
 

การเคลือบผวิอนุภาคขนาดละเอียดดว้ยโพลิเมอร์โดยอาศยั 
เทคโนโลยคีาร์บอนไดออกไซดเ์หนือวิกฤตร่วมกบัตวัท าละลายเอทานอล 

      
 
 
 
 
 
 
 
 
 
 

นายเบญจพล คงสมบติั 

 
 
 
 
 
 
 
 
 
 

วิทยานิพนธ์น้ีเป็นส่วนหน่ึงของการศึกษาตามหลกัสูตรปริญญาวิศวกรรมศาสตรดุษฎีบณัฑิต 
สาขาวิชาวิศวกรรมเคมี      ภาควิชาวิศวกรรมเคมี  
คณะวิศวกรรมศาสตร์   จุฬาลงกรณ์มหาวิทยาลยั 

ปีการศึกษา  2552 
ลิขสิทธ์ิของจุฬาลงกรณ์มหาวิทยาลยั 

 



 

POLYMER COATING OF FINE PARTICLES 

USING SUPERCRITICAL CARBON DIOXIDE TECHNOLOGY 

WITH ETHANOL COSOLVENT 

 

 

 

 

 

 

 

 

 

 Mr. Benjapol Kongsombut 

 

 

 

 

 

 

 

 

 

A Dissertation Submitted in Partial Fulfillment of the Requirements 

for the Degree of Doctor of Engineering Program in Chemical Engineering 

Department of Chemical Engineering 

Faculty of Engineering   

Chulalongkorn University 

Academic year 2009 

Copyright of Chulalongkorn University 









 vi 

ACKNOWLEDGEMENTS 
 

 First and foremost, I would like to express my deep sense of gratitude to Assoc. Prof. Tawatchai 

Charinpanitkul for his belief in my capabilities and his relentless encouragement. I have gone through different 

learning phases, scientific as well as personal, as a researcher under his guidance. I am also grateful for his kind 

concern and help beyond my study. I appreciate his enthusiasm, which helped me to expedite the Ph.D. work and 

complete it on time.  

I am also very grateful to Prof. Atsushi Tsutsumi for being my supervisor for the one-year period of 

study in Japan. The freedom given by him was a vital tool for me to shape myself as an independent researcher.  

Also, I would like to acknowledge Prof. Wiwut Tanthapanichakoon for his fruitful discussions and 

suggestions on the modeling work. I learned a lot from both his academic excellence and character nobleness. 

I gratefully thank Prof. Wiwut Tanthapanichakoon, Assoc. Prof. Tawatchai Charinpanitkul, Assoc. Prof. 

Prasert Pavasant, Assoc. Prof. Poj Kulvanich, Assist. Prof. Sorada Kanokpanont and Assist. Prof. Nattaporn 

Tonanont for their useful comments and for taking time out of their tight schedules to serve on my thesis 

committee. 

I would like to acknowledge valuable suggestions from Dr. Wei Chen and Dr. Masahiro Ikeda at 

Tsutsumi laboratory that provided a platform to build up this research. I also wish to acknowledge Mr. H. 

Tsunakawa of the High Voltage Electron Microscope Laboratory for his technical guidance and assistance on SEM 

and TEM analysis, which is an inseparable part of this thesis. 

Working in Japan with a different language and culture was not easy. Though the acquaintance time was 

a little long, I could somehow manage to cope up with it. I am very thankful to Miss Yukie Tanaka and Dr. Haiyan 

Lin for their kind help on putting me up in the first weeks to get me started working at Tsutsumi laboratory. I 

would also like to thank Dr. Waraporn Soksawatmaekhin and all the members of Thai Students’ Association in 

Chiba for their hospitality, and wonderful experience during the working period in Japan. 

Apart from the scientific knowledge, the financial support also played an important role in this Ph.D. 

work. This research would have not been possible without the financial support of the Thailand Research Fund 

(TRF) through the Royal Golden Jubilee (RGJ) Ph.D. program. I am very grateful to the Association of 

International Education, Japan (AIEJ) for partial financial support to do research at Tsutsumi Laboratory, the 

University of Tokyo, for one year (October 2003-September 2004). Also, partial financial support from the 

University-Industry collaborative project of Chulalongkorn University, the Centenial Fund of Chulalongkorn 

University to Center of Excellence in Particle Technology (CEPT) and the New Energy and Industrial Technology 

Development Organization (NEDO) is acknowledged. 

 In the small world of CEPT, I enjoyed working with all members. My most sincere thanks are due to Ms. 

Pusanisa Patharachotesawate for her timely help on official works, and to all members for their warm 

collaborations and kindness. 

Finally, I want to express my deep thanks to my family members, Ms. Jarurat Chuleerux and all of my 

friends for their love, encouragement and constant support in climbing another step in my life in the right 

direction. 



CONTENTS 

     Page 

ABSTRACT IN THAI………………………………………………………….. iv 

ABSTRACT IN ENGLISH…………………………………………………….. v 

ACKNOWLEDGEMENTS.………………………………………………........ vi 

CONTENTS………………….………………………………………………….. vii 

LIST OF TABLES…………………………………………………………......... xi 

LIST OF FIGURES………………………………………….…………………..xiii 

ABBREVIATIONS..……………………………………..…………………....... xvi 

CHAPTER 

I SUPERCRITICAL CARBON DIOXIDE AS A PROCESS 

 SOLVENT FOR PHARMACEUTICAL POLYMERS…………………. 1 

1.1 Introduction ……………………..................................................... 1 

1.2 Supercritical Carbon Dioxide…….…….…………………….........6 

1.3 Solubility of Polymers in SC-CO2………………………………... 11 

 1.3.1 Thermodynamic Fundamentals of 

  Polymer-SC-CO2 Mixtures………………………………... 12 

 1.3.2 Literature Review………………………………………..... 16 

1.4 SC-CO2 Plasticization of Polymer.……………………………….. 19 

1.5 Particle Production from SC-CO2.………………………………... 20 

 1.5.1 Rapid Expansion of Supercritical Solution (RESS)……..... 22 

 1.5.2 Anti-Solvent Techniques………………………………….. 26 

 1.5.3 Particles from Gas Saturated Solutions (PGSS)…………... 34 

 1.5.4 Selection of a SCF Process………………………………... 38 



 viii 

CHAPTER     Page 

1.6 Objective of Study………………………………………………... 40 

1.7 Scope of Study.…………………………………………………… 40 

1.8 Expected Benefits………………………………………………… 41 

II MODELING SOLUBILITY OF POLY(D,L-LACTIC- 

 CO-GLYCOLIC ACID) IN SUPERCRITICAL CARBON 

 DIOXIDE WITH ETHANOL AS COSOLVENT………………………... 42 

   2.1 Introduction………………………………………………………. 42 

   2.2 Modeling of Solubility in SCF Solvent 

    with Equation of State…………………………………………….. 44 

    2.2.1 Selection of EOS Model and Mixing Rules……………..... 46 

    2.2.2 Sanchez-Lacombe EOS…………………………………… 47 

   2.3 Results and Discussion……………………………………………. 50 

    2.3.1 Determination and Optimization of Parameters……………50 

    2.3.2 Obtaining Independent Variable Data…………………….. 59 

    2.3.3 Ternary Phase Equilibrium Calculations………………….. 60 

   2.4 Conclusions……………………………………………………….. 65 

III FORMATION OF POLY(D,L-LACTIC-CO- 

 GLYCOLIC ACID) PARTICLES BY RAPID 

 EXPANSION OF SUPERCRITICAL SOLUTION 

 WITH ETHANOL AS COSOLVENT…………………………………..…66 

  3.1 Introduction………………………………………………………. 66 

  3.2 Literature Review………………………………………………..... 67 

  3.3 Description of RESS Process……………………………………... 69 



 ix 

CHAPTER                                                                                                           Page 

  3.4 Poly(D,L-lactic-co-glycolic acid), PLGA………………………….. 73 

  3.5 Experimental……………………………………………………… 74 

   3.5.1 Materials…………………………………………………... 75 

   3.5.2 Experimental Procedure…………………………………... 76 

  3.6 Results and Discussion…………………………………………..... 79 

   3.6.1 Formation of PLGA particles by RESS…………………... 79 

   3.6.2 Effect of Cosolvent Concentration………………………... 83 

  3.7 Conclusions……………………………………………………...... 85 

IV COATING OF MICROSIZE SILICA AND NANOSIZE 

  TITANIUM DIOXIDE POWDERS WITH 

 POLY(D,L-LACTIC-CO-GLYCOLIC ACID) BY RAPID  

 EXPANSION OF SUPERCRITICAL SUSPENSIONS…………………. 87 

  4.1 Introduction……………………………………………………..... 87 

  4.2 Literature Review…………………………………………………. 89 

  4.3 Description of Rapid Expansion of Supercritical 

   Suspension Process……………………………………………….. 92 

  4.4 Experimental……………………………………………………… 93 

   4.4.1 Materials…………………………………………………... 93 

   4.4.2 Apparatus and Procedure…………………………………. 94 

  4.5 Results and Discussion……………………………………………. 98 

   4.5.1 Effect of RESS on the Deagglomeration of 

   Microsize SiO2 and Nanosize TiO2 Powders………………98 

 



 x 

CHAPTER                                                                                                           Page 

   4.5.2 Coating of Microsize SiO2 and Nanosize 

    TiO2 Powders with PLGA by Rapid 

    Expansion of Supercritical Suspensions……………………101 

  4.6 Conclusions……………………………………………………….. 111 

V CONCLUSIONS AND RECOMMENDATIONS………………………... 112 

 5.1 Conclusions……………………………………………………….. 112 

  5.1.1 Modeling Solubility of Poly(D,L-lactic-co- 

   glycolic acid) (PLGA) in supercritical carbon 

   dioxide (SC-CO2) with ethanol as cosolvent……………… 112 

  5.1.2 Formation of Poly(D,L-lactic-co-glycolic acid) 

   (PLGA) Particles by Rapid Expansion 

   of Supercritical Solution (RESS) with 

   ethanol as cosolvent……………………………………….. 112 

  5.1.3 Coating of Microsize Silica (SiO2) and Nanosize 

   Titanium Dioxide (TiO2) Powders with Poly(D,L- 

   lactic-co-glycolic acid) (PLGA) by Rapid 

   Expansion of Supercritical Suspensions…………………... 114 

 5.2 Recommendations for Future Work………………………………. 115 

REFERENCES………………………………………………………………….. 116 

APPENDICES…………………………………………………………………… 140 

 APPENDIX A  Publications Authored by B. Kongsombut …………... 141 

 APPENDIX B Publications Co-Authored by B. Kongsombut……….. 162 

VITA……………………………………………………………………………... 169 



xi 
 

LIST OF TABLES 

     Page 

Table 1.1 Critical properties of selected solvents …………………………….. 3 

Table 1.2   Selected properties of liquids, gases and supercritical fluids ……… 5 

Table 1.3 Selected properties of carbon dioxide ……………………………... 6 

Table 1.4 RESS experiments for selected materials…………………………... 24 

Table 1.5     GAS experiments for selected materials…………………………….28 

Table 1.6   SAS experiments for selected materials……………………………. 31 

Table 1.7   SEDS experiments for selected materials ………………………….. 34 

Table 1.8   PGSS experiments for selected materials…………………………....38 

Table 1.9 Comparison of various SCF Processes……………………………....39 

Table 2.1   Molecular weights  wM  and structures of pure components………52 

Table 2.2   Characteristic parameters of pure components for 

 Sanchez-Lacombe EOS…………………………………………….. 52 

Table 2.3  Experimental data of binary interaction parameters 

  for PLGA-ethanol system at various temperatures…………………. 53 

Table 2.4   Interaction parameters for CO2 (1) + PLGA (2) + ethanol (3) 

  system at 313 K…………………………………………………….. 54 

Table 2.5   Phase equilibrium data of CO2 (1) + ethanol (3) 

  system at 25 MPa and 313 K……………………………………….. 60 

Table 2.6 The Sanchez-Lacombe EOS phase equilibrium calculations 

  for CO2 (1) + PLGA (2) + ethanol (3) at 25 MPa and 313 K, 

  The system volume is 1,500 mL……………………………………. 62 

 



xii 
 

     Page 

Table 2.7  Calculated mass fractions of CO2 (1) + PLGA (2) + 

  ethanol (3) system at 25 MPa and 313 K……………………………63 

Table 3.1   Properties of PLGA……………………………………………….... 76 

Table 3.2   Experimental parameters and conditions of RESS process…………78 

Table 3.3   Phase equilibrium data of CO2 (1) + ethanol (3) 

  system at 25 MPa and 313 K………………………………………. 81 

Table 4.1   Experimental parameters and conditions 

  of RESS coprecipitation process…………………………………….96 

Table 4.2   Average sizes  pd  of coated 1.7-µm silica 

  and 70-nm titanium dioxide powder obtained 

  by using 0.3-mm diameter nozzle at different 

  powder-to-poymer weight ratios……………………………………107 

Table 4.3  Influence of powder-to-polymer weight ratio and 

  nozzle diameter on coating operatability……………………………108 



 xiii 

LIST OF FIGURES 

 Page 

Figure 1.1 A phase diagram of a substance approaching 

 the supercritical phase ……………………………………………… 2 

Figure 1.2 Variation of SCF density with pressure …………………................. 4 

Figure 1.3 Effect of density on solvent power (π*) of SC-CO2 ………………... 9 

Figure 1.4   A schematic illustration of rapid expansion 

 of supercritical solution (RESS) process…………………………….23 

Figure 1.5   A schematic illustration of the gas anti-solvent 

 (GAS) process………………………………………………………. 27 

Figure 1.6   A schematic illustration of the supercritical 

 anti-solvent (SAS) process…………………………………………..30 

Figure 1.7   A schematic view of typical coaxial tube 

 nozzle used in SEDS process………………………………………...33 

Figure 1.8   A schematic illustration of the particles from 

 gas saturated solutions (PGSS) process…………………………….. 35 

Figure 2.1   Temperature dependence of interaction parameter 

 between PLGA and ethanol  23k ………………………………….. 53 

 

 



 xiv 

                                                                                                             Page 

Figure 2.2   Predicted solubilities of PLGA in a mixture  

 of CO2 and ethanol at 25 MPa and 313 K…………………………... 63 

Figure 2.3   Effect of ethanol concentration on PLGA solubility in 

  CO2 (1) + PLGA (2) + ethanol (3) system 

  at 25 MPa and 313 K……………………………………………….. 64  

Figure 3.1   Simplified diagram of RESS process………………………………..70 

Figure 3.2  A schematic illustration of rapid expansion 

  of supercritical solution (RESS) process…………………………….70 

Figure 3.3   Molecular structure of PLGA……………………………………..... 73 

Figure 3.4   RESS experimental apparatus used in this study……………………75 

Figure 3.5 Schematic diagram of experimental apparatus……………………... 77 

Figure 3.6   Schematic representation of polymer particle formation 

  process by RESS with a cosolvent…………………………………..78 

Figure 3.7 SEM images of PLGA particles produced by 

  RESS using ethanol cosolvent at different 

  ethanol concentrations: (a) and (b) 12.1 wt.%; 

  (c) 17.8 wt.%; (d) 23.8 wt.%.............................................................. 82 

Figure 3.8 Dependence of particle size distribution of PLGA 

  particles on ethanol concentration: log-normal 

  particle size distributions…………………………………………… 84 

Figure 3.9  Dependence of particle size distribution of PLGA 

  particles on ethanol concentration: mean particle 



 xv 

                               Page 

  size and standard deviation of particle size  

  distribution as function of ethanol concentration………………….. 85 

Figure 4.1 Simplified diagram of rapid expansion of supercritical 

  suspension (RESS coprecipitation) process…………………………93 

Figure 4.2   Schematic diagram of experimental apparatus……………………... 95 

Figure 4.3  Schematic representation of coating of powder with 

  polymer by RESS coprecipitation with a cosolvent………………... 97 

Figure 4.4  Effect of diameter of spray nozzle on the 

  deagglomeration of ultra fine powders……………………………... 100 

Figure 4.5   SEM and TEM images of PLGA-coated silica fine 

  powder produced by the rapid expansion of 

  supercritical suspension process at powder-to-polymer 

  weight ratios: (a) and (b) 1 : 1; (c) and (d) 3 : 1…………………….103 

Figure 4.6 SEM and TEM images of PLGA-coated titanium 

  dioxide ultra fine powder produced by the rapid  

  expansion of supercritical suspension process at  

  different/specified powder-to-polymer weight ratios:  

  (a) and (b) 1 : 1; (c) and (d) 3 : 1…………………………………… 105 

Figure 4.7   Effect of powder-to-polymer weight ratio on the average 

 sizes of coated silica and titanium dioxide powders………………..107 

Figure 4.8   Potential mechanism of polymer coating of 

 ultra fine powder by the rapid expansion of 

 supercritical suspension process…………………………………….110 



 xvi 

ABBREVIATIONS 

 
 C1-C5  Constants 
 CFC  Chlorofluorocarbon 
 CO2  Carbon dioxide 
 pd   Average diameter 
 EOS  Equation of state 
 f  Fugacity 
 g  Radial distribution function 
 ΔGmix  Gibbs free energy 
 GAS  Gas anti-solvent 
 GRAS  Generally regarded as safe 
 ΔHmix  Change of enthalpy on mixing 
 k  Binary interaction parameter 
 kB  Boltzman constant 
 L/D  Length-to-diameter ratio 
 Li  Mixing length 
 m  Mass 
 Mw  Molecular weight 
 n  Number of mole 
 Pc  Critical pressure 
 PGA  Poly(glycolic acid) 
 PGSS  Particles from gas saturated solution 
 PLA  Poly(lactic acid) 
 PLGA  Poly(D,L-lactic-co-glycolic acid) 
 PR  Peng-Robinson 
 PT  Patel-Teja 
 Q  Quadrupole moment 
 r  Size parameter 
 R  Gas constant 
 RESS  Rapid expansion of supercritical solution 
 RESS-N  Rapid expansion of supercritical solution 
   with a non-solvent 
 S  Supersaturation ratio 
 ΔSmix  Change of entropy on mixing 
 SAS  Supercritical anti-Solvent 
 SC-CO2  Supercritical carbon dioxide 
 SCF  Supercritical fluid 
 SEDS  Solution enhanced dispersion by supercritical fluid 



 xvii 

 SEM  Scanning electron microscopy 
 SiO2  Silica 
 SRK  Soave-Redlich-Kwong  
 T  Temperature (absolute) 
 Tc  Critical temperature (absolute) 
 TEM  Transmission electron microscopy 
 TiO2  Titanium dioxide or titania 
 ΔUmix  Change of internal energy on mixing 
 V  Volume of mixture 
 VOC  Volatile organic compound 
 w  Mass fraction (binary system) 
 W  Mass fraction (ternary system) 
 wt.  Weight 
 x, y  Mole fraction 
 z  Number of different pairs between components 
 α  Polarizability 
 φ  fugacity coefficient 
   Close packed volume fraction 
 ρ  Density 
 ρc  Critical density 
 µ  Dipole moment 
 π*  Dipolarity/polarizability; solvent-strength parameter 

 Γ  Intermolecular pair-potential energy 
 γ  Intermolecular radius 
 ν  Molar volume 
 ω  Interchange energy 
   Interaction parameter 
 
 Subscripts 
 c  Critical  
 eq  Equilibrium or saturated condition 
 g  Glass transition 
 i,j  Component 
   Reduced 
 *  Characteristic 
  
 



CHAPTER I 

 
SUPERCRITICAL CARBON DIOXIDE AS A PROCESS 

SOLVENT FOR PHARMACEUTICAL POLYMERS 

 

1.1 Introduction 

 Polymers are used extensively in pharmaceutical applications, both in medical 

devices and in drug delivery systems. In the field of drug delivery, polymers represent 

an important constituent of pharmaceutical dosage forms, e.g. solid dosage forms, 

disperse systems and biodegradable particulate systems. Pharmaceutical applications 

of polymers range diversely from being filler materials and binders in drug tablets to 

agents for controlling viscosity and flowability in liquid drugs. In addition, polymers 

can be used for coating drugs to mask the unpleasant taste of drug, to increase drug 

stability, to provide prevention of side effect of drug and to modify drug release 

characteristics (Jones, 2004). 

 Various synthetic and natural polymers are extensively used in pharmaceutical 

applications. Processing of pharmaceutical polymers is not an easy task as most of 

them are highly viscous and have a high molecular weight. To dissolve and reduce the 

viscosity of these polymers, conventional methods frequently require the use of 

volatile organic compounds (VOCs) and chlorofluorocarbons (CFCs) as process 

solvents. Nevertheless, VOCs and CFCs are generally known to be toxic to humans 

and environmentally hazardous. Using VOCs and CFCs in pharmaceutical processes 

may be subjected to some drawbacks, e.g. alteration of structure of therapeutic agent, 

presence of residual solvent in the product, and emissions of a large amount of the 
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solvents from large-scale manufacturing into the environment. All these drawbacks 

have already motivated chemical engineers and chemists in pharmaceutical industries 

to look for new and cleaner solvents.  

 One of promising alternatives is the use of supercritical fluids (SCFs). A SCF is 

defined as a substance under supercritical conditions, that is, above its critical 

pressure and temperature. Figure 1.1 illustrates a pressure-temperature diagram of a 

substance indicating the supercritical region. The critical pressure (Pc) is the pressure 

which causes the gas to become a liquid at the critical temperature. Above the critical 

temperature (Tc), a liquid phase will not appear no matter how much the pressure is 

increased. The density of a substance at the critical point (C) is called the critical 

density (ρc). The critical temperatures, pressures, and densities of some common 

solvents are listed in Table 1.1.  

 

 

 

Figure 1.1  A phase diagram of a substance approaching the supercritical phase 
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Table 1.1  Critical properties of selected solvents (Mchugh and Krukonis, 1994) 

 

Solvent 

 

Critical 

Temperature 

(Tc; C) 

 

Critical 

Pressure 

(Pc; bar) 

 

Critical 

Density 

(c; g/ml) 
 

Ammonia 

Benzene 

n-Butane 

Carbon dioxide 

Chlorotrifluoromethane 

Ethane 

Ethanol 

Ethylene 

Isopropanol 

Methanol 

n-Propane 

Propylene 

Toluene 

Water 

 

132.5 

129.0 

152.0 

31.1 

28.9 

32.2 

243.4 

9.3 

235.3 

240.5 

96.8 

91.9 

318.6 

374.2 

 

113.5 

48.9 

38.0 

73.8 

39.5 

48.9 

63.8 

50.4 

47.6 

79.9 

42.6 

46.2 

41.1 

221.2 

 

0.24 

0.30 

0.23 

0.45 

0.58 

0.20 

0.28 

0.22 

0.27 

0.27 

0.22 

0.23 

0.29 

0.34 
 

 

 A SCF exists in a homogeneous fluid phase possessing properties between those 

of gases and liquids, e.g. liquid-like solvent properties and gas-like viscosity, thermal 

conductivity and diffusivity. It is commonly accepted that the solvent power of a SCF 

is mainly related to its density in the critical point region. A high density implies a 

strong solvent power. The important unique property of a SCF is that its solvent 

power can be tuned by regulating its pressure or temperature. As demonstrated in 

Figure 1.2, a small change in the pressure or temperature of a SCF generally causes a 

large change in its density and thus its solvent power. This feature is beneficial for 
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pharmaceutical solubilization, polymer plasticization, separation and extraction or 

organic solvents or impurities (Brunner, 2004). Even though the density of SCFs 

increases with pressure and becomes liquid-like, the viscosity and diffusivity remain 

between liquid-like and gas-like values. The gas-like properties of SCFs significantly 

enhance mass transfer that promotes selectivity for extractions and reactions. 

Additionally, SCFs have a very low surface tension, which allows efficient 

penetration into microporous materials. As a result, extraction of natural products can 

be expected to be more efficiently processed with SCFs than with conventional liquid 

solvents (Rantakyla, 2004). The combination of these unique properties makes SCFs 

excellent for use as solvents or reaction mediums. A comparison of properties of 

liquid, gas and SCF solvents is presented in Table 1.2 

 

 

 

Figure 1.2  Variation of SCF density with pressure (the fluid is CO2. Redrawn from 

Gupta and Shim (2007) and Brennecke and Eckert (1989)) 
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Table 1.2  Selected properties of liquids, gases and supercritical fluids (Mchugh and 

Krukonis, 1994) 

 

Properties 
 

Liquid 
 

Supercritical Fluid 
 

Gas 
 

Density (kg/m3) 

Viscosity (mPa.s) 

Diffusivity (cm2/s) 

 

1,000 

0.5 – 1.0 

10-5 

 

200 – 800 

0.05 – 0.1 

10-4 – 10-3 

 

1 

0.01 

0.1 
 

 

 Various compounds can be used as SCF solvents. However, light hydrocarbons, 

water and carbon dioxide (CO2) are among the most received attention compounds. 

Low molecular weight gases, such as CO2 and ethane, and polar compounds such as 

trifluoromethane have received great attention for extraction purpose. Ethane is the 

choice of solvent for solid hydrocarbons, whereas chlorotrifluoromethane is a good 

solvent for all solids except non-polar hydrocarbons (Rantakyla, 2004). With the 

ability to act both as electron donor and acceptor, CO2 is a good solvent for non-polar 

and some polar compounds with low molecular weight, but a poor solvent for polar 

and most high molecular weight compounds (Hyatt, 1984). Alternatively, rare gases 

such as krypton and xenon, although they are favorable for some purposes, are seldom 

used for economic reasons.  

 Despite the beneficial features described above, SCFs should not be considered 

as universal solvents. An overview of Table 1.1 indicates that the critical temperature 

of a compound depends on the polarity of the compound. For examples, the critical 

temperatures of non-polar gases such as carbon dioxide or ethane are below 50C, 

whereas for polar compounds such as methanol or water, the critical temperature is 

well above 200C. For many fluids, the transition into supercritical state occurs at 
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high temperatures, which are generally not permissible for pharmaceuticals. It is 

usually desirable that the critical temperature of the solvent is below 100C or as low 

as room temperature to prevent degradation or denaturation of therapeutic agents 

(Laitinen, 2000). In addition, the solvent must be non-toxic to allow safety use for 

human due to possible solvent contamination in the product. These requirements point 

towards CO2 as a suitable solvent for supercritical processing of pharmaceuticals.  

 

Table 1.3  Selected properties of carbon dioxide  

 

Chemical formula 
 

CO2 (O=C=O) 
 

Molecular weight 
 

44.01 
 

Normal boiling point 
 

-78.5○C 
 

Latent heat of vaporization 
 

571.3 kJ/kg 
 

Specific gravity (gas) 
 

1.539 (1 for air) 
 

Specific heat (gas) 
 

0.85 kJ/kg  ○C 
 

Density (gas) 
 

1.9769 kg/m3 

 

Triple point temperature 
 

-56.6○C 

 

Triple point pressure 
 

5.17 bar 
 

Critical temperature 
 

31.1○C 
 

Critical pressure 
 

73.8 bar 
 

 

1.2 Supercritical Carbon Dioxide 

 Carbon dioxide (CO2) is a natural gas whose its chemical structure is composed 

of two oxygen atoms covalently bonded to a single carbon atom. It makes up less than 

1% by volume, but is an important constituent of the atmosphere. CO2 is produced by 
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the respiration of animals, decomposition of organic matters and through human 

activities such as burning of fossil fuels, coal and wood. It is colorless, odorless, 

versatile and a promising alternative to VOC- and CFC-based solvents. The main 

properties of CO2 are summarized in Table 1.3. 

 CO2 is the most commonly used solvent in industrial practice for several 

reasons. Compared with VOC- and CFC-based liquid solvents (Aaltonen and 

Rantakyla, 1991; Dixon and Johnston, 1997): 

 CO2 is non-toxic, non-flammable, non-reactive, non-corrosive and 

available in a large amount as a by-product from ammonia and ethanol 

industries and refineries. 

 CO2 can be easily removed by simple depressurization. It does not leave 

any solvent residue in the product after processing.  

 CO2 is inexpensive. It is the second least expensive solvent after water. 

Although highly pure CO2 is not economical, it is comparable in price 

with highly pure organic solvents. 

 CO2 possesses no disposal problems and fewer hazards than VOCs and 

CFCs. It does not create a problem with respect to the green house effect 

as it is being conserved during the processes. 

Compared with all liquid solvents (Rantakyla, 2004): 

 The high and large scale of diffusivity, low viscosity and low surface 

tension of CO2 is expected to reduce time consumption for mass-transfer 

controlled processes, such as separations, extractions and reactions. 

 The solvent power of CO2 depends strongly on pressure and temperature. 

Thus, the solute can precipitate from the CO2 by a pressure reduction. 
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This separation becomes a gas-liquid or gas-solid separation; therefore 

fractionation of large amounts of dilute liquid solutions in the 

downstream phase can be avoided. 

 The separation of CO2 from the mixtures is an energy efficient process. 

The heat of vaporization of CO2 needed for the separation is much 

smaller than that needed to evaporate most liquid solvents. 

 Product fractionation and purification can be carried out directly from 

the mixtures without changing solvents. This can be done in a series of 

separator vessels arranged in descending pressure/temperature order or 

in countercurrent contactors.  

 Product crystallization can be carried out directly from CO2 by allowing 

the mixtures expand into a lower pressure or ambient air. Formation of 

ultrafine particles with a small size distribution can be performed in this 

way. 

 CO2 creates a non-oxidizing atmosphere for products throughout the 

process. 

 However, CO2 is not ideal in all respects. For examples, mixtures of CO2 and 

water are corrosive, and CO2 is not inert with respect to primary and secondary 

aliphatic amine solutes because both react with CO2 to yield carbonates (Giddings, 

1989). In addition to the benefits stated above, CO2 provides particular advantages in 

the pharmaceutical industries due to the facts that:   

 The supercritical conditions of CO2 are easily attainable. CO2 becomes a 

SCF when it is heated above 31.1C and simultaneously compressed 

above 73.8 bar. Under these conditions, denaturation of pharmaceutical 
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compounds and polymers can be avoided. 

 CO2 is a Generally Regarded As Safe (GRAS) solvent that leaves no 

trace in the product. This is probably the most important pharmaceutical 

advantage of CO2. 

 

 

 

Figure 1.3  Effect of density on solvent power (π*) of SC-CO2 (Redrawn from 

Ikushima et al., 1991) 

 

 Supercritical and liquid CO2 can both be used as solvents. In contrast to liquid 

CO2, the solvent power of SC-CO2 is highly dependent on its temperature and 

pressure. At low pressure, the density of SC-CO2 decreases dramatically with an 

increase in temperature, whereas changes in temperature have much less effect on the 

density at high pressure. Thus, to a first approximation, density, not pressure, is 

proportional to the solvent power of SC-CO2. Based upon solubility measurements in 

the range from ambient conditions up to 1000 bar and 100C, the solvent power of 
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SC-CO2 increases with density at a given temperature, and increases with temperature 

at a given density (Smith et al., 1987; Ikushima et al., 1991; Taylor, 1996). The 

density dependence of the solvent power can be observed through the relationship 

between the density and the dipolarity/polarizability (π*), a solvent-strength parameter, 

of SC-CO2 in Figure 1.3. 

 The environmentally benign nature of CO2 is known as a result of high bonding 

stability in its molecule. CO2 has a symmetrical molecular structure without a lone 

pair on the central atom. Thus, it is a good solvent for hydrocarbons and non-polar 

solids with low molecular weight, but a poor solvent for polar and most high 

molecular weight compounds (Hyatt, 1984). The solubility of a compound in SC-CO2 

strongly depends on the chemical groups available in the compound molecules, e.g. 

aromatic hydrocarbons, phenols, aromatic carboxylic acids, pyrones and lipids 

(Werling and Debenedetti, 1999). As the number of carbon atoms increases and 

following the introduction of polar functional groups, the solubility decreases 

dramatically with pressure up to 40 MPa. This feature provides the possibilities for 

fractionating extraction of complex carbon compounds. An excellent summary on the 

solvent behavior of SC-CO2 has been given by Stahl et al. (1980):  

 Hydrocarbons and other typically lipophilic organic compounds of 

relatively low polarity, e.g. esters, ethers, lactones and epoxides, are 

dissoluble in the lower pressure range, i.e. 7-10 MPa. 

 The introduction of strongly polar functional groups (e.g. -OH, -COOH) 

decreases solubility. In the range of benzene derivatives, substances with 

three phenolic hydroxyls are still soluble, as are compounds with one 
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carboxyl and two hydroxyl groups. Substances in this range that decreases 

solubility are those with one carboxyl and three or more hydroxyl groups.  

 More strongly polar substances, e.g. sugars and amino acids, are not 

soluble in the range up to 40 MPa. 

 Fractionation occurs in the pressure gradient when there are greater 

differences in the commencement of boiling or sublimation, i.e. in the 

volatility, and/or marked differences in the polarity of the substances 

(dielectric constant value). The fractionation effects are most marked in 

the range where there is a sharp rise in the density and dielectric constant 

of fluid carbon dioxide.  

 It is commonly accepted that adding small amounts of polar compounds (called 

cosolvents, entrainers or modifiers) to CO2 can enhance the solubility of polar and 

non-polar solutes in SC-CO2. Water and short-chain alcohols are usually the most 

acceptable cosolvents in industrial practice.  Some reviews of solid solubilities in SC-

CO2 have been published by several research groups (Hyatt, 1984; Gupta and Shim, 

2007). 

 

1.3  Solubility of Polymers in SC-CO2 

 The knowledge of polymer solubility in SC-CO2 is crucial for the success of a 

polymer-SC-CO2 process. The solubility represents the amount of the polymer that 

can be dissolved in the SC-CO2 at equilibrium conditions. Comprehensive attention is 

paid to where the polymer is dissolved in SC-CO2 in order to define the processing 

window.  
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 1.3.1 Thermodynamic Fundamentals of Polymer-SC-CO2 mixtures  

 The fundamental principles of molecular and classical thermodynamics can be 

used to provide a theoretical approach to model the thermodynamic properties and the 

solubility behavior of polymer-SC-CO2 mixtures. In addition, they provide a rational 

methodology for choosing cosolvents to enhance the polymer solubility in SC-CO2 

and to reduce pressure and temperature thresholds for obtaining a homogeneous phase 

between the components. 

 For a binary mixture of CO2 in contact with a polymer, the Gibbs free energy 

 mixG  is given by: 

 

 mix mix mixG H T S           (1.1) 

 

where mixH  and mixS  are the change of enthalpy and entropy, respectively, on 

mixing. To form a stable solution of the polymer in SC-CO2 at a given temperature 

and pressure, the Gibbs free energy must be negative and minimum (Prausnitz et al., 

1986). Enthalpic interactions strongly depend on the mixture density and on the 

polymer-polymer, CO2-CO2 and polymer-CO2 interaction energies. mixS  depends on 

both the combinatorial entropy of mixing and the non-combinatorial contribution 

associated with the volume change on mixing. The combinatorial entropy always 

favors the mixing. Alternatively, the non-combinatorial contribution can have a 

negative impact on the mixing if the polymer-polymer interactions are very strong 

(Patterson, 1982). 
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 At the supercritical conditions, the change in the internal energy on mixing 

 mixU  can give a reasonable approximation to the change of the enthalpy of mixing, 

which is shown in Equation (1.2):  

 

 

2

,

2
mix mix i j ij ij

i jB

H U x x g d
k T


          (1.2) 

 

where subscripts i and j refer to the polymer and the CO2 components, xi and xj are 

mole fractions of the components, ij  is the intermolecular pair-potential energy of 

the components, the electrostatic attractive part of the potential energy between the 

molecules, which is a function of temperature ( )T  and the intermolecular radius, the 

distance between molecules of the components, ( ) ,   is the solution density, which 

is a function of temperature and pressure, ijg  is the radial distribution function, which 

is dependent of  ,   and T , and kB is the Boltzmann constant (Lee, 1988).  

 In general, a polymer chain can be understood as several repeating units 

connected to one another. Thus, the solution of polymer in SC-CO2 should not be 

characterized by a mixture of repeating units of the polymer randomly distributed 

among the CO2 molecules. Since a high value of enthalpy of mixing indicates a strong 

interaction between the solute and the solvent molecules, and thus a high solubility of 

the solute in the solvent, some important information on the solubility behavior of the 

polymer in SC-CO2 are derived from the interpretation of Equation (1.2): 

 The solubility of the polymer in SC-CO2 can be considered roughly 

proportional to its density. 
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 An enhancement of the polymer solubility can be achieved by an 

increase in density through increasing the solution pressure. 

 Increasing the density by an addition of a dense liquid cosolvent to SC-

CO2 also can result in enhanced polymer solubility. 

  The dissolution of the polymer in a SCF solvent is essential to satisfy the 

energetic criteria. It is required that the polymer-solvent interactions predominate over 

the polymer-polymer and the solvent-solvent interactions. The disparity in the 

interaction energies between the components in the solution can be overcome partly 

by hydrostatic pressure. A useful parameter to describe the balance of the interaction 

energies is the interchange energy   , which is defined as following equation: 

 

 
1
2ij ii jjz

 
     

 
      (1.3) 

 

where z  is the number of different pairs in the solution and   is the intermolecular 

pair-potential energy. By making assumption of freely tumbling small molecules in 

the solution,   is given roughly by: 

 

 

2 2 2 2
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  (1.4) 
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where , , Q   are the polarizability, dipole moment, and quadrupole moment of the 

components, and C1, C2, C3, C4 and C5 are constants. As indicated in Equation (1.2), 

the enthalpy of mixing is a directly proportional function of the intermolecular pair-

potential energy. Thus, the interpretation of Equation (1.4) can give some additional 

information on the solubility behavior of the polymer in SC-CO2 system: 

 The first term on the right of the equation accounts for non-polar 

dispersion interactions, which depend only on the polarizability of the 

polymer and CO2, not on temperature. CO2 is therefore not expected to 

be a good solvent at high operating temperatures. 

 Due to the symmetry of its molecular structure, CO2 has no dipole 

moment, but a substantial quadrupole moment ( 26 1/2 5/24.3 10 erg cm
  ). 

The second and the third to fifth terms represent dipolar interactions 

and quadrupolar interactions, respectively, which are inversely 

proportional to temperature. At high temperatures, the second term 

cancels out; which means any polar molecules behave as non-polar 

molecules. If the temperature is sufficiently high, the CO2-CO2 

quadrupolar interactions can be considered negligible relative to the 

polemer-CO2 non-polar dispersion interactions. Consequently, it may 

be possible to dissolve non-polar polymers in SC-CO2 at elevated 

temperatures. 

 The dipolar interactions usually predominate over the quadrupolar 

interactions, especially at low temperatures where polar interactions 

are the most dominant. Thus, most polar polymers are dissolved very 

limitedly in SC-CO2.  
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 The complex formation is associated with specific interactions such as 

formation of hydrogen bonds and complexes. With a small dielectric 

constant, CO2 has a low capability to form a hydrogen bond. However, 

CO2 still can form weak acceptor-donor complexes. For example, 

when a polymer containing carbonyl groups is in contact with CO2, 

the carbonyl oxygen atom acts as an electron donor and the carbon 

atom of CO2 acts as an electron acceptor. The strength of such 

interactions is known to be very sensitive to temperature. 

 In addition, there are some other observations concerning the polymer solubility 

in SC-CO2. These observations are general and apply also to liquid solvents: 

 The polymer solubility in a given solvent depends on difference in the 

free volume between the polymer and the solvent (Patterson, 1982). 

For this reason, polymers with a high free volume fraction such as 

glassy and highly branched polymers tend to be favorable for 

dissolving in CO2.  

 The polymer solubility in SC-CO2 drops to near zero at temperatures 

below the melting temperature (Sun, 2002). 

 The polymer solubility varies significantly with the molecular weight 

of polymer. The impact of molecular weight falls off sharply as the 

molecular weight increases above 100 kDa (Sun, 2002). 

 

 1.3.2 Literature Review 

 Over the past two decades, the solubilities of various polymers in SC-CO2 have 

been measured extensively. The solubility data derived from these polymer-CO2 
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systems have been reported in the literatures (Lucien and Foster, 2000). Though SC-

CO2 is quite soluble in many polymers, it is rather a feeble solvent for polar and high 

molecular weight polymers (Tom et al., 1994; Lucien and Foster, 2000). Amorphous 

fluoropolymers and silicones are very few examples of polymers in this group that 

have shown a good solubility in pure SC-CO2 under readily achievable conditions 

(DeSimone et al., 1992; Hoefling et al., 1993; O’Neill et al., 1998). In general, an 

increase in pressure increases the solubility of a solute in a gas solvent as a result of 

variation in the gas density. The same law is true and applicable also to a polymer and 

CO2. This means unrealistically high pressures are needed to dissolve the polar and 

high molecular weight polymers. In this respect, from the economic point of view the 

high pressure may represent a potential problem, since in the short term it translates 

into increased capital equipment costs and in the longer term contributes to operating 

costs and to overall energy consumption (Perrut, 2000). 

 However, studies in the molecular level of polymers with SC-CO2 have shown 

that not only the solubility of a polymer in SC-CO2 depends on the CO2 pressure, but 

also varies from one polymer to another depending on the specific intermolecular 

interaction between CO2 and the chemical groups available in the polymer molecules. 

Due to the symmetry of the molecular structure and the lack of a lone pair on the 

central atom, CO2 (O=C=O) has no dipole moment, but a substantial quadrupole 

moment and Lewis acidity. This is a reason why relatively volatile polar compounds, 

such as methanol, DMSO and ethanol, are miscible with SC-CO2 (Jennings et al., 

1991; Mchugh and Krukonis, 1994). The Lewis acidity in CO2 results from the 

electro-positivity of the carbon atom due to deficiency of electron density compared 

to the oxygen atom. Thus the electron acceptor-donor interaction is presented when 
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CO2 is in contact with a polymer containing Lewis base site. The quadrupole moment 

and Lewis acidity have been suggested as being at least partially responsible for the 

polymer solubility in SC-CO2 (Kazarian et al., 1996; Brantley et al., 1999; Kazarian 

and Andrew Chan, 2003). 

 The study of multicomponent systems is also important for the processing of 

high molecular weight polymers with SC-CO2. It is well known that the addition of a 

chemical modifier, or cosolvent, to SC-CO2 often leads to an enhancement in the 

solubility of a polymer. Compared to binary systems (a polymer in contact with SC-

CO2), effects of cosolvent on the solubility enhancement in excess of 10 could be 

achieved from the corresponding ternary systems (a polymer, SC-CO2 and a 

cosolvent) due to improved intermolecular interactions between the components in the 

SCF phase (Dobbs et al., 1986; Dobbs et al., 1987; Gurdial et al., 1993; Ting et al., 

1993). In the ternary systems, each component behaves like a cosolvent to each other, 

i.e. the higher the cosolvent concentration, the greater the solubility enhancement of a 

component. The less soluble component would be enhanced more significantly by a 

greater cosolvent effect of the other component. This suggests that the polymer 

solubility in a polymer/SC-CO2/cosolvent system will increase proportionally to the 

cosolvent concentration. This phenomenon has been observed in a number of studies 

(Dobbs and Johnston, 1987; Gurdial et al., 1993; Mishima et al., 1998; Mishima et al., 

1999; Chafer et al., 2004). Short-chain alcohols, e.g. methanol and ethanol, and 

acetone are usually the most acceptable cosolvents for SC-CO2 in industrial practice.  

Polymer solubilities in SC-CO2 with or without cosolvent have been reviewed by 

Bartle et al. (1991) and Gupta and Shim (2007). 
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1.4 SC-CO2 Plasticization of Polymers 

 SC-CO2 can be considered a potential plasticizer due to its ability to reduce 

density and increase diffusivity of polymers (Tomasko et al., 2003). In the presence of 

SC-CO2, amorphous polymers can take up a significant quantity of CO2 causing a 

considerable reduction in the density and viscosity of the polymers (Goel and 

Beckman, 1993). 

 Amorphous polymers behave differently to semi-crystalline polymers. At near 

critical conditions, amorphous polymers absorb CO2 to a greater extent than semi-

crystalline polymers and a greater amount of plasticization is found to occur. This is 

because CO2 is absorbed only into amorphous regions and not crystalline regions 

(Goodship and Ogur, 2004). As the concentration of CO2 increases, sorption and 

swelling in amorphous polymers (or amorphous regions of semi-crystalline polymers) 

can cause a phase transition from glass to liquid, in corresponding to a significant 

reduction in the glass transition temperature of the polymers. The CO2 concentrations 

in the range of 10 to 30 wt.% by can be absorbed by the polymers. Treatment of the 

polymers with CO2 at concentrations of 8 to 10% can depress a glass transition 

temperature of 80°C to below room temperature. The amount of absorption can be 

increased by increases in temperature and pressure of CO2. Plasticization of the 

polymer also causes an increase in crystallinity, which results in an increase in the 

melting temperature and induces changes in mechanical properties of the polymers, 

e.g. elastic modulus and creep properties (Goodship and Ogur, 2004). 

 Numerous recent studies have demonstrated the effectiveness of applying SC-

CO2 in the plasticization of various polymers (Bortner and Baird, 2002; Lan and 

Tseng, 2002; Areerat et al., 2002). Due to the small (cluster) size of SC-CO2, the 
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polymers can be more easily penetrated with SC-CO2 than do larger liquid solvents. 

This property allows a controlled rapid sorption of SC-CO2 through the adjustment of 

temperature and pressure, which is very useful for applications such as polymer 

fractionation and purification, impregnation and extraction of impurities, membrane 

conditioning, polymerization reactions and production of particles, foams, gels and 

fibres. 

 

1.5 Particle Production from SC-CO2 

 Production of small size particles with desired properties is the objective of 

many industries. In most cases, the requirement of small particle size is accompanied 

by the desirability of particle size distribution that is as narrow as possible. In the 

pharmaceutical industry, particles of micrometer and sub-micrometer size with 

precisely controlled particle size are beneficial for use in formulations administered 

by various routes including the parenteral, inhalation, and oral modes.  

 Conventional methods for particle production used in the pharmaceutical 

industry include mechanical techniques and equilibrium controlled techniques. The 

mechanical methods are milling and grinding, which mostly are carried out by ball 

milling. The equilibrium controlled methods are recrystallization, or precipitation 

from solution, which can be carried out by using the temperature dependency of 

solubility (e.g. spray drying) or using an anti-solvent to decrease the solubility. These 

methods suffer from limitations in producing a desirable end product (York et al., 

2004): 

 Milling and grinding results in 10 to 50 µm particles with large 

particle size distribution. In addition, these methods are not suitable 
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for thermally instable and low glass transition temperature compounds 

due to the frictional heat generated during the processes that are likely 

to modify or even damage the product. 

 Spray drying results in particles of micrometer or sub-micrometer size, 

but it exposes the product to locally high temperature.  

 Recrystallization from solution by anti-solvent methods does not allow 

precise control of the particle size and results in high content of 

residual organic solvent, which must be removed.  

 Therefore, it is necessary in the pharmaceutical industry to look for alternative 

technologies, which provide micro- and submicron-size particles with a narrow 

particle size distribution using as small as possible quantity of organic or VOC/CFC-

based solvent.  

The use of near critical or SCF solvents for recrystallization have been shown 

to be an attractive alternative to overcome these limitations. Recrystallization from 

supercritical fluid is similar to the conventional recrystallization, where the crystals 

(particles) are obtained by slowly cooling down a saturated solution according to an 

optimum cooling protocol. Since high pressure is required for a SCF solvent, 

therefore not only temperature but also pressure can be used to trigger nucleation and 

growth of the crystals (particle formation). By this method, it is possible to improve 

particle characteristics such as size, size distribution, crystal form and morphology. 

In the last decade, a number of researches on particle production using SCFs 

have been reported. Various methods already exist that use SCFs as a solvent or anti-

solvent. These methods have been well described in the literature (Jung and Perrut, 

2001) and can be categorized into three main groups: 
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 SCF as solvent: Rapid Expansion of Supercritical Solution (RESS).  

 SCF as anti-solvent: Gas Anti-Solvent (GAS), Supercritical Anti-

Solvent (SAS), and Solution Enhanced Dispersion by Supercritical 

Fluid (SEDS)  

 SCF as solute or plasticizer: Particle from Gas-Saturated Solutions 

(PGSS) 

 

 1.5.1 Rapid Expansion of Supercritical Solutions (RESS) 

 This process is also known as Supercritical Fluid Nucleation (SFN) (Vasukumar 

and Bansal, 2003). RESS is based on crystallization of a solute in order to facilitate 

the particle production. In this process, the solute is dissolved in a SCF solvent and 

the resulting solution is expanded through a restrictor or an orifice. The resulting 

pressure drop causes the solvent power (density) of the SCF solvent to decrease 

rapidly, leading to large supersaturations and hence precipitation of the solute. It is 

possible to obtain very small and mono-disperse particles because the pressure 

variation is very rapid and travels at the speed of sound, leading to uniform conditions 

within the expanding solution.  

 Figure 1.4 represents a schematic illustration of the RESS process, which is 

operated as follows. CO2 is pressurized and heated to attain the supercritical 

conditions needed for the process and passed through an extractor loaded with a 

solute in order to form a stable solution. Following this, the solution is allowed to 

expand in the expansion chamber by means of a nozzle with a typical inner diameter 

of 50 to 100 µm. The expansion chamber is generally at or near atmospheric pressure. 

The rapid depressurization leads to precipitation of the solute caused by the lowering 
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of the solvent power of CO2 and therefore particles are formed. Along with the 

depressurization, the solution experiences a large temperature drop as well. An 

acceptable assumption is to consider that the depressurization is an isenthalpic process 

provided the variation of kinetic energy can be neglected (Wang et al., 2001). As a 

result, the nozzle must be heated to prevent clogging by freezing of CO2 and the 

solute precipitation. After the depressurization, CO2 turns into the gas phase and is 

purged out of the expansion chamber. A frit filter is placed at the exit of the expansion 

chamber to keep the particles formed in the expansion chamber. 

 

 

 

Figure 1.4  A schematic illustration of rapid expansion of supercritical solution 

(RESS) process. 

 

 The particle size and particle size distribution of the precipitated solute is a 

function of its pre-expansion solubility and expansion conditions. The pre-expansion 

solubility depends on the nature of the SCF solvent and the solute, operating pressure 

and temperature. The higher the pre-expansion solubility, the smaller the particles will 
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be and the narrower the particle size range (Vasukumar and Bansal, 2003). Recently, 

particle production by the RESS process has been reported with particle size of 

nanometers (Young et al., 2000; Turk et al., 2002) and in most cases micrometers and 

submicrometers (Berends et al., 1993; Reverchon et al., 1993; Turk, 1999; Domingo 

et al., 1999; Helfgen et al., 2000; Charoenchaitrakool et al., 2000), see Table 1.4. 

 

Table 1.4  RESS experiments for selected materials 

 

Materials 

 

Solvent + 

Cosolvent 

 

Pressure 

(MPa) 

 

Temperature 

(K) 

 

Particle size 

(µm) 

 

 

 

Reference 

 

Pharmaceuticals: 

Benzoic acid 

Β-Carotene 

Caffeine 

Cholesterol 

Cyclosporine 

Flavone 

Ibuprofen 

Nabumetone 

Phenatrene 

Salicylic acid 

Polymers: 

PGA 

PLLA 

PLLA 

PMMA 

 

 

CO2 

C2H4 + toluene 

CO2 

CO2 

CO2 

CO2 + EtOH 

CO2 

CO2 

CO2 

CO2 

 

CO2 

CO2 + acetone 

CO2 + HCFC 

CO2 + EtOH 

 

 

16-28 

31 

15 

20-30 

345 

25 

13-19 

4 

16-20 

16-20 

 

- 

- 

- 

- 

 

 

308-338 

343 

369-383 

353-422 

333 

308 

308 

323 

373-403 

373-403 

 

- 

- 

- 

- 

 

 

1-2 

0.3-20 

3-5 

< 0.35 

0.02-0.09 

1-5 

< 2 

0.02 

2-8 

1-5 

 

10-20 

4-25 

1-2 

1.5-1.8 

 

 

Berends et al., 1993 

Chang and Randolph, 1989 

Subra et al., 1998 

Turk, 1999 

Young et al., 2000 

Mishima et al., 1997 

Chareontrakool et al., 2000 

Merrifiel and Valder, 2000 

Domingo et al., 1999 

Domingo et al., 1997 

 

Tom and Debenedetti, 1991 

Tom and Debenedetti, 1991 

Tom et al., 1994 

Matsuyama et al., 2001 

 

 

 While most of the studies on particle production by RESS process employed 

expansion into ambient or CO2 atmosphere, some of the studies employed expansion 

into water (Pace et al., 1999; Young et al., 2000) suggesting that the RESS process is 

applicable to water-insoluble drugs. In these processes, a surfactant is added to avoid 

agglomeration and flocculation in order to stabilize the precipitated small particles 

(Yong et al., 2000). 
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 The RESS process relies on the solvent properties of SC-CO2. This process will 

be mainly efficient for compounds which are fairly soluble in SC-CO2. For this 

reason, a preliminary study on the solubility of the compounds with pressure and 

temperature is necessary. For pharmaceutical processing, the RESS process has 

limited its use due to very low solubility of most pharmaceutical compounds (drugs, 

proteins and biodegradable polymers) in SC-CO2 (York et al., 2004). In other words, 

the solute has to be able to dissolve in the SC-CO2 at appreciable amounts in order to 

be viable for manufacturing (Debenedetti et al., 1993). A reasonable assumption for 

the production rate of pharmaceuticals would be around 10-230 g/h (Thiering et al., 

2001). This quantity usually makes the RESS process unprofitable since typical 

pharmaceuticals (such as acetaminophen, for example) is only soluble up to 0.005486 

kg/m3 in SC-CO2 with a density of 854.07 kg/m3. To overcome this limitation, it is 

necessary in most cases to use harmful organic cosolvents in order to enhance the 

solubility of the target pharmaceuticals. This is primarily because the solvent power 

of SC-CO2 is strongly dependent on its density, which can be adjusted by small 

variations of pressure and temperature as well as by addition of small amount of dense 

liquids (Smith et al., 1987; Ikushima et al., 1991; Taylor, 1996). However, such an 

addition makes the RESS process less favorable, since it loses its main advantage of 

being process free of organic solvent. 

 The benefit of RESS process is that it is fairly simple and requires only the use 

of one capillary nozzle for the expansion process. It is also possible to produce to 

encapsulate a drug in a biocompatible polymer in order to obtain a controlled-release 

system of the drug. Both materials (the drug and the polymer) must be dissolved in a 

SCF solvent. Products in the form of polymer-encapsulated drug particles or 
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composite particles of the drug and the polymer can be obtained depending on the 

relative solubility of the two materials in the SCF solvent (Debenedetti et al., 1993; 

Kim et al., 1996). A number of different models of the RESS process have been 

reported for encapsulations of drug and coatings of particles with a polymer (Young 

et al., 2000; Mishima et al., 2000; Chernyak et al., 2001; Franklin et al., 2001; 

Montero et al., 2001; Henon et al., 2002; Matsuyama et al., 2003; Tsutsumi et al., 

2003). 

 

 1.5.2 Anti-Solvent Techniques 

 The basic principle of these techniques is to allow a solution of a solute in a 

primary solvent to contact SC-CO2. The simultaneous transfers of CO2 and the 

primary solvent from one phase to the other lead to supersaturation and the 

precipitation of the solute. Solids of compounds that are insoluble in SCF solvents can 

be recrystallized by means of this approach. 

 The anti-solvent techniques may be divided into three processes:  

 Gas Anti-Solvent (GAS) 

 Supercritical Anti-Solvent (SAS) 

 Solution Enhanced Dispersion by Supercritical Fluid (SEDS) 

 

 Gas Anti-Solvent (GAS)  

 The gas anti-solvent (GAS) process uses a dense gas such as CO2 as an anti-

solvent to precipitate out a solute from a solution. For the success of this process, CO2 

needs to be significantly miscible with the solvent and the solute needs to be insoluble 

with CO2 at the operating pressure and temperature. Figure 1.5 represents a schematic 
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view of the GAS process. Initially, the solution is loaded into a precipitator vessel at a 

certain temperature. The rapid injection of compressed CO2 into the vessel mixes with 

the solution and causes a volumetric expansion of the system. Consequently, the 

density of the solution and the solvent power of the solvent are reduced. Due to the 

rapid mass transfer between the compressed CO2 and the solvent, the mixing is very 

fast and results in precipitation of small and uniform particles. 

  

 

 

Figure 1.5  A schematic illustration of the gas anti-solvent (GAS) process 

 

 The GAS process has been shown to maintain the biomolecular activity of 

proteins, which means that the process is suitable for sensitive biomolecules (Winters 

et al., 1999; Thiering et al., 2001). It is more adaptable than the RESS process since it 

does not rely on the solubility of the target compound in compressed CO2. Particle 

productions of various drug and polymer compounds that are not soluble significantly 

in pure CO2 have been demonstrated with the GAS process (Randolph et al., 1993; 
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Thiering et al., 2000; Berends et al., 1996; Fusaro et al., 2004; Cocero and Ferrero, 

2002). A few attempts have been made to encapsulate drugs in biodegradable 

polymers using GAS processes because of the difficulty in controlling the time scales 

of precipitation of the drugs and the polymers (Elvassore et al., 2001; Koushik and 

Kompella, 2004). Table 1.5 summarizes GAS experiments found in literatures. 

 

Table 1.5  GAS experiments for selected materials 

 

Materials 
 

Solvent 

 

Pressure 

(MPa) 

 

Temperature 

(K) 

 

Particle size 

(µm) 

 

 

 

Reference 

 

Pharmaceuticals: 

ACP 

Carbamezepine 

Cholesterol 

Cu2(indomethacin) 

ρ-HBA 

HYAFF-11 

Insulin 

Lysozyme 

Myglobin 

Paracetamol 

Sulfothiazole 

Drug 

Polymers: 

PLLA 

PMMA 

 

 

DMSO 

Acetone 

Acetone 

DMF 

Methanol 

DMSO 

EtOH 

DMSO 

DMSO 

Acetone 

EtOH 

EtOH 

 

DCM 

Acetone 

 

 

0.8-1.2 

0.7 

- 

0.58 

- 

1 

- 

- 

- 

- 

0.55-0.58 

- 

 

- 

- 

 

 

298-333 

313 

- 

298-313 

298-318 

308-323 

- 

- 

- 

- 

298 

278-323 

 

- 

- 

 

 

0.1-1 

31 

> 50 

15 

1 

0.35 

0.05-0.03 

0.05-0.2 

0.03-0.4 

90-250 

1500-4000 

0.24-10 

 

0.5-3 

- 

 

 

Pallado et al., 2001 

Moneghini et al., 2001 

Liu et al., 2002 

Warwick et al., 2000 

Thiering et al., 1998 

Bertucco et al., 1996 

Thiering et al., 2000 

Thiering et al., 2000 

Thiering et al., 2000 

Fusaro et al., 2005 

Kitamura et al., 1997 

Muller et al., 2000 

 

Randolph et al., 1993 

 Coenen et al., 2003 

 

 

 Compared to the RESS process, the main advantages of the GAS process are 

(York et al., 2004):  

 Lower pressure levels. Most applications reported involve pressures 

less than 10 MPa. 

 Wider range of compounds that can be processed, especially including 

many polar pharmaceutical compounds that cannot be processed by 

RESS. 
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 Greater number of process parameters to control particle size and 

morphology. 

 On the other hand, the disadvantages of the GAS process in comparison to the 

RESS process are (York et al., 2004):  

 The use of a primary organic solvent can result in a small amount of 

residual solvent remaining in the final product, which can be a serious 

concern in pharmaceutical processing. 

 The continuous addition of a compressed gas can result in wider 

particle size distribution due to variations of supersaturation ratio in 

the expanded solution. 

 Lower levels of supersaturation ratio are reached in the GASS process; 

therefore particles obtained from the GAS process are generally larger 

than those obtained from the RESS process. 

 Since particles are formed in a liquid phase, an additional step of 

drying is required with an appreciable time in order to purge out the 

liquid solvent. 

 Scaling up of the GAS process is not an easy task since the pressure 

conditions are temporary. 

 

 Supercritical Anti-Solvent (SAS) 

 SAS is also known as aerosol solvent extraction system (ASES) or precipitation 

with compressed anti-solvent (PCA). This process is a semi-continuous process in 

which a specially designed nozzle is used to spray a solution with a product into SC-

CO2 in a pressurized vessel. The solution is dispersed into the SC-CO2 to improve 
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mixing and enhance mass transfer. A schematic diagram of the SAS process is shown 

in Figure 1.6. 

 Similar to the GAS process, the CO2 needs to be miscible with the solvent in 

order to precipitate the product. To have the ability to control the particle size and 

morphology, the dispersion of the solution into SC-CO2 to induce particle 

precipitation must be in a controlled-fashion. For this reason, different nozzle 

configurations have been designed as well as addition of ultrasound vibration at the 

nozzle tip to enhance the mixing and diffusion of CO2 into the solution (Subramaniam 

et al., 1997; Jarmer et al., 2003; Chattopadhyay and Gupta, 2001). It is also possible 

to mix CO2 and the solution inside a small volume before spraying into the 

pressurized vessel. The ease of changing the system configuration to adjust the 

particle characteristics makes the SAS process very attractive. 

 

 

 

Figure 1.6  A schematic illustration of the supercritical anti-solvent (SAS) process. 
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Table 1.6  SAS experiments for selected materials 

 

Materials 
 

Solvent 

 

Pressure 

(MPa) 

 

Temperature 

(K) 

 

Particle size 

(µm) 

 

 

 

Reference 

 

Pharmaceuticals: 

Amoxyllin 

Cholesterol 

Insulin 

Lysozyme 

 Sulfathiazole 

Tetracycline 

Trypsin 

Polymers: 

Dextran 

HPMA 

HYAFF-11 

PLLA 

 

 

NMP 

DCM 

DMSO 

DMSO 

Acetone 

NMP 

DMSO 

 

DMSO 

DMSO 

DMSO 

DCM 

 

 

- 

- 

- 

- 

- 

- 

- 

 

- 

- 

- 

- 

 

 

- 

- 

- 

- 

- 

- 

- 

 

- 

- 

- 

- 

 

 

0.2-12 

1-15 

1-5 

1-5 

> 750 

0.15-0.8 

1-5 

 

0.125-0.15 

0.1-0.2 

15-20 

1-2 

 

 

Reverchon et al., 2000 

Domingo et al., 1997 

Winters et al., 1996 

Winters et al., 1996 

 Yeo et al., 2003 

Reverchon et al., 1999 

Winters et al., 1996 

 

Reverchon et al., 2000 

Reverchon et al., 2000 

Benedetti et al., 1997 

Reverchon et al., 2000 

 

 

 In comparison to the GAS process, the SAS process seems to be better in 

producing particles due to the following advantages:  

 Smaller and more uniform particles are obtained in the SAS process, 

as a result of improved mixing between CO2 and the solution (Jung 

and Perrut, 2001; Thiering et al., 2001; Fusaro et al., 2005). 

 The SAS process is an attractive manufacturing process due to its 

semi-continuous nature that allows for large production rates of 

product without stopping the system.  

 Since the solvent is constantly extracted and removed from the vessel 

during the process, the SAS process does not require more time 

consuming drying associated with the GAS process (Thiering et al., 

2001).  
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 Less agglomeration of the precipitated particles can be obtained by the 

SAS process due to less amount of the solvent presented inside the 

vessel during the process. 

 Compared to conventional organic-solvent based processes, both GAS and SAS 

processes are milder for processing drugs in preventing drug degradation and loss of 

activity for biomolecules (Winters et al., 1996). 

 The SAS process has been used in processing different materials including 

pigment powders (Hong et al., 2000), semiconductor precursors (Reverchon et al., 

1998), and inorganic crystals (Yeo et al., 2000). Particle designs with the SAS process 

have been widely studied for many pharmaceutical compounds with varying results in 

particle size and morphology (Wubbolts et al., 1999; Reverchon et al., 2000; 

Reverchon et al., 2002; Subra et al., 2005; Bustami et al., 2000). A particular focus for 

single component precipitation is in controlling polymer morphology and shape for 

use in controlled release applications (Reverchon et al., 1999; Reverchon et al., 2000; 

Pérez de Diego et al., 2005). Encapsulations of drug with a polymer have been 

demonstrated possible by changing the nozzle design or by adding multiple injection 

nozzles (Bleich and Mueller, 1996; Young et al., 1999; Elvassore et al., 2001). 

Examples of pharmaceuticals materials successfully treated with the SAS process are 

listed in Table 1.6. 

 

 Solution Enhanced Dispersion by Supercritical Fluids (SEDS) 

 The SEDS process is based on the idea of the SAS process. With a change in the 

nozzle design, the mixing of the solution is enhanced, which allows for better control 

in forming particles. Similar to the SAS process, the material of interest does not need 
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to be dissolved in SC-CO2 and the solvent can be purged out continuously during the 

process. The nozzle is designed utilizing the geometry of a coaxial tube to 

simultaneously deliver the solution and SC-CO2. Figure 1.7 shows an example 

configuration of the nozzle used in SEDS process (Chang, 2006). 

 Prior to spraying the solution (solvent + material of interest) into the pressurized 

vessel through the nozzle, the solution mixes rapidly with SC-CO2 by means of the 

coaxial tube in a small volume area called the mixing length (Li). The mixing is 

enhanced within the mixing length and simultaneously particles are precipitated from 

the solution just before spraying into the vessel. Such a design makes it possible for 

better control of process parameters such as pressure, temperature and flow rate inside 

the small mixing area (Hanna and York, 1994; Hanna and York, 1995). 

  

 

 

Figure 1.7  A schematic view of typical coaxial tube nozzle used in SEDS process 

(Chang, 2006) 
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 The SEDS process is similar to other anti-solvent processes that its operating 

conditions are mild and suitable for processing sensitive pharmaceutical compounds. 

The process is also versatile due to the benefit that the coaxial tube can be arranged in 

different configurations for controlling for particle formations or encapsulations 

(Ghaderi et al., 2000; Tu et al., 2002). By varying process parameters such as 

pressure, temperature, flow rate and solubility of the solution, controlled particle size 

and morphology of the product can be obtained for many drugs and polymers 

(Ghaderi et al., 1999; Ghaderi et al., 2000; Rehman et al., 2001; Velaga et al., 2002). 

Examples are given in Table 1.7.  

 

Table 1.7  SEDS experiments for selected materials 

 

Materials 
 

Solvent 

 

Pressure 

(MPa) 

 

Temperature 

(K) 

 

Particle size 

(µm) 

 

 

 

Reference 

 

Pharmaceuticals: 

Acetaminophen 

Insulin 

Lactose 

Lysozyme 

 Salmeterol 

Sulfathiazole 

Trypsin 

Polymers: 

PCL 

PLLA 

PLLA 

 

 

EtOH 

Water, EtOH 

MeOH 

EtOH 

Acetone, EtOH 

Acetone, MeOH 

EtOH 

 

Acetone 

Acetone 

EtOH 

 

 

8-25 

- 

15-30 

20 

25-30 

20 

20 

 

- 

- 

- 

 

 

313-353 

- 

323-363 

328 

318-363 

353-393 

328 

 

- 

- 

- 

 

 

5-20 

0.05-0.5 

3-10.5 

0.78 

4-19 

2-20 

1.53 

 

25-85 

7-10 

1.1-3.6 

 

 

Bristow et al., 2001 

Bustami et al., 2000 

Palakodaty et al., 1998 

Sloan et al., 1998 

Hanna and York, 1998 

Kordikowski et al., 2001 

Sloan et al., 1998 

 

Ghaderi et al., 1999 

 Ghaderi et al., 2000 

Chen et al., 2006 

 

 

 1.5.3 Particles from Gas Saturated Solutions (PGSS) 

 In the PGSS process, SCF does not act as either solvent or anti-solvent. This 

process involves dissolving a SCF in molten material, then expanding the solution 

through a nozzle. 
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Figure 1.8  A schematic illustration of the particles from gas saturated solutions 

(PGSS) process 

 

 Unlike the RESS process, the PGSS process takes advantage of a much higher 

solubility of SC-CO2 in molten materials or liquids than that of the materials or 

liquids in the SC-CO2 at same conditions. The material of interest in the form of solid 

must be first melted before the SC-CO2 is added until saturation is reached in the 

solution. In a typical PGSS process, the saturated solution may contain 5 to 50 wt.% 

of SC-CO2 and the temperature is varied 50 K around the normal melting point of the 

material (York et al., 2004). The solution is then allowed to discharge through an 

expansion device under operating conditions that facilitate transition from SC-CO2 to 

CO2 gas and its further separation from precipitated particles. As a result of the CO2 

transition and the Joule–Thomson effect, the particle precipitation is caused by large 

temperature drops to below the melting point of the material. Also note that the 



36 
 

melting point of molten materials is decreased when exposed to compressed fluids 

such as SC-CO2 (Cooper, 2000). 

 Figure 1.8 describes the apparatus for carrying out the PGSS process. After the 

material is melted in a feed vessel, it is delivered into the autoclave where CO2 is fed 

from a storage tank by means of a high pressure pump. The liquid phase of the molten 

material is allowed to saturate with CO2 at supercritical conditions, then sprayed into 

an expansion vessel through a suitable device (e.g. nozzle, capillary tube and orifice). 

It causes a supersaturation of CO2 and an intense expansion of the nucleated gas 

bubbles leads to explosion of the molten material into fine particles. The particles are 

formed due to solidification by the cooling effect of the expanded gas. 

 The PGSS process has a number of advantages over other SCF-based particle 

production processes as followings (York et al., 2004):  

 The operating pressure is considerably lower than in the RESS 

process, but of the same order of magnitude or higher than in the 

antisolvent processes. 

 The size of apparatus for carrying out the PGSS process is smaller due 

to smaller amounts of CO2 is required. 

 The PGSS process requires no use of additional solvent, thus no 

residual solvent remains in the product. This feature makes the PGSS 

process favorable for processing pharmaceutical compounds. 

 The PGSS process can be carried out in continuous operations, while 

the anti-solvent processes are operated in discontinuous or semi-

continuous mode. 
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 For processing with polymers, the PGSS process allows operation at 

low temperature. The polymers can be melted at a temperature much 

lower than their normal melting or glass transition temperature. 

 The versatility of the PGSS process makes it possible to form 

microspheres by means of suspensions of active molecules in a 

polymer or other carrier substances. 

 The concept of the PGSS process is simple, since the target materials 

do not have to be soluble in the SC-CO2. This feature favors the 

application of the PGSS process to various types of product. Polymers 

and sticky materials can be treated advantageously by the PGSS 

process. 

 The PGSS process has some drawbacks as well due to the following limitations 

(York et al., 2004):  

 The particle size and particle size distribution cannot be easily 

controlled. 

 For highly thermally sensitive materials, the operating temperature 

required to melt the materials may be so high that the materials may be 

damaged. Some pharmaceuticals may decompose before melting. 

 However, the balance between advantages and drawbacks of the PGSS 

process seems to be positive. Unlike the anti-solvent processes which mostly are still 

under development, the PGSS process has been patented (Mandel et al., 1996; 

Weidner et al., 2000) and is already used on industrial scale with capacities of some 

hundred kilograms per hour (York et al., 2004).  
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Table 1.8  PGSS experiments for selected materials 

 

Materials 
 

Solvent 

 

Pressure 

(MPa) 

 

Temperature 

(K) 

 

Particle size 

(µm) 

 

 

 

Reference 

 

Pharmaceuticals: 

Cyclosporine A 

Drug-PLGA 

Felodipine 

Fenofibrate 

Nifedipine 

Nifedipine 

Nifedipine 

Polymers: 

Catalase 

PEG 

PLGA 

 

 

CO2 

CO2 

CO2 

CO2 

CO2 

CO2 

CO2 

 

CO2 

CO2 

CO2 

 

 

- 

- 

20 

19 

20 

- 

10-20 

 

- 

15-25 

- 

 

 

- 

305 

423 

338-353 

443 

- 

448-463 

 

- 

303-363 

- 

 

 

4.5 

- 

42 

- 

10 

15-30 

> 15 

 

- 

170-500 

- 

 

 

Tandya et al., 2006 

Mandel et al., 2000 

Knez, 2000 

Kerc et al., 1999 

Weidner et al., 2000 

Reverchon et al., 2006 

Sencar-Bozic et al., 1997 

 

Howdle et al., 2001 

Weidner et al., 1996 

Howdle et al., 2001 

 

 

 Some materials of pharmaceutical interest have been treated successfully with 

the PGSS process both in batch and continuous modes, listed in Table 1.8 for 

examples. The batch process has been used to produce powder of poly(ethylene 

glycol) (PEG) (Weidner et al., 1996). Conventional coating systems (e.g. acrylic 

coatings and low-melting polyester coatings) have been developed using a PGSS 

continuous process (Weidner et al., 2001). 

 

 1.5.4 Selection of a SCF Process 

 As has been shown in the discussion above, supercritical fluids offer a wide 

range of techniques to produce ultrafine particles of pharmaceutical materials with 

different particle sizes and morphologies. Several features make them very attractive. 

However, some points, such as particle recovery and process scale-up, need to be 

improved before applying them to industrial practice. Table 1.9 presents a summary 

of these techniques.  
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 Factors affecting a decision on selection of an appropriate SCF process include 

the solubility of the target materials in CO2, the solubility of CO2 in the material, the 

solubility of CO2 in a solvent and the solubility of the material in a solvent. The 

solvent processes such as RESS and PGSS are well-accepted given the first 

preference since they require minimal or no use of organic or VOC/CFC-based 

solvents. There is a major difference between the RESS and PGSS processes in the 

solubility term. In RESS, the target material is dissolved in SC-CO2, while SC-CO2 is 

dissolved in the material in PGSS. With SC-CO2 as solvent, the RESS process is 

applicable only to a limited number of pharmaceutical materials due to low solubility 

of the materials in SC-CO2. In that case, the PGSS process may be a better choice. 

However, it has yet not been tested for different classes of materials and may require 

some modifications. 

 

1.6 Objective of Study 

 1.6.1 To develop a process for coating ultrafine particles with a polymer by 

using SCF technology. The developed process is intended for use in the preparation of 

polymeric drug delivery systems. 

 1.6.2 To investigate the influence of process parameters on the morphology 

and internal structure of the particle products.   

 

1.7 Scope of Study 

 1.7.1  Coating of ultrafine particles with a polymer using SCF technology 

  1.7.1.1 The core particles are: 

   (a) Silica (SiO2) particles with average size of 1.4 µm, and 
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   (b) Titania (TiO2) particles with average size of 70 nm. 

  1.7.1.2 The polymer is poly(D,L-lactic-co-glycolic acid) or PLGA (M.W.  

   = 50,000–75,000; PLA:PGA = 85:15). 

  1.7.1.3 The process is developed on the basis of the RESS process. 

  1.7.1.4 The solvent is supercritical carbon dioxide (SC-CO2). 

  1.7.1.5 The cosolvent is ethanol (C2H5OH, EtOH). 

  1.7.1.6 The maximum extraction pressure is 30 MPa. 

  1.7.1.7  The maximum extraction temperature is 313 K 

  1.7.1.8 The extraction time is 180 min. 

 1.7.2 Influence of process parameters on the morphology and internal 

structure of the particle products 

  1.7.2.1 The core-to-polymer weight ratio is 1-3. 

  1.7.2.2 The nozzle inside diameter is 100-300 µm. 

 1.7.3 Characterization of the particle products 

  1.7.3.1 Scanning Electron Microscopy (SEM) 

  1.7.3.2  Transmission Electron Microscopy (TEM) 

  1.7.3.3 Image-analyzing software (Image-Pro Plus version 3.0; Media 

Cybernetics) 

 

1.8 Expected Benefits 

 1.8.1 Polymer-coated ultrafine particles will be obtained by a RESS process. 

 1.8.2 Comprehension of the mechanism of particle coating in the process. 

 1.8.3 Comprehension of the influence of process parameters on the 

morphology and internal structure of the particle products. 



CHAPTER II 

 
MODELING SOLUBILITY OF POLY(D,L-LACTIC-CO-

GLYCOLIC ACID) IN SUPERCRITICAL CARBON DIOXIDE 

WITH ETHANOL AS COSOLVENT 

 

2.1 Introduction 

 In SCF precipitation processes for particle production, nucleation is a very 

strong function of supersaturation, which depends on solubility. Solubility also can 

have a noticeable effect on precipitation kinetics which, in turn, yields the size and 

morphology of the precipitated products (Shekunov et al., 1999). Depending on the 

aim of the process, either a high solubility or low solubility may be desired. High 

solubility in SC-CO2 is required in a process based on rapid expansion of supercritical 

solution (RESS) technique (Thakur and Gupta 2005). On the other hand, the anti-

solvent processes, such as gas anti-solvent (GAS), supercritical anti-solvent (SAS) 

and solution enhanced dispersion by supercritical fluid (SEDS), require low solubility 

in a mixture of CO2 and organic solvent (Chattopadhyay and Gupta, 2001; 

Chattopadhyay and Gupta, 2002; Thote and Gupta, 2005; Gupta and Kompella, 

2006). In these cases, knowledge of solubility of the target material in SC-CO2 is 

essential both for the initial feasibility study and final process design of a successful 

process. 

 However, the SCF precipitation processes have found their limitations in 

pharmaceutical processing, mostly due to the absent or incomplete knowledge about 

solubility of the material of interest in SC-CO2. To date, there is a relatively little 
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knowledge about the experimental solubilities of most pharmaceutical materials in 

SC-CO2 (Coimbra et al., 2006). The deficiency of experimental data is essentially due 

to several drawbacks in the experimental methods for the solubility measurement.  

 In general, the most common methods for obtaining solubility data in SCF 

solvents are the dynamic flow (or transpiration) and in situ spectroscopic techniques. 

The dynamic flow method often encountered some experimental difficulties in valve 

clogging and sampling of saturated mixture, which resulted in inaccurate data 

measurements (McHugh and Krukonis, 1994). It has been shown that the consistency 

of solubility measurement in the flow method is relatively low when the solubility is 

10-4 mol fraction or lower (Ngo et al., 2001). On the other hand, the in situ 

spectroscopic techniques, including infrared, ultraviolet and fluorescence, require no 

calibration or sampling for measuring the solubility data over a wide range of 

concentrations, as low as 10-6 or 10-7 mol fraction (Ngo et al., 2001).  However, this 

method has a drawback in that it requires appreciable time to reach equilibrium (as 

long as 10 hours when the solubility approaches 10-2 mol fraction) (Ngo et al., 2001).  

In addition, these solubility measurement methods are complex and require expensive 

experimental apparatuses. Huge investment and long construction and operation 

periods are often given to the cost of a laboratory-scale development, which may 

present as a major obstacle to the initial feasibility study of a SCF process. Therefore, 

if not completely determined experimentally, the solubility in SCF solvent must 

otherwise be obtained through correlations based on theoretical or empirical models 

applied to existing experimental data. 

 Prediction of the equilibrium solubilities using thermodynamic models is a 

reliable alternative way for obtaining the solubility data of solutes in SCFs (Hartono 
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et al., 2001; Guha and Madras, 2001; Madras et al., 2003; Coimbra et al. 2005). 

Generally, the most common thermodynamic models used for predicting solute 

solubility in SCF solvent are cubic equations of state (EOS). The most used models 

are those from van der Waals family (such as Peng-Robinson (PR), Soave-Redlich-

Kwong (SRK) and Pater-Teja (PT)) and Sanchez-Lacombe lattice fluid model. 

Several mixing and combining rules, like classical van der Waals mixing rules, are 

utilized to incorporate solution model into the EOSs. Together with several solute 

properties, all of these models require at least one parameter exhibiting interactions 

between components in the solution, which, in most cases, must be determined from 

existing experimental solubility data.  

 It is important to select an appropriate EOS and mixing rules for a solubility 

prediction because each model cannot treat effectively the solubility of all the solutes 

of interest. In many cases, especially for most pharmaceutical materials, the necessary 

solute properties (e.g. critical properties, molar volume, sublimation pressure and 

Pitzer’s acentric factor) are not yet available in the literature and need a prior 

experimental determination or prediction by several estimations. This may lead to 

excessive error on the results of the solubility prediction. Therefore, apart from 

selecting the appropriate EOS and mixing rules, an extreme caution should be made in 

applying these additional estimations. 

 

2.2 Modeling of Solubility in SCF solvent with Equation of State 

 The general method for estimation of the solubility of a solid species (solute, 2) 

in a SCF phase starts with satisfying the phase equilibrium condition of equal 

component fugacities in the solid and SCF phases as follows: 
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 2 2
solid SCFf f         (2.1) 

 

 For the SCF phase, the solute mole fraction  2y  can be written as a function of 

fugacity  2
SCFf  and fugacity coefficient  2

SCF : 

 

 2
2

2

SCF

SCF

fy
P

         (2.2) 

 

where P  is the total pressure. Assuming that the SCF is not absorbed by the solid 

solute, the solid phase may be considered as a pure phase, and fugacity in the solid 

phase  2
solidf  can be written as: 

 

 
2

2
2 2 2 exp

solid

P solid
solid solid solid

P

vf P dP
RT


 
 
 
 
     (2.3) 

 

where T  is temperature, 2
solidv  is the molar volume of the solid solute  3 /m mol , 

2
solidP  is vapor pressure or sublimation pressure of the solid solute, and R  is gas 

constant  8.314 /J mol K . For most solutes which do not possess a strong tendency 

of association, the values of 2
solid  can be taken to 1 due to the low vapor pressures. In 

addition, due to the fact that solids are incompressible, it is reasonable to assume that 

the values of 2
solidv  are independent of pressure. Hence, the solubility of a solid solute 

 2y  in a SCF can be written as: 
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2
2

1 exp
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SCF

v P PPy
P RT

  
  

    

    (2.4) 

 

where the term 
 2 2

2

1 exp
solid solid

SCF

v P P
RT

 
 
 
 

 is called the enhancement factor and 

2
solidP
P

 is the solubility in the ideal gas. The fugacity coefficient of the solid solute in 

SCF phase  2
SCF  can be calculated from (Prausnitz et al., 1986): 

 

 
1

2
2 , ,

ln lnSCF

v T v n

P RT PvRT dv RT
n v RT


     
      
     

    (2.5) 

 

where 2n  is the number of moles of the solid solute, 1n  is the number of moles of 

CO2, and v  is the molar volume of the mixture. An appropriate equation of state is 

then used to evaluate the integration and the value of v . 

 

 2.2.1 Selection of EOS Model and Mixing Rules  

 SCF precipitation processes are used to micronize a number of pharmaceutical 

materials, which involve various types of molecules, from simple to very complex. To 

select a reliable and appropriate model of EOS and mixing rules that contains all the 

molecular information of the material, a brief comparison between commonly used 

models should be noted here. Most of the van der Waals family models (PR, SRK and 

PT) are well correlated with solubility data of simple sphere-like molecules. On the 
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other hand, the Sanchez-Lacombe model has been developed on the basis of a lattice 

fluid model for treating chain-like molecules (Colussi et al., 2006). It should be 

remarked that these two models are mean-field models, which means that they cannot 

be applied in the vicinity of the critical point with good results. 

 In this study, a commercial biodegradable polymer, poly(D,L-lactic-co-glycolic 

acid) (PLGA) and SC-CO2 with ethanol as cosolvent are mixed to provide SCF 

solutions for RESS process. To the best of knowledge, data about the solubility of 

PLGA in a SCF solvent have not been yet available in the literature. Moreover, there 

is no information about a reliable mathematical model which may be used in 

predicting the PLGA solubility. Taking into consideration that the majority of PLGA 

molecules are long-chain, not sphere-like, it is therefore reasonable to use the 

Sanchez-Lacombe EOS to evaluate the PLGA solubilities in the SCF solvent. 

Together with a thermodynamically consistent expression of fugacity coefficients, 

proper estimations of the EOS characteristic parameters will be made in order to 

obtain a reliable evaluation of the PLGA solubilities. The Sanchez–Lacombe EOS has 

been used successfully for modeling solute solubilities in many polymer/SC-CO2 

systems (Chernyak et al., 2001; Sarah et al., 2003; Li et al., 2007) 

 

 2.2.2  Sanchez-Lacombe EOS (Sanchez and Lacombe, 1976) 

  Based on the lattice theory of Sanchez and Lacombe stated that a pure fluid can 

be viewed as a mixture of segments and holes which occupy the sites of a lattice, the 

lattice-fluid model of EOS for a pure component has the following form: 
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    ( ) 

2 1ln 1 1 0P T
r

ρ ρ ρ  + + − + − =    
    (2.6) 

 

where 

 

 

*
PP

P
=         (2.7)



*
TT

T
=         (2.8) 

 

*
ρρ
ρ

=         (2.9) 

 *
*
WM

v
ρ =         (2.10) 

 
* *

*

P vr
RT

=         (2.11) 

 

where P , T , and ρ  are the reduced parameters, *P , *T , *ρ  and *v  are the 

characteristic pressure, temperature, density and molar volume, respectively, WM  is 

the molecular weight, R  is the gas constant ( )1 18.31451 J mol K− −⋅ ⋅  and r  is the size 

parameter, which represents the number of lattice sites occupied by a molecule.  

 In order to extend the use of this model to mixtures, the mixing rules described 

below are applied (Xiong and Kiran, 1994): 

 

 * *

1 i
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φ

= ∑         (2.12)  
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         (2.14) 

 

where i , iW  and ,w iM  are respectively the close packed volume fraction, mass 

fraction and molecular weight of the component i . The characteristic pressure for the 

mixture  *P  is given by the following equations: 
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        (2.15) 
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      (2.16) 

 

where ijk  is the binary interaction parameter. The characteristic temperature for the 

mixture  *T  is given by the following equations: 
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2.3 Results and Discussion 

 The Sanchez-Lacombe EOS together with mixing rules, Equation (2.6) 

Equation (2.18), were used to model the phase behavior of the system CO2 + PLGA 

+ ethanol at upstream conditions of the RESS process. For the scope of this study, 

RESS experiments were performed under certain pressure and temperature conditions. 

A series of preliminary experiments were carried out on RESS of PLGA to check the 

applicability of the apparatus and to determine the range of operating pressure and 

temperature conditions. The experimental results suggested that the operating 

conditions at upstream pressure of 25 MPa and temperature of 313 K PLGA allowed 

appreciable formation of PLGA particles, according to observations by scanning 

electron microscopy (SEM) technique, and facilitated maintaining a stable operation 

of the apparatus. Details of the preliminary RESS experiments will be given and 

discussed later in Chapter III. Thus, the pressure and temperature parameters were 

fixed and set to these values  25 , 313P MPa T K   in calculations of the phase 

equilibrium modeling. 

 

 2.3.1 Determination and Optimization of Parameters 

 Modeling the solubility of a solid in SCF solvent with the Sanchez-Lacombe 

EOS requires several characteristic parameters of the pure components. Binary 

interaction parameters are necessary to represent the behavior of the multicomponent 

system. For CO2 (1) + PLGA (2) + ethanol (3) ternary system, the values of the pure 

component parameters were taken from the literature as basic input. These values are 

presented in Table 2.1 and Table 2.2.  

 The binary interaction parameters are independent of pressure, but a function of 
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temperature (Matsuyama and Mishima, 2006). Arce and Aznar (2006) have studied 

phase equilibrium of PLGA + SC-CO2 systems for different compositions of PLA and 

PGA. They reported useful correlations between the binary interaction parameter and 

temperature for Sanchez-Lacombe EOS in the form of 2
1ij

Ck C
T

  . For the PLGA 

used in this study, the PLA:PGA copolymer ratio is 85:15. The dependence of binary 

interaction parameter  12k  on temperature  ( )T K  in the range of 312.15 – 364.85 K 

can be expressed by: 

 

 12
83.15210.2228k

T
         (2.19) 

 

 To determine the binary interaction parameter between CO2 and ethanol, 13k , 

the Sanchez-Lacombe EOS have been used to correlate the vapor-liquid equilibria of 

ethanol/CO2 systems at elevated pressures by Joung et al. (2001). A linear dependence 

of 13k  on temperature ( )T K  was found in the range of 313.4-344.75 K, which can be 

expressed by: 

 

 4 2
13 2.41 10 4.84 10k T          (2.20) 

 

 In the determination of the binary interaction parameter between PLGA and 

ethanol, 23k , due to the scarceness of experimental data under high pressure in the 

literature, this study makes use the experimental data reported by Eser and 

Tihminlioglu (2006) for this binary system at  low pressures, given in Table 2.3. This 
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treatment is reasonably effective under the assumption that, as mentioned earlier, the 

binary interaction parameter is independent or a weak function of pressure in the 

range of certain temperatures. To apply the experimental data in the determination of 

23k , the temperature dependence of 23k  was treated by a linear approximation in the 

range of 353 – 373 K, which can be expressed by: 

 

 4 2
23 1.10 10 5.9197 10k T           (2.21) 

 

Table 2.1  Molecular weights  wM  and structures of pure components 

 

Component 
 

wM  (g mol-1) 
 

Molecular structure 

 

CO2 (1) 

 

 

 

PLGA (2) 

 

 

 

Ethanol (3) 

 

 

 

44.01 

 

 

 

62,500a 

 

 

 

46.07 

 

 

 

 

 

 
 

 

 

 

 
 

 

 
 

 

 

 

 

 

 

    a average value 

 

Table 2.2  Characteristic parameters of pure components for Sanchez-Lacombe EOS  

 

Component 
 

* ( )P MPa  
 

* ( )T K  
 

 * 3/kg m  
 

Reference 

 

CO2 (1) 

 

PLGA (2) 

Ethanol (3) 
 

 

720.3 

 

620.3 

1069 
 

 

278.5 

 

631.0 

413.0 
 

 

1580 

 

1362.8 

963.0 

 

 

Sanchez and Lacombe, 1976; 

Spyriouni and Economou, 2005 

Aionicesei et al., 2009 

Sanchez and Lacombe, 1976 
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 The straight line in Figure 2.1 represents the above equation fit to the 

experimental data. Clearly, It is reasonable to use Equation (2.21) for extrapolation 

of the experimental data to neighboring values of temperature, if necessary. 

 

Table 2.3  Experimental data of binary interaction parameters for PLGA-ethanol 

system at various temperatures (Eser and Tihminlioglu, 2006) 

 

Interaction parameter of PLGA (2)-ethanol (3) system  23k  
 

353 K 
 

363 K 
 

373 K 
 

393 K 
 

0.0204 
 

0.0192 
 

0.0182 
 

0.0218 
 

 

 

 

Figure 2.1  Temperature dependence of interaction parameter between PLGA and 

ethanol  23k  
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  The interaction parameters between CO2 and PLGA  12k , CO2 and ethanol 

 13k , and PLGA and ethanol  23k  were determined at the operating conditions by 

setting 313T K  in Equation (2.19)Equation (2.21). The values are tabulated in 

Table 2.4.  

 

Table 2.4  Interaction parameters for CO2 (1) + PLGA (2) + ethanol system at 313 K 

 

12k  
 

13k  
 

23k  
 

0.04286 
 

0.02703 
 

0.02477 
 

 

 For a binary system consisting of a solute and a solvent, the binary interaction 

parameter  ijk  is a measure of the strength of interaction between the solute and the 

solvent, and therefore as a guide in the prediction of solute-solvent compatibility. In 

general, the rather small value of ijk  indicates strong interaction between the solute 

and the solvent molecules (Derawi et al., 2003). The values of ijk  can range from 

minus in a highly miscible system to positive in an immiscible system (- 0.10105 in 

water-ethanol system and 0.276 in water-benzene system (Ashour and Aly, 1994), for 

examples). According to this criterion, it can be expressed as neither CO2 nor ethanol 

were good solvents for PLGA. But, ethanol can be considered as a better solvent for 

PLGA than CO2. In addition, a comparison among the calculated values of ijk  

suggested that the interactions in the ternary system can be represented in the order of 

favorable interaction by: 
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2 2CO PLGA CO ethanol PLGA ethanol      

 

 The chemical structure plays an important role in the interactions between CO2

 PLGA, CO2  ethanol, and PLGA  ethanol. Due to the symmetry of molecular 

structure, CO2 has no dipole moment and a very low polarity. The van der Waals 

forces in CO2 are generally responsible for their interactions with other molecules. 

Since ethanol is polar and capable of being both donor and acceptor of hydrogen 

bonds, it has a fairly high polarity and forms self-associates by hydrogen bonding of 

its hydroxyl group. The CO2  ethanol interaction in the binary mixture is mainly 

contributed by the ethanol self-association through hydrogen bonding with the CO2 

molecule. Furthermore, at the pressure and temperature conditions of this study, CO2 

and ethanol form a completely miscible phase, according to vapor-liquid equilibrium 

data in the literature (Suzuki and Sue, 1990; Jennings et al., 1991; Yoon et al., 1993). 

In the case of CO2PLGA and PLGAethanol binary mixtures, the polarity and van 

der Waals forces of CO2 are too weak for PLGA, while ethanol has too high polarity 

and forms self-associates with PLGA between their polar end groups. However, the 

polarity matching to PLGA is improved and the degree of ethanol self-association 

with PLGA is reduced in the ternary mixture. On the other hand, it may be considered 

that PLGA and ethanol form a microemulsion in the SC-CO2 single phase. In this 

case, ethanol is considered as a cosolvent. Consequently, it is reasonable to conclude 

that the CO2 + PLGA + ethanol mixture forms a single-phase supercritical solution at 

the operating conditions of this study. 
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 The interaction parameters ij  corresponding to the calculated values of ijk  

were determined by using Equation (2.16) with the numerical values presented in 

Table 2.2 and Table 2.4, yielding: 

 

 

3
12

3
13

3
23

23453.6

31410.4

38817.8

mol m
mol m

mol m













 

 

 

 

 

 The next step requires introduction of phase composition parameters to the 

calculations as variable parameters. Let  1 2 3, ,W W W  be the equilibrium phase 

composition (on the basis of mass fractions) of the ternary mixture, governed by the 

equality constraints of the sum of the mass fractions equal to unity: 

 

 1 2 3 1W W W          (2.22) 

 

the closed pack volume fractions of the components can be expressed as functions of 

the mass fractions by expanding Equation (2.13): 

 

31 2
** *
31 2

1 2 3
3 3 31 2 1 2 1 2

* * * * * * * * *
1 2 3 1 2 3 1 2 3

WW W

W W WW W W W W W
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 Substitutions numerical values for the characteristic densities, listed in Table 

2.2, yielded expressions for 1 , 2  and 3  as functions of the mass fractions, in the 

following equations: 

 

 1
1

1 2 31.15938 1.64071
W

W W W
 

 
      (2.23) 

 2
2

1 2 30.86253 1.41516
W

W W W
 

 
     (2.24) 

 3
3

1 2 30.60949 0.70663
W

W W W
 

 
     (2.25) 

 

 The corresponding expressions for the characteristic parameters of the mixture 

were derived through Equation (2.10)  Equation (2.25) by use of some pre-

determined numerical values. A series of steps was taken in the following order: 

I. The characteristic pressure *P  was obtained by substitutions of 

Equation (2.23) – Equation (2.25) and the values of R , T , *
1P , *

2P , *
3P

, 12 , 13  and 23  into the expanded form of Equation (2.15): 

 

  * * * *
1 1 2 2 3 3 1 2 12 1 3 13 2 3 23P P P P RT                 (2.26) 

 

II. To determine the characteristic temperature *T , an expression for 0v  

was first obtained by using the expanded form of Equation (2.18): 
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** *

3 31 1 2 2
* * *

0 1 2 3

1 PP P
v RT RT RT

φφ φ
= + +       (2.27) 

 

  and followed by substitutions into Equation (2.17). 

III. The characteristic volume *v  was determined through the expansion of 

Equation (2.12): 

 

 31 2
* * * *

1 2 3

1
v v v v

φφ φ
= + +        (2.28) 

 

  where *
1v ,  *

2v  and *
3v  were first determined using Equation (2.10). 

IV. The size parameter r  was determined by substitutions into Equation 

(2.11). 

V. The effective molecular weight of the mixture wM  was determined by 

substitutions of Equation (2.23) −Equation (2.25) and the numerical 

values of molecular weights into the expanded form of Equation (2.14): 

 

 
31 2

,1 ,2 ,3

1

w w w wM M M M
φφ φ

= + +       (2.29) 

 

VI. The characteristic density *ρ  was obtained by Equation (2.10). 

 By setting 25P MPa=  and 313T K= in Equation (2.7) and Equation 

(2.8), the reduced pressure and temperature, P  and T , were determined, respectively. 

The Sanchez-Lacombe EOS in Equation (2.6) and the equality constraint in 
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Equation (2.22) were then used to perform the ternary phase equilibrium 

calculations. Since the mass fractions 1W , 2W  and 3W  were introduced as variable 

parameters into the above derivations, a system of two equations and four variables 

was formed and can be expressed by: 

 

 

( )    ( ) 

( )

2

1 2 3

1 2 3 1 2 3

1, , , ln 1 1 0

, , 1 0

F W W W P T
r

G W W W W W W

ρ ρ ρ ρ  = + + − + − =    
= + + − =

 (2.30) 

 

 The system of Equation (2.30) has infinite solutions. To solve this equation 

system for a unique set of solutions, it was necessary to identify the independent and 

dependent variables.

 

 2.3.2 Obtaining Independent Variable Data 

 Because PLGA represented a very small amount compared to the whole 

mixture, therefore a very limited concentration in the CO2-rich phase, the ternary 

phase equilibrium calculations were carried out under the assumption that the PLGA-

dilute (CO2-rich) phase did not contain PLGA. Such treatment was not expected to 

cause significant errors in the calculations, and was found in similar calculations 

carried out by several researchers (Daneshvar et al., 1990; Kiran et al., 1993; Xiong 

and Kiran, 1994; Matsuyama and Mishima, 2006). In the absence of PLGA, CO2 and 

ethanol forms a stable homogeneous dense phase under high pressure conditions 

(Suzuki et al., 1990; Jennings et al., 1991; Yoon et al., 1993; Pohler and Kiran, 1997; 

Zuniga-Moreno and Galicia-Luna, 2002). At the pressure and temperature of this 



60 
 

study ( 25 , 313P MPa T K  ), Pohler and Kiran (Pohler and Kiran, 1997) and 

Zuniga-Moreno and Galicia-Luna (Zuniga-Moreno and Galicia-Luna, 2002) have 

reported on the high-pressure volumetric properties of CO2 + ethanol system (Pohler 

and Kiran, 1997). Mass fraction-density data were reported for the mixtures at various 

mass fractions of CO2 and ethanol, as presented in Table 2.5. These experimental data 

can be treated as a set of values for the independent variables in the ternary phase 

equilibrium calculations. 

 

Table 2.5  Phase equilibrium data of CO2 (1) + ethanol (3) system at 25 MPa and 313 

K ( w  = mass fraction,   = density) 

 

1w  
 

3w  
 

 3/kg m  
 

0.0000 

0.1000 

0.2237 

0.3022 

0.3966 

0.5456 

0.7621 

0.9000 

1.0000 

 

1.0000 

0.9000 

0.7763 

0.6978 

0.6034 

0.4544 

0.2379 

0.1000 

0.0000 

 

795.70a 

804.90a 

835.82b 

852.86b 

866.57b 

882.26b 

884.00b 

849.10a 

851.10a 

      a Pohler and Kiran, 1997; b Zuniga-Moreno and Galicia-Luna, 2002 

 

 2.3.3 Ternary Phase Equilibrium Calculations 

 Before applying the data in Table 2.5 to the calculations, the values of the mass 

fractions were adjusted to their corresponding values in the ternary system by using 

the following equations: 
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( )

1
1

1 2 3

2
2

1 2 3

3
3

1 2 3

1 1

3 3 11

mW
m m m

mW
m m m

mW
m m m

m w V
m w V w V

ρ
ρ ρ

=
+ +

=
+ +

=
+ +

=

= = −

      (2.31) 

  

where 1m , 2m , and 3m  are the amount (mass) of CO2, PLGA and ethanol in the 

mixture, respectively; 1 3,w w  and ρ  are the experimental data of mass fractions for 

CO2 and ethanol, and density of the mixture, respectively; V  is the mixture volume. 

For this study, the mixture volume was set equal to the volume of the extraction 

chamber, 3 31500 1.5 10V ml m−= = × . The two equation system in Equation (2.30) 

was then reduced to one equation, which can be expressed as: 

 

 
( )    ( ) 

2

1 2
1, : ln 1 1 0F w W P T
r

ρ ρ ρ ρ  = + + − + − =    
  (2.32) 

 

 In this equation, 1w  and ρ  were the independent variables and 2W  was the 

dependent variable. The phase equilibrium calculations were carried out for the mass 

fractions of CO2, ethanol and PLGA through Equation (2.32) by trial and error in a 

spreadsheet, adjusting the values of  2W  until ( )1 2, : 0F w Wρ = . Table 2.6 shows the 

calculations necessary for the determination of the mass fractions. The results of the 

calculations are tabulated in Table 2.7 for the values of mass fractions at different 

ternary equilibrium phase compositions. 
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Table 2.7  Calculated mass fractions of CO2 (1) + PLGA (2) + ethanol (3) system at 

25 MPa and 313 K  

 

1W  
 

2W  
 

3W  
 

0.0000 

0.0906 

0.2064 

0.2912 

0.3966 

0.5456 

0.7621 

0.9000 

1.0000 

 

0.3384 

0.0942 

0.0775 

0.0364 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

 

0.6616 

0.8152 

0.7161 

0.6724 

0.6034 

0.4544 

0.2379 

0.1000 

0.0000 

 

 

 

 

Figure 2.2  Predicted solubilities of PLGA in a mixture of CO2 and ethanol at 25 MPa 

and 313 K 
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Figure 2.3  Effect of ethanol concentration on PLGA solubility in CO2 (1) + PLGA 

(2) + ethanol (3) system at 25 MPa and 313 K  

 

 The solubilities of PLGA in a mixture of SC-CO2 and ethanol at 25 MPa  and 

313 K  are presented in a ternary phase equilibrium diagram, as shown in Figure 2.2. 

The solubility behavior of PLGA in this system may be described as follows. Without 

PLGA, the mixture of CO2 and ethanol forms a single supercritical fluid phase as 

mentioned earlier. It was clearly seen that PLGA does not dissolve in pure SC-CO2. 

The solubility of PLGA is strongly dependent on the concentration of ethanol. The 

effect of ethanol on the enhancement of PLGA solubility is also observed in Figure 

2.3. Inspite of the fact that ethanol, in pure form, is not a good solvent for PLGA, it 

should be noted that ethanol is capable of being a fairly good cosolvent for this 

system. Similar results were reported for other ternary systems of polymer in the 

mixture of SC-CO2 and ethanol (Mishima et al., 1999; Matsuyama et al., 2000; 

0

2

4

6

8

10

12

40 60 80 100

W
2


1
0

0
  (

%
)

W3  100 (%)



65 
 

Matsuyama and Mishima, 2006). As a result of the phase equilibrium calculations, a 

PLGA solubility of about 33 wt.%  in pure ethanol was predicted at this pressure and 

temperature, suggesting a possible application of high pressured or even supercritical 

ethanol in the pharmaceutical production of PLGA particles. In the mixture of SC-

CO2 and ethanol, the maximum value of 9.42 wt.% is achieved for the PLGA 

solubility at 81.52 wt.%  ethanol. While the PLGA solubility in SC-CO2 increases 

with the concentration of ethanol, it may be unchanged or very slightly changed 

within the concentration range below 50 wt.% ethanol. According to these results, it 

may be possible to apply the RESS process for the production of PLGA particles with 

ethanol as a cosolvent. 

 

2.4 Conclusions 

 The solubility data of PLGA in the mixture of SC-CO2 and ethanol at 25 MPa 

and 313 K were predicted by a ternary phase equilibrium modeling using the 

Sanchez-Lacombe EOS together with mixing rules. The calculations were performed 

under the assumption that the PLGA concentration in the polymer-dilute phase was 

zero. As the calculation results show, PLGA is not soluble in pure SC-CO2 or even in 

the SC-CO2 mixed with ethanol up to 50 wt.% . The cosolvent effect of ethanol on the 

solubility enhancement of PLGA was observed in the range of ethanol concentrations 

above 50 wt.%. that the PLGA solubility increases with the ethanol concentration. 

The Sanchez-Lacombe EOS with the mixing rules provides an appreciable tool for the 

investigation of phase equilibrium behavior and the solubility modeling of PLGA in 

the ternary mixture of this study.  



CHAPTER III 

 
FORMATION OF POLY(D,L-LACTIC-CO-GLYCOLIC ACID) 

PARTICLES BY RAPID EXPANSION OF SUPERCRITICAL 

SOLUTION WITH ETHANOL AS COSOLVENT 

 

3.1 Introduction 

 Over the two last decades, a number of different techniques using supercritical 

fluids (SCF) as solvents or anti-solvents have been developed for the preparation of 

fine particles of polymers and polymer composites. Due to their favorable solvent 

properties, i.e. gas-like mass transfer and liquid-like density properties, SCFs could 

replace the conventional organic liquid solvents. It is possible to produce nano- or 

micron-size particles for both low and high molecular weight materials. For 

pharmaceutical applications, carbon dioxide (CO2) has already been used as a 

common SCF as it is non-toxic and offers a solvent-free final product inert in nature. 

 When a supercritical solution of a solute in CO2 expands across an orifice or a 

capillary, the solvent density decreases dramatically and the polymer is rejected from 

the solution. This process was first named for short as the Rapid Expansion of 

Supercritical Solution or RESS by Petersen et al. (Petersen et al., 1986). This process 

is very rapid because the expansion occurs at the speed of sound, and the reduction 

across the expansion device leads to both uniform conditions and very high 

supersaturation ratios in the post-expansion jet. These features make the RESS 

process favorable for formation of fine particles of polymer with narrow particle size 

distributions (Debenedetti, 1990). 
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3.2 Literature Review  

 The basic concept of RESS was first described 120 years ago by Hannay and 

Hogarth (1879). They found that a solid could become crystalline or could be brought 

down as a „snow‟ in a gas, or on a glass as a „frost‟, when the solid was precipitated 

by suddenly reducing the gas pressure. However, the concept of RESS was really 

understood and developed after the studies of Krukonis et al. (1984) and Matson and 

Petersen (1987) on RESS of hydrocarbon-based polymers. They reported on particle 

formation from polypropylene, polystyrene, polyphenyl sulfone and PMMA using 

propylene, pentane, and propane as SCFs.  However, a concern with these studies was 

the use of the flammable solvents.   

 Smith et al. (1986) studied performance of capillary restrictors in Supercritical 

Fluid Chromatography (SFC) and found that expansion of a SCF solvent from too low 

a temperature could result in formation of a condensed solvent phase. The expansion 

process was directly observed and solvent droplet size was found to be strongly 

dependent on the SCF temperature, with average droplet size decreasing to under 0.2 

m above the critical temperature and being negligible for reduced temperature > 1.3.  

Kinetic considerations of the SCF expansion process were very detailed. In addition, 

the expansion of the SCF solvent dissolved with nonvolatile compounds was 

investigated for formation of ultrafine powder and the results with polycarbosilane 

were presented as an example. 

 In the early 1990‟s, the focus on particle formation by RESS moved to 

biopolymers that dissolved in non-flammable SCFs such as CO2.  Due to the low 

solubility of the biopolymers in SC-CO2, cosolvents were often used to enhance the 

biopolymer solubilities. Tom and Debenedetti (1991; 1994) reported on particle 
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formation from L-PLA and D,L-PLA using SC-CO2.  In their work, the polymers were 

dissolved in SC-CO2 with CHClF2 as a cosolvent and precipitated by RESS. It was 

found that different morphologies of the precipitate, e.g. microparticles, microspheres, 

agglomerates, or dendrites, could be obtained depending on the type of the expansion 

device (orifices or capillaries), pre-expansion temperature, and solvent composition. 

Precipitating using orifices resulted in various morphologies, while using capillaries 

resulted in microparticle formation. In addition to L-PLA and D,L-PLA, Lele and Shine 

(Lele and Shine, 1992) also reported on particle formation from poly(caprolactone) 

(PCL) using supercritical chlorodifluoromethane (CDFM). 

 In more recent years, various publications have shown that RESS enable the 

particle formation of polymers and thermally sensitive materials with particle sizes 

less than 500 nm (Turk, 1999; Helfgen et al., 2000; Hils et al., 2000). Reviews have 

become more general, discussing RESS as one of several alternatives for particle 

formation using SCFs (Subramaniam et al., 1997; Subra and Jestin, 1999; Kikic and 

Sist, 2000). Such a development is not surprising as many of the other SCF techniques 

have been developed to overcome the major disadvantages of RESS, the limited 

solubility of many polymers in SC-CO2. To overcome the difficulties associated with 

SCF-insoluble polymer compounds, Mishima et al. (1996) have developed a modified 

RESS technique called Rapid Expansion of Supercritical Solution with a Non-solvent 

(RESS-N), wherein a polymer dissolved in SC-CO2 mixed with a non-solvent for the 

polymer as cosolvent is sprayed through a nozzle to atmospheric pressure. The 

solubility of the polymer in SC-CO2 was found to be increased significantly by the 

cosolvent, but in pure form the polymer itself was insoluble in the cosolvent (Mishima 

et al., 1997; Mishima et al., 2000).  
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 In order to obtain sub-micron size particles of water-insoluble polymer 

compounds, Henriksen et al. (1997) applied the method invented by Frederiksen et al. 

(1997), called Rapid Expansion of Supercritical Solution into Aqueous Solution 

(RESAS), by submerging the nozzle in an aqueous solution containing one or more 

surfactants. In addition, Young et al. (2000) reported on the application of the RESAS 

technique to precipitate cyclosporine by spraying into a solution of Tween-80 

polymer. The mean particle size of the precipitated cyclosporine was found in 

between 400 and 700 nm and the solubility of cyclosporine increased significantly. 

Pace et al. (1999) have improved the RESAS technique by dissolving a surface 

modifier together with a polymer in a SCF solvent and expanding it in an aqueous 

solution containing surface modifiers and additives. These techniques were later 

named as Rapid Expansion of Liquefied Gas Solution (RELGS) and Rapid Expansion of 

Liquefied Gas Solution and Homogenization (RELGS-H) 

 

3.3 Description of RESS Process 

 With CO2 as SCF, the principle of RESS is very simple that it utilizes the high 

solvent power of SC-CO2. After loading SC-CO2 with a solute, the rapid phase 

change from supercritical to gas-like phase occurs during the expansion in a 

supersonic free jet, leading to a very high supersaturation, and subsequently particle 

formation.  

 As shown in Figure 3.1, the RESS process can be considered to consist of four 

steps: (a) preparation of the supercritical solution, (b) setting of the pre-expansion 

conditions (c) rapid expansion of the supercritical solution to ambient conditions 
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through an expansion device, and (d) recovery of the product in the expansion 

chamber. A schematic diagram of a typical RESS process is shown in Figure 3.2. 

 

 

 

Figure 3.1  Simplified diagram of RESS process 

 

 

 

Figure 3.2  A schematic illustration of rapid expansion of supercritical solution 

(RESS) process 

 

a) Preparation of supercritical solution. The supercritical solution is 

prepared by delivering liquefied CO2 from a cylinder through an 
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extraction chamber (autoclave or high-pressure chamber) loaded with 

the solid solute of interest at a defined supercritical extraction pressure 

and temperature condition. If the mean residence time of the SC-CO2 in 

the extraction chamber is sufficient, the solute attains its equilibrium 

value at the chamber outlet.  

 By recalling that the degree of supersaturation  S  is defined as 

 

  
eq

yS
y

       (3.1) 

  

where y  and eqy  are, respectively, the mole fraction and equilibrium 

mole fraction of solute at the defined temperature and pressure at the 

same location in the process. Referring to Figure 3.2, the solution is 

prepared at any value of the solubility up to the value corresponding to 

the equilibrium solute concentration, i.e. 1S  , and leaves the extraction 

chamber at saturated conditions, i.e. 1S  . 

b) Setting of pre-expansion conditions. After a supercritical solution of the 

desired solubility has been prepared, the pre-expansion conditions, the 

conditions just upstream of the expansion device, are established. The 

pre-expansion pressure is determined by the CO2 pump and is held 

constant. The pre-expansion temperature is then established by heating 

the expansion device, usually a capillary nozzle. This temperature must 

be set high enough to prevent formation of dry ice which frequently 

leads to clogging of the nozzle. Heating the nozzle can increases the 
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solubility of the solute in SC-CO2  1S   and helps ensure that no 

precipitation of the solute occurs before the actual rapid expansion 

process. However, for polymer-CO2 systems which exhibit retrograde 

behavior, heating the nozzle may decrease the solute solubility and 

causes a saturated solution to precipitate prior to the expansion  1S   

(Lele and Shine, 1994; Mawson et al., 1995). In addition, for thermally 

sensitive polymers, an upper limit of pre-expansion temperature must be 

determine in order to prevent the thermal effects on the polymer 

properties. (Larson and King, 1986; Reverchon et al., 1995). 

c) Rapid expansion of supercritical solution to ambient conditions through 

an expansion device. After the pre-expansion conditions are established, 

the supercritical solution is rapidly expanded across a nozzle. During 

expansion, the density of the SC-CO2 decreases dramatically to gas-like 

values, resulting in very high supersaturations and precipitation of the 

solute from solution. The nucleation process, which subsequently leads 

to the solute precipitation, is initiated by pressure reduction. The 

depressurization travels at the speed of sound which favors uniform 

conditions during the expansion.  

 A typical nozzle used for the expansion is made of a capillary tube 

with an inner diameter ranging from 50 to 300 μm and a length-to-

diameter ratio (L/D) from 150 to 6000. 

d) Recovery of product. Scanning. The expansion chamber should be 

completely contained so that CO2 can be vented. Electron Microscopy 

(SEM) stages covered with sticky carbon tape are used for recovery of 
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the product in the expansion chamber. (Alessi et al., 1996; Blasig et al., 

2002). For particle size characterization, SEM is commonly used. An 

online particle size measurement method has been developed based on a 

three-wavelength extinction technique (Turk, 1999). 

 

3.4 Poly(D,L-lactic-co-glycolic acid), PLGA 

 Poly(D,L-lactic-co-glycolic acid) or PLGA is a copolymer of hydrophobic poly 

lactic acid (PLA) and hydrophilic poly glycolic acid (PGA). It is known to be superior 

in biocompatibility and biodegradability, and is a useful material as base material for 

sustained-release formulation in drug delivery applications.  

 PLGA has a molecular structure as shown in Figure 3.3. It can be synthesized 

by means of random ring-opening co-polymerization of two different monomers, the 

cyclic dimers (1,4-dioxane-2,5-diones) of glycolic acid and lactic acid. During 

polymerization, successive monomeric units (of glycolic or lactic acid) are linked 

together in PLGA by ester linkages, yielding a linear aliphatic polyester as a product 

(Astete and Sabliov, 2006). Different forms of PLGA can be obtained depending on 

the ratio of lactide to glycolide used for the polymerization. These are usually 

identified in regard to the monomers' ratio used. For example, PLGA 75:25 identifies 

a copolymer whose composition is 75% lactic acid and 25% glycolic acid. 

 

 

 

Figure 3.3  Molecular structure of PLGA 

http://en.wikipedia.org/wiki/Monomer
http://en.wikipedia.org/wiki/Glycolic_acid
http://en.wikipedia.org/wiki/Lactic_acid
http://en.wikipedia.org/wiki/Ester
http://en.wikipedia.org/wiki/Aliphatic
http://en.wikipedia.org/wiki/Polyester
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 PLGA is amorphous polymer that has a glass transition temperature in the range 

of 40 to 60°C. It can be dissolved by common solvents, such as chlorinated solvents, 

tetrahydrofuran (THF), acetone or ethyl acetate. In the presence of water, PLGA 

degrades by hydrolysis of its ester linkages. The time required for degradation of 

PLGA is related to the ratio of PLA to PGA used in polymerization. Ratios higher in 

PLA show longer degradation times. For example, PLGA with a 75:25 ratio has a 

degradation time of 4 to 5 months, while 50:50 PLGA show a degradation time of 1 to 

2 months (Saltzman, 2001). Beside its sustained-release property, PLGA can be 

fabricated into solid scaffold for use in cartilage regeneration (Astete and Sabliov, 

2006). 

 

3.5 Experimental 

 In this study, particle formation of PLGA by RESS process with ethanol as 

cosolvent has been studied in detail. A series of batch RESS experiments were carried 

out using the apparatus setup shown in Figure 3.4 at pre-expansion pressure and 

temperature of 25 MPa and 313 K, and atmospheric post-expansion conditions. The 

expansion process was performed through capillary nozzles into ambient air. By using 

the solubility data from the solubility modeling work discussed in Chapter II, 

cosolvent concentrations up to 23.8 wt.% were used . The experimental results have 

been presented in terms of particle size, morphology and particle size distribution. 

The influences of change in cosolvent concentration on product characteristics were 

studied and discussed. 

 

 

http://en.wikipedia.org/wiki/Amorphous_solid
http://en.wikipedia.org/wiki/Glass_transition_temperature
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Chlorine
http://en.wikipedia.org/wiki/Tetrahydrofuran
http://en.wikipedia.org/wiki/Acetone
http://en.wikipedia.org/wiki/Ethyl_acetate
http://en.wikipedia.org/wiki/Hydrolysis
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Figure 3.4  RESS experimental apparatus used in this study: (a)  Apparatus housing 

with control panel; (b) Vessel cap with bolts, ports, thermocouple and vent pipe; (c) 

Magnetic stirrer and heater; (d) HPLC pump; (e) Pressure transducer and vent hole; 

(f) Spraying device. 

 

 3.5.1 Materials 

 Poly(lactic-co-glycolic acid) (PLGA) having properties shown in Table 3.1 

were purchased from Aldrich Chemicals Ltd. In each experiment, PLGA granules 

were grounded and classified to a certain size range of 100-200 µm. Liquid CO2 

(critical temperature 304cT K , critical pressure 7.4cP MPa , Suzuki Shokan Co. 
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Ltd., Tokyo, Japan) was used as solvent. Due to the limited solubility of PLGA in SC-

CO2, ethanol (special grade; > 99.5%; Kanto Chemical Co., Inc., Tokyo, Japan) was 

employed as cosolvent. All chemicals and materials were used as received. 

 

Table  3.1  Properties of PLGA (reported by supplier; Aldrich Chemicals Ltd.) 

 

:PLA PGA  
 

wM  
 

 gT K  
 

85:15 
 

50,000-75,000 
 

318-323 
 

 

 3.5.2 Experimental Procedure 

 Apparatus. Figure 3.5 depicts schematic diagram of the experimental apparatus, 

which consists of a high-pressure pump (3), a stirred high-pressure vessel (6), and a 

spray nozzle (9). The high-pressure pump was equipped with a refrigerator (2) before 

the suction part to avoid cavitation. The high-pressure vessel had a capacity of 1,500 

ml and maximum allowable operating pressure and temperature of 30 MPa and 473 

K, respectively. During each experiment, the vessel temperature was kept constant at 

313 K by using an automatically controlled electric heater (7). The spray nozzle (11) 

was simply made from a stainless steel tube with a length of 10 mm and was equipped 

with a shut-off valve (8). The spray nozzles has an inner diameter of 0.1 mm. In the 

case that the nozzle is easily clogged, a spray nozzle with an inner diameter of 0.3 mm 

may be employed. Temperature of the nozzle was kept constant at 423 K by a ribbon 

heater (10) to prevent the nozzle clogging with dry ice during spraying. A planar 

target (100mm×100mm×10 mm) (12) covered with aluminum foil was employed to 

collect samples of particles generated from the spray for characterization. 
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Figure 3.5  Schematic diagram of experimental apparatus: (1) CO2 cylinder; (2) 

refrigerator; (3) HPLC pump; (4) heater; (5) regulating valve; (6) high-pressure 

vessel; (7) vessel heater; (8) shut-off valve; (9) atmospheric chamber; (10) ribbon 

heater; (11) nozzle; (12) target plate 

 

 Procedure. Meanwhile, the PLGA polymer used in this study has a limited 

solubility in SC-CO2 because of its very high molecular weight (Tom et al., 1994). In 

order to increase the PLGA solubility in SC-CO2 to a beneficial extent, ethanol was 

used as cosolvent. A 2 g portion of PLGA with different amounts of ethanol was 

placed in the high-pressure vessel for preparation of SC-CO2 solution. After being 

carefully sealed, the vessel was heated and fed with CO2 via the high-pressure pump 

until the desired supercritical conditions were achieved. The mixture in the vessel was 

stirred by a mixing paddle rotating at 300 rpm, and was left for 3 hours to achieve 

equilibrium. The prepared supercritical solution was then sprayed through the nozzle 

to allow its rapid expansion. The target plate was placed against the sprayed flow at a 

distance of 300 mm from the nozzle tip within a chamber under atmospheric 

conditions. In order to evaluate the particle formation performance, effect of 
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cosolvent concentration and diameter size of the spray nozzle on the size and size 

distribution of the particle samples was investigated. The experimental parameters 

and conditions used in this study are listed in Table 3.2. Figure 3.6 depicts step-by-

step conceptual representation of polymer particle formation using RESS. 

 

Table 3.2  Experimental parameters and conditions of RESS process 

 
 Material  Solvent  CO2; Pc = 7.4 MPa; Tc = 304 K; T0 = 266 K; T1 = 353 K 

    Cosolvent ethanol; 0-23.8 wt% (polymer-free basis);  

      ρ = 789 kg/m3 

    Polymer  Poly(D,L-lactide-co-glycolide), PLGA; 85:15;  

      Mw = 50,000-75,000; Tg = 318-323 K 

 Dissolution  Vessel   Cylinder; 1,500 ml 

    Agitation  300 rpm; 180 min 

    Conditions  P2 = 25 MPa; T2 = 313 K 

 Expansion  Nozzle   stainless steel; d = 0.1, 0.3 mm; L = 10 mm; T3 = 423 K 

    Spraying time  3 s 

    Target distance  300 mm 

 

 

 

 

Figure 3.6  Schematic representation of polymer particle formation process by RESS 

with a cosolvent 
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 Field emission scanning electron microscopy (FE-SEM; Hitachi, S-900) was 

used to examine the particle samples obtained from each experiment. For SEM 

sample preparation, the aluminum foil uncovered from the target plate was cut into a 

small piece, mounted on a specimen stub with conductive paint and coated with 

platinum by a sputtering device (Hitachi, E-1030) for 20 s. The SEM was operated at 

an accelerating voltage of 10 kV and a magnification between 1,000 and 200 k. The 

SEM images were processed for particle size analysis by using image-analyzing 

software (Image-Pro Plus version 3.0; Media Cybernetics).  

 

3.6 Results and Discussion 

 3.6.1 Formation of PLGA particles by RESS 

 It is commonly accepted that ethanol is an environmentally friendly cosolvent 

used in the RESS of CO2-insoluble pharmaceutical materials due to its low toxicity. In 

comparison with other alcohols, ethanol is a more economical commercial solvent of 

which scalable production is available. Thereby, ethanol has been chosen as the 

cosolvent in this work. Although results of the solubility modeling presented in 

Chapter II predicts that PLGA may have very limited or no solubility in pure SC-CO2, 

it was reported that the PLGA solubility could be enhanced in mixture of SC-CO2 and 

ethanol (Mishima et al., 2000). Since ethanol is capable of being both donor and 

acceptor of hydrogen bonds, it can self-associate through hydrogen bonding with both 

CO2 molecules and hydroxyl groups on the backbone chains of PLGA, which leads to 

significantly improved PLGA solubility in SC-CO2. The solubility enhancement of 

various polymers by ethanol cosolvent has been reported and discussed in several 

papers (Mishima et al., 1997; Guan et al., 1999; Mishima et al., 1999; Chafer et al., 
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2004). 

 A solution of PLGA in SC-CO2 plus ethanol was prepared at 25 MPa and 313 

K. Under these conditions, several researchers have reported that CO2 and ethanol 

become miscible at all compositions and form a single supercritical fluid phase 

(Jenning et al., 1991, Suzuki et al., 1991; Pohler and Kiran, 1997; Zuniga-Moreno and 

Galicia-Luna, 2002). A different amount of ethanol was added to the high pressure 

vessel at 0, 100, 200, 300 and 400 ml, respectively. Because the amount of PLGA 

dissolved in the CO2-ethanol mixtures was very small, compared to that of CO2 and 

ethanol, the ethanol concentration in the mixtures could be estimated, regardless of 

PLGA presented in the mixtures, from the vapor-liquid equilibrium data of CO2 + 

ethanol system at 25 MPa and 313 K, reported by Pohler and Kiran (Pohler and Kiran, 

1997) and Zuniga-Moreno and Galicia-Luna (Zuniga-Moreno and Galicia-Luna, 

2002). The vapor-liquid equilibrium data necessary for evaluations of the ethanol 

concentration are summarized in Table 3.3. According to the varied amount of 

ethanol mentioned above, the calculated values of the polymer-free concentration of 

ethanol are 0, 6.2, 12.1, 17.8, and 23.8 wt.%, respectively. 

 In the experiments using pure SC-CO2 and SC-CO2 incorporated with 6.2 wt.% 

ethanol, negligible amounts of polymer particles were detected in the collected 

samples under SEM observations, thereby indicating negligible particle formation 

during the RESS process. This implied that both pure SC-CO2 and SC-CO2 

incorporated with ethanol at 6.2 wt.% were unable to dissolve PLGA to a sufficient 

extent. As a result, supersaturation was not achieved to trigger particle nucleation in 

these cases. 
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Table 3.3  Phase equilibrium data of CO2 (1) + ethanol (3) system at 25 MPa and 313 

K ( w  = mass fraction,   = density) 

 

1w  
 

3w  
 

 3/kg m  
 

0.0000 

0.1000 

0.2237 

0.3022 

0.3966 

0.5456 

0.7621 

0.9000 

1.0000 

 

1.0000 

0.9000 

0.7763 

0.6978 

0.6034 

0.4544 

0.2379 

0.1000 

0.0000 

 

795.70a 

804.90a 

835.82b 

852.86b 

866.57b 

882.26b 

884.00b 

849.10a 

851.10a 

      a Pohler and Kiran, 1997; b Zuniga-Moreno and Galicia-Luna, 2002 

 

 Figure 3.7 shows typical SEM images of PLGA particles produced by RESS 

using SC-CO2 mixed with ethanol at 12.1, 17.8 and 23.8 wt.%. The charged amount 

of PLGA in SC-CO2 with 23.8 wt.% ethanol was approximately 0.60 wt.% of the total 

amount of supercritical solution. Also in Figure 3.7 it is clearly observable that the 

generated particles exhibit a nearly spherical shape with submicron size distributed in 

a narrow range. At the higher ethanol concentrations, the resulting PLGA particles 

were micrometer in size with an irregular surface. However, the increase in ethanol 

concentration could result in much smaller particles with smooth surface. This is 

attributed to higher vaporization of ethanol due to the higher ethanol weight percent 

and rigorous shear stress due to the rapid expansion of SC-CO2 flow (Mohamed et al., 

1989; Dixon et al., 1993). 
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Figure 3.7  SEM images of PLGA particles produced by RESS using ethanol 

cosolvent at different ethanol concentrations: (a) and (b) 12.1 wt.%; (c) 17.8 wt.%; (d) 

23.8 wt.%.  

 

 On the basis of these experimental results, the formation of PLGA particles via 

RESS could be described as follows. Under the equilibrium condition of SC-CO2, 

PLGA, CO2, and ethanol would form a single homogeneous supercritical solution 

though saturation of PLGA was not yet achieved. During the rapid expansion, phase 

transition from supercritical to gas-like state of CO2 taking place in the post-
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expansion free jet would result in a drastic increase in the PLGA solubility in the 

droplets, leading to precipitation of the dissolved polymer. As mentioned previously, 

since ethanol could not single-handedly dissolve PLGA, it also vaporized out during 

the expansion and then did not remain in the polymer (Dixon et al., 1993). Therefore, 

it is reasonable to consider that the precipitated polymer particles were solvent-free 

and did not undergo an agglomeration process because of its dilute solid content. 

These results suggested that the generated polymer particles would possibly be 

employed to coat core particles. 

 

 3.6.2 Effect of Cosolvent Concentration  

 Analyses of typical SEM images of particle samples obtained from the 

experiments at different cosolvent concentrations were carried out to determine their 

size distribution. At least 300 particles dispersed in different regions of the SEM 

images were taken into account in the determination of their size distribution.  

 Figure 3.8 reveals that the PLGA particles produced by RESS at different 

ethanol concentrations all exhibit log-normal size distribution behavior. The obtained 

geometric mean and standard deviation of the distribution were plotted as function of 

the ethanol concentration, as shown in Figure 3.9. It is clearly seen that the particle 

size distribution of the prepared PLGA particles was strongly dependent on the 

ethanol concentration. As the ethanol concentration was increased from 12.1 to 23.8 

wt.%, the particle geometric mean decreased to a minimum of 55 nm while the 

geometric standard deviation increased to a maximum of 1.67. The decreased average 

size of precipitated PLGA particles would be ascribed to the increase in the PLGA 

solubility, thereby increasing the supersaturation of PLGA in the sprayed mixture 
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after its rapid expansion. According to the classical nucleation theory (Mohamed et 

al., 1989; Debenedetti, 1996), higher nucleation rate and smaller critical nucleus size 

could be expected if the dissolved polymer concentration becomes increased. 

Meanwhile, a higher supersaturation ratio would also result in the occurrence of 

“nucleation bursts” which could generate several families of random size particles in 

the early stage of nucleation (Giulietti et al., 2001). It is also noteworthy that an 

increase in the particle number concentration could provide higher coagulation 

frequency. These opposing phenomena were responsible for a smaller mean size but 

wider distribution of the resulting PLGA particles when a higher concentration of 

ethanol was used. 

 

 

 

Figure 3.8  Dependence of particle size distribution of PLGA particles on ethanol 

concentration: log-normal particle size distributions  
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Figure 3.9  Dependence of particle size distribution of PLGA particles on ethanol 

concentration: mean particle size and standard deviation of particle size distribution as 

function of ethanol concentration 

   

3.7 Conclusions 

 The rapid expansion of supercritical solution (RESS) process using ethanol as 

cosolvent was successfully carried out to produce non-agglomerated submicron 

particles of PLGA at 25 MPa and 313 K. Ethanol concentrations up to 23.8 wt.% were 

used. Notably, in contrast to the modeling results presented in Chapter II, the 

experimental results revealed that, with the assistance of ethanol cosolvent below 50 

wt.%, it was possible to dissolve PLGA in SC-CO2 to an extent sufficient for reliably 

achieving precipitation of PLGA by RESS. The inconsistency between the modeling 

and experimental results may be due to the wrong choice of Mixing rules, the 

inaccuracy of the binary interaction values taken from the literature, and the use of 
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oversimplified assumption of negligible amount of PLGA applied to the ternary 

mixture calculations.  However, the experimental results supported the modeling‟s 

prediction that the cosolvent concentration played a key role in the solubility behavior 

of PLGA in SC-CO2, and correspondingly in the control of PLGA particle size and 

size distribution; the higher the cosolvent concentration, the higher the PLGA 

solubility, the smaller the average particle size and wider particle size distribution of 

the generated particles. According to the experimental results, a minimum average 

size of 55 nm was achieved for the generated PLGA particles obtained at 23.8 wt.% 

ethanol concentration. The influence of cosolvent concentration on the particle size 

and size distribution can be well described by the classical nucleation theory. The 

experimental results also suggested that coating of core particles with the precipitated 

PGLA would be possibly achieved by means of a modification to RESS of PLGA 

with SC-CO2 and ethanol as cosolvent.  

  

 

 



CHAPTER IV 

 

COATING OF MICROSIZE SILICA AND NANOSIZE 

TITANIUM DIOXIDE POWDERS WITH POLY(D,L-LACTIC-CO-

GLYCOLIC ACID) BY RAPID EXPANSION OF 

SUPERCRITICAL SUSPENSIONS 

 

4.1 Introduction 

 Coating of powders has found its application in various industries, including 

pharmaceuticals, foods, agriculture and energetic materials. Normally, coating is 

considered as a shell-like barrier that protects powders from exposure to the 

environment or allows modification of powder surface functionality (Jono et al., 

2000). In the pharmaceutical industry, the general purposes of coating are to provide 

protection from rapid degradation, control of release rate and prevention of side effect 

of therapeutic agents. While the conventional process used for coating powders is 

generally based on fluidization technique, there is a limitation for powders smaller 

than 70 μm in diameter because of poor fluidization behavior (Geldart, 1973). 

Emulsion-based techniques, such as water-in-oil-in-water (w/o/w) double emulsions 

or solid-in-oil-in-water (s/o/w) emulsions, may be used for coating ultra fine powders. 

However, due to the common use of organic solvents and harsh processing conditions, 

these emulsion-based techniques involve some drawbacks including alteration of 

structure of therapeutic agent, presence of residual organic solvent in the coated 
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powders and emission of volatile organic compounds to the environment (Fu et al., 

1999; Wang et al., 2004). 

 In the last few decades, numerous attempts have been made on the application 

of supercritical fluids (SCFs) to overcome the problems of organic solvent in the 

conventional coating processes (Jung and Perrut, 2001). SCFs exhibit both liquid-like 

and gas-like properties with densities and solvent characteristics similar to those of 

the liquid and mass transfer similar to the gas. For pharmaceutical applications, 

carbon dioxide (CO2) is the most commonly used SCF, due to its inert properties, 

non-toxicity, non-polluting nature and mild critical conditions.  

 Several studies have been reported on coating of microscale and nanoscale 

particles with polymers by using supercritical carbon dioxide (SC-CO2) via different 

approaches (Mishima et al., 2000; Ribeiro Dos Santos et al., 2002; Tsutsumi et al., 

2003; Wang et al., 2004). Process variables, such as feed composition of polymer and 

size of the host particles, were experimentally found to be the key parameters 

affecting the coating performance in these processes.  

As mentioned earlier in Chapter II, it is well-known that the simplest SCF 

technique for formation of pharmaceutical particles and composite materials is the 

rapid expansion of supercritical solution (RESS) (Tom et al., 1994). With the RESS 

technique, a solute is dissolved in SC-CO2 and the solution is then instantaneously 

depressurized by spraying it through a capillary nozzle, causing precipitation of the 

solute as SC-CO2 vaporizes. Submicron- and nano-sized dry particles with a narrow 

particle size distribution could be prepared from various pharmaceutical compounds 

and polymers (Jung and Perrut, 2001). Meanwhile, there are also other similar 

processes recognized as supercritical antisolvent (SAS) or gas antisolvent (GAS) (Yeo 
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et al., 1993) and solution enhanced dispersion by supercritical fluids (SEDS) (Hanna 

and York, 1994). All of those processes have been discussed in Chapter III for both 

advantages and disadvantages, depending on conditions of their applications. 

 In the previous chapters (Chapter II and Chapter III), an initial investigation 

on the application of RESS process with ethanol as cosolvent for formation of PLGA 

(Poly(D,L-lactide-co-glycolide)) particles has been carried out. As suggested by the 

results of the investigation, the RESS process with ethanol as cosolvent is modified 

for coating of ultra fine powders with PLGA in this study. Microsize silica (SiO2) and 

nanosize titanium dioxide (TiO2) particles were chosen as preformed drug ultra fine 

powders, while PLGA was used as the coating material. Basically, PLGA-coated ultra 

fine powders can be used to investigate simple-diffusion controlled release of the 

drugs in subcutaneous and intravenous applications (Jono et al., 2000). Effects of the 

process parameters, which were the particle size of ultra fine core powder, spray 

nozzle diameter as well as powder to-polymer weight ratio, and mechanism of the 

coating process are presented and discussed based on the characterization results of 

coated powders regarding morphology and internal structure of coated particles. 

 

4.2 Literature Review  

 Due to the limited solubility of several polymers in SC-CO2 leading to low 

productivity of the RESS process for producing particles, the interest in application of 

RESS has shifted to particle coatings or producing composite particles as these 

applications did not require mass production of particles. In most cases, the RESS 

processes were carried out in a modified way in which a SC-CO2 solution of polymer 

containing a suspension of microparticles of drugs was rapidly expanded. This 
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modified process was sometimes known as Rapid Expansion of Supercritical 

Suspension (Tsutsumi et al., 2000) or RESS coprecipitation. The earliest studies on 

the RESS coprecipitation were conducted by Debenedetti et al. (1993) on D,L-

PLA/lovastatin system and by Kim et al. (1996) on L-PLA/naproxen system. In these 

studies, the polymer and drug were dissolved together in SC-CO2 and expanded to 

atmospheric pressure. It was found that spherical polymer particles with embedded 

drug were produced along with some pure polymer and drug particles. Analysis of the 

produced particles showed that it was very difficult to control the concentration of the 

drug in polymer phase since proper manipulation of sequence of supersaturation of 

the two compounds was not achieved. For this reason, the research focus of RESS 

coprecipitation in later years moved to particle coating which was the more active 

area. 

 Many authors demonstrated that the RESS coprecipitation technique was useful 

for particle coating when the core particles were absolutely insoluble in SC-CO2.  

Mishima et al. (2000) successfully coated protein microparticles with biopolymers 

using RESS process. In their work, microparticles of SC-CO2-insoluble proteins 

(lysozyme and lipase) were suspended in a SC-CO2 solution of polymer 

(polyethyleneglycols (PEG), PMMA, L-PLA, D,L-PLGA) containing a cosolvent 

(alcohols) which was a non-solvent for the polymer. The suspension was then sprayed 

to atmospheric pressure, resulting in polymer-coated protein microparticles. The 

coating process took advantage of the solubility difference of polymer (soluble) and 

protein (insoluble) in supercritical mixtures of CO2 and cosolvent. The study showed 

that the thickness of polymer coating layer was controlled by varying the 

compositions of polymer and protein in the feed.    
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 In 2003, Matsuyama et al. (2003) successfully produced microcapsules by 

encapsulating medicines with polymers using the RESS coprecipitation technique 

assisted with a cosolvent which was a non-solvent for the polymers. The authors 

introduced a new term namely Rapid Expansion of Supercritical Solution with a Non-

solvent or RESS-N for this process. The particle encapsulation process was carried 

out by first preparing a suspension of medicine (p-acetamidophenol, acetylsalicylic 

acid, 1,3-dimethylxanthine, flavones and 3-hydroxyflavone) in SC-CO2 containing a 

cosolvent (alcohols) and dissolved polymer (PEGs, PMMA, ethyl cellulose and PEG-

PPG-PEG triblock copolymer) and then spraying the resulting suspension through a 

nozzle to atmospheric pressure. They found that the solubilities of the polymer and 

the medicine were very low in pure CO2 and in pure cosolvent; however, the polymer 

solubility became significantly increased in the mixture of the two. During RESS-N, 

microcapsules consisting of the medicine as core and the polymer as coating were 

formed according to the precipitation of the polymer onto the medicine particles. The 

thickness of polymer coating was controlled with changes in the feed composition of 

the polymer. The authors also noted advantages of this process associated with the use 

of the non-solvent in (1) raising the polymer solubility in SC-CO2, (2) producing 

solvent-free product and (3) preventing agglomeration of the produced microcapsules. 

 Turk et al. (2003) conducted and described the coprecipitation process of -

sitosterol and Eudragit (an ethyl acrylate-methyl methacrylate copolymer) by RESS. 

This process led to formation of finely-divided -sitosterol/ Eudragit particles with 

less than 500 nm in diameter. 

 Tsutsumi et al. (2003) also applied the RESS coprecipitation technique to coat 

1-m and 20-nm SC-CO2-insoluble core particles with paraffin in an impinging-
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stream reactor. Paraffin was a low-molecular weight polymer which had reasonably 

high solubility in SC-CO2. In their work, supercritical suspensions were formed by 

dispersing the core particles in supercritical solutions of paraffin. By means of rapid 

expansion of the supercritical suspensions from two capillary nozzles located at each 

side of the impinging-stream reactor, a uniform paraffin coating was achieved in the 

single 1-m particle and in the agglomerate of 20-nm particle. They also observed the 

influence of impinging distance on the coating rate of the core particles. 

 Besides the RESS coprecipitation methods, it was reported that drug/polymer 

composite particles could also be generated by impregnating drug materials into 

polymer matrix using RESS impregnation technique. Cristini et al. (2003) reported 

the application of this technique to producing microsize composite particles of 

ibuprofen (drug) within -lactose and -cyclodextrin (polymer). In this study, a SC-

CO2 containing dissolved ibuprofen was sprayed into a stirred vessel previously 

introduced with particles of the polymers. The impregnation of drug into the polymer 

was allowed by the precipitation of ibuprofen by RESS in the presence of the polymer 

particles under the vigorous agitation. The study showed an improvement on the 

dissolution rate of impregnated ibuprofen in the composite particles compared to plain 

drug particles. 

 

4.3 Description of Rapid Expansion of Supercritical Suspension Process 

 With CO2 as SCF, the principle of rapid expansion of supercritical suspension 

or RESS Coprecipitation process is similar to that of the RESS process for particle 

formation, which has been described in Chapter III. The RESS coprecipitation 

process for particle coating takes advantage of the difference in solubilities of core 
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particles and polymer in the mixture of SC-CO2 and a cosolvent. The insoluble core 

particles are suspended whereas the polymer is soluble, forming a suspension of the 

core particles in the supercritical solution of the polymer in SC-CO2 plus ethanol. 

During rapid expansion, the polymer will precipitate, cumulatively deposit on the core 

particle surface and form a polymer shell surrounding the core particles. Figure 4.1 

represents a simplified diagram of the RESS coprecipitation process.  

 

 

 

Figure 4.1  Simplified diagram of rapid expansion of supercritical suspension (RESS 

coprecipitation) process 

 

4.4 Experimental 

 4.4.1 Materials 

 Silica (SiO2) powder with a nominal diameter of 1.4 µm (Kojundo Chemical 

Lab, Japan) and titanium dioxide (TiO2) powder with a nominal diameter of 70 nm 

(Ishihara Sangyo Kaisha, Japan) were employed in this study. Poly(D,L-lactic-co-

glycolic acid) (PLGA) having properties shown in Table 3.1 were purchased from 
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Aldrich Chemicals Ltd. In each experiment, PLGA granules were grounded and 

classified to a certain size range of 100-200 µm. Liquid CO2 (critical temperature 

304cT K , critical pressure 7.4cP MPa , Suzuki Shokan Co. Ltd., Tokyo, Japan) 

was used as and solvent. Due to the limited solubility of PLGA in SC-CO2, ethanol 

(special grade; > 99.5%; Kanto Chemical Co., Inc., Tokyo, Japan) was employed as 

cosolvent. All chemicals and materials were used as received. 

 

 4.4.2 Apparatus and Procedure 

 Apparatus. Figure 4.2 depicts schematic diagram of the experimental apparatus, 

which consists of a high-pressure pump (3), a stirred high-pressure vessel (6), and a 

spray nozzle (9). The high-pressure pump was equipped with a refrigerator (2) before 

the suction part to avoid cavitation. The high-pressure vessel had a capacity of 1,500 

ml and maximum allowable operating pressure and temperature of 30 MPa and 473 

K, respectively. During each experiment, the vessel temperature was kept constant at 

313 K by using an automatically controlled electric heater (7). The spray nozzle (11) 

was simply made from a stainless steel tube with a length of 10 mm and was equipped 

with a shut-off valve (8). Two spray nozzles with different inner diameters of 0.1 mm 

and 0.3 mm were employed for investigating the effect of nozzle diameter size on the 

morphology, size and size distribution of the product samples. Temperature of the 

nozzle was kept constant at 423 K by a ribbon heater (10) to prevent the nozzle 

clogging with dry ice during spraying. A planar target (100mm×100mm×10 mm) (12) 

covered with aluminum foil and a carbon-coated copper microgrid was employed to 

collect samples of particles generated from the spray for characterization. 
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Figure 4.2  Schematic diagram of experimental apparatus: (1) CO2 cylinder; (2) 

refrigerator; (3) HPLC pump; (4) heater; (5) regulating valve; (6) high-pressure 

vessel; (7) vessel heater; (8) shut-off valve; (9) atmospheric chamber; (10) ribbon 

heater; (11) nozzle; (12) target plate. 

 

 Procedure. It should be noted that the ultra fine powder, PLGA and ethanol, in 

pure form, are not soluble in each other. Thus, they form an immiscible ternary 

mixture under atmospheric conditions. Experimental procedures similar to those 

described in Section 3.5.2 were carried out so as to dissolve PLGA in SC-CO2 with 

the aid of ethanol in the presence of microsize SiO2 or nanosize TiO2 core particles. It 

should be noted that in this study nanosized TiO2 powder was selected because of its 

low agglomeration and monodispersity compared with those of the more expensive 

nanosized SiO2. Under these conditions, the core particles were not dissolved but 

suspended in a single homogenous supercritical phase of CO2, ethanol and the 

dissolved PLGA. The supercritical suspensions were then allowed to expand through 

the nozzle for a few seconds. It could be observed from each experiment that in the 

case of PLGA expansion without core particles, there is nothing remaining in the 
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autoclave. However, when core particles and PLGA were taken into account, after 

expansion there would be some residues left in the vessel. After expansion, all coated 

particles were collected for characterization by using the target plate as already 

mentioned above. In order to evaluate the coating performance, effect of three process 

parameters, i.e., diameter of the spray nozzle, particle size of the core powder and 

powder-to-polymer weight ratio, on the coating characteristics was investigated. The 

experimental parameters and conditions used in this study are listed in Table 4.1. 

Figure 4.3 depicts step-by-step conceptual representation of polymer coating of 

powder by RESS coprecipitation process. 

 

Table 4.1  Experimental parameters and conditions of RESS coprecipitation process 

 
 Material  Solvent  CO2; Pc = 7.4 MPa; Tc = 304 K; T0 = 266 K; T1 = 353 K 

    Cosolvent ethanol; 0-23.8 wt% (polymer-free basis);  

      ρ = 789 kg/m3 (reported by supplier) 

    Polymer  Poly(D,L-lactide-co-glycolide), PLGA; 85:15;  

      Mw = 50,000-75,000; Tg = 318-323 K; 2 g 

Powder   SiO2; mean particle size 1.4 μm 

      TiO2; mean diameter 70 nm 

    Core-to-polymer 1:1, 2:1, 3:1, 4:1 (weight ratio) 

 Dissolution  Vessel   Cylinder; 1,500 ml 

    Agitation  300 rpm; 180 min 

    Conditions  P2 = 25 MPa; T2 = 313 K 

 Expansion  Nozzle   stainless steel; d = 0.1, 0.3 mm; L = 10 mm; T3 = 423 K 

    Spraying time  3 s 

    Target distance  300 mm 
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Figure 4.3  Schematic representation of coating of powder with polymer by RESS 

coprecipitation with a cosolvent 

 

 Field emission scanning electron microscopy (FE-SEM; Hitachi, S-900) was 

used to examine the particle samples obtained from each experiment. For SEM 

sample preparation, the aluminum foil uncovered from the target plate was cut into a 

small piece, mounted on a specimen stub with conductive paint and coated with 

platinum by a sputtering device (Hitachi, E-1030) for 20 s. The SEM was operated at 

an accelerating voltage of 10 kV and a magnification between 1,000 and 200 k. For 

verification of polymer coating of the ultra fine powder, the particle samples on the 

microgrid were further analyzed by a transmission electron microscope (TEM; JEOL 

2000-EX) operated at 200 kV in the bright-field mode. To analyze the structures and 

morphology of the coated powders, the mass-thickness contrast between the coating 

polymer and the core powder was taken into account. 
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4.5 Results and Discussion 

 4.5.1 Effect of RESS on the Deagglomeration of Microsize SiO2 and 

Nanosize TiO2 Powders 

 Ultra fine particles have a strong tendency to agglomerate due to their van der 

Waals interactions. In general, spontaneous agglomeration of ultra fine powders could 

take place and result in particle size enlargement and unstable processing conditions 

in the conventional coating processes (Mohamed et al., 1989). In the RESS process, in 

which the expansion flow is considered as a supersonic or at least free jet, 

tempestuous turbulence is expected to be developed in the rapid expansion flow (Sun 

et al., 2002; Helfgen et al., 2003). This turbulence could provide an advantageous 

contribution to the disintegration of agglomerates of ultra fine powders to facilitate 

the formation of a coating layer on the primary particles. 

 Figure 4.4 shows typical SEM images of silica and titanium dioxide ultra fine 

particles before and after performing the rapid expansion of their suspensions in 

mixtures of SC-CO2 and ethanol. The suspensions were prepared with 23.8wt.% 

ethanol in SC-CO2 under conditions of 25 MPa and 313K. Before rapid expansion, it 

could be observed that the ultra fine powders could agglomerate to form large 

particles as revealed in Figure 4.4(a) and Figure 4.4(b). The agglomerate sizes are 

approximately 2-5 μm for the fine silica powder and 3-20 μm for the ultra fine 

titanium dioxide powder. Figure 4.4(c), Figure 4.4(d) and Figure 4.4(e), Figure 

4.4(f) illustrate the change in the morphology of the ultra fine powders prepared by 

rapid expansion through nozzles with different diameters of 0.1 and 0.3 mm, 

respectively. Deagglomeration of the ultra fine powders was observed and 

consistently indicated by a decrease in the agglomerate size and an increase in the 
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number concentration of primary particles. It could be implied that the dispersion and 

deagglomeration of the ultra fine powders were achieved as a combined result of 

boundary friction due to flow along the nozzle wall, turbulence in the high-velocity 

fluid and collisions between the ultra fine powder particles along the rapid expansion 

path. The boundary friction and the turbulence were responsible for fragmentation of 

large powder agglomerates into smaller ones, whereas the particle collisions could 

result in either particle coagulation or particle dispersion depending on relative 

velocities and collision angles of the particles. 

 Comparison between the SEM images of particle samples produced by these 

two nozzles suggests that a better dispersion and deagglomeration effect was achieved 

with the bigger 0.3-mm diameter nozzle, and the effect was stronger for the larger 

silica fine powder. This reveals the influences of nozzle diameter and particle size of 

the ultra fine powder on the performance of dispersion and deagglomeration of the 

ultra fine powder in the rapid expansion process. As pointed out by Smith et al. 

(Smith et al., 1986), at the same pre- and post-expansion conditions, an increase of the 

nozzle diameter results in a higher Reynolds number, more turbulence, a higher total 

flow rate and a larger friction loss. In addition, with shorter residence time the 

probability of particle coagulation becomes lower. These lead to an improvement of 

the dispersion and deagglomeration of the ultra fine powders. Accordingly, the 

cohesive forces are smaller, the number concentration lower and the probability of 

particle coagulation lower for large particles compared with the small ones. The 

reasoning supports our experimental results that the dispersion and deagglomeration 

of the 1.4-μm silica powder were better than that of the 70-nm titanium dioxide 

powder. It should be noted that in case of the ideal condition, individual core particles 
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Figure 4.4  Effect of diameter of spray nozzle on the deagglomeration of ultra fine 

powders. 1.4-µm silica: (a) before expansion; (c) after expansion (nozzle diameter 0.1 

mm); (e) after expansion (nozzle diameter 0.3 mm). 70-nm titanium dioxide: (b) 

before expansion; (d) after expansion (nozzle diameter 0.1mm); (f) after expansion 

(nozzle diameter 0.3mm) 
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should be obtained if agglomeration can be completely suppressed by the rapid 

expansion. Therefore, a smaller nozzle would reasonably be expected to provide the 

well dispersed core particles after the expansion. However, it was coincidentally 

found that the smaller nozzle was easily clogged. To avoid this difficulty as well as to 

obtain a favorable coating process with low agglomeration tendency, the 0.3-mm 

diameter nozzle was selected for the coating of the ultra fine powders, which will be 

discussed in the next section. 

 

 4.5.2 Coating of Microsize SiO2 and Nanosize TiO2 Powders with PLGA 

by Rapid Expansion of Supercritical Suspensions 

 A series of experiments was carried out on coating 1.4-μm silica particles and 

70-nm titanium dioxide particles with PLGA by rapid expansion of supercritical 

suspensions to investigate the effect of experimental parameters on coating 

performance. In a real situation, preformed drug particles, i.e. dexamethasome and 

insulin, would be employed for the coating process to verify their sustain-release 

performance (Liu et al., 2006; Zolnik and Burgess, 2007). However, because of the 

economic constraints as well as the scope of this study which focused on the physical 

aspects of coating, commercial silica and titania particles with designated size were 

chosen as model particles for coating experiments. Regarding those physical aspects, 

i.e. coating film thickness and degree of agglomeration, they are useful data for 

further examination of the releasing rate of coating drug particles. 

 In all experiments, the supercritical suspensions were prepared by using the 

conditions at which the solubility of PLGA in the mixture of SC-CO2 and ethanol 

could be determined, i.e., the supercritical pressure and temperature of 25 MPa and 
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313 K, the ethanol concentration of 23.8 wt.% and the polymer solubility of 0.15 

wt.%. The powder-to-polymer weight ratio was varied through an adjustment of the 

powder concentration in the suspension by changing the amount of powder added to 

the high-pressure vessel at the beginning of each experiment. 

 

 Effect of powder-to-polymer weight ratio. Figure 4.5 shows some samples of 

the morphology and internal structure of PLGA-coated silica fine powder produced 

by the rapid expansion of supercritical suspension process at different powder-to-

polymer weight ratios. It appears that the coating of silica fine powder was achieved 

in the form of both individual dispersed particles and agglomerates. The coated silica 

particles exhibit a core-shell structure, as shown in the bright-field TEM images 

(Figure 4.5(b) and Figure 4.5(d)). Due to the stronger interactions between the 

electrons and silicon than that between the electrons and carbon (a major component 

of the polymer) in the TEM, the silica particles appear as a darker contrast area than 

the PLGA phase in these images. It is clearly seen that the darker contrast area is 

thoroughly covered by the lighter contrast area, indicating that the silica particles 

were completely coated with a layer of PLGA. The rapid expansion of a suspension of 

SC-CO2-insoluble particles in the supercritical CO2 solution of a polymer led to 

deposition of the polymer on the surface of the suspended particles, thereby 

generating polymer film coating on the particle surfaces (Mishima et al., 2000; 

Tsutsumi et al., 2003). These experimental results consistently agree with this 

explanation.  
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Figure 4.5  SEM and TEM images of PLGA-coated silica fine powder produced by 

the rapid expansion of supercritical suspension process at powder-to-polymer weight 

ratios: (a) and (b) 1 : 1; (c) and (d) 3 : 1 

 

 When Figure 4.5 is compared with Figure 4.4(a), it is clear that, as a 

concurrent result of the rapid expansion of supercritical suspension, the dispersion and 

segregation of the silica fine powder contributed to the low agglomeration tendency of 

the coated particles. It was observed that, at the powder-to-polymer weight ratio of 1, 

there was no significant agglomeration of coated silica particles that took place during 
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the coating process (Figure 4.5(a) and Figure 4.5(b)), while the agglomeration 

process appeared to be enhanced when the powder-to-polymer weight ratio was 

increased to 3 (Figure 4.5(c) and Figure 4.(d)). This is mainly attributable to the 

increased number concentration of silica particles in the rapid expansion flow, 

resulting in more frequent collisions and higher coagulation probability of the silica 

particles within the nozzle, and consequently an increase in the degree of particle 

agglomeration. In addition, it can be observed in the TEM images that the thickness of 

the coating layer was not uniform and estimated to be around 10-100 nm from the 

scale bar. It is likely that the PLGA particles, which precipitated and then deposited 

on the silica particle surface, spread and formed solid bridges between them, thereby 

resulting in growth of the coating layer. The strong turbulence in the rapid expansion 

flow dissipated much of the eddy energy (Sun et al., 2002), which can be considered 

to cause significant disturbances to the just-formed coating layer.  

 It is interesting to note that, from the experimental results, the coating layer 

thickness seems not to be sensitive to the change in the powder-to-polymer weight 

ratio. As a possible assumption, the particle coagulation along the length of the nozzle 

during the rapid expansion flow plays a significant role in the coating process. Particle 

coagulation results in a drastic decrease in the particle number and a drastic reduction 

of the particle surface area, on which coating takes place. The higher the probability 

of particle coagulation, the more pronounced the reduction of the coating surface area 

and capability. Since the particle coagulation probability is proportional to the 

powder-to-polymer weight ratio in the coating process, it might be assumed that the 

change in powder-to-polymer weight ratio did not provide a significant change in the 

total coating surface area and it had no influence on the coating layer thickness. 
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Figure 4.6  SEM and TEM images of PLGA-coated titanium dioxide ultra fine 

powder produced by the rapid expansion of supercritical suspension process at 

different/specified powder-to-polymer weight ratios: (a) and (b) 1 : 1; (c) and (d) 3 : 1 

 

 Similar results were obtained for the coating of 70-nm titanium dioxide ultra 

fine powder with PLGA, as shown in Figure 4.6. When compared with Figure 4.5, 

the experimental  results  shown  in   Figure 4.6  suggest  that  the coating of titanium 

dioxide ultra fine powder with PLGA could also be achieved in the same process as 

that of silica fine powder.  However, SEM and TEM images reveal that the coating of 
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titanium dioxide ultra fine powder always took place in the form of agglomerates of 

primary particles. In Figure 4.6(b) and Figure 4.6(d), the coated particles are 

composed of an agglomerate of titanium dioxide particles in the core and a coat of 

PLGA as shown by the darker and the lighter contrast areas, respectively. It should be 

noted that no PLGA is observed in the void among the titanium dioxide particles, 

suggesting that the PLGA coat was formed as a growing layer on the titanium dioxide 

agglomerate surface, not a coalescence of coated primary particles. The agglomerate 

sizes are in the range of some hundred nanometers to a few microns, which is 

consistent with the typical size of agglomerates shown in Figure 4.4(f). Obviously, 

the flow turbulence and friction loss generated during the rapid expansion of 

supercritical suspension process was not sufficient to disintegrate agglomerates into 

primary particles. This is attributable to the extremely strong adhesion forces among 

the nanosize titanium dioxide particles. The non-uniformity of the coat can also be 

observed in the TEM images, indicating the deposition of relatively large PLGA 

particles on the irregular surfaces of the titanium dioxide agglomerates. Anyway, the 

change of powder-to-polymer weight ratio from 1:1 to 3:1 did not cause a significant 

change in the coating layer thickness. The thickness is estimated from the scale bar to 

be around 10-100 nm, which is comparable to that of the fine silica particles. 

 Table 4.2 summarizes the results on size measurement of coated silica and 

titanium dioxide powders obtained from experiments using 0.3-mm diameter nozzle 

at different powder-to-polymer weight ratios. Influence of the powder-to-polymer 

weight ratio on the average size of the coated powders is depicted virtually in Figure 

4.7. It could be clearly confirmed that, with the increase in the powder-to-polymer 

weight ratio, the average sizes of the coated silica and titanium dioxide powders 
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became larger, indicating the higher agglomeration and possibly the thicker coating 

layer. However, the silica powders exhibited a much lower degree of agglomeration 

regarding a lower increasing rate of the average sizes with respect to the increased 

powder weight ratio in comparison with those of the titanium dioxide powder. 

 

Table 4.2  Average sizes  pd  of coated 1.7-µm silica and 70-nm titanium dioxide 

powder obtained by using 0.3-mm diameter nozzle at different powder-to-poymer 

weight ratios 

 

       Powder-to-polymer weight ratio 
 

     1:1  2:1  3:1  4:1 
 

 2,p SiOd  (nm)            1500            1600            2000                2200 

 2,p TiOd  (nm)              80             110             380                  700 
 

 

 

 

Figure 4.7  Effect of powder-to-polymer weight ratio on the average sizes of coated 

silica and titanium dioxide powders 
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Table 4.3  Influence of powder-to-polymer weight ratio and nozzle diameter on 

coating operatability 
 

 

                    Nozzle diameter size 
 

          0.1 mm            0.3 mm 
 

        1 : 1                      total ice clogging                uniform spraying 

                                                                                                  2

2

,

,

1500

80
p SiO

p TiO

d nm

d nm




  

         2 : 1          partial ice clogging             uniform spraying 

                                                        2

2

,

,

1700

120
p SiO

p TiO

d nm

d nm




              2

2

,

,

2000

380
p SiO

p TiO

d nm

d nm




 

        3 : 1           uniform spraying               uniform spraying 

                                                       2

2

,

,

2000

380
p SiO

p TiO

d nm

d nm




              2

2

,

,

2000

380
p SiO

p TiO

d nm

d nm




  

         4 : 1          partial ice clogging           partial ice clogging 

                                                       2

2

,

,

2000

380
p SiO

p TiO

d nm

d nm




              2

2

,

,

2000

380
p SiO

p TiO

d nm

d nm




 

 

 Effect of nozzle diameter size. Table 4.3 summarizes the effect of nozzle 

diameter size on coated product characteristics and the operatability of RESS process 

investigated in this study. It could be clearly observed that there was only a limited 

condition of operable RESS when the 0.1-mm diameter nozzle was employed. With a 

lower powder-to-polymer weight ratio, or in other words “a high fraction of polymer”, 

rapid expansion could only be conducted at the first short moment, then the nozzle tip 

would be totally covered by ice due to the isenthalpic Joule-Thompson effect. A 

higher polymer fraction would lead to a more serious Joule-Thompson effect because 

of its fluid behavior (Tom et al., 1994). On the other hand, when the powder-to-

Powder-to-polymer 
weight ratio 
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polymer weight ratio was increased to 4:1, the clogging of nozzle was caused by the 

sticking of the agglomeration of coated powders. There was only the condition of 

powder-to-polymer weight ratio of 3:1 which could provide the coated powders. 

 On the other hand, with the 0.3-mm nozzle no clogging due to the Joule-

Thompson effect could be observed. Coating of powders could be smoothly 

conducted until the powder-to-polymer weight ratio was increased to 4:1 which 

partial clogging of the nozzle would take place due to the sticking of agglomerated 

powders (Mohamed et al., 1989). Similarly, these results would be ascribed that the 

high powder fraction would bring about the rigorous agglomeration of coated 

powders as could also be confirmed by the increased average sizes depicted in Figure 

4.7. For the coated silica particles, the increasing size was relatively low when 

compared with that of coated titanium dioxide particles which preferred to 

agglomeration. The agglomeration would be compensated by the shear stress due to 

the turbulent flow of rapid expansion of the supercritical suspension (Tsutsumi et al., 

2003). All the coated powders prepared by the 0.3-mm diameter nozzle possessed the 

physical characteristics as shown in Figure 4.5 and Figure 4.6. Therefore, it would be 

worth to mention that the bigger 3-mm diameter nozzle could provide broader range 

for the RESS of powder coating with PLGA in comparison with the 1-mm diameter 

nozzle. These results would suggest that there is a possibility to increase the 

productivity of PLGA-coated powders of either silica or titanium dioxide once a 

nozzle with an appropriate diameter is selected. 

 

 Description of coating mechanism. Based on all the experimental data shown 

previously,  the potential mechanisms that  would  possibly contribute to the formation  
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Figure 4.8  Potential mechanism of polymer coating of ultra fine powder by the rapid 

expansion of supercritical suspension process 

 

of coating on the ultra fine powders are schematically summarized as depicted in 

Figure 4.8. Under the high-pressure condition, PLGA dissolved in SC-CO2 could be 

absorbed (wet) onto the surface of the core particles. In the figure, the wet coating 

layer on the surface of the core particles is represented by the dotted line covering the 

particle flowing within the nozzle. During the rapid expansion, the vaporization of 

CO2 to the ambient leads to the formation of solidified PLGA film on the surface of 

core particles. Such coating layers would experience impaction among particles and 

shear forces due to high flow of surrounding gas, resulting in relatively uniform 

coating layer on the coated particles which would have some remaining agglomera-
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tion. The solidified polymer coating layer is represented by a thick solid line covering 

images of particles after being sprayed out of the nozzle. 

 

4.6 Conclusions 

 The rapid expansion of supercritical suspension or RESS coprecipitation 

process was successfully carried out for the preparation of PLGA-coated microsize 

silica and nanosize titanium dioxide powders. According to competitive influences of 

phase transition, turbulent flow, boundary friction and particle coagulation along the 

expansion path, the rapid expansion of supercritical suspension process exhibited two 

major phenomena, polymer precipitation and deagglomeration of ultra fine powders. 

These phenomena further resulted in a layer growth of polymer on the surface of 

deagglomerated ultra fine powders. Coating of the silica fine powder could be 

achieved in the form of both agglomerates and dispersed particles, depending on the 

powder-to-polymer weight ratio; whereas, coating in the agglomerate form was 

inevitable for the titanium dioxide ultra fine powder. In addition, non-uniformity of 

the coating layer was also observed. Surprisingly, the powder-to-polymer weight ratio 

appeared to have an insignificant effect on the thickness. To reduce agglomeration 

tendency, larger spray nozzle diameter, smaller powder particle size and low powder-

to-polymer weight ratio are favorable. It is noteworthy that, in pharmaceutical 

applications, the RESS process with a cosolvent could be a promising environment-

tally friendly technique for coating CO2-insoluble ultra fine drug particles with a high 

molecular-weight polymer with limited solubility in CO2. 



CHAPTER V 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

 

 5.1.1 Modeling Solubility of Poly(D,L-lactic-co-glycolic acid) (PLGA) in 

supercritical carbon dioxide (SC-CO2) with ethanol as cosolvent 

 The solubility data of PLGA in the mixture of SC-CO2 and ethanol at 25 MPa 

and 313 K were predicted by a ternary phase equilibrium modeling using the 

Sanchez-Lacombe EOS together with mixing rules. The calculations were performed 

under the assumption that the PLGA concentration in the polymer-dilute phase was 

zero. As the calculation results show, PLGA is not soluble in pure SC-CO2 or even in 

the SC-CO2 mixed with ethanol up to 50 wt.% . The cosolvent effect of ethanol on the 

solubility enhancement of PLGA was observed in the range of ethanol concentrations 

above 50 wt.%. that the PLGA solubility increases with the ethanol concentration. 

The Sanchez-Lacombe EOS with the mixing rules provides an appreciable tool for the 

investigation of phase equilibrium behavior and the solubility modeling of PLGA in 

the ternary mixture of this study. 

 

 5.1.2 Formation of Poly(D,L-lactic-co-glycolic acid) (PLGA) Particles by 

Rapid Expansion of Supercritical Solution (RESS) with ethanol as cosolvent 

 The rapid expansion of supercritical solution (RESS) process using ethanol as 
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cosolvent was successfully carried out to produce non-agglomerated submicron 

particles of PLGA at 25 MPa and 313 K. Ethanol concentrations up to 23.8 wt.% were 

used. Notably, in contrast to the modeling results presented in Chapter II, the 

experimental results revealed that, with the assistance of ethanol cosolvent below 50 

wt.%, it was possible to dissolve PLGA in SC-CO2 to an extent sufficient for reliably 

achieving precipitation of PLGA by RESS. The inconsistency between the modeling 

and experimental results may be due to the wrong choice of Mixing rules, the 

inaccuracy of the binary interaction values taken from the literature, and the use of 

oversimplified assumption of negligible amount of PLGA applied to the ternary 

mixture calculations.  However, the experimental results supported the modeling’s 

prediction that the cosolvent concentration played a key role in the solubility behavior 

of PLGA in SC-CO2, and correspondingly in the control of PLGA particle size and 

size distribution; the higher the cosolvent concentration, the higher the PLGA 

solubility, the smaller the average particle size and wider particle size distribution of 

the generated particles. According to the experimental results, a minimum average 

size of 55 nm was achieved for the generated PLGA particles obtained at 23.8 wt.% 

ethanol concentration. The influence of cosolvent concentration on the particle size 

and size distribution can be well described by the classical nucleation theory. The 

experimental results also suggested that coating of core particles with the precipitated 

PGLA would be possibly achieved by means of a modification to RESS of PLGA 

with SC-CO2 and ethanol as cosolvent. 
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 5.1.3 Coating of Microsize Silica (SiO2) and Nanosize Titanium Dioxide 

(TiO2) Powders with Poly(D,L-lactic-co-glycolic acid) (PLGA) by Rapid 

Expansion of Supercritical Suspensions 

 The rapid expansion of supercritical suspension or RESS coprecipitation 

process was successfully carried out successfully for the preparation of PLGA-coated 

microsize silica and nanosize titanium dioxide powders. According to competitive 

influences of phase transition, turbulent flow, boundary friction and particle 

coagulation along the expansion path, the rapid expansion of supercritical suspension 

process exhibited two major phenomena, polymer precipitation and deagglomeration 

of ultra fine powders. These phenomena further resulted in a layer growth of polymer 

on the surface of deagglomerated ultra fine powders. Coating of the silica fine powder 

could be achieved in the form of both agglomerates and dispersed particles, 

depending on the powder-to-polymer weight ratio whereas coating in the agglomerate 

form was inevitable for the titanium dioxide ultra fine powder. In addition, 

nonuniformity of the coating layer was also observed. Surprisingly, the powder-to-

polymer weight ratio appeared to have an insignificant effect on the thickness. To 

reduce agglomeration tendency, larger spray nozzle diameter, smaller powder particle 

size and low powder-to-polymer weight ratio are favorable. It is noteworthy that, in 

pharmaceutical applications, the RESS process with a cosolvent could be a promising 

environmentally friendly technique for coating CO2-insoluble ultra fine drug particles 

with a high molecular-weight polymer with limited solubility in CO2. 
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5.2 Recommendations for Future Work 

- The solubility behavior of PLGA in SC-CO2 with or without ethanol as 

cosolvent should be investigated by means of spectroscopic techniques. 

- For the purpose of improved enhancement of PLGA solubility in SC-CO2, 

utilization of DMSO (a solvent for PLGA) or other types of alcohols with an 

anticipation of better control of coating layer should be investigated. 

- Further experiment with pure ethanol at elevated pressures as solvent for 

PLGA should be investigated. 

- For proper particle size distribution characterizations, recovery of particle 

products should be carried out by means of spraying into water or aqueous 

solution. 

- An improvement for handling particle agglomeration phenomenon is 

required for a scalable production of coated products. 
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