-solvent addition rates for cooling crystallization, evaporative crystallization, and anti-

solvent crystallization, respectively.  

Fig. 2-5 shows the schematic change of metastable zone limit with respect to supersaturation 

level. Plot A shows the case operated at low supersaturation. In this case, the stable form is 

only obtained in the nucleation point and is grown, because the other two forms are 

undersaturated. Thus, it is not possible to be transformed from the metastable form. However, 

as shown in Plot B, at a middle supersaturation, metastable form nucleates first, and then is 

transformed into a stable form. As shown in Plot C, at a very high supersaturation, unstable 

F 
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form (like amorphous form) is formed and grown or transformed. The amorphous form can be 

transformed into a more stable form if the operation line passes through the metastable limits 

of stable form. In fact, to procure the amorphous form a very high supersaturation is necessary. 

This supports that the amorphous form was obtained by high-supersaturation techniques such 

as spray drying, rapid cooling and quenching [Vau06,Kim15,Yu14,Ryu12]. Finally, it is 

important to note that polymorph (or solvate) formation and phase transformation are 

associated with nucleation, growth, and dissolution processes. Therefore, the parameters 

affecting the kinetics of phase transformation are considered such as temperature, 

supersaturation, material, mixing, and solid property. 

2.5 Kinetics of Solution- and Liquid-Mediated Phase Transformation 

The basic phenomena involved in polymorph (or solvate) crystallization have already been 

described; a) primary nucleation of the more stable solid phase or the metastable phase, b) 

dissolution of the metastable solid phase, c) and growth of the more stable solid by mass 

transfer of solute in the solution. The phase transformation that accompanies polymorph (or 

solvate) crystallization includes solution-mediated and liquid-mediated transformation. 

These three mechanisms can be activated. Therefore, nucleation of a stable polymorph (or 

solvate) or its seeding causes a phase transformation during crystallization. Primary nucleation 

may occur on the surface of a substrate such as a homologous impurity or crystals of the 

metastable polymorph [Cro10]. Many authors have reported the heterogeneous nucleation on 

the faces of a metastable phase during the crystallization [Man09,Sto05]. Once nucleation starts, 

the growth of the stable phase induces a decrease in solution concentration.  

When this concentration falls below the solubility of the metastable polymorph (or solvate), it 

dissolves, thereby accelerating the growth of the more stable polymorph (or solvate). These 

dissolution and growth processes are often revealed by concentrations lying between the 

solubilities of the two forms (Fig. 2-6). The location of this plateau is due to competition 

between dissolution and growth kinetics. 

In the case of LMPT, the MS form is generated and grown up to CS,met in the A-B section, and 

the MS form is transformed in the B-C section CS,met, and the S form is generated and grown, 

so that the supersaturation consumption is greatly reduced and reaches CS
*. In the case of SMPT, 

it is in equilibrium with MS solid and solution CMS
*, and MS solid dissolves and transforms, 

and the solution grows S form by the change of supersaturation between solubilities, CMS
* and 

CS
*. 

When solute consumption by growth is slower than solute production by dissolution, the 

plateau is located near the solubility of the metastable polymorph (or solvate). Therefore, the 

growth mechanism of the stable polymorph (or solvate) is the rate-controlling step. When 

supersaturation dominates the growth rate and the rate of dissolution is slower, the 

concentration plateau is just above the solubility of the stable polymorph (or solvate). The 

dissolution mechanism of the metastable phase is the rate controlling step. 

Normally, the solid concentration in industrial conditions is high. The presence of larger solid 

surfaces and/or increased interparticle collisions can activate the occurrence of secondary 

nucleation mechanisms of stable phases in suspension. This may be due to a surface contact 

mechanism [Kim21]. Thus, when their existence is favored by operating conditions, secondary 

mechanisms must be taken into account in addition to primary nucleation, dissolution, and 

growth mechanisms For example, increasing the number of stable forms promotes SMTP. Due 

to secondary nucleation associated with transformation, the concentration plateau no longer 

exists. To generate different supersaturation levels with a given solvent, crystallization 
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experiments are performed using different techniques (cooling, evaporation, anti-solvent, or 

drowning out) and varying, in each case, the operating conditions (cooling or evaporation rate, 

flow-rate of the added anti-solvent). Crystallization operated at high supersaturations can 

produce mixtures of various polymorphs (or solvates) or amorphous forms. These unstable 

forms, held in suspension, are eventually transformed into the most stable polymorphs (or 

solvates). To determine the different polymorphs (or solvates), the suspension must be filtered 

very quickly or an in-situ measuring instrument must be used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-6: Limit profile of concentration against time during a phase transition in solution-

mediated and liquid-mediated transformation, Cmet, Cms* and Cs* are the metastable 

concentration and solubilities of the two phases [Car85,Wan18,Kim22b]. 

 

In the biochemical industry, an anti-solvent addition mode is frequently utilized in 

crystallization processes. The anti-solvent crystallization is a technique employed in liquid-

mediated phase transformation that is influenced by the concentration, solvent, temperature, 

anti-solvent composition, and anti-solvent addition rate, which affects supersaturation [Sei15].  

2.6 Supersaturation and Nucleation 

2.6.1 Supersaturation and Metastable Zone Limit 

Knowledge of the driving forces of crystallization is essential not only to determine the 

kinetics but also to relate them to the parameters that control crystallization. The number of 

molecules required to form a critical nucleation cluster is inversely proportional to the degree 

of supersaturation. Therefore, as the supersaturation is increased, the probability of nucleation 

increases. However, nucleation is energetically more demanding than crystal growth, and there 

is a supersaturated region where crystal growth proceeds while nucleation is suppressed. 

[Mul93,Mer01]. 

A frequently used definition for the supersaturation of phase i is : 

𝑆𝑖 =
𝐶

𝐶𝑖
∗                                   (2-8) 
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Supersaturation may be created by various methods that regulate the solute activity 

(concentration) or activity product. These include (a) removal of the solvent (evaporation or 

freezing), (b) addition of a salt unrelated to the ions participating in precipitation, and (c) 

dissolution of the metastable solid phase. Supersaturation can also be created by controlling 

solute solubility, such as changing temperature, changing pH, or adding anti-solvents that 

reduce solute solubility. 

 

 

 

 

 

 

Fig. 2-7: Solubility, supersolubility and metastable zone of solid forms [Thr00,Ulr04, 

Tit03,Reu06,Kim15]. 

The solubility-temperature (or solvent fraction) diagram shown in Fig. 2-7 illustrates the 

conditions under which a cooling (or anti-solvent) crystallization is feasible. The metastable 

zone limit of the three phases with a small difference in solubility shows a large difference 

according to the degree of supersaturation. As shown in Fig. 2-7, the solubility and metastable 

zone limit of phases US, MS and S are compared. Therefore, it is essential to understand the 

metastable zone width, which is a kinetic property, for the nucleation, growth and 

transformation of a phase in the course of phase formation. Theoretically, supersaturation at a 

level can cause nucleation in solution. However, primary (homogeneous) nucleation from 

solution does not spontaneously occur usually until the supersaturation exceeds a certain 

threshold. The metastable limit is represented by the supersolubility curve. In the region 

between the solubility and supersolubility curves (i.e. the metastable zone), heterogeneous 

nucleation on surfaces or at interfaces of crystals (secondary nucleation), impurities or even 

dust particles can occur. A certain supersaturation needs to be maintained in the metastable 

zone for a crystallization to be controlled [Lu05]. 

When designing a crystallization process for a polymorphic system, the solubility curve of each 

crystal form must be considered. Solubility-temperature diagrams that illustrate the challenges 

encountered in selectively crystallizing monotropic polymorph (or solvate) pairs are shown in 

Fig. 2-7. It guides the formation and transformation according to the metastable region for each 

shape. Information in this metastable region is the key data for selective shape control. 

The production of the most stable form of polymorph (or solvate) can only be guaranteed a 

priori if the solution can be supersaturated for a single polymorph (which is necessarily the 

most stable one) throughout the crystallization process. 
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2.6.2 Nucleation 

Nucleation phenomena are equally important in the control of micromeritic properties and 

in the selective crystallization of a particular polymorph. Nucleation mechanisms can be 

divided into two main categories: homogeneous and surface or interface catalyzed [Mul93, 

Mes01].  

Let us consider a pair of polymorphs, one stable (ST) and another one metastable (MS). The 

classical nucleation theory can help us to predict which polymorph crystallizes first as a 

function of the experimental conditions [Oma06,Ulr03]. It describes the nucleation rate as: 

𝐽 = 𝐴 𝑒𝑥𝑝 (
−∆𝐺𝑐

∗

𝑅𝑇
)                                (2-9) 

where ΔGc
* is the critical nucleation free energy, A is a pre-exponential constant, T is the 

temperature (in Kelvin), and R is the ideal gas constant. So, the polymorph that will nucleate 

first is the one with the highest nucleation rate or, in other words, the one with the lowest 

critical nucleation free energy. The critical nucleation free energy is calculated as: 

∆𝐺𝑐
∗ =

16𝜋𝑁𝐴𝛾3𝑣𝑚
2

3𝑘2𝑇2𝑙𝑛2𝑆
                              (2-10) 

where γ is the interfacial energy, Na is Avogadro’s number,  is the Boltzmann constant, vm is 

the molar volume, and S is the supersaturation ratio.  

By combining eqs. 2-9 and 2-10, the expression for the nucleation rate becomes: 

𝐽 = 𝐴 𝑒𝑥𝑝 (−
16𝜋𝑁𝐴𝛾3𝑣𝑚

2

3𝑘2𝑇2𝑙𝑛2𝑆
)                           (2-11) 

Depending on the model used for describing the kinetics association [Kas95,Mer01], different 

expressions of the pre-exponential factor are available in the literature. Generally, this factor 

depends on a collision frequency between molecules (which can be related to solubility), the 

solid–liquid surface energy, and the energy barrier for diffusion of molecules from the solution 

to the crystal. The pre-exponential factor A in eq. 2-11 is expressed as [Kim01]:  

𝐴 =
3

2
𝐷𝑑𝑚

2(𝐶𝑁𝑎)7/3 (
𝛾𝑑𝑚

2

𝑘𝑇
)

1/2

                    (2-12) 

where D is the diffusion coefficient of the solute in the solvent, dm is the molecular diameter 

of the molecule, and C is the solution concentration. 

So, for a pair of polymorphs: 

∆𝐺𝑐,𝑀𝑆
∗

∆𝐺𝑐,𝑆𝑇
∗ = (

𝛾𝑀𝑆

𝛾𝑆𝑇
)

3 𝑙𝑛2𝑆𝑆𝑇

𝑙𝑛2𝑆𝑀𝑆
                         (2-13) 

where the subscripts “ST” and “MS” refer to the stable and metastable polymorphs, respectively. 

The supersaturation ratio is defined with respect to the stable polymorph as 

𝑆𝑆𝑇 =
𝐶

𝐶𝑆𝑇
∗                                 (2-14) 

𝑆𝑀𝑆 = 𝑆𝑆𝑇
𝐶𝑆𝑇

∗

𝐶𝑀𝑆
∗                              (2-15) 

where C is the concentration and C* is the solubility. Hence, from combination of eqs. 2-13, 2-
14 and 2-15: 

https://pubs.acs.org/doi/full/10.1021/cg0609320#eq3
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∆𝐺𝑐,𝑀𝑆
∗

∆𝐺𝑐,𝑆𝑇
∗ = (

𝛾𝑀𝑆

𝛾𝑆𝑇
)

3 ln2 𝑆𝑆𝑇

ln 𝑆𝑆𝑇−ln(
𝐶𝑀𝑆

∗

𝐶𝑆𝑇
∗ )

                      (2-16) 

The equilibrium solubility ratio, CMS
*/CST

*, and the interfacial energy ratio, γST /γMS, are 

specific for each pair of polymorphs, so the supersaturation will define which polymorph has 

the lowest critical nucleation free energy and therefore will nucleate first. If the supersaturation 

is lower, then ΔGC,ST
* < ΔGC,MS

* and the stable polymorph should nucleate first. On the other 

hand, if the supersaturation is higher, then ΔGC,ST
* < ΔGC,MS

* and the metastable polymorph 

should nucleate first. 

However, even though some supersaturation conditions promote the nucleation of the 

metastable polymorph, it will hardly remain in contact with the solution without transforming 

into the stable polymorph. Ostwald [Ost97] proposed that the less stable polymorphs quickly 

redissolve and the solute may be renucleated as the more stable polymorph as the crystallization 

system moves from the original high-energy state through a transition state to the equilibrium 

with minimal loss of free energy. This low-energy route of transition between polymorphs 

occurs because the molecules of solute have torsional, rotational, and translational degrees of 

freedom and can rearrange and recrystallize to decrease the overall free energy of the system 

(Fig. 2-8). Therefore, metastable polymorphs should be isolated after their formation to avoid 

solvent-mediated polymorphic transformations.  
Since forms MS and US exhibit better properties for drug formulation and performance than 

form S, several research groups (e.g. Babu [Bab11], Kanajia [Kan15] and Vaughn [Vau06]) 

have been developing a variety of methods to selectively crystallize and separate these 

polymorphs. A comprehensive study of these methods is necessary. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-8: Gibbs free energy states of solid forms illustrating the Ostwald’s rule of stages. 

ΔG is the change in free energy (expressed by Ostwald’s rule) [Ost97]. 

 

2.7 Transformation Kinetics by Dissolution and Growth 

Transformations in solution occur much faster than solid state transformations because it 

requires a large activation energy due to the kinetic resistance to the transformation in the solid 

state. This energy is associated with the nucleation and the growth of new forms, which occur 

through molecular diffusion and conformational changes at the contact interface formed 

between two phases. On the other hand, recrystallization of the more stable form at the expense 

of the less stable form through melting, dissolving, or interfacial phenomena can reduce the 

total activation energy for the polymorphic transformation compared to that for a solid state 

transformation. 

javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/acs.oprd.9b00322#fig6
https://pubs.acs.org/doi/full/10.1021/acs.oprd.9b00322#fig6
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Fig. 2-9 illustrates the process of amorphous-crystalline transformation. Crystalline phase 

grows from the interfacial layer saturated with amorphous phase. Because of the dissolution of 

amorphous and growth of crystalline form, there is a concentration profile across the interfacial 

layer. The solution-mediated mechanism for driving force of transformation is illustrated in 

Fig. 2-9a. For a given slurry temperature, both forms can exist either through seeded mode or 

supersaturation generation. In such a case, a solid−liquid boundary around both forms MS and 

S develops where each polymorph exerts its equilibrium solubility. As a result of the solubility 

difference, a concentration gradient develops across the liquid phase that leads to dissolution 

of form MS together with a simultaneous growth of form S. This solubility difference depends 

on temperature or anti-solvent fraction and becomes the driving force for transformation 

kinetics. 

The liquid-mediated mechanism for the interconversion design is shown in Fig. 2-9b. After the 

generation of the MS at a given temperature, the slurry concentration and the liquid 

concentration are established and both forms can be present after the seeding or induction 

period. In this case, a solid-liquid boundary around the two forms MS and ST arises, taking 

into account the equilibrium solubility and metastable zone limits of each polymorph. As a 

result of the solubility differences and metastable zone limits of MS and ST, a concentration 

gradient occurs across the liquid phase leading to dissolution of form MS with growth of form 

ST. This difference in the limits of the metastable region depends on the degree of 

supersaturation or kinetic properties and is the driving force of the transformation kinetics. 

A dissolution-crystallization model to explain transformation process was described first by 

Jakubiak [Jak16]. During transformation process, there are two steps: dissolution of solid phase, 

crystallization (nucleation and growth) of the stable phase. These processes allow us to present 

the kinetics of polymorphic transformations in solution. During crystal growth, individual 

molecules gradually accumulate into already existing particles. So, crystal growth rate is 

related to solution concentration and the amount of solid-state substance. The nucleation which 

is a process of an aggregate out of the dissolved compound can be supposed to be an encounter 

of many solute molecules. Additionally, the dissolution occurs during transformation and 

affects growth. 
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Fig. 2-9: Driving forces of (a) Solution-mediated phase transformation and (b) liquid-

mediated phase transformation. 
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The transformation in solution is usually the most important process in polymorph 

crystallization. It is composed of the growth of the stable form (s) and the dissolution of the 

metastable form (ms). The growth (or dissolution) kinetics can be expressed as a function of 

supersaturation (or undersaturation) for each set of conditions by diffusion controlled 

model [Jib02,Wan17,Sot19]. 

 

𝐺𝑖 =
𝑑𝑚𝑠

𝑑𝑡
= 𝑘𝐺(𝐶 − 𝐶𝑠

∗)                         (2-17) 

D𝑖 = −
𝑑𝑚𝑚𝑠

𝑑𝑡
= 𝑘𝐷(𝐶𝑚𝑠

∗ − 𝐶)                     (2-18) 

Where kG and kD are rate constants of the growth and dissolution, Cs and Cms are solubilities of 

stable and metastable forms. Such relationship was applied to the change of mass of each form 

was measured in the transformation process. 

The relationship between solution concentration and the amount of solid can be explained as 

follows: 
𝑑𝐶

𝑑𝑡
= 𝐺𝑖 − 𝐷𝑖                       (2-19) 

where Di stands for dissolution rate of the metastable form; Gi represents the crystal growth 

rate of the stable form; C is the solution concentration. 

Models that explain the concentration-time profiles during a solution-mediated transformation 

have been developed [Car85]. Several studies have highlighted the importance of phase-

transformation kinetics and the implications of their processes [Sot19,Zhu19,Tak16]. There are 

at least two mechanisms that control the transformation rates: either the growth-controlled 

process (growth of the stable form) or the dissolution-controlled process (dissolution of the 

metastable form) [Das10,Lok13,Jak16,Pan18]. When the metastable phase is formed first, the 

transformation of the metastable phase into the stable phase follows. Kinetic studies of 

transformation into an amorphous crystalline form are rarely reported, and the kinetic and rate-

controlling steps of phase transformation of GMP are not reported at all, especially, for various 

different operating conditions. It is necessary to identify the rate-controlling processes, analyze 

mechanisms of dissolution and growth using various rate equation models, and determine how 

operating conditions affect the kinetics and mechanisms of the transformation. Dissolution and 

growth kinetics should be studied using zero-order, first-order, and surface reaction equations. 

In addition, factors influencing the transformation are also investigated. 

The first study on the kinetics of solution-mediated phase transformation has been carried out 

by direct microscopic observation and was first given a quantitative analysis in 1985 by Cardew 

and Davey [Car85]. In their analysis, it was demonstrated that the kinetics of such a process is 

dominated by the relative growth and dissolution rate constants for the transformation. For this 

reason, physical information may only be derived through the measurement of the solution 

composition with time [Dav86]. Since 1985, several kinetic studies have been reported [Kit93, 

Wan17,Tur18,Tan20], and the analysis of this kinetic equation has followed. 
 Transformation analysis needs dynamic information using real-time and in-situ monitoring 

[Sal98,Bla05,Hel13b,Hel15]. Several in-situ analytical techniques such as IR spectroscopy 

[Bla05] and Raman spectroscopy [Ngu15,Su13,Kim22] have been applied to study systems 

undergoing phase transformations. When the metastable phase is formed first, the 

transformation of the metastable phase into the stable phase follows. Kinetic studies of 

transformation into an amorphous crystalline form are rarely reported, and the kinetic and rate-

controlling steps of phase transformation of GMP are not reported at all, especially, for various 

different operating conditions.  
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2.8 Substance Investigated 

Disodium guanosine 5′-monophosphate (GMP) is a component used in manufacturing of 

RNAs, as well as pharmaceutical intermediates and food additives. GMP is synthesized by 

fermentation and then purified by crystallizing the fermentation broth. Crystallization serves 

to control product qualities, such as the hydrate form and the purity. From thermal and PXRD 

analyses, GMP is known to crystallize both as the tetrahydrate and the heptahydrate form 

[Kam67]. However, due to the difficulty of crystallization caused by gel formation through 

tetramer stacking, only the crystal structure of the heptahydrate has been reported. 

Determination of the crystal structure of the tetrahydrate, and a powder X-ray diffraction 

analysis of the transformation into an anhydride through three intermediate phases were 

reported [Bar82,Kat80]. The crystal structure of the tetrahydrate was disclosed with 

intermediate phases [Tsu18]. An understanding of the selective crystallization of GMP hydrates 

requires solubility and supersaturation limits, and these have rarely been reported for the 

tetrahydrate, heptahydrate, and the amorphous solid [Che18,Zou17,Lie11]. 

GMP exists in several hydrate forms and one amorphous form [Zim76,Kat80]. The chemical 

structures of tetrahydrate and heptahydrate GMPs are shown in Fig. 2-10. In order to 

understand transformation of the hydrate forms in solution crystallization, it is necessary to 

grasp the effect of supersaturation according to the crystallization conditions. In addition, 

previous studies on GMP crystallization have mainly focused on the transformation of 

heptahydrate and amorphous forms [Zou15,Zou16]. Several papers have reported 

crystallization of GMP with variables, such as solvent, temperature, and pH 

[Zou17,Zha11]. However, studies on the relationship between supersaturation and the solid 

form, and the selective crystallization of tetrahydrate GMP are lacking. In GMP manufacturing, 

the analysis of the mechanisms of transformation between hydrate and amorphous states and 

between hydrate states is required. In addition, conditions must be established for the growth 

of the amorphous and the hydrates without transformation. Because physical properties of 

GMP depend on the solid forms, the solubility, supersaturation, induction times, nucleation, 

and growth rates are different in the crystallization process. Formation of the amorphous form 

requires just a supersaturation of the solution, whereas transformation into the crystalline form 

needs nucleation of the crystalline state from the amorphous state in solution. Although many 

cases of amorphous-to-crystalline transformation have been reported 

[Zou17,Qi17,Gre10,Kes13,Hea17], the kinetics of transformation and crystallization, and 

metastable zone limit of amorphous and heptahydrate solids for their selective formation has 

almost never been monitored, discussed, and reported in detail. 

In the field of crystal engineering, variation in the number of crystal water molecules is known 

to affect the stability, dissolution rate and solubility. Examination of the transitions between 

hydrate and amorphous phases is therefore of particular interest, and control of the hydration 

degree is of importance in the fine chemical industry.  
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Fig. 2-10: Structure of GMP. 

 

 

 

 

 

Fig. 2-11: Crystal structures of (a) tetrahydrate, (b) heptahydrate and (c) trihydrate 

and (d) amorphous [Bar82,Kat80,Zou17].  
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Among the various GMP salts found, the disodium salt of GMP is known to crystallize as the 

tetrahydrate and the heptahydrate [Kam67].  

The crystal and molecular structures of the tetrahydrate, heptahydrate, trihydrate and 

amorphous are shown in Fig. 2-11. As shown in Figs. 2-11(a) and 2-11(b), the crystal packing 

of the tetrahydrate differs significantly from that of the heptahydrate. In the tetrahydrate, bases 

are unstacked in the molecular layers and sodium ions that bridge neighboring molecules play 

an important role in sustaining the layer structure. An expected example of amorphous product 

has a disordered structure with crystal water. 

Few studies have focused on the transformation and selective crystallization of GMP, although 

the crystallographic and solubility data for GMP have been reported previously [Zou16,Zou17]. 

Studies of the as-yet-unreported metastable zone, the induction time, and the dissolution, the 

primary nucleation and growth mechanisms of GMP are necessary for its quality control. 

Understanding its polymorphic transformation will improve the quality of the final product and 

facilitate the scale up process. When improper processing conditions are used, the amorphous 

form is easily obtained, which is undesirable since it prolongs the operation time and lowers 

the product quality. The transformation of GMP in mixed solvent of methanol–water has been 

studied [Ngu11]. However, the mechanisms and kinetics of phase transformation were not 

investigated. Then, the next question is how to transform the amorphous form into a specific 

crystal form, such as certain metastable forms that sometimes have strong pharmaceutical 

effects.  
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3. Motivation and Aim of Thesis 

3.1 Motivation 

Solution crystallization is the most used purification technique for high purity production in 

the fine chemicals industry [Ulr03]. It offers many advantages over other unit operations 

because it is simple, economical and energy efficient. In practice, most pharmaceutical 

manufacturing processes involve a series of crystallization processes, and product quality is 

often related to final crystal morphology (e.g. crystal habit, shape and size distribution). 

However, the crystallization process of polymorphs is still poorly understood, as it involves 

many complex mechanisms (e.g., dissolution, aggregation, fragmentation, dispersion, etc.) in 

addition to the main mechanisms (i.e., nucleation and growth). This presents a challenge to 

selective control of the desired polymorph. 

In the chemical, pharmaceutical, and food industries, all substances may exist in both 

amorphous and crystalline forms [Bec01,Hea17,Sha06]. In the process of preparing 

compounds that exist in various solid forms, either crystalline or amorphous forms, the 

selective production of a solid form is of interest [Ulr03,Bec01]. Thermodynamically, 

amorphous solids provide higher solubility compared to crystalline forms. However, 

amorphous forms are often not wanted as they are not stable. They can transform during drying, 

processing, storage, or dissolution [Bab11,Var06,Kan15]. Intentional manufacturing of the 

amorphous form requires very high supersaturation. The amorphous form is prepared by high 

supersaturation techniques like spray drying, rapid cooling, supercritical fluids, etc. 

[Bro92,Bru95,Cri91,Lim13]. Since industrial crystallization favors high yields and high 

production rates, it operates at high supersaturation, so the formation of an amorphous form is 

inevitable. In crystallization of polymorphs or solvates operated with high supersaturation in 

solution, three stages are expected [Her12,Mah14,Kim15,Qi17]: generation of the amorphous 

form, dissolution of the amorphous form, and nucleation and growth of the crystalline form. 

Since each step can be the rate-determining step, it is necessary to understand which step 

governs the kinetics of the process. From this point of view, understanding the kinetics of 

transformation from the amorphous form to the crystalline form is necessary for producing 

selectively the desired solid forms. According to Ostwald's rule of stages [Ost97], a solution 

crystallization [Ngu08] frequently transforms the crystalline forms and only allows changes 

from metastable forms to stable forms, making it difficult to prepare metastable forms. 

Therefore, it is important to grasp which operation factors influence the transformation. The 

first study on the kinetics of solution-mediated phase transformation has been performed by 

observation of microscopic data, and quantitative analysis was first provided by Cardew and 

Davey in 1985 [Car85]. Several kinetic studies have been reported since then, followed by 

analysis of kinetic equations [Kit93,Wan17,Tur18,Tan20]. On the other hand, liquid-mediated 

phase transformation occurs in non-equilibrium operations performed at high supersaturation. 

Compared to SMPT (solution-mediated phase transformation), studies on LMPT (liquid-

mediated phase transformation) are very rare. Kinetic studies of transformation from 

amorphous to crystalline forms are rarely reported, and so are the kinetic and rate-controlling 

steps of phase transformation. 

The variations in physical properties of solid products make polymorphism an important issue 

for the food, specialty chemical and pharmaceutical industries, where products are specified 

not only by the chemical composition, but also by their performance [Ulr02,Ulr03]. As a result, 

controlling polymorphism to ensure consistent production of the desired polymorph is very 

crucial in those industries, including drug manufacturing industry. Encouraged by the 

importance of polymorphism in pharmaceutical industries, this study investigates the 
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modelling and control of solvate crystallization and phase transformation of GMP as a case 

study, which consists of amorphous form and three crystalline hydrates. 

3.2 Aim of Thesis  

Due to the hard-to-predict nature of amorphous to crystalline transformation, the control of 

solid design remains challenging in functional solid manufacturing. In this work, the main 

objective is to systematically study the selective production of the solid forms including 

amorphous and crystalline solids in crystallization processes based on the study of 

thermodynamic properties, supersaturation effect, metastable limit, phase transformation 

kinetics, polymorph formation and process analytic techniques. This study should be conducted 

as a case study for the material GMP, because it is necessary to selectively form various solid 

forms of amorphous and crystalline forms. Difficulties in product quality control due to various 

formation routes and phase transformation processes during the process have been proven.  

The detailed objectives of this thesis are:  

1. Study the thermodynamic properties that are fundamental information for the solvate (or 

polymorph forming) crystallization process modeling and control and the supersaturation 

to control the crystallization of solid forms.  

2. Study solubility of amorphous form and crystalline hydrates using in-situ Raman 

spectroscopy with calibration plots and the effects of the temperature and the solvent 

fraction on the solubility of solid forms. 

3. Develop a simple analytical method to quantitatively measure the solution concentration 

and slurry density to implement the in-situ monitoring of the solvate crystallization process.  

4. Interpret various patterns of kinetics of liquid-mediated phase transformation including 

amorphous formation and transformation to crystalline phase. 

5. Study the controlling steps in the transformation of amorphous-to-hydrate solids and 

hydrate-to-hydrate crystals. 

6. Study the impact of transformation kinetics of amorphous-crystalline system on the solvate 

outcome, and provide a general approach to determine the optimal crystallization operation 

to prepare the desired solid forms.   

7. Design a selective solvate manufacturing method by understanding the supersaturation and 

metastable zone limits for the formation of each solid phases of substance. 

8. Study the formation of the amorphous form, transformation of the amorphous form, and 

the nucleation of the crystalline heptahydrate of GMP in a methanol–water solvent.  

9. Study a clear understanding of the phase transformation kinetics of GMP and an important 

information to control the manufacturing process of crystalline hydrate products. 

10. Develop a good understanding of the kinetics of phase transformation and offers critical 

information controlling the manufacturing processes of hydrate products.  

11. Study dissolution and growth kinetics, and rate-controlling step in transformation of 

amorphous state to crystalline state using anti-solvent crystallization. 

12. Study the impacts of operating conditions on the product properties in anti-solvent 

crystallization, and offer general guidance for designing a crystallization process. 

. 
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4. Materials and Methods 

4.1 Materials 

4.1.1 Raw Materials and Solvents 

GMP was supplied by Wako Pure Chemical Industries with a purity of 99.9 wt %. In this 

study, the heptahydrate GMP used was prepared by recrystallization by adding methanol to the 

GMP solution dissolved in water at 20 °C. Methanol was of analytical grade and purchased 

from Aldrich, USA. Distilled water was used. 

4.1.2 Preparation of Amorphous GMP 

An amorphous form was produced by anti-solvent crystallization using water and methanol. 

After 25 g of the hydrate crystals was dissolved in 100 g water at 20 °C, the solution was 

supersaturated by adding 50 g methanol for 10 s. During the experiments, the Raman peaks 

were recorded at intervals of 5 s to monitor the amorphous form. Before transformation, the 

solids were separated by using a solid-liquid separator with a glass filter, washed with methanol, 

and dried at 30 °C for 2 h. PXRD and Raman spectroscopy were used to confirm the hydrate 

forms of the product. The purity of the prepared amorphous form was above 0.95 in the mass 

fraction from the Raman peak. 

4.1.3 Preparation of Tetrahydrate and Heptahydrate  

Tetrahydrate crystal was obtained under the conditions of 15wt% solute concentration and 

70 wt% methanol/30 wt% water at 50 °C. Heptahydrate crystals were prepared by anti-solvent 

crystallization at 10 wt% solute concentration, 50 wt% methanol + 50 wt% water and 30 °C. 

Raman spectroscopy was used to monitor the hydrate forms in situ at intervals of 5 s. The 

crystals were separated by using a solid-liquid separator with a glass filter and dried at 30 °C 

for 2 h. It was confirmed that the hydrate crystals were not transformed during drying. XRD 

and Raman spectroscopy were used to confirm the solvate form of the product. The purity of 

the prepared hydrate was above 0.99 in the mass fraction from the Raman peak. 

4.2 Methods 

4.2.1 Solubility Measurement Method 

The gravimetric method was used to measure the solubility. During the measurement of the 

solvate solubility, the crystalline form of the residual solid can undergo transformation. A phase 

transition of the metastable form in the solution phase may occur during the solubility 

measurement process [Par19,Qu06]. The solubility of the metastable form cannot be measured 

by an off-line method. Therefore, an on-line measurement is desirable since it is impossible to 

monitor the transformation of the crystalline form during off-line analysis. 

The measuring device consists of a FBRM probe (Mettler-Toledo, Switzerland) and a Raman 

spectrometer (Kaiser Optical Systems, Ann Arbor MI, USA), which are in-situ measuring 

instruments. In-situ Raman measurements of the solid solvate concentration and the solution 

concentration were used to measure simultaneously the solubility, the solid concentration, and 

a potential change in the solvate of GMP with elapsed time. The equilibrium point was finally 

obtained. At the same time, the solvate of the residual solid was measured in situ. The GMP 

solids, solution, and solvent have characteristic Raman spectra, from which the Raman spectra 

of the solution that did not overlap with others were selected to develop the calibration curve 
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for the solution concentration. 

The setup of the solubility measurement apparatus is shown in Fig. 4-1. It consists of a Raman 

spectrometer and a FBRM probe, used in conjunction with a temperature controller (±0.1 K) 

in a jacketed vessel. The double-jacket glass was connected with a thermostat (RAUDA, K-

4/R) with an accuracy of 0.1 K and kept at a constant temperature. The vessel was equipped 

with a magnetic driver and condenser to prevent any vapor leakage. In-situ measurements of 

the solid and solution concentrations were used to obtain the solubility measurements. In the 

in-situ Raman method, it is necessary to search for the point of equilibrium under isothermal 

conditions, where the concentration is varied for different conditions. Linear relationships 

between the concentration of the solution and the Raman intensity were used to measure the 

solubility of the GMP in binary solvent mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-1: Setup of the experimental apparatus. 

Solute was added step by step until saturation was reached. Then, an additional 5–10 g of extra 

solute was added per 100 g of saturated solution. The solubility of the solute at a given 

temperature was calculated from the weight of the dissolved solute in the solvent. The 

temperature was set in the range from 20 to 60 °C. Off-line analysis of the final sample was 

carried out with an in-situ measurement. After 48 h, the remaining solid was filtered and 

weighed, and the concentration calculated as gram of dissolved solute per gram of solvent. The 

off-line data were confirmed by the Raman data. Unstable forms such as the amorphous form 

changed easily into a stable form during the solubility measurement. Some of the experiments 

were conducted in triplicate to check the reproducibility. The solubility for a given temperature 

https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0001
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was reproducible within 0.001 g of solute per 100 g of solution. The off-line measurements 

were performed twice and compared with the in-line measurement result. Thus, the accuracy 

for the solubility measurement was in the range of 99.9–99.99 %. 

4.2.2 Crystallization Method 

The experimental setup consisted of a 400 mL double jacketed crystallizer, 3-blade propeller 

mechanical stirrer, Raman system, FBRM, PVM, thermostat, vacuum filter, and drying 

equipment (Fig. 4-2). A stirring speed of 400 rpm, which was sufficient to keep the solid in 

suspension, was used. The temperature of the crystallizer was controlled by a heating and 

refrigeration circulator (Jeio Tech, HTRC-30) with a programmable controller. 

 

Fig. 4-2: Anti-solvent crystallization equipment. 

Experiments were performed in batch crystallization mode. After dissolving the GMP crystals 

in a solvent (water) at 10 K higher than the saturation temperature, the GMP solution was 

cooled to a set temperature. The temperature of methanol was set to be the same as the 

crystallization temperature using a thermostat. Then, methanol was fed to the stirred solution 

at a constant rate. In all experiments, the Raman spectra, FBRM data, PVM data, and 

temperature were recorded at 10 s intervals. Crystals were sampled at regular intervals using a 

solid–liquid separator with glass filters and dried for 24 h at 30 °C for analysis. The initial 

concentration of the GMP solution was set at 10–30% by mass. The temperature was 20 °C, 

and the methanol mass fraction of the solvent mixture ranged from 0.3 to 0.8 (methanol 

g/solvent mixture g). The addition rate ranged from 0.7 to 40 g/min. Products were identified 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig1
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using a Raman spectrometer (Kaiser Optical Systems, Ann Arbor, MI, USA) equipped with a 

light-emitting diode laser (785 nm, 450 mW) as an excitation source. The crystal morphology 

was investigated once every minute by the HNK250 PVM (Mettler Toledo, Switzerland). The 

measurement range of the FBRM probe (model M400LF) is 0.5 to 1000 μm. 

4.3 Instrumental Analysis Methods 

4.3.1 Raman Spectroscopy  

The Raman spectra were recorded using RXN Systems (Kaiser Optical Systems, USA) 

equipped with a light-emitting diode laser (785 nm, 450 mW) as the excitation source. A one-

fold objective lens with a probe was used to collect the spectra. The spectra ranged from 100 

to 1890 cm−1 and were acquired with 4 cm−1 of spectral width and 5 s of exposure. The 

iCRaman software (Mettler-Toledo, Switzerland) was used to calibrate the concentrations of 

solids and solution. Analysis of the Raman data was performed by the absence and occurrence 

of peaks originally found in spectra of the single components. To calibrate the concentrations 

of the solids and solution, a multivariate partial least square (PLS) model was used. In this 

study, the noncontact PhAT probe was used to collect offline the spectra of the isolated solid 

materials, while the MR probe was employed in solution and in a suspended state for the online 

measurement. To confirm the identity of the forms, PXRD patterns of the polymorphs were 

compared. 

4.3.2 X-Ray Powder Diffraction  

For PXRD, a PXRD pattern of the solid was calculated using a Smart Lab X-ray 

diffractometer (Rigaku, Japan) with CuKα radiation generated at 200 mA and 45 kV. The 

sample was placed on a silicone plate at room temperature. Data were collected from 3° to 45° 

(2θ) at a step size of 0.02° and a scan rate of 5° min−1. 

4.3.3 Focused Beam Reflectance Measurement 

The FBRM tools used in this study were manufactured by Mettler-Toledo, USA. A FBRM 

probe (model M400LF) was used to characterize both the nucleation and dissolution of the 

material. FBRM measures a chord length distribution (CLD) and thereby the number and the 

measured count data can be split into specific population regions in the size range, as the cord 

length is converted into particle sizes. As the FBRM was carried out over a 10-s period, the 

number of counts in the range of 0.1–990 μm was used as an indication of nucleation. The 

process of crystalline transformation was also monitored by monitoring the changes in the size 

and number of particles. The solubilities of the amorphous and hydrate forms, which can 

change into a more stable form, were determined by FBRM. iCFBRM software was utilized 

during the experiment.  

4.3.4 Particle Video Microscope 

Particle video microscopy (PVM) provides in-situ digital grayscale images and can examine 

the shape of droplets or particles in addition to measuring droplet size. A high-resolution CCD 

camera and six independent laser sources, arranged in a circle at an angle of 60° around the 

objective, enable high-quality pictures to be taken even in relatively dark slurries. The PVM 

probe (model 800L) was operated at an image update rate of two images per second. 
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4.3.5 Thermal Analysis 

TGA and DSC of the solid forms were carried out by using a thermogravimetric analyzer 

(TGA 2050, DSC 2010; TA Instruments, USA) at up to 573 K (300 oC) with dried nitrogen and 

at a flow rate of 70 mL min−1 and a heating rate of 10 K min−1. 

4.3.6 Viscosity Measurement 

Viscosity was determined by a Brookfield DVEELVTJO viscometer (Middleborough, MA, 

USA) at 20 °C using an LV2-62 spindle at 100 rpm. The viscosities of the GMP solution and 

the amorphous slurry were measured under the same conditions as in all of the experiment runs. 

The measurement was carried out by putting 500 mL of the test material into the measurement 

vessel at 20 °C. The viscosities of the water–GMP solution and the amorphous slurry under the 

same conditions of each run were measured separately. 

4.4 Calibration and Identification 

4.4.1 Characterization of Materials 

PXRD (D / MAX 2500H, Rigaku) patterns of GMP obtained in this study are shown in Fig. 

4-3. Based on comparing the PXRD pattern of GMP used in this study with the literature 

[Tsu18], the PXRD pattern of tetrahydrate GMP was 5.7, 10.0, 14.0, 17.4, 17.8, 18.2, 23.1, and 

24.4 °. In addition, a comparison of the PXRD pattern of heptahydrate GMP used in this study 

with the pattern in the literature [Che18] showed that it had the same characteristic peaks at 2θ 

of 7.9, 12.7, 15.9, 20.4, 22.6, and 37.9 °. The characteristic peak of amorphous GMP was only 

at 27.6 °, which is consistent with the reference [Zou17].  

The Raman spectrum of the GMP measured by a Raman spectrometer (Kaiser Optical Systems, 

Ann, Michigan, USA) equipped with a light emitting diode laser (785 nm, 450 mW) is shown 

in Fig. 4-4. The Raman spectrum of the tetrahydrate is 367, 431, 502, 593, 680, 882, 984, 1326, 

1495, 1632, and 1705 cm-1; and 882cm-1 was chosen as the characteristic peak of tetrahydrate 

crystal. The Raman spectrum of heptahydrate is 355, 387, 470, 592, 652, 832, 867, 974, 1009, 

1057, 1090, 1185, 1418, 1495, and 1670 cm-1; and the characteristic peaks of heptahydrate 

selected were 893 cm-1 and 976 cm-1. Also the Raman spectrum of the amorphous is 1741, 

1587, 1480, 1372, 1328, 1025, 983, 880, 582, 503, 380, and 327 cm-1; and the characteristic 

peaks selected were 380 cm-1 and 1480 cm-1. Raman spectra of GMP dissolved in a solvent 

show distinct peaks at 876, 977, 1077, 1487, and 1581 cm−1, while those of water are 

characterized at 373, 418, and 1742 cm−1. Therefore, multiple intrinsic peaks of 876 and 977 

cm−1 were selected for the peaks of the GMP solution to obtain the calibration curve. 
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Fig. 4-3: PXRD patterns of amorphous, tetrahydrate and heptahydrate forms of GMP, 

which are compared with the references [Tsu18,Che18]. 

 

(a) 



 Materials and Methods 

 

31 

 

 

(b) 

Fig. 4-4: (a) Raman spectra of amorphous solid, tetrahydrate crystal, heptahydrate 

crystal, solution and solvent in range of 200 to 2000. (b) Characteristic Raman spectra of 

the amorphous solid, tetrahydrate crystal, heptahydrate crystal, solution and solvent 

ranging from 700 to 1000 cm−1. 

The tetrahydrate, heptahydrate, and amorphous forms of GMP were confirmed by TGA-DSC 

and are shown in Fig. 4-5(a). The TGA-DSC results show the different thermodynamic 

characteristics of the three solid forms. The TGA curve of the crystalline form of tetrahydrate 

and heptahydrate shows a stepwise loss of crystal water molecules, giving a total water content 

of 22.39% and 14.98%, respectively, which are consistent with the literature data 

[Zou17,Che18]. The curve of the amorphous form is smoother, with a total water content of 

12.98%, which is similar to the data given in reference [Che18]. From the DSC pattern, it can 

be seen that the different molecular arrangements brought about the different heat absorption 

and release behaviors, and the response signal of the endothermic peak of hydrate GMP was 

obviously higher than that of amorphous GMP.  

Morphologies of the solid samples were observed by means of SEM (JEOL, JSM‐6390) and 

optical microscopy. The morphology of the crystals is shown in Fig. 4-5(b) as taken with 

scanning electron microscope. The amorphous and hydrate forms clearly exhibited different 

morphologies. The forms also had different appearance morphologies in the SEM images: the 

heptahydrate form appeared as regular rectangles and tetrahydrate crystals appeared to have 

distorted facets, while the amorphous form was constructed from disordered irregular shapes 

[Che18]. Combined with the results of PXRD, Raman spectroscopy, SEM, and TG-DSC, it 

was concluded that amorphous GMP, tetrahydrate GMP, and heptahydrate GMP were well 

characterized.   

 

 

https://www.sciencedirect.com/science/article/pii/S1004954118302854#bb0140
https://www.sciencedirect.com/science/article/pii/S0378517306003796#fig4
https://www.sciencedirect.com/science/article/pii/S1004954118302854#bb0140
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(a)                                  (b) 

Fig. 4-5: TG-DSC analysis and scanning electron microscopy photos of amorphous, 

tetrahydrate and heptahydrate forms of GMP. 
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4.4.2 Calibration and Analysis of Raman Spectroscopic Data  

Raman spectra of solvents, solution, amorphous solid, tetrahydrate crystal, and heptahydrate 

crystal are shown in Fig. 4-4. Raman spectra of GMP dissolved in solvent show distinct peaks 

at 876, 977, 1077, 1487, and 1581 cm-1; while those of water are characterized at 373, 418, and 

1742 cm-1. Therefore, multiple intrinsic peaks of 867 and 977 cm-1 were selected for the peak 

of the GMP solution to obtain the calibration curve. This PLS technique was used to calculate 

the solubility of GMP.  

The calibration of solution concentration at the peak of 977 cm-1 is shown in Figs. 4-6(a) and 

(b), while the Raman intensity of solution concentration for peaks of 867 and 977 cm-1 is shown 

in Fig. 4-6(a). The Raman spectrum of the solution was measured in a solution in which a range 

of 0-80 g of GMP was completely dissolved in 100 g of solvent. Raman spectra were collected 

at various fractions of solute/solvent for a solute concentration range of 0-0.8 (GMP g/water 

g). Solution concentration was calculated using the intensity of the Raman peak of the GMP 

dissolved in the solution per peak of the solvent. A distinct peak of the solvent is at 418 cm-1. 

PLS technology can neglect the weak effects of temperature, crystal size, solution density, or 

unpredictable variables. The calibration plot of GMP concentration in solution against peak 

ratio of GMP/solvent are well matching with the correlation coefficient of 0.9997 (Fig.4-6(b)).  

From the results of the calibration curve for concentrations of solution, amorphous solid, 

tetrahydrate crystal, and heptahydrate crystal (Fig. 4-6(b)), it was found that the predicted 

concentration and actual concentration were well matched. Calibration lines of solids using 

Raman spectra were developed for solids suspended in saturated solution. However, 

transformation in the Raman spectrum was found during crystalline measurements. A solid 

fraction was determined using the Raman spectrum of slurry before transformation occurred. 

The validity of the calibration line for in-situ measurements was confirmed by the comparison 

with the off-line Raman measurement. The spectra were normalized to 418 cm-1 each with the 

difference in strength of the solvent peak and the valley. The calibration curve of the 

concentration of solids shows the correlation coefficient as 0.9971-09998.  

Since the solution concentration and the solid concentrations can be measured simultaneously 

using this Raman calibration, the solubility of the materials accompanying a potential solvate 

transformation can be easily obtained using in-line Raman measurement. 
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(b) 

Fig. 4-6: Calibration of concentration by PLS method using Raman spectra. (a) Raman 

intensity against solution concentration at 876 and 977 cm-1 and (b) calibration of 

amorphous solid (380 cm-1), tetrahydrate crystal(802 cm-1 and 984 cm-1), heptahydrate 

crystal (867 and 974 cm-1) and solution. The calibration curve of GMP concentration in 

solution is developed using relative Raman intensity, which is GMP solute peaks (876 and 

977 cm-1)/solvent peak (418 cm-1).  

4.4.3 Calibration of Solution and Solid Concentrations  

Fig. 4-7 shows the Raman shift values of solvents (water), GMP solutions, amorphous solids 

and heptahydrate solids found in Raman spectra in the range of 1300 to 1600 cm-1.  Fig. 4-8a 

is a result of in-situ measurement by Raman spectroscopy, comparing the intensities of 1480 
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cm-1 (amorphous solid) and 1495 cm-1 (heptahydrate solid) peaks. Fig. 4-8b is a waterfall 

diagram of the formation and extinction of amorphous and heptahydrate. They can find the 

concentration of each solid through calibration. The calibration of amorphous solid, 

heptahydrate solid and solute concentration using Raman spectra has been presented in Fig. 4-

6b. Fig. 4-6a shows the Raman intensity against solution concentration at the peaks of 876  

cm-1 and 977 cm-1. Fig. 4-8b shows the calibration results for solution, amorphous solid and 

heptahydrate solid. The correlation coefficient of the calibration curve for the solid 

concentration is 0.9971-0.9998. The calibrated concentration of the mixed solids was 

consistent with the actual concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-7: Raman spectra of the amorphous form and the crystalline heptahydrate in the 

range of 1300 to 1600 cm-1. 
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(a) 

(b) 

Fig. 4-8: Formation of amorphous and transformation to heptahydrate. (a) variation of 

Raman intensity, (b) 3D water fall diagram.  
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4.5 Measuring Concentration of Solid Forms 

Solubility (equilibrium state) is a very important thermodynamic parameter for determining the 

crystallization mode, supersaturation, phase diagram, and yields [Su10,Ngu08]. The solubility 

is the concentration at which no crystalline state change can be observed. In addition, it can 

also be needed for determination of the kinetics of crystallization and the particle size and shape, 

which are controlled by the supersaturation. The solubility measured by the off-line gravimetric 

method was compared with the solubility measured by Raman spectroscopy. Raman 

spectroscopy in-situ monitored the measurement by the gravimetric method. In the final data 

of the experimental runs, the results of the Raman spectroscopy were well matching with those 

of the solubility measured off-line. This method was then repeated to measure the amorphous, 

heptahydrate, and tetrahydrate equilibrium solubilities at different temperatures. Solubility and 

transformation were easily detected from the Raman peak and FBRM data. The solid 

concentration, solution concentration, and solubility were measured in the binary solvent 

mixture in situ by Raman spectroscopy.  

The solubilities of the amorphous and heptahydrate particles/crystals measured by Raman 

spectroscopy are shown in Fig. 4-9a with its waterfall diagram. To measure the solubility of the 

heptahydrate solid, an excess amount was added. After measurement, Raman spectroscopy at 

20 °C and a methanol mass fraction of 0.5 (methanol g/solvent mixture g) were used to confirm 

the form of the residue. A change in solid form during measurement was observed. 15 g of 

amorphous solid was added to 100 g of solvent. After the addition, the amorphous solid started 

to dissolve. At equilibrium, 4.954 g of solid was dissolved and 10.045 g of solid did not dissolve. 

After about 20 h, the amount of the amorphous solid started to decrease sharply as it was 

transformed into heptahydrate crystals. With an increase in the amount of heptahydrate crystals 

in the transformation process, the solution concentration decreased to 0.0263 (GMP g / water 

g). As a result, the solubility of the amorphous form was 0.04951 (GMP g / water g), and the 

solubility of the heptahydrate was 0.0263 (GMP g / water g). This is because the heptahydrate 

is more thermodynamically stable than the amorphous solid in these solvents. The solubilities 

of the heptahydrate and tetrahydrate crystals measured by Raman spectroscopy at 50 °C and a 

methanol mass fraction of 0.7 (methanol g/solvent mixture g) are shown in Figs. 4-9b and c. 

Of the heptahydrate solid, 20 g was added to 100 g of solvent. At equilibrium, 4.205 g of 

heptahydrate had dissolved in 100 g of solvent. At about 6844 s, the heptahydrate crystal started 

to be transformed into the tetrahydrate crystal. The Raman waterfall at the same condition 

shows that the Raman shift of 893 cm−1 (heptahydrate) disappeared at 8238 s and the one of 

882 cm−1 (tetrahydrate) appeared at 6844 s. This indicates that the heptahydrate in binary 

solvent mixtures (methanol + water) was transformed to the tetrahydrate for 1394 s. As the 

tetrahydrate crystals increase in the transformation process, the solution concentration 

decreases to 0.04205 g. As a result, the solubilities of the heptahydrate and tetrahydrate are 

almost the same. However, the tetrahydrate is a little more thermodynamically stable than the 

heptahydrate in methanol/water. 
 

 

 

 

 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0003
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(b) 

Fig. 4-9: (a) Solubility measurement of the amorphous solid (metastable form) and 

heptahydrate (stable form) in binary solvent mixtures measured by Raman spectroscopy 

at 293.15 K and a methanol fraction of 0.5 with Raman spectra. (b) Solubility 

measurement of the heptahydrate (metastable form) and the tetrahydrate (stable form) 

in binary solvent mixtures measured by Raman spectroscopy at 323.15 K and a methanol 

fraction of 0.7 with Raman spectra of the solid forms. 
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5. Results 

5.1 Solubilities and Metastable Zone Width of Solid Forms 

5.1.1 Solubilities of Solid Forms 

The solubility of the stable form for the amorphous, tetrahydrate, and heptahydrate solids in 

water/methanol was determined in the range of 20–60 °C and a methanol mass fraction of 0.1–

0.9 (methanol g/solvent mixture g). Experiments for the stable form solubility were carried out 

for about 48 h. The experimental data are listed in Tab. 5-1 and plotted in Fig. 5-1, in which the 

solubility of GMP is expressed as the mass of GMP per mass of solvent [Kim22a]. According 

to a previous work [Lie11], the solubility of the heptahydrate in a methanol fraction of 0.3 

(methanol g/solvent mixture g) was found to be 0.0395 (GMP g/water g) at 20 °C. This is 

similar to the data measured in this study. The solubility increased slightly with increasing 

temperature, as shown in Fig. 5-1, because the solubility strongly depends on the solvent 

fraction in water and methanol. Anti-solvent crystallization using methanol can be applied to a 

selective preparation of GMP. Furthermore, the solubility curve is divided into two zones: at 

50–60 °C and 0.15 < methanol fraction (methanol g/solvent mixture g) < 0.9, the tetrahydrate 

is stable, while below 40 °C and at 0.15 < methanol fraction (methanol g/solvent mixture g) 

< 0.6, the heptahydrate is stable. At 20–60 °C and a methanol fraction (methanol g/solvent 

mixture g) of 0.8–0.9, the tetrahydrate is stable. At methanol fractions (methanol g/solvent 

mixture g) < 0.1 and all temperatures, the amorphous form was found, even though 

heptahydrate solids were added in the experiment. Crystals of the tetrahydrate were obtained 

at temperatures > 45 °C. At high temperatures, crystals with low hydration numbers are easily 

formed, and ionic groups are not fully hydrated under these conditions. The solubility of the 

amorphous solid is highest at the temperatures investigated. The amorphous solids were formed 

at the temperatures investigated and a water fraction (water g/solvent mixture g) > 0.9, and the 

solubility of the amorphous solids was highest within this temperature range. 

Tab. 5-1: Solubility of the stable form as a function of the temperature and solvent 

fraction. A, amorphous; H, heptahydrate; T, tetrahydrate. Errors of measurements were 

less than 0.1 % 

Tempera-

ture (oC) 

Methanol mass fraction (-) 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

 

20 

0.3102 

(A) 

0.07255 

(H) 

0.05103 

(H) 

0.04563 

(H) 

0.02634 

(H) 

0.01792 

(H) 

0.01213 

(H) 

0.01022 

(T) 

0.00612 

(T) 

 

25 

0.3287 

(A) 

0.08315 

(H) 

0.06051 

(H) 

0.05055 

(H) 

0.03010 

(H) 

0.02153 

(H) 

0.01642 

(H) 

0.01312 

(T) 

0.00745 

(T) 

 

30 

0.3418 

(A) 

0.09891 

(H) 

0.06263 

(H) 

0.06018 

(H) 

0.03421 

(H) 

0.02647 

(H) 

0.02086 

(T) 

0.01546 

(T) 

0.00953 

(T) 

 

35 

0.3435 

(A) 

0.1172 

(H) 

0.07758 

(H) 

0.07070 

(H) 

0.03844 

(H) 

0.03046 

(T) 

0.02355 

(T) 

0.01878 

(T) 

0.01123 

(T) 

https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0004
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40 

0.3488 

(A) 

0.1291 

H) 

0.08445 

(H) 

0.07840 

(H) 

0.04491 

(T) 

0.03523 

(T) 

0.03027 

(T) 

0.02316 

(T) 

0.01333 

(T) 

 

45 

0.3606 

(A) 

0.1432 

(T) 

0.09965 

(T) 

0.08935 

(T) 

0.04965 

(T) 

0.03985 

(T) 

0.03582 

(T) 

0.02812 

(T) 

0.01658 

(T) 

 

50 

0.3771 

(A) 

0.1602 

(T) 

0.11510 

(T) 

0.09431 

(T) 

0.05548 

(T) 

0.04312 

(T) 

0.04240 

(T) 

0.03218 

(T) 

0.01887 

(T) 

 

55 

0.3968 

(A) 

0.1789 

(T) 

0.12840 

(T) 

0.1044 

(T) 

0.06032 

(T) 

0.04915 

(T) 

0.04673 

(T) 

0.03665 

(T) 

0.02375 

(T) 

 

60 

0.4125 

(A) 

0.1945 

(T) 

0.14010 

(T) 

0.1157 

(T) 

0.06680 

(T) 

0.05543 

(T) 

0.05325 

(T) 

0.04223 

(T) 

0.02682 

(T) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-1: Solubility of GMP in water-methanol at various temperatures and methanol 

fractions. (A, H and T stand for amorphous, heptahydrate and tetrahydrate, respectively. 

Errors of measurements was less than 0.1%. 

As a result, the solubility (equilibrium) and the concentration at which solids start to form 

(metastable zone limit) are found by simultaneously measuring the solution concentration and 

the concentrations of the tetrahydrate, heptahydrate, and amorphous solids. This equilibrium 

water activity value depends greatly on the temperature. The lower the temperature, the smaller 
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is the water activity value needed to attain equilibrium between the hydrates. The obtained 

results are useful for determining the crystallization parameters to achieve the desired hydrates. 

The approach can be applied to other amorphous and hydrate (or solvate) systems. 

Intermediate phases were detected during transformation from the amorphous to the hydrate 

form. Amorphous solids are dissolved because of the solubility difference, and the hydrates are 

crystallized. In addition, the water molecules of the heptahydrate are desorbed below about 

40 °C, and the heptahydrate is transformed into the tetrahydrate because of hydration loss. This 

supports our understanding that a single intermediate state composed of tetrahydrate was 

observed with the dehydration test [Kam67]. 

5.1.2 Enthalpy and Entropy of Dissolution 

From the solubility data, the enthalpy of dissolution, ΔHd, and the entropy of dissolution, 

ΔSd, can be calculated [Wan11,Kim22a]: 

𝑙𝑛 𝑥 = −
∆𝐻𝑑

𝑅𝑇
 +

∆𝑆𝑑

𝑅
 ,                         (5-1) 

where R is the gas constant, ΔHd and ΔSd are the dissolution enthalpy and the entropy, 

respectively, and T is the absolute temperature. 

Examples of the solubilities of the tetrahydrate and heptahydrate, which are plotted as       

ln x versus 1/T for solvent fractions, are shown in Fig. 5-2. The values of the enthalpy and 

entropy of dissolution of both forms were obtained from the slope and the intercept of the plots 

and are listed in Tab. 5-2. The values of the enthalpy and entropy of dissolution of the 

heptahydrate were higher than those of the tetrahydrate. A similar result was reported for the 

anhydrate/monohydrate of carbamazepine in water-methanol mixtures [Mur02]. However, the 

enthalpy and entropy of dissolution of both the tetrahydrate and heptahydrate decreased with 

increasing water fraction in the solvent mixture. The enthalpy and entropy of dissolution also 

increased with increasing methanol fraction in the solvent, as the solubility in water was much 

higher than that in methanol. The relative stabilities of the tetrahydrate and heptahydrate can 

be obtained from Fig. 5-2, and enantiotropic behavior is exhibited. For a solvent fraction, the 

stable form must have a lower solubility than the metastable form. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-tbl-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0005
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Tab. 5-2: Enthalpy and entropy of dissolution of the heptahydrate and tetrahydrate 

Methanol 

fraction (-) 

Heptahydrate Tetrahydrate Transition 

temperature 

(oC) Hd(kJ/mol) Sd(kJ/mol K) Hd(kJ/mol) Sd(kJ/mol K) 

0.2 21.7 0.0526 20.7 0.0491 39.5 

0.3 22.0 0.0503 20.8 0.0464 39.1 

0.4 22.1 0.0500 20.8 0.0448 37.6 

0.5 21.0 0.0411 20.2 0.0386 37.4 

0.6 24.6 0.0508 22.2 0.0429 35.6 

0.7 29.8 0.0660 24.7 0.0499 30.1 

0.8 - - 27.9 0.0574 - 

0.9 - - 30.4 0.0612 - 

Fig. 5-2: Plot of ln(x1) versus 1/T from the solubility of GMP at methanol fractions of (a) 

0.2, (b) 0.4, (c) 0.6, and (d) 0.8. The R2 of linear regression analyses is 0.994. 

The intercept in the extrapolation of the plots of the two forms represents the point where the 

solubilities of the tetrahydrate and heptahydrate are identical. In other words, the tetrahydrate 
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and heptahydrate are in equilibrium. Thus, it is referred to as the transition temperature in the 

specified solvent system. The tetrahydrate is the stable form at temperatures higher than the 

transition point. The heptahydrate is the stable form if the temperature is lower than the 

transition point. A smaller water fraction (water g/solvent mixture g) leads to a lower transition 

temperature between heptahydrate and tetrahydrate, but the tetrahydrate exists without a 

transition point at a methanol mass fraction (methanol g/solvent mixture g) > 0.8. 

5.1.3 Supersaturation and Metastable Zone Width 

In solution crystallization, supersaturation is the main parameter affecting the solid form that 

crystallizes [Kim15,Oma08]. Previous studies have presented the solubility of heptahydrate, 

tetrahydrate, and amorphous forms of GMP as a function of a water–methanol fraction 

[Kim22a]. The amorphous solubility was highest in the whole range of the solvent fraction. 

Below 45 °C, the solubilities of tetrahydrate and heptahydrate were close together with 

heptahydrate as somewhat lower one, while at 45 °C or higher, tetrahydrate was the slightly 

lower one. At 20 °C and a methanol fraction (methanol g/solvent mixture g) >0.2, the solubility 

is in the order of amorphous > heptahydrate > tetrahydrate. At a methanol fraction (methanol 

g/solvent mixture g) of 0.3, the solubility difference between amorphous and heptahydrate and 

between heptahydrate and tetrahydrate are 0.0105 and 0.0065 solute g/solvent g, respectively, 

and the solubility difference decreases as the methanol fraction increases. The supersaturation 

difference between the amorphous and the hydrates is clear. Thus, selective preparation of solid 

forms can be carried out by adjusting the temperature and the methanol/water ratio, based on 

the solubility and the supersaturation. 

Although the solubility differences between the three forms are not very large, the metastable 

zone widths differ significantly. The metastable zone width depends on the supersaturation as 

a kinetic property. The solubility, on the other hand, is a thermodynamic property. Figs. 5-3a 

and 3b shows schematic changes in metastable zone width with respect to methanol fraction 

and time in anti-solvent crystallization, respectively [Kim22b]. It serves as a guide for the 

formation and transformation of metastable forms. Therefore, from the understanding of the 

difference between saturation and supersaturation, a method for preparing selectively either a 

stable form or a metastable form without transformation can be proposed. 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0003
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(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Fig. 5-3: a) Schematic concentration changes with respect to methanol fraction. b) 

Schematic concentration changes with respect to time in anti-solvent crystallization (A, 

H and T stand for amorphous, heptahydrate and tetrahydrate, respectively.). 

Supersaturation depends, besides the temperature, on the feed rate, initial concentration, and 

fraction of anti-solvent in anti-solvent crystallization. Therefore, amorphous, heptahydrate, and 

tetrahydrate forms can be selectively controlled by adjusting these variables. Fig. 5-3a shows 

the metastable supersaturation limits Cmet,a, Cmet,h, and Cmet,t arbitrarily in the plots of solute 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0003


 Results 

 

46 

 

concentration against methanol fraction. From this figure, during anti-solvent crystallization at 

the initial concentration C1, the operating line meets Cmet,a to form an amorphous form. The 

concentration decreases and an amorphous form is produced without transformation. At the 

initial concentration of C2, amorphous is first formed in Cmet,a, and after a certain induction 

period, it meets Cmet,h, in which amorphous form is transformed into heptahydrate. At the initial 

concentration of C3, only the formation and growth of heptahydrate take place under the 

condition that it meets the limit line of the metastable zone of heptahydrate, Cmet,h. At the initial 

concentration of C4, heptahydrate is first formed at Cmet,h and is transformed into tetrahydrate 

at Cmet,t. At the initial concentration C5, only the formation and growth of tetrahydrate occurs 

under the condition that it meets the limit line of the metastable zone of tetrahydrate, Cmet,t. In 

addition, at the same concentration, a higher addition rate of the anti-solvent leads to a greater 

supersaturation. Fig. 5-3b shows the selective formation and transformation of the solid forms 

from the plot of concentration versus time corresponding to Fig. 5-3a. 

5.2 Finding Conditions for Selective Formation of Solid Forms 

5.2.1 Selective Formation 

There are various routes for formation of crystalline hydrates and the amorphous form. Anti-

solvent crystallization at an initial concentration of 0.1–0.3 (GMP g/water g) and addition rates 

of 0.9–38 g min−1 were carried out [Kim22b]. Supersaturation was generated by adding anti-

solvent into the solution. In-situ monitoring was observed by Raman spectroscopy. Raman 

spectra of eight cases are presented as 3D surface waterfalls in Fig. 5-4. Raman spectra with 

elapsed time are dramatically different in the range of 1890–200 cm−1. As can be seen in Fig. 5-

4, the nucleation, the growth, and the transformation of amorphous, heptahydrate and 

tetrahydate were shown by Raman spectra in the range of 300–412, 760–932, and 302–414 

cm−1, respectively. 

In Fig. 5-4a, Raman spectra of solids, during operation, at a feed concentration of 0.3 (GMP 

g/water g), a temperature of 20 °C and an anti-solvent fraction (methanol g/solvent mixture g) 

of 0.5 are presented as a 3D surface waterfall plot. The amorphous peak at 380 cm−1 was 

formed, and no transformation was observed for about 24 h. Fig. 5-4b shows heptahydrate 

peaks at 893 and 973 cm−1, which were formed without transformation for 10 h. Fig. 5-

4c shows the amorphous peak at 380 cm−1, which was formed first and transformed into 

heptahydrate with peaks at 893 and 973 cm−1. Fig. 5-4d shows the amorphous peak at 380 cm−1, 

which was formed first and transformed into heptahydrate with a peak at 355 cm−1. Raman 

spectra of heptahydrate peaks at 893 and 973 cm−1 were changed into that of the tetrahydrate 

peak at 882 cm−1 after 1.9 h (Fig. 5-4e). Raman spectra of the tetrahydrate peak at 882 

cm−1 were changed into that of the heptahydrate in the solid state at 1.5 h (see Fig. 5-4f). At a 

feed concentration of 0.1 (GMP g/water g), the tetrahydrate was directly nucleated without any 

transformation, which was evidenced by the appearance of the 882 cm−1 peak in Raman spectra. 

Raman spectra of this case are depicted in Fig. 5-4g. Fig. 5-4h shows Raman peaks of the 

solution concentrations at 867 and 977 cm−1. 

Therefore, it can be seen that the formation and transformation of the solid phase during the 

crystallization process can be quantified by Raman spectra. In this study, two in-line tools, 

Raman spectral analysis and FBRM, can clearly identify the solution-mediated transformation 

mechanism. Six case studies were conducted to prepare various forms of solids [Kim22b]. 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0004
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Fig. 5-4: 3D surface waterfall Raman spectra in the regions of 300–412, 760–932, 302–414, 

and 800–1000 cm−1, and during a) formation of the amorphous, b) formation of the 

heptahydrate, c and d) formation of the amorphous and transformation into the 

heptahydrate, e) formation of the heptahydrate and transformation into the tetrahydrate, 

f) formation of the tetrahydrate and transformation into the heptahydrate, g) 

crystallization of the tetrahydrate, and h) solution. (A, H and T stand for amorphous, 

heptahydrate and tetrahydrate, respectively.) 
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5.2.2 Case study for Amorphous to Heptahydrate Transformation 

Fig. 5-5 shows Raman and FBRM data for the case of amorphous-to-heptahydrate 

transformation. It was carried out by anti-solvent crystallization at 20 °C with a GMP/water 

ratio of 0.2, a methanol fraction of 0.33 (methanol g/solvent mixture g) in the solvent, and a 

methanol feed rate of 38 g min−1. In this case, the results of Raman spectroscopy and FBRM 

can be divided into four sections: precipitation of amorphous material, dissolution of 

amorphous solid, heptahydrate nucleation and transformation into heptahydrate, and 

heptahydrate growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-5: Raman and FBRM data for amorphous-to-heptahydrate transformation. a) 

Time–concentration profiles for solution, and amorphous, and heptahydrate solids. b) 

Counts and chord length from FBRM. c) Chord length distributions (CLDs) over time. 

d) CLDs during transformation. 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
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Section I is the amorphous formation section. Solid formation is accomplished by adding 

methanol into the solution. The change of particle size is reflected in the FBRM's unweighted 

CLD, as shown in Fig. 5-5b. The number of particles increased rapidly after generating 

supersaturation by methanol addition and then remained constant. The particle size also 

increased rapidly at the same time as the methanol added, and kept constant at about 11 µm. 

The width of the particle size distribution remained without change. It is clear that there were 

a large number of fine particles between 1 and 20 µm initially in the unweighted CLD. The 

amorphous concentration of 0.048 (amorphous GMP g/water g), the solute concentration of 

0.152 (GMP g/water g) in the solution (see Fig. 5-5a), the number of counts, and the chord 

length were constant until 2800 s. 

Section II is the pre-transformation section. After 2900 s, the width of the particle size 

distribution did not change, and the peak began to decrease slightly. Accordingly, the number 

of particles decreased and the mean particle size was not changed (see Fig. 5-5b). In addition, 

the number of fine particles between 1 and 20 µm underwent a relatively small change in the 

transformable form to prepare for the subsequent crystallization of the heptahydrate form (see 

Fig. 5-5b,c). The concentrations of the solution and the amorphous solid were 0.152 and 

0.048 solute g/solvent g, respectively. Additionally, the pretransformation section is a step to 

prepare the supersaturation conditions to generate the heptahydrate nuclei. 

Section III is the transformation section. The number of particles decreases rapidly, and the 

particle size increases due to the decrease in supersaturation and dissolution of the amorphous 

form with a higher solubility compared to the solubility of heptahydrate (see Fig. 5-5b). For 

this reason, there is a moment at 5200 s in which the particle number increased slightly, and 

hence the particle size decreased slightly. At the same time, the concentration of the solution 

began to decrease. No dissolution of the amorphous solid was initially observed. After that, 

dissolution of amorphous solids and a sharp decrease in solution concentration occurred near 

5900 s, and the solution supersaturation for heptahydrate steadily decreased, causing nucleation 

of heptahydrate. In the CLDs (see Fig. 5-5c,d), a bimodal distribution curve was created as 

another peak appeared near 67 µm during the transformation process at 6900 and 7500 s. As a 

result, a bimodal distribution with peaks at 8.9 and 67 µm was shown. Therefore, the number 

of small particles (0–50 µm), which were amorphous solids, first increased, and then decreased 

due to the dissolution, which activated the crystal growth of heptahydrates. 

In Section IV, due to the dissolution of the amorphous form and the growth of heptahydrate in 

the previous section, the particle number gradually decreased and the particle size increased to 

67 µm. The increase in size was due to crystal growth of heptahydrate. In the particle size 

distribution, the amorphous particles disappeared completely, the bimodal distribution 

disappeared, and only crystals of heptahydrate around 67 µm existed (see Fig. 5-5c,d). The 

solution concentration decreased from 0.2 to 0.069 (GMP g/water g). In summary, this case 

consisted of amorphous formation, amorphous dissolution, amorphous to hydrate 

transformation, and hydrate crystal growth. Characteristically, an amorphous dissolution was 

discovered before transformation, and then the transformation process by nucleation of 

heptahydrate was revealed. 

5.2.3 Case Study for Heptahydrate to Tetrahydrate Transformation 

Fig. 5-6 shows Raman and FBRM data for the case of heptahydrate-to-tetrahydrate 

transformation. It was carried out by anti-solvent crystallization at 50 °C at a GMP/water ratio 

of 0.2, a methanol fraction of 0.5 (methanol g/solvent mixture g) in solvent, and a methanol 

feed rate of 38 g min−1. In this case, the results of FBRM and Raman spectroscopy can be 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0006
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divided into three sections: nucleation and growth of heptahydrate, transformation from 

heptahydrate to tetrahydrate, and growth of tetrahydrate. 

 

 
Fig. 5-6: Raman and FBRM data for heptahydrate-to-tetrahydrate transformation. a) 

Time–concentration profiles for solution, and heptahydrate and tetrahydrate solids. b) 

Counts and chord length from FBRM. c) Chord length distributions (CLDs) over time. 

d) CLDs for transformation. 

Section I represents the heptahydrate nucleation and growth. In crystallization, crystals of 

heptahydrate nucleate and grow by adding methanol into the solution. Upon the addition of 

methanol, supersaturation was achieved, and the number of particles increased rapidly and then 

remained at 8023 # s−1. The particle size also increased sharply at the same time as methanol 
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addition and remained constant at about 43 µm. It was found that the width of the particle size 

distribution was not changed significantly in the range of 10–100 µm. The solution 

concentration decreased from 0.2 to 0.058 solute g/solvent g when heptahydrate was formed, 

and the concentration of heptahydrate crystals increased to 0.142 solute g/solvent g. 

Section II represents nucleation of tetrahydrate and dissolution of heptahydrate (see Fig. 5-

6a,b). As shown in the solute concentration–time profile in Fig. 5-6a, the solubilities of 

heptahydrate and tetrahydrate are similar, but the solubility of tetrahydrate is lower by 

0.0052 solute g/solvent g. After the induction period, the nucleation of tetrahydrate occurred 

rapidly as a result of the dissolution of heptahydrate due to the slightly higher solubility. For 

this reason, the particle number started to decrease suddenly at 5700 s and the particle size 

started to increase. According to the FBRM results, the crystal size increased from 43 to 48 µm 

during the transformation process (see Fig. 5-6c,d). In the process, the number of particles 

decreased from 8023 # to 7600 # s−1. Due to a small solubility difference, the solution 

concentration decreased by about 0.0071 solute g/solvent g. No formation of an amorphous 

solid was observed. 

Thereafter, the supersaturation for tetrahydrate formation steadily decreased, causing the 

growth of tetrahydrate in the state, where the dissolution of the heptahydrate near 6800 s does 

not result in a change in the solute concentration. Then the solute concentration decreased. In 

the particle size distribution, the peak near 43 µm was maintained without change during the 

transformation process. Therefore, the particle size distribution of heptahydrate was initially 

shown, but no change in the number of particles was observed by the nucleation of tetrahydrate 

in the fine particles (1–20 µm). Since there is a little difference in solubility between two 

hydrated crystals, the transformation process is driven by dissolution of heptahydrate crystals 

and growth of tetrahydrate crystals. Therefore, the number of transformed particles decreased, 

and the size increased by 5 µm (about 10%). 

No clear change in particle size distribution was observed during the transformation process. 

Therefore, the nucleation of heptahydrate was not reflected in the distribution. In addition, 

crystal growth caused the distribution to broaden to the right and the peak height to decrease 

slightly. From this phenomenon, transformation due to dissolution appears to be large and 

accompanied by crystal growth of tetrahydrate. 

Section III is the tetrahydrate growth section. Due to the dissolution of the heptahydrate and 

the growth of the tetrahydrate, the particle number decreased slightly and the particle size 

increased up to 48 µm. The CLDs become gradually wider and indicate the growth of the 

tetrahydrate. In this case, nucleation of heptahydrate, transformation from heptahydrate to 

tetrahydrate, and growth of tetrahydrate were identified. Characteristically, there was a slight 

change in crystal size and little change in particle size distribution during the transformation 

process. 

5.2.4 Case Study for Tetrahydrate to Heptahydrate Transformation 

Fig. 5-7 shows Raman and FBRM data for the case of tetrahydrate-to-heptahydrate 

transformation. It was carried out by anti-solvent crystallization at 50 °C with a GMP/water 

ratio of 0.2, a methanol fraction of 0.333 (methanol g/solvent mixture g), and a methanol feed 

rate of 38 g min−1. In this case, the results of FBRM and Raman spectroscopy can be divided 

into three sections: tetrahydrate nucleation and growth, heptahydrate nucleation and 

transformation, and heptahydrate growth. 

 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0007
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Fig. 5-7: Raman and FBRM data for tetrahydrate-to-heptahydrate transformation. a) 

Time–concentration profiles for solution, and tetrahydrate and heptahydrate solids. b) 

Counts and chord length from FBRM over time. c) Chord length distributions (CLDs) 

over time. d) CLDs for transformation. 
 

Section I is the nucleation and growth of tetrahydrate section. The crystallization of 

tetrahydrate is achieved by adding methanol into the solution. After the addition of methanol 

to generate supersaturation, the number of particles increased rapidly and then was maintained 

at 2230 # s−1. The particle size also increased rapidly at the same time as methanol addition and 

was kept at about 41 µm. The width of the particle size distribution did not change significantly 

before 5100 s (see Fig. 5-7c). The crystal distribution width of heptahydrate is narrower than 

that of tetrahydrate (see Fig. 5-7d). The concentration of the solution decreased from 0.2 to 

0.07 solute g/solvent g, and the concentration of heptahydrate crystals was 0.13 solute 

g/solvent g. 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0007
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0007
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Section II is the section on nucleation of heptahydrate and dissolution of tetrahydrate (see 

Fig. 5-7a,b). As can be seen in Fig. 5-7a, crystallization of heptahydrate occurs rapidly due to 

the dissolution of tetrahydrate. It results from the slightly higher solution concentration 

compared to the solubility of the stable form (heptahydrate). For this reason, heptahydrate 

nucleation occurred instantaneously at 6000 s, and the particle number and particle size did not 

change. The concentration of the solution did not change either. No dissolution of the 

tetrahydrate solid was observed in the particle size distribution. After that, the crystal growth 

of tetrahydrate was induced in the state where no change in solution concentration was detected 

near 6000 s. The particle size distribution was maintained without changing the peak near 

40 µm during the transformation process. Therefore, the particle size distribution of 

tetrahydrate appeared at first, but the number of particles increased in the fine particles (1–

20 µm) due to nucleation of heptahydrate. Despite the dissolution of tetrahydrate and the 

growth of heptahydrate, the particle number and particle size did not change, and the number 

of coarse chord lengths (50–150 µm) was constant. In this process, nucleation of tetrahydrate, 

transformation from tetrahydrate to heptahydrate, and growth of heptahydrate were identified. 

Characteristically, the transformation process occurred with little change in particle size 

distribution, particle size, and number of particles. 

According to the FBRM results, the particle size was almost constant at 40 µm during the 

transformation. There was little change in the number of particles. The reason is that the 

solubilities of heptahydrate and tetrahydrate are similar. The change in solution concentration 

had little effect with a decrease of about 0.001 solute g/solvent g. There was no obvious change 

in the particle size distribution during the transformation. Therefore, the tetrahydrate crystals 

did not appear after transformation (see Fig. 5-7c,d). It was observed that the particle size 

distribution was slightly widened to the right due to growth of heptahydrate crystals. From this 

phenomenon, it is expected that transformation by dissolution occurs on the solid surface and 

is accompanied by crystal growth. 

5.3 Nucleation in Anti-Solvent Crystallization 

5.3.1 Amorphous Formation and Transformation 

Characteristic peaks of the amorphous form at 380, 582 and 880 cm–1, and peaks of 

heptahydrate crystals at 893, 829 and 865 cm–1 were selected. Fig. 5-8 shows the Raman data 

with elapsed time for Run 1 (given in Tab. 5-3) as an example. The time-dependent spectral 

change in the range of 300–500 cm–1 (Fig. 5-8a) reveals that an amorphous peak at 380     

cm–1 appears when the anti-solvent is introduced. It disappears after about 8 h, and then the 

crystalline heptahydrate form appears at 893 cm–1 (Fig. 5-8b). This implies that the amorphous 

form was generated first and then completely transformed into the crystalline heptahydrate via 

liquid-mediated phase transformation. 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0007
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0007
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0007
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig4
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig4
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(a)                                   (b) 
                           

 

 

 

 

(c)                                     (d) 

 

Fig. 5-8: Variation of Raman peaks with elapsed time for Run 1: (a) an amorphous peak 

at 380 cm–1, (b) the heptahydrate peaks at 893, 829 and 865 cm–1, (c) comparison of 

intensity of peaks at 380 and 893 cm–1, and (d) a waterfall diagram of amorphous and 

heptahydrate peaks according to time. 
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Tab. 5-3: Experimental Conditions and Results 

Run 

# 

Initial 

concentration 

(GMP 

g/water g) 

Methanol 

fraction 

(-) 

Methanol 

Addition 

rate or time 

(g/min or 

min) 

Solid 

form 
SH SA 

 

sol 

x103 

(Pa s) 

 

sul 

x103 

(Pa s) 
 

1 0.3 0.50 <1 min A-->H 1.397  2.467  4.26  98.0  

2 0.25 0.50 <1 min A-->H 1.343  2.350  3.62  67.0  

3 0.2 0.50 <1 min A-->H 1.339  2.134  3.04  21.0  

4 0.15 0.50 <1 min A-->H 1.332  1.745  2.51  14.5  

5 0.1 0.50 <1 min H only 1.297    2.05   

6 0.2 0.50 0.94 g/min H only 1.227    3.04   

7 0.2 0.50 1.25 g/min A-->H 1.377  1.681  3.04  6.1  

8 0.2 0.50 1.88 g/min A-->H 1.371  1.886  3.04  7.4  

9 0.2 0.50 3.75 g/min A-->H 1.363  1.686  3.04  6.4  

10 0.2 0.60 1.25 g/min A-->H 1.360  1.867  3.04  10.1  

11 0.2 0.67 1.67 g/min A-->H 1.361  2.114  3.04  17.9  

12 0.2 0.71 2.08 g/min A-->H 1.300 2.220 3.04  36.3  

13 0.2 0.33 0.63 g/min H only 1.285  3.04   

14 0.2 0.71 <1 min A-->H 1.302  12.579  3.04  74.1  

15 0.2 0.67 <1 min A-->H 1.319  12.415  3.04  47.7  

16 0.2 0.60 <1 min A-->H 1.334  10.309  3.04  44.4  

17 0.2 0.33 <1 min A-->H 1.364  3.279  3.04  17.3 

18 0.2 0.50 <1 min A-->H 1.345  5.731  3.04  26.2  

 

Fig. 5-8c compares the intensity of peaks at 380 cm–1(amorphous) and 893 cm–1 (heptahydrate), 

as measured in situ by Raman spectroscopy. Fig. 5-8d is a waterfall diagram of the amorphous 

formation-dissolution and the heptahydrate nucleation (see the peak at 380 cm–1 for amorphous 

and peaks at 893, 829, and 865 cm–1 for heptahydrate). Thus, formation and dissolution of the 

amorphous form and nucleation of heptahydrate crystals were analyzed. Tab. 5-3 shows the 

operational conditions for these experiments such as the initial concentration, anti-solvent 

fraction, and anti-solvent addition rate. 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig4
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig4
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl1
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5.3.2 Phase Transformation by Anti-solvent Crystallization 

When the supersaturation is generated by adding the anti-solvent, the nucleation occurs at 

the upper limit of the metastable zone, which is the maximum supersaturation achievable 

[Kim22c]. Therefore, maximum supersaturation is one of the key variables in batch 

experiments. Tab. 5-3 lists the solid form, supersaturation, viscosity of solution (ηsol), and 

viscosity of the amorphous slurry (ηsul) under various operating conditions. Tab. 5-4 lists the 

induction time (amorphous, crystalline), transformation time, methanol fraction at an 

amorphous induction time, methanol fraction at a crystalline induction time, plateau amorphous 

slurry concentration (In Fig. 5-9 and appendix), the plateau indicates a steady situation, not the 

started or finished transformation process.), solute concentration, metastable zone width 

(ΔAa,max), particle size, and plateau solute concentration (see Fig. 5-9). 
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Fig. 5-9: Measurement by in-situ Raman spectroscopy and FBRM at the experimental 

conditions of Run 1: (a) time dependence on the solute concentration and solid form 

concentration and (b) time dependence on particle size and counts. 

 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig5
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Tab. 5-4: Experimental Data 

 

Fig. 5-9a shows the formation of the amorphous solid and the transformation from amorphous 

states into heptahydrate crystals using concentration–time profiles of solution and solid phases 

for Run 1 at 400 g scale. The concentration of the solution and the solid was measured using 

the Raman peak calibration developed in our earlier works [Kim22a,Kim22b]. To generate the 

supersaturation, the anti-solvent was quickly injected within 1 min at a methanol fraction of 

0.5 (methanol g/solvent mixture g) and 300 g/L solutions. The data were reproducible. Three 

regions were identified [Kim 22c]. 

In the first region, the supersaturation was created by adding the anti-solvent into the solution. 

The amorphous form was produced after a brief time (within 1 min). While the solute 

concentration corresponded to the supersaturation concentration of the amorphous form, no 

Run 

# 

tind,A 

(s) 

tind,H 

(s) 

ttrans 

(s) 

Aa, 

in tind,a 

Aa, 

in tind,h 

Plateau 

amorphous 

slurry 

conc. (g/g) 

Plateau 

conc. 

(g/g) 

Aa,max 

(-) 

Amor-

phous size 

(m) 

Hepta 

hydrate 

size(

m) 

1 56 25352 29579 0.157 0.500 0.1648 0.1352 0.447 35 55 

2 65 3745 5820 0.178 0.500 0.136 0.114 0.436 39 51 

3 76 3598 5665 0.202 0.500 0.0903 0.1097 0.401 28 46 

4 85 1853 3383 0.221 0.500 0.0659 0.1017 0.407 35 49 

5 - 75 - - 0.200 - - 0.072  37 

6 - 1821  - 0.105 - - 0.026  150 

7 688 1577 1916 0.160 0.304 0.012 0.188 0.226 20 40 

8 522 1200 1448 0.179 0.333 0.0221 0.1779 0.254 21 38 

9 288 1031 1148 0.194 0.462 0.0142 0.1858 0.383 11 58 

10 487 1977 2638 0.169 0.452 0.0395 0.1605 0.373 23 48 

11 420 19300 28738 0.189 0.667 0.0705 0.1295 0.588 25 38 

12 401 11024 23406 0.218 0.714 0.109 0.0882 0.635 18 35 

13 - 1045 8800  0.127   0.048  88 

14 21 6902 9614 0.412 0.714 0.148 0.052 0.635 29 43 

15 25 5300 9614 0.510 0.667 0.124 0.076 0.588 25 58 

16 23 8400 11340 0.434 0.600 0.12 0.084 0.521 19 56 

17 20 4120 8017 0.333 0.333 0.0686 0.135 0.254 14 61 

18 28 3450 6200 0.384 0.500 0.0913 0.1087 0.421 20 40 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig5
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heptahydrate crystals were formed. However, the particle size, number of particles, solid 

concentration, and solute concentration were all constant. 

In the second region, an induction time of 25352 s (about 7 h) elapsed to nucleate heptahydrate 

crystals. The amount of the amorphous form decreased, while the amount of the crystalline 

heptahydrate rapidly increased as the solute concentration decreased for about 2250 s (37.5 

min). This phenomenon refers to the transformation of the solid form in which the amorphous 

form dissolves, and simultaneously the crystalline form nucleates and grows. 

In the third region, the content of the heptahydrate crystal is maximized by completing the 

amorphous dissolution while maintaining the solute concentration consistent with the saturated 

concentration of the heptahydrate crystals. Based on these observations, the amorphous slurry 

reaches a maximum at a plateau solute concentration in the early stage, and the heptahydrate 

crystal content reached a maximum when the solute concentration approached the ultimate 

saturation in the final stage. 

Fig. 5-9b shows changes in the number and the particle size of the solid phase obtained at the 

experimental conditions of Run 1. The particle number and the particle size were held constant 

throughout the amorphous formation stage, but as the amorphous dissolution and heptahydrate 

crystal growth progressed, the particle number decreased, and the particle size increased. It 

indicated that the solid form was transforming. Some scattering in the number and the size of 

particles in the initial stage of the process is mainly due to aggregation and breakage of the 

amorphous solid. In both Raman and FBRM data, the time points for generation and 

transformation were almost identical. 

The solute concentration initially lowers as an amorphous form is formed by introducing an 

anti-solvent and then maintains a stable plateau concentration before decreasing again when 

transformation begins. The solid concentration first maintains a steady plateau concentration 

of the amorphous slurry and eventually exhibits a plateau concentration of heptahydrate 

crystals following transformation. The dissolution rate of the amorphous form and the growth 

rate of the heptahydrate crystals can be briefly calculated from the concentration of the solid 

form and transformation time per 1 g of solvent. According to the results of Run 1 (see Fig. 5-

9a), the growth rate of heptahydrate crystals (5.7 × 10–5 g/s) is faster than the dissolution rate 

of amorphous solids (5.0 × 10–5 g/s), which is limiting the transformation. The supersaturation 

can be calculated from the difference between the solute concentration and the saturation 

concentration. In addition, the metastable zone width based on the methanol fraction can be 

obtained from the maximum supersaturation at the nucleation point. The induction 

times, tind,A and tind,H, are defined as the time when the amorphous form and heptahydrate 

crystal are first observed in the solid phase, respectively. The transformation time, ttrans, is the 

entire time required to complete the transformation following the addition of the methanol. 

Fig. 5-10 illustrates the morphological changes of GMP in the pictures captured by PVM 

during the operation at the experimental conditions of Run 1. At the start of the process, the 

cloud-like amorphous form dominated the solution. After about 25200 s (7 h), a few needle-

shaped heptahydrate crystals emerged in the solution. The transformation process increases the 

number of needle-shaped heptahydrate crystals and their crystal size. At 4500 s after the 

induction time, massive rod-shaped heptahydrate crystals were primarily collected. The change 

in crystal shape during the transformation provided by PVM is consistent with the FBRM data 

discussed above. It denoted that the transformation process consists of dissolution of metastable 

forms and nucleation and growth of the heptahydrate form. Eventually, Raman analysis, FBRM 

data, and PVM data were all consistent at the time points of the generation-consumption of the 

amorphous form and the nucleation-transformation of the crystalline form. 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig5


 Results 

 

59 

 

 
Fig. 5-10: Change of morphological pictures captured by PVM according to time at the 

experimental conditions of Run 1. 

5.4 Growth and Dissolution Kinetic and Rate Controlling Step 

5.4.1 Metastable Zone Limits for Amorphous and Heptahydrate Forms 

Previous work has presented the effect of water–methanol fraction on the solubility of 

heptahydrate, tetrahydrate, and amorphous substances in GMP [Kim22a]. Although the 

difference in solubility between the three forms is not very large, the metastable zone widths 

are significantly different. 

The metastable zone width is dependent on supersaturation as a kinetic property [Ulr02, Oma08, 

Oma06]. However, solubility is a thermodynamic property. The metastable zone widths of each 

form serve as information on the formation and transformation of metastable forms. Therefore, 

the solid forms can be selectively produced by adjusting these parameters. In a previous study 

[Kim22a], the metastable zone limits representing regions producing amorphous and 

heptahydrate forms by unseeded anti-solvent crystallization were determined. As a result, the 

production conditions of the amorphous form are determined by the initial supersaturation, and 

the environment of the amorphous slurry affects the transformation process to heptahydrate. 

Fig. 5-11a shows the metastable zone limits and the respective solubility of the amorphous and 

heptahydrate forms in a plot of solute concentration versus mass fraction of methanol in the 

mixed solvent. The metastable zone limits are defined as the fraction of methanol at the onset 

of nucleation of the solid forms. For example, if the solute concentration is plotted against the 

anti-solvent fraction in the anti-solvent crystallization for Patterns A–C, the formation and 

disappearance of the amorphous phase and the formation process of the heptahydrate phase are 

clearly shown [Kim22d]. 

The maximum supersaturation of the three patterns is expressed as a solution concentration for 

the metastable zone width. The maximum supersaturation in Patterns A–C is 0.172, 0.0832, 

and 0.101 GMP g/water g, respectively. It contributes to the nucleation of the amorphous form, 

and the slurry content of the formed amorphous phase affects the transformation process. 

Therefore, it is a key variable in the transformation process. 

Fig. 5-11b shows the profile of solution concentration and time for the three patterns. From the 

solution concentration profile, the concentration change in the process of formation and 

transformation of amorphous material is shown. Also, the induction period and the 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig4
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig4
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transformation time of the amorphous to heptahydrate phase are provided. As a result, the 

degree of supersaturation affects the formation of amorphous forms and also has a great 

influence on the rate-controlling step for dissolution of amorphous forms and the growth of 

heptahydrate. Fig. 5-11c shows the concentration profile of amorphous solid for the three 

patterns. The process of formation and disappearance of the amorphous form is shown over 

time. After the amorphous solid is formed, a plateau of amorphous solid concentration is 

maintained for a certain period of time and dissolved for transformation. 
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Fig. 5-11: Variation of solution concentration (a) against methanol fraction, where A and 

H stand for amorphous phase and heptahydrate phase, respectively (b) against operation 

time, and (c)variation of amorphous solid concentration against time. 

5.4.2 Rate-Controlling Step of Phase Transformation  

O’Mahony et al. [Oma13] demonstrated how it is possible to identify the rate-controlling 

step of solution-mediated phase transformation when both solution and solid phase 

concentrations are recorded. Four scenarios are sketched with plots of the solution and solid-

state data over time via schematic diagrams. In this study, the phase transformation process of 

GMP was analyzed in more detail using in-situ Raman spectroscopy and FBRM. Thirteen 

operating runs were carried out with different conditions of initial concentration, addition rate, 

and anti-solvent fraction. The liquid-mediated phase transformation (the formation of the 

amorphous phase by generating the supersaturation and the transformation to the heptahydrate 

phase by the dissolution and growth) was carried out by adding anti-solvent into the water–

GMP solution at 20 °C. 

Transformation from the amorphous slurry is affected by the conditions of the amorphous state 

of the suspension, such as viscosity, concentration, supersaturation, and temperature 

[Kim22c]. For the formation of the amorphous forms, anti-solvent addition rate, anti-

solvent/solvent ratio, and initial concentration were applied as variables for supersaturation. 

Solution-mediated phase transformation occurs between the solubility curves of the two forms 

based on the solution concentration and is reported to be controlled by dividing it into 

dissolution and growth-controlled steps [Guo18,Wan15,Mar99,Pan18]. On the other hand, in 

this liquid-mediated phase transformation study, the metastable or stable form is first prepared 

by supersaturation of the liquid phase [Kim22a and b]. For the metastable form, transformation 

occurs in a slurry state, and the transformation process takes place in the form of a mixture of 

dissolution and growth-controlled steps. If the stable form nucleates first, growth of the stable 

form follows without transformation. As suggested in the previous study [Kim22c], the 

transformation process is a nonequilibrium operation, so that supersaturation does not occur 

between the equilibrium concentrations of the two forms. 
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Fig. 5-12 shows the concentration–time profiles of liquid and solid for the process of 

amorphous formation and its transformation. Here, the metastable form is the amorphous phase, 

whereas the heptahydrate solid is defined as the stable form. In this study, three different 

patterns of the transformation were found, each divided into two sections [Kim22d]. 

Pattern A is typically shown in the experimental results of Run 1. As shown in Fig. 5-12a, the 

transformation process is divided into two sections. From this figure, the rate constants of 

dissolution and growth in the transformation phase can be calculated. In the first section of the 

transformation section (I), the amount of the heptahydrate form increases, whereas the amount 

of the amorphous phase and the solute concentration decrease simultaneously. It indicates that 

the dissolution rate of the amorphous form is slightly smaller than the growth rate of the 

heptahydrate form. Thus, the dissolution of the amorphous form is the controlling step in the 

initial section. However, in the latter section of the phase transformation section (II), the solute 

concentration of the solution is constant, and the dissolution of amorphous increases. Thus, the 

growth of the heptahydrate form is the controlling step in the latter section. The combination 

of two sections is necessary for grasping the overall rate-limited determined step. 

Fig. 5-12b shows the experimental results of Run 7 (Tab. 6-1), which is a typical curve of 

Pattern B. At the initial section of the transformation section (I), the amount of heptahydrate 

solid increases and the solute concentration decreases, whereas the amount of amorphous 

maintains at a plateau. It suggests that the dissolution rate of the amorphous form is slower 

than the nucleation and growth rate of the heptahydrate form. Thus, the dissolution of the 

amorphous form is the controlling step in the initial section. However, in the latter section of 

the phase transformation section (II), the solute concentration of the solution is constant and 

the solid concentration of the amorphous form decreases, which suggests that the dissolution 

rate of the amorphous form is faster than the growth of the heptahydrate form. Thus, the growth 

of the heptahydrate form is the controlling step in the latter section. 

Fig. 5-12c shows the experimental results of Run 8 (Tab. 6-1), which is a typical curve of 

Pattern C. In the initial period of transformation (I), the amount of the heptahydrate form 

increases and the amount of the amorphous form decreases, while the solute concentration 

remains at a plateau. It indicates that the dissolution rate of the amorphous form is faster than 

the nucleation and growth rate of the heptahydrate form. Thus, the nucleation and growth of 

the heptahydrate form is the controlling step in the initial section. However, in the latter section 

of the phase transformation section (II), the solute concentration decreases, which supports that 

the dissolution rate of the amorphous form is lower than the nucleation and growth of the 

heptahydrate form because of the decrease in the solid concentration of the amorphous form. 

Thus, the dissolution of the amorphous form is the controlling step in the final section. 

The rate-controlling step for the three patterns in this study should be analyzed considering 

both the rate-controlling steps of both sections of the transformation process. Davey and 

Cardew [Dav86] insisted that the rate-controlling step of a transformation process is 

determined by solute concentration behavior. The dissolution-controlled process shows that the 

supersaturation decreases quickly from its initial value to a low value, while the growth-limited 

process indicates that the supersaturation remains close to the initial value due to dissolution 

of the metastable phase. Therefore, qualitative identification based on the solution 

concentration is difficult to interpret because of the complex phenomenon consisting of the 

two-section transformation for rate-controlling steps. For quantitative analysis, suitable kinetic 

equations were derived by comparing the kinetics of the dissolution rate equation and the 

crystal growth rate equation. 

 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig5
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(b)                               (c) 

Fig. 5-12: The concentration–time profiles for solution, amorphous solid and 

heptahydrate solid in liquid-mediated phase transformation from amorphous phase to 

heptahydrate phase at 20 °C in-situ monitored by Raman for (a) Patterns A, (b) Pattern 

B and (c) Pattern C. 
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5.4.3 Data Analysis of Dissolution and Growth Kinetics 

Raman and FBRM data provide a concentration and particle characteristic profile over time 

by providing solid concentration and liquid concentration, particle number, particle size, and 

particle size distribution during the transformation process. 

The dissolution and growth processes in slurry for the two solid states were analyzed by using 

simple equation models [Kim22d]. This was achieved by converting the measured 

concentration into fractional conversion of solids for each phase using eqs. 5-2 and 5-3: 

𝑋𝑎 = 1 − 𝑐𝑎(𝑡)/𝑐𝑎(𝑖)                        (5-2) 

𝑋ℎ = 𝑐ℎ(𝑡)/𝑐ℎ(𝑓)                           (5-3) 

where ca(t) and ch(t) are the solid concentrations of the respective phases with elapsed time in 

the transformation, ch(f) and ca(i) are the concentration of the heptahydrate phase formed at the 

end of the transformation, and the starting concentration of the amorphous phase, respectively, 

and Xa and Xh are the fractional conversions of the amorphous and heptahydrate phases, 

respectively. 

The dissolution and growth profiles were fitted by a zero-order, a first-order, and a surface 

reaction equations [Tur18,Das10,Lok13,Jak16,Zon19,Sha14,Kit13,Dan09,Dha08].  In the 

case of the zero-order equation, the dissolution rate and growth rate are independent of the 

concentration and the particle surface. The kinetic expressions of the zero-order equation for 

the dissolution of the amorphous and growth of the heptahydrate are as follows: 

k𝑑𝑎,0t = X𝑎                               (5-4) 

k𝑔ℎ,0t = Xℎ                               (5-5) 

From eqs. 5-4 and 5-5, the slopes of linear plots of Xa and Xh versus time (t) give the kinetic 

constants kda,0 and kgh,0, respectively. 

If the dissolution and growth rates are proportional to the concentration [Dan09.Dha08,Zhu19], 

a first-order equation is expressed as follows: 

k𝑑𝑎,1𝑡 = − ln(1 − 𝑋𝑎)                       (5-6) 

k𝑔ℎ,1t = ln 𝑋ℎ                              (5-7) 

From eqs. 5-6 and 5-7, the slopes of linear plots of −ln (1 – Xa) and ln Xh versus time (t) give 

kinetic constants kda,1 and kgh,1, respectively. 

If the dissolution and growth rates depend on the surface of the particle, they are expressed 

by the surface reaction model equations in eqs. 5-8 and 5-9, respectively 

[Kit93,Mar99,Sha14,Hix31]: 

k𝑑𝑎,𝑠𝑡 = 1 − X𝑎
1/3                          (5-8) 

k𝑔ℎ,𝑠𝑡 = Xℎ
1/3                             (5-9) 

From eqs. 5-8 and 5-9, the slopes of linear plots of 1 – Xa
1/3 and Xh

1/3 versus time (t) give 

kinetic constants kda,s and kgh,s. 

As highlighted in eqs. 5-5, 5-7, and 5-9, kgh,0, kgh,1, and kgh,s are the growth rate constants of 

zero-order, first-order, and surface reaction equations with respect to the heptahydrate phase, 

respectively. As expressed in eqs. 5-4, 5-6, and 5-8, kda,0, kda,1, and kda,s are the dissolution rate 

constants of zero order, first order, and surface reaction equations with respect to the amorphous 

phase, respectively. This analysis was carried out for each isothermal experiment at 20 °C. The 

dissolution of the amorphous phase and the growth of the heptahydrate phase were compared 

with three order equation models investigated in this study using eqs. 5-4 to 5-9. 

The dissolution of the amorphous form and the growth of the heptahydrate form together with 

the zero-order, first-order, and surface reaction equations fitting profiles are highlighted in Fig. 

5-13, respectively. The calculated values of growth and dissolution rate constants at the 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq2
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq3
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq4
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq6
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq8
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq8
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq4
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq6
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq8
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq3
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq3
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq8
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isothermal temperature are provided in Tab. 5-5. From the overall dissolution rate constant and 

the growth rate constant, the rate-limiting step of the entire transformation process can be 

determined. As shown in Tab. 5-5, it can be seen that kda < kgh for Pattern A, while kda > kgh for 

Patterns B and C. Therefore, from the comparison of the rate constants, Pattern A is the 

dissolution rate control step, and Patterns B and C are the growth rate control steps.  

 

Tab. 5-5: Overall dissolution rate constants and overall growth rate constants for zero-

order, first-order and surface reaction models 

 

Fig. 5-13 compares the accuracy of the three dissolution and growth kinetic equations with that 

of the experimental results of the three patterns of transformation processes investigated. It was 

fitted with zero-order, first-order, and surface reaction equations. Tab. 5-6 shows the 

correlation coefficient r2 calculated through linear regression of the kinetic equation and the 

experimental data. The plots obtained in this study were explained best by the zero-order model 

because the plots showed the highest linearity, and the determination coefficient (r2) was in the 

range of 0.988 to 0.992, followed by the surface reaction model (r2 ranged from 0.813 to 0.981). 

The growth and dissolution were best explained by the first-order equation (r2 ranged from 

0.865 to 0.933).  

The accuracy of the dissolution kinetic equations was in the order of zero-order > surface 

reaction > first-order equations. The accuracy of the growth kinetic equations was in the order 

of zero-order > first-order > surface reaction equations. The zero-order kinetic equation has the 

best correlation in this table. Therefore, the calculation of the kinetic constants, kda,0, 

and kgh,0 for dissolution and growth were obtained through the linear regression of the 

experimental data and eqs. 5-4 and 5-5 using the zero-order equation, respectively. 

 

Tab. 5-6: Correlation coefficient between experiments and models for zero-order, first-

order and surface reaction models 

 
 

 

 

 

 

Rate 

equation 
Unit 

Overall kda x 104 Overall kgh x 104 

Pattern A Pattern B Pattern C Pattern A Pattern B Pattern C 

Zero  g/g s 2.66 0.82 6.89 4.15 0.68 3.60 

First 1/s 6.22 4.17 1.71 9.56 3.12 1.27 

Surface  g1/3/g1/3s 2.02 0.254 0.43 2.10 0.211 0.237 

 Dissolution Growth 

Equation Pattern A Pattern B Pattern C Pattern A Pattern B Pattern C 

Zero 0.990 0.988 0.992 0.989 0.990 0.991 

First 0.865 0.882 0.923 0.931 0.933 0.928 

Surface 0.981 0.933 0.942 0.835 0.863 0.813 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig6
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#tbl3
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq3
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#eq4
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Fig. 5-13: Comparison of rate kinetic constants of zero-order, first-order and surface 

reaction equations for (a) Pattern A, (b) Pattern B and (c) Pattern C. 
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5.4.4 Calculation of Kinetic Parameters 

Fig. 5-14 shows the fraction of solids over time for three different types of slurry 

transformation processes. The use of a zero-order model to fit the growth and dissolution 

profiles allows extrapolation of the rate constants associated with each step to discover which 

is rate-limiting in the transformation kinetics. Figures corresponding to Runs 10–12 (Tab. 6-1) 

are shown in the Appendix. For 13 experiments (Tab. 6-1), three transformation patterns were 

classified, and rate constants for dissolution and growth were calculated by applying the zero-

order rate equation. 

For the zero-order rate constant, kd,I and kg,I of section (I) and kd,II, and kg,II of section (II) were 

calculated from the slope, as shown in Fig. 5-14, and the overall kd and kg of the overall section 

were calculated from the following equations [Kim22d]. 

Overall 𝑘𝑑 =
𝑡𝑖𝑚𝑒 𝑜𝑓 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝐼×𝑘𝑑,𝐼+𝑡𝑖𝑚𝑒 𝑜𝑓 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝐼𝐼×𝑘𝑑,𝐼𝐼

𝑇𝑜𝑡𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
               (5-10) 

Overall 𝑘𝑔 =
𝑡𝑖𝑚𝑒 𝑜𝑓 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝐼×𝑘𝑔,𝐼+𝑡𝑖𝑚𝑒 𝑜𝑓 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝐼𝐼×𝑘𝑔,𝐼𝐼

𝑇𝑜𝑡𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
               (5-11) 

The kinetic constants evaluated for the dissolution and growth stages of the transformation 

processes are shown in Tab. 5-7. The growth profile of the heptahydrate phase highlighted 

in Fig. 5-14 indicates that although a simple zero-order model fits this curve well, there are 

some deviations from the model, especially at the beginning and end of the experiment. 

In the case of Pattern A, the kd value is smaller than the kg value in sections (I) and (II), so the 

overall kd is smaller than the overall kg value in the entire section. As a result, the dissolution 

rate controls the overall controlling step of the process. In the case of Pattern B, the kd value is 

smaller than the kg value in section (I) and vice versa in section (II). Overall kg is lower than 

overall kd in the whole section. Therefore, the overall controlling step of the process is 

determined by the growth rate. Heptahydrate crystal growth is induced by a rapid decrease in 

supersaturation without a change in the concentration of amorphous solids at the initial section. 

In the next section, the amorphous dissolution rate is fast, and the supersaturated concentration 

is almost constant. This phenomenon is the same as the result shown by the magnitude of the 

rate constant. In the case of Pattern C, the kg value in section (I) is smaller than the kd value and 

vice versa in section (II). Overall kg is less than overall kd in the whole section. Therefore, the 

controlling step of the process is governed by the growth rate. In the initial section, there was 

a large change in the concentration of amorphous solids without a change in supersaturation. 

As the amorphous dissolution rate increased, the heptahydrate crystal growth rate also 

increased. In the next section, the dissolution rate of the amorphous substance is almost 

constant, and the supersaturation concentration decreases. This phenomenon is also the same 

as the magnitude of the rate constant. 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig7
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c02135/suppl_file/ie2c02135_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c02135/suppl_file/ie2c02135_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#tbl4
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig7
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Fig. 5-14: Calculation of rate constants of dissolution and growth from plot of fractional 

concentration against time during transformation for (a) Pattern A, (b) Pattern B and (c) 

Pattern C. 
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Tab. 5-7: Calculated dissolution and growth rate constants and their ratios for the 

isothermal experiments 

a) Operating conditions 

Pattern 
Feed concentration  Methanol fraction Addition time 

(GMP g/water g) (g/g) (min) 

A 0.3 0.5 0.5 

B 0.2 0.667 60 

C 0.2 0.71 60 

b) Rate constant for Sections I and II 

Pattern 

Section I Section II  

kdx104 

[g/g s] 

kgx104 

[g/g s] 

kdx104 

[g/g s] 

kgx104 

[g/g s] 
 

A 0.425  0.524  3.783  5.970   

B 0.672  0.549  1.004  0.842   

C 5.682  0.550  7.067  4.052   

c) Rate constant for overall stage and controlled step  

Pattern 

    Overall stage             Controlled step 

kdx104 

[g/g s] 

kgx104 

[g/g s] 
Section I Section II Overall 

A 2.664  4.155  D D D 

B 0.822  0.682  D G G 

C 6.889  3.600  G G G 

 

5.4.5 Changes in Particle Number, Particle Size, and Particle Size Distribution  

As the growth of heptahydrate crystals is revealed by the solid concentration, the growth 

kinetics are related to the overall mass transfer into the heptahydrate phase, which causes a 

change in the particle size distribution over time. Changes in particle size, the number of 

particles, and particle size distribution with time were noted during the transformation process. 

FBRM data do not provide quantitative information on crystalline transformation, but they do 

provide information on nucleation and crystal growth rate during transformation. In this study, 

Raman data were measured as quantitative data such as concentration and the solid form, and 

the correlation with FBRM data was investigated. 

The FBRM CLDs underline the change in particle system dynamics caused by the phase 

transition. Fig. 5-15 depicts the time-elapsed trend of particle size distributions. Fig. 5-

15 shows a gradual decrease in counts and peak changes in the distribution model from the 

CLD as the transformation process progresses, which accounts for phase transformation 

processes in the solution. The peaks of the amorphous form from the particle size distribution 

were 6.7, 4.5, and 4.4 μm for Patterns A–C, respectively. The peaks of the final distribution of 

heptahydrate after the transformation were 51, 44, and 47 μm for Patterns A–C, respectively. 

 

 

 

 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig8
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig8
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig8
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Fig. 5-15: Variation of chord length distributions for (a) Pattern A, (b) Pattern B and (c) 

Pattern C. 
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For patterns A–C, the mean square-weighted chord lengths for the amorphous were 25, 17, and 

22 μm and for the heptahydrate, 50, 51, and 59 μm, respectively (see Fig. 5-16). Under the 

operating conditions of the three patterns, the amorphous size was 4.4–6.7 μm, and the 

heptahydrate size after conversion was 50–59 μm, with no significant difference. The 

amorphous obtained in the three different operating conditions had similar sizes, but the 

number of particles varied greatly. This is because supersaturation influences the number of 

particles in the amorphous formation. Solubility, supersaturation, and amorphous dissolution 

rates all influence the rate of heptahydrate formation, thus affecting the number of particles. 

In Pattern A (see Fig. 5-15a and Fig. 5-16a), the particle size at the peak of the generated 

amorphous particle distribution is 6.7 μm, and a heptahydrate peak is formed at the same time 

as the peak height is decreased, thereby forming a bimodal particle distribution and its shift 

occurs simultaneously. The mean square-weighted particle size attained throughout the 

amorphous formation process was 25 μm. As the transformation occurs, supersaturation 

decreases, and the amorphous form dissolves simultaneously, thereby increasing the driving 

force. As a result, heptahydrates were rapidly generated to form a bimodal distribution, and a 

particle size distribution with a mean square-weighted size of 51 μm was formed. 

In Pattern B (see Fig. 5-15b and Fig. 5-16b), the mean square-weighted particle size of the 

amorphous phase formed was 17 μm, and the dissolution rate was fast during the initial 

transformation process. The particle size at the peak is 4.5 μm, and the peak height was first 

lowered. Following that, as the growth rate increases, the particle size distribution widens to 

the right, and finally, a shift occurs in the particle size distribution with a mean square-weighted 

particle size of 54 μm. According to the Raman data in Fig. 5-11, transformation happens in 

this manner when supersaturation diminishes, but the concentration of the amorphous solid 

remains almost constant. Pattern B’s heptahydrate phase grows at a slower rate than Pattern 

A’s. 

In Pattern C (see Fig. 5-15c and Fig. 5-16c), the mean square-weighted size of the formed 

amorphous was 22 μm, and the peak size of the particle size distribution was 5 μm. It decreases 

rapidly during the transformation process, and then, the growth of 44 μm-sized heptahydrate 

particles occurs. From the comparison with the Raman results in Fig. 5-11, it is expected that 

transformation occurs as the amorphous content decreases rapidly at a plateau where the 

supersaturation concentration is constant. Compared to B, the width of the CLD is much 

smaller, so the growth rate is expected to be small in the later section. 

In all patterns, the number of particles with a size of 1–5 μm and the number of particles with 

a size of 6–50 μm increased initially, and the number of particles with a size of 51–100 μm 

remained unchanged (see Fig. 5-16). As the transformation started, the number of particles of 

1–5 μm and 6–50 μm decreased, and the number of particles of 51–100 μm size increased 

slightly. Compared with Patterns A–C, remarkable differences in the variations of the FBRM 

counts were found. The FBRM counts change from the amorphous to the heptahydrate at 293 

K during transformation is graphically presented in Fig. 5-16. From Fig. 5-16a, there was a 

relatively quick transformation process within 28,100 s. The counts in all ranges measured by 

FBRM decreased, as there was an abrupt decline in FBRM counts in the first 28,100 s. Particle 

counts (1–5 μm) decreased rapidly, which was followed by 6–50 μm. Counts of 51–100 μm 

particles increased slightly after 28,100 s. The changes in the FBRM data were consistent with 

the change in concentration. 

As shown in Fig. 5-16b, particle counts of all population ranges decline in the first 25,000 s, 

with particle counts of the 1–5 μm range decreasing significantly. The dissolution rate of small 

particles is believed to be faster than that of big particles. The supersaturation of the fluid 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig9
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https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig9
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increased when amorphous particles dissolved. After 25,000 s, particle counts in the 51–100 

μm range rapidly increased, owing to heptahydrate formation. This can be confirmed by the 

history of different chord length distributions at different times shown in Fig. 5-15b. Chord 

length distributions decreased in the first 25,000 s, followed by a change in the peak of the 

chord length distribution, indicating an amorphous to heptahydrate transformation. 

As shown in Fig. 5-16, the amorphous size of Pattern A, 35 μm, is the largest compared to 

those of Patterns B and C, 10–15 μm. Counts of the amorphous phase, 15,000 #/s, are the lowest 

compared to Patterns B and C, 22,000–30,000 #/s. From the highlight of Pattern A, the decrease 

in solute concentration is expected to be mainly due to the situation when the interfacial solid–

liquid surface area of the metastable form is much smaller than that of the stable form over 

most of the transformation time. This can occur when the metastable form consists of a 

relatively large number of small crystals and nucleation results in a significant number of nuclei 

in the stable form. 

Patterns B and C are more prevalent than Pattern A because the intrinsic growth rate is predicted 

to be lower than the intrinsic dissolution rate. Otherwise, the same considerations concerning 

the influence of the solid–liquid interface surface area apply in this arrangement. While the 

initial total surface area of the metastable form is defined by the supersaturation conditions that 

produce the amorphous form, the total surface area of the stable form is entirely controlled by 

the number of nucleated crystals of the heptahydrate. Even though the current state of 

knowledge has very little control over this, earlier research has shown that the formation 

conditions of the amorphous form and the physical features of the amorphous slurry might have 

contributed to it. 
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(a) 

(b)                                     (c) 

Fig. 5-16: Variation of the chord length and counts (total, 1–5 μm range, 6–50 μm range 

and 51–100 μm range) for (a) Pattern A, (b) Pattern B and (c) Pattern C. 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig9
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6. Discussion 

6.1 Solubility and Maximum Supersaturation 

6.1.1 Effect of the Solvent Fraction on the Maximum Supersaturation 

Examples of maximum supersaturated concentrations measured by Raman spectroscopy and 

FBRM in anti-solvent crystallization are shown in Fig. 6-1, which presents the concentrations 

of the solution and the concentrations of the solid forms. The transformation of the amorphous 

form to the heptahydrate can be clearly observed from the Raman shift, as shown in Fig. 6-1a. 

The operation was performed by adding methanol (methanol/water ratio of 1:1) for 10 s to a 

solution at a GMP/solvent ratio of 0.2 and 20 °C. The formation of amorphous GMP was 

observed first, as soon as the methanol was added. After 4607 s, transformation into a 

heptahydrate crystal started, and the transformation was finished at 8354 s. The supersaturated 

concentrations of the amorphous and heptahydrate solids were 0.1263 and 0.0503 (GMP 

g/water g), respectively. An instant addition resulted in maximum supersaturation in anti-

solvent crystallization. In these experiments, the number of particles increased rapidly during 

nucleation and the particle size was 5–10 μm, but the number of particles decreased and the 

particle size increased when the heptahydrate was formed. 
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(c) 

Fig. 6-1: Measurement of the maximum supersaturated concentrations of (a) the 

amorphous and heptahydrate forms using anti-solvent crystallization by Raman 

spectroscopy and FBRM at 20 °C and a methanol fraction of 0.5 (methanol g/solvent 

mixture g); (b) the tetrahydrate and heptahydrate using anti-solvent crystallization by 

Raman spectroscopy and FBRM at 50 °C and a methanol fraction of 0.5 (methanol 

g/solvent mixture g); (c) the amorphous form, tetrahydrate, and heptahydrate using anti-

solvent crystallization by Raman spectroscopy and FBRM at 50 °C and a methanol 

fraction of 0.7(methanol g/solvent mixture g). 
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The transformation of the heptahydrate into the tetrahydrate was clearly observed from the 

Raman spectra results, as depicted in Fig. 6-1b. The operation was performed by adding 

methanol (methanol/water ratio of 1:1) for 10 s in the solution concentration (GMP/solvent of 

0.2) at 50 °C. Heptahydrate GMP was first formed after 3 s and then transformation into 

tetrahydrate crystals started after 5290 s and was completed at 7231 s. The supersaturated 

concentrations of the heptahydrate and tetrahydrate crystals were 0.0646 and 0.0532 (GMP 

g/water g), respectively. The average of the points where the concentration was stable before 

the phase transition started was considered as the metastable form solubility. The metastable 

region (concentration) was measured at a constant temperature and mass fraction of methanol. 

The metastable region had the largest supersaturation for the amorphous form and there was 

only little difference between tetrahydrate and heptahydrate. It was observed that, when the 

mass fraction of methanol is greater than 0.8 (methanol g/solvent mixture g), the supersaturated 

concentrations of the tetrahydrate and heptahydrate are almost the same. 

In another example, the operation was performed at 50 °C with a methanol mass fraction of 0.7 

(methanol g/solvent mixture g) and a GMP/solvent ratio of 0.2 by adding methanol instantly 

(Fig. 6-1c), and the results show that amorphous GMP was generated instantly after methanol 

addition. Transformation into a heptahydrate crystal started after 280 s, followed by 

transformation into the tetrahydrate after 698 s. The maximum supersaturation of the 

amorphous, heptahydrate, and tetrahydrate solids was measured as the difference between the 

actual concentration and the equilibrium concentration (saturation). This supersaturated 

concentration represents a characteristic value for each form and is: amorphous ≫

 heptahydrate > tetrahydrate. The stability is: tetrahydrate > heptahydrate ≫ amorphous, and 

the solubility tends to be reversed so that it can be assumed that the supersaturation of the solid 

forms is generated. 

The amorphous solid form was expected to be detected during rapid addition, and the 

heptahydrate or tetrahydrate crystals, by slow addition. Under intermediate conditions, 

polymorphic transformation was confirmed. The mixing of all polymorphic forms was not 

detected in any experiment, except for transformation. It is recognized that the Raman method 

is very likely to detect less than 1 % of solid state impurities. There was some delay between 

the nucleation point and the reaction of the Raman probe at a slow input rate, but the trend was 

clearly analyzed. This was due to the time required for sufficient solids to accumulate in the 

solution. The off-line X-ray diffraction results of the solids recovered at the end of the 

crystallization were consistent with the Raman results for the different solid forms. The 

concentration at that time was also consistent with the Raman results. 

6.1.2 Solubilities and Maximum Supersaturation of Solid Forms 

The solubilities and maximum supersaturation concentrations of the three solids, which were 

measured by anti-solvent crystallization, are shown in Fig. 6-2, with the solubility and 

maximum supersaturation against the methanol mass fraction at 20 and 50 °C being shown in 

Figs. 6-2a and b, respectively. The amorphous solubility was highest over the entire solvent 

fraction range. On the other hand, the solubilities of the tetrahydrate and heptahydrate were 

similar, with that of the tetrahydrate being slightly lower. The maximum supersaturation was 

highest in the amorphous form, followed by the heptahydrate and tetrahydrate. From these 

results, the solubility and maximum supersaturation values to selectively produce the 

amorphous, heptahydrate, and tetrahydrate forms were clearly provided. The amorphous solid 

form was generated at the highest supersaturation compared to the hydrates. Heptahydrate 

crystallization was possible at 20–40 °C and a methanol fraction of 0.15–0.6 (methanol 

https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/ceat.202100260#ceat202100260-fig-0006
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g/solvent mixture g) . The tetrahydrate was obtained in the entire solvent fraction range at 45–

60 °C and, especially, was crystallized when the methanol fraction was 0.8 (methanol g/solvent 

mixture g) or higher, even in the range of 20–40 °C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6-2: Solubility and maximum supersaturated concentration of the amorphous, 

heptahydrate, and tetrahydrate forms at (a) 20 and (b, c) 50 °C. 
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Solubility is a thermodynamic property, but the maximum supersaturation or upper limit of the 

metastable zone is a kinetic property. The actual supersaturation depends on the rate of 

crystallization, since the metastable limit, i.e. the difference between solubility and actual 

supersaturation, depends on crystallization conditions. Information on the metastable limit is 

essential for the selective formation of hydrates and amorphous forms. In this study, it is 

revealed that crystalline selectivity can be identified by in-situ measuring the metastable limit. 

The kinetic studies are necessary for control of the crystal size, purity, shape, etc. 

Crystallization starts when the solution reaches supersaturation, and the crystal size, purity, 

shape, etc. are controlled according to the degree of this supersaturation. Therefore, 

supersaturation can be calculated using the solubility data established in this study, and 

crystalline and amorphous forms can be selectively produced by anti-solvent crystallization 

operation. Therefore, supersaturation can be predicted using the solubility data established in 

this study, and crystalline and amorphous forms can be selectively produced by anti-solvent 

crystallization operation.  

6.2 Finding Conditions of Phase Transformation 

6.2.1 Amorphous–Heptahydrate Transformation 

As shown in Fig. 5-5, the concentrations of solution, amorphous solid, and heptahydrate 

solid were presented. It was changed due to the formation of heptahydrate, a more stable form, 

and the solution concentration was reduced to 0.065 solute g/solvent g. The concentration of 

the amorphous solid is 0.048 solute g/solvent g. In the process of transformation, the 

supersaturation consumption rate by dissolution of the amorphous solid was 0.048 solute 

g/solvent g per transformation time (2024 s), whereas the total formation–growth rate of 

heptahydrate was 0.135 solute g/solvent g per transformation time (2024 s). The 

supersaturation consumption rate of the solution is 0.087 solute g/solvent g per transformation 

time (2024 s). It is calculated as the difference between the solubility of the amorphous 

(0.152 solute g/solvent g) and that of the heptahydrate (0.065 solute g/solvent g). Therefore, 

this transformation process can be considered a dissolution-controlled transformation 

(frequently also called liquid-mediated phase change), because the nucleation-growth rate by 

supersaturation reduction is much higher than the amorphous dissolution rate. In the dissolution 

and growth mechanism, the overall dissolution and growth rate depends on the driving force, 

supersaturation. It is determined by the total surface area of the solid–liquid interface and the 

mass transfer rate constant from solution to crystal. In general, the growth rate is considered 

higher than the dissolution rate because there are both mass transfer resistances involved in the 

diffusion and surface integration steps [Oma07,Oma08]. As shown in Fig. 5-5b, the surface 

area of the amorphous solid–liquid interface is much higher than that of the heptahydrate during 

transformation. This is due to the fact that the amorphous form has a relatively large number 

of particles while relatively few crystals of heptahydrate are produced. This result supports the 

polymorphic transformation of methionine in batch crystallization [Wan13,Oma12]. 

6.2.2 Tetrahydrate–Heptahydrate Transformation 

As shown in Fig. 5-6, heptahydrate is formed after an induction period of 6000 s and 

tetrahydrate disappears at 8450 s. When heptahydrate was formed, the measured solubility was 

0.067 solute g/solvent g. Therefore, the concentration consumed by crystal growth of the 

heptahydrate is about 0.132 solute g/solvent g. The supersaturated consumption of the solution 

is 0.004 solute g/solvent g. Therefore, the supersaturation rate in the solution was much lower 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0005
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than the consumption rate by dissolution of the tetrahydrate. There is also a plateau region of 

solution concentration of tetrahydrate. The solution concentration decreased when nucleation 

of heptahydrates started before solution concentration decreased and most of the tetrahydrates 

were dissolved. Therefore, this transformation can be considered a nucleation-growth-

controlled transformation. 

The solution concentration maintained the solubility of the tetrahydrate for 5850 s and 

remained constant until almost no solid form of the tetrahydrate remained in suspension. In the 

transformation, the supersaturation rate by crystal growth of heptahydrate was 0.137 solute 

g/solvent g per 2735 s, and the total dissolution rate of the tetrahydrate was 0.132 solute 

g/solvent g per 1527 s. Therefore, the rate of supersaturation consumption by nucleation growth 

is smaller than that by dissolution. This case demonstrates a nucleation-growth-controlling 

transformation step. The intrinsic growth rate is lower than the intrinsic dissolution rate. Most 

transformations expect this situation to be more common. Otherwise, the same considerations 

for the effect of surface area in the solid–liquid interface would be applied to this case. However, 

the initial total surface area of tetrahydrate is similar to that of heptahydrate and is estimated 

from the particle size distribution. Therefore growth-controlled transformation can explain this 

case. 

6.2.3 Heptahydrate–Tetrahydrate Transformation 

As shown in Fig. 5-7, after an induction period of 5650 s, tetrahydrate is formed and the 

concentration decreases to 0.060 solute g/solvent g. The supersaturation consumption by 

dissolution of heptahydrate was about 0.0139 solute g/solvent g, which was less than the total 

growth of tetrahydrate of 0.143 solute g/solvent g. 

There is a plateau region in the concentration of heptahydrate solid. As soon as the nucleation 

of the tetrahydrate started after the induction period, it behaved similarly to tetrahydrate–

heptahydrate transformation. The solution concentration maintained the solubility of 

heptahydrate for 6800 s. In this transformation, the supersaturation consumed by crystal growth 

of tetrahydrate was 0.143 solute g/solvent g per 1990 s, and the total dissolution of 

heptahydrate was 0.139 solute g/solvent g per 1689 s. Therefore the rate of supersaturation 

consumption by nucleation growth is smaller than that by dissolution. This case appears as a 

nucleation-growth-controlled transformation. From the viewpoint of the transformation 

mechanism, there is no change in particle size, number of particles, or particle size distribution 

over the entire period, and the transformation from heptahydrate to tetrahydrate occurs. This 

phenomenon requires a driving force for nucleation of tetrahydrate, because the difference in 

solubility between the two hydrates is very small. One possibility of explaining it is a surface 

nucleation. The presence of a surface may be necessary to reduce the energy barrier for 

nucleation and to promote nucleation of the tetrahydrate. At this point, a higher concentration 

appears on the surface of the dissolved heptahydrate crystals compared to the solution, and, as 

a result, nucleation of tetrahydrate on the surface of the heptahydrate may be activated. A higher 

concentration of heptahydrate surface cannot induce nucleation of tetrahydrate on the same 

surface, because there is no driving force for heptahydrate dissolution prior to tetrahydrate 

nucleation. The transformation of the hydrate is energetically more likely to form nuclei at the 

interface. Similar results were reported in hydrate–anhydrate transformation 

[Cro10,Oma13,Mah12]. 
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6.2.4 Selective Preparation of Amorphous, Heptahydrate, and Tetrahydrate without 

Transformation 

Fig. 6-3 shows solid phase concentration, solution concentration, particle size, and number 

of particles with elapsed time under various conditions. The equilibrium concentration of the 

amorphous solid was established immediately after the addition of anti-solvent. The solution 

concentration was 0.212 solute g/solvent g, and the amorphous solid concentration was 

0.088 solute g/solvent g. It remained amorphous without transformation for 28 h. The particle 

size was 11 µm, and the number of counts was constant at 22 300 # s−1 (number count rate by 

FBRM). 

 

Fig. 6-3: Preparation of amorphous, heptahydrate, and tetrahydrate without 

transformation. Top graphs were calculated by calibration of Raman peaks. a–c) Top 

graphs show a) amorphous solid concentration, b) heptahydrate solid concentration, and 

c) tetrahydrate solid concentration with solute concentration, respectively; bottom 

graphs show counts of particle and chord length of a) amorphous solids, b) heptahydrate 

solids, and c) tetrahydrate solids over time, respectively. Blue lines indicate completion 

point for crystal growth of heptahydrate and tetrahydrate by variation of solute 

concentration and particle size with time. 

Heptahydrate was crystallized immediately after the addition of the anti-solvent at an initial 

concentration of 0.1 solute g/solvent g. Over 11 000 s, the solution concentration decreased 

from 0.1 to 0.023 solute g/solvent g, and the heptahydrate solid concentration increased to 

0.077 solute g/solvent g. Heptahydrate was maintained without transformation for 10 h. The 

particle size was 32 µm, and the number of particles was constant at 9500 # s−1. 

The tetrahydrate was crystallized immediately after the addition of the anti-solvent at a 

temperature of 50 °C and an initial concentration of 0.2 solute g/solvent g. Over a period of 

3400 s, the solution concentration decreased from 0.2 to 0.032 solute g/solvent g, and the 

tetrahydrate solid concentration increased to 0.168 solute g/solvent g. The tetrahydrate was 

maintained without transformation for 10 h. The particle size was 72 µm, and the number of 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0008
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count was constant at 3900 # s−1. 

Therefore in order to intentionally prepare either a metastable form or a stable form, the 

relationship between supersaturation and equilibrium concentration is necessary. 

 

6.2.5 Effect of Anti-solvent Adding Rate 

The screening of GMP forms using anti-solvent crystallization is affected by the anti-

solvent-to-solvent ratio, anti-solvent feed rate, temperature, and initial concentration. Solution 

concentration–time profiles as a function of anti-solvent feed rate at 20 and 50 °C are shown 

in Figs. 6-4a and b, respectively. Nucleation, transformation, and growth were shown for the 

amorphous, heptahydrate, and tetrahydrate forms. Hydrates were formed at lower feed rates 

and lower concentrations. In some cases, the amorphous form was nucleated and then 

transformed to hydrate crystals. In the experiment at 20 °C, hydrates were grown by nucleation 

of heptahydrates at the anti-solvent feed rates of 0.9375 and 1.25 g min−1 with a feed 

concentration of 0.2 solute g/solvent g, and at that of 38.0 g min−1 with a feed concentration of 

0.1 solute g/solvent g. Initially, amorphous solids were generated at 1.87–3.75 g min−1, and 

transformed to heptahydrates after 2000 s. When the anti-solvent feed rate is 38 g min−1 at 

0.2 solute g/solvent g, the amorphous form is first nucleated, and the solution concentration is 

maintained at the highest plateau for 4000 s, and then transformation into heptahydrate occurs. 

At 50 °C, pure amorphous solid was prepared without transformation at an initial concentration 

of 0.3 solute g/solvent g and an addition rate of 38.0 g min−1. Pure tetrahydrate solids were 

obtained with transformation at the methanol fraction of 0.67 (methanol g/solvent mixture g). 

Heptahydrate-to-tetrahydrate and tetrahydrate-to-heptahydrate transformations were produced 

at methanol fractions of 0.33 and 0.5 (methanol g/solvent mixture g), respectively. 
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(b) 

Fig. 6-4: Variation of solution concentration with time for selective formation: a) 

20 °C and b) 50 °C. (A, H, and T stand for amorphous, heptahydrate, and tetrahydrate, 

respectively.). 

Figs. 6-5a and b shows the plots of solution concentration against the methanol fraction for 

methanol feed rates at 20 and 50 °C, respectively. As can be seen in Fig. 6-5a, heptahydrate 

was nucleated at a methanol fraction of 0.183, and 0.208 (methanol g/solvent mixture g) for 

anti-solvent addition rates of 0.9375 and 1.25 g min−1, respectively, and then grown without 

transformation. Despite highest addition rate (38 g min−1), at initial concentrations of 0.15 and 

0.1 solute g/solvent g, nucleation of heptahydrate occurred at methanol fractions of 0.161 and 

0.155 (methanol g/solvent mixture g), respectively. An amorphous solid was formed at a 

methanol fraction of 0.32, at an addition rate of 3.75 solute g/solvent g, and then transformed 

to heptahydrate at a methanol fraction of 0.50 (methanol g/solvent mixture g). After amorphous 

formation, the concentration decreased close to the solubility of heptahydrate by dissolution 

and growth. Heptahydrate was generated at an initial concentration of 0.1 solute g/solvent 

g and a methanol fraction of 0.26 (methanol g/solvent mixture g) without transformation. 
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Fig. 6-5: Solution concentration against methanol fraction for amorphous, heptahydrate, 

and tetrahydrate formations: a) 20 °C and b) 50 °C (A, H, and T stand for amorphous, 

heptahydrate, and tetrahydrate, respectively.). 
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As can be seen in Fig. 6-5b, which is the result for 50 °C, the amorphous form was formed in 

a methanol fraction of 0.34 (methanol g/solvent mixture g), at an addition rate of 38 g min−1, 

and an initial concentration of 0.3 (GMP g/solvent g), and remained without transformation. 

The tetrahydrate was nucleated at a methanol fraction of 0.19 (methanol g/solvent mixture g) 

and at an addition rate of 3.8 g min−1, and was grown without transformation. The 

transformation from the heptahydrate form to the tetrahydrate form occurred at a methanol 

fraction of 0.20 (methanol g/solvent mixture g), and the transformation from the tetrahydrate 

to the heptahydrate form occurred at a methanol fraction of 0.14 (methanol g/solvent mixture 

g). These results were similar to the hydrate formation behavior of taltirelin in batch 

crystallization [Ngu15]. Finally from Figs. 6-4 and 6-5, the supersaturation can be calculated 

by the difference between the metastable concentration Cmet and the solubility C*. It is 

applicable for the selective preparation of amorphous, heptahydrate, and tetrahydrate solids.  

After nucleation, the concentration decreased to a more stable form of solubility due to the 

reduced supersaturation induced by crystal growth. The faster addition rate leads to the higher 

supersaturation. Thus, the amorphous form nucleated at a faster addition rate at the same 

solution concentration, whereas the hydrate crystals formed at a slower addition rate. The 

induction time was affected by supersaturation, which was related to the addition rate of anti-

solvent. 

 

6.3 Nucleation Study on Phase Transformation 

6.3.1 Metastable Zone Width and Supersaturation 

Fig. 6-6 shows the variation of the solute concentration and the solid forms according to the 

mass fraction of methanol (operating line) with the solubility curves of the amorphous form 

and heptahydrate crystals. The experiment was carried out under Run 1 conditions. The 

solution is supersaturated by the increasing methanol fraction with respect to both solid forms. 

For systems which obey Ostwald’s Rule [Ost97], the formation of the amorphous form will 

predominate, but it is expected that, even in such cases, nuclei of the heptahydrate crystal will 

appear only if the metastable zone of the heptahydrate ends within the metastable zone of the 

amorphous form. These will form the local conditions for the dissolution of the amorphous 

form and subsequent growth of the heptahydrate form. 

https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0010
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0009
https://onlinelibrary.wiley.com/doi/full/10.1002/crat.202100176#crat202100176-fig-0010
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig6
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Fig. 6-6: Variation of the solute concentration and the solid forms against the mass 

fraction of methanol, obtained at the experimental conditions of Run 1, with the solubility 

curves of the amorphous form and heptahydrate crystals [Kim22c]. 

At point A in Fig. 6-6, the formation of the amorphous solid begins, and the solute 

concentration decreases sharply, as the methanol fraction increases. Heptahydrate crystals were 

formed in the slurry of amorphous particles at the point A+H. Here, the metastable zone for 

amorphous and heptahydrate production can be expressed by the excess amount of methanol 

(difference in methanol fractions between the equilibrium point and nucleation point) and the 

induction time, tind. The maximum supersaturation ratio for formation of the amorphous 

material is Smet,A = Ci/CA
* (where Ci is the initial concentration), while the driving force of 

heptahydrate crystal nucleation Smet,H is CA
*/CH

* at the nucleation point. The concentration in 

the liquid phase increases slightly due to dissolution of the amorphous slurry. A higher initial 

supersaturation leads to a higher probability of amorphous particles appearing. This plot shows 

the steady-state plateau region identified by Cardew and Davey [Car85], while the crystal 

growth, supersaturation, and dissolution are all balanced. 

Fig. 6-6 shows that the formation of amorphous solids occurred at a methanol fraction of 

0.1675 (methanol g/solvent mixture g), with a solubility limit (CA
*) of 0.1303 GMP g/water g. 

About 25200 s (7 h) after the amorphous particle formation, the heptahydrate form was 

nucleated and grown until the solubility limit of the heptahydrate (CH
*) of 0.0324 (GMP g/water 

g) was reached. This figure may be used to determine the change in solid form, concentration, 

excess amount based on methanol fraction, transformation time, supersaturation of amorphous 

and heptahydrate forms, and induction time. 

In the anti-solvent addition method, the characteristics of amorphous formation, crystalline 

nucleation, and transformation in solution depend on variables such as the initial concentration, 

addition rate, and anti-solvent fraction. 

The nucleation rate can be expressed as [Oma06,Ulr03]: 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig6
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig6
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J = A exp(B)                                  (6-1) 

where A is the pre-exponential factor, and B is the exponential term factor including the 

supersaturation ratio S: 

𝐵 = −
16𝜋𝛾3𝜈2

3𝜅3𝑇3(ln 𝑆)2
                                (6-2) 

where γ is the interfacial tension, v is the molecular volume, T is the temperature, and κ is the 

Boltzmann constant (1.3805 × 10–23 J·K–1). 

When the formation of a stable nucleus is the rate-limiting step, then the induction time, tind, is 

inversely related to the nucleation rate, J: 

J ∝  
1

𝑡𝑖𝑛𝑑
                                      (6-3) 

The pre-exponential factor A in eq. 6-1 is expressed as [Kim01]:  

A = 1.5D𝐴𝐵(C𝑐𝑁𝐴)5/3 (
𝐶

𝐶𝑐
)

7/3
√𝐾𝑙𝑛 (

𝐶𝑐

𝐶∗)                             (6-4) 

where DAB is the diffusion coefficient, Cc is the density of the solid, and C is the solute 

concentration. K is the slope of the log–log plot of the interfacial tension against Cc/C
*. The 

constant K = 0.333 was derived from the experimental data [Kim01]. The pre-exponential term 

A depends on DAB and the solute concentration when the temperature is constant. Since DAB is 

inversely proportional to the viscosity, the pre-exponential term (A) is proportional to the solute 

concentration and inversely proportional to the viscosity as: 

A ∝
𝐶7/3

𝜂
                                              (6-5) 

where η is the viscosity. Therefore, the pre-exponential factor is affected by the concentration 

of the amorphous solid and the solute concentration due to the increased frequency of 

molecular attachment to sufficiently offset the decreasing driving force of the exponential term 

exp B. Combining eqs. 6-2, 6-3, and 6-5 gives the following equation: 

1

𝑡𝑖𝑛𝑑
∝  

𝐶7/3

𝜂
𝑒𝑥𝑝(−(ln 𝑆)−2)                                  (6-6) 

In the process of nucleation of the crystalline form after the formation of the amorphous form 

at a constant temperature and a supersaturation, the increase in the viscosity of the amorphous 

slurry causes an increase in the induction time of the crystalline form. On the other hand, if the 

viscosity is constant, the induction time increases with decreasing the supersaturation. 

The pre-exponential factor A of eq. 6-1 includes the terms related to the solute concentration 

and the amorphous slurry concentration in the transformation process. In other words, it is 

greatly affected by the amorphous state due to the volume diffusion of the solute from the bulk 

solution to the nucleus. When the change in the supersaturation is larger than the pre-

exponential factor, nucleation depends on the supersaturation of the exponential term. 

6.3.2 Effect of the Initial Concentration 

When the temperature, anti-solvent fraction, and addition rate are constant, the initial 

concentration affects not only supersaturation but also the pre-exponential factor in eq. 6-1. Fig. 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq2
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq3
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig7
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6-7 shows the solute concentration-methanol fraction and the concentration–time profiles 

according to the initial concentration for the results of Runs 1–5 (also see Appendix). The 

operating conditions were set at a methanol fraction of 0.5 (methanol g/solvent mixture g), a 

methanol addition time < 1 min, and a temperature of 20 °C. From analysis of Figs 6-6 and 6-

7, the results of Tabs. 5-3 and 5-4 were obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6-7: Plots of the solute concentration-methanol fraction and concentration–time 

according to the initial concentration for the results of Runs 1–5. 

 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig6
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl2
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Fig. 6-8a shows the induction times of the amorphous and heptahydrate forms and the 

viscosities of the solution and the amorphous slurry according to the initial concentration. As 

the initial concentration increases, the induction time of the amorphous form decreases, while 

that of the heptahydrate form increases. According to the classical nucleation theory, the 

nucleation rate increases with supersaturation. This relationship applies because the amorphous 

form is formed from solution, but the nucleation of the heptahydrate form is impacted by the 

amorphous slurry state, in which the solution and the amorphous solid coexist. A previous study 

[Oma13] hypothesized that the surface of the metastable form promotes the nucleation of the 

stable form during the transformation process. In this study, nucleation was performed at 20 °C 

with a supersaturation ratio S ranging from 1.33 to 1.39 for the heptahydrate form. The 

transformation time from amorphous particles to heptahydrate crystals in Run 1 was 7.75 h at 

a supersaturation ratio of S=1.39. In the transformation process, the higher the concentration 

of the amorphous slurry, the lower the nucleation rate, which contradicts the result that the 

metastable particles activate the creation of the stable form [Oma13,Cro10]. When the initial 

concentration was 0.1 (GMP g/water g), the amorphous form was not formed, and a nucleation 

of a stable heptahydrate occurred. In the initial concentration range of 0.1 to 0.3 (GMP g/water 

g), the amorphous formation occurs at the SA range of 1.75 to 2.47. 
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Fig. 6-8: Effect of the initial concentration on the induction time, supersaturation, and 

viscosity: (a) induction times of the amorphous and heptahydrate forms and the 

viscosities of the solution and the amorphous slurry and (b) plot of the induction time 

against supersaturation. 

Fig. 6-8b shows an effect of supersaturation on the induction time for the results of Runs 1–5 

at the maximum supersaturation ratios, SA,met and SH,met, and the mass fraction of methanol of 

0.5 (methanol g/solvent mixture g). As seen in Tab. 5-3, supersaturations SA and SH increase 

with an increase in the initial concentration. As supersaturation increases, the induction time of 

the amorphous form decreases, while that of heptahydrate crystals increases. This contrary 

effect implies that the factors controlling the nucleation of heptahydrate cannot be explained 

by the supersaturation ratio. The contrary results of amorphous and crystalline forms can be 

grasped by the classical nucleation theory (eq. 6-1). It results in the formation of the amorphous 

material in solution and nucleation of heptahydrate crystals in the resulting amorphous slurry. 

As a result, the environments for the formation of the amorphous particles and the heptahydrate 

crystals are completely different. The remaining liquid in amorphous slurries has conditions 

without convection for the remaining liquid. The result correlates with the much higher 

viscosities than solid free liquids and consequently are much lower in diffusion coefficients. 

Also, the degree of supersaturation for the formation of the amorphous form is substantially 

higher than for the nucleation of the crystalline form. The induction time in eq. 6-6 is 

determined by the initial concentration, viscosity, and supersaturation. As a result, the pre-

exponential factor is proportional to the initial concentration and inversely proportional to the 

viscosity. In eq. 6-2, the exponential term increases with increasing degree of supersaturation. 

As shown in Figs. 6-8a and b, the effect of the initial concentration on the induction time may 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig8
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq6
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq2
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig8
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be interpreted by considering the viscosity. Previous experimental data [Qi17,Zou15] on the 

relationship between the induction time and supersaturation in transformation are analogous to 

the results of this study. The induction time in the transformation process from the amorphous 

to the crystalline form is determined by the pre-exponential term, while that of the amorphous 

form in the solution is determined by the exponential term. Consequently, the counts increase 

with increasing the initial concentration to follow the mass balance. FBRM counts of the 

amorphous particles are larger than that of heptahydrate crystals. At the end of the 

transformation, the mass of the heptahydrate crystals is higher than that of the amorphous 

particle due to its lower solubility. In Runs 1–5, the average size of amorphous particles and 

the heptahydrate crystalline form is in the range of 28–37 μm and 46–55 μm, respectively. 

Comparatively, the particle sizes for the crystalline form may be assumed to be similar because 

the supersaturation SH is almost equivalent in all experiments. 

The degree of supersaturation is not much different while transitioning from amorphous to 

crystalline forms. The effect of the exponential term in eq. 6-3 is minor, but there is a significant 

difference in the viscosity depending on the concentration of the amorphous slurry. As a result, 

the pre-exponential factor has a dominant influence. Fig. 6-8a shows the plateau solute 

concentration and the amorphous solid concentration along with the viscosity according to the 

initial concentration. The viscosities of the solution and the amorphous slurry were in the range 

of 0.0025–0.0043 Pa s and 0.015–0.098 Pa s, respectively, at the initial concentration 

investigated. 

From this result, as shown in Fig. 5-8, the time required for transition from amorphous to 

heptahydrate crystal increases as the solute concentration increases. The number of particles in 

300 g/L varied from 19302 #/s of amorphous to 7955 #/s of heptahydrate. As the initial 

concentration increases, counts of amorphous increase, while those of heptahydrate were 

almost constant. At 300, 250, 200 and 150 g/L, the transformation process took 29579, 5820, 

5665, and 3383 s, respectively. The induction time of the crystalline heptahydrate form can be 

greatly increased in the presence of the amorphous form because the amorphous slurry solution 

lowers molecular diffusion, while the nucleation barrier of the heptahydrate crystal phase is 

increased. 

6.3.3 Effect of Methanol Fraction 

Fig. 6-9a shows the effects of the contents of methanol (mass fraction in the solvent mixture 

ranges from 0.3 to 0.8 (methanol g/solvent mixture g) on the induction time and supersaturation 

of amorphous and heptahydrate forms. It was studied under the conditions of an initial 

concentration of 0.2 (GMP g/water g), a temperature of 20 °C, and a rapid addition (Runs 14–

18 in Tab. 5-5 and Appendix). The induction time of the amorphous form decreases as the 

methanol fraction increases, whereas it is increased for the heptahydrate form. With an 

increasing methanol fraction, supersaturation ratio SA increased to around 0.9. A further 

increase in the methanol fraction leads to a decrease in the supersaturation. In addition, the 

supersaturation ratio S of amorphous and heptahydrate forms is in the range of 3.3–12.1 and 

1.32–1.37, respectively, with respect to the methanol fraction of 0.33–0.72 (methanol g/solvent 

mixture g). The dependence of the methanol fraction on supersaturation is comparatively small 

in the heptahydrate form, while it is large in the amorphous form. The higher the content of 

methanol, the better the conditions were for the amorphous formation. According to eq. 6-6, 

the influence of both the exponential factor B and the pre-exponential factor A for 

homogeneous nucleation should be considered. The exponential factor is positively correlated 

with the supersaturation, and in consequence, it is also possible that the increase in the methanol 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq3
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig8
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig4
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig9
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq6
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fraction leads to a decrease in the induction time of the amorphous form.  

 

Fig. 6-9: Effects of the contents of methanol on (a) the induction time and supersaturation 

of amorphous and heptahydrate forms and (b) the amorphous slurry concentration and 

viscosity. 

As a result, the supersaturation degree and solution properties are different for amorphous 

formation and heptahydrate nucleation. The solute concentration and viscosity of the 

amorphous slurry influence the nucleation of heptahydrate because it occurs in a slurry solution 

containing an amorphous solid and the difference in supersaturation is small. Therefore, the 

nucleation of heptahydrate is determined by the pre-exponential factor of eq. 6-5. As shown 

in Fig. 6-9b, as the methanol mass fraction increases from 0.33 to 0.72 (methanol g/solvent 

mixture g), the amorphous slurry concentration increases from 0.06 to 0.15 (amorphous GMP 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig9
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g/water g), in which the viscosity increases from 0.0196 to 0.0775 Pa s. As a result, the 

induction time of heptahydrate increases with the methanol fraction. 

6.3.4 Effect of the Addition Rate 

The addition rate is a key parameter to generate the supersaturation of the solution of the 

anti-solvent crystallization method. The nucleation kinetics is obtained by measuring the effect 

of the addition rate on the metastable zone width, which is expressed as the excess amount of 

the anti-solvent (ΔAa = Aa – Aa
*) [Oci11,Ogr07,San10]]. The metastable zone width increases 

with an increase in the addition rate. 

Figs. 6-10a and b shows the induction time, viscosity, and ΔAa for formation of the amorphous 

and heptahydrate forms according to the methanol addition rate. The results are listed in Runs 

6–10 of Tabs 5-3 and 5-5 (also see the Appendix). As the addition rate increases, the induction 

time of the amorphous form decreases, whereas that of heptahydrate decreases up to 4 g/min 

and increases at high addition rates. As mentioned previously, the induction time of 

heptahydrate is affected by the viscosity of the amorphous slurry. At an addition rate < 4 g/min, 

there was a slight change of about 0.005 Pa s, but it increased to 0.021 Pa s at a high addition 

rate of 35 g/min. This suggests that the induction time at high addition rates is high due to a 

high viscosity of the amorphous slurry. Fig. 6-10b shows a log–log plot of ΔAa,max against the 

addition rate. These are plots to determine the nucleation kinetics in anti-solvent crystallization 

from the following relationship [Ogr07]:  

ln𝑟 = k1 + 𝑛ln(∆𝐴𝑎,𝑚𝑎𝑥)                                (6-7) 

From the slope and intercept of such plots, the values of n and k1 can be obtained using eq. 6-

7. The plot of the solubility against the methanol fraction offers dC*/dAa = 0.017 (solute g/anti-

solvent g) [Kim22a].   

The plots of Fig. 6-10b with eq. 6-7 give n = 3 and k1 = 4.6 for the heptahydrate form and n = 

3.8 and k1 = 6.3 for the amorphous form. Crystallization of the heptahydrate form was observed 

without amorphous formation at a low addition rate (0.7 g/min). 

 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig10
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl1
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl2
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c00244/suppl_file/ie2c00244_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig10
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq7
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig10
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq7
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Fig. 6-10: Effect of the addition rate on the induction time, viscosity, and ΔA for formation 

of the amorphous and heptahydrate forms: (a) effect of the addition rate on the induction 

time and viscosity and (b) the plot of ΔA against the addition rate. 

6.3.5 Screening of Solid Forms and the Kinetic Effect on Transformation 

Fig. 6-11 shows the metastable zone limits of the amorphous and heptahydrate crystalline 

forms and their respective solubilities in a plot of the solute concentration versus the mass 

fraction of methanol in the mixed solvent. The amorphous form is depicted in the black circles. 

The red circles represent the nucleation regions of the heptahydrate. At methanol mass fractions 

of 0.33 and 0.72 (methanol g/solvent mixture g), amorphous forms are generated only at solute 

concentrations between the lower and upper limit lines, and heptahydrates can be obtained 

between the lower limit line and the heptahydrate solubility line. The two limit lines intersect 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig11


 Discussion 

 

94 

 

at a methanol fraction of 1.0 (methanol g/solvent mixture g). Therefore, amorphous and 

heptahydrate crystalline forms may be selectively prepared under all of the conditions of this 

study. 

 

Fig. 6-11: Metastable zone limits of the amorphous and heptahydrate crystalline forms 

and their respective solubilities in a plot of the solute concentration versus the mass 

fraction of methanol in the solvent mixture. 

The induction time and supersaturation of heptahydrates obtained at the conditions investigated 

were not related to each other. Therefore, it is necessary to consider the pre-exponential term 

of the nucleation theory described above for the induction time of heptahydrate. The effect of 

the pre-exponential term was considered because the difference in supersaturation between the 

amorphous and heptahydrate forms was not significant for heptahydrate formation. Fig. 6-

12a shows the viscosity against the concentration of the amorphous slurry obtained from all 

experiments. When the amorphous slurry concentration is changed from 0.01 to 0.17 

(amorphous GMP g/water g), the viscosity increases exponentially from 0.005 to 0.098 Pa s. 

The supersaturation ratio S of heptahydrate ranges from 1.33 to 1.40 in all of the experiments. 

Thus, the induction time of the heptahydrate correlates nicely with the viscosity of the 

amorphous slurry concentration. Fig. 6-12b shows the viscosity of the solute concentration and 

the supersaturation for the amorphous formation. The supersaturation S of the amorphous form 

ranges from 1.8 to 12.5 in all the experiments. The viscosity of the solution was 0.0021 to 

0.0042 Pa s at initial concentrations of 0.1 to 0.3 (GMP g/water g), respectively (see Tab. 5-3), 

which is significantly lower compared to that of the amorphous slurry. Thus, the induction time 

of the amorphous form depends mainly on the supersaturation of the solute concentration. 

 

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c00244/suppl_file/ie2c00244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c00244/suppl_file/ie2c00244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c00244/suppl_file/ie2c00244_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#tbl1
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(a) 

 

(b) 

Fig. 6-12: Viscosity and supersaturation against (a) the concentration of the amorphous 

slurry and (b) solute concentration obtained at all the experiments. 

Fig. 6-13 shows the plot of 1/tind against η-1C7/3 exp(−(ln S)-2) for heptahydrate nucleation in 

eq. 6-6 for all data investigated. Both the pre-exponential factor and the exponential term were 

taken into account and applied to amorphous–crystalline transformation. This relationship was 

used to evaluate the heptahydrate formation experiments. It was determined that the pre-

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#fig12
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c00244#eq6
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exponential factor is the most important factor influencing transformation in the amorphous 

slurry. In the studied concentration and anti-solvent fraction, the heptahydrate form would be 

obtained at S < 1.4, while the amorphous form would be produced at a higher supersaturation 

level (S > 1.7). Especially, at SH < 1.3, heptahydrate was crystallized without transformation. 

The findings of this study would provide some guidance for the preparation of various pure 

forms by modifying the operating parameters, which impact supersaturation and viscosity. 

High supersaturation promotes the production of the amorphous form and can also cause the 

crystalline form to transform. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6-13: Plot of 1/tind against η–1C7/3 exp(−(ln S)−2) for heptahydrate nucleation in eq. 6-

6 for all the data investigated. 

The proposed strategy for screening solid forms in case of GMP is shown in Fig. 6-14. A 

comprehensive screening strategy should highlight consideration of the solubility of the 

compounds and during crystallization in liquid different levels of supersaturation should be 

generated. Thus various screening techniques should be applied with this strategy. 

Consequently, in order to save time and resources, a screening strategy is proposed which 

consider the solubility and supersaturation. This provides information for the direct production 

of stable forms of substances and the preparation of stable forms by transformation after 

formation of metastable forms. Also, the production of a metastable form is usually challenging, 

but according to these strategies the proper selection of operating conditions to adjust the 

supersaturation and the solvent choice might enable to produce the desired (metastable) form.  
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Fig. 6-14: Solid form screening strategy (in case of GMP) 

 

6.4 Dissolution, Growth Kinetics and Controlling Step 

6.4.1 Effect of Operating Parameters  

The studies were carried out in several methanol–water mixed solvents (i.e., methanol 

fraction (methanol g/solvent mixture g) = 0.30–0.80) to investigate the influence of solvent 

composition on phase transformation. The solvent composition has a considerable impact on 

the process, and the results show that as the methanol fraction increases, so does the induction 

and transformation time. 
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The nucleation of the stable form is important for the transformation process. In general, the 

higher the solubility of a solute in a solvent, the higher the transformation rate should be 

[Das10]. However, it does not apply to the interpretation in this case. The solubility of 

amorphous material is higher in water/methanol mixtures with higher water content, but the 

transformation of amorphous material to the heptahydrate is slower. The rate of amorphous 

solid formation was affected by supersaturation. The concentration of the amorphous form 

produced affects the nucleation of the stable hydrate. The phase transformation process may be 

influenced by molecular diffusion, which is also reciprocal of the viscosity. 

To investigate the effect of feed concentration on amorphous formation, different feed 

concentrations were supplied to the mixed solvent (methanol fraction = 0.50 (methanol 

g/solvent mixture g)) at 293.15 K. Kim and Ulrich [Kim22c] presented the induction and 

transformation times of heptahydrate increase as the feed concentration increases. The 

nucleation of the heptahydrate phase may have occurred on the surface of the amorphous phase 

[Jak16]. This effect is caused mostly by the increased local supersaturation degree at the 

amorphous solid dissolving surface. Because greater amorphous counts increase the number of 

heptahydrate nucleation sites, increasing the amorphous content can increase the nucleation 

rate. As the nucleation and growth of heptahydrate is a rate-determining step, the 

transformation rate is positively related to the amorphous amount. 

Fig. 6-15: Effect of supersaturation for amorphous formation (Sa) on induction time and 

produced amorphous solid fraction. 

As published [Kim22c], the induction period for the generation of a crystalline form from an 

amorphous slurry was longer when the concentration of the amorphous slurry was higher. 

Therefore, supersaturation, which is a control variable for amorphous formation, affects the 

induction period of the amorphous and amorphous fraction (Fig. 6-15). As the degree of 

supersaturation increased, the induction period decreased, and the amorphous fraction 

increased. As the concentration of the amorphous substance increased, the viscosity of 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig10
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amorphous slurry increased, and molecular mobility decreased, resulting in a longer induction 

period for the formation of heptahydrate crystals. The condition for the formation of the 

metastable amorphous form affects the dissolution of the metastable form and the rate of 

formation of the stable form. The effect of the viscosity on the rate-limiting step was considered 

for all experimental results. 

6.4.2 Effect of Slurry Viscosity on Rate-Controlling Step 

Tab. 6-2 shows the rate-controlling steps of the transformation process according to the 

operating conditions listed in Tab. 6-1. This is indicated by dividing the pattern into rate-

limiting steps. The physical properties, especially, the diffusion coefficient of the metastable 

slurry where transformation occurs, influence the mass transfer rates of dissolution and growth, 

which determines the rate-controlling phase of transformation. Figs. 6-15a and b illustrates the 

influence of feed concentration and methanol fraction on the kda/kgh ratio, respectively. 

The kda/kgh ratio decreased as the feed concentration and methanol fraction increased. The 

dissolution rate-controlling step was dominant when the methanol fraction was > 0.71 

(methanol g/solvent mixture g) and the feed concentration was 0.2 (GMP g/water g). The 

growth rate-controlling step was dominant at a feed concentration <0.3 (GMP g/water g). 

Tab. 6-1: Experimental conditions of anti-solvent crystallization 

Run No. 
Feed concentration Methanol fraction Addition time 

(GMP g/water g) (g/g) (min) 

1 0.30  0.50  0.50  

2 0.25  0.50  0.50  

3 0.20  0.50  0.50  

4 0.15  0.50  0.50  

5 0.20  0.50  60.00  

6 0.20  0.60  60.00  

7 0.20  0.67  60.00  

8 0.20  0.71  60.00  

9 0.20  0.71  0.30  

10 0.20  0.67  0.30  

11 0.20  0.60  0.30  

12 0.20  0.33  0.30  

13 0.20  0.50  0.30  

 

 

 

 

 

 

 

 

 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig11
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Tab. 6-2: Experimental conditions, rate constants and rate-determining steps 

Run 

No. 

Section I Section II 

kdx104 

[g/g s] 

kgx104 

[g/g s] 

kdx104 

[g/g s] 

kgx104 

[g/g s] 

1 0.425  0.524  3.783  5.970  

2 3.448  3.729  9.864  7.971  

3 3.189  3.487  8.833  5.269  

4 5.052  5.923  21.413  10.661  

5 5.147  0.178  14.815  4.500  

6 0.579  0.970  2.218  1.087  

7 0.672  0.549  1.004  0.842  

8 5.682  0.550  7.067  4.052  

9 1.765  2.378  4.398  4.517  

10 0.689  1.556  4.117  3.170  

11 1.719  2.949  11.380  7.911  

12 1.125  0.693  4.144  3.464  

13 3.115  0.675  7.905  5.938  
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Run 

No. 

Overall stage 

kd/kg 

[-] 

Controlled step 

Pattern kdx104 

[g/g s] 

kgx104 

[g/g s] 
Section I 

Section 

II 
Overall 

1 2.664  4.155  0.641  D D D A 

2 6.108  5.488  1.113  D G G B 

3 5.021  4.065  1.235  D G G C 

4 8.656  6.967  1.242  D G G B 

5 10.219  2.446  4.178  G G G C 

6 1.163  1.012  1.150  D G G C 

7 0.822  0.682  1.206  G G G B 

8 6.889  3.600  1.913  G D G C 

9 3.641  3.902  0.933  D D D C 

10 2.338  2.332  1.002  D G G B 

11 4.395  4.323  1.017  D G G B 

12 3.318  2.705  1.226  G G G C 

13 4.785  2.510  1.906  G G G C 

 



 Discussion 

 

102 
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(b) 

Fig. 6-16: Plot of kd/kg ratio against operating conditions. (a) methanol fraction, (b) feed 

concentration. 
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Fig. 6-15 shows the effect of supersaturation on the induction time of amorphous formation 

and the produced amorphous solid fraction for all experiments. Because the amorphous slurry’s 

environment influences the rate-controlling step of the transformation process, the degree of 

supersaturation required for amorphous formation is important. Fig.6-17 shows the kda/kgh ratio 

versus the viscosity of the amorphous slurry. As the viscosity increased, the kda/kgh ratio 

decreased. Even though this study was conducted at high supersaturation, the growth rate-

controlling phase was observed when the slurry viscosity was below 70 cp. The dissolution 

rate-controlling step was consistent with Pattern A at 70 cp or higher. 

Fig. 6-17: Effect of viscosity of amorphous on rate-determining step in all experiments. 

Although the experimental data are scattering, the dissolution control step is dominated in the 

area of high viscosity, while the growth control step is occupied when the viscosity is low. In 

the dissolution control stage, supersaturation is rapidly reduced, leading to the growth of the 

heptahydrate. On the other hand, the growth control step leads to the growth of heptahydrate 

because the dissolution rate is fast. The viscosity increases due to slurry intensity as the 

amorphous formation proceeds and, as a result, the molecular mobility decreases, and the 

apparent activation energy increases with time. 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig11
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig12
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6.4.3 Model Presentation 

The solute concentration–time plot provided some clear insights into the transformation’s 

rate-controlling mechanism. As a result, as shown in Fig. 5-12, the solute concentration directly 

monitored in all experiments was proven by applying a material balance to the concentrations 

of the amorphous and heptahydrate solids. 

The schematic diagram of the transformation of solid forms by crystallization is shown in Fig. 

6-18a. Because of supersaturation, the solution first approaches the metastable concentration 

limit, resulting in the amorphous form. The generated amorphous slurry was then dissolved at 

a rate equal to kda, while the heptahydrate solid increases at a rate equal to kgh. The relative 

values of kda and kgh were therefore used to determine the rate of transformation. 

 

(a) 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig5
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(b) 

Fig. 6-18: Model presentation of the transformation process of solid forms by 

crystallization: (a) Schematic diagram consisting of metastable formation and 

transformation, (b) Plot of concentration-time profile by modeling. 

Dissolution and growth are the two processes that describe the kinetics of a substance in 

solution or as a solid. According to eq. 6-8, these two elementary steps can explain the 

concentration–time profile of the solute and the quantity of solid. 

𝑑𝐶

𝑑𝑡
= 𝐺 − 𝐷                                 (6-8) 

Where, 

𝐷 =
𝑑𝐶𝑎

𝑑𝑡
= 𝑘𝑑𝑎𝐶𝑎𝑜                             (6-9) 

and                       𝐺 =
𝑑𝐶ℎ

𝑑𝑡
= 𝑘𝑔ℎ𝐶ℎ𝑓                            (6-10) 

Concentrations of amorphous solids and heptahydrate solid are expressed by eqs. 6-11 and 6-

12, respectively: 

𝐶𝑎 = 𝐶𝑎𝑜 − 𝑘𝑑𝑎𝐶𝑎𝑜(𝑡 − 𝑡𝑜)                     (6-11) 

𝐶ℎ = 𝑘𝑔ℎ𝐶ℎ𝑓(𝑡 − 𝑡𝑜)                          (6-12) 

Material balance is as follows: 
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𝐶 = 𝐶𝑜 − 𝐶𝑎 − 𝐶ℎ                            (6-13) 

where C, Ca, and Ch are the solute concentration, amorphous solid concentration, and 

heptahydrate solid concentration, respectively. Cao and Chf denote the concentrations of the 

initial amorphous solid and final heptahydrate solid, respectively, kea and kgh represent the 

dissolution and growth rate constants, respectively, and to is the transformation starting time. 

The current method for measuring the solute concentration is reliable because the solute 

concentration measurements provided a clear picture of the rate-controlling mechanism. Fig. 

6-18b shows that the model’s present range is within the plateau region, where the rate of 

dissolution is exactly balanced by the growth rate. Considering a ratio of the dissolution and 

growth rate constants reveals that the transformation is primarily controlled by the dissolution 

process, as the rate constants computed for the growth of the heptahydrate solids are 

significantly higher at a condition of Run 1. The pattern modeled from the rate constants for 

amorphous dissolution and heptahydrate growth obtained in Run 1 (corresponding to Pattern 

A) in Fig. 5-12a is shown in Fig. 6-18b. From the comparison of the two figures, the modeled 

pattern is very similar to that obtained in the experiment. This is consistent with observations 

made by others who investigated the phase transformation in many cases [Tur18,Jak16, 

Dha08].   

Phase transformations in solution have been of great interest in different areas. The model 

proposed here offers the simple model allowing a straightforward interpretation of the process. 

The proposed parameters have a clear physical meaning and are comprehensible and easy to 

interpret. Its simplicity is applicable cases where two solid forms coexist. The combination of 

process analytical techniques and modeling would promote faster and deeper understanding of 

phase transformation processes. The methods presented in this work could also be applied to 

other systems. 

6.5 Summary of Results 

The following results were revealed in terms of thermodynamics, optimal operating conditions, 

nucleation, transformation, dissolution and growth kinetics for the selective preparation of 

amorphous and crystalline hydrate solid forms of GMP (the case study), which can be used for 

most similar cases. The bold fonts indicate the absolutely new and innovative facts which were 

found in this work. In brackets are given the corresponding aims of this thesis. 

Thermodynamics and supersaturation: 

 The solubilities, supersaturated concentrations and metastable zone width for the 

amorphous, tetrahydrate, and heptahydrate forms of GMP were determined by in-situ 

measurement using Raman spectroscopy and FBRM. (see Chapter 3.2, No 1) 

 The effects of the temperature and the solvent fraction on solubility for amorphous 

and crystalline forms in mixed solvent were investigated. (see Chapter 3.2, No 2) 

 Calibrations between the concentrations and the Raman intensity were used to 

measure the solubility of GMP in binary solvent mixtures. (see Chapter 3.2, No 3) 

 The concentrations of the solid forms of GMP were correlated with calibration by 

Raman spectroscopy. (see Chapter 3.2, No 3) 

 The thermodynamic properties (dissolution enthalpy and entropy) and formation 

conditions for the amorphous, heptahydrate and tetrahydrate forms were revealed. 

https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig13
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig13
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig5
https://pubs.acs.org/doi/full/10.1021/acs.iecr.2c02135#fig13
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(see Chapter 3.2, No 1) 

 Combined with the PXRD, Raman, SEM, and TGA-DSC results, it was concluded that 

amorphous GMP, tetrahydrate GMP, and heptahydrate GMP can all be well 

characterized. (see Chapter 3.2, No 3) 

 The solubility and supersaturation limit for the tetrahydrate form crystallization were 

clarified. (see Chapter 3.2, No 1) 

 The dependence of the relative stabilities of the amorphous, tetrahydrate, and 

heptahydrate solids on the solvent composition and temperature as well as 

thermodynamic properties such as the enthalpy and entropy of dissolution of GMP 

were estimated by plotting the solubility data and temperature using the van't Hoff 

equation. (see Chapter 3.2, No 1) 

 The maximum supersaturation was highest for the amorphous material at 20-40oC, 

followed by heptahydrate and tetrahydrate crystals. These results clearly provide the 

solubility and maximum supersaturation to selectively produce the amorphous, 

heptahydrate and tetrahydrate forms. An amorphous solid form was produced at 

higher supersaturations compared to the hydrate. Heptahydrate crystallization was 

possible at 20–40 °C and methanol fractions of 0.15–0.6 (methanol g/solvent mixture 

g). Tetrahydrate was obtained in the entire range of solvent fractions at 45–60 °C and 

crystallized in the range of 20–40 °C even when the methanol fraction was greater than 

0.8 (methanol g/solvent mixture g). The amorphous form was formed at a methanol 

fraction of less than 0.15 (methanol g/solvent mixture g) and no transformation 

occurred. (see Chapter 3.2, No 12) 

Finally, the maximum supersaturated concentrations and solubilities of amorphous and 

crystalline hydrated GMPs for different temperatures and solvent fractions were successfully 

determined by in-situ Raman spectroscopy and FBRM. From the thermodynamic study, the 

solid phase change, dissolution enthalpy, dissolution entropy, and solubility were provided, and 

information on the selectivity of the solid phase was obtained. It was shown that the use of 

these in-line tools can provide solubility and maximum supersaturation values to selectively 

produce amorphous, heptahydrate, and tetrahydrate solids. As a result, it is possible to provide 

the fundamental data for crystallization of the hydrates, enabling to screen the desired 

crystalline hydrate by measuring the solubility and supersaturation of the crystalline and 

amorphous forms using in-situ Raman and FBRM analysis. 

Selective formation: 

 The formation of GMP solid forms was successfully monitored in-line by Raman 

spectroscopy and FBRM in an anti-solvent crystallization process. (see Chapter 3.2, 

No 3) 

 The calibration and models built in this study can be used in other studies to measure 

the concentration of a solution and solid forms during crystallization and 

transformation. (see Chapter 3.2, No 2) 

 Faster addition of the anti-solvent leads to a wider metastable zone as expected to 

favor the formation of the amorphous due to higher supersaturation. (see Chapter 

3.2, No 7) 
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 Phase transformation, maximum supersaturation, and selective preparation of GMP 

solid forms were grasped. (see Chapter 3.2, No 7) 

 By adjusting the concentration, temperature, and solvent/anti-solvent ratio, the 

preparation of the different solid forms with and without transformation was 

established. Therefore, a screening of amorphous, heptahydrate, and tetrahydrate of 

GMP was successfully established by knowing the metastable supersaturation of each 

of the forms. (see Chapter 3.2, No 6) 

 The results demonstrate that amorphous–crystalline hydrate transformation consists 

of four stages, which are the nucleation of the amorphous form, pretransformation 

of the amorphous form, the nucleation of hydrate and dissolution of the amorphous 

form and the growth of hydrate crystal. (see Chapter 3.2, No 5) 

 The rate-controlling step in amorphous-heptahydrate transformation is the 

dissolution of the amorphous form. The transformation between heptahydrate and 

tetrahydrate forms is a nucleation-growth-controlled step. (see Chapter 3.2, No 5) 

 It was possible to control selectively the solid forms of GMP by referring to the 

supersaturation and the solubility data. This phenomenon requires a driving force 

for nucleation of tetrahydrate, because the difference in solubility between the two 

hydrates is very small. One possibility of explaining this is surface nucleation. The 

presence of a surface may be necessary to reduce the energy barrier for nucleation 

and to promote nucleation of the tetrahydrate. At this point, a higher concentration 

appears on the surface of the heptahydrate crystals that are dissolved compared to 

the solute concentration. As a result, nucleation of tetrahydrate on the surface of the 

heptahydrate can be activated. (see Chapter 3.2, No 9) 

This study provides a method for selective manufacturing of solid form by studying the 

formation and transformation of amorphous, heptahydrate, and tetrahydrate of GMP by 

combining FBRM and Raman information analyzed on-line over time. The supersaturation 

limit of anti-solvent crystallization was established according to the methanol/water ratio, 

initial concentration, anti-solvent feed rate and temperature. The controlling steps in the 

transformation of amorphous-to-hydrate solids and hydrate-to-hydrate crystals were studied. It 

was found that the solid form of disodium guanosine 5'-monophosphate can be selectively 

obtained by optimizing various conditions of anti-solvent crystallization by referring to the 

supersaturation and solubility data. 

Nucleation kinetic: 

 The liquid-mediated phase transformation of the amorphous form to the crystalline 

heptahydrate form of guanosine 5′-monophosphate was studied in an anti-solvent 

crystallization using a methanol–water mixture as the solvent. (see Chapter 3.2, No 4) 

 Three steps were monitored: amorphous material formation, amorphous material 

dissolution, and heptahydrate crystal growth using in-situ Raman spectroscopy, 

FBRM, and PVM, as well as off-line techniques such as viscosity, TGA, and PXRD. 

(see Chapter 3.2, No 8) 

 Effects of the anti-solvent fraction, initial concentration, and addition rate on the 

transformation process were discussed. (see Chapter 3.2, No 6) 
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 In liquid-mediated transformation process, the parameters such as the solid form 

fraction, solute concentration, particle size, count numbers, induction time, 

metastable zone width, viscosity, dissolution rate, and crystal growth rate were 

measured. (see Chapter 3.2, No 4) 

 At low initial concentrations, heptahydrate crystals were observed without 

transformation of the amorphous material. The induction time of the crystalline 

hydrate increases with the addition rate, anti-solvent fraction, and initial 

concentration. (see Chapter 3.2, No 7) 

 Even at low anti-solvent fractions, heptahydrate nucleation occurs preferentially at 

very low addition rates. (see Chapter 3.2, No 8) 

 The metastable zone limits of the amorphous and heptahydrate crystalline forms 

were established in a plot of the solute concentration versus methanol mass fraction 

in the mixed solvent. (see Chapter 3.2, No 12) 

 Amorphous forms are generated exclusively at solute concentrations above 0.13 and 

0.06 (GMP g/water g) at methanol mass fractions of 0.33 and 0.72 (methanol g/solvent 

mixture g), respectively, whereas heptahydrates can be produced below those values. 

(see Chapter 3.2, No 12) 

 As a result, under all of the conditions of this investigation, amorphous and 

heptahydrate crystalline forms may be selectively generated. (see Chapter 3.2, No 7) 

 The linear plot of 1/tind against η-1C7/3 exp(−(ln S)-2) for heptahydrate nucleation was 

established. Both the pre-exponential factor and the exponential term were applied 

successfully to comprehend the nucleation in the amorphous to crystalline 

transformation. (see Chapter 3.2, No 8) 

 In the studied concentration and anti-solvent fractions, the heptahydrate form would 

be obtained at 1.3 < SH < 1.7, while the amorphous form would be produced at a 

higher supersaturation level (SA > 1.7). Especially, at SH < 1.3, heptahydrate was 

crystallized without transformation. The results obtained in this work give some 

guidelines for the preparation of different pure forms by adjusting the operating 

conditions, which affect the supersaturation and viscosity. (see Chapter 3.2, No 9) 

It may be concluded that the pre-exponential factor of the classical nucleation rate equation 

contains the primary factors influencing the transformation of an amorphous slurry to 

crystalline heptahydrate. High supersaturation promotes the formation of the amorphous form, 

which can then be converted to the crystalline form. The pre-exponential factor of the 

nucleation rate equation holds great importance toward understanding the transformation of 

amorphous to crystalline material. This study gives a good understanding of the kinetics of 

nucleation of crystalline heptahydrate in the transformation from the amorphous slurry material. 

Liquid-mediated phase transformation: 

 This kinetic study of the formation of an amorphous solid and the transformation of 

GMP from amorphous to heptahydrate revealed that various operating conditions 

influence the determination of the rate-controlling limits of the transformation. (see 

Chapter 3.2, No 5) 
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 An investigation of the effects of supersaturation, solvent composition, feed 

concentration, addition rate, and viscosity reveals that dissolution and growth clarify 

the rate-determining step in the overall kinetic constants. (see Chapter 3.2, No 11) 

 The transformation process consists of two sections, in which the rate of change of 

dissolution, growth, and supersaturation is divided into the initial and later sections 

of the transformation. (see Chapter 3.2, No 11) 

 The overall rate constants were calculated by combining the dissolution rate 

coefficient and the growth rate coefficient of each section. (see Chapter 3.2, No 11) 

 The dissolution and growth processes in the phase transformation of GMP from its 

amorphous to its heptahydrate form have been monitored using in situ Raman 

spectroscopy over various operating conditions and scattering experiments to 

quantitatively analyze kinetic parameters determining the phase transformation. (see 

Chapter 3.2, No 10) 

 Measuring concentration of solutions and solids allowed the determination of the 

rate-limiting processes during the transformation. (see Chapter 3.2, No 11) 

 The zero-order, first-order, and surface reaction equations as kinetic equations for 

the dissolution of the amorphous solids and the growth of the heptahydrate solids are 

highlighted and compared. (see Chapter 3.2, No 10) 

 The dissolution and growth steps of the transformation process, in terms of the solid 

concentration and solution concentration, were found. (see Chapter 3.2, No 11) 

 The dissolution of the metastable amorphous phase and the growth of the stable 

heptahydrate phase were found to fit a zero-order kinetics model. (see Chapter 3.2, 

No 10) 

 The calculated zero-order rate constants were found to be within the range of 8.22 × 

10–5 to 8.65 × 10–4 s–1 for dissolution of the amorphous phase and 6.82 × 10–5 to 6.96 × 

10–4 wt % s–1 for growth of the heptahydrate phase. (see Chapter 3.2, No 10) 

 Amorphous formation, amorphous-hydrate transformation, and hydrate formation 

can be identified by plotting the metastable regions of amorphous and hydrate as the 

plot of concentrations against anti-solvent fractions. Polymorphs and solvates can be 

selectively obtained by obtaining information on the solubility and metastable zone 

of each polymorph and solvates (according to cooling rate or anti-solvent addition 

rate, initial concentration, temperature, and solvent/anti-solvent ratio). (see Chapter 

3.2, No 12) 

 In the control of the anti-solvent crystallization process for the selective preparation 

of solid forms from compounds with amorphous and crystalline forms, addition rate, 

solute concentration, temperature, anti-solvent fraction and feed concentration 

affecting supersaturation played an important role in the transformation process. 

Using the developed method and the kinetic constants obtained in this work, it is 

possible to create an appropriate control strategy for producing the desired solid 

form in the final product. Finally, these results have important implications for 

process operations in the specialty chemical industry, where selecting the appropriate 

solid form of a substance can be a significant advantage. (see Chapter 3.2, No 12) 
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The transformation kinetics are clearly sensitive to both the solvent mixture composition and 

the feed concentration. From FBRM data, changes in particle size distribution, particle size, 

and counts were characterized during the phase transformation. In particular, the change in 

particle size distribution over time can determine the rate-controlling steps. A valid model has 

been developed and has been found to be reasonable by applying it to experimental data. As a 

result, experimental data obtained using Raman spectroscopy and FBRM were combined with 

dissolution and growth models to successfully identify and interpret phase transformations. 

The phase transformation is determined by the dissolution of the amorphous form and the 

nucleation and growth of the heptahydrate form. Three patterns according to the combination 

of dissolution, growth, and supersaturation were investigated. The dissolution rate-limiting step 

was dominated by a pattern in which both supersaturation and amorphous dissolution decreased 

simultaneously, and the growth rate-controlling step was shown in a pattern in which either 

supersaturation or amorphous dissolution was constant. It depends on the concentration, 

viscosity, solution concentration, and content of the amorphous slurry. Furthermore, the growth 

of heptahydrate crystals at a viscosity below 0.07 Pa s and the dissolution of the amorphous is 

the key determinant above it. 

The effects of thermodynamic and kinetic properties on the selective crystallization of various 

categories of solid forms were investigated. Important information has been generated about 

the crystallization behavior with nucleation, growth, dissolution and transformation of hydrate 

compounds with amorphous and crystalline forms. This information helps to understand the 

principle of selective production of solid forms. This information could also guide the 

screening of new polymorphs, the control and development of solid forms. This will provide 

efficient process analysis technology in the production of solids in the solid chemical industry 

and contribute to the advancement of the quality of solid products. 
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7. Summary 

Crystallization technology for intentionally preparing solid forms for compounds with 

amorphous and crystalline forms is a challenging task in the fine chemical and pharmaceutical 

industry sectors. In particular, in order to understand the screening of solid forms, the complex 

behavior of nucleation, growth, dissolution and transformation of a metastable to a stable form, 

and nucleation and growth of stable form must be studied. The selective preparation and purity 

of these solid forms is very important for the quality of the final solid product. 

As a case study disodium guanosine 5'-monophosphate (GMP) was selected, because it was 

known that three solid forms such as amorphous solid and the crystalline tetrahydrate and 

heptahydrate crystals can be formed during a solid forming operation. The solubilities and 

maximum supersaturations for solid forms of GMP in water-methanol mixtures were measured 

in situ by Raman spectroscopy and focused beam reflectance measurement. The distinct Raman 

peaks of the amorphous form, crystalline hydrates, solution, and solvent were used for 

measurements of solubility and maximum supersaturation. Above 45 °C and at methanol 

fractions of 0.15–0.90 (methanol g/solvent mixture g), the tetrahydrate was the stable form, 

while below 40 °C and at methanol fractions of 0.15–0.60 (methanol g/solvent mixture g), the 

heptahydrate was the stable form. Especially, the tetrahydrate was stable in the methanol 

fraction > 0.7 (methanol g/solvent mixture g) at the temperature investigated. The solubility 

and supersaturated concentration values obtained here according to various conditions can be 

used as fundamental data to selectively produce amorphous, tetrahydrate and heptahydrate 

crystalline solids of GMP by an anti-solvent crystallization. 

A screening of amorphous, heptahydrate, and tetrahydrate forms of GMP is investigated using 

an anti-solvent crystallization process with the aim to selectively produce each solid form. The 

concentrations of the solution and solid forms are monitored by in-situ Raman spectroscopy 

using a calibration tool. Concentrations of amorphous and hydrates phases are determined 

using in-line measurement techniques. The variables studied in anti-solvent crystallization are 

temperature, initial concentration, addition rate, and solvent fraction. The results demonstrate 

that transformation from amorphous to hydrate forms consists of four stages, which are the 

precipitation of the amorphous form, predissolution of amorphous form, the nucleation of 

hydrate crystal and dissolution of amorphous solid, and the growth of hydrate crystal. The rate-

controlling step, in this case, is the dissolution of amorphous form. Transformation between 

heptahydrate to tetrahydrate crystals is a nucleation-growth-controlled step. It is possible to 

obtain selectively the solid forms of GMP by referring to the supersaturation and solubility data. 

This is an important result that can be applied as a technique for screening various solvates or 

polymorphs of compounds. 

The liquid-mediated phase transformation of an amorphous form to a heptahydrate crystalline 

form of GMP was studied in an anti-solvent crystallization using methanol–water mixtures as 

solvents. Three steps were monitored: the formation of the amorphous form, dissolution of the 

amorphous form, and growth of the heptahydrate crystals using in-situ Raman spectroscopy, 

focused beam reflectance measurement (FBRM), and particle vision measurement (PVM) and 

off-line methods like viscosity, thermal gravimetric analysis (TGA), and powder X-ray 

diffraction (PXRD). Effects of the anti-solvent fraction, initial concentration, and addition rate 

of the anti-solvent on the transformation process were discussed. Solid forms, solute 
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concentration, particle size, counts, induction time, metastable zone width, solution viscosity, 

and amorphous slurry viscosity were all measured for 18 experimental runs. The influence of 

nucleation, transformation, and growth of solid forms on these parameters is an important 

information for industrial crystallization in relation to the operating conditions of the 

production process. The induction time of the crystalline hydrate increases with the 

supersaturation, but decreases with the increasing viscosity of the amorphous slurry. Both are 

not as expected. The induction time correlates nicely in the opposite direction with the viscosity 

of the amorphous slurry concentration. The amorphous slurry viscosity is about 20 times higher 

than the solution viscosity. Viscosity of the amorphous slurry was discovered to be a crucial 

factor influencing the transition of the amorphous slurry to the crystalline form in the pre-

exponential component of the classical nucleation rate equation. The metastable zone 

boundaries of the amorphous and heptahydrate crystalline forms were shown in a plot of the 

solute concentration versus the mass fraction of methanol in the mixed solvent. The amorphous 

and heptahydrate crystalline forms can be selectively produced under all the conditions of this 

study. It was found that the pre-exponential factor of the nucleation rate equation factor is very 

crucial in comprehending the transformation from an amorphous to a crystalline state. 

The kinetics of the formation of amorphous GMP and its transformation to the heptahydrate 

phase were studied under various operating conditions. Supersaturation, solvent composition, 

feed concentration, addition rate, and viscosity were shown to affect the rate-determining steps 

of the transformation. The rate-controlling mechanisms in the overall kinetics have been 

confirmed. The observation of the slurry viscosity of the suspension of the amorphous phase 

shows the option to observe the phase transformation. The transformation process was affected 

by the dissolution, growth, and supersaturation in which the rate-controlling step was divided 

into two sections, such as the initial and later sections of the transformation. The overall rate 

constants were determined by combining the constants of the dissolution rate and the growth 

rates of each section. In-situ Raman spectroscopy examination of the concentration of solution 

and solids can determine the rate-limiting processes during the transformation. The zero-order, 

first-order, and surface reaction equations as kinetic equations are highlighted and compared 

for the dissolution of the amorphous solids and the growth of the heptahydrate crystals. The 

dissolution of the amorphous (metastable form) and the growth of the heptahydrate (stable form) 

were found to be best fitted to the zero-order kinetic model. In particular, the variation of 

particle size distribution over time can give the rate-determining steps. These results suggest 

that the data measured by Raman spectroscopy and FBRM can be successfully coupled into a 

dissolution and growth model to further grasp and interpret the phase transformation. A 

dissolution rate-controlling step was dominated by a pattern in which both supersaturation and 

amorphous dissolution decreased simultaneously, and the growth rate-controlling step was 

shown in a pattern in which either supersaturation or amorphous dissolution was constant. 

Furthermore, the growth of heptahydrate crystals at a viscosity of the suspension with the 

amorphous solids below 0.07 Pa s and the dissolution of the amorphous solids above it can be 

used as the key determinant. Using the method developed and the kinetic constants obtained in 

this work, it is possible to create an appropriate control strategy to produce the desired form 

(amorphous or hydrate) in the final product. 
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8. Abbreviations, Symbols and Units 

Abbreviations 

A amorphous 

CLD chord length distribution 

FBRM focused beam reflectance measurement 

GMP disodium guanosine 5′-monophosphate 

H heptahydrate 

MS metastable phase 

PVM particle vision microscope 

PXRD powder X-ray diffraction 

S stable phase 

SEM scanning electron microscopy 

T tetrahydrate 

TGA thermogravimetric analyzer 

US unstable phase 

 

Symbols 

A pre-exponential constant in eq. 2-14 #/m3s 

Aa amount of the anti-solvent kg/kg 

Aa
* amount of the anti-solvent in equilibrium kg/kg 

ΔAa  Aa – Aa
*, the excess amount of the anti-solvent kg/kg 

B exponential term factor in eq. 6-2 - 

C, c concentration kg/kg solvent 

Cc molar density of the solid kmol/m3 

dm  molecular diameter m 

D diffusion coefficient m2/s 

Di dissolution rate kg/kg s 

Ea activation energy J/mol 

G, G Gibbs free energy J/mol 

Gi growth rate kg/kg s 

H enthalpy J/mol 

J nucleation rate #/m3s 

kG rate constants of the growth 1/s 

kD rate constants of the dissolution 1/s 

k1 constant in eq. 6-7 - 

NA Avogadro’s number 1/mol 

n constant in eq. 6-7 - 

R gas constant J/mol K 

r addition rate Kg/s 

Sd entropy of dissolution J/mol K 

S supersaturation ratio, C/C* - 

T temperature K or oC 

tind induction time s 

t time s 

X, x mole fraction, mass fraction - 
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Xa fractional conversion of amorphous phase - 

Xh fractional conversion of heptahydrate phase - 

 

Greek letters 

η  viscosity Pa s 

 difference - 

 chemical potential J/mol 

γ  interfacial energy J/m2 

  Boltzmann constant J/K 

vm  molar volume m3/mol 

 

Subscripts 

a amorphous 

h heptahydrate 

i component i 

m melting point 

met metastable zone limit 

ms, MS metastable phase 

o initial state 

f final state 

s, S, ST stable polymorph 

t tetrahydrate 

  

 

Superscripts 

* equilibrium state 
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10. Appendix  

Run 2 

 
 

Fig. 10-1: Measurement by in situ Raman spectroscopy and FBRM for Run 2. 
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Run 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10-2: Measurement by in situ Raman spectroscopy and FBRM for Run 3. 
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Run 4 

  
Fig. 10-3: Measurement by in situ Raman spectroscopy and FBRM for Run 4. 
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Run 5 

 
Fig. 10-4: Measurement by in situ Raman spectroscopy and FBRM for Run 5. 
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Run 6 

 
Fig. 10-5: Measurement by in situ Raman spectroscopy and FBRM for Run 6. 
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Run 7 

 
Fig. 10-6: Measurement by in situ Raman spectroscopy and FBRM for Run 7. 
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Run 8 

 
 

Fig. 10-7: Measurement by in situ Raman spectroscopy and FBRM for Run 8. 
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Run 9 

 
Fig. 10-8: Measurement by in situ Raman spectroscopy and FBRM for Run 9. 
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Run 14 

 
Fig. 10-9: Measurement by in situ Raman spectroscopy and FBRM for Run 14. 
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Run 15 

 
Fig. 10-10: Measurement by in situ Raman spectroscopy and FBRM for Run 15. 
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Run 16 

 
Fig. 10-11: Measurement by in situ Raman spectroscopy and FBRM for Run16. 
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Run 17 

 
Fig. 10-12: Measurement by in situ Raman spectroscopy and FBRM for Run 17. 
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Run 18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10-13: Measurement by in situ Raman spectroscopy and FBRM for Run18. 
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Fig. 10-14: Calculation of rate constants of dissolution and growth from plot of fractional 

concentration against time during transformation for Run 10. 
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Fig. 10-15: Calculation of rate constants of dissolution and growth from plot of fractional 

concentration against time during transformation for Run 11. 
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Fig. 10-16: Calculation of rate constants of dissolution and growth from plot of fractional 

concentration against time during transformation for Run 12. 
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