
Abstract 
 
CHANG, ALAN AN-LEI.  Study of Particle Formation Using Supercritical CO2 as an 
Antisolvent.  (Under the direction of Dr. Ruben G. Carbonell.) 
 

Particle design using supercritical CO2 has been of great interest in the 

pharmaceutical, microelectronic, catalytic, and related industries over the past 10 years.  

There have been numerous papers and patents published on the processes studied in this 

work.  The solubility of most drug compounds in carbon dioxide is very low, making it a 

very attractive antisolvent for particle formation at suitable ranges of temperatures and 

pressures.  This dissertation explores the use of different CO2 antisolvent precipitation 

system designs for the formulation of small crystalline drug particles of a given size, 

morphology, and uniformity, using the precipitation of acetaminophen from ethanol as an 

example.    

In order to understand the precipitation process, the equilibrium concentration of 

acetaminophen in CO2 and CO2 plus ethanol were measured at a range of temperatures and 

pressures in a high-pressure extraction system. This information is important in 

understanding the supersaturation of the drug at various precipitation conditions.  

Several antisolvent processes were tested in order to determine their effectiveness in 

controlling the precipitation of acetaminophen from ethanol. The first system involved the 

use of solution enhanced dispersion by supercritical fluid (SEDS) patented by Hanna and 

York (WO9501221, 1994). This process uses a coaxial nozzle design where the solvent with 

the solute of interest is injected in the inner tube and the supercritical CO2 is injected in the 

outer tube.  The two streams mix at nearly constant pressure and temperature in a small 

volume region of the nozzle before exiting through the nozzle tip into a chamber maintained 

at a fixed temperature and pressure. The fast mixing process rapidly expands the solvent with 

CO2 in order to induce phase split of the solid drug particles.  The chamber pressure is 

maintained constant and nearly equal to the pressure in the nozzle. 

This process was studied because it was claimed that SEDS gave the best control of 

system parameters. However, the thermodynamic, hydrodynamic and kinetic mechanisms 

resulting in particle formation are still not well understood.  The effects of



the nozzle and vessel dimensions on system performance had not been studied previously. In 

addition, little work has been published on the effects of variables such as liquid solvent and 

CO2 flow rates, solute concentration, temperature, and pressure on particle size and 

morphology.   

A design of experiments (DOE) analysis was used to identify the more important 

process parameters that control particle size and morphology at the early stages of 

experimentation. With DOE, a 512 full factorial run was reduced to 32 runs by confounding 

primary variables with higher order interactions (Example: concentration + solution flow 

rate).  The results of these experiments indicated that the most important factors in 

determining particle size and morphology are the concentration of acetaminophen in the 

solvent, the nozzle geometry (length of the mixing zone), and solution flow rate.  These 

parameters were singled out for more detailed experiments aimed at determining the 

influence of these variables on particle size and morphology.  A key feature of the 

experiments described in this dissertation is the use of online monitoring of the 

acetaminophen concentration at the exit to the capture vessel in order to determine how the 

supersaturation of the solute varied with time during the process.  In this way, it was possible 

to determine the nozzle effectiveness in particle precipitation.  In addition, the experiment 

performed in this dissertation recognized that the SEDS process is in essence a batch process 

and the effect of transients in co-solvent concentrations in the particle capture vessel on 

particle size and morphology were studied. 

In addition to SEDS, the precipitation of acetaminophen from ethanol was carried out 

using a precipitation with compressed antisolvent (PCA) process, which is very similar to 

SEDS without the coaxial configuration. This system is simple to install and has been widely 

studied.  The parameters that were important from the SEDS experiments were studied in the 

PCA to characterize their effects on particle size and morphology for this system.  These 

results were compared to those obtained using the SEDS process.  Both SEDS and PCA 

yielded equal particle size and morphology if designed properly. The major feature of this 

work was the emphasis on the design of an effective nozzle for the PCA application.  Similar 

to the SEDS results, a good mixing volume along with adequate residence time for 

micromixing is the best nozzle design. 
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 1

Chapter 1:  Introduction 
 
 
1.1 Motivation 
 

Particle formation technologies are important in the pharmaceutical industries, and in 

the production of photographic materials, ceramics, explosives, and dyes.  The focus in drug 

formulation is to develop techniques that give more consistent and controlled particle size, 

morphology, and uniformity.  

 In current drug delivery technology, very small drug particles are of interest since 

they can travel faster to the target organ and distribute more evenly in the body.  

Furthermore, a patient’s drug dosage can be controlled by coating the drug with 

biodegradable polymer to allow for controlled release over a period of time [1, 2].  

Controlling the size scale of drugs is crucial depending on the type of delivery routes.  The 

particles should be around 0.1-0.3 mm for intravenous delivery, 1-5 mm for inhalation 

delivery, and 0.1-100 mm for oral delivery [3, 4]. 

Conventional methods for manipulating pharmaceutical particles include jet milling, 

spray drying, and emulsion techniques [5].  Jet milling uses particle-to-particle impact forces 

to break up the products into smaller pieces [6].  However, the jet milling process generally 

does not produce a uniform particle size distribution and running the process consumes a lot 

of energy [5].  Freeze drying results in particles of broad size ranges and usually require 

subsequent milling and sieving [7].  Spray drying usually gives particles of controllable size, 

but the extreme temperatures used during the operation can denature biological materials [7, 

8].   

 Conventional drug particle precipitation uses organic solvents as antisolvents for 

precipitation or as emulsifiers for emulsion process [9].  Traces of residual organic solvents, 

such as methylene chloride, that may still be in the drug particles have motivated researchers 

to find alternative methods for particle formation.  Organic solvent use should be limited for 

pharmaceutical manufacturing operations, based on United States Pharmacopeia (USP) 

standards [10, 11].  An alternative to reduce this problem is to use supercritical carbon 

dioxide (CO2) as an antisolvent to precipitate drug particles from solution since CO2 is non-

flammable, non-toxic, inexpensive, renewable, and environmentally benign [12]. 
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In order to successfully design a CO2 antisolvent process, it is important to 

understand the effects of the operating parameters on particle characteristics.  However, very 

few authors have explained experimental particle size and morphology results in light of 

current hydrodynamic, kinetic and thermodynamic theories [13-16].  Furthermore, the 

development of unique methodologies for optimizing these parameters to control particle size 

is essential.   Thus far very few authors have been able to analyze particle nucleation and 

growth inside the precipitation vessel due to the extremely short time scale of drug 

precipitation.  Online monitoring techniques to understand the fundamental mechanisms of 

dense gas precipitation are limited by the high-pressure environment [17].  The progression 

of the precipitation process is therefore hard to record and the effects of start-up and shut 

down of the process cannot be determined.  This dissertation attempts to address these issues 

by demonstrating a technique for monitoring and determining the thermodynamic, fluid 

dynamic, and crystallization mechanisms that are important for designing and optimizing 

different CO2 antisolvent processes for the formulation of small crystalline drug products.  

Furthermore, other applications for the use of CO2 antisolvent process in improving drug 

crystallinity and drug encapsulation are presented.   

 

1.2 Benefits of carbon dioxide as an antisolvent 
 

Researchers have developed particle formation methods that utilize the unique 

properties of supercritical fluids.  A fluid is said to be supercritical when the pressure and 

temperature are higher than its critical pressure (PC) and critical temperature (TC).  Some of 

the most common inorganics used for supercritical technology are listed in Table 1.1. 

 

Table 1.1:  Critical parameters for some common inorganics used for supercritical technology 

 TC (K) PC (kPa) Tb (K at 100 kPa) 
Helium 3.31 110 3.2 

Nitrogen 126 3400 77.4 
Carbon Dioxide 304 7380 (gas-solid) 

Water 647 22100 373 
 

 

Out of all the available supercritical fluids, carbon dioxide is the best processing 

medium in the pharmaceutical industries because it is non-toxic, affordable (about $0.11/kg), 
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has a relatively mild critical temperature (304 K) and low critical pressure (7.38 MPa) [4, 12] 

and a very high volatility.   A representative phase diagram of the CO2 system is shown in 

Figure 1.1. 

  
Figure 1.1:  T-P phase diagram for pure CO2 [12] 
 

In addition to these advantages, supercritical CO2 possesses fluid properties 

intermediate between liquid and gas.  Around the critical point, properties such as density, 

viscosity, solvency, diffusivity can all be manipulated by changing either pressure or 

temperature [12]. Supercritical CO2 has both a gas-like viscosity and a liquid-like density.  

The low viscosity compared to other liquids such as water allows CO2 to have a faster 

transport rate for particulate formation processes.  The diffusion coefficient for CO2 into 

solvent is very large compared to conventional liquid antisolvents [4, 18].  This results in 

rapid mixing to initiate nucleation inside the solvent droplets.  A typical nucleation rate of a 

solute in a CO2 antisolvent process is on the order of 10-5 to 10-4 s [4]. 

 Furthermore, for the application of particle design, supercritical fluids are desirable 

since they have controllable solvating power.  By adjusting the pressure and temperature, 

CO2 can extract the organic solvent and dry the particles in a continuous and single step 

process [12, 19]. Since supercritical CO2 create non-oxidizing and non-degrading 

environments for sensitive compounds, the drying process causes less damage to drug 

particles compared to conventional solvent evaporation process.   

 



 4

1.3 Carbon dioxide antisolvent particle formation methods 
 

 There are many different processes that use CO2 either as a solvent or an antisolvent 

for particle formation applications [1, 11, 17, 20-22].  This section will review these 

processes and the applications with which they are normally associated.   

 

1.3.1 Rapid expansion of supercritical solutions (RESS) 
 

The process of rapid expansion of supercritical solutions (RESS) produces particles 

by spraying a supercritical solution with the dissolved solute through a nozzle into 

atmospheric conditions to rapidly expand the supercritical fluid, resulting in a highly 

supersaturated solution and rapid precipitation [23].   The resulting high-pressure drop 

creates very high jet velocity to atomize the droplets.  A diagram of the process is seen in 

Figure 1.2. 

 
Figure 1.2:  RESS system design 
 

There are many applications using this type of process for coatings [24-27], 

microparticle processing of polymers and drugs [28-36], and encapsulation of the drug with a 

polymer [37, 38].  The benefit of RESS is that it is fairly simple and requires only the use of 

one capillary nozzle for the expansion process. 

The major limitations of its use for pharmaceutical application is that the solute has to 

be able to dissolve in the supercritical fluid at appreciable amounts in order to be viable for 

manufacturing [11, 23].  A realistic assumption for the production rate of drugs would be 

around 90.7-1814 kg per annum, which equates to about 10-230 g/h [17].  Typical solubility 
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of a crystalline drug such as acetaminophen is only soluble up to 0.005486 kg/m3 in high 

pressure CO2 with a density of 854.07 kg/m3, which will make the RESS process highly 

unprofitable. Since most small molecules, proteins, and biodegradable polymers are not very 

soluble in supercritical CO2 [4], there would be a need to use harmful organic co-solvents in 

order to enhance the solubility of the target drug.  Furthermore, there has not been much 

success with the encapsulation of drugs in a polymer matrix with RESS due to the difficulty 

in dissolving two components in supercritical CO2 and controlling the different time scales 

needed for sequential precipitation of the drug and polymer.  

 

1.3.2 Particles from gas saturated solutions (PGSS) 
 

The particles from gas saturated solutions or PGSS process involves injecting 

supercritical CO2 into either a melted or liquid-suspended substance first, which leads to a 

gas saturated suspension.  The suspension is then expanded through a nozzle to produce fine 

particles similar to spray drying.  PGSS can formulate drugs that normally do not dissolve in 

CO2, which expands the number of compounds that can be treated by this technique.  This 

process however is more promising for making particles from materials that normally absorb 

CO2 at high levels such as polymers [11]. A diagram of the PGSS system is shown in Figure 

1.3.  

 

 
Figure 1.3:  PGSS system design 
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Sievers et al. [39] patented a similar process for preparation of protein particles that 

allows the proteins to dissolve in water without the use of organic solvents.   

 

 
Figure 1.4:  Sievers et al. [39] design for the production of proteins with PGSS without use of organic 
solvents 

 

The CO2 at high pressure is mixed with water at a low volume tee, which forms an 

emulsion before expanding to atmospheric pressure and high temperature to form drug 

particles.  A problem with this design is that water under contact with CO2 will form 

carbonic acid from CO2 and lower the pH to as low as 3 [40], which may potentially denature 

proteins and other sensitive pharmaceutical compounds.  Another problem is that this process 

prevents encapsulation of the drug since most biodegradable polymers are not water-soluble 

[12].   

 
1.3.3 Gas antisolvent (GAS) 

 

The gas antisolvent (GAS) process uses a dense gas such as CO2 as an antisolvent to 

precipitate out the drug from a batch solution.  In order for the process to work, CO2 needs to 

be appreciably miscible with the solvent and the drug needs to be insoluble with CO2 at the 

operating pressure and temperature range.  The precipitator is initially filled with a solution 

at a certain drug concentration and temperature.   The rapid injection of compressed CO2 into 

the vessel mixes with the solution and causes a volumetric expansion of the system reducing 

the bulk density of the solution, which in turn lowers the solvating power of the solvent.  Due 

to the rapid mass transfer of compressed CO2 into the solvent, the mixing of the two fluids is 
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very fast and results in smaller and more uniform particles as compared to conventional 

processes such as “salting out” that uses either electrolytes or non-electrolytes. Furthermore, 

the GAS process has also been shown to retain the biomolecular activity of proteins such as 

lysozyme, meaning that the process is suitable for sensitive biomolecules [17, 41].  A 

diagram of the GAS process is shown in Figure 1.5. 

 
Figure 1.5:  GAS system design 

 

GAS is more versatile than RESS since the process does not rely on the solubility of 

the compound in compressed CO2.  Particle formulations of a variety of drug and polymer 

compounds that are normally not significantly soluble in pure CO2 have been demonstrated 

with the GAS process [13, 42-48].  Several works have also demonstrated GAS fractionation 

for different compounds ranging from small molecule drugs to macromolecules [49-53]. 

Very few authors have attempted to use GAS for encapsulation of drug in a biodegradable 

polymer because of the difficulty in controlling the time scales of precipitation of the drug 

and the polymer. GAS encapsulation has been done by either preparing the polymer 

separately from the drug precipitation or by using a semi-continuous GAS process, where the 

solution carrying the drug and polymers are sprayed into a CO2-filled tank [54, 55].  

Since there is a lot of solvent inside the vessel, a major disadvantage of GAS is the 

long drying time to reduce organic solvents from the particles to satisfactory levels.  The 

residual solvent in some instances may not be fully removed especially in the case for 

polymer and protein products [53].  A solution to the drying step has been proposed in which 
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the system was injected with carbon dioxide in the two-phase region where there is liquid 

and vapor antisolvent present inside the vessel [13].  Another problem to consider with GAS 

is the long loading and unloading time between each experiment.   

 
1.3.4 Supercritical antisolvent process (SAS) 

 

Supercritical antisolvent process (SAS) is a semi-continuous process in which the 

solution with the product is sprayed through a specially designed nozzle into condensed gas 

in a pressurized vessel [56].  The nozzle in SAS disperses the solution into the condensed gas 

phase inside the vessel to enhance mixing and mass transfer.  SAS is also referred to as 

aerosol solvent extraction system (ASES) or precipitation with compressed antisolvent 

(PCA).  A diagram of the SAS process is shown in Figure 1.6.  

 
Figure 1.6:  SAS system design 

 

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

precipitate the drug. Controlling how the solution disperses into compressed CO2 to initiate 

precipitation is important in controlling the particle size and morphology.   Some authors 

have designed either different nozzle configurations or added ultrasound vibration at the 

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

precipitation [3, 57, 58].  The CO2 and solution can also mix inside a low volume area before 
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being sprayed inside the vessel.  The ease in changing the system configuration to tune the 

product characteristics is what makes SAS very attractive. 

Thus far in the literature, SAS seems to offer the best particle formation method due 

to its capability to produce smaller and more uniform particles compared to the GAS process 

as a result of the enhanced mixing between the antisolvent and drug solution [1, 17, 59].  The 

semi-continuous nature of the process allows for generation of large amounts of drug 

products without the need to stop the system, which makes SAS an attractive manufacturing 

process compared to GAS.  Furthermore, the solvent inside the vessel is constantly extracted 

and removed from the system during the experiment to give SAS an added advantage to the 

more time consuming drying associated with the GAS process [17].  The presence of less 

solvent inside the vessel during the SAS experiments compared to GAS generally results in 

less agglomeration of the particles.  Both GAS and SAS are milder processes for preventing 

drug degradation and loss of activity for biomolecules as compared to conventional organic 

solvent “salting out” methods [60].   

SAS has been used in processing different materials such as pigment powders [61], 

semiconductor precursors [62], and inorganic crystals [63].  Single component particle 

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

with respect to morphology and particle size [64-68]. The particular focus for single 

component precipitation is in controlling polymer morphology and shape with SAS process 

for use in controlled release applications [69-76].   Due to the ease of separating the time 

scale of precipitation for the drug and the polymer by either changing the nozzle design or by 

adding multiple injection nozzles, many authors have shown that the drugs can be 

encapsulated in a single process at appreciable amounts [77-80].   

 

1.3.5 Solution enhanced dispersion by supercritical fluids (SEDS) 
 

Solution enhanced dispersion by supercritical fluids (SEDS) was developed by Hanna 

and York [81, 82] to improve on the idea of SAS by changing the design of the nozzle to 

enhance mixing of the solution and to control microparticle formation.   The system borrows 

from the benefits of SAS in that the drug of interest does not need to be dissolved in CO2 and 

toxic solvents can be reduced or eliminated in a single continuous process.    
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The uniqueness of SEDS rests in the design of the nozzle, which uses the idea of 

coaxial tube geometry to simultaneously deliver the solution and the antisolvent.  A diagram 

of this configuration taken from experiments conducted in this dissertation is depicted in 

Figure 1.7. 

 
Figure 1.7:  SEDS coaxial tubing design used for the present study  

 

Prior to spraying the particles into the pressurized precipitation vessel through a 

nozzle constriction, the solvent carrying the product mixes rapidly with the supercritical fluid 

in a small volume area called the mixing length (Li).  The mixing length is believed to 

enhance mixing and initiate nucleation before the particles are sprayed into the collection 

vessel [81, 82].  Furthermore, Hanna and York explained that the design would allow for 

better control of parameters such as temperature, pressure, and flow rate at the point of 

nucleation inside the mixing length.   

Similar to other antisolvent processes, SEDS is a mild precipitation process for 

sensitive pharmaceutical compounds, such as proteins, that causes minimal loss of activity 

[83].  The flexibility of SEDS lies in the fact that the coaxial tubing can be arranged in 

different configurations to allow for more flexibility in controlling encapsulation of 

biomolecules [78, 84].  SEDS has been shown to be able to control particle size of many 
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drugs and polymers by adjusting the temperature, pressure, flow rate, and concentration [84-

87].     

 

1.4 Aim and outline of the dissertation 
 
 This dissertation explores the use of CO2 as an antisolvent in particle formation 

processing of pharmaceutical compounds.  SEDS and PCA were constructed and studied to 

determine their efficacy in controlling particle size and morphology of a crystalline drug, 

acetaminophen, dissolved in ethanol. A methodology of studying how different design 

variables affect the outcome of the particles is presented, including models that describe the 

thermodynamic and crystallization kinetics of the system. 

 

1.4.1 Outline of the dissertation 
 

 Following this introduction, Chapter 2 presents thermodynamic and crystallization 

theories commonly used in the study of drug crystallization.  Chapter 3 deals with the 

concept of phase equilibrium of the drug in carbon dioxide.  The effect of pressure and 

temperature along with the use of a co-solvent is explored.  The data for the solubility of the 

acetaminophen in ethanol was collected using a high-pressure extraction system, which was 

custom designed and constructed.  The solubility data was used to determine the adjustable 

parameters for Peng Robinson equation of state in order to estimate the solubility of the drug 

outside of the experimentally measured range. 

 Chapter 4 introduces SEDS processing of acetaminophen microparticles by using 

statistical design of experiments (DOE) as a preliminary step to isolate the important 

variables to explore.  The variables tested from the DOE experiments are used in Chapter 5 

to explore how the operational conditions affect particle size, shape, and uniformity of 

acetaminophen.  Chapter 5 also describes how the acetaminophen concentration change in 

the collection vessel was measured and how this information was used to determine the 

nozzle effectiveness. 

 Chapter 6 describes how the concepts learned from SEDS can be applied to a PCA 

process as an alternative to formulate acetaminophen drug crystals.  The nozzle design is a 

major focus for the PCA process.   
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 The Appendix contains the Matlab model codes for solubility calculations and 

particle size calculations.  The Appendix also contains information regarding the PCA 

process, the use of SEDS to improve crystallinity of the drug, and also the use of a SEDS + 

RESS hybrid system to encapsulate lysozyme in polymer. 
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Chapter 2: Thermodynamic and Crystallization 

Considerations 
 
 
2.1  Introduction 
 

This chapter introduces the thermodynamic and kinetics concepts relevant to the 

formation of drug particles using CO2 antisolvent processes. 

 
2.2  Thermodynamic concepts 

 

2.2.1 Carbon dioxide as an antisolvent 
 
 As described in the previous chapter, the SAS process involves the continuous mixing 

of antisolvent with a solution in order to initiate precipitation.  Understanding the phase 

behavior of the system as more antisolvent is applied to a solution at a given temperature and 

pressure is important in designing the precipitation process.  

The change in the solute chemical potential between the fluid and solid phases is the 

driving force for crystallization.  The phase transition is driven by the difference in the 

chemical potential of the solute between the fluid phase and the pure component solid phase.  

Negative change in chemical potential indicates the transition from the phases is spontaneous 

whereas positive change in free energy indicates that the transition is not thermodynamically 

possible on a macroscopic scale.  When the change in free energy is zero, the system is in 

thermodynamic equilibrium.   

The solute chemical potential in the fluid phase, � 3, is related to the solute mole 

fraction x3 by the expression [1]  
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where � 3
* is the chemical potential at equilibrium,  � 3 and � 3

* are the activity coefficient of the 

solute at a given concentration x3 and the activity coefficient of the solute at the equilibrium 

concentration x3* , respectively.  The probability that the solute will crystallize out of solution 

is greater if the change in chemical potential increases.  Based on equation 2.1, the addition 
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of the antisolvent can dilute the mixture and decrease the chemical potential due to the 

reduction in the solute mole fraction, x3.  However, as the antisolvent is added, the 

equilibrium concentration x3
* is also reduced significantly.  Adjusting the temperature and 

pressure can also change the chemical potential. 

 The difference in the chemical potential is typically defined in terms of a 

dimensionless quantity called the supersaturation, S.  Equation 2.1 can be written as  
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In another words, the supersaturation is directly proportional to the degree by which 

the solute concentration in solution exceeds the equilibrium concentration at a given 

temperature and pressure.  For very low concentrations of a nonvolatile solute (typically 

below 10-4 mole fraction), the ratio of the activity coefficients is approximately equal to 1 and 

the supersaturation can be defined by the expression [2] 
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where x2 is the solvent mole fraction in the mixture.  

    

2.2.2 Two component vapor-liquid for CO2 + ethanol 
 

 The success of an antisolvent process rests on how well the CO2 is mixed with the 

solvent to reduce the solvency.  The miscibility between the two fluids is essential in 

determining the necessary operating conditions and is dependent on the temperature, 

pressure, and composition.  For a binary system of CO2 and co-solvent, a P,x phase diagram 

can be determined for the phase equilibrium of these two phases above and below the critical 

temperature. Suzuki et al. and Kordikowski, et al. have reported the phase behavior of the 

CO2 + ethanol system [3, 4] above and below the critical temperature of carbon dioxide. 
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Figure 2.1:  CO2 + ethanol binary phase diagram for T < Tc,CO2 [4] and T > Tc,CO2 [3] 
 

 The phase diagrams in Figure 2.1 show CO2 + ethanol phase equilibrium above and 

below the critical temperature of carbon dioxide.  For subcritical conditions (T < Tc,CO2), the 

coexistence region contains both vapor and liquid phases between the saturation of the two 

components (Psat) below the liquid line.  Outside the coexistence region, only a single phase 

exists as either liquid or vapor depending on the mole fraction of CO2.  

 Above the critical temperature, the carbon dioxide saturation pressure does not exist 

(PCO2 sat).  The liquid line for the phase envelope ends at the mixture critical pressure (Pc, mix).  

The mixture critical point is fixed by temperature, pressure, and composition (xC). Above the 

mixture critical pressure there exists either a single liquid phase to the left of xC or a 

supercritical fluid phase to the right.   

  

2.2.3 Three component phase equilibrium 
 
 As mentioned in Chapter 1, there are many compounds that are not soluble in 

supercritical CO2 and therefore the antisolvent process involves adding CO2 to shift the 

equilibrium condition of a solute and organic solvent system to initiate precipitation.  The 

phase boundary for a vapor-liquid-solid system above the mixture critical pressure can be 

represented in a triangular diagram as shown in Figure 2.2. 
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Figure 2.2:  CO2 + solvent + solid ternary phase diagram above the critical pressure  [2] 
  

There could be as many as four phase boundaries depending on the composition of 

the system when operating above the mixture critical pressure:  1) homogeneous liquid 

phase, 2) solid-liquid phase, 3) solid-vapor phase, and 4) homogeneous vapor phase [2].  The 

dotted arrows represent the working line for the different antisolvent processes described in 

Chapter 1.  For the RESS process, in which the solid is first dissolved in the CO2 phase, the 

solute rapidly separates out from the homogeneous supercritical fluid phase into the solid-

vapor phase.  For the SEDS/SAS process, the solute is present in a liquid organic solvent.  As 

the concentration of antisolvent CO2 is added, the crystallization pathway traverses from a 

homogeneous liquid phase to a S-L and a S-V phase.     

Generally the SEDS/SAS antisolvent process contains a large excess of the 

antisolvent CO2.  Therefore, a phase diagram of solute concentration plotted as a function of 

mole fraction of CO2 relative to liquid solvent can be used to describe the antisolvent process 

in a SAS process as shown in Figure 2.3. 
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Figure 2.3:  Typical solubility diagram for a CO2 antisolvent process  
 

 The solubility curve represents the equilibrium concentration present in the 

supersaturation Equation 2.4. Line CB is the working line as the antisolvent is added into the 

solution.  As the concentration of CO2 increases and dilutes the solute concentration, the 

working line will reach a critical concentration xcritical.  Past xcritical, the working line crosses 

from the one phase region to the two-phase region and the solute consequently precipitates 

out.  As the working line approaches higher concentrations of CO2, the cosolvancy effect of 

the liquid solvent mixed with CO2 dominates and the system enters the one phase region 

again. In real life, this one phase region near 100% CO2 is almost nonexistent. The difference 

between the working line and the solubility curve is the maximum attainable supersaturation 

of the mixture.  

 

2.3 Crystallization mechanisms 
 
2.3.1 Nucleation kinetics 
 
 Nucleation is generally considered to be the influential factor in determining the 

particle size.  However, the mechanisms that govern nucleation are not well understood and 

very hard to control due to the fast time scale in which they occur.  Nucleation is broken 

down into three main categories:  Primary homogeneous nucleation, primary heterogeneous 

nucleation, and secondary nucleation.  Primary homogeneous nucleation occurs in the 

absence of an impurity, primary heterogeneous nucleation occurs in the presence of a solid 
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seed, and secondary nucleation occurs at the solute-particle interface.  The mechanisms that 

govern the primary and secondary nucleation are very different and are discussed in more 

detail in the section that follows. 

 
2.3.2 Primary homogeneous nucleation 
 

Primary homogeneous nucleation in classical nucleation theory is governed by the 

overall free energy change of the phase transition of the embryo by the sum of the free 

energy of new volume formation and the free energy of new surface creation [5, 6], 

DG = DGV  + DGS .              (2.5) 

Here DGV is the change in free energy from the liquid to the solid state and is a function of 

supersaturation given by the equation 
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Assuming the nucleus is a sphere, r3bv (= 4� /3) defines the volume of spherical embryo 

aggregate, n is the molecular volume of the precipitated embryo, and kB is the Boltzmann 

constant. DGS is the change in Gibbs free energy to form the surface of the nucleus and is 

given by the relation  
2rG aS gb=D ,          (2.7) 

where r2ba (= 4� ) is the surface area of a spherical aggregate and g is the surface free energy 

per unit area. DGV is a negative quantity and DGS is a positive quantity. 

When S < 1, the DG is always positive.  When S > 1, DG will reach a maximum that 

is equal to a critical nucleus size r*, which is the activation energy for nucleation [7] as 

illustrated in Figure 2.4.  
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Figure 2.4:  Dependence of nuclear size on Gibbs free energy for different saturation ratios [7] 
 

Nielson defined the particles with sizes r < r* as embryos and particles with sizes r > 

r* as nuclei [6].  The mathematical expression for the critical radius can be obtained by 

taking the derivative of DG with respect to r in Equation 2.6, setting it equal to zero and 

solving for the radius 
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Particles defined as embryos will generally dissolve back into solution whereas nuclei 

will generally continue to grow.  As the nuclei continue to grow, the free energy will 

continue to decrease to give stable nuclei until micrometer sized particles are formed.  It is 

presumed that solute clusters are always in solution.  Only the clusters that exceed the critical 

radius result in viable nuclei [5].  The maximum change in free energy of nucleation at the 

critical radius is defined as DGmax and is given by the expression 
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where g is the surface free energy per unit area and ba = 4�  for a sphere. As shown on Figure 

2.4, the probability that a nucleus will form increases at high supersaturation for primary 

homogeneous nucleation [5].   

 The general relationship between the rate of nucleation and the supersaturation is 

written as [5, 7, 8] 
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where J is the nucleation rate defined as number of nuclei formed  in a given volume per unit 

time and Jmax is the pre-exponential nucleation rate constant.  Equation 2.10 is derived 

assuming that the nuclei form instantaneously so that the rate of nucleation is diffusion 

controlled.  In the case of spherical particles, A can be estimated by the equation 
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where g is surface energy between the solid/liquid interface, W is the molecular volume of 

solute in the crystal lattice,  kB is the Boltzman constant, and T is the temperature in Kelvin 

[8]. 

 The nucleation rate typically increases with supersaturation up to a certain critical 

value Sc and then asymptotically approaches a maximum value.  The value of Sc is dependent 

on the value of A [6].  One of the major difficulties in modeling nucleation kinetics rests in 

the proper estimation of the rate of nucleation for a given system.  Depending on the 

assumptions made for determining Jmax, estimation can be different by as much as 5 orders of 

magnitude.   

 
2.3.3 Primary heterogeneous nucleation 
 

Primary heterogeneous nucleation is more common in many experiments since it 

occurs at lower surface energy due to the presence of impurities inside the vessel.  In reality, 

it is almost impossible to completely remove all foreign objects inside the reactor that might 

induce crystallization.  Since the critical supersaturation is dependent on the surface energy, 

g, primary heterogeneous nucleation also takes place at a lower critical supersaturation 

compared to primary homogeneous nucleation.   

The expression for the rate of nucleation, J, for heterogeneous nucleation has the 

same form as that for the homogeneous case shown in Equation 2.10.  The difference is that 

the surface energy, g, for the solid/liquid interface is replaced by the surface energy of the 

solid/foreign interface [7].  Another difference between heterogeneous and homogenous 

nucleation is that once the heteronuclei are used up, the nucleation stops.  Therefore, a term 

that describes the availability of active sites for nucleation should be included in the rate of 

nucleation equation [5].  Primary homogeneous and heterogeneous nucleation generally do 

not occur at the same time due to the differences in the critical supersaturation.  The total 
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nucleation rate can be described as the sum of the homogeneous nucleation and the 

heterogeneous nucleation 

HeteroHomoT JJJ +=  .               (2.12) 

 Primary nucleation, either homogeneous or heterogeneous, occurs at high 

supersaturation levels that are typical of supercritical antisolvent processes [6]. Attempts to 

quantify the nucleation rates experimentally have not been successful.  Many instruments 

available for measurement requires the nuclei to be a certain size and therefore the 

measurement can be erroneous [9-12]. 

 

2.3.4 Secondary nucleation 
 

Secondary nucleation results from the presence of solute particles in the solution that 

can induce more nuclei formation.  Secondary nucleation can be classified as contact and 

true.  Contact secondary nucleation occurs when the growing particles are mechanically 

broken from stirring or impact with the walls.  The consequence of this breakage acts as 

secondary nuclei.  True secondary nucleation is not well known and occurs when the level of 

supersaturation is higher than the critical value for the solute particles present in solution.  

The formation of nuclei clusters occurs and they are broken off from the particle itself to act 

as secondary nuclei.  The size and number of nuclei produced are found to be dependent on 

the supersaturation.  Large S usually leads to bigger nuclei that have rougher and more fragile 

surfaces for further growth [7].    

 

2.3.5 Crystal growth  
 

Crystal growth can be described in three levels:  molecular, microscopic, and 

macroscopic [7].  At the molecular level, the growth units in the supersaturated bulk phase 

diffuse and attach themselves to the surface of the crystal lattice.  The units can diffuse 

across the surface, attach themselves to the crystal, or redissolve into the solution.    At the 

microscopic level, step bunching can be observed.  Step bunching occurs when multiple steps 

of crystal grow at different speeds resulting in formation of cavities.  These step bunches are 

responsible for defects and trapping of solvents in the crystal.  The resultant surface of the 

crystal can be smooth or rough.  At the macroscopic scale, the crystal shape is mostly a result 
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of the kinetics of growth along the various crystal planes.  Concentration gradients can affect 

the surface concentration and cause instabilities.   

The crystal growth process can be broken down into eight parts: Transport to the 

crystal surface, surface adsorption, diffusion over the surface, attachment to a step, diffusion 

along the step, bonding to a kink site, diffusion of the solvent away from the surface, and 

release heat of crystallization.  The kink is defined as a space on the surface of the crystal 

that is surrounded by three nearest neighbor bonds whereas two nearest neighbor bonds 

surround a step as illustrated in Figure 2.5 [13]. 

 

 
Figure 2.5:  Example of kink and step sites on crystal surface 

  

Whether the crystal surface is smooth or rough can have an effect on the growth.  

Rough surfaces have a higher binding energy on average than smooth surfaces due to the 

higher probability that the molecule can bind to multiple sites with varying bonding energies.  

As a result, a rough surface crystal has a higher growth rate than a smooth surface crystal.  

When molecules attach to the rough surface, there is a tendency for the layer to still be rough 

and this is referred to as continuous growth.  However, for a smooth surface, the rate-limiting 

step is the addition of the first molecule to the layer.   The other particles will have less to 

overcome once the first molecule is attached and a new smooth surface is rapidly formed.  

This is referred to as layered growth and it usually occurs at low supersaturation. 

 Many growth equations have been developed to describe crystal growth under 

different conditions.  The general form of the growth equation is given as 

)()(/ RgSCfdtdR = ,             (2.13) 

where R is the crystal size and C is a growth constant. The function f(S) is the part of the 

equation that is dependent on supersaturation and g(R) is the part of the equation that is 

dependent on the size. 
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 If bulk diffusion is the rate-limiting step such as in precipitation in the liquid phase, 

surface morphology is not a factor in the growth rate and mass transport models can be used 

to describe the growth rate  

)1(/ 2 -= SDCNddtdr eqA ,        (2.14) 

where d is the diameter of the diffusing species, NA is the Avogadro’s number, and Ceq is the 

solubility of the solute.   

If the surface is smooth and the supersaturation is low (S~1.5), the new layers of 

growth are formed by crystal screw dislocation.  The layers are formed by continuous 

formation of step and kink sites on the crystal surface.  This type of crystal growth has been 

observed in vapor, aqueous solution, and melts and the equation was developed by Burton et 

al. [14] and Bennema and Gilmer [15].  The equation can be written in the form 
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where DS is the surface diffusion coefficient, nSE is the equilibrium surface concentration 

(M/L3), b is equal to one minus maximum surface supersaturation, yS is the mean distance 

traveled by the solute molecules to the step site, and S1 is the supersaturation value for which 

the growth rate dependency switches from first to second order; e.g. S < S1 is second order 

and S~S1 is first order.  The first term in Equation 2.15 is generally lumped into an 

experimental constant to be determined by fitting. 

 For cases where the nucleation rate is high, the rate limiting step is the time for the 

solute to diffuse to the surface or diffusion limited growth.  In this case, Fick’s diffusion law 

can be applied to develop an equation in spherical coordinates to describe this process  

)/1)(1(/ RSVDCdtdRg eq -== .             (2.16) 

In this equation V is the molar volume of the solute, D is the diffusion coefficient of 

the solute, and Ceq is the equilibrium concentration.  Based on this equation, increases in 

supersaturation increase growth rate by diffusion.  For a crystal moving through a 

supersaturated medium, the diffusion of the solute is enhanced by mass transport.  In this 

case, the diffusion coefficient in Equation 2.16 is replaced by a mass transfer coefficient, KC.  

In the simplest case, the mass transfer coefficient can be determined from the Colburn 

equation relation for a sphere for molecule A diffusing through molecule B 
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where Re is the Reynolds number, and SC is the Schmidt number for the solute in the solvent.  

When mixing is not efficient enough to eliminate concentration gradients inside the vessel, 

there will be local pockets of supersaturation that result in broad particle size distribution.  

Furthermore, broad size distributions can also be formed when the average turbulent eddies 

inside the system are larger than the particle size.   

 

2.3.6 Crystal morphology 

 
 Gibbs described the total surface energy of the crystal as the sum of the energies 

associated with the crystal volume, the various surfaces, and any edges.  The edges and 

corners for a crystal only have an effect on the shape if the crystal is small.  The crystal will 

continue to grow until an equilibrium shape is reached, which corresponds to the minimum 

of the total surface energy.  Figure 2.6 shows a simple case of a crystal face.  The quantity hi 

is the distance from the center of the face to the edge of the surface and gi is the surface 

energy. 

 
Figure 2.6:  Crystal surface with distance h from the center to the surface edge and the respective surface 
energy gggg  [7] 

 

At equilibrium the different contributions from each face to the surface energy are all 

equal as indicated by the expression 
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1 .          (2.18) 
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This equation essentially states that surface with the highest surface energies are 

associated with the smallest surface area.  These small faces are also generally rougher than 

larger surfaces [7].  Figure 2.7 represents a crystal with flat faces (F), stepped faces (S), and 

kinked faces (K).    

 
Figure 2.7:  An example of a 3-D crystal with three types of faces:  Flat (F), step (S), and kink (K) [7] 

 

The rougher S and K faces will grow faster and the slow growing F face will 

determine the crystal shape.  Temperature, concentration, and supersaturation levels 

surrounding the crystal faces all affect the change in the final morphology.  Furthermore, 

when impurities are added to the S and K faces, this may slow down the growth and change 

the final crystal shape.   

Both the thermodynamic and crystallization considerations are important in proper 

analysis of the particle design results in different antisolvent processes presented in 

subsequent chapters.   
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Chapter 3:  Study of the Solubility of Acetaminophen in 

High Pressure CO2 By Using Static Extraction Method 
 
 
3.1 Introduction 

 

During the precipitation process, the addition of the antisolvent to the solution results 

in a decrease in the solubility of the drug in the solvent as a consequence of the decrease in 

the solvent’s cohesive energy density.  As a result, knowing the solubility of the drug in the 

antisolvent + solvent mixture is essential for determining the operating conditions needed for 

the precipitation to occur.  As described in Chapter 2, the equilibrium concentration is also 

important for the determination of the supersaturation, which affects nucleation and growth.   

For solubility measurements, two main methods are known in the literature:  the 

dynamic extraction method and the static extraction method.  In the dynamic method, a 

freshly mixed solution of solvent and CO2 is continuously fed through an extraction column 

packed with the solute [1-4].  The extracted material is collected downstream and the amount 

is tested either offline from the system, using UV spectrometry or high-pressure 

chromatography, or online while the system is running. The dynamic method is widely used 

to test the solubility of pharmaceutical drugs in pure CO2 since there is no need to worry 

about the issue of premixing CO2 with an organic co-solvent [2, 5].    

The static extraction method uses a closed loop system design where the solute is 

extracted by recirculating a fixed amount of mixed solvent and CO2 through the extraction 

vessel until equilibrium is achieved [6-8].  Again, the analysis of the material can either be 

performed online or offline.   The two different designs are shown in Figure 3.1. 

 
Figure 3.1:  Design differences between dynamic and static extraction methods 



 37

 

The apparatus used in the current application for measuring solubility is a static 

extraction method with offline analysis.  The advantage of using the static extraction method 

is that a “true” equilibrium condition can be reached in a closed system.  For the dynamic 

process without recirculation of the CO2 and co-solvent, the two streams may not be in a 

single phase before contacting the drug and can give erroneous results.  Either adjusting the 

solution flow rate or the length of the extraction column controls the residence time for 

extracting the compound in the dynamic extraction system; but this may still not guarantee 

complete saturation of the solution at the exit of the column.   

Moreover, the offline analysis gives flexibility in quantifying high drug solubility in 

the CO2 and liquid solvent mixture that typically cannot be done with online analysis without 

diluting the sample.  Offline analysis also bypasses any calibration changes associated with 

different ratios of binary mixtures of solvents. A major disadvantage of using the static 

extraction system is the long preparation and run time compared to the dynamic extraction 

system. 

This chapter focuses on the experimental measurements of acetaminophen solubility 

in CO2 and different mole fractions of ethanol.  The Peng Robinson equation of state 

(PREOS) was used to calculate the equilibrium concentration of acetaminophen outside the 

experimental range simply by knowing temperature, pressure, and ethanol mole fraction.  

Dixon and Johnston [8] had previously shown that PREOS was a feasible model to calculate 

the solubility of phenanthrene in toluene and high pressure CO2. 

 

3.2 Equation of state for modeling equilibrium solubility 
  

By definition, the fugacity of each component in a two-phase system are equal at 

equilibrium (constant T and P)  

ba
ii ff = .          (3.1) 

Here a and b are the different phases and i is the component.  An equation of state or 

an activity coefficient relationship is used to calculate the fugacity of the components in each 

of the phases.  The Peng Robinson equation of state (PREOS) is a well documented equation 

of state (EOS) that can be used to describe the thermodynamic behavior of complex systems 
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at high pressure and works well for small molecules [9].  PREOS is widely used as a good 

approximation for calculating phase equilibrium in CO2 systems [6]. The general form of the 

equation is given by  
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= ,              (3.2)    

where R is the ideal gas constant and V is the molar volume. The temperature dependent 

function a(T) describes the intermolecular attractive forces.  The quantity b is a volume 

parameter related to the molecular size. The a(T) and b terms are calculated from the pure 

component properties  
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      TCi and PCi are the critical temperatures and pressures for each component.  Tri (= 

T/TCi) is the reduced temperature and wi is the acentric factor for each component. The 

function a(T) and the parameter b can be obtained from the pure component values using 

mixing rule expressions [9] 
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where jiij kk = and jiij ll = are the interaction constants. 

Equation 3.2 can be written as a polynomial to solve for the densities of both the 

liquid and vapor phases 



 39

0)()23()1( 32223 =-----+-- BBABZBBAZBZ ,        (3.9) 

where  
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Z = .                  (3.12)  

The quantities A and B are obtained from the calculations of a(T) and b in Equations 

3.7 and 3.8.  Z in Equation 3.12 is defined as the compressibility factor of the mixture for the 

different phases. The polynomial equation can yield one or three roots depending on the 

phases.  The root can only have meaning if it is real and positive.  The largest root 

corresponds to the compressibility factor of the vapor phase and the smallest positive root 

corresponds to the liquid phase [9].  When solving these sets of equations, the interaction 

parameters (kij, lij) are adjustable parameters specific to different systems, but the l ij terms are 

generally set to zero [10]. Knowledge of the interaction parameters, critical pressure, critical 

temperature, and the acentric factor is vital for accurate calculations of the phase behavior. 

 The fugacity coefficient is important in calculating the phase equilibrium.  After 

obtaining Z for both the liquid and vapor phases, the fugacity coefficients for the different 

components in the liquid and vapor phases are obtained by solving the following equation [9] 
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After the determination of the fugacity coefficient, if
~

, for each component in each 

phase, the mole fraction of each component in the phases can be determined with Equation 

3.1, where the fugacities are related to the component mole fraction and the fugacity 

coefficients by the following relationships 
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and the fact that the sum of all the mole fractions in each phase at equilibrium is unity. 
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The presence of the solid phase requires a separate equation describing the pure solid 

fugacity.  For solid-liquid equilibrium, the pure solid fugacity, f3
S, is equal to the fugacity of 

the solute in solution, 3

~
f .  The solubility of the solid component x3 can be related to the 

activity coefficient of the solid by the equation 
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where  f3
ref is the fugacity of the solid in the reference state and g is the activity coefficient of 

the solid. Suitable expressions for the fugacity ratio and activity coefficient for the solid will 

be described in order to solve for the mole fraction of the solid. 

The reference state can be chosen to be at atmospheric pressure, P0.  Choosing the 

pure sub-cooled liquid as a reference state, the ratio of the fugacities at atmospheric pressure 

in the solid, 
OPSf ,

3 , and a sub-cooled liquid state, 
OPLf ,

3  can be related to a physical property 

of the solid as follows [11] 
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where DHf is the heat of fusion at the melting temperature, Tf is the temperature of fusion, 

and DCp is the difference between the liquid and solid heat capacity at the melting 

temperature.  Generally the term containing DCp is smaller than the entropy of fusion 

(DHf/Tf) at high pressures and the last two terms in Equation 3.17 can be neglected to give the 

fugacity ratio of the solid and sub-cooled liquid at atmospheric pressure as 
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Equation 3.18 gives the fugacity ratio at atmospheric pressure.  However, pressure 

has a huge effect on the fugacity of the solid phase and a Poynting factor needs to be 

considered [11] 
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where V3
S is the solid molar volume.  This equation indicates that at lower pressures the 

Poynting factor does not have much of an effect.  However, if the solid has a high solid molar 
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volume, then the slight increase in pressure has a larger effect than for lower solid molar 

volume. Combining Equation 3.18 for the fugacity ratio of pure solid and sub-cooled liquid 

at atmospheric pressure with the Poynting correction factor Equation 3.19, the final 

expression for the solid fugacity is obtained  
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 The influence from the addition of CO2 antisolvent on the solubility is described by 

the activity coefficient.  The fugacity coefficient is given by the following equations 
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 Substitution of these equations into the first expression in Equation 3.16 yield the 

expression for the activity coefficient of the solid 
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After substitution of Equations 3.20 and 3.22 into the second expression in Equation 3.16, the 

expression for the equilibrium solute mole fraction in a mixed solvent is given as 
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Typically the error associated with this equation is high.  However, it was 

demonstrated by Wubbolts et al. [6] that lumping all the terms not dependent on pressure in 

Equation 3.23 into a single constant term K(T), the data can be correlated at a given 

temperature to determine the solubility of the solid at different pressures and compositions.  

Therefore, the Equation 3.23 for calculating the solid equilibrium mole fraction takes the 

form 
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These sets of equations were used with the PREOS to obtain the equilibrium 

concentration of acetaminophen at different pressures, temperatures, and ethanol 

composition.  Solubility data were used to determine the interaction parameters kij and K(T). 
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The interaction parameter l ij was set to zero.  However, the attraction parameter for the solid 

aS(T) was not calculated from critical parameters since it is generally hard to measure the 

critical constants.  Instead, aS(T) was used as a best fit parameter.  The value bS was 

calculated from the solid’s density and molecular weight.  Section 3.4.5 explains in detail the 

parameters obtained from the experimental fitting. 

  

3.3 Experimental and analytical section 
 

3.3.1 Materials 
 

Compressed CO2 Coleman Grade, was purchased from National Welders. The co-

solvent was ethanol, HPLC grade, purchased from Sigma-Aldrich Company (St. Louis, MO).  

200mm glass beads were purchased from Alltech, Inc. (Deerfield, IL).  The extracted drug 

used in the experiment was acetaminophen (99% purity) purchased from Sigma-Aldrich 

Company.  Acetaminophen has a chemical structure given in Figure 3.2. 

 
Figure 3.2:  Chemical structure of acetaminophen 

 

All chemicals were used without further purification.   

 

3.3.2 UV absorbance calibration curve 
 

UV absorbance was taken from a JASCO V-550 UV Spectrometer (Japan).  Accurate 

Beer’s Law calibration of the UV absorbance for acetaminophen is essential for proper 

analysis of the amount of drug dissolved in the solvent.    The UV spectrometer is equipped 

with a sample holder and a reference holder for the cuvettes.  First, a baseline was established 

by taking the measurements of two cuvettes with HPLC grade ethanol.  Then a series of 

different concentrations of acetaminophen dissolved in ethanol was placed in the sample 
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holder for analysis. The calibration curve for the acetaminophen-ethanol system was 

constructed at a wavelength of 250 nm. Figure 3.3 shows the calibration curve with 

acetaminophen concentration as a function of absorbance.   

 
Figure 3.3:  UV calibration curve for acetaminophen concentration in ethanol 

 

The linear equation y = m1*M0 is used to obtain the proper acetaminophen 

concentration corresponding to a UV absorbance, where y is the acetaminophen 

concentration (kg/m3), M0 is the UV absorbance, and m1 is the coefficient equal to 0.0107.  

 
3.3.3 Static extraction process equipment 
 

The technique adopted to measure the equilibrium concentration of acetaminophen in 

the CO2-ethanol-acetaminophen system is the static extraction method with offline UV-Vis 

spectroscopic analysis.  Each data series of the static extraction run was performed for a 

given temperature and composition while the pressure was varied.  On average, four to five 

points were collected in each series of experiments at different pressures. The static 

extraction system is shown in Figure 3.1 and 3.4. 
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Figure 3.4:  Static extraction experiment system 

 

A high pressure recirculating pump model D415A from Micropump (Vancouver, 

WA) was used to circulate a CO2 + ethanol mixture at a certain temperature and pressure 

through the 2x10-5 m3 high-pressure extraction vessel purchased from Valco Inc. (Houston, 

TX) with maximum pressure and temperature ratings of 68.9 MPa and 473 K respectively in 

order to extract the acetaminophen.  The extraction vessel was packed with 7:1 mass ratio of 

glass beads (200-300 mm) to acetaminophen powders.  The glass beads were first weighed 

and mixed with a given amount of acetaminophen powders and left on a shaker for 30 

minutes to homogenize the sample.  The acetaminophen and glass beads were then 

sandwiched between two 5 mm filters inside the extraction vessel in order to prevent the 

undissolved sample from contaminating the rest of the system. 

A model 260D CO2 syringe pump from ISCO, Inc. (Lincoln, NE) was used to 

maintain the system pressure to within ±0.03 MPa while a Precision Scientific oven model 

14EG (Chicago, IL) and heating tapes from Omega Engineering Inc. (Stamford, CT) attached 

to a temperature controller (Degi-Sense model 68900-01) from Barnant Company 

(Barrington, IL) were used to control the system temperature to within ±0.1 K.  Before the 

start of the experiment, an ethanol + CO2 mixture was recirculated through the by-pass line 

between V5 and V6 for one hour while keeping the extraction vessel side closed to the 

system.  The volume of ethanol needed for the experiment to obtain a given mole fraction 

was calculated by the expression  
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where xEth is the mole fraction of ethanol and the r Eth and r CO2 are the densities of ethanol 

and CO2 respectively.  The CO2 density at a given pressure and temperature was taken from 

the NIST WebBook (http://webbook.nist.gov/chemistry/fluid/) [12].  VEth and VCO2 are the 

volumes of each component in the system and MWEth and MWCO2 are the molecular weights 

of ethanol and carbon dioxide respectively.     

To determine when equilibrium has been reached, the recirculated solution passes 

through a custom built high-pressure UV cell and the UV reading was taken with a Jasco 

UV-spectrometer (V-550) in full spectrum scan mode from 200 nm to 300 nm.  The detailed 

schematic for the high-pressure UV cell is shown in Figure 3.5. 

 

 
Figure 3.5:  High-pressure UV cell design 
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The acetaminophen exhibits a UV absorbance peak in the presence of CO2 at 242 nm.  

The baseline for the UV Spectrometer was set with pure CO2 in both the sample and the 

reference cells for each experiment.  The system was assumed to be at equilibrium when the 

UV peak remains constant after 5 hours as demonstrated in Figure 3.6. 

 

 
Figure 3.6:  Example of change in online absorbance during a typical extraction experiment 

 

After equilibrium was attained, the system was left to circulate for another 2-5 hours.  

For sample collection, a known amount of system volume, VSample, was bubbled into a vial 

filled with a known amount of ethanol, VEth, through a 0.00159 m tubing with a flow rate of 

around 0.1 cm3/hour controlled by a metering valve model 165662Y purchased from Hoke 

(Spartanburgh, SC).  The split valve, V9, in Figure 3.1 is closed off from the system after 

bubbling and the line was allowed to depressurize to atmospheric pressure.  The valve V9 

leading to the HPLC pump carrying pure ethanol was then opened to flush out any residual 

acetaminophen residing on the tubing walls after depressurization.   The total amount of 

acetaminophen in the vapor phase could then be calculated knowing the total sample volume, 

Vsample, obtained from the ISCO pump and the amount of ethanol, VEth, used to collect the 

sample.   
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The equation used to calculate the mole fraction of the acetaminophen soluble in pure 

CO2 or CO2 with a co-solvent is given as 

xaceta =

maceta

MWAceta

maceta

MWaceta

+
Vsample

usample

.        (3.26) 

The quantity maceta is the mass of acetaminophen determined from the concentration 

obtained from the UV absorbance calibration multiplied by VEth.  The term MWaceta is the 

molecular weight of the acetaminophen and usample is the molar volume for CO2 + ethanol 

that is obtained from the PREOS model for liquid-vapor equilibrium.  The usample is replaced 

by the density of the CO2 found from the NIST WebBook for the pure CO2 experiments [12].   

 

3.4 Results and discussion 
 
3.4.1 Initial system test 
 

The results of the high-pressure static extraction system constructed for this work 

were compared to literature values. Bristow et al. [1] has measured solubility data for 

acetaminophen in CO2 and ethanol mixtures using both the static and the dynamic extraction 

methods.  He argued that the static extraction method resulted in an over-estimation of the 

acetaminophen solubility compared to the more accurate dynamic method.  The data for the 

current static extraction system in this work is shown as a comparison with both the static 

extraction and dynamic extraction methods presented in Bristow’s paper in Figure 3.7. 
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Figure 3.7:  Comparison of current and literature experiments for acetaminophen in pure and 0.85 mol% 
ethanol modified CO2 at 313 K for dynamic and static extraction systems 
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The current static extraction system is shown to yield results close to those obtained 

by Bristow et al. [1] with their dynamic extraction system.  As expected, the more inaccurate 

static system from Bristow et al. [1] gave huge deviations compared to both his dynamic 

system and the current static extraction system in this work.  Deviation between the current 

system and the Bristow et al. dynamic system is more evident in the case with 0.85 mol% 

ethanol modified CO2.  The Bristow et al. [1] dynamic extraction method gave higher 

readings due to the lack of time required for the ethanol and CO2 to form a single phase 

before entering the extraction vessel.   As a result, the ethanol fluid phase may inadvertently 

extract out more acetaminophen, which was not addressed in Bristow et al. paper [1].  The 

current static extraction system avoids these issues since a given volume of ethanol and CO2 

is repeatedly circulated inside a closed system to make sure that the mixture is one phase 

before opening the solvents to the extraction vessel.  Furthermore, the point when the 

acetaminophen solubility in CO2 reaches equilibrium is also monitored by the UV 

spectrometer before sampling to ensure accuracy.   

The current static extraction system was tested with conditions of high co-solvent 

levels that normally cannot be investigated in the dynamic system with online UV 

capabilities.  Wubbolts et al. [6] used a high-pressure view cell to monitor the vanishing 

point of acetaminophen in order to determine the equilibrium solubility.  In that study, 20 

mol% of ethanol was used as a co-solvent at 315 K and 15 MPa with an acetaminophen 

solubility of 0.0151 mol fraction.  The current study resulted in acetaminophen solubility of 

0.0135±0.00031 mol fraction. 

 

3.4.2 Solubility of acetaminophen in pure CO2 

 

 Solubility isotherms are presented for acetaminophen in pure CO2 as a function of 

pressure in Figure 3.8.   
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Figure 3.8:  Comparison of the solubility of acetaminophen in pure CO2 as a function of pressure for 
different temperatures. 
 
 
 The solubility follows the expected trend of increasing solubility with increasing 

pressure for all temperatures.  This phenomenon is well documented [1, 2, 13, 14] and can be 

explained by the change in CO2 density as a result of high pressure.  As the density increases, 

the intermolecular mean distance between the carbon dioxide molecules decreases, which 

will increase the specific interaction between the carbon dioxide and acetaminophen 

molecules.     

The solubility isotherm exhibits the crossover for the different temperatures at around 

10.3-13.8 MPa as seen by many authors for either the same compound or different 

compounds [1, 2].  Temperature is known to affect density, vapor pressure, and 

intermolecular interactions.  At pressures below the crossover region, the density is greatly 

affected by any slight change in temperature.  As a result, the density is the controlling factor 

and any increase in temperature will decrease the solubility of acetaminophen.  Above the 

crossover pressure, the solubility is not as sensitive to changes in density as a result of 

temperature. Instead, it will depend on the change in solid vapor pressure.   
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The solubility can be represented as a function of solvent density instead of pressure 

as seen in Figure 3.9. 

 

 
Figure 3.9:  Solubility isotherms for acetaminophen as a function of solvent density in pure CO2 

 

 This trend of increasing solubility with increasing density and better solubility at 

higher temperature agrees well with what has been observed for other small molecules, such 

as o-hydroxybenzoic acid in pure CO2 [2].  The graph in Figure 3.9 can be used to determine 

the solubility of acetaminophen at different temperatures for a given density.   

 
3.4.3 Solubility of acetaminophen in ethanol modified CO2 

 
Experiments were run at different mole fractions of ethanol in CO2 for different 

temperatures (323 K, 313 K, and 298 K).  Only one mole fraction of ethanol in CO2 was run 

with 313 K and 298 K.  However, 323 K was thoroughly investigated in this work as an 

example since most experiments conducted for the precipitation work were at this 

temperature.  Figure 3.10 shows the solubility of acetaminophen at 323 K for different mole 

fractions of ethanol in CO2 as a function of pressure. 
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Figure 3.10:  Acetaminophen solubility as a function of pressure and ethanol mole fraction at T = 323 K 

 

The co-solvency effect of ethanol increases as the mole fraction of ethanol increases.  

However, this increase is not linear and as seen in Figure 3.10, the acetaminophen solubility 

increases by an order of magnitude from 3 mol% to 5 mol% ethanol.  Therefore, there is a 

limitation in the solution flow rate for CO2 to be an effective antisolvent for either the SAS or 

SEDS process.  

 Figure 3.11 shows the experimental Cequil values of acetaminophen as a function of 

ethanol mole fraction in CO2 at 323 K and 27.6 MPa.   
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Figure 3.11:  Solubility of acetaminophen at 323 K and 27.6 MPa as a function of different ethanol mole 
fractions  
 

 The near linear trend for the increase in the log of acetaminophen solubility as a 

function of ethanol mole fraction at a given temperature and pressure suggests that the co-

solvency has an exponential enhancement for acetaminophen solubility in CO2.   

 

3.4.4 Experimental precision and accuracy 
 

 The static extraction system was constructed and tested for 3 years with each data in a 

given isotherm repeated twice to test for the precision and each series at a given temperature 

and composition repeated nonconsecutively to test for accuracy.  The relative standard 

deviation for the precision within a given series is on average less than 5% at the same 

conditions.  The experiments had an average deviation of the accuracy around 9-15% when 

the same temperature series was repeated at a different date.  This indicates that factors such 

as laboratory conditions and also sampling method can induce error depending on the day the 

experiment was conducted.       
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3.4.5 Peng Robinson EOS modeling and parameters 
 

Two codes of the PREOS were written to calculate the binary vapor-liquid (V-L) 

phase and ternary vapor-liquid-solid (V-L-S) phase equilibrium data.  The binary phase 

equilibrium data is important in obtaining the molar volume of the combined ethanol and 

CO2 for calculating the mole fraction of acetaminophen.  The Matlab codes for both binary 

and ternary phase equilibriums are given in Appendix A.  The complete list of physical 

constants used for PREOS is given in Table 3.1.  

 
Table 3.1:  Physical constants used in PREOS to model phase behavior 

Components Formula MW 
(g/mol) 

TC (K) PC 
(MPa) 

wwww Density 
(kg/m3) 

Carbon dioxide (1) CO2 44.01 304.19 7.38 0.225  
Ethanol (2) C2H6O 46.07 516.25 6.38 0.637  

Acetaminophen (3) C8H9NO2 151.17    1293 
 

 

The binary interaction parameter between CO2 (1) + ethanol (2) (k12) was taken from 

the literature with a value of 0.089 [15].   The binary PREOS code was tested and compared 

to literature values from Suzuki et al. [16].  For the case of vapor-liquid equilibrium, the 

result is given in Figure 3.12. 

 
Figure 3.12:  Comparison of literature and PREOS calculated binary CO2  + ethanol phase diagram [16] 
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The binary PREOS model can be used to calculate the equilibrium phase diagram 

outside of literature experimental ranges.  In the case of 323 K and 298 K used in this 

dissertation, the equilibrium phase diagrams are shown in Figure 3.13. 

 
Figure 3.13:  PREOS calculated phase equilibrium for CO2  + ethanol at 323 K and 298 K 

 

At 323 K, the vapor and liquid line close to the critical pressure could not converge 

properly.   When operating at higher temperatures, the two-phase envelope is bigger than at 

lower temperatures.  This means that more pressure is necessary at higher temperatures to 

compress the CO2 to enhance the miscibility of the two fluids.  

The ability to predict the ethanol and CO2 phase behavior is important for 

understanding the region to operate the antisolvent experiment for a given temperature, 

pressure, and composition.  The binary code is also used to calculate the mixture molar 

volume.  Since the equilibrium solubility experiments were all conducted in the one phase 

region, the binary PREOS code can be simplified to where the user only needs to input the 

temperature, pressure, and mole fraction of ethanol to calculate the molar volume by solving 

for V in Equation 3.12.   
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The ternary code contains three binary interaction parameters, kij, that appear in the 

mixing rule to solve for the PREOS.  The CO2 (1) + ethanol (2) (k12) binary interaction 

parameter was taken from the literature with a value of 0.089 [15]. The remaining ones (k23 

and k13) were used as best fitting parameters. The interaction parameter l ij is set to zero.  As 

explained before, the K(T) and aS(T) were best-fit parameters determined from the data at a 

given temperature.  The K(T) parameter is the only adjustable parameter that needs to be 

refitted for different temperatures in order to obtain a more accurate prediction of the ternary 

system.    

To obtain these best-fit parameters, the average absolute deviation (AAD) between 

the measured and the calculated solubility of both the binary CO2 (1) + acetaminophen (3) 

and the ternary system CO2 (1) + ethanol (2) + acetaminophen (3) were minimized 

simultaneously in Matlab by using the fmincom function   
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where n is the number of data, xcal is the calculated solubility, and xexp is the experimental 

solubility.   The results for the fitting parameters are listed in Table 3.2. 

 

Table 3.2:  Best-fit values for the adjustable parameters used for the Peng Robinson equation of state 

Adjustable Parameters 323 K 313 K 298 K 
k13 0.2175 0.2175 0.2175 
k23 -0.3547 -0.3547 -0.3547 

K(T) (Pa) 0.0104 0.0033 0.0006895 
aS(T) (J m-3mol-2) 9.8136 9.8136 9.8136 

 
 

The aS(T) for acetaminophen in ethanol is very close to the literature value of 9.3 

obtained at 295 K [6]. Furthermore, the current k13 value obtained for the system is also close 

to the 0.18 obtained in literature [6]. From the adjustable parameter fitting for different 

temperatures, the huge change in the K(T) by an order of magnitude from one temperature to 

the next indicates that this is the most sensitive variable to temperature change.  

In order to test the validity of the parameters, the data obtained from other ethanol 

mole fractions at 323 K were compared to that calculated from the PREOS prediction, 

excluding the series used for fitting the parameters (0 mol% and 0.5 mol% EtOH).  
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Experimental and calculated results at 323 K for different pressures and ethanol 

concentrations are presented in Figure 3.14. 

 

 
Figure 3.14:  Experimental and PREOS calculated acetaminophen solubility in CO2 + ethanol at T = 323 K 
and different pressures and ethanol mole fractions 

 

In most cases, the PREOS prediction follows the trend for each ethanol concentration 

at different pressures.  In some cases, the experimental point lies outside the range of the 

PREOS calculated curve as a result of experimental error.  The PREOS model developed for 

the ternary system is acceptable for estimating acetaminophen solubility at different ethanol 

compositions and pressures for a given temperature.    

The same acetaminophen solubility calculation can be applied to acetaminophen 

solubility as a function of ethanol concentration for a given pressure and temperature as 

shown in Figure 3.15.   
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Figure 3.15:  Acetaminophen solubility in ethanol modified CO2 at 27.6 MPa and 323 K with PREOS 
calculated results. 

 

3.5 Conclusion 
 

This chapter described the approach used to measure the solubility of acetaminophen 

in CO2 and ethanol using a static extraction process with offline UV analysis.  It was shown 

that the current static extraction system was in good agreement with literature data.  The 

importance of this measurement lies in the need to determine the appropriate value of the 

supersaturation at a given set of operating conditions.  Acetaminophen is only slightly 

soluble in pure CO2 and the solubility increases as more ethanol is mixed with CO2.  This 

implies that care must be taken in determining the CO2 and solution flow rates during the 

antisolvent precipitation experiment.  The fact that acetaminophen is still slightly soluble in 

the vapor phase at low pressure and co-solvent composition must be taken into account 

during the particle drying process after the precipitation to remove residual solvents.   

The PREOS using four adjustable parameters gave good fits for calculating solubility 

data for both binary and ternary systems outside the experimental range.  However, Figure 

3.15 shows that the log scale of the solubility data as a function of ethanol mole fraction is 

close to being linear.  As a result, there is the possibility the data can be fitted empirically 
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within the operating range of 0-0.75 mol% ethanol to determine the solubility of 

acetaminophen 

)*exp( ethanolequil CC ba= .        (3.28) 

The parameters a and b can be determined from fitting the experimental data.  This 

simpler equation can only be used within the given temperature, pressure, and ethanol mole 

fraction that a and b were fitted for.   
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Chapter 4:  Design of Experiments Applied to Screening 

Operating Variables for Solution Enhanced Dispersion by 

Supercritical Fluids (SEDS) 
 
 
4.1 Introduction 

 
As described in Chapter 1, Hanna and York claimed that Solution Enhanced 

Dispersion by Supercritical Fluids or SEDS is an attractive antisolvent process since it gave 

fairly uniform and reproducible results due to its unique coaxial nozzle design [1, 2].  

However, for any antisolvent process, there are many variables to screen in order to optimize 

the process for a given drug and solvent pair.  Previous investigations on SEDS for different 

drugs and polymer systems have focused on the effects of CO2 flow rate, drug solution flow 

rate, pressure, and temperature, and drug concentration [3-5] on particle size and 

morphology.   

Surprisingly, with the advantages of SEDS being directly related to the unique nozzle 

configuration compared to other antisolvent processes, not many authors have studied the 

effect of these variables in detail or devised a methodology to investigate these parameters.  

He et al. [6] and Fusaro et al. [7] both tried to modify the nozzle geometry of SEDS by using 

a spiral delivery design of the antisolvent and drug solution without showing convincingly 

improved products compared to the originally proposed straight coaxial nozzle design.  

Shekunov et al. [8] have investigated the effect of the nozzle diameter and CO2 flow rate and 

correlated the results of decreasing particle size to the increase in Reynolds number. The 

Reynolds number only had a strong effect on particle size far below 104.  For Reynolds 

numbers greater than 104, the particle size did not exhibit any change with increasing 

Reynolds number.  Other SEDS process parameters that are worth investigating include 

geometrical parameters such as the vessel volume, V, and the coaxial tubing mixing length, 

Li, defined by Figure 4.1.   
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Figure 4.1:  Definition of mixing length, Li, for the SEDS process 

 

Vessel volume, mixing length, inner tube diameter, nozzle hole diameter, CO2 flow 

rate, drug solution flow rate, pressure, temperature, and drug concentration were examined to 

determine their relative importance in affecting particle size and morphology with the use of 

a Design of experiments (DOE) approach.  This technique has been frequently applied in the 

pharmaceutical manufacturing industry for rapid screening of process variables [9].  On a 

laboratory scale, Snavely et al. [10] and Subra et al. [11] applied DOE to the PCA process to 

screen important variables that affect particle characteristics.    

 

4.1.1 Design of experiments (DOE) 

 

Conventional experiments require the researcher to conduct runs where one factor (or 

variable of the system) is varied while the other factors in the experiment are kept constant in 

order to see changes in the response (outcome from the variable).   This approach is generally 

referred to as “one-variable-at-a-time” experiments.  If there were only two levels or values 

that one is changing for a particular factor, then for a 4-factor experiment, one would need to 

carry out 24 or 16 runs, which is called a 2k design.  This is not an issue unless there are many 

factors.  As an example, for a 9-factor run, there are 29 runs needed or 512.  Therefore, if the 

purpose is to initially screen out the most important variables to improve the system, the 

biggest disadvantage to a “one-variable-at-a-time” run is the number of experiments needed 

to complete the task.  For a 512 run experiment, only about 9.5% of the results are from main 

effects of one factor’s change from one level to the other.  Interacting effects from multiple 

variables cause the other 90.5% results, with many of the interactions playing insignificant 



 64

roles [11, 12]. In general, 3-factor interactions are not statistically important compared to 

main or 2-factor interactions [11].   

In order to reduce the number of runs for a 2k design, a fractional factorial design can 

be implemented for a given investigation.  This can be accomplished by replacing higher 

order interactions with another factor.  For example, higher order interactions for factors 

A+B+C can be grouped together and replaced by another factor D to reduce the total number 

of experiments.  As a result, the higher interacting variables A+B+C are said to be aliases 

confounded into factor D.  This design can be denoted as 2k-a, where a is the number of 

factors aliased.  The benefit of reducing the number of experiments for initial screening 

process comes at the price of losing information about the effect of one variable on another.  

Assuming the group of interacting variables has little effect relative to the main effect D, the 

response is mainly attributed to D.  

Analysis of DOE requires the determination of the statistical significance of a series 

of factors on a response and this technique has been reported in basic textbooks [12, 13].  

Statistical significance is related to variations of the model fit for the correlation between the 

factor and the response to the experiment.  The analysis of variance (ANOVA) will be 

demonstrated in this chapter using the JMP statistical program from SAS Institute.  

 

4.2 Experimental and analytical section 
 

4.2.1 Materials 
 

The antisolvent used for SEDS was compressed Coleman Grade CO2 purchased from 

National Welders. HPLC ethanol grade was used to dissolve the acetaminophen (99% purity) 

and both were purchased from Sigma-Aldrich Company (St. Louis, MO).  All chemicals 

were used without further purification. 

 

4.2.2 SEDS System Design 
 

The SEDS system design is shown in Figure 4.2. 
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Figure 4.2:  Schematic of the SEDS apparatus  

 

The CO2 antisolvent was continuously delivered with a P-50 pneumatic high-pressure 

pump from Thar Technologies (Pittsburgh, PA) with a maximum flow rate of 8.33x10-4 kg/s 

and maximum pressure of 68 MPa. The P-50 pump head was chilled to 278 K in order to 

maintain the CO2 in the liquid state to increase the pump efficiency. The HPLC pump 

(Dionex Corporation model P580) can deliver the solution up to a flow rate of 1.67x10-7 m3/s 

at a maximum pressure of 50 MPa. A Thar Technologies backpressure regulator (BPR-A-

200-1) maintained the pressure of the system to within ±0.1 MPa.  The thermocouple and the 

pressure sensors attached to the 5x10-4 m3 precipitation vessel constantly monitored these 

parameters.  The heating tape purchased from Omega Engineering Inc. (Stamford, CT) 

attached to a temperature controller (Degi-Sense model 68900-01) from Barnant Company 

(Barrington, IL) adjusted the precipitation vessel temperature.   

During the SEDS run, the drug solution was pumped through the inside tube (inner 

diameter of 1.78x10-4 m - 1.02x10-3 m) in the nozzle and the CO2 was pumped through the 

outside tube (inner diameter = 1.52x10-3 m), where the two streams mixed at a controlled 

pressure and temperature inside a small volume to initiate precipitation.  The mixed solution 

was sprayed through a precision laser drilled sapphire vee disks purchased from Bird 

Precision (Waltham, Massachusetts) embedded in a Swagelok (Solon, Ohio) 6.35x10-3 m 

outer diameter port connector.  The nozzle diameters could be easily switched by changing 
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the port connector with a different diameter sapphire vee.  A diagram for the nozzle design is 

shown in Figure 4.3. 

 

 
Figure 4.3:  SEDS nozzle configuration 

 

Once the mixed solutions travel out of the capillary nozzle, further precipitation and 

drying of the particles occur in the collection vessel, where the particles were collected on a 

100 nm polycarbonate filter from Alltech (Deerfield, IL) and processed for analysis.  After 

each experiment, the particles were dried with pure CO2 at 3.33x10-4 kg/s flow for 2 hours or 

approximately 3 vessel volumes.  However, caution must be taken with the product drying 

process. Even though acetaminophen is not very soluble in pure CO2 as demonstrated in 

Chapter 3, continuous product drying for a very long time may extract enough 

acetaminophen to warrant an effect on the outcome of the particle morphology and yield.   

 

4.2.3 Particle analysis 

 

The particles on the filter were analyzed with scanning electron microscopy, SEM 

(JEOL JSM 6400F, Japan).  The particles were coated with gold-palladium mixture for 90 

seconds to reduce charging during the imaging process. This is equivalent to coating about 
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200 nm thick gold-palladium mixtures onto the particle surface. Particle size and morphology 

were analyzed using the Image Tools program developed by University of Texas Health 

Science Center. The program counts the pixels that make up a particle after increasing the 

image contrast between the background and the particles.  The major and minor axis lengths 

for the particle were determined based on a calibration for distance performed by the user 

before the image analysis.   

The major axis is defined as the distance between the two farthest points on the 

particle and the minor axis is the distance between the closest two points.  Roundness in the 

Image Tools program is defined as  
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,       (4.1) 

and has a value between 0 and 1, where 1 represents a perfectly round object.  Elongation is 

the ratio of the length of the major axis to the length of the minor axis.  The greater the 

elongation, the more the morphology of the particles resembles a needle. Figure 4.4 

illustrates the definitions based on the above variables for the particles. 

 

 
Figure 4.4:  Particle size definition based on the Image Tool Program 

 

The surface area of the SEM image at a given magnification was calculated to 

determine the statistical frequency that a particle of a given size will appear on the entire filter. 

On average, about 500-900 particles were analyzed for each run.  The particle size was taken 

as a particle number average.   
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4.2.4 Experimental design 
 

 The factors and the respective levels investigated are shown in Table 4.1. 

 

Table 4.1:  Factors and levels for DOE 

Factors  Low Level High Level 
Temperature T (K) 298 323 

Pressure P (MPa) 8.27 27.58  
CO2 flow FCO2 (m

3/s)  8.33x10-8 3.33x10-7 

Solvent flow Fliq (m3/s)  3.33x10-9 3.33x10-8 

Solute concentration C  (kg/m3)  5 20 
Nozzle diameter do (m) 1.02x10-4 2.54x10-4 

Inner tube diameter di (m) 1.78x10-4 1.02x10-3 

Vessel length Lc (m) 2.54x10-2 2.79x10-1 

Distance between inner tube and 
nozzle exit 

Li (mm) 0.75 30 

 
 
 Many common operating variables (factors) were studied using DOE along with more 

uncommon variables such as vessel length, LC, and the mixing chamber length, Li.  The 

levels were chosen based on the range of values studied in the literature and on practical 

limitations of the system.  The responses studied were particle size (major and minor axis), 

elongation, and roundness.   

A 29-5 or 16-run experimental design sequence was initially carried out, in which five 

interacting variables were confounded with four primary factors.  The variables and their 

aliases can be seen in Table 4.2.    However, if the 16-run DOE yielded ambiguous results on 

whether the response is a result of individual variable or higher order interacting variables, 

then 16 more experiments can be augmented to provide more concrete information.  For the 

case of this chapter, another 16 run sequence was added to give a total of 32 runs.  There are 

several methods described in literature that can be used to augment the 16 runs [12].  A 

simple fold-over method was performed on the JMP software for this chapter to remove the 

confounding of two-factor interactions with main effects. The program simply reverses all 

the low and high level variables in the previous design to form new experimental conditions.  

The variables and ranges of the full 16-run sequence and 32-augmented run sequence are 

shown in Table 4.2. 
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Table 4.2:  DOE design template including fold over augmented runs   
 C T P DI  FLIQ  LC DO LI  FCO2 

 kg/m3 K MPa m m3/s m m mm m3/s 
1 5 298 8.27 1.78x10-4 3.33x10-9 2.54x10-2 1.02x10-4 0.75 3.33x10-7 

2 5 298 8.27 1.02x10-3 3.33x10-9 2.79x10-1 2.54x10-4 30 8.33x10-8 

3 5 298 27.58 1.78x10-4 3.33x10-8 2.54x10-2 2.54x10-4 30 8.33x10-8 

4 5 298 27.58 1.02x10-3 3.33x10-8 2.79x10-1 1.02x10-4 0.75 3.33x10-7 

5 5 323 8.27 1.78x10-4 3.33x10-8 2.79x10-1 1.02x10-4 30 8.33x10-8 

6 5 323 8.27 1.02x10-3 3.33x10-8 2.54x10-2 2.54x10-4 0.75 3.33x10-7 

7 5 323 27.58 1.78x10-4 3.33x10-9 2.79x10-1 2.54x10-4 0.75 3.33x10-7 

8 5 323 27.58 1.02x10-3 3.33x10-9 2.54x10-2 1.02x10-4 30 8.33x10-8 

9 20 298 8.27 1.78x10-4 3.33x10-8 2.79x10-1 0.75 0.75 8.33x10-8 

10 20 298 8.27 1.02x10-3 3.33x10-8 2.54x10-2 1.02x10-4 30 3.33x10-7 

11 20 298 27.58 1.78x10-4 3.33x10-9 2.79x10-1 1.02x10-4 30 3.33x10-7 

12 20 298 27.58 1.02x10-3 3.33x10-9 2.54x10-2 2.54x10-4 0.75 8.33x10-8 

13 20 323 8.27 1.78x10-4 3.33x10-9 2.54x10-2 2.54x10-4 30 3.33x10-7 

14 20 323 8.27 1.02x10-3 3.33x10-9 2.79x10-1 1.02x10-4 0.75 8.33x10-8 

15 20 323 27.58 1.78x10-4 3.33x10-8 2.54x10-2 1.02x10-4 0.75 8.33x10-8 

16 20 323 27.58 1.02x10-3 3.33x10-8 2.79x10-1 2.54x10-4 30 3.33x10-7 

Augmented Runs 
17 20 323 27.58 1.02x10-3 3.33x10-8 2.79x10-1 2.54x10-4 30 8.33x10-8 

18 20 323 27.58 1.78x10-4 3.33x10-8 2.54x10-2 1.02x10-4 0.75 3.33x10-7 

19 20 323 8.27 1.02x10-3 3.33x10-9 2.79x10-1 1.02x10-4 0.75 3.33x10-7 

20 20 323 8.27 1.78x10-4 3.33x10-9 2.54x10-2 2.54x10-4 30 8.33x10-8 

21 20 298 27.58 1.02x10-3 3.33x10-9 2.54x10-2 2.54x10-4 0.75 3.33x10-7 

22 20 298 27.58 1.78x10-4 3.33x10-9 2.79x10-1 1.02x10-4 30 8.33x10-8 

23 20 298 8.27 1.02x10-3 3.33x10-8 2.54x10-2 1.02x10-4 30 8.33x10-8 

24 20 298 8.27 1.78x10-4 3.33x10-8 2.79x10-1 2.54x10-4 0.75 3.33x10-7 

25 5 323 27.58 1.02x10-3 3.33x10-9 2.54x10-2 1.02x10-4 30 3.33x10-7 

26 5 323 27.58 1.78x10-4 3.33x10-9 2.79x10-1 2.54x10-4 0.75 8.33x10-8 

27 5 323 8.27 1.02x10-3 3.33x10-8 2.54x10-2 2.54x10-4 0.75 8.33x10-8 

28 5 323 8.27 1.78x10-4 3.33x10-8 2.79x10-1 1.02x10-4 30 3.33x10-7 

29 5 298 27.58 1.02x10-3 3.33x10-8 2.79x10-1 1.02x10-4 0.75 8.33x10-8 

30 5 298 27.58 1.78x10-4 3.33x10-8 2.54x10-2 2.54x10-4 30 3.33x10-7 

31 5 298 8.27 1.02x10-3 3.33x10-9 2.79x10-1 2.54x10-4 30 3.33x10-7 

32 5 298 8.27 1.78x10-4 3.33x10-9 2.54x10-2 1.02x10-4 0.75 8.33x10-8 
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Depending on the temperature, pressure, and solute concentration used, the system 

can either be in the one-phase region or the two-phase region.  As Shekunov et al. [8] have 

shown, it is possible to generate particles in the two-phase region in which the mechanism of 

precipitation occurs as a result of extraction at the phase boundary between the CO2 and 

solvent.  The T, P and concentrations of CO2 used in the experiments defined in Table 4.2 are 

plotted in Figure 4.5 together with the vapor-liquid phase diagram generated from the 

PREOS model developed in Chapter 3.  

\ 

 
Figure 4.5:  Experimental conditions of the DOE experiments relative to the location in the phase diagram, 
where x1 and  y1 are the CO2 mole fractions in the liquid and vapor phases respectively 
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The experimental mole fraction of ethanol was approximated as the ratio of the molar 

flow rates between ethanol and CO2.   At 298 K, all the experiments were within the one 

phase region even at pressures as low as 8.27 MPa.  However, at 323 K, several experiments 

(#4, 11, 12, 19, 20, 27, 28) lie inside the two-phase envelope.  All experimental design and 

analysis were performed on JMP statistical software from SAS Institute Inc.  

 

4.3 Results and discussion 
 

4.3.1 Accuracy of the image tools analysis 

 

The accuracy of the SEM and Image Tools for particle size analysis was tested with 

standard 3.04 mm ± 0.06 µm polystyrene spheres from Duke Scientific (Palo Alto, CA).  The 

polystyrene spheres were dispersed onto a silicon wafer and imaged.  The image from SEM 

was analyzed at 500X, 800X, and 1200X magnifications.  The analysis from Image Tools 

resulted in an average size of 3.1 mm ± 0.08 µm.  As a result, the characterization technique 

is suitable for analyzing the particle size. 

 

 
Figure 4.6:  SEM image of 3mmmmm polystyrene spheres  
 

4.3.2 Results from the DOE analysis 
 

The initial study with a 29-5 or 16-run DOE yielded results that were affected by two-

factor interactions as seen in Table 4.3.  
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Table 4.3:  Aliases for 16 run DOE 
Factors Aliases 

C Li*FCO2 
T DO*FCO2 
P LC*FCO2 
di Fliq*FCO2 
Fliq di*FCO2 
LC P*FCO2 
dO T*FCO2 
L i C*FCO2 

FCO2 C*L i, T*do, P*LC, di*F liq 
 

As mentioned in Section 4.1.1, 2-factor interactions are statistically more important 

compared to 3-factor interactions [11].  Therefore, any results obtained with a 16 run DOE 

will not indicate clearly whether the response is a result of the main effect or 2-factor 

interaction.   

To solve this ambiguity, additional 16 runs were added to the original runs by using a 

fold-over method with the JMP software.  The new aliasing regime is shown in Table 4.4 

with primary factors now aliased only with three-factor interactions and FCO2 not aliased to 

other factors. 

 

Table 4.4:  32 DOE augmented run aliases  

Factors Aliases 
C T*P*Fliq, T*di*LC, T*dO*Li, P*di*dO, P*LC*Li, di*Fliq*Li, Fliq*LC*dO 
T C*P*Fliq, C*di*LC, C*dO*Li, P*di*Li, P*LC*dO, di*Fliq*dO, Fliq*LC*Li 
P C*T*Fliq, C*di*dO, C*LC*Li, T*di*Li, T*LC*dO, di*Fliq*LC, Fliq*dO*Li 
di C*T*LC, C*di*Li, C*LC*dO, T*P*Li, T*Fliq*dO, P*Fliq*LC, LC*dO*Li 
Fliq C*T*P, C*di*Li, C*LC*dO, T*di*dO, T*LC*Li, P*di*LC, P*dO*Li 
LC C*T*di, C*P*Li, C*Fliq*dO, T*P*dO, T*Fliq*Li, P*di*Fliq, di*dO*Li 
dO C*T*Li, C*P*di, C*Fliq*LC, T*P*LC, T*di*Fliq, P*Fliq*Li, di*LC*Li 
Li C*T*dO, C*P*LC, C*di*Fliq, T*P*di, T*Fliq*LC, P*Fliq*dO, di*LC*dO 

FCO2  
 

An SEM image of the untreated acetaminophen particle that came from the 

manufacturer is shown in Figure 4.7.  The particles were mostly non-uniform needles with 

rough surfaces. 
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Figure 4.7:  SEM image of untreated acetaminophen particles 

 

SEM images observed for different runs on the DOE table are shown in Figure 4.8.  

Not all of the runs were analyzed since some have conditions that produced films rather than 

particles due to very low supersaturation as in runs 4, 5, 20, and 27.  The SEM images used 

for analyzing the responses show the strong dependence of particle size and morphology on 

different operating conditions. The diversity of acetaminophen characteristics ranges from a 

5 mm particle number average for the major axis with round morphology to particles that are 

over 100 mm particle number average for the major axis with needle shaped morphology.  

The dramatic changes in the particle size and shape demonstrate the ability for the high 

pressure CO2 antisolvent process to manipulate the particles simply by changing the 

operating parameters.  Since the factors are not varied one at a time, it is very hard to 

correlate which factor caused the trend associated with a given size and morphology without 

proper statistical analysis from the experimental design results.   
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Figure 4.8:  SEM images for different DOE runs 
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The first step in analyzing the large quantity of data with the JMP statistical software 

is to use a straight-line model with the following form 

iiOi xy ebb ++= 11   i=1,2,…n ,                         (4.2) 

where yi is the response, bO is the intercept, and e is the error.  The fit is represented as an 

actual-by-predicted plot to test the hypothesis that there is an effect the factors have on a 

given response.  The mean should have a p value (probability that a hypothesis is incorrect) 

much less than 0.05 for the fit to be significant.  Factors falling outside the dotted curves 

deviate too much from the model fit and are considered insignificant to the response.   The 

results for the actual-by-predicted plot of each response (major axis, minor axis, elongation, 

roundness) are shown in Figure 4.8. 

      

 

Figure 4.8:  Actual by predicted plots for different responses 
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The actual-by-predicted plot generated from the JMP software shows the p value 

along with the root mean square error (RMSE) and the RSquare values.  RMSE of the fit 

measures the standard deviation of the process noise assuming that the interacting factor 

effects are negligible. The RSquare is a measure of the proportion of variation around the 

mean and is defined as the ratio between the sum of squares for the model (SSM) over the 

total sum of squares (SST).  Generally this value should be as high as possible to indicate a 

good fit.  Sum of squares (SS) is given by the following equation 

��
= =

-=
k

i

n

j
ijySS

1 1

2...)( m ,        (4.3) 

where m is the mean.   

The SSM, SST, and SS for major axis, minor axis, elongation, and roundness 

responses can be found in the Analysis of Variance (ANOVA) table shown in Table 4.5.  

 

Table 4.5:  Analysis of Variance (ANOVA) table for different responses  
ANALYSIS OF VARIANCE (ANOVA) 

Major Axis  
Source DF Sum of Squares Mean Square f-Ratio 

Model 15 20897.210 1393.15 15.3250 
Error 12 1090.879 90.91 Prob > f 

C. Total 27 21988.089  <.0001 
Minor Axis 

Source DF Sum of Squares Mean Square f Ratio 
Model 13 2319.8371 178.449 6.4947 
Error 14 384.6665 27.476 Prob > f 

C. Total 27 2704.5036  0.0007 
Elongation 

Source DF Sum of Squares Mean Square f Ratio 
Model 15 58.007071 3.86714 3.9266 
Error 12 11.818140 0.98485 Prob > f 

C. Total 27 69.825211  0.0109 
Roundness 

Source DF Sum of Squares Mean Square f Ratio 
Model 9 0.32040499 0.035601 4.8595 
Error 18 0.13186687 0.007326 Prob > f 

C. Total 27 0.45227186  0.0021 
 

ANOVA is an important tool for analyzing the variation in a response by partitioning 

the total variations into different components  
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SST = SSModel  + SSError.                (4.4)      

The results in Table 4.5 provide the necessary tools to determine the f-ratio, which 

evaluates the effectiveness of the model.  The f-ratio is defined as the model mean square 

divided by the error mean square. A large f-ratio (> 2.0) and a small probability p (< 0.05) 

associated with the f-ratio means that the model is significant.  DF represents the degrees of 

freedom for the source of variation.  Mean square is the SS divided by the DF.   

The JMP software also generates a table that provides the results for all the factors 

and the corresponding t and f-ratio to determine the significance on the response.  The exact 

details of the results in the table are shown in Appendix C.  These values are important in the 

determination of the set of factors that statistically have an impact on the trend of the 

response.   

The t-test is generally used to determine if the means between samples are 

significantly different and it is defined as the ratio between the parameter estimate and the 

standard error.  It is widely used for experimental design as a benchmark for determining 

whether the observation will occur, since it draws inferences about the population variances.  

As a rule of thumb, the f-ratio should be much larger than 2 and p > f value of less than 0.05.  

As previously mentioned, the p values indicate the probability that an observation will not 

occur.  In the cases for both t and f-ratios, this value should be as small as possible.  

However, one generally should not solely rely on the p value to determine the significance of 

a factor on a response since it may put too much bias on a factor.  If the t and f-ratio both 

indicate a factor to be statistically insignificant, then the factor is taken out from the model 

calculation to reduce the overall fitting error in Table 4.5.  

The scaled estimate (Table 4.6) shows the trend of the response behavior when the 

factor is increased.  The response can have a negative effect or a positive effect (a decrease in 

response or an increase in the response) as shown in the orange bar on the Plot Estimate.  A 

large positive or negative scale indicates that the factor has a strong influence on the given 

response. 
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Table 4.6:  Estimate of the direction and degree the factors have on the response 
MAJOR AXIS  MINOR AXIS  

TERM SCALED 
ESTIMATE 

PLOT ESTIMATE TERM SCALED 
ESTIMATE 

PLOT ESTIMATE 

Intercept 26.48  Intercept 13.12  
C -10.39  C -4.66  
T 3.29  T 2.32  
P 10.96  P 2.01  
LC 12.61  Fliq 2.92  
L i -13.11  LC 1.78  

FCO2 -2.95  L i -3.57  
C*T -7.72  FCO2 -5.47  
C*d i 10.23  C*T -1.93  

C*F liq 11.08  C*d i 1.60  
C*L C -5.92  C*dO -3.18  
C*dO -6.46  C*FCO2 2.41  

di*FCO2 -4.23  T*FCO 2 -2.91  
Fliq*FCO2 -3.90  L i*FCO2 1.88  
Fliq*FCO2 -3.90     

LC*FCO2 -5.61     

dO*FCO2 8.58     

ELONGATION ROUNDNESS 

TERM SCALED 
ESTIMATE 

PLOT ESTIMATE TERM SCALED 
ESTIMATE 

PLOT ESTIMATE 

Intercept 2.33  Intercept 0.621  
C -0.351  LC -0.0253  
T -0.290  L i 0.0604  
P 0.543  C*F liq -0.0399  
LC 0.476  C*dO -0.0320  
L i -0.710  C*FCO2 0.03580  

FCO2 0.551  T*FCO 2 0.0317  
C*T -0.319  P*FCO2 -0.0304  
C*P 0.302  di*FCO2 0.0348  
C*d i 0.734  L i*FCO2 0.0456  

C*F liq 0.756     

C*FCO2 -0.302     

di*FCO2 -0.374     

Fliq*FCO2 -0.380     

do*FCO2 0.275     

L i*FCO2 -0.400     

 

From the DOE results, the top five important parameters for major axis response are 

Li < LC < C*Fliq < P < C.  Surprisingly, neither the flow rates of CO2 or the solution are in 

this group.  It is shown that Li increases the tendency for the major axis to get smaller 

(negative scaled estimate).  The opposite is true for vessel length.  The effect seems to 

indicate that increases in the length of mixing for Li allows the streams to thoroughly mix 

and nucleate before being diluted by the CO2 inside a large vessel, LC.  The confounding 

effect of C*Fliq instead of just Fliq alone suggests that the amount of acetaminophen delivered 

per minute is important.  This variable can affect the supersaturation of the mixed solution. 
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The minor axis response has the following top five important variables:  FCO2 < C < 

Li < C*dO < Fliq.  In this case, increase in CO2 flow rate seen in Table 4.6 has the tendency to 

decrease the minor axis size.  This may be due to the hydrodynamic effects as the CO2 

extracts the solvent to nucleate the particles inside the streamline. Again, Li and 

concentration are also important variables in decreasing the minor axis length.  

Elongation has the following top five important variables:  C*Fliq < C*di < Li < P < 

LC.  Again, the importance here resides in the supersaturation and the geometry of the system 

to control the morphology.  Roundness has the following variables as being important:  Li << 

Li*FCO2 < C*Fliq < di*FCO2~C*FCO2.  In this case, the Li was assigned a much greater effect 

compared to the other parameters in making the particles rounder.  As the Li*FCO2 increases 

this seems to suggest that the residence time inside the mixing zone decreases resulting in 

particles that are less round. 

In all cases, the analysis from DOE suggests two very important concepts.  One is 

that the system geometry factors for SEDS, particularly the mixing length Li, are important in 

controlling particle size.  The importance of Li is believed to be due to the effect of residence 

time of mixing for the two fluids to initiate nucleation before exiting into the vessel. 

Secondly, controlling supersaturation can also manipulate the shape and size of 

acetaminophen.  This is obvious if one considers that supersaturation has great influence on 

the nucleation and growth rates, which will determine the final size of the particles as 

explained in Chapter 2. In other studies in literature, much focus has been placed on the 

effect of increasing CO2 flow rate to generate small particles.  This is mainly believed to be 

the result of increase in the Reynolds number generated by the flow rate and the nozzle 

diameter [5, 8]. From the result of the current study, it is interesting to note that flow rate of 

CO2 and nozzle diameter have an effect but did not seem to play a huge role compared to the 

mixing length in any of the responses.   

To explore the concepts further, Figure 4.8 shows the effects of Reynolds number and 

supersaturation on the major and minor axis dimensions.  The Reynolds number is calculated 

based on the diameter at the nozzle exit and the total flow rate.  The equilibrium 

concentration used to calculate supersaturation is based on a PREOS estimate of the ternary 

system fitted from the data obtained by static extraction experiments at different temperatures 

and pressures as presented in Chapter 3.  The equation to determine supersaturation is based 
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on the maximum attainable supersaturation at the point of mixing between the CO2 and the 

solution in the mixing length, Li, given by the equation [14] 

totalO

liq

fc

cf
S = ,          (4.5) 

where c is the molar concentration of the drug initially dissolved in solution, cO is the 

equilibrium concentration, fliq is the solution flow rate in mol/s, and ftotal is the total CO2 and 

solution flow rate in mol/s. 

Generally the axis dimensions and elongation seemed to be relatively independent of 

the Reynolds number, but have a decreasing trend with increasing supersaturation.  Based on 

the crystallization theory discussed in Chapter 2, the higher concentration approaches 

supersaturation a lot faster, which means that nucleation occurs very fast [15].    Similar to 

Shekunov et al. [5], our data from the DOE experiments also suggest that the particle size 

changes more drastically at lower Reynolds number.  However, the particle size scattering at 

low Reynolds number is high, suggesting that other factors within the system could be 

controlling particle size.  The elongation of the particles also follows a decreasing trend as a 

function of supersaturation but exhibit no trend as a function of Reynolds number. The 

particle roundness does not exhibit any trend as a function of both Reynolds number and 

supersaturation due to the large scattering in the data points. This agrees with the results 

obtained for DOE, in which it was suggested that the roundness response is almost purely 

dependent on Li and not much on variables related to Reynolds number and supersaturation 

values. 
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Figure 4.9:  Major axis, minor axis, elongation, and roundness as a function of supersaturation and 
Reynolds Number 
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4.4 Conclusion 
 

The DOE analysis indicates that system geometry, in particular the nozzle mixing 

length, Li, and vessel length, LC, can play very important roles in determining particle shape 

and size. If the DOE results are correct, then there is no need for elaborate or drastic redesign 

of the nozzle and tubing configurations as done by other authors [6, 7].  One can simply 

change the inner tubing distance from the nozzle exit (L i) to manipulate the final product. 

Since the degree of supersaturation is expected to also have an effect, confounding 

factors involving the solution flow rate with solute concentration are also important.  DOE 

has been demonstrated in this chapter to be a viable tool for initial screening of a complex 

system such as SEDS.  It can also be applied to other systems as demonstrated by other 

authors [11].  The next chapter will explore the effect of system geometry and operating 

conditions for SEDS on particle size and morphology in detail. 

 



 83

4.5 References 
 
1. Hanna, M. and P. York, "Method and Apparatus for the Formation of Particles". 

World Intellectual Property Organization, 1994. Patent WO95/01121. 
 
2. Hanna, M. and P. York, "Method and Apparatus for the Formation of Particles". 

World Intellectual Property Organization, 1995. WO 96/00610. 
 
3. Edwards, A.D., B.Y. Shekunov, A. Kordikowski, R. Forbes, and P. York, 

"Crystallization of Pure Anhydrous Polymorphs of Carbamazepine by Solution 
Enhanced Dispersion with Supercritical Fluids (SEDSTM)". Journal of Pharmaceutical 
Sciences, 2001. 90(8): p. 1115-1124. 

 
4. Velaga, S.P., R. Ghaderi, and J. Carlfors, "Preparation and Characterisation of 

Hydrocortisone Particles Using a Supercritical Fluids Extraction Process". 
International Journal of Pharmaceutics, 2002. 231: p. 155-166. 

 
5. Shekunov, B.Y., M. Hanna, and P. York, "Crystallization Process in Turbulent 

Supercritical Flows". Journal of Crystal Growth, 1999. 198/199: p. 1345-1351. 
 
6. He, W.Z., Q.L. Suo, Z.H. Jiang, S. A, and H.L. Long, "Precipitation of Ephedrine by 

SEDS Process Using a Specially Designed Prefilming Atomizer". Journal of 
Supercritical Fluids, 2004. 31: p. 101-110. 

 
7. Fusaro, F., M. Hanchen, M. Mazzotti, G. Muhrer, and B. Subramaniam, "Dense Gas 

Antisolvent Precipitation:  A Comparative Investigation of the GAS and PCA 
Techniques". Industrial & Engineering Chemistry Research, 2005. 44: p. 1502-1509. 

 
8. Shekunov, B.Y., J. Baldyga, and P. York, "Particle Formation by Mixing with 

Supercritical Antisolvent at High Reynolds Numbers". Chemical Engineering 
Sciences, 2001. 56: p. 2421-2433. 

 
9. Ye, C., J. Liu, F. Ren, and N. Okafo, "Design of Experiment and Data Analysis by 

JMP (SAS institute) in Analytical Method Validation". Journal of Pharmaceutical and 
Biomedical Analysis, 2000. 23(2-3): p. 581-589. 

 
10. Snavely, W.K., B. Subramaniam, R.A. Rajewski, and M.R. Defelippis, 

"Micronization of Insulin From Halogenated Alcohol Solution Using Supercritical 
Carbon Dioxide as an Antisolvent". Journal of Pharmaceutical Sciences, 2002. 91(9): 
p. 2026-2039. 

 
11. Subra, P. and P. Jestin, Screening Design of Experiment (DOE) Applied to 

Supercritical Antisolvent Process. Industrial and Engineering Chemistry, 2000. 39: p. 
4178-4184. 

 



 84

12. Devore, J. and N. Farnum, "Applied Statistics for Engineers and Scientists". 1999: 
Duxbury Press. 

 
13. Walpole, R.E., R.H. Myers, S.L. Myers, and K. Ye, "Probability and Statistics for 

Engineers and Scientists". 7th ed. 2002, Upper Saddle River, NJ: Prentice Hall. 
 
14. York, P., U.B. Kompella, and B.Y. Shekunov, "Supercritical Fluid Technology for 

Drug Product Development", ed. J. Swarbrick. Vol. 138. 2004, New York, NY: 
Marcel Dekker, Inc. 

 
15. Markov, I.V., "Crystal Growth for Beginners:  Fundamentals of Nucleation, Crystal 

Growth and Epitaxy". 2nd ed. 1941, River Edge: World Scientific. 



 85

Chapter 5:  Influence of the Operational Conditions on 

Particle Size and Morphology in a Conventional SEDS 

Process      
 
 
5.1 Introduction 

 

This chapter focuses on understanding the role of operating variables of the SEDS 

process in controlling the formation of crystalline acetaminophen particles from ethanol. 

Most prior studies of SEDS have been focused on particle formation with macromolecules 

such as proteins and polymers with few studies on small crystalline molecules [1-5]. The 

main characteristic of SEDS as an antisolvent precipitation process is the use of a coaxial 

nozzle design where the liquid solution with the drug of interest is rapidly mixed with CO2 

[6, 7].  The resulting mixture is then sprayed through an external nozzle into a high-pressure 

capture vessel maintained at constant temperature and pressure.  The rapid mixing process in 

the nozzle helps to dissolve the organic solvent in CO2 and precipitate the solute. 

Several operational variables were explored in this chapter in order to control the 

particle size and morphology.  The start-up condition, which affects the transient 

concentration of ethanol in the collection vessel, was studied as a function of time to 

determine the change in the particle size.  Furthermore, the variables such as concentration, 

solution flow rate, and coaxial nozzle mixing length (Li) that were determined as having an 

effect on particle characteristics from the experimental design results in the previous chapter 

were investigated in the present chapter.  

To control the precipitation process the thermodynamics, fluid dynamics, and 

crystallization phenomena must be properly addressed with particular attention to the mixing 

in the coaxial nozzle.  For this reason, experiments were conducted on the ternary 

equilibrium phase behavior and the residence time distribution inside the vessel.  The 

thermodynamic study focused on measurements of the equilibrium mole fraction, x3
*, of the 

solute in mixtures of CO2 and ethanol as described in Chapter 3.  This equilibrium mole 

fraction helps to define the supersaturation of the solute in a mixture at a known initial mole 

fraction of acetaminophen, x3(x, T)  [8-11]  
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At the initial point of mixing between the two fluid streams inside the nozzle, the 

supersaturation is estimated as the maximum attainable supersaturation, Sm, assuming the two 

streams are well mixed in the molecular scale.  The value for Sm will always be higher than 

the actual supersaturation value in the vessel. 

 The equilibrium measurements were carried out using a static extraction method with 

offline UV analysis, as described in Chapter 3. UV-vis spectroscopy in recent years has been 

used for many online monitoring applications.  Methods with online UV have been 

developed for monitoring precipitation kinetics in a GAS process [12], volume expansion 

studies in saturated liquid phase for a GAS process [13], hydrodynamic study in a SAS 

process [14], study of supersaturation in an antisolvent process [15], and solubility studies in 

high pressure CO2 [16, 17].   

For the investigations described in this chapter, a high-pressure online UV cell was 

used at the exit to the capture vessel to monitor the response to a step input in the 

concentration of a tracer molecule to determine the type of flow inside the vessel.  Step 

response as opposed to impulse response was chosen since a step injection is easier for high-

pressure systems.   

This same experimental arrangement was used during the precipitation experiment to 

monitor the change in the acetaminophen concentration with respect to time at the collection 

vessel exit.  This method helped to determine how the supersaturation inside the vessel 

changes during the experiment for different ranges of the operating parameters.  As will be 

demonstrated, online UV concentration analysis can be a very useful tool as a diagnostic to 

indirectly determine the degree of mixing in the nozzle and whether the precipitation is 

occurring either in the nozzle or inside the collection vessel.  

Under conditions where most of the mixing occurs in the collector vessel rather than 

the nozzle, it is possible to model the precipitation behavior of the reactor as if it were a well-

mixed system.  The assumption of nearly perfect mixing is validated by the results of the 

pulse response studies.  The sections that follow describe the theory of particle precipitation 

in a stirred tank reactor, the experiments used to study the precipitation of acetaminophen 
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from ethanol, and the conclusions that can be drawn regarding the role of the nozzle design 

on the precipitation of the drug in the in the SEDS process system. 

 

5.2 Theoretical section 
 

The precipitation and growth model was derived in collaboration with Dr. Domenico 

Larobina from the Department of Material Science and Production at the University of 

Naples, Italy.  As a first approach, the fluid dynamics inside the vessel can be assumed to 

behave like a perfect CSTR.  The experimental justification for this assumption will be 

discussed later in this chapter.  As a result of this assumption, all the variables are only a 

function of time.  This model is limited only to conditions where the precipitation occurs 

inside the vessel and not in the nozzle.  The conditions under which this situation is a valid 

approximation will also be described in a subsequent section of this chapter. 

The approach of Hulburt and Katz [18] for modeling two-dimensional crystal growth 

has been used to simulate the crystallization process.  Based on this model, the particles size 

distribution (PSD) is characterized by a particle size distribution function f(r1, r2) with two 

internal variables (r1 and r2), which correspond to the major and minor axes of the particles. 

Rather than solving the equation for the probability distribution function itself, the Hulburt 

and Katz approach is to solve equations for the moments of the distribution function with 

respect to particle size. For the case of a distribution function with two internal variables, 

these moments are defined by the expression 
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As a consequence of their approach, the partial differential equation describing the 

evolution of the PSD function reduces to a system of ordinary differential equation for the 

moments.  Following Hulburt and Katz, the particle growth rates are assumed to be 

independent of the dimensions of the particle itself. This simplifies the system by enabling 

the derivation of a closed system of differential equations going up to the second moments of 

the distribution.  One 0th order moment is used to describe the nucleation rate as a function of 

concentration of the drug  
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Two 1st order moments which includes the growth equation, g1 and g2, for the major 

and minor axis lengths 
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And lastly, two of the third order moments, in order to evaluate the surface weighted average 

of major and minor axis 
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These moment equations are joined with material balances to describe the profiles of 

the solute concentration, C, and the co-solvent mole fraction, y, and they are represented in 

the following equations 
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where F is the CO2 flow rate and V is the volume of the vessel.  To complete the description 

of the model, the constitutive equations for nucleation and growth rates need to be specified 

and substituted in the J(C) and gi(C).  The nucleation rate can be described by the classical 

nucleation equation [19] already mentioned in Chapter 2 
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--= SAJJ .        (5.13) 
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Here Jmax is a pre-exponential factor, i.e. the value of the nucleation for S®µ . The 

quantity A is a constant, whose value is related to the surface energy of the particles (g) 

33
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B

W
=

pg
 .         (5.14) 

Here W is the molecular volume of the acetaminophen (1.94x10-28 m3) [20], and kB is the 

Boltzmann constant. Finally, the variable S represents the supersaturation of the system given 

in Equation 5.1.   

The growth of the two main axes of the crystal is described by the screw dislocation 

equation [21] 

)/tanh()/(/ 2 SSSSCdtdRg iiiii == ,      (5.15)  

where Ci is a growth constant that is different for each of the axis of the acetaminophen 

crystal (i = 1, 2, where 1 is major axis length and 2 is minor axis length). Si is the 

supersaturation value for which the growth rate dependency switches from first to second 

order; e.g. S < Si is second order and S~Si is first order.  As reported by many authors, the 

screw dislocation growth equation gives a good approximation for relatively low 

supersaturation values (e.g. close to or below 2) [21].  For the SEDS experiments with the 

conditions of small mixing length with operating conditions of 5 kg/m3 concentration, 323 K, 

27.58 MPa, and 0.75 mol% ethanol, the supersaturation calculated from the concentration 

profile was never higher than 2.4 inside the vessel. Moreover, a close-up view by SEM of the 

collected particles suggests the screw dislocation growth as the main mechanism for the face 

growth (Figure 5.1). 

 
Figure 5.1:  SEM pictures of screw dislocation growth of acetaminophen 

 

The ODE15’s subfunction of MatLab with a default accuracy of 10-3 was used to 

solve this system of equations.   

 



 90

 

 

5.3 Experimental and analytical section 

 
5.3.1 Materials 

 
The target drug for the experiment was acetaminophen purchased from the Sigma-

Aldrich Company (St. Louis, MO).  The solvent was HPLC grade ethanol purchased from 

Sigma-Aldrich Company.  CO2 used in all experiments was Coleman Grade purchased from 

National Welders.  All chemicals were used without further purification. 

 
5.3.2 Static extraction process 

 

The technique adopted to measure the equilibrium concentration of acetaminophen in 

the ternary system CO2-ethanol-acetaminophen is the static extraction method with offline 

UV-Vis spectroscopic analysis.  The procedure for measuring the solubility is presented in 

Chapter 3.  A diagram of the operating system is shown in Figure 5.2. 

 

 
Figure 5.2:  Static extraction set-up 

 

 
5.3.3 SEDS particle design process and particle characterization 
 

A diagram of the SEDS particle precipitation process system and the nozzle used in 

this investigation is shown in Figure 5.3. 
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Figure 5.3:  SEDS system and coaxial nozzle configuration 

 

The system pressure and temperature in the vessel were kept constant at 27.58 MPa 

and 323 K respectively for all the experiments in this chapter. For the SEDS experiment, a 

solution containing acetaminophen and ethanol was pumped through the inner tube of the 

nozzle with diameter of 1.78x10-4 m using an HPLC pump (Dionex Corporation model 

P580).  The CO2 was continuously delivered using a model P-50 pneumatic pump provided 

by Thar Technologies (Pittsburgh, PA) in the outer nozzle with an I.D. of 2.16x10-3 m.  The 

P-50 pump head was chilled to 278 K in order to maintain the CO2 in the liquid state to 

increase the pump efficiency.  The length from the tip of the internal tubing to the external 

nozzle is defined as the mixing length (Li) as seen in Figure 5.3 and was tested from 0.75 mm 

to 10 mm. The CO2 was preheated to the temperature specified for the experimental 

condition through a heat exchanger before entering the nozzle.  A Thar Technologies 

backpressure regulator or BPR (BPR-A-200-1) maintained the experimental pressure of the 

entire system to within ±0.1 MPa. The thermocouple and the pressure sensors attached to the 

Thar Technologies 5x10-4 m3 precipitation vessel were used to monitor the system 

parameters during the entire experimental run. A heating tape purchased from Omega 

Engineering Inc. (Stamford, CT) attached to a temperature controller (Degi-Sense model 

68900-01) from Barnant Company (Barrington, IL) adjusted the precipitation vessel 

temperature to the experimental condition to within ±0.1 K. 

The mixtures of CO2 and the acetaminophen + ethanol solution were sprayed through 

a sapphire disk with a pinhole diameter of 2.54x10-4 m purchased from Bird Precision 
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(Waltham, Massachusetts) that is fitted inside a Swagelok (Solon, Ohio) 6.35x10-3 m O.D. 

port connector and screwed onto the 5x10-4 m3 collection vessel cap manufactured by Thar 

Technologies.   

The particles were collected on a 100 nm polycarbonate filter from Millipore 

Corporation (Billerica, MA) that rested above a 5 mm metal frit.  After each experiment, the 

particles were dried with pure CO2 at 3.33x10-4 kg/s flow for 2 hours or approximately 3 

vessel volumes. However, caution must be taken with the product drying process. Even 

though acetaminophen is not very soluble in pure CO2 as demonstrated in Chapter 3, 

continuous product drying for a very long time may extract enough acetaminophen to 

warrant an effect on the outcome of the particle morphology and yield.   

The particles collected were analyzed directly on the polycarbonate filter using 

scanning electron microscopy, SEM (JEOL, Japan).  The particles were coated with gold-

palladium mixture for 90 seconds to reduce charging during the imaging process. This is 

equivalent to coating about 200 nm thick gold-palladium mixtures onto the particle surface.  

Particle size and morphology were analyzed by image analysis methods using the Image 

Tools program developed by the University of Texas Health Science Center.  The particles 

were characterized by measuring the surface weighted average values of the major and minor 

axis, roundness and elongation.  The particle size distribution calculation takes into account 

the particle sizes at different magnifications (100X to 100,000X).  The equation used to 

calculated the surface weighted average takes the form 

   � �
�

×
×

=
j

i
ij

Sj

Stot
Aij

Aijx

X .        (5.16) 

Here xij is the particle size (major and minor) for each of the i-th acetaminophen 

particles in the j-th frame analyzed, Aij is the particle surface area, Sj is the surface area of the 

quadrant of the filter plate for a given magnification. 

 The major axis is defined as the distance between the two most distant points on the 

particle and the minor axis is the distance between the two closest points.  Roundness in the 

Image Tools program is defined as  
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and has a value between 0 and 1, in which the greater the value the rounder the object.  

Elongation is the ratio of the length of the major axis to the length of the minor axis.  The 

greater the elongation, the more the average morphology of the particles resembles a needle. 

A UV-Vis apparatus was inserted between the collection vessel and the backpressure 

regulator in order to monitor the online acetaminophen concentration at the exit of the 

capture vessel during the experiments.  The design of the high pressure UV cell is the same 

used for the static extraction system in Chapter 3 and the cell fits into the Jasco UV-

spectrometer (V-550). 

 
Figure 5.4:  High-pressure UV cell design 

 

At the start of the experiment, a baseline was established by filling both the reference 

cell and the sample cell with equal amounts of CO2 + ethanol.  During the experimental run, 

any acetaminophen not precipitated along with CO2 + ethanol enters the left port A and exits 

the bottom port B to the BPR.  The absorbance of the solution is measured at a constant 

wavelength of 242 nm every 30 seconds.   

This online UV method is demonstrated in this chapter as a valuable tool to indirectly 

correlate the concentration of the drug inside the vessel to determine whether the system 

parameters are adequate to produce very high nucleation inside the nozzle, and thus smaller 

particles.  As will be shown in Section 5.4, fast nucleation of acetaminophen results in the 

rise of the concentration up to the equilibrium concentration of the system.  Slow nucleation 
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and growth occurring inside the vessel results in the appearance of a concentration peak 

above the equilibrium concentration.   

This concentration can be taken as the actual drug concentration assuming that there 

is no effect of the UV cell on the hydrodynamics in the system and that the precipitation 

occurring inside the lines leading to the UV cell is negligible.  

 

5.3.4 Step tracer experiment 

 

The experimental arrangement for the step tracer analysis is similar to that used for 

the regular SEDS experiments (Figure 5.3).  This allowed monitoring of the tracer 

concentration with respect to time.  The tracer used was ethyl-s-lactate (Sigma Aldrich) since 

the tracer is highly miscible with CO2, its absorbance is in the UV range (218 nm), and it has 

a relatively low absorptivity allowing the use of the Beer Lambert law.  The HPLC pump 

shown in Figure 5.3 was used to deliver the tracer into the system.  The baseline was set with 

pure CO2 as a reference at a given flow rate.  The experiments were done at different flow 

rates ranging from 8.33x10-5 kg/s to 3.33x10-4 kg/s and the pressure and temperature were 

kept constant at 27.58 MPa and 323 K respectively.  The time it takes for the tracer to travel 

from the exit of the vessel to the UV cell was determined to be negligible.   

 

5.3.5 Yield and loss of acetaminophen particles 

 

The yield of the particles collected on the polycarbonate filter was determined 

gravimetrically on a mass balance.  In order to determine the amount of acetaminophen loss 

inside the walls of the SEDS apparatus, the system was washed with a known amount of pure 

ethanol and the amount of acetaminophen was measured on a UV spectrometer at a 

wavelength of 250 nm.  The product loss for each section of the SEDS system was 

determined by dividing the apparatus into different sections during ethanol washing.  

Referring to Figure 5.3, the system was divided into the mixing length (Li), the nozzle 

(coating of the nozzle constriction exit), the vessel, Pre-UV (the line before the UV cell), the 

UV (inside the UV cell), UV out (the line after the UV cell), and the effluent (BPR exit).  
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Total percent yield may not add up to 100% due to experimental errors and loss of sample at 

the exit of the system. 

 

5.4 Results and discussion 
 
5.4.1 Equilibrium concentration 

 
Figure 5.5 shows the experimental Cequil values of acetaminophen as a function of 

ethanol mole fraction in CO2 at the operating conditions for the SEDS experiment (323 K, 

27.58 MPa ethanol mole fraction 0-0.01 mole fraction).  These values are important for 

quantifying the supersaturation and to understand the online UV concentration change of 

acetaminophen during the experiment. 

 

 
Figure 5.5:  Experimental acetaminophen solubility data at 323 K, 27.58 MPa, and ethanol mole fraction 0-
0.01 used for obtaining best-fit parameters for the particle size model  

 

The data shown in Figure 5.5 were used in obtaining the a and b parameters for the 

empirical expression to properly quantify the equilibrium value in the range of the 

experiment (0-0.75 mol% ethanol in CO2) for the theoretical particle size model in Section 

5.4.4  

)*exp( ethanolequil CC ba= .        (5.18) 
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The procedure for obtaining these solubility parameters along with other parameters 

for the nucleation and growth equations will be explained in detail in Section 5.4.4. 

 

5.4.2 Step response to a tracer 
 

Figure 5.6 shows the experimental results for the residence time distribution inside 

the vessel for different flow rates of CO2 at 27.58 MPa and 323 K. 

 

 
Figure 5.6:  Change in ethyl-lactate mole fraction with respect to time for different CO2 flow rates   

 

The ethyl lactate tracer was kept the same at 0.0768 mol% in CO2.  In a well-mixed 

system, the step tracer response would be given by the expression 

))((exp VtFCCC OOexit ×--= ,       (5.19) 

where Cexit is the mole fraction of the tracer exiting the vessel and entering the UV detector, 

CO is the inlet step tracer mole fraction, F (m3/min) is the total volumetric flow rate at the 

inlet and outlet, V (m3) is the vessel volume, and t (min) is time.   

As evident from the experiment, the tracer response deviates significantly from a 

perfect CSTR profile as the flow rate of CO2 decreases from 3.33x10-4 kg/s (nozzle Re = 

20311) to 8.33x10-5 kg/s (nozzle Re = 5078).  The Reynolds number is based on the diameter 
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of the nozzle and the sum of the CO2 + solution flow rates.  There is a more profound delay 

for the time that the tracer exits the vessel for lower CO2 flow rates.  Although not obvious in 

Figure 5.6, at 8.33x10-5 kg/s, the delay was about 10 minutes.  These results support the idea 

that at higher flow rates, the effect of turbulence enhances macromixing inside the vessel, 

making it behave as if it were a well-stirred reactor. The higher initial delay for slower CO2 

flow rate was due to a plug flow regime inside the vessel at low turbulence value.   

In addition to the step response experiments, the change in UV reading with time was 

monitored as the fluid inside the vessel was diluted with CO2. This data is shown in Figure 

5.7 at various fluid flow rates.  There are some reports in the literature indicating that the 

configuration of the nozzle on the top of the vessel will give a plug flow profile in the 

collection vessel [14].  However, as indicated in Figure 5.7, the ethyl-lactate concentration 

profiles during dilution of the vessel also closely resemble that of a perfect CSTR dilution 

profile at high flow rates.  At slower flow rates, the deviation from a well-mixed assumption 

becomes more apparent.  For the case of a flow rate of 8.33x10-5 kg/s, there was a 10 minute 

delay before the tracer began to decrease.   

 

 
Figure 5.7:  Change in ethyl-lactate mole fraction dilution with respect to time for different CO2 flow rates  
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All of the step tracer experiments were highly reproducible with relative standard 

deviation of less than 1% for repeated experiments for a given CO2 flow rate.   

 

5.4.3 Effect of run time and initial conditions  
 

Particle characteristics were measured as a function of experimental run times and 

start-up conditions to explore how these operating variables influence the process.  Two sets 

of experiments were performed for each of the start-up conditions with the coaxial nozzle Li 

of 0.75 mm (lowest value for Li tested for this chapter).  In the first set, the vessel was 

initially pressurized with pure CO2 before running the process, while in the second set, the 

collector vessel was equilibrated with ethanol modified CO2 at steady-state ethanol 

concentration resulting from the ratio of the ethanol and CO2 flow rates.  The conditions for 

the experiments are shown in Table 5.1.  Except for the run times (10, 34, 54, 80, 160 

minutes), these conditions were kept the same for both sets of experiments.   

 

Table 5.1:  Conditions for testing the effects of pre-equilibration and run time 
Temp. 

(K) 
Press. 
(MPa) 

Conc. 
(kg/m3) 

CO2 flow 
(kg/s) 

Solution 
flow 

(m3/s) 

Vessel 
vol. 
(m3) 

Inner 
nozzle 

diameter 
(m) 

Outer 
nozzle 

diameter 
(m) 

L i 
(mm) 

323 27.58 5  3.33x10-4 3.33x10-9 5x10-4 1.78x10-4 2.54x10-4 0.75 

 

 

Figure 5.8 shows the online acetaminophen concentration profile, supersaturation 

profile, and particle size and morphology change with respect to time for different start-up 

conditions. 
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Figure 5.8:  Particle sizes, concentration profile, and SEM as a function of time and different start-up 
conditions 
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The particle sizes obtained at very short times are in the nanometer size range and 

have aspect ratios close to 1.  At intermediate times large needle-like structures are observed 

with major axes in the range of 200 µm.  The change in particle size and morphology with 

respect to time for the operating parameters can be rationalized as follows.  There is a 

continuous increase of the acetaminophen concentration inside the vessel until a critical 

concentration (supersaturation limit) value is reached for nucleation to occur.  Nucleation 

does not occur until the solute concentration exceeds its equilibrium concentration value to a 

certain limit dependent on the system [12].  In this case, the supersaturation limit necessary 

for the start of nucleation inside the diluted collection vessel is approximately 2.4, which is 

far lower than the maximum attainable supersaturation (Sm) of 21.1 inside the well-mixed 

coaxial nozzle.   

After the nucleation starts, the consumption of acetaminophen due to the growth of 

the accumulating particles becomes more significant, and thus the supersaturation inside the 

vessel drops rapidly.  At this point the driving force for the growth is the highest experienced 

by the particles; consequently, large needles start to form inside the vessel.  As more particles 

are formed, the concentration reaches a value close to the Cequil value of 1.14 and the growth 

and nucleation rates of the precipitated particles inside the vessel decrease.  Therefore, 

monitoring the acetaminophen concentration time response provides a useful indicator of the 

particle formation mechanism inside the collector vessel. 

The experimental results for the particle size with respect to time between no 

equilibration and equilibration start-up conditions show very similar trends but they are 

obviously displaced in time, with precipitation occurring earlier in the case of no 

equilibration, as shown in Figure 5.8.   When the vessel is initially filled with pure CO2 (no 

equilibration), the supersaturation of acetaminophen reaches its supersaturation limit value 

faster than it does in the case of equilibration. 

 The phenomenon described above indicates that, under the conditions of these 

experiments, the mixing of the solution and the CO2 on the molecular level (often referred to 

as micromixing) occurs mainly inside the collection vessel, not inside the coaxial nozzle.  

The concept of the coaxial nozzle used in SEDS is to have the highest mixing and nucleation 

inside the mixing length, Li [22, 23], but it is evident that in the configuration used for the 
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experiments just described this criterion is not being satisfied. If there had been good 

micromixing and subsequent nucleation inside the mixing length (Li), the saturation profile 

with time should be nearly constant and equal to 1.14, indicating that the particle nucleation 

and growth had mostly been accomplished inside the highly supersaturated mixing length 

before entering the diluted collection vessel and thus giving smaller particles.  Boerrigter et 

al. [24] and Ristic et al. [25] have demonstrated that acetaminophen particles grown in 

ethanol solution with low supersaturation have one face growing slower than the other faces, 

resulting in needle-like structures, which is consistent with the current observation for low Li.      

To complete the analysis of the experiments done with and without equilibration, 

percentage loss and yield measurements were also measured.  Table 5.2, shows the loss for 

no equilibration and equilibration start-up experiments in terms of percentage in each section 

of the system.  Note that the percentage does not add up to 100% due to experimental error.  

The majority of the error occurs in the effluent as the particles exit the BPR at high velocity 

generated from the sudden pressure drop from 27.58 MPa to atmospheric pressure. 

 

Table 5.2:  Percent loss and yield of acetaminophen for the start-up experiments 
Run %Loss %Yield 
 L i Nozzle Vessel Pre-UV UV UV out Effluent  
No Equil. N/A 0.13 10.2 1.3 8.7 12.0 37.5 1.6 

Equil. N/A 0.27 1.9 1.9 7.5 22.4 46.2 1.4 
 

For both start-up conditions, the yield is low as a result of the low acetaminophen 

concentration used for the experiment and due to the formation of particles after the filter in 

the vessel.  Since the no equilibration start-up reaches critical supersaturation faster than the 

equilibration start-up (Figure 5.8), there is more precipitation present inside the vessel.  The 

percent of acetaminophen loss inside the pre-UV line and the UV cell are small enough to 

assume that the readings for the acetaminophen concentration profile during the experiment 

represent the actual concentration of the drug in the bulk phase and not the solid phase 

present on the UV cell window. 
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5.4.4 Comparison of theory and experiment 

 

The growth and nucleation theory described in Section 5.2 was used to fit 

experimental values of the acetaminophen concentration and the major and minor axes of the 

particles as a function of time.  Six adjustable parameters, C1, C2, g, JMax, a, b, which are 

presented in Equation 5.13, 5.15, and 5.18, were obtained by simultaneously fitting the 

experimental particle size data and the online acetaminophen concentration profile with 

Matlab by using the fmincom function.   

The a and b in the empirical acetaminophen equilibrium concentration equation have 

values 7.36x10-3 and 78.95 respectively. The acetaminophen solubility fit as a result of the a 

and b parameters values can be seen in Figure 5.9.   As shown in Figure 5.9 the empirical 

equilibrium concentration equation can do a reasonable job of fitting the Cequil value within 

the range of the experiment from 0 to 1.2 mol% ethanol concentration. 

 

 
Figure 5.9:  Experiment and model fit for solubility of acetaminophen at 323 K and 27.58 MPa as a function 
of different ethanol mole fractions within the operating range  

 

The fitting parameters are shown in Table 5.3.   
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Table 5.3:  Parameters used for the crystallization model 

 Best Fit Literature 
C1 [m/s] 3.045e-7  
C2 [m/s] 2.95e-8  
g [mJ/m2] 7.405e-3 1.7-3.5e-3 [26] 

JMax [#m-3s-1] 1.69e8 2e7  [26] 
a [kg/m3] 7.36e-3  

b 78.95  
 

The comparison between the model and experiment are illustrated in Figure 5.10.  

 

 

 
Figure 5.10:  Experimental and simulated PSD and concentration profile of acetaminophen as a function of 
time 
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The parameters for the nucleation and growth equations are all reasonable compared 

to literature values for g and JMax.  Furthermore, in Figure 5.10, these parameters all give 

reasonable estimates of both the concentration profile and the surface weighted average 

particle size for both start-up conditions as compared to the experimental data.  It is worth 

noting that the peak seen in the experimental particle size average was not predictable in the 

simulation.  As mentioned earlier, the precipitation and growth of the particles inside the 

vessel is very complex.  The model does not take into account the change in the growth rate 

as a function of the surface of the particles and it does not describe the effect of dissolution 

during drying. Most importantly, the model is based on the average of the moments for the 

particle size distribution with respect to time and therefore cannot predict a system with a 

bimodal distribution. 

   

5.4.5 Effect of concentration 

 

Higher concentrations of acetaminophen are important in increasing the 

supersaturation and hence the nucleation rate of the drug, which should result in the 

production of small particles.  The acetaminophen concentrations tested were 5 kg/m3, 20 

kg/m3, and 30 kg/m3, while keeping the rest of the experimental parameters the same as seen 

in Table 5.1.  The results of these experiments are illustrated in Figure 5.11, which shows the 

photographs of the particles, the acetaminophen concentration levels as a function of time 

graph, and the surface weighted average lengths of the major and minor axes graph.   

All of the experiments exhibit a large peak in the concentration profiles, indicating 

that there is little nucleation and growth occurring in the nozzle for the mixing length of Li = 

0.75 mm. As shown in Figure 5.11, the peak heights in the concentration profiles increase 

with increasing drug concentration. The larger the drug concentration, the sooner the 

concentration peak occurs inside the collection chamber. As explained previously, the high 

concentration profile peaks are associated with the formation of large particles as evident 

from the SEM images in Figure 5.11. However, since the concentration profiles approach the 

plateau region faster at higher concentrations, smaller particles start to appear earlier and 

continue to form for a longer time period.  This has the effect of lowering the net surface 

weighted average of the particle size.  The morphology of the particles also changes with 
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increasing acetaminophen concentration as evident from the elongation and roundness graphs 

shown in Figure 5.11.  As the concentration increases, there is a lowering of the elongation 

due to the presence of smaller particles. 

 

 

 

 
Figure 5.11:  Concentration profile plot, surface weighted average lengths, and SEM images of particle size 
and morphology for different acetaminophen concentrations 
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The yield results for these runs are presented in Table 5.4.  Running the experiment at 

higher concentration resulted in better yields as high as 20% at a concentration of 30 kg/m3. 

Despite the improvement of the yield from increasing the drug concentration, the use of very 

high concentrations for particle formation increases clogging problems at the nozzle 

constriction.   

 

Table 5.4:  Loss and yield of acetaminophen for effect of concentration experiments 
Concentration %Loss %Yield 

 L i Nozzle Vessel Pre-UV UV UV out Effluent  

5 kg/m3 
N/A 0.27 1.9 1.9 7.5 22.4 46.2 1.4 

20 kg/m3 N/A 4 24 0.24 0.082 2.6 3.9 13 
30 kg/m3 N/A 2.5 24.3 0.00059 .0016 0.46 2.22 20 

 

5.4.6 Effect of solution flow rate 
 
 The concentration of 20 kg/m3 was chosen since it gave smaller particles and higher 

yield compared to lower concentrations without clogging the nozzle.  It was determined that 

the maximum attainable supersaturation (Sm) inside the mixing length for both cases is equal 

to 84.5.  Despite having the same Sm, the effect of reducing the flow rate to 8.33x10-10 m3/s 

with the lowest Li = 0.75 mm gave smaller particle size (Figure 5.12) compared to 3.33x10-9 

m3/s.   

Although it is not exactly clear from the experimental results what the mechanism is 

that causes this phenomenon, the smaller particles obtained from slower solution flow rate 

may be the result of the slight increase in Sm inside the coaxial nozzle as a consequence of 

improved mixing between the ethanol droplets and the CO2 before exiting into the 

precipitation vessel.  This improvement in mixing and faster nucleation can be seen by the 

suppression of the peak for the acetaminophen concentration profile in Figure 5.12. 
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Solution Flow Major Axis Minor Axis Elongation Roundness 
8.33x10-10 m3/s 107mm 18.9mm 6.01 0.475 
3.33x10-9 m3/s 178.5mm 23.3mm 6.94 0.672 

Figure 5.12:  Acetaminophen concentration profile plot and SEM image for different ethanol flow rates 
  

Table 5.5 shows the loss and yield for the two solution flow rates.  The faster solution 

flow rate produced higher yield than the 8.33x10-10 m3/s flow rate since more acetaminophen 

was injected into the system per minute.   

 

Table 5.5:  Loss and yield of acetaminophen concentration experiments 
Solution Flow %Loss %Yield 
 L i Nozzle Vessel Pre-UV UV UV out Effluent  
8.33x10-10 m3/s N/A 5.1 8.5 0.013 0.018 7.0 11 6.7 
3.33x10-9 m3/s N/A 4.5 24 0.24 0.082 2.6 3.9 13 
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5.4.7 Effect of mixing length (Li) 
 

The time scale for nucleation in a typical CO2 antisolvent process is 10-5 to 10-4 s and 

the growth rate for acetaminophen dissolved in ethanol was estimated to be in the order of 

10-2 s [22].  This time scale, though compound specific, is generally equal to or less than the 

time scales for mass transfer, even in processes with highly turbulent mixing [15].  

Therefore, the nozzle design is very crucial in allowing good mixing while keeping the flow 

rate constant and hence Reynolds number constant.   

It was suggested earlier in the chapter that in the case of good mixing and subsequent 

nucleation inside the mixing length, the concentration profile of the acetaminophen with 

respect to time would look different.  In particular, since the nuclei have been formed in the 

mixing length as a result of enhanced mixing and high supersaturation, the concentration 

entering the vessel will be much lower because most of the excess acetaminophen above the 

equilibrium concentration in the CO2 + ethanol fluid phase has already been consumed by 

particle nucleation.  To test this idea, another experiment was conducted where the inner and 

outer nozzle distance was increased in several increments from 0.75 mm to 10 mm. This is 

equivalent to increasing the residence time in the mixing zone from 0.035 s to 0.46 s.  The 

conditions for these experiments are given in Table 5.6. 

 

Table 5.6:  Conditions for effect of Li on acetaminophen particle size 
Temp. 

(K) 
Press. 
(MPa) 

Conc. 
(kg/m3) 

CO2 flow 
(kg/s) 

Solution 
flow 

(m3/s) 

Vessel 
vol. 
(m3) 

Inner nozzle 
diameter 

(m) 

Outer nozzle 
diameter 

(m) 

L i 
(mm) 

323 27.58 20 3.33x10-4 3.33x10-9 5x10-4 1.78x10-4 2.54x10-4 0.75, 3.5, 
5.5, 7.5,10 

 

The acetaminophen concentration chosen (20 kg/m3) was the highest concentration 

found that would not clog the nozzle.  The results are shown in Figure 5.13. 
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Figure 5.13:  Acetaminophen concentration profile, surface weighted average of particle size with respect to 
L i, and SEM images of particle size and morphology for different Li 

 
 Due to the increase in residence time and thus the enhancement of mixing as the Li is 

increased, there is a significant decrease in the acetaminophen concentration profile peak and 

the drastic reduction of the particle size and elongation when the mixing lengths get to 4 mm 

or more.  As seen in the SEM picture for 10 mm Li, the crystalline acetaminophen particles 

are more uniform and round compared to those formed when Li was 0.75 mm.  However, 

between Li = 5.5 mm and Li = 7.5 mm, the acetaminophen products appears to be more 

agglomerated.  This agglomeration is the result of static charges on the surface of the product 
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since these particles were seen to separate during SEM imaging as more electrons bombarded 

the surface of the crystals.  Many other researchers have observed similar agglomeration of 

the particles [22], but there has not been any documented method to reduce particle-to-

particle charging.  As seen in Figure 5.13, agglomeration is not a major issue anymore at Li = 

10 mm. 

Table 5.7 shows the yield and the amount of acetaminophen loss systems with 

different mixing lengths.   

 

Table 5.7:  Loss and yield of acetaminophen for effect of Li experiments 
L i %Loss %Yield 

 L i Nozzle Vessel Pre-UV UV UV out Effluent  
0.75 mm N/A 4 24 0.24 0.082 2.6 3.9 13 
3.5 mm 0.005 2.6 26.6 0.024 0.074 1.63 4.4 17.3 
5.5 mm 0.14 1.1 19 0.0014 0.0026 0.88 3.3 33.7 
7.5 mm 0.54 0.63 18.6 0.0016 0.0028 1.26 5.1 39.2 
10 mm 0.52 0.5 9.4 0.0012 0.0027 1.02 3.1 36.2 

 

The increase in the mixing length volume allows for more accumulation of the 

acetaminophen inside the chamber and thus may cause pressure fluctuations and even 

possible clogging if the mixing length were further increased.  The enhanced mixing due to 

increasing Li length improves the yield of acetaminophen microparticles collected on the 

filter.  For small Li lengths, in which not many particles precipitated immediately inside the 

mixing length, much of the acetaminophen was lost on the vessel walls and after the 

collection filter.  This seems to indicate that the needles were mostly grown on the filter and 

vessel walls as a result of secondary nucleation.   

The perfect CSTR model presented in Section 5.4.4 cannot be used to predict the 

effect of Li on the particle size in the case of long Li since the model assumes that the 

particles are formed inside the collection vessel.  Thus far, the use of PFR + CSTR regime 

for Matlab does not give good results, which indicates that the fluid dynamics is more 

complex for high Li length. There is an ongoing collaboration with the University of Naples, 

Italy to implement a more robust model that uses the commercial software FLUENT to 

simulate the fluid dynamics and the precipitation mechanisms simultaneously. 

The effect of start-up condition similar to the case for short Li was tested with long Li 

length of 7.5 mm.  The results are shown in Figure 5.14.  
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Start-Up Major Axis Minor Axis Elongation Roundness 
No Equil. 18.9mm 10.45mm 1.76 0.71 

Equil. 18.7mm 11.16mm 1.58 0.74 
Figure 5.14:  Acetaminophen concentration profile plot and SEM image for different start-up at Li = 7.5 mm 
  

The measured particle sizes with both equilibration and no equilibration are 

essentially the same.  The only difference is in the concentration profile of the drug during 

the run.  Since most of the acetaminophen has already nucleated in the mixing length before 

entering the collection chamber, any changes in ethanol concentration in the collection vessel 

have minimal effect on the drug itself.  The slow increase in the drug concentration for the 

case of no equilibration is due to the increase in the ethanol concentration inside the vessel.  

The ethanol concentration, and thus the drug concentration, will increase until it reaches 

equilibrium.  The loss and yield for both equilibration and no equilibration for Li = 7.5 mm 

are very similar as seen in Table 5.8. 
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Table 5.8:  Loss and yield of acetaminophen for the effect of start-up experiment with Li = 7.5 mm 
Start-up %Loss %Yield 

 L i Nozzle Vessel Pre-UV UV UV out Effluent  
No Equil. 0.82 0.73 11.6 0.0021 0.0027 1.00 1.5 42.4 

Equil. 0.54 0.63 18.6 0.0016 0.0028 1.26 5.1 39.2 

 

The last test performed with the mixing length Li = 7.5 mm was the effect of the 

constriction at the end of the coaxial tubing.  The presence of such a constriction is thought to 

enhance mixing as the mixing length is increased.  Without such constriction, there will be a 

lack of turbulent mixing.  As shown in Figure 5.15, the poor mixing without the constriction 

again generates a high peak in acetaminophen concentration that is now established as being 

present when there is no nucleation inside the nozzle. As a result, even with the higher value 

of Li, without nozzle constriction at the end is not effective in generating good mixing.  

 

 

 
Figure 5.15:  Acetaminophen concentration profile plot and SEM image for the effect of no nozzle 
constriction and with nozzle constriction at Li = 7.5 mm 
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The loss and yield for the nozzle constriction experiments are listed in Table 5.9. 

 

Table 5.9:  Loss and yield of acetaminophen during the experiment with and without a 2.54x10-4 m nozzle 
constriction with Li  = 7.5 mm 

Nozzle %Loss %Yield 
 L i Nozzle Vessel Pre-UV UV UV out Effluent  

2.54x10-4 m 
Constriction 0.54 0.63 18.6 0.0016 0.0028 1.26 5.1 39.2 

No constriction 0.063 NA 23.3 0.09 0.13 1.42 3.62 14.9 

  

With the lack of constriction, most of the precipitation occurred on the vessel walls. 

Compared to the case with the presence of a nozzle constriction, there is few accumulation of 

drug inside the mixing length (Li).   

 
5.5 Conclusion 

 

Operating variables such as start-up conditions, run time, drug concentration, and 

solution flow rate all have an effect on the particle size and morphology.  But the most 

dramatic effect on particle size with SEDS is the mixing length, Li. Small particles with 

higher yields were produced when using long Li lengths above 4 mm.  This is believed to be 

due to the enhancement of micromixing inside the mixing length, which results in high 

nucleation and rapid growth before entering the 5x10-4 m3 collection vessel.  This is in 

agreement with the experimental design results presented in Chapter 4.   

Many previous studies have failed to demonstrate this finding for SEDS process and 

instead focused more on fluid flow rate as the most important parameters [15, 23].  The 

current understanding of the SEDS system was made possible by implementing an online 

monitoring of acetaminophen concentration during the run.  When precipitation occurred 

primarily inside the long mixing length, the acetaminophen concentration does not have a 

peak and the resulting particles are smaller and more uniform.  By controlling the nozzle 

design instead of adjusting system variables such as flow rate, temperature, and pressure, the 

drug particle can be formed without the use of extreme conditions that may waste resources 

and also create harsh processing environments for sensitive drug materials.   

When the precipitation occurred mostly in the vessel as a result of short Li, the system 

can be modeled as a CSTR at high flow rates.  The model resulted in good fits for the 
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experimental data and for the acetaminophen concentration profile.  However, a more robust 

model will need to be implemented to describe the complex hydrodynamics involved with 

longer Li conditions. 
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Chapter 6:  Introduction of PCA Process as a Comparison 

to a SEDS Process for Control of Microparticle Size and 

Morphology 
 

 
6.1 Introduction 
 
 In the last chapter, the design of the coaxial nozzle was the most important parameter 

for controlling the particle size and morphology.  The SEDS process was shown to produce 

very uniform and small particles (5-10 mm) by providing a suitably long mixing length 

between the inner and outer tubing (Li), while other variables such as concentration and 

solution flow rate have less of an effect in controlling particle size.  The mixing length design 

can change the dynamics of mixing. Poor mixing inside the nozzle can shift the site of 

nucleation to the collection vessel resulting in large needle-like particles.  The degree of 

mixing in the nozzle and the collection vessel affects the level of supersaturation, which in 

turn affects the nucleation and growth rates to control particle size [1]. 

Building on the design experience with SEDS, it was decided to consider the 

precipitation with compressed antisolvent (PCA) process first presented in Chapter 1 to see 

how it would work for a crystalline drug, such as acetaminophen, in producing small and 

uniform particles for drug delivery applications. 

Considerable work has been done with the PCA process on many different polymer, 

protein, and small molecules [2].  PCA is a semi-continuous process similar to SEDS except 

without the coaxial tubing configuration.  In a PCA process, one stream with the drug 

solution and another stream with the antisolvent CO2 converge at a low volume area prior to 

exiting a nozzle constriction into a high-pressure collection vessel.  The mixing between the 

antisolvent and the solution rapidly reduces the solvating power of the solvent resulting in 

very high supersaturaiton and small drug particles.  However, few attempts have been made 

to find proper conditions to apply PCA for small crystalline molecules, such as 

acetaminophen [3-5].  The majority of  PCA applications have focused on polymers and 

proteins [6-15], which are easier to control due to their slower precipitation and growth time 

scales compared to small crystalline molecules. The CO2 antisolvent processes published in 
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the literature generally produce uniform spherical particles with polymers and proteins and 

non-uniform large particles for crystalline materials such as acetaminophen [4].  In many 

cases the polymers were agglomerated due to the lowering of the polymer’s Tg when exposed 

to CO2 [16, 17].  

Although it has been claimed that SEDS is superior to other particle formation 

processes [18, 19], PCA has an advantage of being easier and cheaper to construct.  

Machining a coaxial nozzle for the SEDS apparatus can be expensive due to the precision 

laser drilling needed to manufacture the complex design.  As was shown in the last chapter, 

depending on the system, several versions of a nozzle might be required before good results 

are obtained.   

This chapter focuses on improving the nozzle design for the PCA process to control 

the particle size, morphology, and uniformity of acetaminophen particle by allowing good 

mixing of the solution and antisolvent in the nozzle before entering the vessel.  Due to the 

increase surface area for the new PCA nozzle design, the surface was coated with silane 

coupling agent to reduce acetaminophen particle adhesion that can affect the overall yield of 

the experiment.  A high-pressure online UV cell was used at the exit of the collection vessel 

to monitor the change in acetaminophen concentration during the experiment in order to 

indirectly determine the degree of mixing in the nozzle and whether the precipitation is 

occurring inside the nozzle or inside the collection vessel.  The results are compared to those 

found using the SEDS process with mixing length equal to 7.5 mm, which gave very small 

and uniform particles as a result of enhanced mixing. 

 

6.2 Experimental and analytical section 

 
6.2.1 Materials 

   

The target drug for the experiment was acetaminophen purchased from the Sigma-

Aldrich Company (St. Louis, MO).  The solvent for acetaminophen was HPLC grade ethanol 

purchased from Sigma-Aldrich Company.  CO2 used in all experiments was Coleman Grade 

purchased from National Welders.  All chemicals were used without further purification. 

(heptadecafluoro-1,1,2,2-tetra-hydrodecyl) trichloro silane or FDTS (C10H4Cl3F17Si) 
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purchased from Gelest Inc. (Morrisville, PA) was used to coat the surface of the stainless 

steel tubing to reduce particle adhesion. 

 

6.2.2 PCA particle design process and particle characterization 
 

The PCA process equipment arrangement is illustrated in Figure 6.1  

 
Figure 6.1:  PCA system set up 
 

A solution of acetaminophen and ethanol was delivered using an HPLC pump 

(Dionex Corporation model P580).  The CO2 was continuously delivered using a model P-50 

pneumatic pump provided by Thar Technologies (Pittsburgh, PA).  The P-50 pump head was 

chilled to 278 K in order to maintain the CO2 in the liquid state to increase the pump 

efficiency. The CO2 was preheated to the temperature specified for the experimental 

condition through a heat exchanger before entering the low volume tee nozzle.  A Thar 

Technologies backpressure regulator or BPR (BPR-A-200-1) maintained the experimental 

pressure of the entire system to within ±0.1 MPa. The thermocouple and the pressure sensors 

attached to the 5x10-4 m3 precipitation vessel were used to monitor the system parameters 

during the entire experimental run. A heating tape purchased from Omega Engineering Inc. 

(Stamford, CT) attached to a temperature controller (Degi-Sense model 68900-01) from 
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Barnant Company (Barrington, IL) adjusted the precipitation vessel temperature to the 

experimental condition to within ±0.1 K. As shown in Figure 6.1, a high pressure UV cell 

was placed after the exit of the collection vessel in order to monitor the change in 

acetaminophen concentration in the CO2 + ethanol phase during the experiment as described 

previously in Chapter 5.   

For all the experiments, the collection vessel was first filled with an appropriate ratio 

of ethanol to CO2 at the desired pressure for one hour to allow equilibration of the vessel 

before starting the injection of the acetaminophen solution into the low volume tee shown in 

Figure 6.2, which was custom designed and built by Valco, Inc.  (Houston, TX). The two 

fluids mix at a 90º angle and travel down a length of 1.27x10-3 m before exiting out to a 

region that is referred to as the Residence Time Tube or RT tube with a length of 2.18x10-2 m 

and diameter of 1.27x10-2 m.   The purpose of the RT tube is to allow for the complete 

mixing and precipitation of the drug in a region of high maximum attainable supersaturation, 

Sm, before exiting into a diluted 5x10-4 m3 vessel.  

 

 
Figure 6.2:  New low volume tee nozzle for PCA process 

 

The particles were collected on a polycarbonate filter with 100 nm pores purchased 

from Millipore Corporation (Billerica, MA) and coated with gold-palladium mixture for 90 

seconds (~200 nm thickness) to reduce charging during the scanning electron microscope 

(SEM JEOL, Japan) imaging process.  Particle size and morphology were determined by 
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image analysis method using the Image Tools program developed by University of Texas 

Health Science Center.  The particle major and minor axis, roundness and elongation were 

calculated as the surface weighted average values.  The method of analysis for these values 

was previously described in Chapters 4 and 5. 

 

6.2.3 SEDS particle design process and particle characterization 
 

For the SEDS experiment, a solution of acetaminophen and ethanol was pumped 

through the system shown and described in Chapter 5 Figure 5.3. The CO2 flow rate was set 

at 3.33x10-4 kg/s. The mixing length (Li) in the coaxial nozzle was set to 7.5 mm. All other 

nozzle characteristics were as described in Chapter 5.  The CO2 was preheated through a heat 

exchanger before entering the system.  The system pressure and temperature were kept 

constant at 27.58 MPa and 323 K respectively for all the experiments.    Similar to the PCA 

process, the system was first allowed to reach equilibrium with the ethanol mole fraction 

equivalent to the ratio of ethanol to CO2 flow rates during the experiment. The particle 

analysis methods are described in Chapters 4 and 5.  

 

6.2.4 Yield and loss of acetaminophen particles 

 

The yield of the particles collected on the polycarbonate filter was determined by its 

weight on a mass balance.  In order to determine the acetaminophen left inside the system 

and in the effluent, different segments of the system were washed with a known amount of 

pure ethanol.  The amount of acetaminophen loss in each segment was measured on a UV 

spectrometer at a wavelength of 250 nm.   

Referring to the PCA process in Figure 6.1, the system was divided into the residence 

time tube (RT), the vessel, Pre-UV (the line before the UV cell), the UV (inside the UV cell), 

UV out (the line after the UV cell), and the effluent (BPR exit). Referring to Figure 5.3 in 

Chapter 5 for SEDS, the system was divided into the mixing length (Li) or RT, the vessel, 

Pre-UV, the UV, UV out, and the effluent.  Total percent yield may not add up to 100% due 

to experimental errors and loss of sample at the exit of the system. 
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6.2.5 Surface coating to reduce powder adhesion 
 

The increase in surface area for the particles to adhere to the RT tube region in the 

nozzle as seen in Figure 6.2 may pose a problem for the precipitation process and can 

ultimately increase the loss.  Several methods were explored to coat the stainless steel surface 

of the residence time tube as detailed in Appendix D, but the best result was obtained by 

using (heptadecafluoro-1,1,2,2-tetra-hydrodecyl) trichloro silane or FDTS (C10H4Cl3F17Si) 

purchased from Gelest.  FDTS forms self-assembled monolayers (SAM) of hydrophobic 

materials on the surface.  All stainless steel tubing was electropolished by Able 

Electropolishing Company (Chicago, IL) prior to SAM coating to reduce surface roughness 

that might induce precipitation of particles.   

 Silane coupling agents hydrolyze to form a durable bond with a substrate’s surface 

that has siliceous properties such as silicates and aluminates.  The coating can lower the 

substrate’s surface energy and thus decreases the amount of materials attracted to the surface. 

A typical structure of a silane-coupling agent is shown in Figure 6.3.   

 

 
Figure 6.3:  Chemical structure for silane coupling agent 
  

X is a hydrolysable group that can be made of alkoxy, alcyloxy, halogen, or amine 

groups.  The R group is nonhydrolyzable and determines the ultimate function of the silane-

coupling agent on the surface of the substrate.  To prevent particles from sticking to the 

surface, the R group is chosen to be extremely hydrophobic. 

The coating method on stainless steel for FDTS was developed exclusively for the 

application presented in this chapter and the procedure is described in Appendix D.  
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6.3 Results and discussion 
  

6.3.1 PCA particle design process  
 
 Many different experiments were performed prior to the final design of the PCA 

process and its nozzle and can be found in Appendix D.  The experiences from these trial 

runs provided valuable knowledge into the results presented in this section.   

Table 6.1 shows the conditions for the PCA particle design experiment.  

 

Table 6.1:  Conditions used for PCA experiments 
Temp. 

(K) 
Press. 
(MPa) 

Conc. 
(kg/m3) 

CO2 Flow 
(kg/s) 

Solution flow 
(m3/s) 

Vessel Vol. 
(m3) 

Nozzle RT Length 
(m) 

323 27.58 30 3.33x10-4 8.33x10-10  5x10-4 Low Volume 
tee 

2.18x10-2 

 

A series of experiments to determine the change in particle size as a function of run 

time was performed and shown in Figure 6.4.   

 

 
Time Major Axis Minor Axis Elongation Roundness 

10 min 5.85 mm 4.00 mm 1.51 0.788 
30 min 7.30 mm 5.04 mm 1.48 0.809 
60 min 7.54 mm 5.04 mm 1.54 0.796 
160 min 7.25 mm 5.06 mm 1.46 0.814 

Figure 6.4:  Acetaminophen concentration profile, particle size, and morphology as a function of run time 
for a PCA process with improved nozzle design 
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Since PCA is a semi-continuous process, the effect of run time on the particles 

collected on the filter is very important issue to consider for manufacturing. The 

concentration profile seen in Figure 6.4 has no peak under the conditions of 30 kg/m3 and RT 

length of 2.18x10-2 m, indicating that excess acetaminophen concentration in the CO2 phase 

was consumed from the rapid nucleation and growth inside the low volume tee as a result of 

good mixing.  The residence time length of 2.18x10-2 m was more than enough time for the 

mixing and phase split to occur in a controlled environment before the particles entered the 

collection vessel. The particles were small and uniform with the PCA process and there is no 

effect of run time on the product.  At longer run times, there appears to be more 

agglomeration of the small particles due to the higher number of particle-to-particle 

bombardment inside the vessel.  The percent losses and yield are given in Table 6.2. 

 

Table 6.2:  Yield and losses of acetaminophen for PCA particle design experiments 
Run %Loss %Yield 

 RT Vessel Pre-UV UV UV Out Effluent  
10min 3.80 4.34 0.058 0.128 15.96 24.12 10.92 
30min 1.79 9.54 0.0094 0.0120 8.67 10.65 17.50 
60min 3.14 19.22 0.0036 0.0055 6.69 7.72 24.00 
160min 7.30 25.45 0.0013 0.00183 1.91 3.70 22.43 

  

One important consideration to note is that as more acetaminophen is accumulating 

inside the collection vessel, the more particles are stuck on the surface of the vessel.  

Therefore, there is a need to consider a method for product collection while the process is 

running for an extended period of time.  This is a major design challenge if PCA process is to 

be scaled-up for actual manufacturing.   

The effect of the RT tube length for the low volume tee on particle size and 

morphology was tested in order to determine its importance. The purpose of the RT tube was 

to allow for the complete mixing and precipitation of the drug in a region of maximum 

attainable supersaturation, Sm before exiting into a diluted 5x104 m3 vessel.  The value for Sm 

signifies the ideal case when the two streams mix completely in the nozzle at the molecular 

level (micromixing). The Sm value calculated for the conditions in this run is equal to 161.  

The actual supersaturation inside the vessel is much lower than this value (S » 1) and 

therefore it is important to allow enough time for mixing and nucleation to occur inside the 

RT tube before entering the collection vessel. 
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The results for different RT tube lengths are presented in Figure 6.5.  The run time for 

the experiments was 60 minutes.     

   

 

 
RT Length Major Axis Minor Axis Elongation Roundness 

0 m 8.95mm 5.73mm 1.66 0.74 
2.18x10-2 m 7.54mm 5.04mm 1.54 0.796 

Figure 6.5:  Acetaminophen concentration profile and particle size and morphology as a function of RT tube 
length for the PCA process 
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Without the 0.0218 m segment after the low volume tee, the peak was shown to be 

present again in Figure 6.5, indicating that a fraction of the acetaminophen precipitated inside 

the vessel and not in the low volume tee.  The particle size was slightly larger and not as 

uniform for 0 m RT tube length as seen from the SEM images. The addition of the 0.0218 m 

RT tube length allowed the nuclei to precipitate primarily in the RT tube, where there is more 

time for mixing in a highly supersaturated environment.  Subsequently, most of the excess 

acetaminophen above the equilibrium concentration in the CO2 + ethanol fluid phase has 

already been consumed by particle nucleation before entering the collection vessel. It seems 

that the extra RT tube length serves the same function as the mixing length, Li, in the SEDS 

process in reducing the peak in the concentration profile as described in Chapter 5.    

The percent loss and yield are presented in Table 6.3.  The condition without a RT 

tube has roughly half the amount of product on the filter compared to the condition with an 

RT tube length of 2.18x10-2 m.  For no RT tube length, much of the acetaminophen was lost 

on the vessel walls and after the collection filter.   

 

 Table 6.3:  Yield and losses of acetaminophen for the effect of different RT tube length 
Run %Loss %Yield 

 RT Vessel Pre-UV UV UV-Out Effluent  
0 m N/A 25.65 0.0052 0.00637 4.17 4.83 12.71 

2.18x10-2 m 3.14 19.22 0.0036 0.00554 6.69 7.72 24.00 

 
 
6.3.2 PCA comparison to SEDS  

 

Finally, the PCA result was compared to SEDS at the best Li mixing length of 7.5 

mm.  The same temperature, pressure, acetaminophen concentration, and flow rates were 

used for both systems and they are listed in Table 6.1. The run time for both systems was 60 

minutes. The two systems produced almost identical results indicating that they can be 

equally effective in producing small, uniform acetaminophen drug particles.  The results are 

presented in Figure 6.6. 
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System Major Axis Minor Axis Elongation Roundness 
SEDS 8.81mm 6.08mm 1.5 0.781 
PCA 7.54mm 5.04mm 1.5 0.796 

Figure 6.6:  Acetaminophen concentration profile, particle size, and morphology for optimized SEDS and 
PCA 
 
  The loss and yield for each of the system are presented in Table 6.4. 

 

Table 6.4:  Yield and losses of acetaminophen for SEDS and PCA 
Run %Loss %Yield 

 RT Vessel Pre-UV UV UV-Out Effluent  
SEDS 0.68 12.59 0.0107 0.0063 4.62 6.35 23.05 
PCA 3.14 19.22 0.0036 0.0055 6.69 7.72 24.00 

  

The yields for both systems are nearly identical.  There is more pronounced 

difference in the loss at the RT tube section.  Since the PCA system has more surface area 
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inside the RT tube compared to the mixing length for SEDS, there is higher a chance that the 

acetaminophen particles will adhere onto the surface of the RT tube. 

 

6.4 Conclusion 
 

 PCA is presented as an alternative method to the SEDS process to formulate the 

acetaminophen drug particles.  In order to prevent surface adhesion of the product inside the 

system, a method for stainless steel surface coating was successfully demonstrated to reduce 

product losses for an antisolvent process.   

The method of monitoring acetaminophen concentration in the fluid phase presented 

in the previous chapter was used in this chapter to improve the nozzle design for the PCA 

system. The most important variable as indicated in Chapter 5 for SEDS is the nozzle design.  

This controls the degree of mixing and has a huge effect on the particle size and morphology.  

The resulting particle size will be more uniform if the mixing is good enough to allow for 

enhanced micromixing (mixing of the two fluids in the molecular level) between the 

antisolvent and the liquid solvent.  For a good mixing nozzle, nucleation occurs mostly in the 

highly supersaturated nozzle before entering the collection vessel.  Building on this concept, 

a simple 90° mixing nozzle was custom made with an additional residence time tube length 

added at the exit of the nozzle constriction to allow for further mixing and nucleation to 

occur.  

A comparison of the PCA and SEDS resulted in comparable particle size, 

morphology, uniformity, and yield. Therefore, the simpler PCA process is a possible 

alternative to the more complicated SEDS process, which requires precision machining for 

the coaxial tubing design.   
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Chapter 7:  General Conclusion and Future 

Recommendations 
 
 

 This dissertation demonstrated the efficacy of using supercritical CO2 as an 

antisolvent for the precipitation of acetaminophen and other substances.  CO2 provides a 

clean and quick method for “salting out” drugs without the use of harmful organic solvents or 

additional drying steps.   

Multiple systems were designed and optimized for the evaluation of CO2 antisolvent 

techniques.  Solubility studies were performed to quantify the operational conditions for 

antisolvent precipitation of acetaminophen from ethanol + CO2 system.  The technique 

adopted for the process was a static extraction system with offline UV spectroscopy analysis.  

It was found that even at high pressures and temperatures above the CO2 critical point, the 

solubility of acetaminophen in CO2 was only 10-5 mole fraction, which makes this a viable 

antisolvent system. It was also demonstrated that PREOS can be used to calculate the 

solubility of acetaminophen in ethanol + CO2 by lumping all the terms in the solid phase 

equation not dependent on pressure into a single constant K(T) for a given temperature.  The 

solubility data is important in quantifying the supersaturation during the precipitation 

experiments for subsequent modeling of the crystallization process.  A major disadvantage in 

using a static extraction method is the length of time needed to obtain solubility data.  It is 

recommended that HPLC analytical equipment be connected directly to a sampling valve for 

faster data acquisition.   A similar technique for high-pressure extraction and online analysis 

is well documented in Dr. Larry Taylor’s work at Virginia Polytechnic Institute and State 

University.   

Two antisolvent processes were tested to determine the parameters that control the 

particle size, morphology, and uniformity. The first system studied was the solution 

enhanced dispersion by supercritical fluids (SEDS).  A second antisolvent system was the 

precipitation with compressed antisolvent (PCA) process, which is very similar to SEDS 

without the coaxial configuration.   
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Initial screening process for SEDS using statistical design of experiments pointed to 

drug concentration and geometry of the system (residence time of mixing) as important 

variables to concentrate on.  These parameters were further explored and it was determined 

that the nozzle design, specifically the mixing length design, can change the dynamics of 

mixing. Poor mixing inside the nozzle can shift the site of nucleation to the collection vessel 

resulting in large needle-like particles.  The degree of mixing in the nozzle affects the level 

of supersaturation, which in turn affects the nucleation and growth rates to control particle 

size.  Both SEDS and PCA yielded equal results if optimized properly.  Therefore, the 

cheaper and simpler alternative of using PCA for particle formulation seems to be more 

attractive than SEDS for certain situations.  

As mentioned in Chapter 2, a major obstacle in understanding supercritical 

antisolvent processes is the lack of techniques available for measuring fundamental 

properties such as nucleation and growth.  In this dissertation, an indirect measuring 

technique using online UV spectroscopy to detect the change in the drug concentration in the 

CO2 phase inside the collection vessel during precipitation was demonstrated as a unique 

method for optimizing the system parameters. The presence of a peak above the expected 

equilibrium concentration value during the precipitation process means that the drug will 

nucleate either inside the vessel or after the vessel due to operational conditions that cause 

poor mixing.  Since the supersaturation is lower inside the collection vessel, the particles are 

generally long, non-uniform acetaminophen needles.  Operating conditions or system 

geometry can be manipulated to suppress the peak and obtain uniform and small particles.   

Furthermore in Appendix E, SEDS was also shown to be a feasible method to quickly 

recrystallize rapamycin.  Conventional methods require organic solvent to slowly “salt out” 

the drug and may not guarantee high crystallinity.  SEDS was demonstrated to not only be 

able to increase the crystallinity of the drug, but it can also simultaneously control drug size 

and shape.  

Drug dosing and controlling particle size are gaining increasing importance in 

pharmaceutical manufacturing.  Improving controlled-release formulation has been a major 

focus recently for drug delivery.  This dissertation only taps into the surface of the SEDS and 

PCA processes for drug formulation.  Optimizing drug encapsulation using CO2 antisolvent 

processing should be a major focus for future endeavors in this field of work.  
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Bench scale studies of supercritical fluid precipitation processes have been 

demonstrated in this dissertation and in many other publications in literature.  However, a 

very important problem with the future of this field lies in the ability to scale-up the process 

for manufacturing of drugs.  Thus far, few authors, such as Ernesto Reverchon, have 

attempted to scale-up the SAS process.  The major difficulties not only lie within 

proportionality considerations, but also with solvent residuals inside the product and particle 

collection during the large scale manufacturing process. Furthermore, SAS process usually 

requires a larger vessel compared to the GAS process, which raises the issue of cost and 

safety.   
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Appendix A:  Peng-Robinson Matlab Code 

 
 

A.1  Binary vapor-liquid code for finding molar volume of the system 
 
 The following is the algorithm for finding the molar volume of a binary carbon 

dioxide and ethanol mixture at different pressure, temperature, and composition.  The result 

is used to calculate the amount of acetaminophen extracted in Chapter 3.  The comments are 

separated from the code as a percent sign.  The function is called in the Matlab workspace as 

v = PengRobinson2_1phase(T,P,x2). 

 

function v = PengRobinson2_1phase(T,P,x2) 
 
R = 8.134; 
%   1 = CO2 2 = Ethanol 
Tc(1) = 304.19; w(1) = 0.2250; Pc(1) = 7.3815e6; 
Tc(2) = 516.25; w(2) = 0.6371; Pc(2) = 6.3835e6; 
for i = 1:2 
    K(i) = 0.37464 + 1.5422*w(i) - 0.26992*w(i)^2; 
    alfa(i) = ( 1 + K(i)*( 1 - sqrt(T/Tc(i)) ) )^2; 
    ai(i) = 0.45724*R^2*Tc(i)^2/Pc(i)*alfa(i); 
    bi(i) = 0.07780*R*Tc(i)/Pc(i); 
end 
k = [0.0,   0.089 
    0.089,    0.0]; 
aij = (1-k).*(sqrt(ai')*sqrt(ai)); 
x(2) = x2; 
x(1) = 1 - x(2); 
a = x*aij*x'; 
b = bi*x'; 
A = a*P/(R^2*T^2); 
B = b*P/R/T; 
%   C(1)*X^N + ... + C(N)*X + C(N+1) 
%   Peng Robinson coefficients of the cubic eq. 
C(1) = 1; 
C(2) = B - 1; 
C(3) = A - 3*B^2 - 2*B; 
C(4) = B^3 + B^2 - A*B; 
%   Solve for the roots. 
Ztemp = roots(C); 
j = 1; 
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for i = 1:3 
    if imag(Ztemp(i))==0 
        z(j) = Ztemp(i); 
        j = j + 1; 
    end 
end 
v = R*T*z/P; 
if length(z)>1 
    vstr = num2str(v); 
    Pstr = num2str(P); 
    disp('            ***************************** ') 
    disp('            *        Two phases         *') 
    disp(['            *    P = ',Pstr,'        *']) 
    disp(['            *    v = ',vstr,'        *']) 
    disp('            ***************************** ') 
end 
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A.2  Binary vapor-solid or ternary vapor-liquid-solid code to find acetaminophen 
solubility 
 
 The following is the code written in Matlab to find either the solubility of 

acetaminophen in CO2 or in CO2 + ethanol ethanol mixture.  The following function is called 

in the Matlab workspace to run the program. 

[x3, v, co] = PR3(P,T,Xexp,kij,lij,X,x3). 

 Xexp is set to 0 if only CO2 is present in the system.  x3 is a guess for calculating the 

acetaminophen mole fraction. 

 

function [x3, v, co] = PR3(P,T,Xexp,kij,lij,X,x3) 
% Peng Robinson Ind.Eng.Chem.Fundam. 15 (1976) pag.59-61 
% Xexp is the mole fraction of Ethanol in a CO2+Ethanol solution. 
% x3 is the Acetaminophen mole fraction at the equilibrium. 
 
% Poynting factor calculation  
P0 = 1e5; 
R = 8.31451; 
%   1 = CO2 2 = C2H5OH 3 = Acetaminophen 
Tc(1) = 304.19; w(1) = 0.2250; Pc(1) = 7.3815e6; 
Tc(2) = 516.25; w(2) = 0.6371; Pc(2) = 6.3835e6;  
Vs = 151.17/1293e3; 
for i = 1:2 
    % Eq.18 Ibidem 
    K(i) = 0.37464 + 1.5422*w(i) - 0.26992*w(i)^2; 
    % Eq.17 Ibidem 
    alfa(i) = ( 1 + K(i)*( 1 - sqrt(T/Tc(i)) ) )^2; 
    % Eq.i 9-10 + 12-13 Ibidem 
    ai(i) = 0.45724*R^2*Tc(i)^2/Pc(i)*alfa(i); 
    bi(i) = 0.07780*R*Tc(i)/Pc(i); 
end 
ai(3) = X(1); bi(3) = Vs; 
% Binary interaction parameters Eq.22 Ibidem 
k = [0.0,   8.9e-2, kij(1) 
    8.9e-2, 0.0,    kij(2) 
    kij(1), kij(2), 0.0]; 
l = [0.0,   lij(1), 0.0 
    lij(1), 0.0,    0.0 
    0.0,    0.0,    0.0]; 
%Dana dissertation pg 24 eq.2-21 
aij = (1-k).*(sqrt(ai')*sqrt(ai)); 
bij = (1-l).*( repmat(bi,3,1) + repmat(bi',1,3) )./2; 
f3 = X(2)*exp(Vs/R/T*(P-P0)); 
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x(3) = 0; 
Niter = 1; 
while abs(x3-x(3))/x3 > 1e-4 
    x(3) = x3; 
    x(2) = Xexp*(1-x(3)); 
    x(1) = 1 - x(2) - x(3); 
    % Eq.i 20-21 Ibidem 
    a = x*aij*x'; 
    b = x*bij*x'; 
    % Eq.i 6-7 Ibidem 
    A = a*P/(R^2*T^2); 
    B = b*P/R/T; 
    %   C(1)*X^N + ... + C(N)*X + C(N+1) 
    %   Peng Robinson coefficients of the cubic eq. 
    C(1) = 1; 
    C(2) = B - 1; 
    C(3) = A - 3*B^2 - 2*B; 
    C(4) = B^3 + B^2 - A*B; 
    %   Solve for the roots. 
    Ztemp = roots(C); 
    %   I will consider only the smallest value. 
    j = 1; 
    for i = 1:3 
        if imag(Ztemp(i))==0 
            z(j) = Ztemp(i); 
            j = j + 1; 
        end 
    end 
    Z = min(z); 
    %    
    x3 = f3/P/exp( bi(3)/b*(Z-1) - log(Z-B) - A/(2*sqrt(2)*B)*... 
        (2*x*aij(:,3)/a - bi(3)/b)*log((Z+2.414*B)/(Z-0.414*B)) ); 
    Niter = Niter + 1; 
    if Niter>10000 
        error('Surpassed maximum iterations') 
    end 
    v = R*T*z/P; 
    co=151.1625*x3/v/1000; 
end 
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Appendix B:  Matlab Code for Calculating 

Acetaminophen Concentration and Particle Size  
 
 

Main program for nucleation and growth of paracetamol, based on Screw Dislocation 

Growth of the two different faces.  Subprogram SEDSeq is used to calculate the moments to 

solve for the surface weighted average lengths.  This code is developed by Domenico 

Larobina from the University of Naples. 

 
close all, clear all, format long e, clc 
 
RunTime = false; 
kB = 1.3807e-23; % Joule/molecules K 
T = 323; % K 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                       Experimental Parameters                           % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
C_in = 0.170814; % kg/m^3 MW 151.2 
y_in = 0.00187947; % mole Ethanol/mole CO2 in INLET 
F = 3.936e-7; % m^3/s = 20 g/min CO2 
V = 0.0005; % m^3 
Preeq = true; % Logical variable for pre-equilibration of Cethanol. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                      Dislocation Growth Parameters                      % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
C = [3.6e-7, 4.7e-8]; % m/s Wobbolts pag III appendix 
S1 = [.09,.15]; 
SS = [.05,0]; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                       Critical Radius of Nuclei                         % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Omega = 1.94e-28; % m^3/molecule. 
alfa = [2.49e-2,0.63e-2]; % Joule/m^2. 
% Kelvin equation for particles formation. 
for i = 1:2 
    k(i) = Omega*alfa(i)/kB/T; % m 
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end 
% rho is the molecular density of the drug. 
rho = 1296; % Kg/m^3 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                       Nucleation Rate Parameters                        % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Eatt = 3e-3; % J/m^2 Wobbolts pag III appendix 
A = 4*36*pi*Eatt^3*Omega^2/... 
    (27*kB^3*T^3); % eq 21 pag 2393 Kirksen Chem.Eng.Sci. 
B = 3e6; % m^-3*s^-1 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                               S O L V E                                 % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
opts = odeset('RelTol',2.3e-14,'AbsTol',1e-14,'NormControl','on',... 
    'InitialStep',1e-4,'MaxStep',2); 
if RunTime 
    tend = [10,34,54,80,100,130,160]*60; 
else 
    tend = 60*60; 
end 
for i = 1:length(tend) 
    [Time1,Y1] = ode15s('SEDSeq',[0:90:tend(i)],[],opts,... 
        C_in,y_in,F,V,C,SS,S1,A,B,k,rho,Preeq); 
    y0 = Y1(end,:); 
    [Time2,Y2] = ode15s('SEDSeq',[0:90:7200],y0,opts,... 
        0,0,F,V,C,SS,S1,A,B,k,rho,Preeq); 
    if RunTime 
        n(i) = Y2(end,1); tend(i) 
        M(i) = Y2(end,2)/Y2(end,1); m(i) = Y2(end,3)/Y2(end,1); 
        Mv(i) = Y2(end,7)/Y2(end,5); mv(i) = Y2(end,8)/Y2(end,5); 
    else 
        Time = [Time1;Time1(end)+Time2]; 
        Y = [Y1;Y2]; 
    end 
    clear Y1 Y2 Time1 Time2 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                               P L O T                                   % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
if RunTime 
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%     subplot(2,1,1) 
%     plot(tend/60,M*1e6,'.-',tend/60,m*1e6,'.-'), 
%     xlabel('Time [min]'), 
%     ylabel({'Number Average';'Major and minor axes [\mum]'}), 
%     subplot(2,1,2) 
    plot(tend/60,Mv*1e6,'.-',tend/60,mv*1e6,'.-'), 
    xlabel('Time [min]'), 
    ylabel({'Volume Average';'Major and minor axes [\mum]'}), 
    title(num2str(C_in)) 
%     figure(2), plot(tend/60,n) 
else 
    subplot(2,1,1); 
%     plot(Time/60,Y(:,2)./Y(:,1)*1e6,'-r','LineWidth',1.5), hold on, 
%     plot(Time/60,Y(:,3)./Y(:,1)*1e6,'-b','LineWidth',1.5), 
%     legend('Major','minor','Location','Best'), grid on, 
%     xlabel('Time [min]'), ylabel({'Number Average';'Major and minor axes [\mum]'}), 
%     subplot(2,2,2); 
    plot(Time/60,Y(:,7)./Y(:,5)*1e6,'-b','LineWidth',1.5), hold on, 
    plot(Time/60,Y(:,8)./Y(:,5)*1e6,'-r','LineWidth',1.5), 
    legend('Major','minor','Location','Best'), grid on, 
    xlabel('Time [min]'), ylabel({'Volume Average';'Major and minor axes [\mum]'}), 
%     subplot(2,2,3); 
%     plot(Time/60,Y(:,9),'-k','LineWidth',1.5), grid on, 
%     xlabel('Time [min]'), ylabel({'Mole fraction of Ethanol';... 
%         '[mole C2H5OH/mole CO2]'}), 
    subplot(2,1,2); 
    plot(Time/60,Y(:,10),'-','LineWidth',1.5), grid on, 
    xlabel('Time [min]'), ylabel('Concentration of the drug [kg/m^3]'), 
end 
 
 
 
function varargout = SEDSeq (t,y,flag,... 
    C_in,y_in,F,V,C,SS,S1,A,B,k,rho,Preeq,R0) 
 
switch flag 
case ''                                 % Return dy/dt = f(t,y). 
 varargout{1} = f(t,y,C_in,y_in,F,V,C,SS,S1,A,B,k,rho); 
case 'init'                             % Return default [tspan,y0,options]. 
 [varargout{1:3}] = init(C_in,y_in,Preeq); 
otherwise 
 error(['Unknown flag ''' flag '''.']); 
end 
 
% ------------------------------------------------------------------------- 
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function dydt = f(t,y,C_in,y_in,F,V,C,SS,S1,A,B,k,rho) 
 
C0 = Ceq(y(9)); % kg*m^-3 
if y(10)<=C0 
    S = 0; 
    rc = zeros(1,2); 
else 
    S = log(y(10)/C0); % No dimension 
    rc = k/S; 
end 
for i = 1:2 
    if S <= SS(i) 
        g(i) = 0; 
    else 
        g(i) = C(i)*((S-SS(i))^2/S1(i))*tanh(S1(i)/(S-SS(i))); % m/s 
    end 
end 
if S==0 
    b = 0; 
else 
    b = B*exp(-A/S^2); 
end 
% Zero order moment 
dydt(1,1) = b; % m^-3*s^-1 
% First order moments 
dydt(2,1) = g(1)*y(1) + b*rc(1); % m^-2*s^-1 
dydt(3,1) = g(2)*y(1) + b*rc(2); % m^-2*s^-1 
% Second order moments 
dydt(4,1) = 2*g(1)*y(2) + b*rc(1)^2; % m^-1*s^-1 
dydt(5,1) = g(1)*y(3) + g(2)*y(2) + b*rc(1)*rc(2); % m^-1*s^-1 
dydt(6,1) = 2*g(2)*y(3) + b*rc(2)^2; % m^-1*s^-1 
% Two of the third order moments 
dydt(7,1) = 2*g(1)*y(5) + g(2)*y(4) + b*rc(1)^2*rc(2); 
dydt(8,1) = g(1)*y(6) + 2*g(2)*y(5) + b*rc(1)*rc(2)̂2; 
% Mass balance of Co-solvent and Drug. 
dydt(9,1) = F/V*(y_in-y(9)); % mole of Co-solvent/ mole CO2 
dydt(10,1) = F/V*(C_in-y(10)) - rho*2*pi*( g(1)*y(6) + 2*g(2)*y(5) + ... 
    b*rc(1)*rc(2)^2 ); % kg*m^-3*s^-1 
 
% ------------------------------------------------------------------------- 
 
function [tspan,y0,opts] = init(C_in,y_in,Preeq) 
 
tspan = []; 
if Preeq 
    y0 = [zeros(8,1);y_in;0]; 
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else 
    y0 = [zeros(8,1);0;0]; 
end 
opts = []; 
 
% ------------------------------------------------------------------------- 
 
function out = Ceq(ye) 
 
a = 8.247e-3; 
b = 23.98; 
out = a*exp(b*ye); % kg*m^-3 
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Appendix C:  Chapter 4 Raw Data For The Design of 

Experiments  
 

 

Actual by Predicted Plot 

 
SCALED ESTIMATES 
TERM SCALED 

ESTIMATE 
PLOT ESTIMATE STD 

ERROR 
T RATIO PROB>|T| Sum of 

Squares  
F Ratio Prob > 

F 
Intercept 26.48 1.98 13.37 <.0001    
C -10.39 1.98 -5.24 0.0002 2498.85 27.49 0.0002 
T 3.29 1.96 1.68 0.1189 256.36 2.82 0.1189 
P 10.96 1.96 5.60 0.0001 2848.19 31.33 0.0001 
LC 12.61 1.98 6.37 <.0001 3684.11 40.53 <.0001 
L i -13.11 1.89 -6.91 <.0001 4344.80 47.79 <.0001 
FCO2 -2.95 1.95 -1.51 0.1568 207.46 2.28 0.1568 
C*T -7.72 1.89 -4.07 0.0016 1505.22 16.56 0.0016 
C*d i 10.23 1.96 5.23 0.0002 2482.47 27.31 0.0002 
C*Fliq  11.08 1.98 5.59 0.0001 2845.38 31.30 0.0001 
C*LC -5.92 1.98 -2.98 0.0114 809.84 8.91 0.0114 
C*dO -6.46 1.98 -3.26 0.0068 965.85 10.62 0.0068 
d i*FCO2 -4.23 1.86 -2.27 0.0423 469.37 5.16 0.0423 
Fliq*FCO2 -3.90 1.85 -2.11 0.0570 402.85 4.43 0.0570 
LC*FCO2 -3.90 1.95 -2.87 0.0140 750.73 8.26 0.0140 
dO*FCO2 -5.61 1.95 4.40 0.0009 1756.26 19.32 0.0009 
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Figure C.1:  Major axis DOE analysis 

SUMMARY OF FIT   

RSquare 0.950388 

RSquare Adj 0.888372 

Root Mean Square Error 9.534494 

Mean of Response 33.15286 

Observations (or Sum Wgts) 28 

 
ANALYSIS OF VARIANCE  

Source DF Sum of 
Squares 

Mean 
Square 

F 
Ratio 

Model 15 20897.210 1393.15 15.3250 

Error 12 1090.879 90.91 Prob > 
F 

C. Total 27 21988.089  <.0001 
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Actual by Predicted Plot 

 
 
SCALED ESTIMATES 
TERM SCALED 

ESTIMATE 
PLOT ESTIMATE STD 

ERROR 
T RATIO PROB>|T| Sum of 

Squares  
F Ratio Prob > 

F 
Intercept 13.12 1.04 12.67 <.0001    
C -4.66 1.07 -4.37 0.0006 524.92 19.10 0.0006 
T 2.32 1.07 2.18 0.0471 130.15 4.74 0.0471 
P 2.01 1.07 1.89 0.0803 97.65 3.55 0.0803 
Fliq  2.92 1.07 2.74 0.0160 205.93 7.49 0.0160 
LC 1.78 1.04 1.72 0.1080 81.02 2.95 0.1080 
L i -3.57 1.04 -3.45 0.0039 327.70 11.93 0.0039 
FCO2 -5.47 1.01 -5.40 <.0001 800.54 29.14 <.0001 
C*T -1.93 1.04 -1.87 0.0830 95.746 3.48 0.0830 
C*d i 1.60 1.07 1.50 0.1568 61.50 2.24 0.1568 
C*dO -3.18 1.07 -2.98 0.0099 244.14 8.88 0.0099 
C*FCO2 2.41 1.01 2.38 0.0321 155.62 5.66 0.0321 
T*FCO2 -2.91 1.01 -2.88 0.0122 227.14 8.27 0.0122 
Li*FCO2 1.88 1.01 1.85 0.0853 94.18 3.43 0.0853 
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Figure C.2:  Minor axis DOE analysis 
 
 
 
 
 
 
 

SUMMARY OF FIT 
 

 

RSquare 0.857768 

RSquare Adj 0.725696 

Root Mean Square Error 5.241772 

Mean of Response 13.29286 

Observations (or Sum Wgts) 28 

 
ANALYSIS OF VARIANCE  

Source DF Sum of 
Squares 

Mean 
Square 

F 
Ratio 

Model 13 2319.8371 178.449 6.4947 

Error 14 384.6665 27.476 Prob > 
F 

C. Total 27 2704.5036  0.0007 
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Actual by Predicted Plot 

 
SCALED ESTIMATES 
TERM SCALED 

ESTIMATE 
PLOT ESTIMATE STD 

ERROR 
T RATIO PROB>|T| Sum of 

Squares  
F Ratio Prob > 

F 
Intercept 2.33 0.208 11.20 <.0001    
C -0.351 0.194 -1.83 0.0919 3.304 3.35 0.0919 
T -0.290 0.201 -1.44 0.1745 2.051 2.08 0.1745 
P 0.543 0.201 2.70 0.0193 7.175 7.28 0.0193 
LC 0.476 0.208 2.29 0.0411 5.155 5.23 0.0411 
L i -0.710 0.201 -3.53 0.0041 12.274 12.46 0.0041 
FCO2 0.551 0.195 2.82 0.0155 7.825 7.94 0.0155 
C*T -0.319 0.201 -1.59 0.1384 2.482 2.52 0.1384 
C*P 0.302 0.201 1.50 0.1594 2.217 2.25 0.1594 
C*d i 0.734 0.201 3.65 0.0033 13.146 13.35 0.0033 
C*Fliq  0.756 0.208 3.63 0.0035 12.973 13.17 0.0035 
C*FCO2 -0.302 0.195 -1.55 0.1476 2.359 2.39 0.1476 
di*FCO2 -0.374 0.199 -1.88 0.0852 3.466 3.52 0.0852 
Fliq*F CO2 -0.380 0.195 -1.94 0.0758 3.720 3.78 0.0758 
do*FCO2 0.275 0.195 1.41 0.1843 1.954 1.98 0.1843 
Li*FCO2 -0.400 0.199 -2.01 0.0677 3.972 4.03 0.0677 
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Figure C.3:  Elongation DOE analysis 
 
 
 
 
 
 
 
 

SUMMARY OF FIT   

RSquare 0.830747 

RSquare Adj 0.61918 

Root Mean Square Error 0.992394 

Mean of Response 2.768214 

Observations (or Sum Wgts) 28 

ANALYSIS OF VARIANCE  

Source DF Sum of 
Squares 

Mean 
Square 

F 
Ratio 

Model 15 58.007071 3.86714 3.9266 

Error 12 11.818140 0.98485 Prob > F 

C. Total 27 69.825211  0.0109 
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Actual by Predicted Plot  

 
SCALED ESTIMATES 
TERM SCALED 

ESTIMATE 
PLOT ESTIMATE STD 

ERROR 
T RATIO PROB>|T| SUM OF 

SQUAR
ES 

F RATIO PROB > 
F 

Intercept 0.621  0.0167 37.1 <.0001    

LC -0.0253  0.0167 -1.51 0.1480 0.01674 2.285 0.1480 

L i 0.0604  0.0166 3.64 0.0019 0.09698 13.239 0.0019 

C*Fliq  -0.0399  0.0167 -2.39 0.0283 0.04167 5.689 0.0283 

C*dO -0.0320  0.0163 -1.97 0.0645 0.02842 3.880 0.0645 

C*FCO2 0.03580  0.0166 2.16 0.0448 0.03409 4.653 0.0448 

T*FCO2 0.0317  0.0165 1.93 0.0700 0.02719 3.712 0.0700 

P*FCO2 -0.0304  0.0165 -1.85 0.0813 0.02499 3.411 0.0813 

di*FCO2 0.0348  0.0164 2.12 0.0486 0.03277 4.474 0.0486 

Li*FCO2 0.0456  0.0164 2.77 0.0126 0.05631 7.686 0.0126 
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Figure C.4:  Roundness DOE analysis 

SUMMARY OF FIT   

RSquare 0.708435 

RSquare Adj 0.562652 

Root Mean Square Error 0.085592 

Mean of Response 0.604929 

Observations (or Sum Wgts) 28 

ANALYSIS OF VARIANCE  

Source DF Sum of 
Squares 

Mean 
Square 

F 
Ratio 

Model 9 0.32040499 0.035601 4.8595 

Error 18 0.13186687 0.007326 Prob > F 

C. 
Total 

27 0.45227186  0.0021 
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Appendix D:  Exploring PCA Process Variables To 

Control Particle Size and Morphology 
 
 
D.1 Introduction 
 

This appendix contains preliminary work that focuses on identifying variables for the 

PCA process to control the particle size, morphology, and uniformity of acetaminophen 

particles.  Different coating materials to prevent acetaminophen adhesion onto the stainless 

steel tube surface were studied in order to determine the best material to use in future 

experiments.  From the SEDS nozzle design experience in Chapter 5, it was believed that 

increasing the residence time of mixing after mixing of the solution and the antisolvent could 

improve the control of particle size and morphology.  Therefore, an additional length called 

the residence time tube, or RT, was added after the nozzles tested in this Appendix to 

understand the usefulness of this design.  The effect of increasing the vessel volume size was 

shown to also decrease the particle size as a result of diluting effects for the particles as they 

are injected into the huge reservoir with a good mixing nozzle.   

 

D.2 Experimental and analytical section 

 
D.2.1 Materials 

  

The target drug for the experiment was acetaminophen purchased from the Sigma-

Aldrich Company (St. Louis, MO).  The solvent for acetaminophen was HPLC grade ethanol 

purchased from Sigma-Aldrich Company.  CO2 used in all experiments was Coleman Grade 

purchased from National Welders.  All chemicals were used without further purification. 

Several different silane coupling agents were purchased: Restek tubings (Bellefonte, PA), 

Surfasil from Pierce Chemical Company (Rockford, IL), and (heptadecafluoro-1,1,2,2-tetra-

hydrodecyl) trichloro silane or FDTS (C10H4Cl3F17Si) from Gelest Inc. (Morrisville, PA).  

Tubing pre-coated with polytetrafluoroethylene (PTFE) was purchased from Alltech Inc. 

(Deerfield, IL).  
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D.2.2 PCA particle design process and particle characterization 
 

The PCA process equipment arrangement is illustrated in Figure D.1. 

 
Figure D.1:  PCA system set-up 
 

A solution of acetaminophen and ethanol was delivered using an HPLC pump 

(Dionex Corporation model P580).  The CO2 was continuously delivered using a pneumatic 

pump provided by Thar Technologies (model P-50).  The P-50 pump head was chilled to 278 

K in order to maintain the CO2 in the liquid state to increase the pump efficiency.  The CO2 

was preheated to the temperature specified for the experimental condition through a heat 

exchanger before entering the mixing tee nozzle.  A Thar Technologies backpressure 

regulator or BPR (BPR-A-200-1) maintained the experimental pressure of the entire system 

to within ±0.1 MPa. The thermocouple and the pressure sensors attached to the collection 

vessel were used to monitor the system parameters during the entire experimental run. A 

heating tape purchased from Omega Engineering Inc. (Stamford, CT) attached to a 

temperature controller (Degi-Sense model 68900-01) from Barnant Company (Barrington, 

IL) adjusted the precipitation vessel temperature to the experimental condition to within ±0.1 

K. As shown in Figure D.1, a high pressure UV cell was placed after the exit of the collection 

vessel in order to monitor the change in acetaminophen concentration in the CO2 + ethanol 

phase during the experiment as described previously in Chapter 5 and 6.   



 151

For all the experiments, the collection vessel was first filled with an appropriate ratio 

of ethanol to CO2 at the desired pressure to allow equilibration of the vessel for one hour 

before starting the injection of the acetaminophen solution. The two fluids mix inside the 

nozzle before exiting out to a region that is referred to as the Residence Time Tube or RT 

tube.   The purpose of the RT tube is to allow for the complete mixing and precipitation of 

the drug in a region of high maximum attainable supersaturation, Sm, before exiting into a 

diluted vessel.  

The particles were collected on a polycarbonate filter with 100 nm pores purchased 

from Millipore Corporation (Billerica, MA) and coated with gold-palladium mixture for 90 

seconds (~200 nm) to reduce charging during the scanning electron microscope (SEM JEOL, 

Japan) imaging process.  Particle size and morphology were determined by image analysis 

method using the Image Tools program developed by University of Texas Health Science 

Center.  The particle major and minor axis, roundness, and elongation were calculated as the 

surface weighted average values.  The method of analysis for these values was previously 

described in Chapters 4 and 5. 

 

D.2.3 Yield and loss of acetaminophen particles 

 

The yield of the particles collected on the polycarbonate filter was determined by its 

weight on a mass balance.  In order to determine the acetaminophen left inside the system 

and in the effluent, different segments of the system were washed with a known amount of 

pure ethanol.  The amount of acetaminophen loss in each segment was measured on a UV 

spectrometer at a wavelength of 250 nm.   

Referring to the PCA process in Figure D.1, the system was divided into the residence 

time tube (RT), the vessel, Pre-UV (the line before the UV cell), the UV (inside the UV cell), 

UV out (the line after the UV cell), and the effluent (BPR exit).  

 

D.2.4 Different surface coating materials 
 

The increase in the system’s surface area for the particles to adhere to may pose a 

problem for the precipitation process and can ultimately affect the yield.  Several methods 
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were explored to coat the stainless steel surface of the residence time tube using self-

assembled monolayers (SAM) of hydrophobic materials.  All stainless steel tubing was 

electropolished by Able Electropolishing Company (Chicago, IL) prior to SAM coating to 

reduce surface roughness that might induce precipitation of particles.   

 The surfaces were coated with different silane coupling agents.  Silane coupling 

agents hydrolyze to form a durable bond with a substrate’s surface that has siliceous 

properties such as silicates and aluminates.  The coating can lower the substrate’s surface 

energy and thus decreases the amount of materials attracted to the surface. A typical structure 

of a silane-coupling agent is shown in Figure D.2.   

 
Figure D.2:  Chemical formula of silane coupling agent 
  

X is a hydrolyzable group that can be made of alkoxy, alcyloxy, halogen, or amine 

groups.  The R group is nonhydrolyzable and determines the ultimate function of the silane-

coupling agent on the surface of the substrate.  To prevent particles from sticking to the 

surface, the R group is chosen to be extremely hydrophobic. 

The three silane coupling agents tested were commercially coated Restek tubings 

with a proprietary silane structure, Surfasil purchased from Pierce, and (heptadecafluoro-

1,1,2,2-tetra-hydrodecyl) trichloro silane or FDTS (C10H4Cl3F17Si) purchased from Gelest.  

The coating method on stainless steel for Surfasil or FDTS was developed exclusively 

for the application presented in this chapter and the procedure is described below.  

1) The stainless steel tube was thoroughly washed with acetone and sonicated in acetone 

for 20 minutes. 

2) The surface was sonicated again in ethanol for 20 minutes. 

3) The surface was washed off with anhydrous toluene and dried.  

4) A mixture of 1x10-3 cm3 to 25 cm3 of the silane coupling agent to anhydrous toluene 

was prepared 

5) The surface was soaked in the silane solution for 24 hours in order for the hydrolysis 

to occur between the surface and the silane-coupling agent. 

6) The tubing was immediately baked in 373 K oven for one hour to complete the 

reaction. 
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7) The surface was rinsed with toluene again and dried before use. 

In addition to the SAM materials tested, fluorinated polymer polytetrafluoroethylene 

(PTFE) from Alltech Inc. (Deerfield, IL) was purchased precoated to the stainless steel 

tubing. 

   

D.3 Results and discussion 
 

D.3.1 Effect of different surface coating materials 
 

 Experimental conditions for the tubing runs are given in Table D.1. 

 

Table D.1:  Run conditions for the tubing coating experiments of the PCA process 
Temp. 

(K) 
Press. 
(MPa) 

Conc. 
(kg/m3) 

CO2 flow 
(kg/s) 

Solution 
flow 

(m3/s) 

Vessel 
vol. 
(m3) 

Nozzle Nozzle 
diameter 

(m) 

RT length 
(m) 

323 27.58 10 3.33x10-4 8.33x10-10 3x10-6 Low 
volume 
cross 

2.54x10-4 0.3429 

  

 The nozzle design for low volume cross is shown in Figure D.3 and was purchased 

from Valco Inc. (Houston, TX).  The nozzle has no dead volume and each arm has a distance 

of 3.43x10-3 m.   

 
Figure D.3:  Low volume cross with 2.54x10-4 m I.D. for the PCA process 
 

The low volume cross, residence time tube, and the collection vessel were all coated 

with the different surface modifying materials.  Table D.2 shows the percent loss of the 

acetaminophen during the experiment for different coating materials.  The total run time for 

each experiment is 60 min and the total acetaminophen injected into the system during the 

experiment is calculated to be 30 mg. 
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Table D.2:  Percent loss and yield of acetaminophen for different surface coating materials 

 UNCOATED PTFE SURFASIL RESTEK FDTS 
Cross 7.0% 9.6% 7.7% 7.2% 5.8% 

RT Tubing 10.7% 6.0% 5.6% 5.8% 1.9% 
Others 15.8% 3.6% 20.3% 15.5% 21.7% 
Yield 49.0% 53.3% 58.3% 49.3% 54.7% 

 

 “Others” on the table refers to other losses throughout the system such as UV cell, 

effluent, and any additional tubing throughout the system.  Sample collection error in the 

effluent was the result of high velocity coming out of the backpressure regulator caused by 

sudden large pressure drop. For this reason, the total percent loss in Table D.2 does not add 

up to 100%.  FDTS has the best result in minimizing acetaminophen loss inside the low 

volume cross and RT tubing.  Minimizing the loss of product in the cross and RT tube 

consequently improves the yield. The result is not surprising keeping in mind that for SAM 

materials, FDTS (perfluorodecyltrichloro silane) has been shown to give a surface tension as 

low as 6 mJ/m2, PTFE has surface tension of 15 mJ/m2, and Surfasil (mono chloro silane) 

has the highest surface tension [1].  The effect of the coating materials on the concentration 

profile along with the SEM pictures and particle size are shown as Figure D.4.    

Despite different amounts of losses for various coating materials, there seems to be 

very little effect on the concentration profile.  In another words, the mixing, nucleation, and 

growth for all experiments were the same and the only difference was caused by the percent 

loss on the walls.  This loss does not affect the particle size and morphology as originally 

thought, which indicates that the particles may have already nucleated and grown much 

earlier in the residence time tube before it is collected on the filter inside the vessel.  The 

difference in the particle size, elongation, and roundness in Figure D.4 are very small and the 

deviation is mainly due to the 9% error associated with the data.   FDTS was used throughout 

the remainder of the experiments for the PCA process.  
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Coating Material Major Axis Minor Axis Elongation Roundness 

Uncoated 147.7mm 15.8mm 7.9 0.39 
PTFE 108.8mm 15.5mm 7.2 0.40 

Surfasil 120.1mm 14.6mm 7.4 0.41 
Restek 126.2mm 15.6mm 7.9 0.35 
FDTS 117.9mm 15.2mm 7.9 0.39 

Figure D.4:  Acetaminophen concentration profile, SEM images, and particle size for different tube coatings 
for the PCA process 
  

D.3.2 Effect of different mixing nozzles 

 

 Four different nozzle configurations were tested for the PCA process.   The four 

nozzles are presented in Figure D.5. 
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Figure D.5:  Different PCA nozzle designs 

 

The low volume cross was introduced in the previous section for the coating material 

test and was purchased from Valco Inc. (Houston, TX). It has a very small mixing zone 

(1.67x10-10 m3) with no dead volume.  The two arms coming into the cross have a length of 

3.43x10-3 m before reaching the mixing point with an internal diameter of 2.54x10-4 m. 

The 3.18x10-3 m cross was purchased from Swagelok (Solon, Ohio) and the cross 

design is similar to that introduced by Wubbolts et al. for the improved PCA process [2].  

The cross has a large mixing volume (1.19x10-8 m3) for the two streams.  The solution is 

injected into the 3.18x10-3 m O.D. cross through a 1.59x10-3 m O.D. inner tubing while the 

outer tubing carries the CO2 antisolvent. 

The two coaxial tubing with very short mixing zone between the inner and outer 

tubing (0.75 mm in mixing length) shown in Figure D.5 were used here as a comparison with 

the 3.18x10-3 m O.D. cross and low volume cross. The conditions for the runs are given in 

Table D.3. 
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Table D.3:  Experimental conditions for the test of different nozzle designs  
Temp. 

(K) 
Press. 
(MPa) 

Conc. 
(kg/m3) 

CO2 Flow 
(kg/s) 

Solution flow 
(m3/s) 

Vessel Vol. 
(m3) 

Nozzle 

323 27.58 10 8.33x10-5 8.33x10-10 2.5x10-5 Varied 
 

The concentration profiles of acetaminophen during the runs with various nozzles, the 

SEM results, and the particle sizes are presented in Figure D.6. 

 

 
Nozzle Type Major Axis Minor Axis Elongation Roundness 

Low volume cross 41.9mm 10.4mm 3.47 0.472 
3.18x10-3 m I.D. cross 358.9mm 39.9mm 7.42 0.328 
Coaxial with nozzle 309.8mm 26.9mm 11.42 0.323 

Coaxial without nozzle 145.9mm 13.8mm 6.18 0.452 
Figure D.6:  Acetaminophen concentration profile, particle size, and SEM images as a function of different 
nozzle geometries for the PCA process 
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From Chapter 5, the SEDS experiment with either no nozzle or with nozzle at 0.75 

mm Li were known to give poor mixing resulting in a large peak in the concentration profile.  

The concentration profile for coaxial with constriction in Figure D.6 shows that it takes a 

long time to plateau at the equilibrium concentration value.  This indicates that the nucleation 

and growth was slow as a consequence of non-equilibrium conditions inside the RT tubing.  

As a comparison, the 3.18x10-3 m O.D. cross similar to that used in Wubbolts et al. [2] work 

for optimized PCA process for polymers resulted in larger particles due to the higher 

concentration peak (worse mixing) for acetaminophen compared to the coaxial design as seen 

in Figure D.6.  The cases of poor mixing generally results in broad particle size distribution 

as a consequence of the appearance of more nanoparticles on the filter as seen from the SEM 

at higher magnification.  

 The low volume cross enhanced the mixing of the two fluids and helped the system 

reach critical supersaturation faster.   As a result, majority of the particles were precipitated 

and grown near the beginning of the residence time tube and there were fewer nanoparticles 

present on the filter.  Table D.4 shows the yields and losses for each experiment. 

 

Table D.4:  Yield and loss of acetaminophen for PCA nozzle design experiments 

Run %Loss %Yield 
 RT Vessel Pre-UV UV UV-out Effluent  

Low volume cross 3.32 5.2 0.0038 0.06 1.16 11.5 51.84 
3.18x10-3 m O.D. 

cross 
3.09 7.96 2.08 1.51 2.09 13.01 12.00 

Coaxial with 
constriction 

31.03 2.53 0.26 0.23 1.50 15.05 5.33 

Coaxial without 
constriction 

2.52 2.52 0.05 0.13 2.11 17.68 2.33 

 
 

The low volume cross gave the best yield and reduced loss on the residence time tube.  

For the nozzles with poor mixing, a majority of the precipitation occurred on the surface of 

the residence time tube, which resulted in higher losses in the RT.  The drug particles would 

sometimes dislodge from the surface after it had grown to a certain size in the residence time 

tube and fall onto the filter inside the vessel, which could result in erroneous particle size and 

concentration profile for the particle characteristic and yield.  This phenomenon was more 
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evident for the case of coaxial tubing with nozzle constriction where there was a huge loss 

inside the residence time tube as a result of huge needles forming inside the RT tube.  

 It is determined from this experiment that the nozzle design is very important for the 

formation of smaller and more uniform particles.  Despite the low CO2 flow rate of 8.33x10-5 

kg/s, the low volume cross with a fluid mixing volume of around 1.67x10-10 m3 enhanced the 

mixing of the solution and the antisolvent enough to cause rapid nucleation and growth.   

 

D.3.3 Effect of collection vessel volume  
 

The effect of the collection vessel volume was also explored for the PCA process.  

Two vessel sizes were used: 3x10-6 m3 and 2.5x10-5 m3 and all other variables were kept the 

same as shown in Table D.5.   

 

Table D.5:  Experimental conditions for PCA collection vessel size test 
Temp. 

(K) 
Press. 
(MPa) 

Conc. 
(kg/m3) 

CO2 flow 
(kg/s) 

Solution 
flow 

(m3/s) 

Vessel 
vol. 
(m3) 

Nozzle Nozzle 
diameter 

(m) 

RT length 
(m) 

323 27.58 10 8.33x10-5 8.33x10-10 3x10-6 
or 

2.5x10-5 

Low 
volume 
cross 

2.54x10-4 0.3429 

 

Figure D.7 shows the analysis of the results for the two different vessel volumes. 

Reducing the collection vessel size from 2.5x10-5 m3 to 3x10-6 m3 with a good mixing nozzle 

and residence time tube length of 0.3429 m increases the particle size.  The bigger the vessel 

size, the more the collection vessel serves as a reservoir for quenching the particles.  This 

reservoir effect can be seen from the reduction in the acetaminophen concentration peak 

height, which is directly related to the size of the particle as seen in Figure D.7. 
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Vessel Volume Major Axis Minor Axis Elongation Roundness 

3x10-6 m3 147.7mm 15.8mm 7.9 0.389 
2.5x10-5 m3 41.9mm 10.4mm 3.47 0.472 

Figure D.7:  Acetaminophen particle morphologies for PCA runs at different vessel volumes (3x10-6 m3 and 
2.5x10-5 m3) and residence time tube length = 0.3429 m 

 

The yield and losses of acetaminophen for the vessel volume experiments are shown 

in Table D.6. 
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Table D.6:  Yield and losses of acetaminophen for vessel volume experiments 

Run %Loss %Yield 
 RT Vessel Pre-UV UV UV-out Effluent  

3x10-6 m3 Vessel 2.46 5.17 0.02 0.33 2.39 2.25 54.67 
2.5x10-5 m3 Vessel 3.32 5.2 0.0038 0.06 1.16 11.50 51.84 

 

 The yields for both experiments are similar.  The low effluent loss for the smaller 

vessel size is the result of experimental error due to the extremely high velocity of the jet 

coming out of the BPR.   

 

D.3.4 Effect of solution flow rate 
  

The effect of the solution flow rate was tested with the low volume cross and 2.5x10-5 

m3 vessel.  The conditions are given in Table D.7. 

 

Table D.7:  Conditions used for effect of solution flow rates in PCA process 
Temp. 

(K) 
Press. 
(MPa) 

Conc. 
(kg/m3) 

CO2 Flow 
(kg/s) 

Solution 
flow 

(m3/s) 

Vessel 
vol. 
(m3) 

Nozzle Nozzle 
diameter 

(m) 

RT length 
(m) 

323 27.58 10 8.33x10-5 8.33x10-10 

or 5.17x10-9 
2.5x10-5 Low 

volume 
cross 

2.54x10-4 0.3429 

 

The SEM images and particle sizes are given in Figure D.8. 

 
Solution Flow (m3/s) Major Axis Minor Axis Elongation Roundness 

8.33x10-10 41.9mm 10.4mm 3.47 0.47 
5.17x10-9 92.6mm 49.3mm 1.85 0.66 

Figure D.8:  Acetaminophen SEM images, particle size, and morphology analysis for different solution flow 
rates for the PCA process 
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Unfortunately the online concentration profile could not be taken for the 5.17x10-9 

m3/s solution flow rate for two reasons:  The system clogged early at 38.5 min into the run 

and the concentration in the CO2 phase had an absorbance too high for the UV spectrometer 

to measure.  Increasing the flow rate had the tendency to increase the particle size.  At 

5.17x10-9 m3/s, the particles took up a glassy and smoother morphology.  This could be due 

to the fact that the higher solution flow rate resulted in slower mass transfer of the CO2 into 

the ethanol droplet.  Furthermore, the residence time required for the mixing to occur was 

reduced at faster solution flow rate resulting in inefficient micromixing and slower nucleation 

rate.  The losses and yield for each run were similar and are shown in Table D.8.   

 

Table D.8:  Yield and losses of acetaminophen for the effect of solution flow rates in the PCA process 

Run %Loss %Yield 
 RT Vessel Pre-UV UV UV-Out Effluent  

8.33x10-10 m3/s 3.32 5.2 0.0038 0.06 1.16 11.50 51.84 
5.17x10-9 m3/s 1.20 4.24 0.0012 0.02 0.41 16.58 58.3 

 
  
D.4 Conclusion 
 
 The coating experiments demonstrated that FDTS was the best stainless steel surface 

modifier in preventing acetaminophen from adhering as a result of the high reduction in 

surface energy.  Learning from the experience with the SEDS process design, nozzle design 

is important for good control of particle size and morphology.  From the different nozzle 

designs investigated in this appendix, the low volume cross gave the best mixing and as a 

result produced smaller acetaminophen particles.  Furthermore, the large vessel volume was 

shown to produce smaller particles due to the diluting effect of the reservoir.    Lastly, similar 

to the result obtained from the reduction of solution flow rate in Chapter 5, similar reductions 

for the PCA process also reduces particle size. 
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Appendix E: Using Supercritical CO2 Antisolvent Process 

to Rapidly Manipulate the Crystallinity of a Drug 

Compound 
 
 
E.1 Introduction 

 

 Most drugs are administered in the solid state through oral, parenteral, or by 

inhalation delivery [1].  As a result, control of the physical or solid form of the drug during 

formulation is of great importance in the pharmaceutical industry.  Even if the drug is stored 

in solution, the solid state of the drug has an impact on its properties in solution [2].  

Depending on the physical form of the compound, different intermolecular interactions such 

as van der Waals forces and hydrogen bonding may result in one physical form of the same 

drug having a better shelf life, bioavailability, solubility, morphology, or drug dissolution 

rate in the body [1].   

The term polymorphism generally applies to a compound that exhibits more than one 

crystal structure.  As an example, acetaminophen studied in the previous chapters has two 

major forms of crystal polymorphism: the more common monoclinic form and the 

thermodynamically less stable orthorhombic form [3, 4].  The most common form produced 

in this dissertation and in literature for the CO2 antisolvent process is the monoclinic form. 

However, the orthorhombic form has been shown to exhibit better compressibility and 

solubility compared to the monoclinic form, but the formulation to achieve this in a large 

scale has been difficult [4].  

Polymorphism, according to the International Conference on Harmonization 

Guideline Q6A, includes both crystalline and amorphous forms of a compound [5].  An 

amorphous substance has molecules arranged in random order.   A problem with the 

amorphous structure is that it has the tendency to absorb large amounts of moisture relative 

to the crystalline form.  This can pose a problem in terms of the stability and reduction in the 

glass transition temperature [6-8].  However, in some instances when it is required to 

formulate a drug with enhanced solubility and high uptake rate relative to its more stable 
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form, the amorphous form may be preferred since it has been shown that it can exhibit a ten 

fold or higher increase in solubility [9].   In this case, the stability for the amorphous form 

can be enhanced by dispersing polymers in the solid matrix [10].  A schematic example of 

different physical forms are presented in Figure E.1. 

 

 
Figure E.1:  Examples of different polymorphs 

 

Current methods for controlling polymorphism during precipitation includes 

crystallization with additives for heterogeneous nucleation [11], epitaxial growth [12], and 

laser induced precipitation [13].  More traditional methods include controlling solvent power, 

temperature and supersaturation.  A few studies have attempted the use of CO2 antisolvent 

formulation techniques to change the physical form of a compound with mixed success [14-

16].   

There are many advantages in using pressurized CO2 as an antisolvent to formulate 

the drug.  Conventional techniques are time consuming and require the use of many different 

organic solvents and equipments [14]. If the organic solvents are harmful for human 

consumption, then a separate process is needed to dry the product.  After drying, another step 

may also be required to process the particles to a desired size and morphology.  CO2 

antisolvent process has the potential to reduce the processing time and steps without using 

harmful organic solvents.   

Furthermore, by considering the thermodynamics and kinetics of solid phase 

transformations, it is evident why CO2 may be advantageous in formulating the proper 

physical form of a drug.  An energy diagram is presented in Figure E.2 for the transition 

between solution and different solid states.  
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Figure E.2:  Transition energy diagram between different states of solids [14] 

   

The equation defining the ratio of molecular fluxes from solution to either disordered 

state, jD, or crystalline state, jC, is given as [14] 
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where ��  is the change in supersaturation between the two solid phases, s0 is the 

supersaturation of the original state, � H is the difference in enthalpy of dissolution, � S is the 

change in entropy, and � E is the activation energy barrier for the solution to be transformed 

into either the crystalline or disordered state.  The quantities � H, � S and � E have little 

dependence on supersaturation.  Therefore, if the supersaturation in the preexponential factor 

is small, the molecular flux into the crystalline state will dominate.  At high supersaturation,  

a signficant fraction of solute molecules may precipitate into the disordered state.  

Supercritical CO2 can easily be used to tune the supersaturation based on solute solubility by 

changing the pressure or temperature and thus controlling the physical form of the final 

product.  

According to Equation E.1 at the same supersaturation, the reduction of the entropy 

and activation energy may lead to less disordered state.  Lower entropy generally means 

small and simple molecules and lower activation energy reflects weak solute-solvent 

interaction [14].  Adding a polar co-solvent to nonpolar supercritical CO2 can be used to 

lower the solute activation energy barrier and hence improve crystallinity of the product.  

However, controlling supersaturation may not always be effective in producing stable 

polymorphs.  One has to keep in mind that the solute’s surface-solvent interaction is also 

important in determining the crystallinity of the compound.  The type of solvent used in the 

precipitation of the compound can kinetically affect the polymorphs due to selective 
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adsorption onto the crystal surface, which can inhibit nucleation and growth of the crystal 

face [17].  The importance of solvent choice was demonstrated by Kordikowski et al. [18] in 

the control of sulfathiozole polymorph in a solution enhanced dispersion by supercritical 

fluids (SEDS) process where the solvent type determined whether the polymorph was 

kinetically or a thermodynamically controlled.    

This appendix explores the formulation of rapamycin (or also known as sirolimus) 

into a more stable crystalline form.  The chemical structure of rapamycin is shown in Figure 

E.3.  

 

 
Figure E.3:  Chemical structure of rapamycin 

 

Rapamycin is a powerful immunosuppressant and antiproliferative that can be useful 

in blocking immune responses to transplants by preventing T-cell activation [19-21].  The 

macrolide is typically isolated by fermentation of Streptomyces hygroscopicus and purified 

through extraction and recrystallization for use.  Areas of interest for this drug is in the field 

of stent implants.   

Formulation of rapamycin using solvent evaporation usually results in the amorphous 

form.  A patent proposed by Keri et al. [22] describes a method for recrystallization and 

purfication of macrolides, in which a polar solvent, such as ethyl acetate, with dissolved 

rapamycin is mixed with a hydrocarbon solvent, such as n-hexane, and water.  Since 

rapamycin is poorly soluble in n-hexane, the hydrocarbon solvent serves as an antisolvent to 
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saturate the mixture.  In the course of over 48 hours, the precipitation yielded highly 

crystalline rapamycin.  However, this method is extremely tedious and the presence of 

different organic solvents requires addtional steps to remove them to acceptable FDA levels 

for human use.   

This appendix proposes a unique method of using SEDS to formulate  rapamycin 

particles by retaining or even improving the final crystallinity while also controlling particle 

size and morphology.  This is a collaborative effort with Micell Technologies based in 

Raleigh, NC.  

  

E.2 Experimental and analytical section 
 
E.2.1 Materials 

 

The target drug for the experiment was rapamycin provided by Micell Technologies 

(Raleigh, NC).  The solvents used were HPLC grade ethanol, tetrahydrofuran (THF), and n-

Hexane, which were all purchased from Sigma-Aldrich Company (St. Louis, MO).  CO2 used 

in all experiments was Coleman Grade purchased from National Welders.  All chemicals 

were used without further purification. 

 

E.2.2 Precipitation process 
 

A diagram of the SEDS particle precipitation process apparatus [23, 24] is shown in 

Figure E.4. 

 
Figure E.4:  SEDS system and coaxial nozzle configuration for rapamycin recrystallization experiments 
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For the recrystallization experiment, rapamycin was first dissolved into a polar 

organic solvent at a specified concentration.  The solvents tested for the formulation were 

ethanol, THF, and dimethyl ether, which will be described in detail in Section E.3. The vessel 

used was a custom-made 2.5x10-5 m3 stainless steel vessel that can withstand pressures up to 

68.9 MPa.  The rapamycin solution was delivered with an HPLC pump (Dionex Corporation 

model P580) into the inner cylindrical tubing in the nozzle with a diameter of 1.78x10-4 m.  

The CO2 was continuously delivered using a pneumatic pump (model P-50) provided by 

Thar Technologies (Pittsburgh, PA) in the outer cylindrical tube with an I.D. of 2.16x10-3 m. 

The P-50 pump head was chilled to 278 K in order to maintain the CO2 in the liquid state to 

increase the pump efficiency.  The length from the tip of the internal nozzle to the end of the 

external nozzle is defined as the mixing length (Li).  The mixing length used in the 

recrystallization experiments was 7.5 mm.  A Thar Technologies backpressure regulator 

(BPR-A-200-1) maintained the pressure of the system to within ±0.1 MPa. The CO2 was 

preheated through a heat exchanger before entering the system.  Heating tapes purchased 

from Omega Engineering Inc. (Stamford, CT) attached to a temperature controller (Degi-

Sense model 68900-01) from Barnant Company (Barrington, IL) were used to control the 

temperature. The mixtures of the CO2 plus the solution were sprayed through a sapphire disk 

with a pinhole diameter of 2.54x10-4 m purchased from Bird Precision (Waltham, 

Massachusetts) that was fitted inside a Swagelok (Solon, Ohio) tube connector and screwed 

onto the 2.5x10-5 m3 collection vessel cap.   

The particles were collected on a 5 mm metal frit purchased from Alltech (Deerfield, 

IL).  After each experiment, the particles were dried with pure CO2 at the same experimental 

flow rate for 20 minutes in order to extract the organic solvent out of the drug.  The final 

product was scraped off of the frit and analyzed for its size, morphology, and crystallinity.   

 
E.2.3 Solubility of rapamycin in solvent modified CO2 

 

A visual observation for the solubility of the rapamycin in different solvents in the 

presence of CO2 at 298 K and pressures from 8.27 MPa to 27.6 MPa was tested in a 1x10-5 

m3 view cell.  A measured amount of drug was first dissolved in the appropriate solvent and 

1 cm3 of the solution was added to the high-pressure view cell.  CO2 was injected into the 
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view cell and pressurized to different pressures. The solubility of the drug at the different 

operating pressures was visually determined.   

 

E.2.4 Particle size and morphology analysis 
 

The particles collected were analyzed with either an optical microscope or a scanning 

electron microscope (SEM JEOL, Japan).  Before using SEM, the particles were coated with 

palladium gold mixture for 90 seconds (~200 nm) to reduce charging during the imaging 

process. Particle size and morphology were analyzed by image analysis methods using the 

Image Tools program developed by University of Texas Health Science Center.  The particles 

were characterized by measuring the surface weighted average values of the major and minor 

axis, roundness and elongation.  The equations for this analysis were presented in Chapter 5. 

 

 E.2.5 Powder X-ray diffractometry 
 

 A powder X-ray diffraction study was performed in order to analyze the crystallinity 

of the rapamycin produced from the the formulation relative to the stock sample as received.  

The X-ray diffraction analysis was performed by Material Analytical Services in Raleigh, 

NC.  The starting angle was 2º and stop angle was 35º at a step size of 0.02º.  The 

wavelength was set at 1.54 nm.  The background noise was corrected and subtracted out from 

the raw data. 

 The crystallinity was calculated by summing areas of all the peaks calculated with 

full width at half height.  Diffraction in XRD is the result of the interaction between the X-

rays with the electrons in the sample.  For a very crystalline sample, the repeating electron 

pattern will give rise to sharp peaks (high frequency) whereas for less crystalline samples, the 

X-rays will give rise to low peaks (low frequency).  For amorphous materials, the data is 

devoid of any sharp peaks due to the weak diffraction of the x-ray from the amorphous 

material [25]. 
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E.3 Results and discussion 

 
E.3.1 Solubility studies 

 

 Several polar co-solvents mixed with CO2 were visually tested to determine the 

feasibility of formulating the rapamycin with the given solvent-antisolvent combination.   

Micelle Technologies have tested the ethanol and THF solvents with rapamycin and 

determined that it is very soluble in both polar compounds.  As mentioned in Section E.1, the 

choice of solvent is an important variable that can affect the final form of the solid due to its 

influence on the way the crystal faces grow.  Table E.1 gives the polar solvents tested along 

with the conditions.  The mixed solvent contains n-Hexane in order to increase the saturation 

level of the drug in the mixture to initiate precipitation.    

 

Table E.1:  Solvents and conditions used for rapamycin phase studies 

Solvent type Mixture Ratio Drug amt. Temp. Pressure 
Ethanol N/A 10 kg/m3 298 K 8.27 MPa-27.6 MPa 

Ethanol + Hexane 1:7 ~5 kg/m3 298 K 8.27 MPa-27.6 MPa 
THF + Hexane 1:1 ~10 kg/m3 298 K 8.27 MPa-27.6 MPa 

 

The conditions observed in the view cell are shown in Figure E.5. The line at the 

bottom of the view cell is the silicon wafer used to collect any precipitated material.  The 

rapamycin + ethanol + CO2 mixture did not yield any precipitation for the pressure range 

tested.  The same phenomenon was also observed for the rapamycin + ethanol + hexane + 

CO2 mixture even though there were disproportionately large amounts of hexane present in 

the mixture to saturate the solution. For rapamycin + ethanol + hexane + CO2 at low 

pressures of 8.27 MPa, there was a layer of viscous solvent rich phase on the bottom of the 

view cell and a CO2 rich phase as seen in Figure E.5. In the case of the rapamycin + ethanol 

+ CO2 mixture there was no visible viscous fluid rich phase.  This seems to indicate that the 

combination of ethanol + hexane reduced the miscibility of the mixture with CO2. At high 

pressures, the solvent became a co-solvent in the CO2 rich phase to enhance the solubility of 

rapamycin.   
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Figure E.5:  Phase studies of rapamycin, CO2, and different organic solvents mixtures at room temperature 
and different pressures 
  

The rapamycin + THF + Hexane + CO2 mixture was the only combination that gave 

precipitation upon mixing at low pressures (low CO2 density).  In this case, the THF + 

Hexane co-solvency effect with CO2 was not a strong enough solvent to prevent the 

precipitation of rapamycin.  As a result of this study, it is expected that there should be very 

little precipitation of the drug when operating with either ethanol or ethanol + hexane polar 

solvent mixtures.  The THF + hexane polar solvent mixture is a good candidate for the CO2 

antisolvent process.    

 
E.3.2 Recrystallization of rapamycin with SEDS 

  

Micelle Technologies have tested several methods of recrystallizing the drug solution 

including slow THF solvent evaporation and also the use of RESS.  However, the samples 

made were all amorphous compared to the original crystalline rapamycin drug with 50% 

crystallinity as seen in Figure E.6.   
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Figure E.6:  XRD data for original crystalline rapamycin vs. amorphous rapamycin made from THF solvent 
evaporation and RESS process 

 

The use of the SEDS apparatus for precipitating the particles was tested with different 

solvent types since it has a major effect on the way the particles nucleate and grow.  Both the 

ethanol and ethanol + hexane mixture experiments were conducted at 298 K and 8.27 MPa.  

The flow rates for the ethanol experiment were 8.33x10-5 kg/s for CO2 and 3.33x10-9 m3/s for 

the drug solution.  The ethanol + hexane mixture (7 cm3 ethanol to 1 cm3 hexane) was tested 

with a flow rate of 3.33x10-4 kg/s for CO2 and 3.33x10-9 m3/s for the drug solution.  As 

expected from the results of the solubility tests, there was no product found inside the view 

cell. Even when the rapamycin concentration of the ethanol experiments was increased from 

5 kg/m3 to 10 kg/m3, there were very few particles formed.  The few particles collected in 

these experiments had amorphous XRD results similar to those shown in Figure E.6.  SEM 

and optical microscope pictures for these failed formulations are shown in Figure E.7.  The 

results look very similar to what one may expect from an amorphous macromolecule such as 

a polymer or protein.  The amorphous rapamycin looked more agglomerated in the SEM 

picture and the optical picture had a glassy look as compared to the more crystalline 

appearance for the original sample. 
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Figure E.7:  SEM and optical microscope images of the original and amorphous rapamycin formulated from 
the SEDS process with 7 cm3 to 1 cm3 ethanol + hexane solvent mixture at 298 K and 8.27 MPa 

 

However, switching the solvent to a 10 cm3 to 9 cm3 mixture of THF to hexane 

produced a significant amount of particles inside the 2.5x10-5 m3 collection vessel at a flow 

rate of 8.33x10-5 kg/s for CO2 and 8.33x10-9 m3/s for the drug solution.  The concentration of 

rapamycin used was 10 kg/m3 and the temperature and pressure were kept at 298 K and 8.27 

MPa respectively.  While keeping the flow rate of CO2 constant at 8.33x10-5 kg/s, decreasing 

the flow rate of the solution from 8.33x10-9 m3/s to 3.33x10-9 m3/s resulted in a reduction in 

the product collected inside the vessel.  At 3.33x10-9 m3/s solution flow rate, no products 

were made.  As a result, the flow rate had an effect of controlling the supersaturation 

depending on how much rapamycin was mixed into the CO2 and solvent mixture per second. 

 Keeping the solution flow rate at 8.33x10-9 m3/s for the THF + hexane solvent 

mixture experiments, the diffraction peaks in the XRD shown in Figure E.8 confirms the 

identity of the crystals as rapamycin since the sprayed rapamycin (lower spectrum) nearly 

matches the received rapamycin (higher spectrum) peak for peak.  The calculated percent 

crystallinity treated with SEDS was determined to be 70%, which was higher than the 

original sample estimated to be 50%.   
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Figure E.8:  Comparison of the XRD of original rapamycin and SEDS treated rapamycin using 10 cm3 to 9 
cm3 THF + hexane solvent mixture at 298 K and 8.27 MPa 
 

 The SEM and optical microscope pictures for the SEDS treated sample are shown in 

Figure E.9 as a comparison to the original crystalline rapamycin. 

 

 
Figure E.9:  SEM and optical microscope images of the original and SEDS treated rapamycin using 10 cm3 
to 9 cm3THF + hexane solvent mixture at 298 K and 8.27 MPa 
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Both SEM and optical microscope figures for the rapamycin have distinct crystal 

faces.  The particle size and morphology are given in Table E.2. 

 

Table E.2:  Average particle size and morphology of SEDS treated rapamycin using 10 cm3 to 9 cm3 THF + 
hexane solvent mixture at 298 K and 8.27 MPa 

 Major Axis Minor Axis Elongation Roundness 
SEDS Rapamycin 17.2mm 13.2mm 1.48 0.66 

 

The closeness of the major and minor axis lengths and the fact that the elongation and 

roundness are both close to unity mean that the particles are not needles.  As seen in the SEM 

images, the particles are uniform small prism crystals.   

 

E.4 Conclusion 
 
 Whereas other techniques have failed to achieve the desired crystal characteristics of 

rapamycin, the feasibility of using SEDS to manipulate the particle size, morphology, and 

crystallinity was demonstrated in this appendix.  Not only was the rapamycin particle size 

and morphology controlled by the CO2 precipitation process, the recrystallization of the 

macrolide had higher crystallinity than treatments from conventional methods. It is apparent 

that the solvent choice affects the solubility of rapamycin in the CO2 phase, which ultimately 

determines the supersaturation of the final solution.  In another words, the experiments 

conducted in this appendix demonstrated the importance of determining the right 

combination of solvents that give the necessary nucleation and growth to maintain the 

desired crystallinity.  The effect of pressure changes on the physical form of the drug was not 

feasible to study with the solvents tested since above 8.27 MPa the co-solvent effect with the 

CO2 was very strong and prevented precipitation of the drug.  

Not mentioned in detail in this appendix was a quick test on the feasibility of using a 

hybrid RESS and SEDS processes, in which the drug was first dissolved in dimethyl ether.  

Unfortunately, the particles made were all amorphous in this process. However, the 

combination of using THF + hexane in this appendix resulted in production of crystalline 

rapamycin. The exact consequence the solvent has on the interaction with the surface of the 

drug can affect the kinetics of nucleation and growth and has not been studied in detail.   
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Appendix F:  Study of the Incorporation of Protein into 

Polymers Using Combination of Rapid Expansion of 

Supercritical Solutions and Solution Enhanced Dispersion 

by Supercritical Fluids 

 
 

F.1 Introduction 
 

This appendix describes preliminary results on the encapsulation of lysozyme in a 

polymer with a combination of rapid expansion of supercritical solutions (RESS) and 

solution enhanced dispersion by supercritical fluids (SEDS).  Most research on SEDS thus 

far has been on the formation of drug particles alone and not for encapsulation [1-4].  

Ghaderi et al. [5, 6] and Tu et al. [7] have been some of the few authors who attempted to 

encapsulate pharmaceutical drugs in a biodegradable polymer with SEDS. However, both 

efforts used the toxic solvent methylene chloride in order to dissolve the biodegradable 

polymer.    United States Pharmacopeia has limited the maximum amount of methylene 

chloride in a product to be 500 ppm [8, 9].  Another problem with using harmful organic 

solvents for this process is their potential to denature proteins. 

In this appendix, the SEDS process was combined with the RESS process to test the 

feasibility of encapsulating lysozyme in a CO2 soluble polymer. The goal is to assure that 

there is a difference in the phase separation time scale between the lysozyme and the polymer 

in order for the encapsulation to work. The lysozyme, which is known to be insoluble in CO2, 

is first dissolved in a solvent. The solution was then mixed with the CO2 containing the 

dissolved polymer similar to the SEDS process to initiate lysozyme nucleation.  Immediately 

after the nucleation, the system was expanded much like the RESS process into the vessel to 

initiate polymer precipitation and encapsulation of the lysozyme.  As a first attempt, a non-

biodegradable polymer soluble in CO2 was used as a sample system.  The polymer used was 

a 13k-b-20k PBMA-b-PFOMA block co-polymer or poly(tert-butyl methacrylate)-b-

poly(1,1-dihydroperfluorooctyl methacrylate), which was synthesized at UNC-Chapel Hill 

[10].  The structure is shown in Figure F.1. 



 180

CC5H11 (CH2 C

Ph

Ph

CH3

C O

)

OC(CH3)3

M
(CH2 C

CH3

C O

)
N

OCH2C7F15

H

 
Figure F.1:  PBMA-b-PFOMA chemical formula 
 

The block copolymer has a Tg of about 339.7 K.  A high Tg is necessary for the CO2 

antisolvent experiment since CO2 generally has a tendency to lower the Tg of the polymer, 

which results in more agglomerated polymer particles. 

 
F.1.1 Types of morphology 
 
 Encapsulation can fall under two classifications.  The first class of structure is called 

microspheres.  Microspheres exhibit irregular geometry with aggregates or dispersed 

biomolecules embedded within the polymer matrix as shown in Figure F.2.  The second class 

is called microcapsules and they are spherical with a core of biomaterial surrounded by a 

sheath made either of lipids or polymers as seen in Figure F.2. 

                        
Figure F.2:  Examples of microsphere (left) and microcapsule (right)  
  

Commercially made microspheres or microcapsules with drugs, fragrances, and inks 

are usually on the order of 3-800 mm and contain up to 90 wt% drug loading efficiency [11].  

 
F.2 Experimental and analytical section 
 
F.2.1 Materials 
  

Lysozyme and dimethylsulfoxide (DMSO) HPLC grade were purchased from Sigma-

Aldrich Company (St. Louis, MO).  The lysozyme is soluble in DMSO in as much as 50 

kg/m3 at room temperature [12, 13].  Lysozyme is the most studied globular enzyme in the 

literature due to its affordability and stability [7, 11].  The protein is relatively small with a 

molecular weight of 14,350 Daltons. DMSO is a good solvent to use for the current study due 
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to its high miscibility with CO2 [14].  It has been previously demonstrated that redissolution 

of lysozyme in buffer resulted in 95-100% recovery of activity [15-17].  The polymer used 

was a 13k-b-20k PBMA-b-PFOMA block co-polymer, which was synthesized at UNC-

Chapel Hill.  Coleman Grade CO2 was used as the antisolvent and was purchased from 

National Welders.   

 

F.2.2 Phase behavior studies 
  

The phase behavior study was performed in a Phase Equilibrium Analyzer purchased 

from Thar Technologies (Pittsburgh, PA).  A picture of the equipment is shown in Figure 

F.3. 

      
Figure F.3:  Phase Equilibrium Apparatus (PEA) system 

 

A known amount of lysozyme or polymer was placed inside the variable volume 

vessel where the piston was controlled by a computer program.  The temperature and 

pressure were also relayed to the computer during data acquisition.  The CO2 syringe pump 

drew a known volume of CO2 and was then pressurized before insertion into the variable 

volume vessel.  The system had a temperature tolerance of up to 393 K and a pressure 

tolerance of 40 MPa.  The change in volume at a given temperature and pressure for the 

syringe pump determines the amount of CO2 mixed with the known volume or weight of the 

material being studied.  During the experiment, the pressure or temperature was changed in 
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the variable volume vessel while the video camera connected to the end of the variable 

volume cell constantly recorded the phase behavior.   

 
F.2.3 Encapsulation set-up 
 
 A picture of the encapsulation system apparatus is shown in Figure F.4. 

 

 
Figure F.4:  SEDS + RESS set-up 
 
 The polymer was first dissolved in CO2 at 27.58 MPa and room temperature in a 

high-pressure hand pump purchased from High Pressure Equipments Company (Erie, PA).  

The mixture was pushed manually into an ISCO CO2 syringe pump.  The lysozyme was 

dissolved in DMSO and delivered by the HPLC pump (Dionex Corporation model P580) at 

high pressure.  The lysozyme solution was mixed with the polymer + CO2 mixture to first 

precipitate the lysozyme in the coaxial tubing.  The mixture subsequently passed through a 

metering valve purchased from High Pressure Equipment Company (Erie, Pa) to control the 

pressure drop as the particles were sprayed inside a temperature controlled custom-made 

2.5x10-5 m3 view cell.  The pressure drop induced the precipitation of the polymer to 

encapsulate the lysozyme particles. The particles were collected onto a silicon wafer coupon 

placed near the exit of the vessel.   

 The runs lasted for around 2 min.  The flow rate of the solution was cut off after the 

run while the CO2 was allowed to flow into the view cell to dry the system for 20 minutes.   
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F.2.4 Analysis to observe encapsulation 
 

The particle size and morphology were observed visually without using any imaging 

program to calculate the size as have been described in the previous chapters.  The focus here 

was to determine a methodology to observed the encapsulation of lysozyme and also the 

morphology of the polymer matrix.   

The shape and morphology of the particles on the silicon wafer coupon were analyzed 

with a scanning electron microscope (Hitachi S-3200, JEOL JSM 6400F, Japan).  The 

particles were not coated with palladium gold since protein-loading analysis of the sample on 

the wafer plate would need to be carried out after imaging.   

It was difficult to provide enough contrast between the drug and polymer for 

characterization of the encapsulation.  Transmission electron microscopy (TEM) was used to 

characterize the interior of the polymer particles.  The lysozyme was stained with osmium 

tetroxide in order to present the protein as dark structures compared to the rest of the medium 

[18].   Young et al. [19] attempted to stain lysozyme with ruthenium tetroxide for TEM 

analysis.  However, it was not clear whether the observed dark spots were indicating that the 

protein was inside or on top of the polymer’s surface. 

Another method was developed for this study to optically observe the encapsulation of 

the lysozyme inside the polymer matrix by pre-staining the sample with a dye before 

encapsulation.  Trypan Blue purchased from Sigma Aldrich Company is a very common dye 

normally used for dead cell counts but can also stain proteins.  In order to stain the sample, the 

necessary amount of protein in DMSO was dissolved along with 2.5 %v/v of Trypan Blue.  

The sample was sprayed onto a glass micrscope slide instead of a silicon wafer to be observed 

under an optical microscope.  The surface of the particles were washed with water and quickly 

dried.  This method allows for a quick optical analysis to determine if lysozyme was 

encapsulated and also allows for characterization on how the lysozyme is distributed inside 

the polymer.   The limitation of this method is that the optical microscope cannot be used to 

observe anything too small or else the resolution may be compromised.   
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F.2.5 Protein loading analysis 
 

Undissolved protein inside the view cell and also from the silicon wafer plate was 

washed off with 2.5x10-5 m3 deionized water.  The water with undissolved protein was 

collected and a UV analysis was performed to determine the concentration.  A calibration 

curve and equation were determined for the lysozyme concentration and is shown in Figure 

F.5.  

 
Figure F.5:  Lysozyme concentration calibration in water without buffer at 280nm 
    

The protein loading amount was back calculated by determining the amount of 

lysozyme not encapsulated and subtracting from the total amount sprayed based on the flow 

rate and run time.  The equation is given as follows: 

%100´=
particleofmasstotal

proteinedencapsulatofmass
loadingprotein     (F.1) 
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F.3 Results and discussion 
 
F.3.1 Visual phase study 
 

 The PEA was first used to assure that the protein was precipitated first before the 

polymer in the coaxial tubing.  It was shown that 0.5 wt% lysozyme in 2-3.6 wt% DMSO 

was not soluble in the presence of CO2 at room temperature and pressures up to 27.58 MPa.  

At 307 K, Winters et al. [17] demonstrated that lysozyme in DMSO was not soluble above 7 

MPa in the presence of CO2.   

The polymer was found to be soluble in CO2 above a pressure of 14.82 MPa at 0.3 

wt% polymer.  As a result, dissolving the polymer in CO2 at 27.58 MPa and room 

temperature guarantees that the CO2 + polymer phase is one phase before running the 

encapsulation experiments. 

 The polymer was tested at room temperature in DMSO to make sure that it does not 

dissolve at low concentrations.  A total of 0.0226 g polymer was placed in 10 cm3 DMSO 

and shown to be completely insoluble.     

 

F.3.2 Precipitation results 
 

 Two sets of studies were conducted on the system.  The first was to test the polymer 

to protein ratio and precipitation vessel parameters in order to understand their effects on 

particle morphology and efficiency of encapsulation.  The second test was to use both TEM 

and optical microscopy to confirm that the protein was indeed encapsulated inside the 

polymer.  

 The conditions for each experiment are summarized in Table F.1.   
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Table F.1:  Conditions for lysozyme encapsulation experiments 

Runs Lys. 
wt%  

Polymer 
wt%  

Precipitation 
vessel press. 

(MPa) 

Precipitation
vessel temp. 

(K) 

CO2 flow 
rate 

(m3/s) 

Lys. flow 
rate 

(m3/s) 

Run 
time 
(min) 

1 0.3 0.3 6.89 323 4.2x10-7 5x10-9 1:23 
2 0.3 0.205 11.03 323 8.3x10-8-

2.2x10-7 
5x10-9 5:24 

3 0.3 0.205 8.08 323 1.3x10-7-
1.8x10-7 

5x10-9 3:53 

4 0.1 0.1 7.6 313 5.7x10-4-
1.6x10-7 

5x10-9 3:55 

5 0.1 0.1 7.9 313 1.2x10-7-
1.7x10-7 

5x10-9 2:44 

6 0.1 0.1 8.14 323 1.6x10-7-
1.7x10-7 

5x10-9 2:45 

7 0.5 0.1 7.7 323 8x10-8-
8.2x10-8 

3.3x10-9 6:38 

8 0.5 0.1 8.0 323 9.8x10-8 3.3x10-9 5:02 
9 0.5 0.1 10.34 313 1x10-7 3.3x10-9 1:35 
10 0.5 0.1 10.34 313 1x10-7-

1.2x10-7 
3.3x10-9 1:37 

11 0.5 0.1 10.34 313 1.2x10-7 3.3x10-9 1:30 
  

Since the precipitated polymer properties depended on the conditions in the collection 

vessel, the temperature and pressure were tested to give the optimal conditions to produce the 

polymers.  The flow rate for the CO2 was hard to control due to the pressure drop.  Table F.2 

summarizes the precipitation vessel conditions for the experiments with CO2 flow rate 

around 1x10-7-2.17x10-7 m3/s and a polymer to lysozyme ratio of about 7:1 based on the fluid 

flow rates.   

 

Table F.2:  Particle morphology due to collection chamber conditions 

Run Vessel Pressure 
(MPa) 

Vessel Temp. (K) Particle Morphology 

2 11.03 323 Sticky, flaky, huge waves 
3 8.08 323 Sticky, some big, some < 100mm, 

agglomerated 
4 8 313 Less sticky, more individual particles, ~50mm 

6 8.1 323 Sticky, some craters, ~50mm particles 

8 8 323 Flaky, big, craters 
9 10.3 318 Dry, individual white particles, <20mm 
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The SEM images for all runs are shown in Figure F.6.  The encapsulated samples 

were compared to the SEM for lysozyme in order to distinguish between the polymer 

particles and the protein particles.  For most of the experiments conducted in the 2.5x10-5 m3 

view cell, there was a lot of problem with high velocity impact of the sample against the 

plates resulting in flattened morphologies or craters.  For this reason, the experiments were 

kept at a low CO2 flow rate.  Most of the SEM images were taken around the perimeter of the 

plate where splashing effect was minimal.   

 

 
Figure F.6:  SEM images for all lysozyme encapsulation runs 

 

The samples shown in Table F.2 were trial runs to test for the best precipitation 

pressure drop and temperature of the vessel for the formation of non-agglomerated dry 

particles.  As seen from Table F.2 and from the SEM images in Figure F.6, most of the 

sample produced above 318 K and around 6.89 MPa were wet droplets and in most parts 

agglomerated.  This was thought to have been due to the operation of the system above the Tg 

of PBMA-b-PFOMA since CO2 is known to reduce the Tg of the polymer.  This observation 

was in agreement with what Young et al. [19] observed.  The craters observed for runs 6-8 
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operated at 323 K were thought to be the results of high velocity impact of the particles onto 

the sticky polymer surface.  

The temperature was lowered to 313 K and the pressure was kept at about 7.58 MPa, 

but two phases were observed in the view cell.  Therefore, the particles may still be wet and 

required longer drying time with CO2. From the SEM pictures for run 4 in Figure F.6, the 

product was less agglomerated but they were still sticky.   

The best precipitation vessel conditions were found to be at a precipitation vessel 

temperature of 318 K and pressure of 10.34 MPa.  This is evident from the SEM image for 

run 9.  At these conditions, the temperature was low enough to not cause severe stickiness 

and the pressure was high enough for DMSO and CO2 to be miscible. 

Table F.3 shows the polymer to lysozyme ratio and its effect on efficiency for the 

experiments with flow rates kept around 1.17x10-7-1.67x10-7 m3/s and the best precipitation 

vessel conditions (318 K and 10.34 MPa)  

 

Table F.3:  Effects of polymer to lysozyme ratios on encapsulation efficiency 

Run Polymer to 
Lysozyme Ratio 

Encapsulation 
Efficiency 

Particle Morphology 

9 7.94 51.0% Dry, individual and agglomerated particles 
10 2.12 92.6% Dry, <20mm individual particles 
11 0.982 50.7% Dry, <20mm individual particles 

 
 

The CO2 flow rate, the protein solution flow rate, and the injection time were adjusted 

to give the proper polymer to lysozyme ratio.  Based on Table F.3, the best efficiency was 

obtained for 2:1 polymer to lysozyme ratio.  Either too much or too little polymer gave poor 

drug loading.  Too much polymer would increase the possibility for the polymers to interact 

with each other instead of with the lysozyme and is similar to the trend associated with high 

PHB to drug ratio observed by Gursel et al. [20].  The low efficiency from low polymer 

concentration was due to insufficient polymer to coat the proteins.   

In terms of the morphology, too much polymer for run 9 resulted in more 

agglomeration than runs 10 and 11. The result for PBMA-b-PFOMA was similar to that 

observed by Tu et al. [7] for L-PLA using SEDS.  The increase in polymer particle size was 
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believed to be due to more polymer-to-polymer interaction for a concentrated polymer 

solution. Tg depression might also contribute to the polymer agglomeration.   

Trypan Blue was used to stain the protein in order to provide a method to visually 

confirm encapsulation of lysozyme. The solution contained 0.5 wt% lysozyme and 0.118 

wt% polymer.  The precipitation vessel temperature and pressure were kept at 318 K and 

10.34 MPa respectively to reduce the effect of phase separation and stickiness of the polymer 

in the precipitation chamber.  The lysozyme flow rate was kept at 3.33x10-9 m3/s and the CO2 

flow rate at about 1.67x10-7 m3/s.  Each sample was sprayed for about 2:00 min to keep 2:1 

polymer to lysozyme ratio.  The sample was collected on a square glass slide and imaged 

under an optical microscope.   

 

 
Figure F.7:  Trypan blue stained lysozyme in PBMA-b-PFOMA under optical microscope 
 
 Figure F.7 clearly shows that some polymer particles entrapped the blue lysozyme 

solution.  Most particles were round and on average 5 mm or less in diameter.  The smaller 

polymer particles either did not encapsulate lysozyme or the optical microscope could not 

pick up the contrast at this magnification.  Since there was twice as much polymer than 

lysozyme, it makes sense that not all polymer microspheres will contain protein. 

 TEM was the second method to help support the claim from the optical microscope 

results.  The TEM images can be found in Figure F.8.  The samples for runs 9-11 were 

imaged with TEM since they produced very distinct particles with good efficiencies.   
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Figure F.8:  TEM images for lysozyme encapsulation runs 

 

However, by comparing both the stained and unstained protein sample, it is apparent 

that there was no effect of staining on lysozyme to polymer contrast.  The effect could be due 

to the sulfur present in the protein or it may have been due to the potassium salt buffer that 

was used by Sigma-Aldrich for their packaging, which shows up as dark spots after staining. 

The protein particles were on average small for the TEM (~100 nm).  This is in agreement 

with the SEM image.  Furthermore, the SEM morphology of the protein agreed with that 
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obtained for TEM.  Bridges were formed between protein beads in some instances and there 

were also agglomerated beads.   

 The TEM characteristics for the lysozyme can be compared to the encapsulated 

samples for analysis of protein loading.  By comparing the lysozyme only images with runs 

9-11 images, there seemed to be evidence of encapsulation since the center of the polymer 

contained a dark spot similar in shape to the protein only images.  However, the image of the 

polymer only sample showed similar dark spots as compared to the encapsulated images.  

Therefore, the dark spots may be areas of high polymer density in which the electron beam 

could not penetrate through.  The current analysis of the encapsulated particles with TEM did 

not conclusively show protein loading into the polymer.   

However, TEM was useful in showing a clear picture of the interior morphology for 

each particle.  It is evident that the PBMA-b-PFOMA particles were actually a compilation 

of smaller polymer particles and is similar to the morphology of microspheres.  The polymer 

microspheres were identified by understanding the properties of PBMA-b-PFOMA and how 

it interacts with the electron beam from TEM. PBMA-b-PFOMA contains a PBMA portion 

that is CO2-phobic and a PFOMA portion that is CO2-phillic. Therefore, the orientation of the 

polymer during particle formation is that the PFOMA tails would be located in the perimeter 

and the PBMA tails would be located in the center forming micelles.  Since PFOMA contains 

fluorine, it is expected to show up as a dark area in the TEM picture after staining.  This was 

confirmed from the spheres on the TEM images where the PBMA showed up as a light area 

with an outer dark PFOMA region.  

 
F.4 Conclusion 
 
 A lot was learned about the pitfalls and benefits of certain data analysis techniques 

and operating conditions presented in this appendix. The SEDS + RESS system resulted in 

encapsulation of lysozyme according to the optical microscopy and TEM analysis. TEM did 

not show a very clear picture of whether the proteins were actually inside or on the surface of 

the polymer.  However, the TEM images were a valuable tool in analyzing the interior 

morphology of the polymer.   

It can be concluded that the polymer to lysozyme ratio greatly affects particle size, 

drug loading efficiency, and morphology.  Temperature is an important parameter since it 
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affects the operating range for the polymer relative to its Tg during the precipitation process.  

If the system was operated above the Tg, agglomerates were formed resulting in bigger 

particles.  Controlling the pressure drop is important in controlling the jet velocity and phase 

split of the system.  However, the system design was complicated by the presence of DMSO 

in CO2.  During the pressure drop, DMSO may phase split out of CO2 and redissolve any 

precipitated lysozyme inside the vessel.  To overcome this problem, the pressure drop needs 

to be optimized so that it not only precipitates out the polymer to entrap the protein, but the 

pressure also needs to be high enough inside the vessel to maintain the miscibility between 

the CO2 and organic solvent.   
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