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Abstract 

In this project, solubility of butyl paraben in 7 pure solvents and 5 ethanol aqueous solvents has 

been determined at from 1 ℃ to 50 ℃. Thermodynamic properties of butyl paraben have been 

measured by Differential Scanning Calorimetey. Relationship between molar solubility of 

butyl paraben in 6 pure solvents and thermodynamic properties has been analyzed. This 

relationship suggests a method of estimating activity of solute at equilibrium from combining 

solubility data with DSC measurements. Then, activity coefficient according to the solubility at 

different temperatures can be estimated. 

During the solubility measurements in ethanol aqueous solvents, it is found that when butyl 

paraben is added into aqueous solutions with certain proportional ethanol, solutions separates 

into two immiscible liquid layers in equilibrium. Water and ethanol are primary in top layer, 

while the butyl paraben is primary in bottom layer, but the solution turns to cloudy when two 

layers of solution are mixed. The aim of this work is to present the phase behaviour of 

liquid-liquid-phase separation for (butyl paraben + water + ethanol) ternary system from 1 ℃ to 

50 ℃ at atmospheric pressure. The area of liquid-liquid-phase separation region in the ternary 

phase diagram increases with the increasing temperature from 10 ℃ to 50 ℃.  

In this study, several hundreds of nucleation experiments of butyl paraben have been 

investigated in ethyl acetate, propanol, acetone and 90% ethanol aqueous solution. Induction 

time of butyl paraben has been determined at 3 different supersaturation levels in these solvents, 

respectively. Free energy of nucleation, solid-liquid interfacial energy, and nuclei critical radius 

have been determined according to the classical nucleation theory. Statistical analysis of 

induction time reveals that the nucleation is a stochastic process with wide variation even at the 

same experiment condition. Butyl paraben nucleates more difficultly in 90 % ethanol than in 

other 3 solvents, and most easily in acetone. The interfacial energy of butyl paraben in these 

solvents tends to increasing with decrease mole fraction solubility in these solvents. 

Cooling crystallizations with different proportions of butyl paraben, water and ethanol have 

been observed by Focused Beam Reflectance Method, Parallel Virtual Machine, and On-line 

Infrared. The FBRM, IR curves and the PVM photos show some of the solutions appeared 

liquid-liquid phase separation during cooling crystallization process. The results suggest that if 

solutions went through liquid-liquid phase separation region during the cooling crystallization 

process the distribution of crystals was poor. Droplets from solutions with same proportion of 

butyl paraben but different proportions of water and ethanol have been observed under 

microscope. Induction time of the droplets has been determined at the room temperature. 

Droplets from top layer or bottom layer of solution with liquid-liquid phase separation on small 

glass or plastic plates were also observed under microscope. The microscope photos show that 

the opposite flows of cloudy solution on the glass and the plastic plate before nucleation. The 

results of the cooling and evaporation crystallization experiments both revealed that nucleation 
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would be prevented by the liquid-liquid phase separation. 
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Notations 

a
 

Activity of solid phase ［mol•L
-1

/ mol•L
-1］ 

a(T)  Activity of solid phase at temperature T ［mol•L
-1

/ mol•L
-1］ 

a(T )
m  

Activity of solid phase at melting temperature ［mol•L
-1

/ mol•L
-1］ 

a solute

eq  Activity of the solute in the saturated solution  ［mol•L
-1

/ mol•L
-1］ 

A, B, C Regression curve coefficient in estimating molar fraction 

solubility 

 

1A  Variable parameter in estimating rate of homogeneous 

nucleation 

 

2A  Variable parameter in estimating induction time  

1B , 2B  Regression curve coefficient in estimating induction time  

p
C (l)  Heat capacity of the solute as a pure melt ［J/g/K］ 

p
C (s)  Heat capacity of the solid form ［J/g/K］ 

J  Rate of homogeneous nucleation ［m
-3］ 

k  Boltzmann constant, 1.38×10−23 ［J/K］ 

M
 

Molecular weight  ［g/g］ 

AN  
Avogadro constant, 6.022×1023 ［mol

-1］ 

OF
 

Objective function  

q , r , w  Regression curve coefficient in estimating heat capacity  

cr  
Critical nuclei radius ［nm］ 

R  Gas constant, 8.3145 ［J/(mol•K)］ 

S  Supersaturation  

indt  Induction time of nucleation ［s］ 

T  Temperature  ［K］ 

mT  Melting temperature  ［K］ 

extra

mT
 

Extrapolated melting temperature at mole solubility equal 

to unit 
［K］ 

x  Mole fraction of solute in superstation solution ［mol/mol  total］ 

x* Mole solubility at nucleation temperature ［mol/mol  total］ 

eqx  Mole fraction solubility  ［mol/mol  total］ 

extra

eqx  Extrapolated mole solubility at melting temperature ［mol/mol  total］ 

id

eqx  Mole fraction solubility in ideal solution  ［mol/mol  total］ 

mV  Molecular volume ［m
3］ 

1 , 1  Regression curve coefficient in estimating van’t Hoff 

enthalpy of solution at constant temperature 

 

eq  Activity coefficient in the solution at equilibrium  


 Density of solid material ［g/cm

3］ 

Solid
  Chemical potential of the solid phase ［kJ/mol］ 

solute
 

Thermodynamic state of chemical potential of the solid ［kJ/mol］ 

0

solute  Thermodynamic reference state of chemical potential of 

the solid phase 
［kJ/mol］ 
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  Solid-liquid interfacial energy ［mJ/m
2］ 

pC    Heat capacity difference between the solute as a pure melt 

and the solid form  
［J/(mol•K)］ 

G  Gibbs free energy ［kJ/mol］ 

cG  Critical free energy ［kJ/mol］ 

fG  Gibbs free energy of fusion ［kJ/mol］ 

sG
 

Excess free energy ［kJ/mol］ 

vG  Volume excess energy ［kJ/mol］ 

 fH T  Enthalpy of fusion at temperature T  ［kJ/mol］ 

f

mH (T )  Enthalpy of fusion at melting temperature  ［kJ/mol］ 

extra

SolnH
 

Extrapolated van’t Hoff enthalpy of solution at melting 

temperature 
［kJ/mol］ 

vH

SolnH      van’t Hoff enthalpy of solution   ［kJ/mol］ 

 vH

SolnH ideal  van’t Hoff enthalpy of ideal solution  ［kJ/mol］ 

 vH

SolnH hypo
 

van’t Hoff enthalpy of hypothetical solution ［kJ/mol］ 
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1. Introduction 

Crystallization is a very old technology and information regarding the crystallization of both 

salt and sugar goes back to the beginning of civilization. Now, crystallization is a separation 

and purification technique employed to produce a wide variety of materials from bulk 

commodity chemicals to specialty chemicals. Crystallization can be defined as a phase change 

in which a crystalline product is obtained from a solution
1
. The crystallization process from 

solution is central to the production of a wide range of chemical products particularly organic 

solids such as pharmaceuticals. A deep understanding of the crystallization process and the 

phase diagrams is essential to control kinetics and thermodynamics of the process.  

Crystallization is composed by nucleation and crystal growth. A supersaturated solution is not 

at equilibrium, and it is required for crystallization to occur. In order to relieve the 

supersaturation and move towards equilibrium, the solution nucleates and crystallizes. 

Supersaturation is the driving force of nucleation, and nucleation rate increases with increasing 

supersaturation. Once crystallization starts, the supersaturation can be relieved by a 

combination of nucleation and crystal growth. The process of crystal growth is for these nuclei 

to grow larger by the addition of solute molecules from the supersaturated solution. Therefore, 

supersaturation, solute properties and solution equilibrium are all very important to the 

crystallization process. 

Plenty of nucleation research so far has been done on studying the influence of the solution, 

solution equilibrium and supersaturation. However, mechanism of crystallization and 

nucleation is developing slowly. Furthermore, the nucleation work done is often of a rather 

applied nature, and sometimes without sufficient control over important conditions. Most 

experimental work has been done with poor experimental efficiency and insufficient 

appreciation for the inherent stochastic nature of the process. The influence of the solvent and 

solute has been explored in some studies, but often the actual driving force is not properly 

characterized. Relatively little is known about the molecular processes in solution that precedes 

the appearance of a solid crystalline material and how these processes are influenced by the 

process conditions and the molecular properties of the crystallizing compound. 

1.1 Scope of the project 

This work has been focused on crystallization of butyl paraben. Solubility of butyl paraben has 

been determined in different solvents and ternary phase diagrams of butyl paraben, water and 

ethanol have been determined. Thermodynamic properties have been determined by 

Differential Scanning Calorimetey. Analysis of relationship between thermodynamic 

properties and solubility of butyl paraben has been investigated. Nucleation experiments of 



2 
 

butyl paraben in 4 solvents have been investigated. Induction time has been determined from 

nucleation experiments, and solid-liquid interfacial energy, free energy of nucleation and nuclei 

critical radius have been calculated, which showed the difficulty of nucleation of butyl paraben 

in the 4 solvents. Cooling crystallization experiments of butyl paraben in several ethanol 

aqueous solutions have been observed by Focused Beam Reflectance Method, Parallel Virtual 

Machine, and On-line Infrared. Droplets from the solution with different proportions of butyl 

paraben, water and ethanol were observed under microscope during evaporation crystallization 

process.   

1.2 Objectives  

The overall goal of this project is to investigate crystallization of organic molecules in a few 

different solutions, for the purpose of advancing the control and efficient of crystallization of 

modern and future pharmaceutical compounds.  
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2. Theory 

Crystallization research usually starts from dissolving solid materials into solvents. When 

concentration of the solid materials is blow solubility, called undersaturated, more solid 

material can be dissolved until the solution reaches saturated and the solutions are at 

equilibrium. Then the solution, due to cooling, evaporating, or adding antisolvents, etc, become 

supersaturated which is the driving force of the crystallization. The solution will move towards 

equilibrium, crystallizing, until the solutions become saturated again.  

sup
Solid materials dissolve crystallize

undersaturated ersaturated
Solutions Crystals 

 

In this chapter, solubility of solid material, thermodynamic properties and relationship between 

them are studied in section 2.1. Then nucleation theory and induction time are introduced in 

section 2.2. 

2.1 Solubility and thermal properties 

Solubility of solid in liquid is the property of a solid called solute to dissolve in a liquid called 

solvent to form a homogeneous solution. The solubility of a substance fundamentally depends 

on the used solvent as well as on temperature and pressure. Solubility occurs under dynamic 

equilibrium, which means that solubility results from the simultaneous and opposing processes 

of dissolution and precipitation of solids. The solubility equilibrium occurs when the two 

processes proceed at a constant rate. 

When the solute and solvent are in equilibrium, the chemical potential of the solute in solution 

is equal to the chemical potential of the solid. Hence, the activity of the solid is equal to the 

activity of the solute. The solubility depends on solute and solvent properties as is often 

described by the relation: 

a asolute

eq eq eqx                                                                                                                    (1) 

where a solute

eq  is the activity of the solute in the saturated solution. a stands for: 

0( )
expa Solid solute

RT
  

  
 

, i.e. represents the difference in chemical potential of the solid 

phase, 
Solid , and the thermodynamic reference state, 

0

solute , in the definition of the activity 

coefficient. γeq is the activity coefficient in the solution at equilibrium (detained in 

thermodynamic properties section) and xeq is the molar solubility concentration (detained in 

solubility equations section).  
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Solubility equations 

Many research about solubility and correlation of solubility data has been reported. Usually, the 

equations used to correlate the solubility data contain one or more of the compositions, T, T
2
, T

3
, 

T
-1

, T
-2

, lnT and constant, etc. Nordström and Rasmuson
2
 explored the capability of 15 different 

solubility equations. Some of these equations all give very small standard deviation when used 

to correlate the solubility data, but one of the equations is a little better for estimating melting 

point and enthalpy of melting point: 

1-
lnx = AT +B+CT

eq
                                                                                                             (2) 

where A, B and C are regression coefficients. 

For a particular solute, the temperature dependence of the experimental solubility data is often 

referred to as the apparent enthalpy of solution or as denoted in the present work, the van’t Hoff 

enthalpy of solution, 
vH

SolnH : 

vH

Soln
eq 2

Hlnx
( )

dT RT


                                                                                                                   (3) 

The associated experimental 
vH

SolnH  can be determined through equ. 3, 

vH 2

SolnH R( T )A C       (4) 

Thermodynamic proprieties     

At equilibrium the chemical potentials for the solute and pure solid are identical: 

Solid solute 
 

(5)

 

Or 

0 lnasolid solute RT  

 

  (6) 

where R is the gas constant and T is the temperature. 

Rearranging equ. 6 gives: 
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0aln Solid soluteRT   

                                                                                                        

       (7) 

Since the free energy of fusion is the difference in chemical potential between the pure melt 

(solute) and the pure solid, 

0

f solute SolidG    

                                                                                                                 

  (8) 

Then combine equ. 7 and equ. 8, 

lnafG RT  

                                                                                                                  

   (9) 

The Gibbs-Helmholtz equation gives: 

f

2

( )
( )

( )

f

p

G

H TT
T T





 

                                                                                                         

(10) 

From equ. 9 and equ. 10, ultimately gives: 

f

2

a(ln ) ( )
( ) p

H T

T RT

 



                                                                                                              (11) 

or: 

f

2

(
( a

)
ln )

H T
T

RT



                                                                                                              (12) 

and with integration the final formula is obtained: 

 

a( )

a( )

ln f

2

n

( )
ln lna a

m m

T T

T T

H T
d dT

RT


                                                                                              (13) 

Considering a thermodynamic cycle where the solid is heated up to the melting point, melts and 

then brought down to temperature T as a supercooled liquid gives 
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m

m

T T

f f

p m p

T T

H T C dT(S H T C d) (l T)                                                                             (14) 

pC  is given by (showed in Fig. 1) 

 p p pC C l C (s)                                                                                                                 (15) 

where  C lp  is the heat capacity of the solute as a pure melt, and C (s)p  is the heat capacity of 

the solid form. 

 

Fig. 1 Example of determining pC  by using heat capacity of the solute as a pure melt and the 

solid form from DSC measurement 

The heat capacity plays an important role in calculating enthalpy of fusion at temperature T. In 

the DSC measurement, the heat capacity of the solute as a pure melt and heat capacity of the 

solid form curves can be obtained. Heat capacity is dependent on temperature. Nordström and 

Rasmuson assumed the curves of heat capacity are linear dependent on the temperature. 

However, the heat capacity of some materials had been proved to be not linear curves
3, 4

. Some 

literature introduced the second order or third order equations to describe the heat capacity. If 

the second order equation is used, the heat capacity equation with a reference of melting 

temperature becomes: 
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2

p m mC q r T T w T T     
                                                                                      

(16) 

For an ideal solution the (i) activity coefficient equals unity, (ii) the mole fraction solubility 

equals the activity of the solid phase (equ. 1) and (iii) the van’t Hoff enthalpy of solution equals 

the enthalpy of fusion (with equ. 14): 

     
m

T

vH f f

Soln m p

T

H ideal H T H T C dT                                                                          (17) 

Combining equ. 13 with equ. 17, we arrive at: 

m m

T Tf
pm

p

m T T

CH (T ) 1 1 1 1
lna C dT dT

R T T RT R T

 
     

 
                                                      (18) 

The equ. 17 and 18 for the solid state substitute pC  with equ. 16, respectively: 

f 2
id m m m m m
eq m

m

3 2 2
2m m m
m m

H (T ) T T T T1 1 q r T
lnx lna ln 1 T ln

R T T R T T R T 2T 2

(T T) T 3Tw T
T ln 2TT

R 3T T 2 2

     
            

    

 
     

 

                     (19) 

       
r wvH f f 2 3H ideal H T H T q T T (T T ) (T T )m m m mSoln 2 3

          
      

(20) 

Equ. 19 and equ. 20 both depend on 5 parameters, mT ,  f

mH T , q, r and w. Both equations 

contain four terms, and these four terms for each equation (except T and Tm) both contains 

 f

mH T , q, r and w, respectively. In order to simplify the heat capacity equation, this four 

parameter is often neglect in different condition, neglecting of q=r=w=0 is always used in 

induction design, r= w=0 is used to assume the heat capacity has constant difference between 

the solute as a pure melt and the solid form, r=0 is to consider the difference between the solute 

as a pure melt and solid form heat capacity is constant ratio correlation to temperature. 

Simplified equations, assuming q, r and w equal 0, are also used in estimating the activity of 

solid. In the engineering literature, a standard simplification of equ. 21 often encountered is to 

assume that the enthalpy of fusion is independent of temperature. 

f

m

m

H (T ) 1 1
lna

R T T

 
  

 

                                                                                                            (21) 
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Another alternative approach has been suggested
5
: 

f

m

m m

H (T ) T
lna ln

RT T

 
  

 
                                                                                                               (22) 

Relation between solubility and thermodynamic properties 

For an ideal solution the activity coefficient equals unity. But for a particular solute, the 

saturated solution in a range of different solvents can change from exhibiting negative to 

positive deviations from Raoult’s law, i.e. the activity coefficient range from values below 

unity to values above unity. Among these solvents there is accordingly one in which the activity 

coefficient is unity. In addition, as the solute concentration increases with increasing 

temperature we expect that the activity coefficient gradually approaches unity, and that the 

mole fraction solubility becomes unity at the melting point. This then suggests that if solubility 

data versus temperature are extrapolated, the melting temperature and the enthalpy of melting 

should be obtained at lnx=1, regardless of solvent. The extrapolated melting point and enthalpy 

should be same as the results from DSC experiments. For an ideal solution, the ln
vHH
So

  is equal 

to 
fH . But for a particular solute, the difference between ln

vHH
So

  and 
fH  in saturated 

solution in a range of different solvents can also changes from exhibiting negative to positive 

deviation. 

Nordström and Rasmuson
6
 developed a semi-empirical method to identify the ideal solubility, 

i.e. to determine the activity of the pure solid phase without arbitrary assumptions about the 

heat capacity difference, equ. 17. The method makes use of solubility data in different solvents 

and at different temperatures. For each temperature the relation between molar fraction 

solubility with enthalpy of fusion is established. The vH

SolnH  of one solute in different solvents 

at every certain temperature are dependent on id

eqlnx , and they are well correlated by a 

second-order relation of the type: 

 -1 2

ln 1 1 n/ ) l(ln e

vH

S qo eqH J mol a x x                                                                             (23) 

In theory, every point on this curve represents one solvent, and this curve should go across the 

ideal solvent when ln eqx  is equal to lna and ln

vH

SoH  is equal to 
fH  at the certain temperature. 

At each same time, there are several curves at different temperatures and every curve should go 

across the point which represents the ideal solvent at different temperatures. It suggests that 

among these solvents there is accordingly one in which the activity coefficient is unity, and we 

can assume a hypothetical solvent whose activity coefficient is unity. 
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The objective function, equ. 24, has been investigated to find the values of the five parameters, 

Tm, H
f
, q, r and w, to estimate the hypothetical solvent. At each temperature from 283.15 K to 

323.15 K, the enthalpy of hypothetical solution can be obtained if Tm, H
f
, q, r and w are known. 

Meanwhile, the enthalpy of real solution can be obtained from the curves of equ. 4. Five 

different temperatures are chosen, 283.15 K, 293.14 K, 303.15 K, 313.15 K, 323.15 K, and 

values of Tm, H
f
, q, r and w increase 0.005 step by step at a sufficient range. Then the absolute 

values of differences between enthalpy of hypothetical solution (activity coefficient equals 

unity) and enthalpy of real solution at each temperature are added. The total sum of the absolute 

value is smaller; the hypothetical solution is closer to the real solution. The minimum sum of 

the absolute value presents the hypothetical solution we assumed. We can fix one or more of 

these 5 parameters, Tm, H
f
, q, r and w, then find the optimization of other parameters, and we 

can also find the optimization of all the five parameters.  

 
T 323.15

2
vH f vH

Soln Soln 1 1

T=283.15

OF H (T ,T ,H ,q, r,w) H (T , , )i m ih aypo 


                                          (24) 

Then the activity of the solid can be calculated from the hypothetical thermodynamic properties 

values obtained from the optimization. 

2.2 Nucleation and induction time 

Nucleation is the process with which formation of new phase begins and is thus a widely spread 

phenomenon in both nature and technology
7
. Condensation and evaporation, deposition of thin 

film and overall crystallization are only a few of processes in which nucleation plays a 

prominent role. Nucleation is involved in industrial production of metallurgic and polymeric 

materials, and of inorganic and organic compounds; in formation of shells
8
 and bone structures

9
 

in nature; and in diseases like appearance of kidney stones
10

 and precipitates of amyloid 

proteins
11

. 

Nucleation can be divided into primary nucleation and secondary nucleation. Primary 

nucleation occurs in the absence of crystalline surfaces, whereas secondary nucleation involves 

the active participation of these surfaces. Primary nucleation can be divided into homogeneous 

nucleation and heterogeneous nucleation. Homogeneous nucleation rarely occurs in practice; 

however, it forms the basis of several nucleation theories. Heterogeneous nucleation is usually 

induced by the presence of dissolved impurities. 

Classical nucleation theory (CNT), pioneered by Gibbs
12

 was further developed by Volmer, 

Becker
13

. Numerous modifications of the classical theory which extended this theoretical 

concept considerably have been presented by Lothe and Pound
14

 and Binder and Stauffer
15

. 

Although the CNT is not perfect
16-19

, the CNT is still the most wildly used in industrial 

designation and most basic theory in nucleation research.  
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Fig. 2 Nucleation in classic theory 

Classic nucleation theory (showed in Fig. 2)is derived from a thermodynamic equation that 

defines the overall Gibbs free energy for forming a spherical particle with radius cr
12

: 

2 34
4

3
s V c c vG G G r r G                                                                                          (25) 

  is solid-liquid interfacial energy, 24 cr   denotes the excess free energy, sG , between the 

surface of the nucleus and the bulk of the nucleus, and 
34

3
c vr G   represents the volume excess 

energy, VG , which is the difference in free energy between a nucleus of infinite size and the 

solute in solution. As vG  is negative, the free energy of formation has a maximum value at the 

point d G / dr 0  : 

20 8 4c c vr r G                                                                                                               (26)
 

or 

2
c

v

r
G


 


                                                                                                                             (27) 
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Substituting for vG , from equ. 25 and equ. 27, we get 

c

24π
G

3

cr 
                                                                                                                         (28) 

Equ. 29 shows relationship between particle size and solubility, originally derived for vapour 

pressures in liquid-vapour system by Thomson
20

, utilized later by Gibbs, and applied to 

solid-liquid system by Ostwald 
21

 and Freundlich 
22

. 

 

m

c

2 V
lnS

kTr


                                                                                                                           (29) 

mV
A

M

N
                                                                                                                              (30) 

where k is the Boltzmann constant,
 mV  is molecular volume,   is density of solid materials, 

M is molecular weight and NA is the Avogadro constant. 

According to the Gibbs–Thomson relationship (equ. 29), 

 

3 2

m
c 22 2

16π V
G

3k T lnS


                                                                                                               (31) 

Rate of homogeneous nucleation can be expressed in the form of the Arrhenius reaction rate 

equation: 

c
1

G
 J A exp

kT

 
  

 
                                                                                                               (32) 

If the above equ. 28, 29, 30, 31 and 32 are combined, the following equations are obtained: 

 

3 2

m
1 23 3

16π V
J A exp

3k T lnS

 
  

 
 

                                                                                                   (33) 

m
c

2 V
r

kTlnS


                                                                                                                              (34) 

The induction time is at certain constant temperature which is below the saturated temperature 

of solution, from the time solution reaches supersaturation to the time crystals become visible, 
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showed as the Fig. 3, Induction time was raised by the Polykaryon Theory, also proposed by 

Kashchiev
7, 23

. In addition, the induction time indicates the difficulty of nucleation.  

 

Fig. 3 Induction time 

The induction time can be considered to be inversely proportional to the nucleation rate, and the 

equ. 33 becomes: 

 

3 2

m
ind 2 23 3

16π V
t A exp

3k T lnS

 
  

 
 

                                                                                                  (35) 

This equation can reform to:  
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                                                                                                    (36) 

or 
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where 1B  is 2lnA , and 2B  is 
3 2

m

3

16π V

3k


 

If ln indt is plotted versus 
3 2( )T lnS 

, the surface free energy   can be obtained from the slope 

of the linear dependency between  and 
3 2( )T lnS 

, and the cG  can be calculated, 

 
2

c 22

kB
G

T lnS
                                                                                                                     (38) 

and 

1
3 3

2

2

m

3B k

16πV
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3. Materials and experimental work 

In this project, solubility of butyl paraben in different solvents has been determined (section 

3.2), then thermodynamic properties of butyl paraben have been determined and the 

relationship between solubility and thermodynamic properties has been studied (section 3.3). 

Induction time of butyl paraben in 4 different solvents has been determined (section 3.4). Then, 

cooling and evaporation crystallization of butyl paraben in ethanol aqueous solution have been 

observed by FBRM, IR, PVM  or microscope(section 3.5). 

3.1 Materials 

Butyl paraben (CAS No: 94-26-8) > 99.0 % purity was purchased from Aldrich and was used 

without further purification. Ethanol of 99.7 % purity was purchased from Solveco chemicals; 

methanol (≥99.9 %), propanol (≥99.8 %), ethyl acetate (99.8 %), acetone (99.9 %), and 

acetonitrile (≥99.8 %) from VWR; chloroform (≥99 %) from Merck. Water was distilled, 

deionized and filtered at 0.2 µm. 

Butyl paraben (p-Hydroxybenzoic acid n-butyl ester) is used in advanced cosmetic formulas as 

a natural, nonirritating organically derived preservative24-28. This ingredient is said to be gentle 

while maintaining the stabilization of formulations without the oxidation of active ingredients, 

increasing the shelf life of cosmetics without affecting the ingredients. Butyl paraben is used for 

its antifungal properties, and has been used for many years as a preservative, and is generally 

considered to be safe31. Butyl paraben and their salts are used primarily for their bactericidal 

and fungicidal properties29, 30. 

Chemical properties of butyl paraben 

Butyl paraben (C11H14O3) has –OH, -C-O-C and -C=O three functional groups connected to 

benzene ring and chemical structure is showed in Fig. 4. Solid density of butyl paraben is 1.231 

g/cm
3
, and molecular weight is 194.23 g/mol. 

 

         

 

 

 

Fig. 4 Molecular structure of butyl paraben 

http://en.wikipedia.org/wiki/Bactericide
http://en.wikipedia.org/wiki/Fungicide


16 
 

Polymorph and particle morphologies of butyl paraben 

 

Fig. 5 Crystal structure
32

 and PXRD spectra of butyl paraben 

  

Butyl paraben crystals obtained from evaporation crystallization 

   

Butyl paraben crystals obtained from cooling crystallization 

Fig. 6 Different particle morphologies of butyl paraben crystals obtained from evaporation or cooling 

crystallization 

Only one polymorph of butyl paraben has been found until now, its crystal structure and PXRD 

spectra are showed in Fig. 5. Several different particle morphologies were found in this project. 

Fig. 6 shows the crystals obtained from evaporation crystallization look like two trapezia 
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connect together, sometimes look like orbicular (cover photo), and sometimes grow annularly 

from centre to outside. Crystals obtained from cooling crystallization (first photo of cooling 

crystallization in Fig. 6) often do not have good shape and perfect crystal face even at very low 

cooling rate, but have some agglomerations (clearly showed by SEM photos in Fig. 7). 

Sometimes crystals obtained from cooling crystallization show rhombic or clubbed shape (Fig. 

6).  

 

Fig. 7 SEM photos of crystals obtained from cooling crystallization 

3.2 Solubility and liquid-liquid phase separation 

3.2.1 Solubility in pure solvents 

Solubility of butyl paraben in a temperature range from 10 to 50 ℃ was determined by 

gravimetric method in pure ethyl acetate, propanol, acetone, methanol, acetonitrile and ethanol. 

The temperature was controlled by thermostat baths with uncertainty of ±0.01℃ . The 

temperature was calibrated by a mercury thermometer (Pricision, Arno amavell, 6983 

kreuzwerthelm with uncertainty of ±0.01 ℃). 

A bottle of 200 ml with solvent about 50 ml was initially cooled to 10 ℃ at which an amount of 

butyl paraben was added. Saturation was reached by dissolution from a surplus of solid butyl 

paraben added to the solution, assuring there was solid phase in the solution at equilibrium. The 

solutions were kept under agitation 400 rmp for more than 12 hours to reach the equilibrium. A 

10 ml syringe in its unbroken plastic bag was put into the water bath for several minutes in order 

to reach the same temperature as the solution. Then the syringe with needle was used to sample 

(2 to 4 ml) the solution in the bottles. A filter (PTFE 0.2 µm) was attached to the syringe 

through which the sample of solution was transferred into two small pre-weighed plastic bottles 

(1-2 ml solution per bottle). Each bottle was quickly covered to prevent evaporation and 

weighed with its content. Then the cover was removed and the samples were dried in ventilated 

laboratory hoods at room temperature (about 25 ℃). The solid sample mass was recorded 
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repeatedly throughout the drying process to establish the point where the weight remained 

constant and the weight took about more than one month to reach constant. The weight of the 

final dry sample was used for calculation of the solubility of course with appropriate correction 

for the weight of the covers. The balance (Mettler AE 240) used during the experiment work 

had a resolution of ±0.00001 g. These steps were repeated until the solubility measurement of 

final temperature, 50 ℃.  

3.2.2 Solubility and liquid-liquid phase separation in mixtures of ethanol and water 

Solubility of butyl paraben in a temperature range from 10 ℃ to 50 ℃ was determined by the 

gravimetric method in 10 % ethanol, 30 % ethanol, 50 % ethanol, 70 % ethanol, 90% ethanol 

aqueous solution and pure water as the same method in pure solvents. Ternary phase diagram of 

butyl paraben, water and ethanol was determined at 1 ℃, 10 ℃, 20 ℃, 30 ℃, 40 ℃, and 50℃. 

A 300 ml glass bottle with plastic cover put in the thermostat baths whose temperature was 

controlled with uncertainty of ±0.01 ℃. The balance (Tamro HF-300G, A&D Company) used 

during the experiment work had a resolution of ±0.01 g. 

Different regions were explored by adding of butyl paraben, water or ethanol step by step. 

Firstly, at 20 ℃ a starting point in the ternary phase diagram was chosen, mixture of butyl 

paraben, water and ethanol with the certain proportion was prepared in a glass bottle. Then one 

of these materials, butyl paraben, water or ethanol, was added into this solution step by step 

until there was a different phase (for example clear solution changed cloudy or the solution 

starts to contain undissolved solid butyl paraben). After phase changed, other two materials 

were added by smaller step to clarify the location of this phase boundary more exactly. With 

this procedure was repeated from different starting points, more points on the phase boundary 

were obtained. Finally, the boundary of ternary phase diagram at 20 ℃ was obtained by 

connecting these points. The same method was used for measuring ternary phase diagrams at 

1 ℃, 10 ℃, 30 ℃, 40 ℃, 50 ℃ with uncertainty about 1%. 

3.3 Determination of thermodynamic properties 

Melting points, enthalpy of fusion at the fusion temperature and specific heat capacity of butyl 

paraben were determined by using differential scanning calorimetry (DSC), TA Instruments, 

DSC 2920. The calorimeter was calibrated against the melting properties of indium. Samples (2 

to 3 mg) of butyl paraben were heated from 293 K, in 5 K increments per minutes, to 380 K, 

approximately 40 K above the melting temperature of butyl paraben, then cooled down to 293 

K, and repeat 2 times for each example (totally 5 examples). All heat capacity measurements 

were conducted by modulated isothermal DSC. The modulation amplitude was ±0.5 K and the 

modulation period was 80 s. The isothermal period was 30 min. For each measurement one 

example of 2 mg to 6 mg was placed in a hermetic Al pan while being purged with nitrogen at a 
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flow rate of 50 ml/min. Pans were selected so that the difference in weight between sample pan 

and reference pan to +0.10 mg. The calorimeter was calibrated against the melting temperature 

and enthalpy of fusion of Indium, and the heat capacity of sapphire. The heat capacity signal 

was calibrated with 3 runs of a sapphire sample in the relevant temperature interval.  

3.4 Nucleation experiments 

 

Fig. 8 Method of determining induction time 

Induction time of cooling crystallization from 20 C to 5, 3 or 1 C has been determined. Firstly, 

a solution of paraben saturated at about 17 C in the mixture of water and ethanol with 90 % by 

weight of ethanol, was prepared. This solution was shifted into 20 tubes (about 5ml per tube) by 

using a syringe. The 20 tubes were put into the water bath with constant temperature of 20 C 

for 30 minutes, assuring all of the paraben solid were dissolved. Then these tubes were quickly 

moved into another water bath with the constant temperature of  5, 3 or 1 C.  A camera with a 

video recorder was used for observing and recording the conditions in the tubes (showed as Fig. 

8). The supersaturated solution was initially clear when moved into the second water bath. After 

some time however, one tube appeared unclear (beginning of nucleating), then changed to 

completely white in a short time, less than 10 seconds, and more and more tubes appeared 

unclear and white. Finally, when all of the tubes turned to white, the experiment was terminated. 

The video tapes were played on the computer, slow motions were used before the crystal 

appeared, and replayed several times to determine the induction time for each tubes. The same 

method was used in determining the induction time of butyl paraben in propanol, ethyl acetate 

and acetone. 
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3.5 Crystallization experiments 

3.5.1 Cooling crystallization 

Table 1  Proportions of butyl paraben, water and ethanol in 5 experiments 

Experiment No. Proportion of 

butyl paraben (%) 

Proportion of 

water (%) 

Proportion of 

ethanol (%) 

Exp 1 64.6 0 35.4 

Exp 2 53.3 17.4 29.3 

Exp 3 44.3 19.3 36.4 

Exp 4 29.9 45.5 24.5 

Exp 5 11.7 58.1 30.1 

Table 1 shows 5 different cooling crystallization experiments with different proportions of 

butyl paraben, water and ethanol, and from experiment 1 to 5, the proportion of water increased 

and the proportion of butyl paraben decreased.  In the experiment 1 to 5, the solutions were 

heated to 45 ℃, then after keeping the temperature 45 ℃ 30 minutes, the solutions are cooled 

down to 5℃at the rate -0.1 ℃ per minute.  

 

Fig. 9  The equipments for the cooling crystallization experiments in ternary phase diagram 

Solution of each experiment were prepared in a 1 L glass cylindrical crystallizer (Mettler 

Toledo LabmaxTM) with a double glass jacket to circulate the thermostatic water and were 
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agitated with a stirring rate of 200 rpm. The temperature and agitation in crystallizer were 

controlled and observed by iControl Labmax version 4.0. To visualize the processes occurring 

in situ, cooling crystallization was monitored using IR, FBRM and PVM. IR probe (React 

IRTM diamond ATR composite) with a measurement range from 2000 - 0 cm
-1

 was operated 

with measurement duration 2 s, which was controlled by icIR version 4.0 The FBRM probe 

(D600L version) has a measurement range of 0.25 - 2000 μm, controlled by icFbrm version 4.0. 

There were five population ranges set, which were 0-5 μm, 5-40 μm, 40-120 μm, 120-500 μm, 

0-1000 μm, 0-500 μm, with measurement duration 2 s. PVM probe (Model 700) was operated 

with an image update rate of 6 images per minute, and in-site 600 μm × 800 μm photos are 

obtained. The equipments of cooling crystallization are shown as Fig. 9.  

3.5.2 Evaporation crystallization 

Nine experiments with 15 g solutions of butyl paraben, water and ethanol but different 

proportions have been investigated. Each solution contained 5 g butyl paraben, but contained 

3.5 g, 4 g, 4.5 g 5 g, 5.5 g, 6 g, 7 g, 8 g and 9 g ethanol and corresponding water, respectively 

(showed in Table 2). The solution with 5 g butyl paraben, 3.5 g ethanol and 6.5 g water was 

stirred uniformly with magnetic stirrer at 100 rmp. A 10 ml syringe was used to take sample 

from the solution and then quickly drop a droplet on a microscopic slide. The droplet on the 

microscopic slide was observed under microscope (Olympus SZX 12, Olympus Highlight 3001) 

at room temperature and atmosphere pressure until nucleating. Induction time for the droplet 

was determined. Same method was used in other 8 experiments, and 6 droplets for each 

experiment were observed.  

 Table 2  Proportions of butyl paraben, ethanol and water in 9 experiments 

Experiment No. Proportion of 

butyl paraben (%) 

Proportion of 

ethanol (%) 

Proportion of 

water (%) 

Exp 1 33.3  23.3  43.4  

Exp 2 33.3  26.7  40.0  

Exp 3 33.3  30.0  36.7  

Exp 4 33.3  33.3  33.4  

Exp 5 33.3  36.7  30.0  

Exp 6 33.3  40.0  26.7  

Exp 7 33.3  46.7  20.0  

Exp 8 33.3  53.3  13.4  

Exp 9 33.3  60.0  58.1 

30 g solution with 10 g butyl paraben, 8 g ethanol and 12 g water was prepared and standing for 

24 hours, forming liquid-liquid phase separation. Two layers of this solution were in 

equilibrium. A 10 ml syringe was used to take sample from top layer or bottom layer of the 

solution and then quickly drop a droplet on a small glass plate or a small plastic plate. The 
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droplet on the glass plate or plastic plate was observed under microscope (Olympus SZX 12, 

Olympus Highlight 3001) at room temperature and atmosphere pressure during whole 

evaporation crystallization. 
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4. Results 

4.1 Solubility 

Fig. 10 shows solubility of paraben in ethyl acetate, propanol, acetone, methanol, acetonitrile 

and ethanol from 10 ℃ to 50 ℃. It is obvious that solubility in these solvents all increase with 

the increase of temperature, the temperature dependence varies. The solubility in acetonitrile is 

more sensitive to temperature. At 19.9 ℃, the solubility in these solvents changes from high to 

low in the order: methanol > ethanol > acetone > propanol > ethyl acetate > acetonitrile. 

However, at 29.9 ℃ the solubility in acetonitrile is higher than in ethyl acetate, and when the 

temperature increase to 49.9 ℃, the solubility in acetonitrile is higher than in propanol and 

ethyl acetate. The solubility curves of butyl paraben in ethyl acetate, propanol, methanol, and 

ethanol are nearly parallel between each other (detailed in paper 1).  

 

Fig. 10 Solubility of butyl paraben in (g/g) 

Fig. 11 describes the solubility of butyl paraben in ethanol aqueous solvent from 1℃ to 50℃ 

(detailed in manuscript 3). The solubility of butyl paraben in water, 10 % and 30 % ethanol 

aqueous solution is very low, below 0.06 g/g.  The liquid to liquid phase separation appears at 

lower and lower temperature when the proportion of ethanol increases from 0 % to 50 %. The 
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saturated solution of butyl paraben in water keeps one phase from 1 ℃ to 40 ℃, but at 50 ℃ the 

solution turns to liquid-to-liquid phase separation. At above 40 ℃, liquid-to-liquid phase 

separation appears in 10 % ethanol aqueous solvent. At above 20 ℃, liquid-to-liquid phase 

separation appears in 30 % ethanol aqueous solvent. At above 10 ℃, liquid-to-liquid phase 

separation appears in 50 % ethanol aqueous solution. In 70 % and more than 70 % ethanol 

aqueous solvent, there is not the liquid-to-liquid phase separation from 1 ℃ to 50 ℃.  

  

Fig. 11 Solubility of butyl paraben in ethanol aqueous solution at different temperature 

4.2 Ternary phase diagram 

Fig. 12 shows ternary phase diagram of butyl paraben, water and ethanol at 20 ℃. There are 5 

regions in ternary phase diagram, from 10 ℃ to 40 ℃. Region 1 is liquid phase region, which 

only contains one homogenous phase and the solution is undersaturated. Region 2 is 

liquid-to-liquid phase separation region, where the mixture of butyl paraben, water and ethanol 

form two layers in equilibrium. Region 3 is solid-liquid phase region, where proportion of water 

is high, and there is undissolved butyl paraben in the saturated solution. Region 4 is 

solid-liquid-to-liquid phase region, where the solution forms two layers, with some undissolved 

butyl paraben. Region 5 is the other solid-liquid phase region, where proportion of ethanol is 
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high, and there is undissolved butyl paraben in saturated solution. The solution appears a little 

yellow colour, resulting from the high concentration of butyl paraben.  

Ternary phase diagrams at different temperature (Fig. 12 and see ternary phase diagram of 

10 ℃, 30 ℃, and 40 ℃ in manuscript 3) suggest that from 40 ℃ to 10 ℃, area of region 2 

(liquid-to-liquid phase) and region 5 (solid and liquid phase 2) continuously reduce, area of 

region 1 (solid and liquid phase), region 4 (solid and liquid-to-liquid phase) and region 3 (solid 

and liquid phase) continuously increase, which is consistent with the solubility experiments in 

ethanol aqueous solvents. From 40℃ to 10 ℃, region line between 3 and 4, region line between 

2 and 4, and region line between 1 and 2 continuously move near to water-butyl paraben line, 

but far away from vertex of ethanol. At the same time region line between 1 and 5 continuously 

move to vertex of butyl paraben, but far away from the water-ethanol line. In many ternary 

system, area of liquid-liquid phase separation region decreases with increasing temperature 
33, 34

, 

but in this ternary system, the area increases with increasing temperature. 

 

(a)  Ternary phase diagram at 1 ℃ 
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(b) Ternary phase diagram at 20 ℃ 

 

(c) Ternary phase diagram at 50 ℃ 

Fig. 12 Ternary phase diagram of butyl paraben, water and ethanol at 1 ℃, 20 ℃ and 50 ℃ 

If evaporation crystallization of solution with butyl paraben, ethanol and water is investigated at 
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weight percent ethanol aqueous solvent and the solution is homogenous liquid phase (in region 

1), then the solution will form liquid-liquid separation before nucleation. 

At 20℃, if solution in region 1 is added water, 3 different kinds of phase change will take place. 

During this process, firstly, the solution goes through region line from region 1 to region 2, 

where liquid-liquid phase separation appears. Secondly, when solution goes through the second 

region line from region 2 to region 4, some crystals will form in liquid-liquid phase separation 

solution. Finally, solution goes through third region line from region 4 to 3, where liquid-liquid 

phase separation disappear, and more crystals of butyl paraben will form and grow in 

homogenous liquid phase. The crystals of butyl paraben can be obtained from both second and 

third phase change; however, the size, shape or distribution of crystals should be different.  

Compared with ternary phase diagram at 20 ℃ and 50 ℃, nucleation temperature of solution in 

region 2 increases with adding ethanol and butyl paraben since adding ethanol and butyl 

paraben make solution near region line between region 2 and 4. If cooling crystallization is 

investigated from 50 ℃to 20 ℃, in certain solution all 3 kinds of phase change will also take 

place as adding water. 

4.3 DSC measurements 

 

Fig. 13 Heat flow of one sample of butyl paraben in DSC measurement 

Fig. 13 shows heat flow of one sample of 2-3 mg butyl paraben in DSC measurement. The 

average melting temperature, mT , of total 5 samples, is 340.49 K, with standard deviation 0.57 
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K, and average enthalpy of melting,  f

mH T  is 25.535 kJ/mol, with standard deviation 1.934 

kJ/mol, obtained by averaging 10 DSC measurements. Black curves are the average curve of 10 

DSC experiments. In Fig. 14, the average heat capacity curve of the solid form is from about 

304 K to 315 K, and average heat capacity curve of the solute as a pure melt of butyl paraben is 

from about 356 K to 369 K. 
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Fig. 14 Heat capacity curves (black), first order correlation (red) and second order correlation (green) 

The red lines in Fig. 14 show the correlation by first order equations for both heat capacity of 

the solid form and the solute as pure melt. The first order equations with unit J/g/ K give: 

pC (s)( ) 0.9514 0.00590BP T 
 

 

(40) 

pC (l)( ) 2.0729 0.00435BP T   (41) 

  
                                                    

            
                                                        

                        

Then from equ. 15, equ. 40 and equ. 41, the q and r can be calculated, and the equ. 16  (w=0) can 

be written with unit J/mol/K as:  

pC 115.264 0.3011 (34( 0.49 T))BP                                                                                          (42) 

The parameter of equ. 12, q and r of butyl paraben, is 115.264 J/mol/K and 0.3011 J/mol/K, 

respectively. However, the q and r are obtained when heat capacity curves are assumed as 

straight line. In fact, the first order line maybe not exactly right, therefore, in theory section, the 
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second order equation was introduced to describe the heat capacity. Fig. 14 shows that the 

second order correlation gives a better fitting to the experiment curves than first order 

correlation. From Fig. 14, the q, r and w are obtained using second order equation to correlate 

the heat capacity curves, 

   
2

C 122.215 2.107 T T 0.0147 T Tp m m     
                                                       

(43) 

4.4 Relationship between solubility and thermal properties 

The solubility data of butyl paraben can be well correlated by the non linear equation (equ. 2) 

and A, B, C of butyl paraben are obtained (in paper 1). By using the equ. 4 with A, B, C, the 
vH

SolnH of butyl paraben in different solvents at different temperature are obtained.  
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Fig. 15 Temperature versus eqlnx  of butyl paraben from equ. 2 

Fig. 15 shows temperature versus the eqlnx  of butyl paraben from the equ. 2 (App. 1). Fig. 15 

illustrates when the temperature increase, the mole fractions of butyl paraben in different 

solvents increase, and when the temperature reaches melting point the mole fractions should 

finally reach unity, where only one liquid phase of butyl paraben is left without any solvents. 

The experimental data is consistent with this tendency. 
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Table 3 Extrapolated values of extra

SolnH  when temperature equal to Tm , 340.49K and the Extrapolated 

values of 
extra

mT  when the eqlnx equal to 0. 

Extrapolated 

value Acetone Proponal Ethanol 

Ethyl 

acetate Methanol 
Acetonitrile 

Excperiment 

value 

extra

Soln (kJ/H mol)

 
18.458 19.644 19.854 20.505 21.947 17.704 SolnH

25.535kJ/mol
 

extra

mT  (K) 
345.93 345.41 342.50 345.24 343.20 390.76 

Tm  

340.49K 

Table 3 illustrates extrapolated values 
extra

SolnH  of butyl paraben when temperature equals mT , 

which are all obviously smaller than the experimental value 
f

mH (T ) 25.535 kJ/mol and the 

difference is about 20 %. Table 3 presents extrapolated values 
extra

mT  of butyl paraben when the 

eqlnx
 
equals to 0, and the extrapolated values from the solubility experiments in ethyl acetate, 

propanol, acetone, methanol and ethanol are very similar and just a little higher than from the 

DSC measurements. Only the extrapolated value of melting temperature from acetonitrile is 

obviously higher than DSC measurement and the difference is nearly 15 %.  

Fig. 16 shows correlation for butyl paraben in 6 solvents from 283.15 K to 323.15 K  (App. 1), 

by using equ. 23 between 
vH

SolnH  from equ. 4 and eqlnx  from equ. 2. At each temperature there 

are 6 points representing solubility data in 6 solvents, in acetonitrile, in methanol, in ethanol, in 

ethyl acetate, in propanol and acetone from up to down, respectively. Dotted curves (below 

called solubility-slope curve) are the second order correlated lines for the 6 points at each 

different temperatures, and points according to acetonitrile, methanol, ethyl acetate, propanol 

and acetone are well correlated, however, the points according to ethanol shows a little 

deviation to the solubility-slope curve. Solid green line illustrates correlation between 

vH

Soln ( )H ideal  from equ. 20 with eq )nx (l ideal  from equ. 19, and the green line has been 

calculated by insertion of experimentally determined data for melting enthalpy, melting 

temperature, q and r according to the data in the first row of Table 4. Fig. 16 tells a close 

relationship between the solubility-slope curve and the green solid line, meaning relationship 

between results from solubility experiments and from DSC measurements, which two 

experiments are independent of each other. This also indicates the relationship between 

solubility of the same compound in different solvents with its thermodynamic properties. 

Theory section has stated that the enthalpy form solubility data and DSC measurement should 

be same (the dots on the green solid line should also be on the solubility-slope curves). 

However, there is some deviation for the dots on the green solid with the solubility-slope 

curves.  
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Fig. 16  Correlation between 
vH

SolnH  of solution and molar fraction solubility at 283.15 K to 323.15 K 

for butyl paraben in 6 solvents (equ. 4 versus equ. 2), and the correlation between 
vH

Soln ( )H ideal  and 

eq )nx (l ideal  (equ. 20 versus equ. 19). Dotted curves: the second-order relation of the 
vH

SolnH  versus 

eqlnx (equ. 23). Green solid line: thermodynamic properties from experimental value and w=0. Blue 

solid line: thermodynamic properties from optimization and w=0. 

Our experimental determination of melting data results in a melting temperature slightly lower 

than all previously published data and a melting enthalpy slightly higher than the average value 

of previously published data. By simulation of the pure solid phase curve, it is found that if mT  

is increased, the dots on the green line move to the right and become less spread out. When the 

value of  f

mH T  is reduced, the entire curve moves downwards and receives a more positive 

slope, and a reduced value of q and r respectively has the same principal effect. Simulations 

also indicate that the sensitivity to relative changes of these parameters follows the order: mT >

 f

mH T > q > r. For w = 0, the terms with q in equ. 19 and 20 amounts to approximately 10 % 
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of the numerical value of each respective first term in the equations, and the terms with r are less 

than 1 % which is consistent with the influence on the pure solid phase curve in Fig. 16. 

Some literatures values
35, 36

, mT  from 341.0 K to 343.2 K,  f

mH T  from 24.1 kJ/mol to 27.4 

kJ/mol, were investigated to find the best fitting for solid line to solubility-slope curves. The 

solid line was a little better fitting to the solubility-slope curves, when some of these literature 

values were used. However, the solid line cannot fit the solubility-slope curves perfectly. 

Therefore, in this research an objective function, equ. 24, was used to find the optimal values of 

4 thermodynamic parameters. A program of optimization with every step of 0.005 for each 

different 4 parameters was used. The smaller result of objective function mean the better fitting 

between solid line with solubility-slope curves. The blue solid line, according to the smallest 

result from the objective function, is showed in the Fig. 16 and values showed in Table 4, which 

is much different from the green solid line.
 
 

As green solid line, blue solid line also illustrates correlation between 
vH

Soln ( )H ideal  from equ. 

20 with eq )nx (l ideal  from equ. 19. The blue solid line represents the hypothetical solvent 

whose activity coefficient is unity (sated in section 2.1). The dots of the blue solid line are all on 

the solubility-slope curves, which is much better fitting to solubility-slope curves than the green 

solid line. The optimal parameters of mT  and  f

mH T are 344.0K and 20.80KJ/mol, 

respectively, which are similar as the extrapolated values from the correlated solubility 

equations in ethyl acetate, propanol, acetone, methanol and ethanol (see Table 3). Table 4 

shows the optimal values of 4 parameters, the optimal melting temperature is a little higher than 

the experimental value; the optimal enthalpy is smaller than the experimental value; the optimal 

values of q and r are much different from the experimental value. By using the optimal values 

the solid line can fit the dotted line very well, however, especially the enthalpy of fusion is not 

consistent with DSC measurements. 

Table 4 Experimental and optimal values of 4 parameters in equ. 19 and equ. 20 

 
Color mT (K) 

 f

mH T   

(kJ/mol) 

q 

(J/mol) 

r 

(J/mol/K) 
OF(equ.24) 

Experimental values Green  340.38 25.535 115.264 0.301 9.564 

Optimal values Blue 344.00 20.800 149.800 -1.200 0.934 

In order to determine the activity, the mT ,  f

mH T , q, r and w should be determined. The mT
 

and  f

mH T  were directly obtained from DSC experiment. The q can be calculated from 

extrapolating the heat capacity of the solute as a pure melt and the solid form to the melting 

point. However, w and r can only be obtained by correlating, which were more or less uncertain. 

Therefore, the optimization of w and r was investigated. Fig. 17 shows two more solid line (App. 

1), which presents correlation between 
vH

Soln ( )H ideal  and eq )nx (l ideal , and thermodynamic 
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properties the red solid line uses are all from experiment, while the black solid line uses the 

optimal values of r and w. Fig. 17 illustrates these two solid lines are closed to each other. Table 

5 shows the w and r values from experiment and from optimization are similar, which suggests 

that adding parameter w gives a better consistence between solubility data and thermodynamic 

properties.  
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Fig. 17 Correlation between 
vH

SolnH  of solution and molar solubility and the correlation between 

vH

Soln ( )H ideal  and eq )nx (l ideal . Red solid line: thermodynamic properties from experimental value 

using second order equations. Black solid line: thermodynamic properties from optimal r and w. 

Table 5 Experimental and optimal values of w and r in equ. 19 and equ. 20 

 
Color mT (K) 

 f

mH T   

(kJ/mol) 
q (J/mol) 

r 

(J/mol/K) 

w 

(J/mol/K
2
) 

OF 

(equ.24) 

Experimental 

values 
Red 340.49 25.535 122.215 -2.107 -0.0147 6.644 

Optimal values Black 340.49 25.535 122.215 -1.350 -0.0099 5.336 

Fig. 18 shows a values from equ. 19 w=0 (first order equation of heat capacity) and w≠0 

(second order equation of heat capacity), two optimizations (1st. optimal mT ,  f

mH T , q and 

r, 2rd. optimal w and r) and two simplified equ. 21 and 22 at 274.15 K to 313.15 K  (App. 1). 

The a curve from optimization 1 is much higher than others, and a curve from optimization 1 
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has different melting temperature and melting enthalpy with others, which is obvious not 

consistent with DSC measurements. Except this curve, others are all closed to each other. By 

equ. 1, the 
eq

 of butyl paraben in methanol, ethanol, propanol, ethyl acetate, acetone and 

acetonitrile at different temperatures can be obtained. The different activity values from two 

experiment values and two optimizations were used to obtain activity coefficient. For activity 

coefficient from optimization 1 at experimental temperature range, there is a case of cross the 

unity, however for the optimization 2 there is not. Meanwhile, the solid line from optimization 

2 is better fit to dotted curves than solid line from two experimental values (Fig. 17). Therefore, 

the a value from optimization 2 would be most reasonable. The a curve from simplified equ. 22 

is much closer to a curve from optimization 2 than from equ. 21, and is more accurate to 

estimate activity of butyl paraben, however, this simplified equation may not accurate for other 

compounds. 

280 290 300 310 320 330
0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

 a (Experiment and w=0)

 a (Optimal T,H,q,r and w=0)

 a (Experiment)

 a (Optimal w,r)

 a (Simplified equ.21)

 a (Simplified equ.22)

 a

Temperature (K)

 

Fig. 18 a values of butyl paraben from experimental first order (w=0) and second order correlation of 

heat capacity, two optimizations (1st: optimal T,H,q,r, and w=0, 2nd: optimal r,w) and two simplified 

equ. 21 and 22 

Fig. 19 suggests when temperature increases to melting point, the eq  of butyl paraben in 

methanol, ethanol, propanol, ethyl acetate, acetone and acetonitrile tend to one point which xeq 

is equal to 1 and temperature is equal to 340.49 K  (App. 1). The curves in Fig. 19 show that the 

activity coefficients in 6 solvents are also dependent on the temperature, and the activity 

coefficients in methanol, ethanol, propanol, ethyl acetate and acetone increase towards unity 
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with increase of temperature, but activity coefficient in acetonitrile decrease with increase of 

temperature. From 274.15 K to 323.15 K, there is no case of cross the unity for the activity 

curves of butyl paraben in all solvent, however, at about 330 K, there is a case cross unit for the 

activity curve of butyl paraben in ethyl acetate. 
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Fig. 19 aln of butyl paraben from equ. 19 and corresponding eq  of butyl paraben in 6 solvents at 

temperature 274.15 K - 323.15 K 

4.5 Nucleation experiments 

In nucleation experiments, 20 tubes were used for each one measurement, and repeated 6 times 

at the same condition. However, for one measurement the induction times of solutions in 20 

tubes showed wide variation. Moreover, for same tube at same conditions, the induction time 

also present wide variation. In Fig. 20, – represents average induction time of each tube for 6 

experiments, and bar shows spread range of induction time for 6 experiments. The average and 

range of induction time both indicate the wide variation for each tube in Fig. 20. For the same 

tube, the longest induction time is nearly 10 times than the shortest induction time, and for all 

induction time results the longest induction time is nearly 30 times than the shortest induction 

time. 
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Fig. 20  Average and range of induction time for 20 tubes repeating 6 times at the same condition 

Stochastic character of nucleation is revealed in Fig. 20, and the stochastic character of 

nucleation gives lots of trouble in studying nucleation process. The only way is to use statistical 

methods and repeat experiments for sufficient experimental data.  

Fig. 21 presents accumulated distribution of 8 experiments (only part of the nucleation 

experiments), butyl paraben in 90 % ethanol, acetone, ethyl acetate and propanol under two 

different supersaturations, respectively (App. 2). In Fig. 21 with linear x-scale, except the 

induction time in propanol at supersaturation equal to 1.190, slopes of other curves are very 

steep. It also indicates that shorter induction time the nucleation needed the narrower 

distribution is. The Fig. 21 with log10 x-scale shows more clearly that main part of 

experimental data concentrates in the middle or average of all data for each experiment. 

Compared with the induction time in same solvents at different supersaturation, it appears at 

smaller supersaturation, the distribution is a little wider. 
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Fig. 21 Accumulated distribution of induction time in 8 nucleation experiments with linear x- scale and 

log10 x-scale. Numbers in legend present supersaturation. 

95 % confidence interval of induction time data in each solvent at each supersaturation was 

calculated. The data outside the 95 % confidence interval was filtered out. Then the average and 

standard deviation of induction time in each solvent at each supersaturation was calculated and 

showed in Fig. 22. Plots that average values of induction time of butyl paraben in acetone, ethyl 
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acetate, propanol or 90% ethanol versus 
3 2( )T lnS 

 at 3 different supersaturations were 

correlated by first order equation, equ. 37, (App. 2). Slope values of lines in Fig. 22 show 

difficulty of nucleation. The bigger slope value of lines suggests more difficult to nucleate 

when the supersaturation decreases. When the supersaturation is very high, the induction time 

in all solvents will be very short. When the supersaturation is small, the induction time will be 

much longer if the slope is steeper. Therefore, the butyl paraben in ethanol is most difficult to 

nucleate, followed by in propanol, in ethyl acetate and in acetone. The slope of acetone line is 

very small, suggesting even when the supersaturation is small the butyl paraben in acetone can 

nucleate easily. 

 

Fig. 22 First order correlation of        in acetone, ethyl acetate, propanol and 90% ethanol versus 

   (   )  , and standard deviation of        . 

By equ. 38, equ. 39 and the slopes of the correlated lines, free energy of nucleation and 

solid-liquid interfacial energy can be calculated, then by equ. 34 nuclei critical radius can be 

determined too (see Table 6).   In same solvents, the free energy increases with decrease of 

supersaturation, the nuclei critical radius follows the same tendency as free energy, and the 

interfacial energy is assumed constant at different supersaturations or different temperatures. In 

different solvents, the interfacial energy is consistent with the difficulty of butyl paraben to 

nucleate. The interfacial energy of butyl paraben in acetone is smallest, followed by ethyl 

acetate and propanol, and butyl paraben in acetone nucleate most easily and in ethanol most 

difficultly. 
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Table 6  Calculated results of free energy of nucleation，solid-liquid interfacial energy  and nuclei 

critical radius from the correlations of induction time 

Solvent 
Average induction 

time (s) 
Supersaturation 

    

(kJ/mol) 
(mJ/  )    (  ) 

Acetone 197 1.04 3.91 0.52 1.73 
Acetone 76 1.06 1.79 0.52 1.17 
Acetone 53 1.10 0.68 0.52 0.73 

Ethyl acetate 

aaaaaaaaaaaaaceac

etate 

725 1.11 6.48 1.17 1.48 
Ethyl acetate 266 1.15 3.66 1.17 1.11 
Ethyl acetate 114 1.22 1.85 1.17 0.79 

Propanol 3633 1.14 5.74 1.35 1.30 
Propanol 727 1.19 3.48 1.35 1.01 
Propanol 188 1.27 1.84 1.35 0.74 

90% Ethanol 185 1.23 5.47 1.71 1.13 
90% Ethanol 120 1.26 4.45 1.71 1.02 
90% Ethanol 99 1.28 3.96 1.71 0.96 

Supersaturation is the driving force of nucleation, Fig. 23 shows at the same nucleation 

temperature, the sensitivities of nucleation to supersaturation is different, in 90 % ethanol > in 

propanol > in ethyl acetate > in acetone, however, at more than 1.4 supersaturation in all 

solvents the induction time are all short and similar. At same supersaturation, induction time is 

also dependent on the nucleation temperature, higher temperature results in smaller difference 

of induction time in different solvents, which means the high temperature can reduce the effect 

of supersaturation on nucleation. At the same nucleation temperature or same supersaturation, 

the induction time from longest to the shortest both are that in 90 % ethanol, in propanol, in 

ethyl acetate and in acetone, which means that the nucleation from most difficult to easiest is 

that in 90 % ethanol, in propanol, in ethyl acetate and in acetone. 

Fig. 24 shows a tendency that at 20 ℃interfacial energy of butyl paraben in 4 solvents decrease 

with increasing molar fraction solubility of butyl paraben in these solvents. At same 

supersaturation, smaller molar fraction solubility determines fewer molecules of solute in the 

solution. It also means more solvent molecules are around each solute molecule, preventing 

integrating between solute molecules. In addition, the interfacial energy and solubility of butyl 

paraben in ethyl acetate and propanol are not strictly following this tendency, maybe resulting 

from the variation and uncertainty of similar interfacial energy and solubility in these two 

solvents.  
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(a)  At the same nucleation temperature 273.15K 

 

(b) At the same supersaturation equal to 1.1 

Fig. 23 The induction time at the same nucleation temperature (a) or same supersaturated (b) 
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Fig. 24 Relationship between interfacial energy with molar fraction solubility of butyl paraben in 4 

solvents 

4.6 Crystallization 

4.6.1 Cooling crystallization 

5 different experiments of cooling crystallization in ternary phase diagram have been 

investigated, and PVM photos, FBRM and IR curves are detailed presented in manuscript 3. Fig. 

25 shows the particle distributions of the 5 experiments at the end of each experiment, 

respectively. Particles distribution of experiment 1 shows a well formed log-normal or gamma 

shaped distribution. For all other experiments, however, the product size distributions are more 

complex and irregular. For experiment 2, particles overall are fairly small - mainly below 400 

μm with a tendency for the distribution to be bimodal. Particle size distribution from 

experiment 3 is well shaped comparable to that of experiment 1 but the distribution is much 

wider. Product particles of experiment 4 are also below 400 μm, but compared to experiment 2 

the amount of crystals is much higher and there is not a strong bimodality. Distribution of 

experiment 5 is very wide without any particular symmetry.  

The crystals obtained from each experiment are mainly rhombic with various degrees of 

agglomeration; however, many of the crystals had not a well-defined shape observed under the 

microscope. At the end of each experiments, only solution of experiment 3 was in liquid-liquid 

phase separation solution region, solution of other 4 experiments were all homogeneous, which 

mean that the distribution of experiment 3 contain crystals and small liquid droplets. From 
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distribution of other 4 experiments, only the distribution of experiment 1 is narrow and good 

shaped, which is the only solution of experiment did not enter liquid-liquid phase separation 

region. The crystals obtained from experiment 2 and 4 were much smaller than experiment 1, 

since the nucleation and crystal growth mainly took place in liquid-liquid phase separation 

solution. However, the size of crystals obtained from experiment 5 showed very big variation, 

probably result in the crystal growing and agglomerating in homogenous solution (in region 3). 

Overall, the liquid-liquid phase separation affected the size and distribution of crystals, made 

the crystals small and poor particle distribution.  

 

Fig. 25 Size distributions of 5 experiments at 5℃  

4.6.2 Evaporation crystallization 

Fig. 26 shows the starting points of different evaporation experiments in the ternary phase 

diagram. Solutions for determining induction time with less than 55 % weight percent ethanol 

aqueous solvent are in region 2, liquid-liquid phase separation region, and others are in region 1, 

homogenous liquid phase. 

Fig. 27 shows induction time of 9 experiments with different proportion of butyl paraben, 

ethanol and water (App. 3), and the photos show the different processes during evaporation 

crystallization. Fig. 27 illustrates that droplets from solution in 35 % and 45 % ethanol aqueous 
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solvent nucleated very quickly, resulting from being near the region line between region 2 and 

region 4 and the solutions of droplets reached supersaturation very quickly. During the 

evaporation process, cloudy solution (cloudy solution means the mixing of two layers of 

solution in liquid-liquid phase separation) had continued flow at and nearby the edge of the 

droplets, circulating from the edge to inside. Droplets from solution in 45 % and 60 % ethanol 

aqueous solvent had similar induction time, and all of these droplets dispersed to many much 

smaller droplets after about 110 s, maybe resulting from the liquid-liquid phase separation 

decreased the surface energy of droplets, and before dispersing cloudy solution in the droplets 

had continued heavy flow around the whole droplets. Compared with induction time of droplets 

from solution in 70 %, 80 % and 90 % ethanol aqueous solvent, if at the same evaporation rate 

the droplets with 70 % ethanol aqueous solvent should reach supersaturation firstly, however 

the induction time of the droplets with 70 % ethanol aqueous solvent was longest and the only 

in droplets with 70 % ethanol aqueous solvent cloudy solution appeared (at about 70 s), 

continuing slight flow at the edge. The nucleation of droplet with 70 % aqueous solvent was 

prevented by liquid-liquid phase separation. 

 

Fig. 26 Composition-points of droplets in ternary phase diagram.  ● points: droplets from 

aqueous solutions with 35 % - 90 % ethanol.  ○ points: droplets from top or bottom layer of 

solution in liquid-liquid separation phase. 
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Fig. 27 Nucleation time and microscopic photos of different droplet from aqueous solutions with 35 % - 

90 % ethanol 

In Fig. 26, top layer of solution with 10 g butyl paraben, 12 g water, and 8 g ethanol contains 

low concentration of butyl paraben, and the composition-point of the top layer solution in 

ternary phase diagram is located near the bottom. While bottom layer of this solution contains 

high concentration of butyl paraben, and the composition-point of bottom layer solution in 

ternary phase diagram is located near the vertex of pure butyl paraben.  

Fig. 28 shows droplets on small plastic plate from bottom layer of the liquid-liquid phase 

separation solution. The centre of the droplets appeared cloudy and butyl paraben nucleated 

from edge of the droplets and crystallized on the surface. Then the crystal covered the small 

droplet of liquid solution in the centre and prevented the solution in the centre crystallizing 

further. However, the droplets from bottom layer of the liquid-liquid separation solution on the 

small glass plate nucleated from centre and cloudy solution had continued flow at and nearby 

the edge of droplets, circulating from the edge to inside. In Fig. 29, droplets from top layer of 

the liquid-liquid phase separation solution on plastic plate was observed that cloudy solution 

had continued flow, concentrating from the edge to the centre of droplets, but on plastic plate 

cloudy solution had continued flow, dispersing from the centre to the edge. These flows 

continued more than 500 s until nucleation. Since butyl paraben has hydroxyl function group, 

the different evaporation process may result from the hydrogen bond between butyl paraben 

and the glass.  

0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

50

100

150

200

250

 

In
du

ct
io

n 
T

im
e 

(s
)

Ethanol mass fraction in aqeous solvent

35%-40% ethanol

45%-60% ethanol

70% ethanol

89%-90% ethanol



45 
 

  
20 s on plastic 60 s on plastic 

  

20 s on glass 60 s on glass 

Fig. 28 Droplet from bottom layer of liquid-liquid phase separation solution on small plastic and small 

glass plate 

   
30 s on plastic 60 s on plastic 90 s on plastic 

   

30 s on glass 60 s on glass 90 s on glass 

Fig. 29 Droplets from top layer of liquid-liquid phase separation solution on small plastic and  small 

glass plate 
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Among all the evaporation crystallization experiments, if the solution appeared cloudy, the 

nucleation rarely happened in cloudy area, which also indicated that the liquid-liquid phase 

separation (cloudy solution) prevented nucleation. 
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5. Discussion 

5.1 Liquid-liquid phase separation 

Fig. 30 shows relationship between butyl paraben (BP), ethanol and water. Butyl paraben has 

polar functional groups like –OH, but also the aromatic ring, ester functional group and 

hydrocarbon chain tail, resulting in very low solubility in water (less than 0.002 g butyl paraben 

in 1 g water below 40 ℃). But butyl paraben has very high solubility in ethanol (about 2 g butyl 

paraben in 1 g water at 20 ℃). In the ethanol aqueous solvent, when the proportion of ethanol is 

small, very little butyl paraben dissolved. With the increase of ethanol, more butyl paraben is 

dissolved in the solution. When butyl paraben in solution reaches certain concentration, the 

hydrophobicity of butyl paraben forces the solution into liquid-liquid phase separation. One of 

liquid contains only little butyl paraben but mainly water and ethanol. The other liquid contains 

little water but mainly butyl paraben and ethanol. With increasing ethanol, the layer with 

mainly water and ethanol decrease, and the layer with mainly butyl paraben and ethanol 

increases.  

 

Fig. 30 Relationship between butyl paraben, ethanol and water 

Regardless of the proportion of butyl paraben, when the ethanol proportion is more than 70 % in 

solvent, the liquid with mainly water and ethanol disappears, and the liquid-liquid phase 

separation disappears.  

BP H2OCH3CH2OH
Easy dissolved Hard dissolved
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5.2 Relationship between solubility and thermal properties 

In the present work the methods of determination of solid state properties of the pure solute 

from solubility data is explored for butyl paraben having fairly low melting temperatures. In 

determination of the melting temperatures and the melting enthalpy an extrapolation is made 

from the temperature range of solubility determinations to the melting point. In the 

determination of the solid state activity, i.e. the molar Gibbs free energy of the solid using the 

pure melt as the reference, the heat capacity difference between the melt form and the solid 

form has to be integrated over the same temperature range. Accordingly, we would expect that 

all data would turn out to be more correct and less uncertain for low melting temperature 

compounds. The results show that for the determination of the melting temperature this tends to 

be true. For the determination of the melting enthalpy there is a significant discrepancy. For 

butyl paraben the value is underestimated by about 20 % on average and the spread depending 

on the solvent is substantial. It is not surprising that the enthalpy of melting is more difficult to 

obtain from the solubility data, since this relies on extrapolation to the melting point of the slope 

of the experimental solubility data. This is an uncertain procedure, sensitive to the quality of the 

data, the number of data points, the temperature sensitivity of the solubility, etc. 

For the solid state activity, the influence of the heat capacity terms is less than for the more high 

melting compounds6. Accordingly, the difference in the activity value depending on the 

assumptions used is less. On the other hand, it appears to be more difficult to actually perform 

the correlation to solubility data, i.e. the optimum is less clearly defined in the data. Different 

combinations of values on the four or five physical parameters, mT , fH , q, r and w can provide 

approximately the same fit. An interesting observation here is that if all four parameters are 

determined by optimization, the melting temperature and the melting enthalpy do receive 

values that are different from those determined by DSC measurements but are quite close to 

those that are obtained on average by extrapolation of solubility data. This suggests that there is 

a consistency between extrapolating solubility data to the melting point for determination of 

melting data, and integrating heat capacity data (determined by correlation to solubility data) 

from the melting point for determination of solid state activity. The determination of the 

activity also relies on the determination of the van’t Hoff enthalpy of solution by differentiation 

of experimental solubility data. Hence, if a more physically correct solubility equation is 

identified and is fitted to the solubility data over a wide range of temperatures, it is expected 
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that extrapolation to the melting point and determination of the solid state activity will be more 

consistent with data determined by DSC measurements.  

5.3 Nucleation and induction time 

In this project, values of average induction time of each experiment are used to analyze and 

study the nucleation process. However, in fact average, median and mode are all usually used in 

statistic. In this work the value of the average induction time based on filtering out the data 

outside the 95 % confidence interval of each experiment (below called statistical average) is 

used to analyze nucleation experiments. The values of statistical average, average and median 

induction time are close to each other at high supersaturation (see Table 7). The values of 

statistical average induction time usually equal or closed to values of median induction time, 

but at small supersaturation is often much smaller than values of statistical average induction 

time. Average values of all data are usually bigger and at small supersaturation often much 

bigger than values of statistical average induction time. The value of average induction time is 

easily affected by several extreme long or short induction time values, but these data will not 

influence the median induction time. However, the median induction time is dependent on 

numerical order of the data, but actually neglects many values of induction time data. Induction 

time data outside 95 % confidence interval is flittered out, reducing the influence of extreme 

long or short data, and meanwhile the statistical average induction time is related to values of 

most of induction time data, therefore, the statistical average induction is used in this work. 

Table 7 Values of average, median and statistical average induction time (Statistical average: filtering 

out the data outside 95% confidence interval then calculating average value)  

Solvent 

Supersaturation Statistical average  

induction (s) 

Average 

induction 

time (s) 

Median 

induction 

time (s) 

Acetone 1.04 197.0  197.2  64.5  
Acetone 1.06 76.1  170.0  50.0  
Acetone 1.10 52.6  56.4  47.0  

Ethyl acetate 

aaaaaaaaaaaaaceacetate 

1.11 724.8  1405.7  587.0  
Ethyl acetate 1.15 266.1  406.5  178.0  
Ethyl acetate 1.22 114.4  169.0  110.5  

Propanol 1.14 3633.7  8170.4  3172.0  
Propanol 1.19 727.0  946.8  444.0  
Propanol 1.27 188.3  198.6  181.0  

90% Ethanol 1.23 99.1  99.3  98.5  
90% Ethanol 1.26 119.7  120.7  112.5  
90% Ethanol 1.28 185.2  190.4  170.0  
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The difficulty of nucleation for a compound in a certain solvent cannot be compared with data 

in other literature, since the nucleation is dependent on so many factors, supersaturation, 

temperature, stirring condition, volume, pressure, etc. Only when the same supersaturation, 

same temperature, same stirring condition, same volume and other factors also should be same, 

the difficulty of nucleation can be compared, however, different research used different 

methods, and there is no standard model to apply. Therefore, it is suggested that the 

experimental techniques should be standardized, and a database about difficulty of nucleation 

for different compounds in different solvents but at the same experimental conditions should be 

build up.  
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6. Conclusion 

In butyl paraben system, the thermodynamic analysis with solubility data revealed a marked 

correlation between the molar solubility and the van’t Hoff enthalpy of solution at constant 

temperature. 
vH

Soln ( )H ideal
 
is dependent on 5 thermodynamic parameters, mT ,  f

mH T , q, r 

and w, where q, r and w are determined by heat capacity curve. Previous research usually 

simplifies the equations by let some or all of the three parameters q, w and r equal to zero. 

However in this project, it is found that using second order equations to correlate heat capacity 

curve is more accurate and shows a better fit to solubility data. Furthermore, the 

thermodynamic properties as determined by optimization of second order equations have been 

used to obtain the activity of the solid phase of butyl paraben. 

Induction time of butyl paraben in ethanol, propanol, ethyl acetate and acetone at different 

supersaturation have been determined. Results of induction time with wide variation present the 

stochastic nucleation process, however, large numbers of repeated experiments and statistical 

analysis can give sufficient confidence. Free energy of nucleation, solid-liquid interfacial 

energy, and nuclei critical radius of butyl paraben in 4 solvents have been calculated. The butyl 

paraben in 90 % ethanol is most difficult to nucleate, followed by in propanol, in ethyl acetate 

and in acetone which are consistent with the decrease interfacial energy values of butyl paraben 

in these solvents. In addition, when molar solubility of butyl paraben is smaller in a solvent, 

butyl paraben tends to be more difficult to nucleate in this solvent. 

Butyl paraben, water and ethanol can form liquid-to-liquid phase separation. In liquid-liquid 

separation region, two liquid layers, bottom layer with high concentration of butyl paraben 

while top layer with very low concentration of butyl paraben, are in equilibrium. Ternary phase 

diagram of butyl paraben, water and ethanol changes with temperature, 5 regions in ternary 

phase diagram from 40 ℃ to 10 ℃, 4 regions at 50 ℃ and only 2 regions at 1℃. There is no 

liquid-liquid phase separation at 1 ℃ or when the ethanol is more than 70 % weight percent of 

the solvent. 

Cooling crystallization results from IR, FBRM and PVM show that process of cooling 

crystallization in liquid-liquid phase separation solution was different from that in homogenous 

solution and different if compositions of butyl paraben, ethanol and water in ternary phase 
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diagram are different. If during the cooling process the solution did not go through 

liquid-to-liquid phase separation region the product particle size distribution was well shaped 

and reasonable narrow, otherwise, the distribution of crystals would be poor and crystals were 

smaller. In evaporation crystallization, the nucleation rarely took place in cloudy solution 

where two layers of liquid-liquid phase separation solution were mixed. Induction time of 

droplets was longer when cloudy solution appeared during the evaporation process than 

evaporating only in homogenous solution. In a word, the liquid-liquid phase separation 

prevented the nucleation and growth of butyl paraben crystals.  
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Appendix 1: Nucleation experiments 

Table A1-1 Cumulated distribution of induction time for butyl paraben nucleating in 90 % ethanol and 

acetone at two different supersaturations, respectively (Fig. 21) 

In 90 % ethanol 

S=1.557 

In 90 % ethanol 

S=1.472 

In acetone 

S=1.192 

In acetone 

S=1.119 

Induction 

time (s) 

Cumulated 

distribution 

Induction 

time (s) 

Cumulated 

distribution 

Induction 

time (s) 

Cumulated 

distribution 

Induction 

time (s) 

Cumulated 

distribution 

18 0.02 0 0 3 0 9 0 
53 0.02 10 0 8 0 26 0.07 
88 0.13 20 0.04 14 0.06 43 0.5 

123 0.25 30 0.04 19 0.13 60 0.63 
158 0.52 40 0.07 25 0.13 77 0.8 
193 0.7 50 0.07 30 0.15 94 0.87 
228 0.8 60 0.12 36 0.32 111 0.9 
263 0.93 70 0.17 41 0.36 128 0.9 
298 0.95 80 0.29 47 0.47 145 0.9 
333 0.97 90 0.42 52 0.51 162 0.93 
368 0.97 100 0.53 58 0.64 179 0.93 
403 0.97 110 0.61 63 0.79 196 0.93 
438 0.97 120 0.76 69 0.85 213 0.93 
473 0.98 130 0.83 74 0.87 230 0.93 
508 0.98 140 0.84 80 0.87 247 0.93 
543 0.98 150 0.95 85 0.87 264 0.93 
578 0.98 160 0.97 91 0.96 281 0.97 
613 0.99 170 0.99 96 0.96 298 0.97 
648 0.99 180 1 102 0.98 315 0.97 
683 1 200 1 107 1 332 0.97 
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Table A1-2 Cumulated distribution of induction time for butyl paraben nucleating in ethyl acetate 

and propanol at two different supersaturations, respectively (Fig. 21) 

In ethyl acetate 

S=1.306 

In ethyl acetate 

S=1.211 

In propanol 

S=1.274 

In propanol 

S=1.190 

Induction 

time (s) 

Cumulated 

distribution 

Induction 

time (s) 

Cumulated 

distribution 

Induction 

time (s) 

Cumulated 

distribution 

Induction 

time (s) 

Cumulated 

distribution 

7 0 30 0 9 0 88 0 
20 0 90 0.09 26 0 263 0.42 
33 0 150 0.5 43 0 438 0.56 
46 0 210 0.65 60 0.02 613 0.69 
59 0 270 0.74 77 0.03 788 0.72 
72 0.15 330 0.82 94 0.08 963 0.78 
85 0.35 390 0.85 111 0.13 1138 0.83 
98 0.42 450 0.88 128 0.23 1313 0.83 
111 0.58 510 0.91 145 0.34 1488 0.86 
124 0.79 570 0.91 162 0.47 1663 0.89 
137 0.88 630 0.91 179 0.55 1838 0.89 
150 0.89 690 0.94 196 0.59 2013 0.89 
163 0.91 750 0.97 213 0.63 2188 0.89 
176 0.91 810 0.97 230 0.77 2363 0.92 
189 0.91 870 0.97 247 0.88 2538 0.92 
202 0.92 930 0.97 264 0.88 2713 0.97 
215 0.97 990 0.97 281 0.89 2888 0.97 
228 0.99 1050 0.97 298 0.94 3063 0.97 
241 0.99 1110 0.97 315 0.98 3238 0.97 
254 1 1170 1 332 1 3413 1 

 

Table A1-3 Regression curve coefficient for correlating induction time data (equ. 37 and Fig. 22) 

 In acetone In ethyl acetate In propanol In 90 % ethanol 

Slope (B2) 0.006 0.07 0.10 0.218 

Intercept (B1) 3.658 3.953 3.85 2.093 
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Appendix 2: Relationship between solubility and thermal 

properties  

Table A2-1 Temperature versus eqlnx  of butyl paraben from equ. 2 (Fig. 15) 

lnxeq 
Temperature/K 

Acetone Propanol Ethanol Ethyl acetate Methanol Acetonitrile 

-1.328 -1.426 -1.606 -1.609 -1.73 -3.283 274.15 

-1.168 -1.25 -1.365 -1.39 -1.482 -2.589 283.15 

-1.079 -1.152 -1.236 -1.271 -1.347 -2.247 288.15 

-0.989 -1.053 -1.111 -1.154 -1.215 -1.933 293.15 

-0.898 -0.954 -0.987 -1.038 -1.085 -1.647 298.15 

-0.806 -0.854 -0.867 -0.923 -0.957 -1.387 303.15 

-0.714 -0.754 -0.749 -0.809 -0.831 -1.152 308.15 

-0.621 -0.654 -0.634 -0.697 -0.707 -0.94 313.15 

-0.528 -0.553 -0.521 -0.585 -0.586 -0.751 318.15 

-0.434 -0.452 -0.41 -0.475 -0.465 -0.583 323.15 

Table A2-2 
vH

SolnH  of solution versus molar solubility at 283.15 K to 323.15 K for butyl paraben in 6 

solvents (Fig. 17)  

Temperature/K 283.15 288.15 293.15 298.15 303.15 308.15 313.15 318.15 323.15 

Acetone 
lnxeq

 
-1.17 -1.08 -0.99 -0.9 -0.81 -0.71 -0.62 -0.53 -0.43 

vH

SolnH  11.89 12.42 12.95 13.49 14.04 14.61 15.18 15.76 16.34 
Propanol lnxeq

 
-1.25 -1.15 -1.05 -0.95 -0.85 -0.75 -0.65 -0.55 -0.45 

vH

SolnH  13.1 13.62 14.16 14.7 15.25 15.81 16.37 16.95 17.54 
Ethyl acetate lnxeq

 
-1.37 -1.24 -1.11 -0.99 -0.87 -0.75 -0.63 -0.52 -0.41 

vH

SolnH  17.4 17.59 17.79 18 18.2 18.41 18.63 18.84 19.06 
Ethanol lnxeq

 
-1.39 -1.27 -1.15 -1.04 -0.92 -0.81 -0.7 -0.59 -0.48 

vH

SolnH  15.97 16.33 16.7 17.08 17.46 17.84 18.24 18.64 19.04 
Methanol lnxeq

 
-1.48 -1.35 -1.22 -1.09 -0.96 -0.83 -0.71 -0.59 -0.47 

vH

SolnH  18.11 18.42 18.73 19.05 19.37 19.7 20.03 20.37 20.71 

Acetonitrile lnxeq

 
-2.59 -2.25 -1.93 -1.65 -1.39 -1.15 -0.94 -0.75 -0.58 

vH

SolnH  47.63 45.24 42.81 40.34 37.82 35.26 32.66 30.02 27.33 
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Table A2-3 Regression curve coefficient for correlating 
vH

SolnH  of solution versus molar solubility at 

283.15 K to 323.15 K for butyl paraben in 6 solvents (equ. 23 and Fig. 17), 

Temperature/K 283.15 288.15 293.15 298.15 303.15 308.15 313.15 318.15 323.15 

1a  5.55 7.12 9.25 12.15 16.15 21.59 28.6 35.58 32.82 

1  -4.06 -4.17 -4.28 -4.48 -4.85 -5.7 -7.73 -12.95 -26.93 
Standard 

Deviation 0.999 0.999 0.998 0.998 0.998 0.997 0.996 0.994 0.992 

 

Table A2-4 
vH

Soln ( )H ideal  versus eq )nx (l ideal , (equ. 20 versus equ. 19). Green solid line: 

thermodynamic properties from experimental value and w=0. Blue solid line: thermodynamic properties 

from optimization and w=0. Red solid line: thermodynamic properties from experimental value using 

second order equations. Black solid line: thermodynamic properties from optimization r and w. (Fig. 17) 

Temperat

ure/K 

Green solid line Blue solid line Red solid line Black solid line 

lnxeq
(ideal) vH(

Soln

)H ideal  lnxeq
(ideal) vH(

Soln

)H ideal  lnxeq
(ideal) vH(

Soln

)H ideal  lnxeq
(ideal) vH(

Soln

)H ideal  

283.15 -1.56 18.43 -1.21 12.94 -1.64 20.63 -1.63 21.37 
288.15 -1.42 19.09 -1.11 13.37 -1.49 21.05 -1.47 21.46 
293.15 -1.29 19.74 -1.01 13.84 -1.33 21.48 -1.32 21.61 
298.15 -1.15 20.38 -0.92 14.34 -1.19 21.9 -1.17 21.82 
303.15 -1.01 21.02 -0.82 14.88 -1.04 22.33 -1.02 22.08 
308.15 -0.87 21.65 -0.72 15.45 -0.89 22.76 -0.88 22.4 
313.15 -0.74 22.27 -0.62 16.05 -0.75 23.19 -0.74 22.77 
318.15 -0.6 22.88 -0.52 16.68 -0.61 23.61 -0.6 23.18 
323.15 -0.46 23.49 -0.43 17.35 -0.47 24.04 -0.46 23.64 

 

Table A2-5 a values of butyl paraben from experimental first order correlation and second order 

correlation of heat capacity, two optimization (1st: optimal T,H,q,r and w=0, 2nd: optimal r,w) and two 

simplified equ. 21 and 22 (Fig. 18) 

Temperature 
K 

activity 

Experiment 

(w=0) 
Optimal 

(w=0) 
Experiment 

 
Optimal 

w,r 
Equ. 21 Equ. 22 

283.15 0.21 0.188 0.284 0.188 0.161 0.19 
288.15 0.241 0.223 0.315 0.223 0.194 0.222 
293.15 0.276 0.262 0.349 0.262 0.233 0.259 
298.15 0.317 0.306 0.387 0.306 0.278 0.302 
303.15 0.364 0.356 0.429 0.356 0.329 0.351 
308.15 0.418 0.412 0.475 0.412 0.388 0.407 
313.15 0.479 0.475 0.527 0.475 0.455 0.47 
318.15 0.549 0.547 0.584 0.547 0.531 0.542 
323.15 0.628 0.628 0.647 0.628 0.616 0.624 
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Table A2-6 Activity coefficient, eq , of butyl paraben in 6 solvents at temperature from 274.15 K to 

323.15 K (Fig. 19) 

Temperature/K 
Activity coefficient 

Acetonitrile Methanol Ethyl acetate Ethanol Propanol Acetone 

274.15    0.637   
283.15 2.346 0.773 0.694 0.67 0.607 0.561 
293.15 1.667 0.812 0.782 0.747 0.702 0.654 
303.15 1.363 0.88 0.855 0.801 0.794 0.758 
313.15 1.178 0.94 0.922 0.876 0.889 0.861 
323.15 1.109 0.984 0.999 0.932 0.974 0.955 
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Appendix 3: Induction time of droplets 

Table A3-1 Induction time of droplets in 9 experiments and standard deviation (Fig. 27) 

Experiment 

No. 

Weigh percent of ethanol in  

aqueous solvents 

Induction time 

(s) 

Standard deviation of 

induction time (s) 

Exp 1 35 % 34 12 

Exp 2 40 % 81 11 

Exp 3 45 % 141 17 

Exp 4 50 % 145 20 

Exp 5 55 % 152 23 

Exp 6 60 % 151 14 

Exp 7 70 % 221 14 

Exp 8 80 % 140 11 

Exp 9 90 % 133 16 

 

 


