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In-line monitoring of polymorphism in precipitation process is of great significance in 
designing and controlling the quality of the crystals and affecting the downstream unit 
operations. Firstly, the solubility of two polymorphs of L-glutamic acid was studied as a 
function of pH at different temperatures. It was found out that the solubilities of both 
polymorphs increase with an increase of the temperature and pH, and the solubility of 
α-form is higher than that of β-form at studied temperatures. Furthermore, precipitation 
of L-glutamic acid was studied by carrying out thirty six different experiments in this 
work. Semi-batch precipitation was investigated based on in-line measurement of 
polymorph fraction with Raman spectroscopy. The studied variables were the used 
impeller type, mixing intensity, reactant concentrations (sodium glutamate and sulfuric 
acid) and the feeding position of sulfuric acid. pH of solution was measured and also 
solution composition with an Attenuated Total Reflection Fourier Transform Infrared 
spectrometer. The samples obtained from the experiments were also analyzed with a 
Raman spectrometer and a scanning electron microscope to verify the data from the 
in-line monitoring. The main results can be summarized as follows. Raman 
spectroscopy was feasible and reliable to monitor the precipitation process of 
L-glutamic acid. Low reactant concentration was advantageous for the α-form 
L-glutamic acid to form. Low mixing intensity enhanced more β-form crystallization 
than α-form. Feeding position was crucial for the polymorphism, and the feeding 
position in non-ideally mixed zones led to high local supersaturation and thus the 
formation of more β-form. The six pitched blade (45o) turbine and the six flat blade disc 
turbine did not make clear difference of polymorphism. 
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Polymorfian jatkuva seuranta saostuksessa on hyödyllistä suunnittelun ja kidetuotteen 
ominaisuuksien sekä kiteytystä seuraavan jatkoprosessoinnin kannalta. Tässä 
diplomityössä on tutkittu L-glutamiinihapon kahden (α ja β) polymorfimuodon 
liukoisuuden riippuvuutta pH:sta ja lämpötilasta. Tulokseksi saatiin, että kummankin 
polymorfin liukoisuus kasvoi sekä pH:ta että lämpötilaa kasvatettaessa. α−muodon 
liukoisuus oli korkeampi kuin β-muodon liukoisuus valituilla pH-arvoilla eri 
lämpötiloissa. Lisäksi seurattiin puolipanostoimisen saostuksen aikana 1-litraisella 
laboratoriokiteyttimellä muodostuvan kiteisen polymorfiseoksen koostumusta 
hyödyntäen in-line Raman-spektroskopiaa. Myös liuoksen pH-muutosta seurattiin sekä 
liuoksen koostumusta ATR FTIR-spektroskopian (Attenuated Total Reflection Fourier 
Transform Infrared Spectrometer) avulla. Tutkittavina muuttujina olivat mm. 
sekoitusintensiteetti, sekoitintyyppi, reaktanttien (natriumglutamaatti ja rikkihappo) 
konsentraatiot sekä syötetyn rikkihapon syöttökohta kiteyttimessä. Työhön sisältyi 36 
koetta ja osa kokeista toistettiin tulosten oikeellisuuden tarkistamiseksi. 
Inline-mittaustulosten verifioimiseksi kidenäytteet analysoitiin myös käyttämällä 
konfokaali Raman-mikroskooppia. Kidemorfologiaa tutkittiin SEM-kuvien (Scanning 
Eletronic Microscope) avulla. Työ osoitti, että Raman-spektroskopia on joustava ja 
luotettava menetelmä saostusprosessin jatkuvaan seurantaan L-glutamiinihapolla. 
Alhaiset lähtöainepitoisuudet tuottivat pääasiassa α−muotoa, kun taas alhainen 
sekoitusteho edisti β-muodon muodostumista. Syöttökohta vaikutti merkittävästi 
polymorfiaan. Kun rikkihapon syöttökohta oli epäideaalisesti sekoitetulla vyöhykkeellä, 
nousi ylikylläisyystaso korkeaksi ja päätuote oli tällöin β-muotoa. 6-lapainen 
vinolapaturbiini (nousukulma 45o) ja 6-lapainen levyturbiini eivät merkittävästi 
poikenneet toisistaan muodostuvien polymorfien osalta.   
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LIST OF SYMBOLS 
A particle area m2

A1,A2 system-related constants - 

b kinetic order of nucleation - 

c actual concentration of the solution   kg/L or w-%

c&  increasing rate of concentration of one ion - 

c0 initial concentration of the other ion kg/L or w-%

c* saturation concentration at the given temperature kg/L or w-%

c+
*,c-

* saturation concentration of the two ions kg/L or w-%

∆c supersaturation kg/L or w-%

D diffusion coefficient m2/s 

∆G free energy change for the formation of the nucleus J 

∆Gs free energy change for the formation of the nucleus surface J 

∆GV free energy change for the phase transformation J 

∆Gv free energy change of the transformation per unit volume J 

∆Gcrit critical overall excess free energy under homogeneous conditions J 

∆G’crit critical overall excess free energy under heterogeneous conditions J 

f fugacity - 

g kinetic order of growth - 

H enthalpy J/mol 

∆Hd molal enthalpy of fusion of the solute J/mol 

h step height m 

i relative kinetic order - 

J nucleation rate no./m3s 

KG overall crystal growth coefficient - 

k Boltzmann constant J/K 

kn rate constant - 

L some characteristic size of the crystal - 
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m particle mass kg 

n kinetic order of nucleation - 

n0 population density of nuclei no./m4

T absolute temperature K 

R growth rate (eq.14) m/s 

R universal gas constant (eq.34) - 

r radius of the particle m 

S supersaturation ratio (eq.2) - 

S Entropy (eq.29) J/(mol·K) 

Sc Schmidt number - 

∆Sd molal entropy of fusion of the solute J/(mol·K) 

t time s 

v  linear velocity m/s 

x mole fraction of the solute in the solution - 

Greek Symbols 

σ  relative supersaturation - 

γ  interfacial tension between the developing crystalline surface 

and the supersaturated solution 

N/m 

φ  contact angle factor - 

θ  contact angle ° 

υ  molecular volume m3/mol 

ξ  kink density coefficient - 

δ  boundary layer thickness m 

cρ  crystal density kg/m3

α  volume shape factor - 

β  surface shape factor - 
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η  viscosity kg/(m s) 

fρ  liquid density kg/m3

ε  energy dissipation rate W/kg 

Abbreviations 

ATR Attenuated Total Reflection 

BCF Burton-Cabrera-Frank 

B+S Birth and Spread 

CCD Couple Charged Device 

FT Fourier Transform 

Glu L-glutamic acid 

IR Infrared 

NIR Near Infrared 

UV Ultraviolet 

SEM Scanning Electronic Microscopy 
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INTRODUCTION 
From chemical engineering point of view, crystallization could be ranked as the oldest 

unit operation for production, purification and separation. Even with the rapid 

development of some other mechanical and chemical techniques recently, i.e., 

centrifugation, extraction, distillation, chromatography, membrane separation, 

crystallization remains one of the best and cheapest methods to produce pure end 

products with attractive appearance. Reactive crystallization, which is usually classified 

as one of the precipitation methods, is a faster crystallizing process than cooling or 

evaporative crystallization with the production of fine particles. Therefore, it is well 

developed and widely utilized in the pharmaceutical, photographic, cosmetic and 

pigment industries.  

 

Since the middle of the last century, it is discovered that some crystals exhibit more than 

one form, known as polymorphism [1]. For a given compound, the molecular 

arrangement and structure adopted during crystallization give result to one polymorph 

which is thus gifted with distinct solid-state properties. Understanding such 

phenomenon takes the first step in prediction of polymorphism under different 

conditions which in turn yield the possibilities for the control of polymorphs and the 

production of the preferable form. 

 

Certainly, the most important aspect relating to an understanding of polymorphic solid 

is the analytical methods used to perform the characterization studies. Nowadays many 

analytical techniques are available for this purpose [1], for instance, X-ray diffraction, 

infrared absorption spectroscopy, and nuclear magnetic resonance spectrometry. 

However, only two analytical methods have been reported capable of performing in-line 

measurement of the polymorphs, X-ray diffraction and Raman spectroscopy. This 

Master’s thesis is aimed to in-line monitor the polymorphs of L-glutamic acid during 

precipitation process using Raman spectroscopy and ATR-FTIR.  
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LITERATURE SURVEY 

1. Solubility and Crystallization 

1.1 Crystals 

Crystal is a kind of substance in which molecules, atoms, or ions are arranged regularly 

in three dimensions. The regularity of the internal structure of a crystal gives rise to its 

characteristic physical and chemical properties. The technique and process of forming 

crystals from a uniform solution is called crystallization.  

 

Solubility could be defined as the amount of the solute required to obtain the saturated 

solution in given conditions. It depends on temperature, pH value, nature of the solvent, 

additional species in the solution and so on. The solubility characteristics of a solute in a 

given solvent have a considerable influence on the choice of a crystallization method [2]. 

For instance, it is not a suitable method of forming sodium chloride crystals from its hot 

saturated solution by cooling because the solubility of sodium chloride in water hardly 

changes with the temperature.  

1.2 Supersaturation 

At certain temperature, the saturated solution is in thermodynamic equilibrium with the 

solids and if the actual concentration of the solute is higher than the equilibrium value, 

it arrives the state of supersaturation, which is the essential requirement and the driving 

force for all the crystallization operations. The main ways of expressing supersaturation 

are as [2]: 
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*ccc −=Δ                                                     (1) 

*c
cS =                                                        (2) 

1
*

−=
Δ

= S
c

cσ                                                  (3) 

where  ∆c  supersaturation 

       c   actual concentration of the solution 

       c*  saturation concentration at the given temperature 

       S   supersaturation ratio 

       σ   relative supersaturation 

 

Normally, there are four main methods to generate supersaturation [2]: a) If the 

solubility is sensitive to the temperature, cooling is a good choice; b) If the solubility 

does not have considerable change with the temperature, evaporation of the solvent is a 

commonly used method, especially when the solvent is nonaqueous and has a relatively 

high vapor pressure; c) The third one is to add another solvent which is miscible with 

the solvent but immiscible with the solute to the system in order to decrease the 

solubility of the solute; d) The last approach of creating supersaturation is through 

chemical reaction which is also called precipitation. In this case, the product of the 

chemical reaction has significantly lower solubility than the two reactants in the solvent. 

1.3 Measurement of Solubility 

Solubility data is important and usually necessary for design or operation of a 

crystallization process. Nowadays, some data could be obtained from various resources, 

i.e., books, journals, databases, and so on. There are, however, still a lot of cases where 

the necessary solubility data in the conditions of interest is not available, especially for 

multi-solvents system, multi-solutes system, or impurity involved system. Therefore, 

the only method to get the necessary information is solubility measurement.  
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The procedure of measuring solubility is not complicated but easy to be done 

mistakenly, resulting in large deviations from real values. The steps could simply be 

generalized as [3]: a) Add the solvent with already known mass to a dried vessel; b) Add 

the solids to the vessel to excess amount, which means the solution should be turbid; c) 

After a certain time period, sample the clear solution and analyze it. Before the sample 

is taken, the solution needs to be kept turbid all the time and the temperature has to be 

kept constant during the whole measurement process. The time period is changeable for 

different systems, normally at least 4 h to 24 h is preferable because the solid and the 

liquid might not achieve equilibrium if the time is too short. 

2. Nucleation 

The process of creating a new solid phase from a supersaturated homogeneous mother 

liquor is called nucleation [4]. It is the onset and one of the necessary conditions for a 

system to begin to crystallize. The solid phase could be a number of solid bodies, 

embryos, nuclei or seeds which act as the centers of crystallization. Nucleation may 

happen spontaneously or be caused by external stimulus, such as agitation, mechanical 

shock, friction and extreme pressures within solutions. 

 

Although there is no general agreement on nucleation nomenclature at the present, 

literature classify nucleation into three main mechanisms as: a) Primary homogeneous 

nucleation refers to the cases of nucleation in systems that contain only pure solution; b) 

Primary heterogeneous nucleation refers to the cases of nucleation in systems that 

contain foreign bodies; c) Secondary nucleation is generated on the surface of crystals 

present in a supersaturated system. 
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2.1 Primary nucleation 

2.1.1 Homogeneous Nucleation 

The process of forming a stable crystal nucleus within a homogeneous fluid is very 

difficult to achieve because not only do the constituent molecules coagulate, but they 

also have to arrange orientated into a fixed lattice. The number of molecules in a 

nucleus could vary from ten to several thousands, but it is hardly possible for those 

molecules to collide at the same time to form a stable nucleus. More likely, the nucleus 

would arise from a cluster made of two molecules first. Then more and more molecules 

are gathered to form a cluster successively until the size of the cluster increases to the 

critical size, finally resulting in the nucleation. The construction process happens 

rapidly and can continue only in the regions of very high supersaturation. Besides, in 

the process, many of the clusters fail to achieve maturity and redissolve since they are 

extremely unstable, while some might grow beyond the critical size becoming stable. 

 

The classical theory of nucleation is associated with the free energy changes in the 

system and the process of homogeneous nucleation could be considered as follows [2]: 

 

υπγπ GrrGGG VS Δ+=Δ+Δ=Δ 32

3
44                        (4) 

where    free energy change for the formation of the nucleus GΔ

         free energy change for the formation of the nucleus surface SGΔ

         free energy change for the phase transformation VGΔ

         free energy change of the transformation per unit volume υGΔ

       r     radius of the particle 

       γ     interfacial tension between the developing crystalline 

             surface and the supersaturated solution  
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∆Gcrit, the minimum value of the free energy of formation ∆G in the equation is the 

energy needed to form the cluster with the critical size rc, and for a spherical cluster, it 

could be obtained by minimizing the equation, setting d∆G/dr = 0 as: 

 

048 2 =Δ+=
Δ

υπγπ Grr
dr

Gd
                                  (5) 

 

Thus, by solving the equation (5), we get the critical size as: 

 

υ

γ
G

rc Δ
−

=
2

                                                  (6) 

 

By combining equation (4) and (6), we get the minimum value of the free energy 

change for the formation of the nucleus: 

 

3
4

)(3
16 2

2

3
c

crit
r

G
G πγπγ

υ

=
Δ

=Δ                                 (7) 

 

No matter what kind of procedure the newly formed nucleus will perform, either 

continue to grow or redissolve, it should result in a decrease in the free energy of the 

particle. As shown in Figure 1, particles with size smaller than the critical size rc will 

dissolve to reduce its free energy and the nucleation will not proceed. As the phase 

transformation becomes more and more favorable, the formation frees enough energy to 

form a particle with size larger than the critical size and the nucleation will continue 

until eventually thermal activation provides enough energy to form a stable nucleus.  
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  Figure 1. Free energy diagram for nucleation explaining the  

     existence of a “critical nucleus” [2] 

 

2.1.2 Heterogeneous Nucleation 

It is not common to obtain true homogeneous nucleation because it is actually 

impossible to achieve a solution completely free of any foreign bodies. As long as the 

system is presented at the atmosphere, there is always atmosphere dust which might 

enter the system unknowingly. Those impurities could act as the accelerator to the 

nucleation process and result in the heterogeneous nucleation eventually.  

 

If there are foreign bodies present in the system, the degree of supersaturation needed to 

nucleate would be lower than that for homogeneous nucleation. The overall free energy 

required to form a stable nucleus with critical size under heterogeneous conditions 

∆G’crit is therefore less than that under homogeneous conditions ∆Gcrit. Besides, Volmer 
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(1939) found that the decrease in free energy depended on the contact angle of the solid 

phase [5]: 

 

'
critcrit GG Δ=Δ φ                                             (8) 

2)cos1)(cos2(
4
1 θθφ −+=                                       (9) 

where     critical overall excess free energy under homogeneous critGΔ

               conditions 

          critical overall excess free energy under heterogeneous '
critGΔ

               conditions 

        φ      contact angle factor 

        θ      contact angle 

 

2.2 Secondary Nucleation 

Nucleation of new crystals induced only because of the prior presence of crystals of the 

material being crystallized is termed secondary nucleation [4]. The prior crystals could 

be already presented or deliberately added into the system, acting as catalysis and thus 

result in the much lower degree of supersaturation required than the homogeneous 

nucleation or even heterogeneous nucleation.  

 

There are a number of different mechanisms explaining secondary nucleation. They 

could be generally divided into two groups [3]: a) The first group relates the formation 

of nuclei to the presence of the crystals in the solution, and it includes initial breeding, 

needle breeding, and collision breeding; b) The other group relates the nucleation to the 

solute in the liquid phase. Impurity concentration gradient nucleation and nucleation 

due to fluid shear theories are belong to the second group. 
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2.3 Nucleation Kinetics 

The rate of primary nucleation could be expressed in the form of the Arrhenius reaction 

velocity equation commonly used for the rate of a thermally activated process [2]: 

 

)exp(
kT

GAJ Δ
−=                                         (10) 

where     nucleation rate J

       A    pre-exponential factor with a theoretical value of  3010

       ∆G  free energy change for the formation of the nucleus 

       k    Boltzmann constant with a theoretical value of  

             J/K 23103805.1 −×

       T    absolute temperature 

 

By combining the Arrhenius equation with equation (7), we get: 

 

)
3

4
exp(

2

kT
r

AJ cπγ
−=                                      (11) 

 

Finally, by introducing Gibbs-Thompson equation which describes the relationship 

between the particle size and the solubility 

 

kTr
S γυ2ln =                                                 (12) 

where  S  supersaturation ratio 

      υ   molecular volume 
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to the equation (11) and substituting for rc, we get: 

 

⎥
⎦

⎤
⎢
⎣

⎡
−= 233

23

)(ln3
16exp

STk
AJ υπγ

                                  (13) 

 

The equation (13) shows us that three variables govern the rate of nucleation: 

temperature, degree of supersaturation and interfacial tension. It is clear that the 

nucleation rate increases when the temperature or the supersaturation increases and 

decreases when the interfacial tension increases.  

3. Crystal Growth 

After the formation of the stable nuclei in the system, they begin to grow into the 

crystals of various sizes. Compared to the nucleation, the real growth process is much 

faster since the crystals contain dislocations which provide the necessary growth points. 

It spreads outwards from the nucleating site and the solute molecules add to the growing 

crystal in a prearranged system started in crystal nucleation. 

3.1 Crystal Growth Theories 

There are many mechanisms of crystal growth proposed so far. The surface energy 

theories [6] are based on the assumption that the shape of a growing crystal is formed in 

such way to ensure the whole crystal has a minimum surface energy. The adsorption 

layer theories proposed by Volmer [5] claims that the crystal grow takes place layer by 

layer on the surface by adsorption. The diffusion theories [7] presume that the units 

(molecules, ions or atoms) deposit on the crystal at a rate proportional to the difference 

in concentration between the deposition site and the bulk of the solution. Recently, 

several notable modifications of those theories have also been proposed. In this 

Master’s thesis, two commonly used theories nowadays to explain the crystal growth 

are introduced. 
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3.1.1 Burton-Cabrera-Frank Model 

In year 1949, a new model of describing the crystal growth is proposed by Frank, which 

is based on the screw dislocation in a crystal as the source of new steps. The explanation 

of this model could be simplified as shown in Figure 2. The molecules absorb on the 

crystal surface and diffuse to the two planes of the screw dislocation, forming a spiral 

staircase. The growth will continue uninterruptedly at near the maximum theoretical rate 

for the given level of supersaturation. 

 

 

Figure 2. Development of a growth spiral starting from a screw dislocation [2] 

 

Burton, Cabrera and Frank [8,9] developed a kinetic expression of 

Burton-Cabrera-Frank (BCF) model of crystal growth as below: 

 

)tanh(2

σ
σ BAR =                                           (14) 

where  R    growth rate 

       A,B  temperature-dependent constants 

       σ    relative supersaturation 

 

At low supersaturation, the BCF equation could be simplified approximately as R∝σ2 

which means the crystal growth rate increases in a parabolic relation with 

supersaturation. But at high supersaturation, the relationship changes to R∝σ meaning 
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the growth rate increases linearly with the supersaturation. The visual form of this 

expression is shown in Figure 3. 

 

 

Figure 3. The BCF supersaturation-growth relationship  

(Ι, R∝ σ2; Π, an approach to R∝ σ) [2] 

 

This model is also called as BCF surface diffusion model because it was derived from 

crystal growth from the vapor. In this model, the rate controlling step is the diffusion on 

the crystal surface. However, it is hardly applicable for the growth from a solution 

because of the more complex nature of these systems. Thus, the modification of the 

model is needed in this situation and the most famous one is completed by Chernov [10]. 

The simplified form is as: 

)ln(1

2

h
k

R δ
σ

+
∝                                       (15) 

Dhk /ξ=                                                 (16) 

where  ξ   kink density coefficient 

         step height h

       δ   boundary layer thickness 

         diffusion coefficient D
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The equation provides information that the crystal growth rate follows parabolic relation 

with supersaturation. In addition, the growth rate is reversely proportional to the 

boundary layer thickness which is related to the hydrodynamic conditions and the 

mixing rate in the solution.   

3.1.2 Birth and Spread Model 

Birth and spread models (B + S) are based on crystal surface nucleation and followed by 

the spread of the monolayer. As shown in Figure 4, the nucleation occurs at the faces or 

edges of a crystal and growth develops on the surface two-dimensionally. Further nuclei 

might occur on the monolayer nuclei when they spread across the surface of the crystal.  

 

 
Figure 4. Crystal growth by the B+S model [2] 

 

The crystal growth velocity in B + S model could be expressed as the form [2]: 

)exp( 26/5
1 σ
σ

AAv =                                           (17) 

where        linear velocity v

       A1, A2   system-related constants 

3.2 Crystal Growth Kinetics 

There is no simple universal expression on the growth rate of a crystal because it 

depends on many conditions, such as temperature, supersaturation, size, system 

turbulence and it relates to the specific crystal growth theory involved. In general, the 
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growth rate could be explained as a mass deposition rate RG (kgm-2s-1), a mean linear 

velocity ν (ms-1) or an overall linear growth rate G (ms-1) in well defined conditions. 

The calculation of those quantities and the relationship between them are as [2]: 
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where    overall crystal growth coefficient GK

       L     some characteristic size of the crystal 

       r     radius corresponding to the equivalent sphere 

       Cρ    crystal density 

       α,β   volume and surface shape factor  

           particle mass m

       A     particle area 

           g    constant normally between 1 and 2 

3.3 Growth and Nucleation Rates 

Rates of nucleation B and rate of crystal growth G could be conveniently written in 

terms of supersaturation as [2]: 

bckB Δ= 1                                                    (21) 

gckG Δ= 2                                                    (22) 

where  b  kinetic order of nucleation 

       g  kinetic order of growth  
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By combining equation (21) and (22), the relationship between rate of nucleation and 

rate of crystal growth is attained as: 

 

iGkB 3=                                                     (23) 

where  i  relative kinetic order 

 

The relationship could also be written as: 

 

GnB 0=                                                     (24) 

where    population density of nuclei  
0n

4. Precipitation 

Precipitation plays an important role in many industries, especially in chemical industry 

for manufacturing ultrafine powders. Precipitation very often refers to as fast 

crystallization [2] but there are some features that make it differ from cooling or 

evaporative crystallization.  

 

Firstly, precipitation commonly takes place by a chemical reaction when two soluble 

components react and a less soluble product is formed at very high supersaturation; 

Secondly, precipitation mostly implies an irreversible process, whereas the products of 

conventional crystallization could be redissolved if the original conditions are restored; 

Furthermore, since the precipitation process takes place at very high supersaturation, it 

results in fast nucleation and consequently a large number of very fine crystals; Finally, 

some secondary processes such as ripening, ageing, agglomeration and coagulation may 

occur and cause changes in the particle size.  
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Hence, precipitation processes are more difficult to study than classic crystallization 

processes. They involve many individual steps and kinetic processes as illustrated in 

Figure 5.  

 

 
Figure 5. Kinetic process involved in precipitation [11] 

 

4.1 Precipitation Kinetics with Slowly Developing Supersaturation 

Precipitation process could take place in a closed system where the supersaturation 

decreases with time, or in an open system where the supersaturation keeps constant as 

the curve (a) and curve (b) in Figure 6. Besides, there is another case that the 

supersaturation first increases to a maximum value and then decreases with time as the 

curve (c) in Figure 6.  
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Figure 6. Time dependence of supersaturation ratio S in a closed system (curve a), an 

open system with constant supersaturation (curve b), and in a system with slowly 

developing supersaturation (curve c) [11] 

 

Such behavior could happen in many ways, one of which studied in this work is by the 

slow introduction of one reactant solution into a crystallizer containing the other 

reactant solution. The difference between the concentration of the precipitating 

substance and the equilibrium solubility on the assumption that no precipitation takes 

place for the process is expressed as [11]: 

 

2/1**2/1
0 )()()( +−−=Δ cctcctc &                                     (25)         

where       increasing rate of concentration of one ion c&

            initial concentration of the other ion 0c

         saturation concentration of the two ions ** , +− cc

       t       time 
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Over a limited range of supersaturation the mechanism of nucleation in such system 

could be described approximately as [11]: 

 

[ n
n tcAkJ )(Δ= ]                                              (26) 

where    rate constant nk

       n   kinetic order of nucleation 

4.2 Influence of Hydrodynamics and Mixing on Precipitation 

Mixing plays a great role on the precipitation process. Both nucleation and crystal 

growth kinetics are greatly influenced by the hydrodynamic conditions during the 

process. The number of formed crystals increases and in some cases the rate of the 

growth as well with the increasing stirring intensity [12,13]. The morphology of the 

crystals formed is also affected by the manner and intensity of stirring. It is reported that 

under stirred conditions, barium sulfate crystals with regular shapes are produced while 

under unstirred conditions, dendrites and twin crystals are formed with a size one or two 

orders of magnitude larger [14].  

 

In general, mixing of two liquids could be classified into two stages, macromixing and 

micromixing. Mixing at macro level, the scale of concentration difference is reduced 

from the size of the order of the vessel diameter to that of the Kolmogoroff velocity 

microscale λK [11]. This microscale is a measure of the turbulent eddy size and is given 

by: 
4/13)/(
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ε
ρη

λ f
K                                           (27) 

where  η    viscosity 

       fρ   liquid density 

       ε    energy dissipation rate 
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Mixing at micro level, the mixing process is by laminar convection and molecular 

diffusion over length scales smaller than λK and the process is rapid at scales of the 

order of the Batchelor concentration microscale λB [11] which is given by: B
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where    diffusion coefficient D

       Sc  Schmidt number 

 

If the two mixed liquids react chemically, the reaction will take place at the molecular 

level. According to Bourne [15], if the half-life of the chemical reaction within the 

homogeneous solution is comparable with or shorter than the half-life of the 

micromixing, not only the kinetics of the chemical reaction but also the products are 

influenced by the mixing. 

 

5. Polymorphism 

Polymorphism is frequently defined as the ability of a substance to exist as two or more 

crystalline phases that have different arrangements and/or conformation of the 

molecules in the crystal lattice [16-18]. Thus, polymorphs are the same substance with 

molecules arranged in different ways giving rise to different molecular packings. For a 

given substance, because of different dimensions, shapes, number of molecules, void 

volumes of their unit cells and so on, different polymorphs have different physical and 

chemical properties, including molecular volume, density, solubility, chemical stability, 

reflective index in a given direction, and thermal conductivity. 
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5.1 Thermodynamics of Polymorphs 

The energy of interaction between a pair of molecules in solid, liquid, or gas could be 

explained by Morse potential energy curve shown in Figure 7 [19,20]. For a given pair 

of molecules in solid, liquid, or gas have their characteristic interaction energy and 

Morse potential energy curve. In Figure 7, there are three curves: the upper curve 

represents the intermolecular attraction due to van der Waals forces or hydrogen 

bonding which causes the decrease in the potential energy; the lower curve shows the 

intermolecular repulsion between electrons or nuclei at closer approach which causes 

the increase in the potential energy; the one between them is the Morse potential energy 

curve, which is an algebraic sum of the two curves.  

 

 
Figure 7. Morse potential energy curve of a given condensed phase [1] 
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Because every polymorph has its own distinctive lattice, the Morse potential energy 

curve of each polymorph is distinctive. The Gibbs free energy G is defined by [19]:  

 

STHG ⋅−=                                                 (29) 

where  H  enthalpy 

       T  absolute temperature 

       S  entropy              

 

In a constant increasing temperature, the relation between the enthalpy, the entropy and 

Gibbs free energy of a phase could be presented as shown in Figure 8.  

 

 

Figure 8. Plots of various thermodynamic quantities against the absolute temperature of 

a given phase, liquid or solid at constant pressure [1] 

 

According to the third law of thermodynamics, the entropy of a perfect, pure crystalline 

solid is zero at the absolute zero of temperature. The increasing of T·S is more rapid 

than the enthalpy H as the temperature increases. Therefore, Gibbs free energy G is 

decreasing with increasing temperature as shown in Figure 2, which also corresponds to 

the fact that the slope of the curve G (δG/δT) is negative. 
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The comparison of two polymorphs (1 and 2) is shown in Figure 9. The difference in 

Gibbs free energy of two polymorphs is given as [1]: 

STHG Δ⋅−Δ=Δ                                              (30) 

12 GGG −=Δ                                                 (31) 

12 HHH −=Δ                                                 (32) 

12 SSS −=Δ                                                 (33) 

 

Figure 9 shows the temperature dependence of G and H for two enantiotropes. From 

this figure, we could obtain that the two curves of G1 and G2 intercross at temperature Tt, 

known as the transition temperature, meaning the Gibbs free energies of the two 

polymorphs are equal ( 0=ΔG ) at this temperature point, but the enthalpy of 

polymorph 2 is higher than that of polymorph 1 ( ) at the same temperature 

point, which leads to the conclusion that also the entropy of polymorph 2 is higher than 

that of polymorph 1 ( ) according to the equations given above.  

12 HH >

12 SS >

 

Figure 9. Plots of the Gibbs free energy and the enthalpy at constant pressure against 

the absolute temperature for a system consisting of two polymorphs, 1 and 2 [1]  
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Furthermore, when temperature is lower than Tt, the polymorph 1 has lower Gibbs free 

energy and thus more stable than polymorph 2. Likewise, when temperature increases 

over Tt, the polymorph becomes more stable. Therefore, under defined temperature, 

only one polymorph can be stable, and if another unstable one transforms at an 

imperceptible rate, it is so called metastable.  

 

The Gibbs free energy difference ∆G between two phases has a relationship with the 

ratio of fugacities of the two phases. The fugacity f is proportional to the 

thermodynamic activity  which in turn is approximately proportional to the solubility 

c* in any given solvent. Therefore, the following equations could be established [1]:  

a
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fRTG ==Δ                       (34) 

where  R  universal gas constant 

       T  absolute temperature  

 

From the above equations, it is concluded that the most stable polymorph with the 

lowest free energy also has the lowest value of fugacity, thermodynamic activity and 

solubility.   

5.2 Kinetics of Crystallization 

Methods for preparing different polymorphs are various, such as sublimation, 

crystallization from supersaturated solution, crystallization from the melt, and so on, 

among which crystallization from solution is usually employed in pharmaceutical 

industry. The approaches of attaining supersaturation of the solution could be 

evaporation, cooling, precipitation, and drowning out.  
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During the 19th century, Gay Lussac observed that, during crystallization, an unstable 

form is frequently obtained first that subsequently transforms into a stable form [21]. 

This observation was later explained thermodynamically by Ostwald [21-25], who 

formulated the law of successive reactions, also known as Ostwald’s step rule.  

 

Ostwald’s step rule could be illustrated by Figure 10. It is an enantiotropic system 

initiated in a state represented by point X corresponding to a supersaturated solution for 

example. Once the cooling process begins the temperature of the system and the Gibbs 

free energy decrease. When the state of the system achieves point Y which is the least 

stable state lying nearest in free energy to the original state, the polymorph A will tend 

to form instead of polymorph B according to Ostwald’s step rule, even polymorph A is 

more stable at this temperature. It is also the case in a monotropic system. However, 

Ostwald’s step rule is a practical rule and hence it is not applicable to all the cases.   

 

 

 

Figure 10. Relationship between the Gibbs free energy and the temperature for two 

polymorphs for an enantiotropic system in which the system is cooled from point X [26] 

5.3 Nucleation of Polymorphs 

When a substance has two or more polymorphic forms, each polymorph has its own 

characteristic curve as shown in Figure 1, and its own characteristic values of critical 
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radius rc and activation energy barrier ∆Gcrit. Usually, the polymorphs compete to 

nuclear and the embryo present at the highest concentration or has lowest activation 

energy barrier will form the first nucleus leading to the crystallizing of that particular 

polymorph. However, more than one kind of present embryos could sometimes lead to 

more than one kind of nucleus in the crystallization process at the same time.  

 

The formation of prenuclear embryos in a supersaturated solution can be studied by 

various physical methods, such as laser Raman Spectroscopy [27]. This technique gives 

vibrational spectra of the embryo containing the peaks characteristic of its 

intermolecular interaction.  

6. Inline Monitoring Techniques for Precipitation  

6.1 Raman Spectroscopy 

Raman spectroscopy relies on inelastic scattering of monochromatic light, usually from 

a laser in the visible, near infrared, or near ultraviolet range and interacts with photons 

or other excitations in the system, resulting in the energy of the laser photons being 

shifted up or down and thus giving information about the photon modes in the system.  

 

Although the inelastic scattering of light was predicted by Smekal in 1923 [28], it was 

not until 1928 that it was observed in practice. The Raman effect was named after one 

of its discoverers, the Indian scientist Sir C. V. Raman who observed the effect by 

means of sunlight [29]. Raman won the Nobel Prize in Physics in 1930 for this 

discovery accomplished using sunlight, a narrow band photographic filter to create 

monochromatic light and a "crossed" filter to block this monochromatic light.  
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6.1.1 Theory of Raman Spectroscopy 

When light impinges upon a molecule, the incident photons could be absorbed or 

scattered. The absorption of the incident photons might give rise to the infrared 

phenomenon if certain conditions are met. When the incident photons are scattered, 

most of them will polarize the electronic cloud of the molecule and a virtual excited 

state will be formed during the interaction, as shown in Figure 11. This virtual excited 

state is quite short lived and the energy of the incident photos will soon be reradiated. 

This scattering is elastic since there is no energy change between the incident photons 

and the scattered photons and the process is called Rayleigh scattering. However, a 

small fraction of the incident photons, approximately 1 in about 107 photons is scattered 

not only causing the polarization of the electronic cloud but also the nuclear motion like 

vibration, a quantum of the vibration energy will transfer between the molecule and the 

photon, and the remaining energy will be reradiated. Thus, the energy between the 

incident and the scattered photon is no longer equal and the scattering becomes inelastic. 

This inelastic scattering process is called Raman scattering.  

 

 

Figure 11. Diagram of the Rayleigh and Raman scattering processes [30] 
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Because the lifetime of the virtual excited state is extremely short and the nuclear 

motion is much slower than the electronic motion, the Reyleigh scattering is the 

dominate process. Although the possibility of obtaining the Raman scattering is millions 

times smaller than Reyleigh scattering, it can be steadily observed and applied to 

analysis if a laser source is used as the incident light.  

 

If the molecule is present at the lowest vibrational energy level (level m as in the Figure 

11), the Raman scatting process will cause the energy transferred from the incident 

proton to the molecule, resulting in the promotion of the molecule to a higher 

vibrational energy level (level n as in the Figure 11) and this kind of process is termed 

as Stokes scattering. Sometimes, the molecule is already in an elevated level and thus 

the energy will transferred from the molecule to the scattered proton. This process is 

termed as Anti-Strokes scattering. The Strokes scattering is exclusively used in 

conventional Raman spectroscopy because of its intense relative to the Anti-Strokes 

scattering for high-frequency vibrations [30].   

6.1.2 Raman Selection Rules and Advantages 

Compared with infrared absorption which is often grouped with Raman spectroscopy 

since both techniques provide information on the vibrational modes of a compound, 

radiation is more effectively scattered in the Raman effect by symmetric vibrations and 

nonpolar groups while infrared energy is absorbed by polar groups. The selection rules 

are not strictly obeyed except for those simplest, most symmetrical molecules. Both 

Raman and Infrared bands are likely be active for virtually all the bonds, but their 

relative intensities are different. The more symmetrical ones give higher Raman 

intensities while the less symmetrical ones exhibit higher IR intensities [31].  

 

One advantage of Raman spectroscopy over IR methods is that little or no sample 

preparation is required generally. This considerably facilitates the examination of the 
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sample and keeps its polymorphic form since no preparation procedures of sampling are 

involved. Another advantage is that Raman spectroscopy can also be interfaced with 

microscope and the Raman spectrum can be collected from the sample whose size is 

smaller than 1 μm in diameter. The third advantage is that it can be applied to the in-line 

monitoring of crystallization when the Raman spectrometer is connected with a probe 

which can be immersed into the solution.  

6.1.3 Raman Instruments 

A Raman system typically consists of four major components: a) Excitation source, 

normally laser nowadays; b) Sample illumination system and light collection optics; c) 

Wavelength selector, like filter; d) Detector, like charge coupled device (CCD), or 

indium gallium arsenide. 

 

Currently, the most commonly applied Raman instruments are dispersive and Fourier 

transform (FT) spectrometer [30]. The former employs a visible laser for excitation, a 

dispersive spectrometer and a CCD for detection, and the latter employs a near-infrared 

(NIR) laser for excitation and an interferometer-based system which requires an FT 

program to produce the spectrum.  

 

In a dispersive spectrometer as shown in Figure 12, a good quality laser is used in order 

to produce a monochromatic source. The incident light is delivered through a collection 

lens and interacts with the sample, and then the scattered light can be collected from a 

90°C or 180°C angle. Since in all the scattered light the intense of Rayleigh scattering is 

much stronger than the Raman scattering, a filter, particularly notch filter is employed to 

absorb all light of frequency of the incident laser and then the remaining light is focused 

into a monochromator to separate out the different energies of the Raman scattering. 

Finally, the radiation is focused onto a CCD to discriminate each frequency of the 

Raman scattering and therefore construct a spectrum of the material.  
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Figure 12. Raman spectrometer and microscope, using a visible laser, notch filter, 

spectrometer and CCD detector [30] 

 

The second widely used Raman spectrometer is FT instrument as shown in Figure 13. 

The application of NIR laser and interferometer with FT program in this spectrometer 

largely solved the problem of fluorescence and therefore widened the range of samples 

to be analyzed because the usually used NIR laser emits at 1064 nm, lower in energy 

than the excited states of most molecules to fluoresce. Another important and also 

unique advantage of NIR FT instrument over visible system is the lower requirement of 

optical system because the dispersion from non-ideal surface is less important.  

 

 

Figure 13. NIR FT instrument schematic [30] 
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6.1.4 Raman Microscopy and Fiber Optics 

In many modern Raman instruments, a microscopy is integrated as a part of the 

spectrometer as you can see in Figure 12. The inherent technology is simple but brings 

big advantages, for instance, detecting very small amount of samples, discriminating 

against fluorescence from a sample matrix.  

 

Besides microscopy, another useful interface between the spectrometer and the sample 

is the fiber optics. The use of fiber optics highly extended the application of Raman 

spectroscopy, making the in-line monitoring of liquid and solid phases during, like 

crystallization process feasible. The configuration of the fiber optic probe shown in 

Figure 14 consists of several collection fibers on the outside and one excitation fiber in 

the centre. In this arrangement, the laser will radiate down the collection fibers and be 

scattered through the excitation fiber so that no interference will generate from the 

Raman scattering from the fiber optic material itself as the laser goes only to one 

direction.  

 

 
Figure 14. Fiber optic probe end [30] 

 

The ability of Raman spectroscopy to perform in-line monitoring during the chemical 

process, like precipitation, is a unique advantage over other analysis techniques. Many 

researchers have already done excellent work about it: The in situ measurement of 

solvent-mediated phase transformation during dissolution testing was reported by 
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Aaltonen et al. [32]; Simultaneous measurement of desupersaturation profile and 

polymorphic form in flufenamic acid systems is reported by Hu et al. [33]; The 

solvent-mediated phase transformation of anhydrous to dehydrated carbamazepine in 

ethanol-water mixtures using Raman immersion probe is reported by Qu et al. [34].  

6.1.5 Calibration Model Building for Raman Spectra   

It is worth mentioning that the performance of the calibration model is crucial for the 

in-line monitoring in determining the reliability and accuracy of analyzing data 

quantitatively. Some problems may arise during the process of building the calibration 

model. One of the main difficulties is collecting the Raman spectra of the solid mixtures 

with accurately representative concentrations.  

 

The calibration spectra could be obtained from analyzing dry sample mixtures. The 

principle challenge of this approach is how to improve the homogeneity of the mixtures 

to get more representative samples. Errors could also arise from oversized particles 

because the laser was only focused on the sample as an approximately 100 µm spot [35]. 

The ways of decreasing the errors could be averaging the spectra data of a number of 

samples from the same mixture and applying a series of grid points on a sample 

surface[36]. 

 

The other approach of collecting the calibration spectra is from the prepared slurries 

using the immersion Raman probe. The advantages of this method are the relatively 

better homogeneity of the solid mixtures and more identical environment to the real 

experiments. But the shortcoming is that the phase transformation is easier to occur in 

the presence of solvent and therefore may bring errors to the calibration model [37].    

 

In addition to data collection, selection of the calibration variables and the algorithm 

plays an important role in the performance of the calibration model as well. Depending 
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on the characteristics of the Raman spectra, the calibration variables are usually the 

peak height, the peak area, the peak position or the combinations of them, all of which 

have a significant effect on the calibration line relating the Raman spectra with the 

composition of the mixtures.  

6.2 ATR-FTIR Spectroscopy 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectrometer is 

originally introduced by Dunuwila et al in 1994 [38] for the in situ measurement of 

supersaturation.  

 

FTIR is a measurement technique by which spectra are collected based on measurement 

of the temporal coherence of the infrared radiation. As shown in Figure 15, the incident 

light is directed onto a half-silvered mirror and split into two beams, which are 

subsequently reflected back by a fixed mirror and a movable mirror. Then the two 

reflected beams interfere, providing the measurement of the temporal coherence of the 

light in different time delay settings. By combining with the measurement of the signal 

at different positions of the movable mirror, a FT spectrum can be constructed. 

 
Figure 15. Principle of Fourier Transform spectroscopy [39] 
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ATR is a sampling technique used in combination with IR spectroscopy which enables 

in-line analysis directly in the solution without further preparation. As shown in Figure 

16, an infrared beam is directed onto the ATR crystal at certain angle that it causes at 

least once internal reflectance. The internal reflectance creates an evanescent wave 

which extends to the sample, usually only a few micrometers beyond the crystal surface 

and gets attenuated because of the absorption of energy of the infrared radiation. Then, 

the attenuated evanescent wave is reflected back to the crystal and transmitted to the 

detector to construct the absorption spectrum.  

 

 

Figure 16. Principle of the ATR sensor [40] 

 

ATR-FTIR technique requires the sample directly contact with the ATR crystal and 

therefore provide the advantage of in-line monitoring of the solute concentration in 

solution phase without affected by the solids inside the system. Besides, it can provide 

the information of many species in the solution simultaneously.  
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EXPERIMENTAL SECTION 
Different polymorphic crystals produced in the industry require different downstream 

operations and handlings, and give rise to various problems. Therefore, monitoring and 

controlling the production process in order to obtain preferable polymorph is an 

important and significant issue within industry.  

 

The objective of this experiment work is to investigate the feasibility of in-line 

monitoring of precipitation process by using Raman spectroscopy and ATR-FTIR and to 

measure the polymorphic fractions of the crystals produced in the precipitation 

processes under different experiment conditions by Raman spectroscopy and Scanning 

Electron Microscopy (SEM).  

1. Solubility Study 

L-glutamic acid (GluH), which has two polymorphs, the metastable α-form and the 

stable β-form is chosen as the study compound for the precipitation process. The 

solubility information of L-glutamic acid is mostly temperature dependent in the 

literature. In this work, the solubilities of two polymorphs are measured experimentally 

with dependence on pH value at three temperatures 25 °C, 30 °C and 35 °C. The pH 

value of L-glutamic acid in water at 25 °C has been tested as about 3.23 and the 

pH-shift is realized by adding sodium hydroxide (NaOH). The mechanism of the 

process is presented by: 

 

Glu-H + NaOH  Glu-Na + H⇒ 2O                               (35) 
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1.1 Experimental System and Procedure 

1.1.1 Materials 

The stable β-form L-glutamic acid was purchased (>99%, Sigma-Aldrich, Steinheim, 

Germany) and the metastable α-form was produced as described by Garti et al. [41]. 

The polymorphic form of L-glutamic acid was verified using a LabRam 300 Raman 

spectroscopy from Horiba Jobin Yvon and a Jeol JSM-5800 scanning electron 

microscope. NaOH solution with concentration of 9.09 w-% used in this work was 

prepared from pure solid NaOH (>99%, Merck, Darmstadt, Germany) and deionized 

water in the laboratory. 

1.1.2 Setup  

A laboratory scale jacketed 250 ml glass crystallizer was used in all the experiments. 

The temperature in the crystallizer was controlled using a Pt 100 sensor and a Lauda RC 

6 CP thermostat. The pH value of the suspension was measured by a 744 pH Meter from 

Metrohm, Switzerland. Figure 17 shows the setup of the experiment together with the 

measurement instruments.  

1.1.3 Procedure 

The vessel was fed with certain amount of deionized water in the first place. Then the 

temperature control system and magnetic mixer were initialized with certain values and 

started. After reaching the defined temperature, certain amount of excess L-glutamic 

acid was added into the vessel. NaOH solution (9.09 w-%) was added into the 

suspension to adjust the pH value. After that, the suspension was kept as the defined 

temperature with mixing for 24h and 1h for β-form and α-form respectively to achieve 

solid-liquid equilibrium. As soon as the time period ended, the suspension was filtered 

through a vacuum filter. The solid isolated from the suspension was analyzed with 
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Raman spectroscopy to identify the polymorphic form. The filtered solution was 

evaporated in an oven at 80 °C for 48 h to obtain the concentration of the solute. 

 

 

Figure 17. Schematic of the solubility measurement of L-glutamic acid 

 

1.2 Experimental Results 

1.2.1 Identification of Polymorphs with Raman Spectra and SEM 

The raw material β-form L-glutamic acid and produced α-form L-glutamic acid were 

analyzed with a Raman spectroscopy and SEM. The Raman spectra of the two 

polymorphs are shown in Figure 18 and the morphology in Figure 19.  

 

 

 43



From the Raman spectra, some specific differences could be observed between the two 

polymorphs, for instance, the peaks at 361, 435, 467, 622, 668, 872, 988, and 1080 cm-1 

are characteristic for the α-form and the peaks at 390, 709, 803, and 867 cm-1 are 

characteristic for the β-form. Therefore, the polymorphs of L-glutamic acid can be 

characterized by Raman spectroscopy. 

 

 
Figure 18. Raman spectra of α-form and β-form of L-glutamic acid 

 in the range of 200 to 1200 cm-1 

´ 

From the following SEM graphs, it is easy to observe the shape difference between the 

two polymorphs. The metastable α-form is prismatic while the stable β-form is 

needlelike. 
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Figure 19. SEM images of α-form (left, Mag = 1300× , EHT = 25 kV) and β-form (right, 

Mag = 220× , EHT = 25 kV) L-glutamic acid 

. 

1.2 2 Influence of pH on the Solubility of L-glutamic Acid 

The results of solubility change as a function of pH value at three different temperatures 

for both α-form and β-form L-glutamic acid are shown in Figures 20 and 21. 
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Figure 20. Solubility of α-form L-glutamic acid as a function of pH value 

at three different temperatures 
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Figure 21. Solubility of β-form L-glutamic acid as a function of pH value 

at three different temperatures 

 

From the two figures, it is easy to find out that the solubility of L-glutamic acid in both 

polymorphs increases when the temperature increases because the solubility is a 

variable of the temperature. 

 

Another phenomenon worth noting is that the solubility of L-glutamic aicd polymorphs 

also increases when the pH value rises. The phenomenon could be explained using the 

dissociation equation below: 

 

Glu ⇔ Glu- + H+                                             (36) 

 

In the equilibrium equation, Glu and Glu- indicate the neutral and dissociated forms of 

L-glutamic acid which are in equilibrium in the water. When NaOH solution was added 

in the experiments to adjust the pH value of the suspension, it brought the hydroxide 

ions (OH-) into the system. The OH- ions would react with the H+ forming H2O and 

making the equilibrium shift right side. Hence, more L-glutamic acid was dissolved into 

the water.  
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1.2 3 Solubility of L-glutamic Acid Polymorphs 

Figure 22 exhibits the composition of the solubility between α-form and β-form 

L-glutamic acid at temperatures of 25, 30 and 35 °C.  
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Figure 22. Solubility of α-form and β-form L-glutamic acid as a function of  

pH value at three different temperatures 

Compared with β-form, α-form L-glutamic acid has higher solubility at all three 

temperatures, which indicates that the system is monotropic at studied pH range. This is 

because β-form is thermodynamically more stable with lower free energy and hence it 

has the lower solubility according to the equation (34) in the literature part. The Na- ion 

might have effect on the solubility of L-glutamic acid but it is ignored in this work. 

1.3 Conclusions and Discussions 

The solubility study of L-glutamic acid for two polymorphs as a function of temperature 

and pH value is a fundamental and necessary step for further understanding of its 

mechanism of nucleation and crystal growth and research of polymorphic formation and 

transformation during crystallization process as well. 
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From the solubility study of this work, it could be summarized as: a) The solubility of 

L-glutamic acid at room temperature was tested as 7.4×10-2 for α-form and 5.5×10-2 

mol/L for β-form which is in complete agreement with the reported values [42]; b) The 

solubility of both polymorphs is dependent on the temperature and pH value; c) The 

solubility of α-form in the pH range from 3.23 to 4.97 under three different 

temperatures is lower than that of β-form, which proves the β-form is more stable than 

the α-form and this two-polymorphic system is monotropic.  

 

Together with the preparation of pure α-form L-glutamic acid and Raman spectroscopy 

and SEM analysis of two pure polymorphs of L-glutamic acid completed in the first 

stage of the master’s work, a preliminary knowledge of polymorphic L-glutamic acid 

correlated to crystallization has been developed, which allowed the next study of the 

in-line monitoring of its precipitation process. 

2. In-line Measurement of Precipitation of L-glutamic Acid 

The semi-batch precipitation process of L-glutamic acid was studied in this work, which 

was realized by adding sulfuric acid (H2SO4) at constant flow rate to monosodium 

glutamate (Na+Glu-) solution because the monosodium salt has a high solubility in water 

as 3.2 mol/L and the produced L-glutamic acid has a low solubility as 7.4×10-2 and 

5.5×10-2 mol/L for α-form and β-form respectively at 25 °C. The mechanism of this 

process is based on the reaction as: 

 

2Glu-Na + H2SO4  2Glu-H + Na⇒ 2SO4                               (37) 

 

Based on some preliminary experiments, certain experimental parameters were chosen: 

a) The initial concentrations of two reactants were the same and the changing range of 

the concentration was from 0.75 to 1.5 mol/L because only pure α-form might be 

produced if the concentration was lower than 0.75 mol/L and only pure β-form might be 
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produced if it was higher than 1.5 mol/L; b) The volume ratio of monosodium glutamate 

to sulfuric acid in all the experiments was 2:1 because the crystallized solids began to 

dissolve if more acid was added into the suspension; c) The preferred mixing intensity 

were 250 rpm which is the lowest value to provide sufficiently mixed suspension, and 

500rpm which is the highest value to prevent the cavitation of the suspension; d) 

Sulfuric acid was fed into the system at two fixed positions, one was above the liquid 

surface and the other one is below the liquid surface and near the impeller; e) A six 

pitched blade (45o) turbine (referred as turbine 1) and a six flat blade disc turbine 

(referred as turbine 2) as seen in Figure 23 were selected as the impellers in the 

experiments to study the influence of mixing conditions. All the experimental 

parameters are listed in Table 1. 

 

 
 

Figure 23. Pictures of the six flat blade disc turbine (left) and the six pitched blade (45°) 

turbine (right) used in the experiments  
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Table 1. Experimental parameters  

(Temperature is 25 °C and flow rate of H2SO4 is about 8 ml/min.) 

Operation Impeller Feeding Mixing Reactant 
 number  type  position intensity (rpm) concentration (mol/L)

1 turbine 1 above 250 0.750 
2 turbine 1 above 250 0.875 
3 turbine 1 above 250 1.000 

4,5 turbine 1 above 250 1.125 
6 turbine 1 above 250 1.250 
7 turbine 1 above 250 1.500 
8 turbine 1 above 500 0.750 
9 turbine 1 above 500 1.000 

10,11 turbine 1 above 500 1.125 
12 turbine 1 above 500 1.250 

13,14 turbine 1 above 500 1.500 
15 turbine 1 below 250 0.750 
16 turbine 1 below 250 1.000 
17 turbine 1 below 250 1.250 

18,19 turbine 1 below 250 1.500 
20 turbine 1 below 500 0.750 
21 turbine 1 below 500 1.000 
22 turbine 1 below 500 1.250 

23,24 turbine 1 below 500 1.500 
25 turbine 2 above 250 0.750 
26 turbine 2 above 250 1.000 
27 turbine 2 above 250 1.125 
28 turbine 2 above 250 1.250 
29 turbine 2 above 250 1.500 
30 turbine 2 above 500 0.750 
31 turbine 2 above 500 1.000 
32 turbine 2 above 500 1.250 
33 turbine 2 above 500 1.500 
34 turbine 2 below 250 0.750 
35 turbine 2 below 250 1.000 
36 turbine 2 below 250 1.250 
37 turbine 2 below 250 1.500 
38 turbine 2 below 500 0.750 

39,40 turbine 2 below 500 1.000 
41 turbine 2 below 500 1.250 
42 turbine 2 below 500 1.500 
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2.1 Experimental System and Procedure 

2.1.1 Materials and Setup 

Analytical grade L-glutamic acid monosodium salt monohydrate (>98%, Signa-Aldrich, 

Steinheim, Germany) and deionized water were used for preparing monosodium 

glutamate solution of various concentrations. Analytical grade sulfuric acid was 

purchased from Merck KGaA, Darmstadt, Germany for the purpose of preparing H2SO4 

solutions.  

 

As depicted in Figure 24, all the experiments were carried out in a 1 L glass crystallizer 

with four baffles inside. The 650 ml sodium glutamate solution was fed into the vessel 

and then the mixer and the temperature control system (equipped with a Pt 100 sensor 

and a Lauda RK 8 KP thermostat) were started up. After the temperature reached 25 °C, 

Raman spectrometer, ATR-FTIR and pH meter (equipped with a Consort CB33 

multi-channel analyzer and a Sentek probe) began to monitor the system. The reaction 

was initiated by pumping H2SO4 solution at a flow rate of around 8 ml/min to the 

reactor. The volume of H2SO4 solution used in each experiment was around 325 ml and 

the experiment ended as soon as all the acid was pumped to the crystallizer. A picture of 

the whole system is shown in Figure 25.  

 

During each experiment, two samples were taken from the crystallizer. Usually, the first 

sample was taken about 2-5 min after the nucleation happened and the second one was 

taken right after stopping the feed pump. The samples were filtered immediately using a 

vacuum filter and analyzed with a Raman spectrometer in the same day. Later, a SEM 

was used to give the images of the dry samples. The SEM samples were coated with 

about 20 nm of gold under high vacuum before being recorded with a Jeol JSM-5800 

scanning microscope. All the data and images were processed and presented in the result 

section. 
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Figure 24. Schematic of the 1 L crystallizer combining with in-line analytical 

technologies of Raman spectroscopy and ATR-FTIR  

 

2.1.2 Liquid Phase Monitoring using ATR-FTIR 

ATR-FTIR spectroscopy has been applied successfully to monitor the solute 

concentration in solution during crystallization processes [38,40,42-43]. Because of its 

low depth of the IR beam which is about in the order of 1 µm [44], the ATR probe could 

be applied to acquire the spectra of liquid phase in the presence of solid phase. All the 

ATR-FTIR spectra in this work were measured using a BOMEM MB155 
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Spectrophotometer equipped with an Axiom analytical dipper 210 probe. The 

reflectance element used was AMTIR-1. The deionized water was used as background 

spectrum for every experiment. The number of scans was 20 and the resolution was 

16cm-1. 

 

 
Figure 25. Picture of the precipitation system of L-glutamic acid 

2.1.3 Solid Phase Monitoring using Raman Spectroscopy  

In the literature, for off-line characterization and quantity analysis of polymorphic 

crystals, several analytical methods have been studied, i.e., X-ray diffraction and 

vibrational spectroscopy solid-state NMR. For the purpose of in-line monitoring of 

precipitation process, only two techniques have been used so far [45-46]: X-ray 

diffraction and Raman spectroscopy.  
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During this work. all the Raman spectra were collected using a LabRam Raman 

spectrometer from Horiba Jobin Yvon equipped with an external cavity-stabilized 

single-mode laser diode at 785 nm operating at 150 mW. The Raman spectrometer is 

interfaced with an optical microscope in the case of off-line analysis of solid samples 

and an immersion Raman probe sealed with a sapphire window in the case of in-line 

monitoring. Backscattered Raman radiation is collected by the interfacial device and 

transmitted back to the spectrometer for analysis. In order to record spectra with 

optimized peak-to-noise ratio, the sample exposure time was set to 5 and 90 s with 2 

and 1 accumulations for measurement of the solid samples and the suspension 

respectively.   

2.1.4 Calibration of Raman Spectra for Quantitative Analysis  

Since it is risky to build the calibration model using the Raman spectra collected from 

the slurries of L-glutamic acid owning to the fast transformation of metastable α-form to 

stable β-form L-glutamic acid in water, an off-line calibration model was constructed in 

this work.  

 

The Raman spectra needed were collected from 28 samples with 14 kinds of 

compositions of α-form and β-form L-glutamic acid. Each mixture with known 

composition fraction was created by weighing and mixing pure α-form and β-form 

L-glutamic acid manually. Then two identical samples were prepared by taking certain 

amount of the mixture onto a 76×26 mm glass slide and pressing it with another slide. 

As soon as the two samples were ready, they were analyzed with Raman spectroscopy. 

For each sample, the Raman spectra had been collected at 384 points, the average value 

of which was regarded as the Raman spectrum of the corresponding mixture.  

 

Finally, two calibration models were developed through correlating the relative heights 

of the characteristic peaks in the Raman spectra to the composition fractions of the 
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corresponding mixtures as shown in Figure 26 (by Haiyan Qu). One model was using 

the characteristic peaks at 622 and 803 cm-1 of α-form and β-form L-glutamic acid 

respectively for the purpose of off-line and in-line analysis and the other one was using 

the characteristic peaks at 872 and 867cm-1 for the purpose of in-line monitoring only. 

This was done due to the fact that the peaks at 622 and 803 cm-1 are hardly detectable in 

the Raman spectra taken from the suspensions during the experiments.  

y = 0.9372x + 0.0378
R2 = 0.9923

0.0

0.2

0.4

0.6

0.8

1.0

1.2

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

peak622/(peak622+peak803)

al
ph

a 
%

 
(a) 

y = 1.2298x2 + 0.1783x - 0.0383
R2 = 0.9886

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

peak872/(peak872+peak867)

al
ph

a 
%
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Figure 26. Calibration models of Raman spectra for off-line analysis (a)  

and for in-line monitoring (b) (by Haiyan Qu) 
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2.2 Experimental Results 

The data obtained from Raman spectroscopy were presented and analyzed in this 

section. But the data analysis about ATR-FTIR is not included in this work because the 

calibration of ATR-FTIR was too complex. 

2.2.1 In-line Measurement of Polymorphic Fraction and Ion Concentration 

The in-line monitoring information obtained from six experiments (operation numbers: 

30, 2, 35, 11, 17, 33 respectively) using Raman spectroscopy is listed in Figures 27-32. 

The information includes α-form fraction and the peak height of SO4
2- and Glu- which 

could relate to the concentration of the two ions. The pH measurement for these 

experiments is shown in Figure 33 as well.  

 

In Figures 27-32, we can see that the fraction of α-form L-glutamic acid is quite low in 

the beginning. Then it jumps to a certain high value in a very short time period and 

remains constant until the end of the experiment, which probably indicates the 

appearance and growth of the crystals. Owing to the same reason, the peak height of 

Glu- ion decreases simultaneously.  

 

In Figure 33, we can see that the pH value decreases first with time, then suddenly 

increases at certain time point and decreases again after about 5 min until the end of the 

experiment. The decreasing of pH value is mainly due to the H2SO4 solution added into 

the system. The sudden change implies the happening of nucleation and the beginning 

of the precipitation process. L-glutamic acid starts to crystallize, resulting in the 

increase of the pH value. 
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Figure 27. Polymorphic fraction and relative ionic concentration measured with in-line 

monitoring (Turbine 2; Feeding position: above liquid surface; Mixing intensity: 250 

rpm; Reactant concentration: 0.75 mol/L.)  
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Figure 28. Polymorphic fraction and relative ionic concentration measured with in-line 

monitoring (Turbine 1; Feeding position: above liquid surface; Mixing intensity: 250 

rpm; Reactant concentration: 0.875 mol/L.) 
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Figure 29. Polymorphic fraction and relative ionic concentration measured with in-line 

monitoring (Turbine 2; Feeding position: below liquid surface; Mixing intensity: 250 

rpm; Reactant concentration: 1 mol/L.) 
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Figure 30. Polymorphic fraction and relative ionic concentration measured with in-line 

monitoring (Turbine 1; Feeding position: above liquid surface; Mixing intensity: 500 

rpm; Reactant concentration: 1.125 mol/L.) 
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Figure 31. Polymorphic fraction and relative ionic concentration measured with in-line 

monitoring (Turbine 1; Feeding position: below liquid surface; Mixing intensity: 250 

rpm; Reactant concentration: 1.25 mol/L.) 
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Figure 32. Polymorphic fraction and relative ionic concentration measured with in-line 

monitoring (Turbine 2; Feeding position: above liquid surface; Mixing intensity: 500 

rpm; Reactant concentration: 1.5 mol/L.) 
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Figure 33. pH with time for the experiments corresponding to Figures 27-32 (operation 

numbers 30, 2, 35, 11, 17, 33) 

 

Furthermore, by comparing each curve in Figure 33 with its corresponding figure, it is 

easy to find out that the sudden increase of the pH value for every experiment happens 

at the same time as the jump of α-form L-glutamic acid fraction in the corresponding 

figure..  

 

The value fluctuation of the polymorphic fraction in the beginning and the apparent 

differences of the peak height of SO4
2- and Glu- ions in different experiments could be 

the result of solids appearing in the solution and thus affecting the measurement of the 

ions in the liquid phase. 

2.2.2 Comparison of Polymorphic Fraction Measured with In-line Monitoring and 

Off-line Analysis  

The data of polymorphic fraction measured by in-line monitoring and off-line analysis 

from five experiments (operation numbers: 2, 15, 17, 25, 29 respectively) are exhibited 

as in Figures 34-38. Both in-line and off-line spectra were collected by the same Raman 

spectrometer and transferred into the polymorphic fraction by two calibration models.  

 60



From these figures, good agreement between the in-line and off-line results can be 

found, which proves that the two calibration models are reliable and comparable.  
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Figure 34. Polymorphic fraction measured with in-line monitoring and off-line analysis 

(Turbine 1; Feeding position: above liquid surface; Mixing intensity: 250 rpm; Reactant 

concentration: 0.875 mol/L.) 
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Figure 35. Polymorphic fraction measured with in-line monitoring and off-line analysis 

(Turbine 1; Feeding position: below liquid surface; Mixing intensity: 250 rpm; Reactant 

concentration: 0.75 mol/L.) 
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Figure 36. Polymorphic fraction measured with in-line monitoring and off-line analysis 

(Turbine 1; Feeding position: below liquid surface; Mixing intensity: 250 rpm; Reactant 

concentration: 1.25 mol/L.) 
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Figure 37. Polymorphic fraction measured with in-line monitoring and off-line analysis 

(Turbine 2; Feeding position: above liquid surface; Mixing intensity: 250 rpm; Reactant 

concentration: 0.75 mol/L.) 
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Figure 38. Polymorphic fraction measured with in-line monitoring and off-line analysis 

(Turbine 2; Feeding position is above liquid surface; Mixing intensity: 250 rpm; 

Reactant concentration: 1.5 mol/L.) 

 

2.2.3 Influence of Reactant Concentration on Polymorphic Fraction 

In order to make comparison of polymorphic fractions obtained from the experiments 

under different reactant concentrations using in-line measurement, two groups of results 

are illustrated in Figures 39 and 40 (operation numbers: 1, 2, 3, 4, 6, 7 for Figure 39 and 

operation numbers: 8, 9, 11, 12, 13 for Figure 40). Besides, the corresponding pH 

changes as a function of time for these two groups of comparisons are shown in Figures 

41 and 42 as well. 

 

It is observable from Figures 39 and 40 that: a) The lower the initial reactant 

concentration is, the more α-form L-glutamic acid is produced; b) The lower the initial 

reactant concentration is, the later the nucleation takes place. This result can be more 

clearly seen in Figures 41 and 42.  
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Figure 39. Polymorphic fraction measured with in-line monitoring at different reactant 

concentrations (Turbine 1; Feeding position: above liquid surface; 

Mixing intensity: 250 rpm.) 
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Figure 40. Polymorphic fraction measured with in-line monitoring at different reactant 

concentrations (Turbine 1; Feeding position: above liquid surface; 

Mixing intensity: 500 rpm.) 
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Figure 41. pH value as a function of time at different reactant concentrations 

corresponding to Figure 39  
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Figure 42. pH value as a function of time at different reactant concentrations 

corresponding to Figure 40  

 

Figure 43 shows a series of figures (a-h) presenting polymorphic fractions for samples 1 

and 2 dependent on the initial reactant concentration. This allowed to study the effect of 
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reactant concentration on the polymorphic formation under different experimental 

parameters. The sample 1 was taken around 2-5 min after the nucleation while the 

sample 2 was taken right after the end of every experiment.  
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(a) Turbine 1; Feeding position: above liquid surface; Mixing intensity: 250 rpm. 
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(b) Turbine 1; Feeding position: above liquid surface; Mixing intensity: 500 rpm. 
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(c) Turbine 1; Feeding position: below liquid surface; Mixing intensity: 250 rpm. 
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(d) Turbine 1; Feeding position: below liquid surface; Mixing intensity: 500 rpm. 
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(e) Turbine 2; Feeding position: above liquid surface; Mixing intensity: 250 rpm. 
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(f) Turbine 2; Feeding position: above liquid surface; Mixing intensity: 500 rpm. 
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(g) Turbine 2; Feeding position: below liquid surface; Mixing intensity: 250 rpm. 
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(h) Turbine 2; Feeding position: below liquid surface; Mixing intensity: 500 rpm. 

Figure 43. A series of polymorphic fractions for samples 1 and 2 with different initial 

reactant concentrations at eight operation conditions based on off-line analysis 

 

Generally speaking, high reactant concentration is favorable for stable β-form 

L-glutamic acid to crystallize from the precipitation process. It is worth noting that the 

reactant concentration has greater effect on the polymorphic composition when the 

feeding position is above the liquid surface than below it. 
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2.2.4 Influence of Mixing Intensity on Polymorphic Fraction 

As mentioned in the literature section, the hydrodynamics plays a crucial role in 

precipitation by influencing both nucleation and crystal growth processes. Figures 44-46 

are a group of pictures attained from the real time measurement technique aiming to 

exhibit the effect of mixing intensity on the production of polymorphs during the entire 

experiment period. Figure 47 shows the comparison of real time pH change under two 

mixing intensities in order to give a better view of the mixing effect on the nucleation. 

 

From the nucleation point of view, the mixing intensity has a uniform effect. That is the 

higher the mixing intensity was, the earlier the nucleation happened and the higher the 

nucleation rate was. This phenomenon is obvious to notice from Figures 44-47. 
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Figure 44. Polymorphic fraction measured with in-line monitoring at two different 

mixing intensities (Turbine 1; Feeding position: above liquid surface; Reactant 

concentrations: 0.75 and 1.25 mol/L.) 
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Figure 45. Polymorphic fraction measured with in-line monitoring at two different 

mixing intensities (Turbine 1; Feeding positions: above and below liquid surface; 

Reactant concentration: 0.75 mol/L.) 
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Figure 46. Polymorphic fraction measured with in-line monitoring at two different 

mixing intensities (Turbine 1 and 2; Feeding position: below liquid surface; Reactant 

concentration: 0.75 mol/L.) 
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Figure 47. . Composition of pH value as a function of time between two mixing 

intensities with different reactant concentrations (Turbine 1; Feeding position:  

below the liquid surface.) 

 

Figures 48-51 show the result of all the off-line samples analyzed using Raman 

spectroscopy which was organized in a way that the effect of the mixing intensity on the 

polymorphic fraction could be illustrated with dependence on the reactant 

concentration. 

 

By comparing Figures 48 with 49, we could find that the high mixing intensity tends to 

lead to the production of more α-form especially when the reactant concentration is low. 

However, it is not the same case with relatively high reactant concentration.  

 

If we further compare Figures 49 with 51 where the feeding position was below the 

liquid surface, a quite similar result was obtained. This implies that high mixing 

intensity has the effect of producing more α-form with relatively low reactant 

concentration. 
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Figure 48. Polymorphic fraction measured with off-line analysis at two different mixing 

intensities (Turbine 1; Feeding position: above liquid surface.) 
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Figure 49. Polymorphic fraction measured with off-line analysis at two different mixing 

intensities (Turbine 1; Feeding position: below liquid surface.) 
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Figure 50. Polymorphic fraction measured with off-line analysis at two different mixing 

intensities (Turbine 2; Feeding position: above liquid surface.) 
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Figure 51. Polymorphic fraction measured with off-line analysis at two different mixing 

intensities (Turbine 2; Feeding position: below liquid surface.) 

 

2.2.5 Influence of Feeding Position on Polymorphic Fraction 

Feeding position is another very important parameter for the crystallization process 

which is highly related to the supersaturation profiles inside the solution. The effect of 

two different feeding points has been studied in this work. A group of pictures 

proceeded from real time monitoring data are exhibited as Figures 52-55 to show the 

effect of feeding position on nucleation process. 

 

Unlike the mixing intensity, the feeding position seems not to have a uniform effect on 

the nucleation time or rate. But there is still interesting information acquired from those 

figures. By making a composition of Figures 52-54, we could easily find out that the 

effect of the feeding position increases more obviously with the increase of reactant 

concentration than with the increase of the mixing intensity whereas different types of 

impellers employed did not have obvious effect on forming polymorphs.  
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Figure 52. Polymorphic fraction measured with in-line monitoring at two different 

feeding positions (Turbine 1; Mixing intensity: 250 rpm; Reactant concentrations: 0.75 

and 1.25 mol/L.) 
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Figure 53. Polymorphic fraction measured with in-line monitoring at two different 

feeding positions (Turbine 1; Mixing intensities: 250 and 500 rpm; Reactant 

concentration: 1.25 mol/L.) 
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Figure 54. Polymorphic fraction measured with in-line monitoring at two different 

feeding positions (Turbine 1 and 2; Mixing intensity: 250 rpm; Reactant concentration: 

0.75 mol/L.) 
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Figure 55. Composition of pH value as a function of time between two feeding 

positions with different reactant concentrations (Turbine 1; Mixing intensity: 500rpm.) 
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From the off-line analysis of the dry samples as depicted in Figures 56-59, one useful 

and meaningful phenomenon can be seen as the metastable α-form favors to crystallize 

when the feeding position is in the well-mixed regions, especially when reactant 

concentration is relatively high.  
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Figure 56. Polymorphic fraction measured with off-line analysis at two different 

feeding positions (Turbine 1; Mixing intensity: 250 rpm.) 
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Figure 57. Polymorphic fraction measured with off-line analysis at two different 

feeding positions (Turbine 1; Mixing intensity: 500 rpm.) 
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Figure 58. Polymorphic fraction measured with off-line analysis at two different 

feeding positions (Turbine 2; Mixing intensity: 250 rpm.) 
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Figure 59. Polymorphic fraction measured with off-line analysis at two different 

feeding positions (Turbine 2; Mixing intensity: 500 rpm.) 

2.2.6 Influence of Impeller Type on Polymorphic Fraction 

Besides the mixing intensity, the type of the impeller employed has an influence on the 

hydrodynamic situation of the solution as well. It provides different fluid patterns of the 

solution, resulting in different interfacial supersaturation and molecular transport.  

 

We can find from figures 60-62 that the two curves of every pair at least partly overlap 

with each other, which means the two types of impellers selected do not have significant 

effect on the polymorphism. The similar result could also be seen from Figure 63 but it 
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is still observable that the six pitched blade (45o) turbine (turbine 1) has a promoting 

effect on the nucleation. 
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Figure 60. Polymorphic fraction measured with in-line monitoring using two types of 

impellers (Feeding position: above liquid surface; Mixing intensity: 250 rpm; Reactant 

concentrations: 0.75 and 1.5 mol/L.) 
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Figure 61. Polymorphic fraction measured with in-line monitoring using two types of 

impellers (Feeding position: above liquid surface; Mixing intensities: 250 and 500 rpm; 

Reactant concentration: 1.5 mol/L.) 
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Figure 62. Polymorphic fraction measured with in-line monitoring using two types of 

impellers (Feeding positions: above and below liquid surface; Mixing intensity: 250 

rpm; Reactant concentration: 0.75 mol/L.) 
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Figure 63. Composition of pH value as a function of time between two kinds of 

impellers with different reactant concentrations (Feeding position: below the liquid 

surface; Mixing intensity: 250 rpm.) 
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From the off-line results listed below, it is hard to discover any differences between the 

effects of the two turbines on the polymorphic fraction. The data from every pair of 

parallel experiments are close and some of them are nearly the same, which again 

showed that the two impellers have similar effect on the precipitation process of 

L-glutamic acid studied on the laboratory scale. 

 

0

20

40

60

80

100

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Reactant concentration, mol/L

A
lp

ha
 fr

ac
tio

n,
 %

turbine 1

turbine 2

 

Figure 64. Polymorphic fraction measured with off-line analysis using two types of 

impellers (Feeding position: above liquid surface; Mixing intensity: 250 rpm.) 
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Figure 65. Polymorphic fraction measured with off-line analysis using two types of 

impellers (Feeding position: above liquid surface; Mixing intensity: 500 rpm.) 
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Figure 66. Polymorphic fraction measured with off-line analysis using two types of 

impellers (Feeding position: below liquid surface; Mixing intensity: 250 rpm.) 
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Figure 67. Polymorphic fractions measured with off-line analysis using two types of 

impellers (Feeding position: below liquid surface; Mixing intensity: 500 rpm.) 

 

2.2.7 Reproducibility of Experiments 

The reproducibility is one of the important properties for evaluation of the performance 

and accuracy of the experiment process. Figures 68 and 69 are the results of two pairs of 

repeating operations studied for in-line monitoring while Figure 70 shows the 

corresponding results for the four operations with off-line analysis. 
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It can be observed that good agreements were obtained for the two repeated operations, 

particularly the operations 13 and 14. Although there is a clear difference between the 

repeated operations 4 and 5 with in-line monitoring from Figure 68, their results of 

off-line analysis is almost overlap completely as in Figure 70.  
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Figure 68. In-line analysis of polymorphic fractions with the same experimental 

parameters (Turbine 1; Feeding position: above the liquid surface; Mixing intensity: 250 

rpm; Reactant concentration: 1.125 mol/L.) 
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Figure 69. In-line analysis of polymorphic fractions with the same experimental 

parameters (Turbine 1; Feeding position: above the liquid surface; Mixing intensity: 500 

rpm; Reactant concentration: 1.5 mol/L.) 
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Figure 70. Off-line analysis of polymorphic fractions with the same experimental 

parameters (Blue: turbine 1, feeding position above the liquid surface, mixing intensity 

250 rpm, reactant concentration 1.125 mol/L; Red: turbine 1, feeding position above the 

liquid surface, mixing intensity 500 rpm, reactant concentration 1.5 mol/L) 

2.2.8 Crystal Images for Different Experimental Parameters 

In order to give a visual evidence of the differences in the shape and polymorphic 

composition of the crystals formed with different experimental parameters, all the dry 

samples were analyzed with SEM and the obtaining images are shown in Figures 71-74. 

In these figures, the prismatic crystals are α-form L-glutamic acid while the platelike 

crystals are β-form. 

  

Figure 71. SEM images of sample 1 (left, α:β = 84:16) and sample 2 (right, α:β = 86:14) 

from one experiment (Turbine 1; Feeding position: above; Mixing intensity: 250 rpm; 

Reactant concentration: 0.875 mol/L; The white bar represents 100µm.) 
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Figure 72. SEM images of sample 2 under the reactant concentration as 0.75 mol/L (left, 

α:β = 97:3) and 1.125 mol/L (right, α:β = 63:37) (Turbine 1; Feeding position: above 

liquid surface; Mixing intensity: 500 rpm; The white bar represents 100 µm.) 

 

 

 

  
Figure 73. SEM images of sample 2 under the mixing intensity as 250 rpm (Left, α:β = 

15:85) and 500 rpm (right, α:β = 63:37) (Turbine 1; Feeding position: above liquid 

surface; Reactant concentration: 1.25 mol/L; The white bar represents 100 µm. ) 
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Figure 74. SEM images of sample 2 under feeding position above (left, α:β = 36:64) 

and below the liquid surface (right, α:β = 74:26) (Turbine 1; mixing intensity is 250 rpm; 

Reactant concentration is 1.25 mol/L; The white bar represents 100 µm.) 

 

A high degree of agglomeration of the produced crystals could be seen from all the 

images, which is a common step and phenomenon in precipitation. From Figure 71, it is 

observed that the agglomeration happens right after the nucleation, and increases at the 

end of the experiment; From Figure 72, we can see that more β-form is produced when 

the reactant concentration increases; From Figure 73, it is noticed that the high mixing 

intensity is in favor of forming more α-form; From Figure 74, it can be seen that the 

dominating polymorph is β-form when the feeding position is above the liquid surface. 

All these pictures well prove and support our analysis made based on the results 

obtained from Raman spectroscopy. 

 

2.3 Conclusions and Discussions 

Using Raman spectroscopy and other analysis techniques to in-line monitor the 

polymorphs produced during crystallization process is a very interesting and popular 

topic nowadays. In this Master’s work, the interest was concentrated on the 

polymorphism of the crystals formed right after the nucleation until they reached the 

final crystal yield by the precipitation when adjusting four experimental parameters.  
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Forty two experiments have been completed and eighty four samples have been 

analyzed with Raman spectroscopy. All the results can be summarized in the following 

five aspects:  

 

A) Raman spectroscopy can be applied as an inline monitoring method to provide real 

time information about the solids and even some ions in the suspension during the 

precipitation process, which is well proved by Figures 27-32. From those figures, clear 

changes of α-form L-glutamic acid fraction, SO4
2-, and Glu- ions happened at nucleation 

time can be seen. Although there are some questionable data, especially in the curves for 

the two ions, the reason is probably because of the appearance of solids which affect the 

Raman measurement of the solute in the liquid phase. 

 

B) The initial reactant concentration is a very important factor affecting the type of the 

forming polymorph. For the two polymorphs of L-glutamic acid, it has been shown that 

low reactant concentration favors α-form while high reactant concentration favors 

β-form. When the reactant concentration is high, the system attains relatively high 

supersaturation which is advantageous for β-form to nucleate. Likewise, low reactant 

concentration leads to low supersaturation which is better for the nucleation of α-form  

 

C) The second parameter selected in this work was the mixing intensity. The effect of 

this parameter is obvious as well, particularly on the nucleation time. Higher mixing 

intensity induces nucleation earlier. Besides, higher mixing intensity will lead to more 

α-form generally. The reason of this phenomenon is that high mixing intensity uniforms 

the supersaturation profile inside the solution and reduces the local supersaturation more 

quickly, which is advantageous for α-form to nucleate. 

 

D) Feeding position is a very important and significant parameter on the polymorphism 

with regard to this work. It made increasingly big polymorphic difference when the 
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reactant concentration increases. The explanation could also be the extremely high local 

supersaturation caused by the upper feeding position. When the feeding position is 

above the liquid surface and sulfuric acid is fed into the solution drop by drop, the 

region where the reaction happens is far from the impeller and thus the mixing is not 

efficient, resulting in very high local supersaturation. The β-form grows very quickly 

close to the feeding point and becomes dominant.  

 

E) As one of the principle factors on the hydrodynamic conditions of the fluid, the 

impeller type studied in this work seems to be not a principle factor on the polymorphic 

formation. The differences caused by the six pitched blade (45o) turbine and the six flat 

blade disc turbine are not obvious, and even not detectable by the Raman spectrometer 

for some experiments. However, this does not mean that the impeller type is not an 

important parameter because only two kinds of impellers were studied. Besides, the 

mixing conditions seemed to be almost ideal in 1 L volume crystallizer, especially when 

500 rpm mixing intensity was used as a rotation speed of the mixer. 

 

To summarize, the sort and fraction of the polymorph produced in the precipitation 

process is the result of the competition between nucleation and crystal growth of α-form 

and β-form. Using Raman spectroscopy with suitable calibration model could monitor 

well the polymorphism during the nucleation and crystal growth process.   
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