Abstract

CHANG, ALAN AN-LEI. Study of Particle Formation Using Supercritical £&5 an
Antisolvent. (Under the direction of Dr. Ruben@Garbonell.)

Particle design using supercritical €Chas been of great interest in the
pharmaceutical, microelectronic, catalytic, ancated industries over the past 10 years.
There have been numerous papers and patents mbleshthe processes studied in this
work. The solubility of most drug compounds inlgar dioxide is very low, making it a
very attractive antisolvent for particle formati@b suitable ranges of temperatures and
pressures. This dissertation explores the useiftdreht CQ antisolvent precipitation
system designs for the formulation of small crystal drug particles of a given size,
morphology, and uniformity, using the precipitatioh acetaminophen from ethanol as an
example.

In order to understand the precipitation procebs, @quilibrium concentration of
acetaminophen in CQand CQ plus ethanol were measured at a range of tempesasund
pressures in a high-pressure extraction systems Tihformation is important in
understanding the supersaturation of the drugradws precipitation conditions.

Several antisolvent processes were tested in ¢todeéetermine their effectiveness in
controlling the precipitation of acetaminophen fretmanol. The first system involved the
use of solution enhanced dispersion by superdrifical (SEDS) patented by Hanna and
York (WO9501221, 1994). This process uses a coaxiatle design where the solvent with
the solute of interest is injected in the inneret@nd the supercritical G@s injected in the
outer tube. The two streams mix at nearly congpaessure and temperature in a small
volume region of the nozzle before exiting throtlyé nozzle tip into a chamber maintained
at a fixed temperature and pressure. The fast gnpincess rapidly expands the solvent with
CO; in order to induce phase split of the solid dragtiples. The chamber pressure is
maintained constant and nearly equal to the pressuhe nozzle.

This process was studied because it was claimedStAS gave the best control of
system parameters. However, the thermodynamic,odytiamic and kinetic mechanisms

resulting in particle formation are still not welunderstood. The effects of



the nozzle and vessel dimensions on system perfmenaad not been studied previously. In
addition, little work has been published on theet$ of variables such as liquid solvent and
CO, flow rates, solute concentration, temperature, @nelssure on particle size and
morphology.

A design of experiments (DOE) analysis was usedi¢ntify the more important
process parameters that control particle size amdpmology at the early stages of
experimentation. With DOE, a 512 full factorial raras reduced to 32 runs by confounding
primary variables with higher order interactionsxgEple: concentration + solution flow
rate). The results of these experiments indicateat the most important factors in
determining particle size and morphology are thaceatration of acetaminophen in the
solvent, the nozzle geometry (length of the mixamne), and solution flow rate. These
parameters were singled out for more detailed exgsts aimed at determining the
influence of these variables on particle size anorptmology. A key feature of the
experiments described in this dissertation is tlee wf online monitoring of the
acetaminophen concentration at the exit to theucaptessel in order to determine how the
supersaturation of the solute varied with time migithe process. In this way, it was possible
to determine the nozzle effectiveness in partickcipitation. In addition, the experiment
performed in this dissertation recognized that3E®S process is in essence a batch process
and the effect of transients in co-solvent con@ians in the particle capture vessel on
particle size and morphology were studied.

In addition to SEDS, the precipitation of acetanpinen from ethanol was carried out
using a precipitation with compressed antisolvét€A) process, which is very similar to
SEDS without the coaxial configuration. This systemsimple to install and has been widely
studied. The parameters that were important fieenSEDS experiments were studied in the
PCA to characterize their effects on particle sapel morphology for this system. These
results were compared to those obtained using E@SSprocess. Both SEDS and PCA
yielded equal particle size and morphology if deew properly. The major feature of this
work was the emphasis on the design of an effeciazle for the PCA application. Similar
to the SEDS results, a good mixing volume alonghwaidequate residence time for

micromixing is the best nozzle design.
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Chapter 1: Introduction

1.1 Motivation

Particle formation technologies are important i@ giharmaceutical industries, and in
the production of photographic materials, ceraneggplosives, and dyes. The focus in drug
formulation is to develop techniques that give mooesistent and controlled particle size,
morphology, and uniformity.

In current drug delivery technology, very smalugirparticles are of interest since
they can travel faster to the target organ andridige more evenly in the body.
Furthermore, a patient's drug dosage can be cdedroby coating the drug with
biodegradable polymer to allow for controlled releaover a period of time [1, 2].
Controlling the size scale of drugs is crucial depeg on the type of delivery routes. The
particles should be around 0.1-On8n for intravenous delivery, 1-5m for inhalation
delivery, and 0.1-106wm for oral delivery [3, 4].

Conventional methods for manipulating pharmacelupeaticles include jet milling,
spray drying, and emulsion techniques [5]. Jelimgiluses particle-to-particle impact forces
to break up the products into smaller pieces [8awever, the jet milling process generally
does not produce a uniform particle size distrdoutnd running the process consumes a lot
of energy [5]. Freeze drying results in partictdsbroad size ranges and usually require
subsequent milling and sieving [7]. Spray dryirsgially gives particles of controllable size,
but the extreme temperatures used during the operean denature biological materials [7,
8].

Conventional drug particle precipitation uses argasolvents as antisolvents for
precipitation or as emulsifiers for emulsion pracgd. Traces of residual organic solvents,
such as methylene chloride, that may still be endhug particles have motivated researchers
to find alternative methods for particle formatio®@rganic solvent use should be limited for
pharmaceutical manufacturing operations, based aitet! States Pharmacopeia (USP)
standards [10, 11]. An alternative to reduce timsblem is to use supercritical carbon
dioxide (CQ) as an antisolvent to precipitate drug partictesnf solution since COis non-

flammable, non-toxic, inexpensive, renewable, amdrenmentally benign [12].



In order to successfully design a g£@ntisolvent process, it is important to
understand the effects of the operating parametegsrticle characteristics. However, very
few authors have explained experimental particke sind morphology results in light of
current hydrodynamic, kinetic and thermodynamicothes [13-16]. Furthermore, the
development of unique methodologies for optimizimgse parameters to control particle size
is essential. Thus far very few authors have kad#a to analyze particle nucleation and
growth inside the precipitation vessel due to thdreenely short time scale of drug
precipitation. Online monitoring techniques to ergdand the fundamental mechanisms of
dense gas precipitation are limited by the higlspuee environment [17]. The progression
of the precipitation process is therefore hardecord and the effects of start-up and shut
down of the process cannot be determined. Thsedegtion attempts to address these issues
by demonstrating a technique for monitoring andedeining the thermodynamic, fluid
dynamic, and crystallization mechanisms that arpontant for designing and optimizing
different CQ antisolvent processes for the formulation of sneajistalline drug products.
Furthermore, other applications for the use of,@@tisolvent process in improving drug

crystallinity and drug encapsulation are presented.

1.2 Benefits of carbon dioxide as an antisolvent

Researchers have developed particle formation rdsthbat utilize the unique
properties of supercritical fluids. A fluid is daio be supercritical when the pressure and
temperature are higher than its critical pressBegg &nd critical temperature ¢J. Some of

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

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

Tc(K) Pc(kPa) Tp(Kat100 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, carbdioxide is the best processing

medium in the pharmaceutical industries becauisenibn-toxic, affordable (about $0.11/kg),



has a relatively mild critical temperature (304a€d low critical pressure (7.38 MPa) [4, 12]
and a very high volatility. A representative phakagram of the COsystem is shown in
Figure 1.1.
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Figure 1.1: T-P phase diagram for pure CO2 [12]

In addition to these advantages, supercritical, Qdssesses fluid properties
intermediate between liquid and gas. Around thigcal point, properties such as density,
viscosity, solvency, diffusivity can all be maniptéd by changing either pressure or
temperature [12]. Supercritical G®as both a gas-like viscosity and a liquid-likenslgy.
The low viscosity compared to other liquids suchwader allows CQ@ to have a faster
transport rate for particulate formation process@sie diffusion coefficient for CQinto
solvent is very large compared to conventionalitigantisolvents [4, 18]. This results in
rapid mixing to initiate nucleation inside the s droplets. A typical nucleation rate of a
solute in a C@antisolvent process is on the order of 10 10 s [4].

Furthermore, for the application of particle desigupercritical fluids are desirable
since they have controllable solvating power. Bjusting the pressure and temperature,
CO, can extract the organic solvent and dry the gegiin a continuous and single step
process [12, 19]. Since supercritical £Q@reate non-oxidizing and non-degrading
environments for sensitive compounds, the dryingcess causes less damage to drug

particles compared to conventional solvent evapmrairocess.



1.3 Carbon dioxide antisolvent particle formation nethods

There are many different processes that usg&@er as a solvent or an antisolvent
for particle formation applications [1, 11, 17, 2B}. This section will review these

processes and the applications with which theyarmally associated.

1.3.1 Rapid expansion of supercritical solutionsERS)

The process of rapid expansion of supercriticalittemhs (RESS) produces particles
by spraying a supercritical solution with the dised solute through a nozzle into
atmospheric conditions to rapidly expand the supeal fluid, resulting in a highly
supersaturated solution and rapid precipitation].[23 The resulting high-pressure drop
creates very high jet velocity to atomize the detgl A diagram of the process is seen in

Figure 1.2.
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7
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CO2 and Solute % Expansion Vessel

Figure 1.2: RESS system design

There are many applications using this type of @secfor coatings [24-27],
microparticle processing of polymers and drugs388-and encapsulation of the drug with a
polymer [37, 38]. The benefit of RESS is thasifairly simple and requires only the use of
one capillary nozzle for the expansion process.

The major limitations of its use for pharmaceut@gplication is that the solute has to
be able to dissolve in the supercritical fluid ppeeciable amounts in order to be viable for
manufacturing [11, 23]. A realistic assumption ftbe production rate of drugs would be
around 90.7-1814 kg per annum, which equates tatali230 g/h [17]. Typical solubility



of a crystalline drug such as acetaminophen is enlyble up to 0.005486 kg/nin high
pressure C@with a density of 854.07 kgfinwhich will make the RESS process highly
unprofitable. Since most small molecules, proteamsl biodegradable polymers are not very
soluble in supercritical C{J4], there would be a need to use harmful organisolvents in
order to enhance the solubility of the target drugurthermore, there has not been much
success with the encapsulation of drugs in a palymarix with RESS due to the difficulty
in dissolving two components in supercritical £&hd controlling the different time scales

needed for sequential precipitation of the drug polggmer.

1.3.2 Patrticles from gas saturated solutions (PGSS)

The particles from gas saturated solutions or P@&®ess involves injecting
supercritical CQ into either a melted or liquid-suspended substdinse which leads to a
gas saturated suspension. The suspension isxpanded through a nozzle to produce fine
particles similar to spray drying. PGSS can foateidrugs that normally do not dissolve in
CO,, which expands the number of compounds that caimelaged by this technique. This
process however is more promising for making plagiérom materials that normally absorb
CQO; at high levels such as polymers [11]. A diagranthef PGSS system is shown in Figure
1.3.

Produc |
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Vent
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Figure 1.3: PGSS system design



Sievers et al. [39] patented a similar processpfeparation of protein particles that

allows the proteins to dissolve in water withoud tise of organic solvents.
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Figure 1.4: Sievers et al. [39] design for the phaction of proteins with PGSS without use of organi
solvents

The CQ at high pressure is mixed with water at a low wwdutee, which forms an
emulsion before expanding to atmospheric pressoce lagh temperature to form drug
particles. A problem with this design is that watender contact with COwill form
carbonic acid from C@and lower the pH to as low as 3 [40], which maieptally denature
proteins and other sensitive pharmaceutical comg@uAnother problem is that this process
prevents encapsulation of the drug since most biediable polymers are not water-soluble
[12].

1.3.3 Gas antisolvent (GAS)

The gas antisolvent (GAS) process uses a denssughsas C@as an antisolvent to
precipitate out the drug from a batch solution.older for the process to work, g@eeds to
be appreciably miscible with the solvent and thegdneeds to be insoluble with €@t the
operating pressure and temperature range. Théppatar is initially filled with a solution
at a certain drug concentration and temperaturke rapid injection of compressed £i@to
the vessel mixes with the solution and causes amvetric expansion of the system reducing
the bulk density of the solution, which in turn lens the solvating power of the solvent. Due

to the rapid mass transfer of compressed @@ the solvent, the mixing of the two fluids is



very fast and results in smaller and more uniforantiples as compared to conventional
processes such as “salting out” that uses eitleetrelytes or non-electrolytes. Furthermore,
the GAS process has also been shown to retainidh@blecular activity of proteins such as
lysozyme, meaning that the process is suitablestorsitive biomolecules [17, 41]. A
diagram of the GAS process is shown in Figure 1.5.
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Figure 1.5: GAS system design

GAS is more versatile than RESS since the process dot rely on the solubility of
the compound in compressed £C0Particle formulations of a variety of drug anolymer
compounds that are normally not significantly séduim pure CQ have been demonstrated
with the GAS process [13, 42-48]. Several workgehalso demonstrated GAS fractionation
for different compounds ranging from small molecdieigs to macromolecules [49-53].
Very few authors have attempted to use GAS for gsudation of drug in a biodegradable
polymer because of the difficulty in controllingethime scales of precipitation of the drug
and the polymer. GAS encapsulation has been doneithgr preparing the polymer
separately from the drug precipitation or by usangemi-continuous GAS process, where the
solution carrying the drug and polymers are spraytda CQ-filled tank [54, 55].

Since there is a lot of solvent inside the vessehajor disadvantage of GAS is the
long drying time to reduce organic solvents frore fharticles to satisfactory levels. The
residual solvent in some instances may not be fidljoved especially in the case for

polymer and protein products [53]. A solutionhe trying step has been proposed in which



the system was injected with carbon dioxide in tihe-phase region where there is liquid
and vapor antisolvent present inside the vessé¢l [ABother problem to consider with GAS

is the long loading and unloading time between exgleriment.

1.3.4 Supercritical antisolvent process (SAS)

Supercritical antisolvent process (SAS) is a semntiauous process in which the
solution with the product is sprayed through a sEdlgcdesigned nozzle into condensed gas
in a pressurized vessel [56]. The nozzle in SAPeatises the solution into the condensed gas
phase inside the vessel to enhance mixing and trassfer. SAS is also referred to as
aerosol solvent extraction system (ASES) or préaipin with compressed antisolvent
(PCA). A diagram of the SAS process is shown guFe 1.6.
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Similar to the GAS process, the €@eeds to be miscible with the solvent in order to

Figure 1.6: SAS system design

precipitate the drug. Controlling how the solutdisperses into compressed £O initiate
precipitation is important in controlling the paté size and morphology. Some authors
have designed either different nozzle configuratian added ultrasound vibration at the
nozzle tip to enhance the mixing and diffusion oD.Cinto the solution to initiate
precipitation [3, 57, 58]. The G@nd solution can also mix inside a low volume drefore



being sprayed inside the vessel. The ease in oi@gtige system configuration to tune the
product characteristics is what makes SAS vergpétitre.

Thus far in the literature, SAS seems to offerlibet particle formation method due
to its capability to produce smaller and more umifgarticles compared to the GAS process
as a result of the enhanced mixing between the@wént and drug solution [1, 17, 59]. The
semi-continuous nature of the process allows faregaion of large amounts of drug
products without the need to stop the system, witiakes SAS an attractive manufacturing
process compared to GAS. Furthermore, the soinsitte the vessel is constantly extracted
and removed from the system during the experinegive SAS an added advantage to the
more time consuming drying associated with the Ga&ess [17]. The presence of less
solvent inside the vessel during the SAS experimeampared to GAS generally results in
less agglomeration of the particles. Both GAS 8A& are milder processes for preventing
drug degradation and loss of activity for biomolesuas compared to conventional organic
solvent “salting out” methods [60].

SAS has been used in processing different matesiadh as pigment powders [61],
semiconductor precursors [62], and inorganic clysfé3]. Single component particle
design for many pharmaceutical compounds have begely studied with varying results
with respect to morphology and particle size [64-6Bhe particular focus for single
component precipitation is in controlling polymepmphology and shape with SAS process
for use in controlled release applications [69-76Due to the ease of separating the time
scale of precipitation for the drug and the polyiogeither changing the nozzle design or by
adding multiple injection nozzles, many authors ehashown that the drugs can be

encapsulated in a single process at appreciablerms{y7-80].

1.3.5 Solution enhanced dispersion by supercritiflaids (SEDS)

Solution enhanced dispersion by supercritical 8L ({HEDS) was developed by Hanna
and York [81, 82] to improve on the idea of SASdhanging the design of the nozzle to
enhance mixing of the solution and to control npendicle formation. The system borrows
from the benefits of SAS in that the drug of instr@oes not need to be dissolved in,@&d

toxic solvents can be reduced or eliminated imglsicontinuous process.



The uniqueness of SEDS rests in the design of tzele, which uses the idea of
coaxial tube geometry to simultaneously delivergbkition and the antisolvent. A diagram
of this configuration taken from experiments cortddcin this dissertation is depicted in

Figure 1.7.
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Figure 1.7: SEDS coaxial tubing design used foretipresent study

Prior to spraying the particles into the pressutipsecipitation vessel through a
nozzle constriction, the solvent carrying the priduixes rapidly with the supercritical fluid
in a small volume area called the mixing length).(LThe mixing length is believed to
enhance mixing and initiate nucleation before thdigles are sprayed into the collection
vessel [81, 82]. Furthermore, Hanna and York empththat the design would allow for
better control of parameters such as temperatussspre, and flow rate at the point of
nucleation inside the mixing length.

Similar to other antisolvent processes, SEDS isild pprecipitation process for
sensitive pharmaceutical compounds, such as psptthat causes minimal loss of activity
[83]. The flexibility of SEDS lies in the fact théhe coaxial tubing can be arranged in
different configurations to allow for more flexily in controlling encapsulation of

biomolecules [78, 84]. SEDS has been shown tobbe ta control particle size of many
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drugs and polymers by adjusting the temperatuessore, flow rate, and concentration [84-
87].

1.4 Aim and outline of the dissertation

This dissertation explores the use of .C&% an antisolvent in particle formation
processing of pharmaceutical compounds. SEDS &#dWere constructed and studied to
determine their efficacy in controlling particlezsiand morphology of a crystalline drug,
acetaminophen, dissolved in ethanol. A methodolofystudying how different design
variables affect the outcome of the particles sspnted, including models that describe the

thermodynamic and crystallization kinetics of tlgstem.

1.4.1 Qutline of the dissertation

Following this introduction, Chapter 2 presentsrthodynamic and crystallization
theories commonly used in the study of drug criigtlon. Chapter 3 deals with the
concept of phase equilibrium of the drug in carlaboxide. The effect of pressure and
temperature along with the use of a co-solvenkdoged. The data for the solubility of the
acetaminophen in ethanol was collected using a-pighsure extraction system, which was
custom designed and constructed. The solubilitg #aas used to determine the adjustable
parameters for Peng Robinson equation of statederdo estimate the solubility of the drug
outside of the experimentally measured range.

Chapter 4 introduces SEDS processing of acetarnaropnicroparticles by using
statistical design of experiments (DOE) as a prielmy step to isolate the important
variables to explore. The variables tested fromDIOE experiments are used in Chapter 5
to explore how the operational conditions affecttiple size, shape, and uniformity of
acetaminophen. Chapter 5 also describes how #@mmophen concentration change in
the collection vessel was measured and how th@rmdtion was used to determine the
nozzle effectiveness.

Chapter 6 describes how the concepts learned 8B8DS can be applied to a PCA
process as an alternative to formulate acetaminophnag crystals. The nozzle design is a

major focus for the PCA process.
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The Appendix contains the Matlab model codes folulslity calculations and
particle size calculations. The Appendix also aorg information regarding the PCA
process, the use of SEDS to improve crystallinftyhe drug, and also the use of a SEDS +

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

Considerations

2.1 Introduction

This chapter introduces the thermodynamic and kisetoncepts relevant to the

formation of drug particles using G@ntisolvent processes.
2.2 Thermodynamic concepts

2.2.1 Carbon dioxide as an antisolvent

As described in the previous chapter, the SASqe®mvolves the continuous mixing
of antisolvent with a solution in order to initiaprecipitation. Understanding the phase
behavior of the system as more antisolvent is eggdb a solution at a given temperature and
pressure is important in designing the precipitapoocess.

The change in the solute chemical potential betwkerfluid and solid phases is the
driving force for crystallization. The phase tritios is driven by the difference in the
chemical potential of the solute between the fphdse and the pure component solid phase.
Negative change in chemical potential indicatesiuesition from the phases is spontaneous
whereas positive change in free energy indicatassthie transition is not thermodynamically
possible on a macroscopic scale. When the chanfjee energy is zero, the system is in
thermodynamic equilibrium.

The solute chemical potential in the fluid phasg,is related to the solute mole

fractionxs by the expression [1]

m- m =RTIn & : 2.1)

g3 X3
where 5 is the chemical potential at equilibriums and 5 are the activity coefficient of the
solute at a given concentratisgand the activity coefficient of the solute at gwuilibrium
concentrations*, respectively. The probability that the solutd wiystallize out of solution

is greater if the change in chemical potential@ases. Based on equation 2.1, the addition
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of the antisolvent can dilute the mixture and daseethe chemical potential due to the
reduction in the solute mole fractiong. x However, as the antisolvent is added, the
equilibrium concentrations is also reduced significantly. Adjusting the tergiure and
pressure can also change the chemical potential.

The difference in the chemical potential is tyflicadefined in terms of a
dimensionless quantity called the supersaturagorEquation 2.1 can be written as

|nS:M:|n % (2.2)
95 %
or
S= & . (2.3)
93 X3

In another words, the supersaturation is directbpprtional to the degree by which
the solute concentration in solution exceeds theilibgum concentration at a given
temperature and pressure. For very low conceobtsitdf a nonvolatile solute (typically
below 10" mole fraction), the ratio of the activity coefficies is approximately equal to 1 and
the supersaturation can be defined by the expreg&jo

X5 (%, T)

Seo . ,
X; (T,P,X,)

(2.4)

wherex, is the solvent mole fraction in the mixture.

2.2.2 Two component vapor-liquid for GG ethanol

The success of an antisolvent process rests onwalsthe CQ is mixed with the
solvent to reduce the solvency. The miscibilityween the two fluids is essential in
determining the necessary operating conditions Bndlependent on the temperature,
pressure, and composition. For a binary syste@@fand co-solvent, a P,x phase diagram
can be determined for the phase equilibrium oféhle® phases above and below the critical
temperature. Suzuki et al. and Kordikowski, ethave reported the phase behavior of the

CO, + ethanol system [3, 4] above and below the clitemperature of carbon dioxide.
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Figure 2.1: CQ + ethanol binary phase diagram for T < Eo.[4] and T > T co2[3]

The phase diagrams in Figure 2.1 show, €@thanol phase equilibrium above and
below the critical temperature of carbon dioxider subcritical conditions (T <cEto2, the
coexistence region contains both vapor and ligiidsps between the saturation of the two
components (8) below the liquid line. Outside the coexistenegion, only a single phase
exists as either liquid or vapor depending on tiedenfraction of CQ.

Above the critical temperature, the carbon dioxddéuration pressure does not exist
(Pco2sa). The liquid line for the phase envelope enddhatmixture critical pressure {Riix).
The mixture critical point is fixed by temperatupgessure, and compositi¢x:). Above the
mixture critical pressure there exists either aglsiniquid phase to the left ofc or a

supercritical fluid phase to the right.

2.2.3 Three component phase equilibrium

As mentioned in Chapter 1, there are many compmuhdt are not soluble in
supercritical CQ@ and therefore the antisolvent process involvesngd@O, to shift the
equilibrium condition of a solute and organic saoltveystem to initiate precipitation. The
phase boundary for a vapor-liquid-solid system abthe mixture critical pressure can be
represented in a triangular diagram as shown iargig.2.
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Solid

SEDS/SAS

Solvent COo2

Figure 2.2: CQ + solvent + solid ternary phase diagram above thigical pressure [2]

There could be as many as four phase boundariesndigylg on the composition of
the system when operating above the mixture crijicassure: 1) homogeneous liquid
phase, 2) solid-liquid phase, 3) solid-vapor phasd,4) homogeneous vapor phase [2]. The
dotted arrows represent the working line for thigedent antisolvent processes described in
Chapter 1. For the RESS process, in which thel sefiirst dissolved in the C{phase, the
solute rapidly separates out from the homogeneuopsreritical fluid phase into the solid-
vapor phase. For the SEDS/SAS process, the gslptesent in a liquid organic solvent. As
the concentration of antisolvent €@ added, the crystallization pathway traversesfia
homogeneous liquid phase to a S-L and a S-V phase.

Generally the SEDS/SAS antisolvent process contangarge excess of the
antisolvent CQ. Therefore, a phase diagram of solute conceotratiotted as a function of
mole fraction of CQrelative to liquid solvent can be used to desctiitgeantisolvent process

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

The solubility curve represents the equilibriumnaentration present in the
supersaturation Equation 2.4. Line CB is the wagKine as the antisolvent is added into the
solution. As the concentration of G@hcreases and dilutes the solute concentratian, th
working line will reach a critical concentratio@iica. PaStXeitcal, the working line crosses
from the one phase region to the two-phase regnohtlae solute consequently precipitates
out. As the working line approaches higher comagioins of CQ, the cosolvancy effect of
the liquid solvent mixed with C Odominates and the system enters the one phasaregi
again. In real life, this one phase region nead@D; is almost nonexistent. The difference
between the working line and the solubility cursghie maximum attainable supersaturation

of the mixture.

2.3 Crystallization mechanisms
2.3.1 Nucleation kinetics

Nucleation is generally considered to be the erlial factor in determining the
particle size. However, the mechanisms that goneieation are not well understood and
very hard to control due to the fast time scalevhich they occur. Nucleation is broken
down into three main categories: Primary homogaseuicleation, primary heterogeneous
nucleation, and secondary nucleation. Primary lgameous nucleation occurs in the

absence of an impurity, primary heterogeneous atiole occurs in the presence of a solid
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seed, and secondary nucleation occurs at the gudutiele interface. The mechanisms that
govern the primary and secondary nucleation arg sgéferent and are discussed in more

detail in the section that follows.

2.3.2 Primary homogeneous nucleation

Primary homogeneous nucleation in classical nucleaheory is governed by the
overall free energy change of the phase transitibthe embryo by the sum of the free
energy of new volume formatiaand the free energy of new surface creation [5, 6],
0G = DGy + OGs. (2.5)

Here LGy is the change in free energy from the liquid te solid state and is a function of

supersaturation given by the equation

b,r’
DG, =-

k,TIn(S). 2.6)

Assuming the nucleus is a spherés, (= 4 /3) defines the volume of spherical embryo
aggregates is the molecular volume of the precipitated embmyadks is the Boltzmann
constant..Gs is the change in Gibbs free energy to form theaserfof the nucleus and is
given by the relation
DG, = gh,r?, 2.7)
wherer®b, (= 4 ) is the surface area of a spherical aggregategimthe surface free energy
per unit arealGy is a negative quantity anfd>sis a positive quantity.

WhenS< 1, the[G is always positive. Whe8> 1, OG will reach a maximum that

is equal to a critical nucleus size, which is the activation energy for nucleation Bg
illustrated in Figure 2.4.
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Figure 2.4: Dependence of nuclear size on Gibbsdrenergy for different saturation ratios [7]
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Nielson defined the particles with sizes r" as embryos and particles with sizes
r' as nuclei [6]. The mathematical expression fa@ ¢hitical radius can be obtained by
taking the derivative oG with respect ta in Equation 2.6, setting it equal to zero and
solving for the radius

. 2b.gn
r :W'al'gln(S)' (2.8)
Particles defined as embryos will generally dissddack into solution whereas nuclei
will generally continue to grow. As the nuclei tome to grow, the free energy will
continue to decrease to give stable nuclei untdrameter sized particles are formed. It is
presumed that solute clusters are always in solut@nly the clusters that exceed the critical
radius result in viable nuclei [5]. The maximumange in free energy of nucleation at the
critical radius is defined a8Gmnaxand is given by the expression
o, =0

wheregis the surface free energy per unit area@yv 4 for a sphere. As shown on Figure

: (2.9)

2.4, the probability that a nucleus will form inases at high supersaturation for primary
homogeneous nucleation [5].

The general relationship between the rate of mticle and the supersaturation is
written as [5, 7, 8]

J
(InS)?

J max EXP (2.10)
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whereld is the nucleation rate defined as number of ndolened in a given volume per unit
time andJmnax iS the pre-exponential nucleation rate constakfuation 2.10 is derived
assuming that the nuclei form instantaneously st the rate of nucleation is diffusion

controlled. In the case of spherical partickesan be estimated by the equation

A= M , (2.11)
3Kk3T?

whereg is surface energy between the solid/liquid inteef&V is the molecular volume of
solute in the crystal latticeks is the Boltzman constant, afidis the temperature in Kelvin
[8].

The nucleation rate typically increases with ssptration up to a certain critical
value& and then asymptotically approaches a maximum valine value of&; is dependent
on the value oA [6]. One of the major difficulties in modeling claation kinetics rests in
the proper estimation of the rate of nucleation &given system. Depending on the
assumptions made for determinidig,, estimation can be different by as much as 5 erder

magnitude.
2.3.3 Primary heterogeneous nucleation

Primary heterogeneous nucleation is more commomanmy experiments since it
occurs at lower surface energy due to the presahicepurities inside the vessel. In reality,
it is almost impossible to completely remove aleign objects inside the reactor that might
induce crystallization. Since the critical sup&usation is dependent on the surface energy,
g primary heterogeneous nucleation also takes pétca lower critical supersaturation
compared to primary homogeneous nucleation.

The expression for the rate of nucleatidnfor heterogeneous nucleation has the
same form as that for the homogeneous case shofqguation 2.10. The difference is that
the surface energy for the solid/liquid interface is replaced by therface energy of the
solid/foreign interface [7]. Another difference tlwveen heterogeneous and homogenous
nucleation is that once the heteronuclei are ugedhe nucleation stops. Therefore, a term
that describes the availability of active sites rioicleation should be included in the rate of
nucleation equation [5]. Primary homogeneous agtérbgeneous nucleation generally do

not occur at the same time due to the differennethe critical supersaturation. The total
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nucleation rate can be described as the sum ofhtitreogeneous nucleation and the
heterogeneous nucleation
J, =J +J (2.12)

Homo Hetero *

Primary nucleation, either homogeneous or hetereges, occurs at high
supersaturation levels that are typical of supgcati antisolvent processes [6]. Attempts to
guantify the nucleation rates experimentally haeé meen successful. Many instruments
available for measurement requires the nuclei toabeertain size and therefore the

measurement can be erroneous [9-12].

2.3.4 Secondary nucleation

Secondary nucleation results from the presencelafesparticles in the solution that
can induce more nuclei formation. Secondary nticeacan be classified as contact and
true. Contact secondary nucleation occurs whengtiogiing particles are mechanically
broken from stirring or impact with the walls. Thkensequence of this breakage acts as
secondary nuclei. True secondary nucleation isuatitknown and occurs when the level of
supersaturation is higher than the critical valoethe solute particles present in solution.
The formation of nuclei clusters occurs and theylaoken off from the particle itself to act
as secondary nuclei. The size and number of npateluced are found to be dependent on
the supersaturation. Lar@asually leads to bigger nuclei that have rougineraore fragile

surfaces for further growth [7].

2.3.5 Crystal growth

Crystal growth can be described in three levels:olegular, microscopic, and
macroscopic [7]. At the molecular level, the growinits in the supersaturated bulk phase
diffuse and attach themselves to the surface ofctlgstal lattice. The units can diffuse
across the surface, attach themselves to the Grgsteedissolve into the solution. At the
microscopic level, step bunching can be obsen&tdp bunching occurs when multiple steps
of crystal grow at different speeds resulting imfation of cavities. These step bunches are
responsible for defects and trapping of solventthencrystal. The resultant surface of the

crystal can be smooth or rough. At the macroscegade, the crystal shape is mostly a result
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of the kinetics of growth along the various crygiEnes. Concentration gradients can affect
the surface concentration and cause instabilities.

The crystal growth process can be broken down énghit parts: Transport to the
crystal surface, surface adsorption, diffusion diersurface, attachment to a step, diffusion
along the step, bonding to a kink site, diffusidritee solvent away from the surface, and
release heat of crystallization. The kink is defiras a space on the surface of the crystal
that is surrounded by three nearest neighbor bevidseas two nearest neighbor bonds

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

Solute Molecule

Kink Site
Step Site

Figure 2.5: Example of kink and step sites on ctgissurface

Whether the crystal surface is smooth or rough ltawe an effect on the growth.
Rough surfaces have a higher binding energy onageethan smooth surfaces due to the
higher probability that the molecule can bind toltiple sites with varying bonding energies.
As a result, a rough surface crystal has a highawtl rate than a smooth surface crystal.
When molecules attach to the rough surface, tiseagténdency for the layer to still be rough
and this is referred to as continuous growth. Hewefor a smooth surface, the rate-limiting
step is the addition of the first molecule to thger. The other particles will have less to
overcome once the first molecule is attached anéva smooth surface is rapidly formed.
This is referred to as layered growth and it uguadicurs at low supersaturation.

Many growth equations have been developed to itbesarystal growth under
different conditions. The general form of the gtlowquation is given as
dR/dt=Cf(S)g(R), (2.13)
whereR is the crystal size an@ is a growth constant. The functid(®) is the part of the
equation that is dependent on supersaturationgéRilis the part of the equation that is

dependent on the size.
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If bulk diffusion is the rate-limiting step suck & precipitation in the liquid phase,
surface morphology is not a factor in the growtte i@nd mass transport models can be used
to describe the growth rate
dr/dt=d?N,C,,D(S- 1), (2.14)
whered is the diameter of the diffusing specibl, is the Avogadro’s number, ai@, is the
solubility of the solute.

If the surface is smooth and the supersaturatidovis(S~1.5), the new layers of
growth are formed by crystal screw dislocation. eTlayers are formed by continuous
formation of step and kink sites on the crystafate. This type of crystal growth has been
observed in vapor, aqueous solution, and meltstlaméquation was developed by Burton et
al. [14] and Bennema and Gilmer [15]. The equatiam be written in the form

DSnSEb
2
S

g=dR/dt = (S2/S,)tanh@,/S), (2.15)

where Ds is the surface diffusion coefficiemse is the equilibrium surface concentration
(M/L3), b is equal to one minus maximum surface supersainrais is the mean distance
traveled by the solute molecules to the step andS is the supersaturation value for which
the growth rate dependency switches from firsteicosd order; e.f5< S, is second order

and S-S, is first order. The first term in Equation 2.1% generally lumped into an
experimental constant to be determined by fitting.

For cases where the nucleation rate is high, @k limiting step is the time for the
solute to diffuse to the surface or diffusion liedtgrowth. In this case, Fick’s diffusion law
can be applied to develop an equation in sphecmaldinates to describe this process
g =dR/dt=VDC_(S- D(I/R). (2.16)

In this equatiorV is the molar volume of the solut,is the diffusion coefficient of
the solute, an@Cq is the equilibrium concentration. Based on thasiaion, increases in
supersaturation increase growth rate by diffusiofror a crystal moving through a
supersaturated medium, the diffusion of the soisitenhanced by mass transport. In this
case, the diffusion coefficient in Equation 2.1@aplaced by a mass transfer coefficiéf,

In the simplest case, the mass transfer coefficoam be determined from the Colburn
equation relation for a sphere for molecAldiffusing through moleculB
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2RK
NU,g = 5 € =20+06Re"*Sc”, (2.17)

whereReis the Reynolds number, afd is the Schmidt number for the solute in the salven
When mixing is not efficient enough to eliminatencentration gradients inside the vessel,
there will be local pockets of supersaturation ttestult in broad particle size distribution.
Furthermore, broad size distributions can alsodmméd 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 tlystal as the sum of the energies
associated with the crystal volume, the varioudases, and any edges. The edges and
corners for a crystal only have an effect on thepshif the crystal is small. The crystal will
continue to grow until an equilibrium shape is feat, which corresponds to the minimum
of the total surface energy. Figure 2.6 showsreks case of a crystal face. The quartjty
is the distance from the center of the face todtige of the surface arglis the surface
energy.

71 v

N /

Figure 2.6: Crystal surface with distance h frorhe center to the surface edge and the respectivéase
energyg [7]

At equilibrium the different contributions from datace to the surface energy are all
equal as indicated by the expression

h_h_h

-n_n (2.18)
g 9 G
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This equation essentially states that surface with highest surface energies are
associated with the smallest surface area. Thesa# faces are also generally rougher than
larger surfaces [7]. Figure 2.7 represents a alysgith flat faces (F), stepped faces (S), and
kinked faces (K).

F

K

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

The rougher S and K faces will grow faster and shev growing F face will
determine the crystal shape. Temperature, corateniy and supersaturation levels
surrounding the crystal faces all affect the chamgée final morphology. Furthermore,
when impurities are added to the S and K faces,tfay slow down the growth and change
the final crystal shape.

Both the thermodynamic and crystallization consatiens are important in proper
analysis of the particle design results in différemtisolvent processes presented in

subsequent chapters.
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Chapter 3: Study of the Solubility of Acetaminopha in
High Pressure CQ By Using Static Extraction Method

3.1 Introduction

During the precipitation process, the additionra antisolvent to the solution results
in a decrease in the solubility of the drug in siodvent as a consequence of the decrease in
the solvent’s cohesive energy density. As a rekatbwing the solubility of the drug in the
antisolvent + solvent mixture is essential for daiaeing the operating conditions needed for
the precipitation to occur. As described in Chagtethe equilibrium concentration is also
important for the determination of the supersatanatwhich affects nucleation and growth.

For solubility measurements, two main methods arewk in the literature: the
dynamic extraction method and the static extractisethod. In the dynamic method, a
freshly mixed solution of solvent and €@ continuously fed through an extraction column
packed with the solute [1-4]. The extracted matesi collected downstream and the amount
is tested either offline from the system, using Wpectrometry or high-pressure
chromatography, or online while the system is ragnirhe dynamic method is widely used
to test the solubility of pharmaceutical drugs urgp CQ since there is no need to worry
about the issue of premixing G@ith an organic co-solvent [2, 5].

The static extraction method uses a closed loofesyslesign where the solute is
extracted by recirculating a fixed amount of mixadvent and C@through the extraction
vessel until equilibrium is achieved [6-8]. Agathe analysis of the material can either be

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

Dynamic Method Design Static Method Design
CO2
HPLC Pump \Valve Pump
v3 V4
Valve Recirculating
H
Heat
Solution of Active Extraction Exchanger
Substance Vessel
l_ ISCO Syringe
Oven Pump
i Back Pressure Tank
High Pressure
U\? Cell Regulator

Figure 3.1: Design differences between dynamic astdtic extraction methods
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The apparatus used in the current application feasuring solubility is a static
extraction method with offline analysis. The adege of using the static extraction method
is that a “true” equilibrium condition can be readhin a closed system. For the dynamic
process without recirculation of the g@nd co-solvent, the two streams may not be in a
single phase before contacting the drug and cam @ironeous results. Either adjusting the
solution flow rate or the length of the extractioolumn controls the residence time for
extracting the compound in the dynamic extractigstesn; but this may still not guarantee
complete saturation of the solution at the exithef column.

Moreover, the offline analysis gives flexibility suantifying high drug solubility in
the CQ and liquid solvent mixture that typically canna tbone with online analysis without
diluting the sample. Offline analysis also bypasary calibration changes associated with
different ratios of binary mixtures of solvents. Major disadvantage of using the static
extraction system is the long preparation and mne ttompared to the dynamic extraction
system.

This chapter focuses on the experimental measutsneémcetaminophen solubility
in CO, and different mole fractions of ethanol. The Pdlgbinson equation of state
(PREOS) was used to calculate the equilibrium cotnagon of acetaminophen outside the
experimental range simply by knowing temperaturesgure, and ethanol mole fraction.
Dixon and Johnston [8] had previously shown thaEPR was a feasible model to calculate

the solubility of phenanthrene in toluene and pgkssure C@

3.2 Equation of state for modeling equilibrium solubility

By definition, the fugacity of each component inve-phase system are equal at

equilibrium (constant T and P)
a _ b
fi — fi _ (3.1)
Herea and b are the different phases and the component. An equation of state or
an activity coefficient relationship is used toatdhte the fugacity of the components in each

of the phases. The Peng Robinson equation of @&EOS) is a well documented equation

of state (EOS) that can be used to describe thientdynamic behavior of complex systems
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at high pressure and works well for small moleciy®ds PREOS is widely used as a good
approximation for calculating phase equilibriumd@, systems [6]. The general form of the
equation is given by
b= RT a(T)

V-b V(V+hb)+b(V-hb)’

whereR is the ideal gas constant aNdis the molar volume. The temperature dependent

(3.2)

function a(T) describes the intermolecular attractive forceshe fuantityb is a volume
parameter related to the molecular size. &) andb terms are calculated from the pure

component properties

a (M) =a()a T, ,w) (3.3)
with
R2T .2
a(T.,) = 0.45724?‘3' : (3.4)
Ci
a,(T,,w) = [L+ (0.37464- 1.54226w; - 0.26992w;%)f1- T, "2, (3.5)
and
b = 0.078&. (3.6)

Ci
Tci andPg; are the critical temperatures and pressures fon eamponent. T (=
T/Tc) is the reduced temperature amgis the acentric factor for each component. The
function a(T) and the parametdr can be obtained from the pure component valuagyusi

mixing rule expressions [9]

n

aT)=  xx (- k)JaMa T), @)

i=1 j=1
B n n bI +bj
b= XX (L-1;) > (3.8)
i=1 j=1
where kij —= kji and |ij = |ji are the interaction constants.

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

liquid and vapor phases
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Z3- (1- B)Z*+(A- 3B%- 2B)Z - (AB- B®- B%) =0, (3.9)

where
aP

A:W’ (3.10)
bP

B=—r, (3.11)
RT

z=PV, 612

The gquantitieA andB are obtained from the calculationsagfi) andb in Equations
3.7 and 3.8.Z in Equation 3.12 is defined as the compressibiéittor of the mixture for the
different phases. The polynomial equation can ymh& or three roots depending on the
phases. The root can only have meaning if it @ wnd positive. The largest root
corresponds to the compressibility factor of thporaphase and the smallest positive root
corresponds to the liquid phase [9]. When soltimgse sets of equations, the interaction
parametersk(, lj) are adjustable parameters specific to differgatesns, but thg terms are
generally set to zero [10]. Knowledge of the intéien parameters, critical pressure, critical
temperature, and the acentric factor is vital faruaate calculations of the phase behavior.

The fugacity coefficient is important in calcutedi the phase equilibrium. After
obtainingZ for both the liquid and vapor phases, the fugacagfficients for the different

components in the liquid and vapor phases arerdddyy solving the following equation [9]

A 2 X,
j

2B+/2 a

Z+(1++/2)B
Z+(1-v2)B

Inf, =5(z- 1)- In(Z - B)- B (3.13)
b b
After the determination of the fugacity coefficieﬁt for each component in each

phase, the mole fraction of each component in tiesg@s can be determined with Equation
3.1, where the fugacities are related to the compbmole fraction and the fugacity

coefficients by the following relationships

£Y(T,P,y) =Pxy, ¢, (T,P,y), (3.14)
f.5(T,P,x) = P 5" (T,P,X) | (3.15)

and the fact that the sum of all the mole fractionsach phase at equilibrium is unity.
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The presence of the solid phase requires a sepagasdion describing the pure solid
fugacity. For solid-liquid equilibrium, the purelsl fugacity, fs°, is equal to the fugacity of

the solute in solution,ﬂ. The solubility of the solid componerf can be related to the

activity coefficient of the solid by the equation

S P SV

= Or X3 = -, 3.16

3 f3 ef g3 3 f3ref g3 ( )
where f5®" is the fugacity of the solid in the referenceestadg is the activity coefficient of

the solid. Suitable expressions for the fugacitiorand activity coefficient for the solid will
be described in order to solve for the mole fracbbthe solid.
The reference state can be chosen to be at atmasphessureP°. Choosing the

pure sub-cooled liquid as a reference state, tie o&the fugacities at atmospheric pressure

in the solid, f,>%, and a sub-cooled liquid staté,"" can be related to a physical property
of the solid as follows [11]

f9°° SDH, T DC, T DC, T
In—=— = Lo - == T g +"Pnp_L (3.17)
fSP RT, T R T R T

3

where [H; is the heat of fusion at the melting temperatiir@s the temperature of fusion,
and LC, is the difference between the liquid and solid heapacity at the melting
temperature. Generally the term containifg, is smaller than the entropy of fusion
(LH4/Ty) at high pressures and the last two terms in Bgu&t17 can be neglected to give the

fugacity ratio of the solid and sub-cooled liqutcaémospheric pressure as

In stYP »- DHf T—f-

57 RT, T

(3.18)

Equation 3.18 gives the fugacity ratio at atmosighpressure. However, pressure
has a huge effect on the fugacity of the solid phasd a Poynting factor needs to be
considered [11]

f.° (VA
In—2—_ = PO :_dP, (3.19)
£,5° P RT

where V5° is the solid molar volume. This equation indisathat at lower pressures the

Poynting factor does not have much of an effeaweler, if the solid has a high solid molar
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volume, then the slight increase in pressure hiesger effect than for lower solid molar
volume. Combining Equation 3.18 for the fugacityicaf pure solid and sub-cooled liquid
at atmospheric pressure with the Poynting corractiactor Equation 3.19, the final

expression for the solid fugacity is obtained

S DH, T s
nLO» L 1.1+ POVLdP. (3.20)
£ RT, T P RT

The influence from the addition of G@ntisolvent on the solubility is described by

the activity coefficient. The fugacity coefficieistgiven by the following equations

z F3 . . L.P° st,PO
f; =—— in solution andf, " =—
X;P P

at the reference state. (3.21)

Substitution of these equations into the firstrespion in Equation 3.16 yield the

expression for the activity coefficient of the sboli

f, P
TN

(3.22)

After substitution of Equations 3.20 and 3.22 itifte second expression in Equation 3.16, the

expression for the equilibrium solute mole fractiora mixed solvent is given as

DH, T s
Inx, = f—f-1+:o\%dp-ln s P

s F (3.23)
3

Typically the error associated with this equatian high. However, it was
demonstrated by Wubbolts et al. [6] that lumpingla¢ terms not dependent on pressure in
Equation 3.23 into a single constant teK(l), the data can be correlated at a given
temperature to determine the solubility of the gs@li different pressures and compositions.
Therefore, the Equation 3.23 for calculating thédsequilibrium mole fraction takes the

form
PVS

K(T)ex 2 _dP
Mexp |,

X3 =

. 24
f,P 0.24)

These sets of equations were used with the PREOSDbtain the equilibrium

concentration of acetaminophen at different pressurtemperatures, and ethanol

composition. Solubility data were used to detesnrtime interaction parametdgsandK(T).
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The interaction parametgrwas set to zero. However, the attraction paranfetehe solid
ag(T) was not calculated from critical parameters sihde generally hard to measure the
critical constants. Insteadg(T) was used as a best fit parameter. The valuevas
calculated from the solid’s density and moleculaighit. 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 COColeman Grade, was purchased from National Weldgre co-
solvent was ethanol, HPLC grade, purchased fromn&igldrich Company (St. Louis, MO).
200mm glass beads were purchased from Alltech, Incefiidd, IL). The extracted drug
used in the experiment was acetaminophen (99%ypuysitrchased from Sigma-Aldrich

Company. Acetaminophen has a chemical structwengn Figure 3.2.

H
N\”/
O
HO

Figure 3.2: Chemical structure of acetaminophen

All chemicals were used without further purificatio

3.3.2 UV absorbance calibration curve

UV absorbance was taken from a JASCO V-550 UV 3pewdter (Japan). Accurate
Beer's Law calibration of the UV absorbance fortaoenophen is essential for proper
analysis of the amount of drug dissolved in theeead. The UV spectrometer is equipped
with a sample holder and a reference holder foctivettes. First, a baseline was established
by taking the measurements of two cuvettes with EIRjtade ethanol. Then a series of

different concentrations of acetaminophen dissolwve@thanol was placed in the sample
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holder for analysis. The calibration curve for theetaminophen-ethanol system was
constructed at a wavelength of 250 nm. Figure 38ws the calibration curve with

acetaminophen concentration as a function of alaso
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Figure 3.3: UV calibration curve for acetaminopheeoncentration in ethanol

The linear equation y = m1*MO is used to obtain twe@per acetaminophen
concentration corresponding to a UV absorbance, revhe is the acetaminophen

concentration (kg/f), MO is the UV absorbance, anull is the coefficient equal to 0.0107.
3.3.3 Static extraction process equipment

The technique adopted to measure the equilibriuncexatration of acetaminophen in
the CQ-ethanol-acetaminophen system is the static extrachethod with offline UV-Vis
spectroscopic analysis. Each data series of titec stxtraction run was performed for a
given temperature and composition while the presswas varied. On average, four to five
points were collected in each series of experimextdifferent pressures. The static

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

A high pressure recirculating pump model D415A frdficropump (Vancouver,
WA) was used to circulate a G® ethanol mixture at a certain temperature andspres
through the 2x1® m® high-pressure extraction vessel purchased froncd/lic. (Houston,
TX) with maximum pressure and temperature ratifg®8m® MPa and 473 K respectively in
order to extract the acetaminophen. The extractessel was packed with 7:1 mass ratio of
glass beads (200-30@m) to acetaminophen powders. The glass beads fwstreveighed
and mixed with a given amount of acetaminophen mos/éhnd left on a shaker for 30
minutes to homogenize the sample. The acetamimo@me glass beads were then
sandwiched between two rim filters inside the extraction vessel in orderprevent the
undissolved sample from contaminating the reshefsystem.

A model 260D CQ® syringe pump from ISCO, Inc. (Lincoln, NE) was dis®
maintain the system pressure to witkib.03 MPa while a Precision Scientific oven model
14EG (Chicago, IL) and heating tapes from Omegartesging Inc. (Stamford, CT) attached
to a temperature controller (Degi-Sense model 6&H00 from Barnant Company
(Barrington, IL) were used to control the systemmperature to withirnt0.1 K. Before the
start of the experiment, an ethanol + Q@ixture was recirculated through the by-pass line
between V5 and V6 for one hour while keeping thé&astion vessel side closed to the
system. The volume of ethanol needed for the éxget to obtain a given mole fraction

was calculated by the expression
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Xen! cozvco2

MW,
Ve = 0 , (3.25)

rEth
1- X
(1 X,)

wherexgr, is the mole fraction of ethanol and the, and rco, are the densities of ethanol
and CQ respectively. The C{Qdensity at a given pressure and temperature \Was ftaom
the NIST WebBook http://webbook.nist.gov/chemistry/fluld[12]. Vem and Vo, are the
volumes of each component in the system iV, and MW, are the molecular weights

of ethanol and carbon dioxide respectively.

To determine when equilibrium has been reachedreb&culated solution passes
through a custom built high-pressure UV cell and th reading was taken with a Jasco
UV-spectrometer (V-550) in full spectrum scan méaen 200 nm to 300 nm. The detailed

schematic for the high-pressure UV cell is showRigure 3.5.
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A = HIP AF1 to HM2 adaptor (0.00159 m taper seal to 0.00318 m H.P. male)
B= HIP 0.00159 m taper seal port
Figure 3.5: High-pressure UV cell design
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The acetaminophen exhibits a UV absorbance petileipresence of GQat 242 nm.
The baseline for the UV Spectrometer was set witte fCQ in both the sample and the
reference cells for each experiment. The systesagsaumed to be at equilibrium when the

UV peak remains constant after 5 hours as demaedtha Figure 3.6.

t=3.5hr, 4 Ohr, 4.5hr. 5.0hr

Absorbance

225 250 275 300
Wavelength

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

After equilibrium was attained, the system was feftirculate for another 2-5 hours.
For sample collection, a known amount of systemuwa, Vsample Was bubbled into a vial
filled with a known amount of ethandlgy, through a 0.00159 m tubing with a flow rate of
around 0.1 crithour controlled by a metering valve model 165662)¥chased from Hoke
(Spartanburgh, SC). The split valve, V9, in Fig@r# is closed off from the system after
bubbling and the line was allowed to depressumzatimospheric pressure. The valve V9
leading to the HPLC pump carrying pure ethanol tii@m opened to flush out any residual
acetaminophen residing on the tubing walls aftgrekesurization. The total amount of
acetaminophen in the vapor phase could then belasdd knowing the total sample volume,

Vsample Obtained from the ISCO pump and the amount oéredh Ve, used to collect the

sample.
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The equation used to calculate the mole fractiothefacetaminophen soluble in pure

CO, or CO, with a co-solvent is given as

maceta

Xaceta = MW pceta . (3.26)
m V.

aceta sample

MW, u

aceta sample

The quantitymyceta IS the mass of acetaminophen determined from dheentration
obtained from the UV absorbance calibration mubgblby Ve, The termMWgeera is the
molecular weight of the acetaminophen anghpeis the molar volume for CO+ ethanol
that is obtained from the PREOS model for liquighaaequilibrium. Thesampieis replaced
by the density of the CQound from the NIST WebBook for the pure £€€xperiments [12].

3.4 Results and discussion

3.4.1 Initial system test

The results of the high-pressure static extractigstem constructed for this work
were compared to literature values. Bristow et[&]. has measured solubility data for
acetaminophen in CCand ethanol mixtures using both the static anddfmamic extraction
methods. He argued that the static extraction atetksulted in an over-estimation of the
acetaminophen solubility compared to the more ateuwlynamic method. The data for the
current static extraction system in this work i®wh as a comparison with both the static

extraction and dynamic extraction methods present@distow’s paper in Figure 3.7.
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Figure 3.7: Comparison of current and literaturexperiments for acetaminophen in pure and 0.85 mol%
ethanol modified CQ@at 313 K for dynamic and static extraction systems

48



The current static extraction system is shown &dyresults close to those obtained
by Bristow et al. [1] with their dynamic extractisystem. As expected, the more inaccurate
static system from Bristow et al. [1] gave hugeidgens compared to both his dynamic
system and the current static extraction systethi;wwork. Deviation between the current
system and the Bristow et al. dynamic system isenamident in the case with 0.85 mol%
ethanol modified C@ The Bristow et al. [1] dynamic extraction methgdve higher
readings due to the lack of time required for theaeol and C®to form a single phase
before entering the extraction vessel. As a tethe ethanol fluid phase may inadvertently
extract out more acetaminophen, which was not addckin Bristow et al. paper [1]. The
current static extraction system avoids these sssuee a given volume of ethanol and,CO
is repeatedly circulated inside a closed systemmaie sure that the mixture is one phase
before opening the solvents to the extraction \‘esdeurthermore, the point when the
acetaminophen solubility in GOreaches equilibrium is also monitored by the UV
spectrometer before sampling to ensure accuracy.

The current static extraction system was testett witnditions of high co-solvent
levels that normally cannot be investigated in thgamic system with online UV
capabilities. Wubbolts et al. [6] used a high-ptee view cell to monitor the vanishing
point of acetaminophen in order to determine theildgium solubility. In that study, 20
mol% of ethanol was used as a co-solvent at 315d b MPa with an acetaminophen
solubility of 0.0151 mol fraction. The current dyuresulted in acetaminophen solubility of
0.013%0.00031 mol fraction.

3.4.2 Solubility of acetaminophen in pure GO

Solubility isotherms are presented for acetamieopim pure C@ as a function of

pressure in Figure 3.8.
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Figure 3.8: Comparison of the solubility of acetanophen in pure CQ as a function of pressure for
different temperatures.

The solubility follows the expected trend of irgsang solubility with increasing
pressure for all temperatures. This phenomenarllsdocumented [1, 2, 13, 14] and can be
explained by the change in @@ensity as a result of high pressure. As theitlemgreases,
the intermolecular mean distance between the cadimxide molecules decreases, which
will increase the specific interaction between tterbon dioxide and acetaminophen
molecules.

The solubility isotherm exhibits the crossover ttoe different temperatures at around
10.3-13.8 MPa as seen by many authors for either stime compound or different
compounds [1, 2]. Temperature is known to affeensity, vapor pressure, and
intermolecular interactions. At pressures beloes ¢hossover region, the density is greatly
affected by any slight change in temperature. Assalt, the density is the controlling factor
and any increase in temperature will decrease dheifity of acetaminophen. Above the
crossover pressure, the solubility is not as seesib changes in density as a result of

temperature. Instead, it will depend on the chang®lid vapor pressure.
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The solubility can be represented as a functiosobfent density instead of pressure

as seen in Figure 3.9.

—@— 323 K Pure CO2 Mole Fraction
-=l~=-313 K Pure CC2 Mole Fraction
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Figure 3.9: Solubility isotherms for acetaminopheas a function of solvent density in pure GO

This trend of increasing solubility with increaginlensity and better solubility at
higher temperature agrees well with what has béserged for other small molecules, such
as o-hydroxybenzoic acid in pure €2]. The graph in Figure 3.9 can be used to dater

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

3.4.3 Solubility of acetaminophen in ethanol moditi CQ

Experiments were run at different mole fractionsetiianol in CQ for different
temperatures (323 K, 313 K, and 298 K). Only orwenfraction of ethanol in CQOwas run
with 313 K and 298 K. However, 323 K was thoroyghivestigated in this work as an
example since most experiments conducted for therigitation work were at this
temperature. Figure 3.10 shows the solubilityadtaminophen at 323 K for different mole

fractions of ethanol in C{as a function of pressure.
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Figure 3.10: Acetaminophen solubility as a functiof pressure and ethanol mole fraction at T = 3K3

The co-solvency effect of ethanol increases asrblke fraction of ethanol increases.
However, this increase is not linear and as seéiigare 3.10, the acetaminophen solubility
increases by an order of magnitude from 3 mol% tod®o ethanol. Therefore, there is a
limitation in the solution flow rate for CQo be an effective antisolvent for either the SKS
SEDS process.

Figure 3.11 shows the experimentalrvalues of acetaminophen as a function of
ethanol mole fraction in C{at 323 K and 27.6 MPa.
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Figure 3.11: Solubility of acetaminophen at 323 &d 27.6 MPa as a function of different ethanol neol
fractions

The near linear trend for the increase in the dbgcetaminophen solubility as a
function of ethanol mole fraction at a given tengpere and pressure suggests that the co-

solvency has an exponential enhancement for acetgimen solubility in C@

3.4.4 Experimental precision and accuracy

The static extraction system was constructed esteéd for 3 years with each data in a
given isotherm repeated twice to test for the gieniand each series at a given temperature
and composition repeated nonconsecutively to testatcuracy. The relative standard
deviation for the precision within a given serisson average less than 5% at the same
conditions. The experiments had an average dewiati the accuracy around 9-15% when
the same temperature series was repeated at eedtffdate. This indicates that factors such
as laboratory conditions and also sampling metlawdirduce 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 iimary vapor-liquid (V-L)
phase and ternary vapor-liquid-solid (V-L-S) phasgiilibrium data. The binary phase
equilibrium data is important in obtaining the molelume of the combined ethanol and
CO, for calculating the mole fraction of acetaminophéfhe Matlab codes for both binary

and ternary phase equilibriums are given in Apperlli The complete list of physical
constants used for PREOS is given in Table 3.1.

Table 3.1: Physical constants used in PREOS to mlgzhase behavior

Components Formula MW Tc (K) Pc w Density
(g/mol) (MPa) (kg/m?)
Carbon dioxide (1) Co 44.01 304.19 7.38 0.225
Ethanol (2) GHsO 46.07 516.25 6.38 0.637
Acetaminophen (3) £HoNO, 151.17 1293

The binary interaction parameter between, Q0 + ethanol (2)K;») was taken from
the literature with a value of 0.089 [15]. Thadny PREOS code was tested and compared
to literature values from Suzuki et al. [16]. Rbe case of vapor-liquid equilibrium, the
result is given in Figure 3.12.
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Figure 3.12: Comparison of literature and PREOS Icalated binary CQ + ethanol phase diagram [16]
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The binary PREOS model can be used to calculateedjudibrium phase diagram
outside of literature experimental ranges. In tlase of 323 K and 298 K used in this

dissertation, the equilibrium phase diagrams aogvahin Figure 3.13.
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Figure 3.13: PREOS calculated phase equilibriumrf@0O, + ethanol at 323 K and 298 K

At 323 K, the vapor and liquid line close to thdical pressure could not converge
properly. When operating at higher temperatuttes two-phase envelope is bigger than at
lower temperatures. This means that more pressumecessary at higher temperatures to
compress the C{o enhance the miscibility of the two fluids.

The ability to predict the ethanol and €@hase behavior is important for
understanding the region to operate the antisolesiperiment for a given temperature,
pressure, and composition. The binary code is atsm to calculate the mixture molar
volume. Since the equilibrium solubility experintenvere all conducted in the one phase
region, the binary PREOS code can be simplified/th@re the user only needs to input the
temperature, pressure, and mole fraction of ethemncélculate the molar volume by solving
for Vin Equation 3.12.
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The ternary code contains three binary interacgarametersk;, that appear in the
mixing rule to solve for the PREOS. The £Q) + ethanol (2) Ki2) binary interaction
parameter was taken from the literature with a eafi0.089 [15]. The remaining ondsgs(
andki3) were used as best fitting parameters. The inieraparametel; is set to zero. As
explained before, thK(T) andag(T) were best-fit parameters determined from the dat
given temperature. Thi€(T) parameter is the only adjustable parameter thaishé® be
refitted for different temperatures in order toahta more accurate prediction of the ternary
system.

To obtain these best-fit parameters, the averagelatle deviation (AAD) between
the measured and the calculated solubility of lbéhbinary CQ (1) + acetaminophen (3)
and the ternary system G{1) + ethanol (2) + acetaminophen (3) were minediz

simultaneously in Matlab by using thmincomfunction

1" | Xea - Xexp ,
AAD=-— |——— " 100
nol x , (3.27)

exp i

wheren is the number of datxcy is the calculated solubility, andy, is the experimental

solubility. The results for the fitting parametere listed in Table 3.2.

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

Adjustable Parameters 323K 313K 298 K
kis 0.2175 0.2175 0.2175
Kos -0.3547  -0.3547  -0.3547
K(T) (Pa) 0.0104  0.0033  0.0006895
as(T) (3 m°mol?) 9.8136  9.8136 9.8136

The ag(T) for acetaminophen in ethanol is very close to liteeature value of 9.3
obtained at 295 K [6]. Furthermore, the currentvalue obtained for the system is also close
to the 0.18 obtained in literature [6]. From thguathble parameter fitting for different
temperatures, the huge change inKGE) by an order of magnitude from one temperature to
the next indicates that this is the most sensitaréable to temperature change.

In order to test the validity of the parameterg ttata obtained from other ethanol
mole fractions at 323 K were compared to that dated from the PREOS prediction,

excluding the series used for fitting the paranset@d mol% and 0.5 mol% EtOH).
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Experimental and calculated results at 323 K foffedknt pressures and ethanol

concentrations are presented in Figure 3.14.
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Figure 3.14: Experimental and PREOS calculated @aaminophen solubility in CQ + ethanol at T = 323 K

and different pressures and ethanol

mole fractions

In most cases, the PREOS prediction follows thedtfer each ethanol concentration

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

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

the ternary system is acceptable for estimatinggageophen solubility at different ethanol

compositions and pressures for a given temperature.

The same acetaminophen solubility calculation canapplied to acetaminophen

solubility as a function of ethanol concentratiar & given pressure and temperature as

shown in Figure 3.15.

57



® Experimental Mole Fraction
m—FRES Fit Mole Fraction

oo T T T T

0.001
0.0001

107"

0 0.05 01 015 02 0.25
Ethanol mole fraction

Log acetaminophen mole fraction

Figure 3.15: Acetaminophen solubility in ethanol odified CG at 27.6 MPa and 323 K with PREOS
calculated results.

3.5 Conclusion

This chapter described the approach used to metdsisolubility of acetaminophen
in CO, and ethanol using a static extraction process @fitme UV analysis. It was shown
that the current static extraction system was indgagreement with literature data. The
importance of this measurement lies in the needetermine the appropriate value of the
supersaturation at a given set of operating camtti Acetaminophen is only slightly
soluble in pure C@and the solubility increases as more ethanol iedhiwith CQ. This
implies that care must be taken in determining@@ and solution flow rates during the
antisolvent precipitation experiment. The factttaeetaminophen is still slightly soluble in
the vapor phase at low pressure and co-solvent gsitqn must be taken into account
during the patrticle drying process after the priéaijon to remove residual solvents.

The PREOS using four adjustable parameters gave figsdor calculating solubility
data for both binary and ternary systems outsigeettperimental range. However, Figure
3.15 shows that the log scale of the solubilityadas a function of ethanol mole fraction is

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

Cequil =a exp(b* Cethanol) ' (3-28)

The parametera and 6 can be determined from fitting the experimentabhdalhis
simpler equation can only be used within the gitesnperature, pressure, and ethanol mole

fraction thata and b were fitted for.
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Chapter 4. Design of Experiments Applied to Screang
Operating Variables for Solution Enhanced Dispersia by
Supercritical Fluids (SEDS)

4.1 Introduction

As described in Chapter 1, Hanna and York claimieat tSolution Enhanced
Dispersion by Supercritical Fluids or SEDS is amnaative antisolvent process since it gave
fairly uniform and reproducible results due to usique coaxial nozzle design [1, 2].
However, for any antisolvent process, there areynvaniables to screen in order to optimize
the process for a given drug and solvent pair.viBus investigations on SEDS for different
drugs and polymer systems have focused on thetefd¢cCQ flow rate, drug solution flow
rate, pressure, and temperature, and drug contientrg§3-5] on particle size and
morphology.

Surprisingly, with the advantages of SEDS beingdly related to the unique nozzle
configuration compared to other antisolvent proesssot many authors have studied the
effect of these variables in detail or devised dhm#ology to investigate these parameters.
He et al. [6] and Fusaro et al. [7] both tried todifly the nozzle geometry of SEDS by using
a spiral delivery design of the antisolvent andgdsolution without showing convincingly
improved products compared to the originally prambstraight coaxial nozzle design.
Shekunov et al. [8] have investigated the effedhefnozzle diameter and @@ow rate and
correlated the results of decreasing particle gizéhe increase in Reynolds number. The
Reynolds number only had a strong effect on partiite far below 0 For Reynolds
numbers greater than 4 0the particle size did not exhibit any change wiitlereasing
Reynolds number. Other SEDS process parametetsatbaworth investigating include
geometrical parameters such as the vessel volumand/the coaxial tubing mixing length,
L, defined by Figure 4.1.
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Figure 4.1: Definition of mixing length, L, for the SEDS process

Vessel volume, mixing length, inner tube diameterzzle hole diameter, GOlow
rate, drug solution flow rate, pressure, tempeeatand drug concentration were examined to
determine their relative importance in affectingtigée size and morphology with the use of
a Design of experiments (DOE) approach. This teglehas been frequently applied in the
pharmaceutical manufacturing industry for rapidesaing of process variables [9]. On a
laboratory scale, Snavely et al. [10] and Subra.dtL1] applied DOE to the PCA process to

screen important variables that affect particleratizristics.
4.1.1 Design of experiments (DOE)

Conventional experiments require the researcheonduct runs where one factor (or
variable of the system) is varied while the otlatdrs in the experiment are kept constant in
order to see changes in the response (outcometfrenariable). This approach is generally
referred to as “one-variable-at-a-time” experimenifsthere were only two levels or values
that one is changing for a particular factor, thema 4-factor experiment, one would need to
carry out 2 or 16 runs, which is called & design. This is not an issue unless there arggman
factors. As an example, for a 9-factor run, tteme?2 runs needed or 512. Therefore, if the
purpose is to initially screen out the most impatrtaariables to improve the system, the
biggest disadvantage to a “one-variable-at-a-tinu&’is the number of experiments needed
to complete the task. For a 512 run experimeny, amout 9.5% of the results are from main
effects of one factor's change from one level t® t¢ither. Interacting effects from multiple

variables cause the other 90.5% results, with nwre interactions playing insignificant
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roles [11, 12]. In general, 3-factor interactions aot statistically important compared to
main or 2-factor interactions [11].

In order to reduce the number of runs forkajésign, a fractional factorial design can
be implemented for a given investigation. This t@naccomplished by replacing higher
order interactions with another factor. For examgligher order interactions for factors
A+B+C can be grouped together and replaced by andictor D to reduce the total number
of experiments. As a result, the higher interartmariables A+B+C are said to be aliases
confounded into factor D. This design can be dmhas 52 wherea is the number of
factors aliased. The benefit of reducing the numndfeexperiments for initial screening
process comes at the price of losing informatiooualthe effect of one variable on another.
Assuming the group of interacting variables hakelgffect relative to the main effect D, the
response is mainly attributed to D.

Analysis of DOE requires the determination of theistical significance of a series
of factors on a response and this technique has teorted in basic textbooks [12, 13].
Statistical significance is related to variatiofighee model fit for the correlation between the
factor and the response to the experiment. Théysieaof variance (ANOVA) will be

demonstrated in this chapter using the JMP stadigtrogram from SAS Institute.

4.2 Experimental and analytical section
4.2.1 Materials

The antisolvent used for SEDS was compressed Cal&nade CQpurchased from
National Welders. HPLC ethanol grade was useddsotire the acetaminophen (99% purity)
and both were purchased from Sigma-Aldrich CompgBty 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 CQ antisolvent was continuously delivered with a PeB@umatic high-pressure
pump from Thar Technologies (Pittsburgh, PA) withaximum flow rate of 8.33x1bkg/s
and maximum pressure of 68 MPa. The P-50 pump headchilled to 278 K in order to
maintain the C@ in the liquid state to increase the pump efficienthe HPLC pump
(Dionex Corporation model P580) can deliver theioh up to a flow rate of 1.67xT0m’/s
at a maximum pressure of 50 MPa. A Thar Technotob&ckpressure regulator (BPR-A-
200-1) maintained the pressure of the system toimi0.1 MPa. The thermocouple and the
pressure sensors attached to the Bx1d precipitation vessel constantly monitored these
parameters. The heating tape purchased from Orgegaeering Inc. (Stamford, CT)
attached to a temperature controller (Degi-Sensdem@3900-01) from Barnant Company
(Barrington, IL) adjusted the precipitation vessehperature.

During the SEDS run, the drug solution was pumgpedugh the inside tube (inner
diameter of 1.78xI6m - 1.02x1CG m) in the nozzle and the G@vas pumped through the
outside tube (inner diameter = 1.52%16), where the two streams mixed at a controlled
pressure and temperature inside a small volumeitiate precipitation. The mixed solution
was sprayed through a precision laser drilled sapphee disks purchased from Bird
Precision (Waltham, Massachusetts) embedded in @g&ek (Solon, Ohio) 6.35x10m
outer diameter port connector. The nozzle diammateuld be easily switched by changing
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the port connector with a different diameter sappliee. A diagram for the nozzle design is
shown in Figure 4.3.

0.00318 m O.D. 0.00159 m O.D. with
and 0.00152 m I.D.  varying I.D. (d;)
316 S.S. tubing 316 S.S. tubing

%_
S

Vessel cap Vessel cap

Mixing
length (L;)

0.00635 m tube
fitting connector

/

0.00635 m Nut

Sapphire disk
with laser drilled
hole d, (ID=0.000254 m,

thickness = 0.001168 m)

0.00432 m
0.00635 m

Flow direction S.S. port
connector

Figure 4.3: SEDS nozzle configuration

Once the mixed solutions travel out of the capjllaozzle, further precipitation and
drying of the particles occur in the collection sels where the particles were collected on a
100 nm polycarbonate filter from Alltech (Deerfieldl) and processed for analysis. After
each experiment, the particles were dried with @@ at 3.33x1d kg/s flow for 2 hours or
approximately 3 vessel volumes. However, cautiarstnbe taken with the product drying
process. Even though acetaminophen is not verybkoln pure CQ@ as demonstrated in
Chapter 3, continuous product drying for a very glotime may extract enough
acetaminophen to warrant an effect on the outcdmnigegparticle morphology and yield.

4.2.3 Particle analysis
The particles on the filter were analyzed with sgag electron microscopy, SEM

(JEOL JSM 6400F, Japan). The particles were coaittd gold-palladium mixture for 90

seconds to reduce charging during the imaging gsoCEhis is equivalent to coating about
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200 nm thick gold-palladium mixtures onto the paetisurface. Particle size and morphology
were analyzed using the Image Tools program deeeldpy University of Texas Health
Science Center. The program counts the pixelsrtiate up a particle after increasing the
image contrast between the background and theclegrti The major and minor axis lengths
for the particle were determined based on a cdidorafor distance performed by the user
before the image analysis.

The major axis is defined as the distance betwe&entwo farthest points on the
particle and the minor axis is the distance betwbenclosest two points. Roundness in the

Image Tools program is defined as
4> p > SurfaceAra
ParticlePeimeter®

and has a value between 0 and 1, where 1 repres@atdectly round object. Elongation is

Roundness

(4.1)

the ratio of the length of the major axis to thegi of the minor axis. The greater the
elongation, the more the morphology of the parictesembles a needle. Figure 4.4
illustrates the definitions based on the aboveatdess for the particles.

Roundness~0.1-0.4

Elongation >>1
@ o O Roundness ~ 0.5~0.75
Elongation ~ 1 - 20

Q Roundness ~ 1

Elongation ~ 1
Figure 4.4: Particle size definition based on tihmage Tool Program

The surface area of the SEM image at a given magtidn was calculated to
determine the statistical frequency that a partfla given size will appear on the entire filter.

On average, about 500-900 particles were analyaeddch 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 investigatedshown 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
COp flow FCo, (M%/s) 8.33x1C 3.33x10’
Solvent flow Fig (m%s) 3.33x10 3.33x10°
Solute concentration C (kghn 5 20
Nozzle diameter 6(m) 1.02x1¢ 2.54x10*
Inner tube diameter idm) 1.78x1¢ 1.02x10°
Vessel length & (M) 2.54x10 2.79x10"
Distance between inner tube and Li (mm) 0.75 30
nozzle exit

Many common operating variables (factors) werdistiusing DOE along with more
uncommon variables such as vessel length,dnd the mixing chamber length;. LThe
levels were chosen based on the range of valueléedtin the literature and on practical
limitations of the system. The responses studieckwparticle size (major and minor axis),
elongation, and roundness.

A 2%° or 16-run experimental design sequence was iiti@rried out, in which five
interacting variables were confounded with foumpary factors. The variables and their
aliases can be seen in Table 4.2. Howevergifiéirun DOE yielded ambiguous results on
whether the response is a result of individualaldd or higher order interacting variables,
then 16 more experiments can be augmented to mawate concrete information. For the
case of this chapter, another 16 run sequence aeido give a total of 32 runs. There are
several methods described in literature that camudssl to augment the 16 runs [12]. A
simple fold-over method was performed on the JMiBvsme for this chapter to remove the
confounding of two-factor interactions with mairfests. The program simply reverses all
the low and high level variables in the previouside to form new experimental conditions.
The variables and ranges of the full 16-run segeeard 32-augmented run sequence are

shown in Table 4.2.
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Table 4.2: DOE design template including fold ov@agmented runs

C T P Dj F|_|Q Lc Do L FCo,
kg/m* K MPa m m/s m m mm m's
1 5 298 8.27 1.78x1H 3.33x10° 2.54x10* 1.02x10° 0.75 3.33x10
2 5 298 8.27 1.02x1® 3.33x10° 2.79x10" 2.54x10° 30 8.33x10
3 5 298 27.58 1.78x10° 3.33x1¢° 2.54x10° 2.54x10" 30 8.33x1C
4 5 298 27.58 1.02x10° 3.33x10° 2.79x10' 1.02x10° 0.75 3.33x10
5 5 323 8.27 1.78x1H 3.33x1¢ 2.79x10* 1.02x10* 30 8.33x1¢
6 5 323 8.27 1.02xId 3.33x1¢F 2.54x10* 2.54x10° 0.75 3.33x10
7 5 323 27.58 1.78x10" 3.33x10° 2.79x10" 2.54x10" 0.75 3.33x10
8 5 323 27.58 1.02x10° 3.33x10° 2.54x10° 1.02x10* 30 8.33x1¢
9 20 298 8.27 1.78x1b 3.33x10° 2.79x10" 0.75 0.75 8.33x1bH
10| 20 298 8.27 1.02x1d 3.33x10° 2.54x10° 1.02x10" 30 3.33x10
11| 20 298 27.58 1.78x10° 3.33x10° 2.79x10" 1.02x10" 30 3.33x10
12| 20 298 27.58 1.02x10® 3.33x10° 2.54x10* 2.54x10" 0.75 8.33x10
13| 20 323 8.27 1.78x10 3.33x10° 2.54x10* 2.54x10"° 30 3.33x10
14| 20 323 8.27 1.02x1d 3.33x10° 2.79x10" 1.02x10" 0.75 8.33x10
15| 20 323 27.58 1.78x10° 3.33x10° 2.54x10° 1.02x10" 0.75 8.33x10
16| 20 323 27.58 1.02x10*® 3.33x10° 2.79x10"' 2.54x10"° 30 3.33x10
Augmented Runs
17| 20 323 27.58 1.02x10*® 3.33x10° 2.79x10"' 2.54x10" 30 8.33x1C
18| 20 323 27.58 1.78x10° 3.33x10° 2.54x10° 1.02x10" 0.75 3.33x10
19| 20 323 8.27 1.02x1d 3.33x10° 2.79x10" 1.02x10" 0.75 3.33x10
20| 20 323 827 1.78xID 3.33x10° 2.54x10* 2.54x10"° 30 8.33x1C
21| 20 298 27.58 1.02x10° 3.33x10° 2.54x10* 2.54x10" 0.75 3.33x10
22| 20 298 27.58 1.78x10° 3.33x10° 2.79x10" 1.02x10" 30 8.33x10
23| 20 298 8.27 1.02x1d 3.33x10° 2.54x10° 1.02x10" 30 8.33x1C
24| 20 298 8.27 1.78xIb 3.33x10° 2.79x10"' 2.54x10" 0.75 3.33x10
25| 5 323 27.58 1.02x10° 3.33x10° 2.54x10° 1.02x10" 30 3.33x10
26| 5 323 27.58 1.78x10° 3.33x10° 2.79x10" 2.54x10° 0.75 8.33x1¢
27| 5 323 8.27 1.02x1d 3.33x10° 2.54x10° 2.54x10" 0.75 8.33x1¢
28| 5 323 8.27 1.78x1H 3.33x1¢ 2.79x10" 1.02x10* 30 3.33x10
29| 5 298 27.58 1.02x10° 3.33x10° 2.79x10' 1.02x10° 0.75 8.33x10
30| 5 298 27.58 1.78x10" 3.33x10° 2.54x10° 2.54x10° 30 3.33x10
31| 5 298 827 1.02x1d 3.33x10° 2.79x10" 2.54x10° 30 3.33x10
32| 5 298 8.27 1.78x1H 3.33x10° 2.54x10* 1.02x10° 0.75 8.33x10
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Depending on the temperature, pressure, and sotuteentration used, the system
can either be in the one-phase region or the tvas@megion. As Shekunov et al. [8] have
shown, it is possible to generate particles intite@ phase region in which the mechanism of
precipitation occurs as a result of extractionhst phase boundary between the,G@d
solvent. The T, P and concentrations of,@ed in the experiments defined in Table 4.2 are
plotted in Figure 4.5 together with the vapor-ldjybhase diagram generated from the
PREOS model developed in Chapter 3.
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Figure 4.5: Experimental conditions of the DOE eggments relative to the location in the phase diag,
where x1 and yl are the G@nole fractions in the liquid and vapor phases resgively
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The experimental mole fraction of ethanol was apipnated as the ratio of the molar
flow rates between ethanol and £0 At 298 K, all the experiments were within theeo
phase region even at pressures as low as 8.27 MBaever, at 323 K, several experiments
(#4, 11, 12, 19, 20, 27, 28) lie inside the twogghanvelope. All experimental design and
analysis were performed on JMP statistical softvitam& 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 partste analysis was tested with
standard 3.04m £ 0.06 pum polystyrene spheres from Duke Scientifial¢ Alto, CA). The
polystyrene spheres were dispersed onto a siliaemand imaged. The image from SEM
was analyzed at 500X, 800X, and 1200X magnificatioThe analysis from Image Tools
resulted in an average size of 8rh + 0.08 um. As a result, the characterization tesinmi

is suitable for analyzing the particle size.

Figure 4.6: SEM image of Bm polystyrene spheres
4.3.2 Results from the DOE analysis

The initial study with a 2° or 16-run DOE yielded results that were affectgdvio-
factor interactions as seen in Table 4.3.
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Table 4.3: Aliases for 16 run DOE

Factors Aliases
C L*FCO,
T Do*FCO,
P Lc*FCO,
d; Rig*FCO,
Lc P*FCQ,
do T*FCO,
L, C*FCO,
FCO, C*L;, T*d,, P*Lc, d*Fyq

As mentioned in Section 4.1.1, 2-factor interadti@ne statistically more important
compared to 3-factor interactions [11]. Therefamry results obtained with a 16 run DOE
will not indicate clearly whether the response iseault of the main effect or 2-factor
interaction.

To solve this ambiguity, additional 16 runs werdexdlito the original runs by using a
fold-over method with the JMP software. The newasahg regime is shown in Table 4.4

with primary factors now aliased only with threetfar interactions anddo, not aliased to
other factors.

Table 4.4: 32 DOE augmented run aliases

Factors Aliases
C T*P*Fiq, T*di*Lc, T*do*Li, P*di*do, P*Lc*Li, di*Fig*Li, Fiq*Lc*do
T C*P*Fjiq, C*di*Lc, C*do*Li, P*di*Li, P*Lc*do, di*Fig*do, Fig*Lc*Li
P C*T*Fiiq, C*di*do, C*Lc*Li, T*di*Li, T*Lc*do, di*Fig*Lc, Fig*do*Li
di C*T*Lc, C*di*Li, C*Lc*do, T*P*L;, T*Fig*do, P*Fig*Lc, Lo*do*L
Fiq C*T*P, C*dj*L;, C*Lc*do, T*di*do, T*Lc*L;, P*di*Lc, P*do*L;
Lc C*T*d;, C*P*L;, C*Fig*do, T*P*do, T*Fig*Li, P*di*Fq, di*do*Li
do C*T*L;, C*P*d;, C*Fiig*Lc, T*P*Lc, T*di*Fiq, P*Fig*Li, di*Lc*L
L C*T*do, C*P*Lc, C*di*Fiq, T*P*d;, T*Fiig*Lc, P*Fiq*do, di*Lc*do
FCO,

An SEM image of the untreated acetaminophen partitlat came from the

manufacturer is shown in Figure 4.7. The partiolese mostly non-uniform needles with
rough surfaces.
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dumicrometear

Figure 4.7: SEM image of untreated acetaminophearficles

SEM images observed for different runs on the D@iet are shown in Figure 4.8.
Not all of the runs were analyzed since some haweliions that produced films rather than
particles due to very low supersaturation as irsin5, 20, and 27. The SEM images used
for analyzing the responses show the strong depeedaf particle size and morphology on
different operating conditions. The diversity oetaminophen characteristics ranges from a
5 nm particle number average for the major axis withnd morphology to particles that are
over 100mm particle number average for the major axis wigedie shaped morphology.
The dramatic changes in the particle size and skigpeonstrate the ability for the high
pressure C@ antisolvent process to manipulate the particlespbi by changing the
operating parameters. Since the factors are noeéd/ane at a time, it is very hard to
correlate which factor caused the trend associaittda given size and morphology without

proper statistical analysis from the experimenéaigh 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 afadwith the JMP statistical software
is to use a straight-line model with the followifogm

Y, = by tXx,b0,+e i=1,2,..n, (4.2)

wherey; is the responsdy is the intercept, aneis the error. The fit is represented as an
actual-by-predicted plot to test the hypothesig thare is an effect the factors have on a
given response. The mean should hayevalue (probability that a hypothesis is incorrect)
much less than 0.05 for the fit to be significafactors falling outside the dotted curves
deviate too much from the model fit and are comrsidensignificant to the response. The
results for the actual-by-predicted plot of eactponse (major axis, minor axis, elongation,

roundness) are shown in Figure 4.8.
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Figure 4.8: Actual by predicted plots for differémesponses
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The actual-by-predicted plot generated from the J@Rware shows the value
along with the root mean square error (RMSE) amdRISquare values. RMSE of the fit
measures the standard deviation of the proces® rm@isuming that the interacting factor
effects are negligible. The RSquare is a measuthefproportion of variation around the
mean and is defined as the ratio between the susquares for the model (SSM) over the
total sum of squares (SST). Generally this vahmukl be as high as possible to indicate a

good fit. Sum of squares (SS) is given by theofeihg equation

k n
SS= (yi,- - /77..)2, (4.3)

i=1 j=1
wheremis the mean.

The SSM, SST, and SS for major axis, minor axisngation, and roundness
responses can be found in the Analysis of VarigA®OVA) table shown in Table 4.5.

Table 4.5: Analysis of Variance (ANOVA) table fdifferent 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 varat in a response by partitioning

the total variations into different components
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SST = SSModel + SSErtor (4.4)

The results in Table 4.5 provide the necessarysttmldetermine thératio, which
evaluates the effectiveness of the model. ffraio is defined as the model mean square
divided by the error mean square. A lafgatio (> 2.0) and a small probabilify (< 0.05)
associated with theratio means that the model is significant. DFespnts the degrees of
freedom for the source of variation. Mean squarhé SS divided by the DF.

The JMP software also generates a table that preuide results for all the factors
and the correspondirtgandf-ratio to determine the significance on the responBhe exact
details of the results in the table are shown ipémix C. These values are important in the
determination of the set of factors that statiffijchave an impact on the trend of the
response.

The t-test is generally used to determine if theamse between samples are
significantly different and it is defined as thdiosabetween the parameter estimate and the
standard error. It is widely used for experimemtasign as a benchmark for determining
whether the observation will occur, since it dramferences about the population variances.
As a rule of thumb, theratio should be much larger than 2 g f value of less than 0.05.
As previously mentioned, the values indicate the probability that an observatall not
occur. In the cases for bothand f-ratios, this value should be as small as possible.
However, one generally should not solely rely omgivalue to determine the significance of
a factor on a response since it may put too muahk bn a factor. If theandf-ratio both
indicate a factor to be statistically insignificattien the factor is taken out from the model
calculation to reduce the overall fitting errorTiable 4.5.

The scaled estimate (Table 4.6) shows the trentheofesponse behavior when the
factor is increased. The response can have ainegdfect or a positive effect (a decrease in
response or an increase in the response) as siotlue brange bar on the Plot Estimate. A
large positive or negative scale indicates thatfédeéor has a strong influence on the given

response.
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Table 4.6: Estimate of the direction and degree ttactors have on the response

MAJOR AXIS MINOR AXIS
TERM SCALED PLOT ESTIMATE TERM SCALED PLOT ESTIMATE
ESTIMATE 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 0 ; Fig 2.92
L; -13.11 L¢c 1.78
FCO, -2.95 Il L; -3.57
C*T -7.72 FCO, -5.47
C*d; 10.23 C*T -1.93
C*Fiq 11.08 C*d; 1.60
C*L ¢ -5.92 [ ] C*do -3.18
C*do -6.46 [ ] C*FCO, 241
d*FCO, -4.23 [ ] T*FCO, -2.91
Fig*FCO, -3.90 [ 1 | L#*FCO, 1.88 [ e ]
Fi*FCO, -3.90 [ ]
L*FCO, -5.61 [ ]
do*FCO, 8.58 [ ]
ELONGATION ROUNDNESS
TERM SCALED PLOT ESTIMATE TERM SCALED PLOT ESTIMATE
ESTIMATE ESTIMATE
Intercept 2.33 Intercept 0.621
C -0.351 Lc -0.0253
T -0.290 L; 0.0604
P 0.543 C*Fiq -0.0399
Lc 0.476 C*do -0.0320
L; -0.710 C*FCO, 0.03580
FCO, 0.551 T*FCO, 0.0317
C*T -0.319 P*FCO, -0.0304
C*P 0.302 d*FCO, 0.0348
C*d; 0.734 L*FCO, 0.0456
C*Fiq 0.756
C*FCO, -0.302
d*FCO, -0.374
Fi*FCO, -0.380
d,*FCO, 0.275
L*FCO, -0.400

From the DOE results, the top five important parmsefor major axis response are
Li < Lc < C*Rig < P < C. Surprisingly, neither the flow ratesG®, or the solution are in
this group.
(negative scaled estimate).
indicate that increases in the length of mixing fprallows the streams to thoroughly mix

and nucleate before being diluted by the,GZide a large vesselcL The confounding

It is shown that; increases the tendency for the major axis to geller

The opposite is tarevéssel length. The effect seems to

effect of C*Fq instead of just g alone suggests that the amount of acetaminopHeme el

per minute is important. This variable can aftbet supersaturation of the mixed solution.
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The minor axis response has the following top frmportant variables: €0, < C <
Li < C*do < Fig. In this case, increase in g@ow rate seen in Table 4.6 has the tendency to
decrease the minor axis size. This may be duédohydrodynamic effects as the £0O
extracts the solvent to nucleate the particlesdasthe streamline. Again, ; Land
concentration are also important variables in desirgy the minor axis length.

Elongation has the following top five important sdrles: C*kq < C*di < Li <P <
Lc. Again, the importance here resides in the sap@ration and the geometry of the system
to control the morphology. Roundness has theioflg variables as being important; 4<
Li*Fco, < C*Fig < d*Fco,~C*FCco,. In this case, the;lwas assigned a much greater effect
compared to the other parameters in making thécfemtrounder. As thetFCO;, increases
this seems to suggest that the residence timeeiribiel mixing zone decreases resulting in
particles that are less round.

In all cases, the analysis from DOE suggests twg waportant concepts. One is
that the system geometry factors for SEDS, padrtyithe mixing length |, are important in
controlling particle size. The importance ofi$ believed to be due to the effect of residence
time of mixing for the two fluids to initiate nu@gon before exiting into the vessel.
Secondly, controlling supersaturation can also puwate the shape and size of
acetaminophen. This is obvious if one consideas shipersaturation has great influence on
the nucleation and growth rates, which will deterenithe final size of the particles as
explained in Chapter 2. In other studies in literat much focus has been placed on the
effect of increasing C&flow rate to generate small particles. This isniyabelieved to be
the result of increase in the Reynolds number gededrby the flow rate and the nozzle
diameter [5, 8]. From the result of the currentigiut is interesting to note that flow rate of
CO, and nozzle diameter have an effect but did nahgeeplay a huge role compared to the
mixing length in any of the responses.

To explore the concepts further, Figure 4.8 shdwseffects of Reynolds number and
supersaturation on the major and minor axis dinogrssi The Reynolds number is calculated
based on the diameter at the nozzle exit and tha ftow rate. The equilibrium
concentration used to calculate supersaturatitmsed on a PREOS estimate of the ternary
system fitted from the data obtained by staticaetion experiments at different temperatures

and pressures as presented in Chapter 3. The@ytmaidetermine supersaturation is based
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on the maximum attainable supersaturation at thet pd mixing between the CQOand the
solution in the mixing length,;Lgiven by the equation [14]
cf

S=—— (4.5)
Cof

total

where ¢ is the molar concentration of the drug initiallisgblved in solutionco is the
equilibrium concentratiorfq is the solution flow rate in mol/s, affig is the total C@and
solution flow rate in mol/s.

Generally the axis dimensions and elongation sedméeé relatively independent of
the Reynolds number, but have a decreasing tretidimdreasing supersaturation. Based on
the crystallization theory discussed in Chapterte higher concentration approaches
supersaturation a lot faster, which means thateaticin occurs very fast [15].  Similar to
Shekunov et al. [5], our data from the DOE expentaelso suggest that the particle size
changes more drastically at lower Reynolds numibywever, the particle size scattering at
low Reynolds number is high, suggesting that offaetors within the system could be
controlling particle size. The elongation of thetles also follows a decreasing trend as a
function of supersaturation but exhibit no trendaasunction of Reynolds number. The
particle roundness does not exhibit any trend &snation of both Reynolds number and
supersaturation due to the large scattering inddit@ points. This agrees with the results
obtained for DOE, in which it was suggested that tbundness response is almost purely
dependent on;Land not much on variables related to Reynolds murahd supersaturation

values.
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4.4 Conclusion

The DOE analysis indicates that system geometnpaiticular the nozzle mixing
length, L, and vessel length,cl.can play very important roles in determining [aégtshape
and size. If the DOE results are correct, thenetieno need for elaborate or drastic redesign
of the nozzle and tubing configurations as doneoter authors [6, 7]. One can simply
change the inner tubing distance from the nozzie(e) to manipulate the final product.

Since the degree of supersaturation is expectedsto have an effect, confounding
factors involving the solution flow rate with satutoncentration are also important. DOE
has been demonstrated in this chapter to be aevtabl for initial screening of a complex
system such as SEDS. It can also be applied ter atystems as demonstrated by other
authors [11]. The next chapter will explore théeef of system geometry and operating

conditions for SEDS on particle size and morpholwoggetail.
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Chapter 5: Influence of the Operational Conditionson
Particle Size and Morphology in a Conventional SEDS

Process

5.1 Introduction

This chapter focuses on understanding the rolepefaiing variables of the SEDS
process in controlling the formation of crystalliaeetaminophen particles from ethanol.
Most prior studies of SEDS have been focused oticpaformation with macromolecules
such as proteins and polymers with few studies roallscrystalline molecules [1-5]. The
main characteristic of SEDS as an antisolvent prtion process is the use of a coaxial
nozzle design where the liquid solution with theglof interest is rapidly mixed with GO
[6, 7]. The resulting mixture is then sprayed tlglo an external nozzle into a high-pressure
capture vessel maintained at constant temperatar@r@ssure. The rapid mixing process in
the nozzle helps to dissolve the organic solve@@ and precipitate the solute.

Several operational variables were explored in thiapter in order to control the
particle size and morphology. The start-up cooditi which affects the transient
concentration of ethanol in the collection vessehis studied as a function of time to
determine the change in the particle size. Fumbeeg, the variables such as concentration,
solution flow rate, and coaxial nozzle mixing lemgL;) that were determined as having an
effect on particle characteristics from the expental design results in the previous chapter
were investigated in the present chapter.

To control the precipitation process the thermodyica, fluid dynamics, and
crystallization phenomena must be properly addcessth particular attention to the mixing
in the coaxial nozzle. For this reason, experimewere conducted on the ternary
equilibrium phase behavior and the residence tinstrilobution inside the vessel. The
thermodynamic study focused on measurements cédhiibrium mole fractionxs , of the
solute in mixtures of COand ethanol as described in Chapter 3. This ibguin mole
fraction helps to define the supersaturation ofgbleite in a mixture at a known initial mole

fraction of acetaminopherg(x, T) [8-11]
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X5 (%, T)

So . )
X; (T,P,X,)

(5.1)

At the initial point of mixing between the two ftlistreams inside the nozzle, the
supersaturation is estimated as the maximum abti@rsaipersaturatiors,, assuming the two
streams are well mixed in the molecular scale. Vdlae forS, will always be higher than
the actual supersaturation value in the vessel.

The equilibrium measurements were carried outgugistatic extraction method with
offline UV analysis, as described in Chapter 3. W¥/spectroscopy in recent years has been
used for many online monitoring applications. Meth with online UV have been
developed for monitoring precipitation kinetics anGAS process [12], volume expansion
studies in saturated liquid phase for a GAS pro¢&8% hydrodynamic study in a SAS
process [14], study of supersaturation in an alviesa process [15], and solubility studies in
high pressure C£J16, 17].

For the investigations described in this chaptenjgh-pressure online UV cell was
used at the exit to the capture vessel to moniter response to a step input in the
concentration of a tracer molecule to determinetyipe of flow inside the vessel. Step
response as opposed to impulse response was ciosera step injection is easier for high-
pressure systems.

This same experimental arrangement was used dilmengrecipitation experiment to
monitor the change in the acetaminophen conceottratith respect to time at the collection
vessel exit. This method helped to determine hbev fupersaturation inside the vessel
changes during the experiment for different rangfethe operating parameters. As will be
demonstrated, online UV concentration analysislmam very useful tool as a diagnostic to
indirectly determine the degree of mixing in thezzle and whether the precipitation is
occurring either in the nozzle or inside the cdltatvessel.

Under conditions where most of the mixing occurshia collector vessel rather than
the nozzle, it is possible to model the precipaatibehavior of the reactor as if it were a well-
mixed system. The assumption of nearly perfectingixs validated by the results of the
pulse response studies. The sections that folleseribe the theory of particle precipitation

in a stirred tank reactor, the experiments usestudy the precipitation of acetaminophen
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from ethanol, and the conclusions that can be dmnagarding the role of the nozzle design
on the precipitation of the drug in the in the SEW&8cess system.

5.2 Theoretical section

The precipitation and growth model was derivedataboration with Dr. Domenico
Larobina from the Department of Material Science d&roduction at the University of
Naples, Italy. As a first approach, the fluid dymes inside the vessel can be assumed to
behave like a perfect CSTR. The experimental fjoation for this assumption will be
discussed later in this chapter. As a result f #ssumption, all the variables are only a
function of time. This model is limited only to maitions where the precipitation occurs
inside the vessel and not in the nozzle. The ¢mmdi under which this situation is a valid
approximation will also be described in a subsetseation of this chapter.

The approach of Hulburt and Katz [18] for modeltag-dimensional crystal growth
has been used to simulate the crystallization gc@ased on this model, the particles size
distribution (PSD) is characterized by a partidlee distribution functiorf(ry, r2) with two
internal variablesr¢ andr,), which correspond to the major and minor axethefparticles.
Rather than solving the equation for the probabiistribution function itself, the Hulburt
and Katz approach is to solve equations for the emtsnof the distribution function with
respect to particle size. For the case of a didiob function with two internal variables,
these moments are defined by the expression

¥

Mm= f(r1’ rz)rlnrzmdrldrz . (5.2)

0

As a consequence of their approach, the partiéréiiitial equation describing the
evolution of the PSD function reduces to a systérardinary differential equation for the
moments. Following Hulburt and Katz, the partidgeowth rates are assumed to be
independent of the dimensions of the particle fitSehis simplifies the system by enabling
the derivation of a closed system of differentigi@ions going up to the second moments of
the distribution. One'®order moment is used to describe the nucleatinazma function of

concentration of the drug
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dng,
—=2=]J(C). 5.3
it (®) (5.3)

Two T order moments which includes the growth equatiprand g, for the major

and minor axis lengths

dn

dtlo =0,(C)m, + I(C)ryy, (5.4)
anl —_

at 9,(C)mgy + I(C)ry. (5.5)
Second order moments
dn

df" =20,(C) g, + I(C)ry, (5.6)
dnll —_

ol 0, (C)my +9,(C)myy + I(C)rgry, (5.7)
dn

dfz =20, ©) m,+J (C)rzi)- (5.8)

And lastly, two of the third order moments, in artle evaluate the surface weighted average

of major and minor axis

dn
et = 26,(C)my + 0,(C) My + I(CIri 9
dn

2 = 0,(C)m, +20,(C)m. + IOl (5.10)

These moment equations are joined with materiaruas to describe the profiles of
the solute concentratio, and the co-solvent mole fractiop,and they are represented in

the following equations

dc _F
o) r 2p|0,(C) g, + 20,(C) g, + I(C)rgr) (5.11)
dy F

=0 0. (5.12)

whereF is the CQ flow rate andV is the volume of the vessel. To complete the rijesan

of the model, the constitutive equations for nutitgaand growth rates need to be specified
and substituted in th@&C) andgi(C). The nucleation rate can be described by thesickas
nucleation equation [19] already mentioned in Ceapt

J=J__expt A(S)?). (5.13)
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Here JnaxiS a pre-exponential factor, i.e. the value of tlueleation forSBu . The
guantityA is a constant, whose value is related to the serdaergy of the particleg)(

A:% : (5.14)

3k T
Here Wis the molecular volume of the acetaminophen §104% m®) [20], andkg is the
Boltzmann constant. Finally, the varial8eepresents the supersaturation of the system given
in Equation 5.1.

The growth of the two main axes of the crystalesatibed by the screw dislocation

equation [21]
g, =dR /dt=C,(S*/S)tanh(S /S), (5.15)
where C; is a growth constant that is different for eachtttg axis of the acetaminophen
crystal { = 1, 2, where 1 is major axis length and 2 is miagrs length).S is the
supersaturation value for which the growth rateedelency switches from first to second
order; e.gS < § is second order ang-S is first order. As reported by many authors, the
screw dislocation growth equation gives a good @gpration for relatively low
supersaturation values (e.g. close to or below22).[ For the SEDS experiments with the
conditions of small mixing length with operatingneiitions of 5 kg/m concentration, 323 K,
27.58 MPa, and 0.75 mol% ethanol, the supersabaratalculated from the concentration
profile was never higher than 2.4 inside the veddeleover, a close-up view by SEM of the
collected particles suggests the screw dislocgfowth as the main mechanism for the face
growth (Figure 5.1).

HCSU SKU

&
Figure 5.1: SEM pictu

screw dislocation grtétwof acetaminophen

The ODE15's subfunction of MatLab with a defaulcacy of 1 was used to

solve this system of equations.
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5.3 Experimental and analytical section
5.3.1 Materials

The target drug for the experiment was acetaminoghechased from the Sigma-
Aldrich Company (St. Louis, MO). The solvent waRLLC grade ethanol purchased from
Sigma-Aldrich Company. CfQused in all experiments was Coleman Grade purdniasm

National Welders. All chemicals were used withfauther purification.
5.3.2 Static extraction process

The technique adopted to measure the equilibriuncexatration of acetaminophen in
the ternary system Ckethanol-acetaminophen is the static extractionhotetwith offline
UV-Vis spectroscopic analysis. The procedure feasuring the solubility is presented in

Chapter 3. A diagram of the operating system @svshin Figure 5.2.

®

V7
7 va gv High
Recirculating Tess|re

Pump Cell

; HPLC Pump
q O

ISCO Syringe I__
Pump

) |_ A1)
COy Tank
i iFan

Collection
Oven Vial

Figure 5.2: Static extraction set-up

5.3.3 SEDS particle design process and particle retuderization

A diagram of the SEDS particle precipitation pracegstem and the nozzle used in
this investigation is shown in Figure 5.3.
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HPLC Pump 0.00318 m O.D. 0.00159 m O.D. with
and 0.00152 m I.D.  varying I.D. (d;)

316 S.S. tubing 316 S.S. tubing

Solution of Active
Substance

Vessel cap

% Vessel cap

Mixing
length (L;)

Particle Formation
Vessel

0.00635 m tube
fitting connector

Sapphire disk
with laser drilled

CO2

Tank 0.00635 m Nut IJ hole d,, (ID=0.000254 m,
1 \ thickness = 0.001168 m)
>
O O D_’ i0.00432 m 800835m
High Pressure gaCK IP:essure Flow direction S.S. port
Uv Cell égulator connector

Figure 5.3: SEDS system and coaxial nozzle configion

The system pressure and temperature in the vessel kept constant at 27.58 MPa
and 323 K respectively for all the experimentshis tchapter. For the SEDS experiment, a
solution containing acetaminophen and ethanol wasped through the inner tube of the
nozzle with diameter of 1.78xTOm using an HPLC pump (Dionex Corporation model
P580). The C@®was continuously delivered using a model P-50 pragic pump provided
by Thar Technologies (Pittsburgh, PA) in the outezzle with an 1.D. of 2.16xTOm. The
P-50 pump head was chilled to 278 K in order tomaan the CQ in the liquid state to
increase the pump efficiency. The length fromtipeof the internal tubing to the external
nozzle is defined as the mixing length)(&s seen in Figure 5.3 and was tested from 0.75 mm
to 10 mm. The C® was preheated to the temperature specified foretkgerimental
condition through a heat exchanger before entetivgg nozzle. A Thar Technologies
backpressure regulator or BPR (BPR-A-200-1) manei@ithe experimental pressure of the
entire system to withiet0.1 MPa. The thermocouple and the pressure seatached to the
Thar Technologies 5x1D m® precipitation vessel were used to monitor the esyst
parameters during the entire experimental run. Atihg tape purchased from Omega
Engineering Inc. (Stamford, CT) attached to a teawmmpee controller (Degi-Sense model
68900-01) from Barnant Company (Barrington, IL) wstged the precipitation vessel
temperature to the experimental condition to witkinl K.

The mixtures of C@and the acetaminophen + ethanol solution wereysdrthrough

a sapphire disk with a pinhole diameter of 2.54%18 purchased from Bird Precision
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(Waltham, Massachusetts) that is fitted inside @@ok (Solon, Ohio) 6.35xT0m O.D.
port connector and screwed onto the 5%t collection vessel cap manufactured by Thar
Technologies.

The particles were collected on a 100 nm polycaaborfilter from Millipore
Corporation (Billerica, MA) that rested above anh metal frit. After each experiment, the
particles were dried with pure G@t 3.33x1d kg/s flow for 2 hours or approximately 3
vessel volumes. However, caution must be taken wieh product drying process. Even
though acetaminophen is not very soluble in pure, @® demonstrated in Chapter 3,
continuous product drying for a very long time meaxtract enough acetaminophen to
warrant an effect on the outcome of the particleghology and yield.

The particles collected were analyzed directly be polycarbonate filter using
scanning electron microscopy, SEM (JEOL, Japame particles were coated with gold-
palladium mixture for 90 seconds to reduce charglogng the imaging process. This is
equivalent to coating about 200 nm thick gold-phlian mixtures onto the particle surface.
Particle size and morphology were analyzed by imagalysis methods using the Image
Tools program developed by the University of Tekiesalth Science Center. The particles
were characterized by measuring the surface weighterage values of the major and minor
axis, roundness and elongation. The particle digeibution calculation takes into account
the particle sizes at different magnifications (0@ 100,000X). The equation used to
calculated the surface weighted average takesothe f

X; XAlj
'Tijﬁtot

X = . 5.16
j Sj (510

Here x; is the particle size (major and minor) for eachtlué i-th acetaminophen
particles in thg-th frame analyzedy; is the particle surface areg.is the surface area of the
quadrant of the filter plate for a given magnifioat

The major axis is defined as the distance betveertwo most distant points on the
particle and the minor axis is the distance betwentwo closest points. Roundness in the

Image Tools program is defined as
4> p > SurfaceAra

Roundness - : 5
ParticlePerimetel

(5.17)
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and has a value between 0 and 1, in which the ggrélaé value the rounder the object.
Elongation is the ratio of the length of the magais to the length of the minor axis. The
greater the elongation, the more the average mwghof the particles resembles a needle.

A UV-Vis apparatus was inserted between the caotlactessel and the backpressure
regulator in order to monitor the online acetamimap concentration at the exit of the
capture vessel during the experiments. The desfighe high pressure UV cell is the same
used for the static extraction system in Chapteand the cell fits into the Jasco UV-

spectrometer (V-550).

0.064 m 0.0025 m0.01 m 0.0032 m

l-—-l..lnn.
J ! len!

Sample Cell Reference Cell Cap I 0.025m
0.029 m 0.018 m
1
1 L Brass Spacer

b4
(=
‘_I=____

Sapph|re Window

: ! Teflon O-Ring
g
0.076 m
y-)

Side View Top View

A= HIP AF1 to HM2 adaptor (0.00159 m taper seal to 0.00318 m H.P. male)
B= HIP 0.00159 m taper seal port
Figure 5.4: High-pressure UV cell design

At the start of the experiment, a baseline wasbésteed by filling both the reference
cell and the sample cell with equal amounts of €@thanol. During the experimental run,
any acetaminophen not precipitated along with, €@thanol enters the left port A and exits
the bottom port B to the BPR. The absorbance efdblution is measured at a constant
wavelength of 242 nm every 30 seconds.

This online UV method is demonstrated in this chaps a valuable tool to indirectly
correlate the concentration of the drug inside wbssel to determine whether the system
parameters are adequate to produce very high niecigaside the nozzle, and thus smaller
particles. As will be shown in Section 5.4, fastieation of acetaminophen results in the
rise of the concentration up to the equilibrium @amiration of the system. Slow nucleation
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and growth occurring inside the vessel resultshim appearance of a concentration peak
above the equilibrium concentration.

This concentration can be taken as the actual dongentration assuming that there
is no effect of the UV cell on the hydrodynamicstle system and that the precipitation

occurring inside the lines leading to the UV celhegligible.

5.3.4 Step tracer experiment

The experimental arrangement for the step tracalysis is similar to that used for
the regular SEDS experiments (Figure 5.3). Thiswad monitoring of the tracer
concentration with respect to time. The tracedusas ethyl-s-lactate (Sigma Aldrich) since
the tracer is highly miscible with GQOits absorbance is in the UV range (218 nm), ahcs
a relatively low absorptivity allowing the use dfet Beer Lambert law. The HPLC pump
shown in Figure 5.3 was used to deliver the tragerthe system. The baseline was set with
pure CQ as a reference at a given flow rate. The exparisneere done at different flow
rates ranging from 8.33xTkg/s to 3.33x10 kg/s and the pressure and temperature were
kept constant at 27.58 MPa and 323 K respectivé&lye time it takes for the tracer to travel
from the exit of the vessel to the UV cell was deiieed to be negligible.

5.3.5 Yield and loss of acetaminophen particles

The yield of the particles collected on the polparate filter was determined
gravimetrically on a mass balance. In order t@eine the amount of acetaminophen loss
inside the walls of the SEDS apparatus, the systamwashed with a known amount of pure
ethanol and the amount of acetaminophen was mehsamea UV spectrometer at a
wavelength of 250 nm. The product loss for eactti@@ of the SEDS system was
determined by dividing the apparatus into differesgictions during ethanol washing.
Referring to Figure 5.3, the system was dividea itite mixing length (), the nozzle
(coating of the nozzle constriction exit), the \ws®re-UV (the line before the UV cell), the
UV (inside the UV cell), UV out (the line after thdV cell), and the effluent (BPR exit).
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Total percent yield may not add up to 100% duexfgeamental 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 experimentaly values of acetaminophen as a function of
ethanol mole fraction in CQat the operating conditions for the SEDS experin{823 K,
27.58 MPa ethanol mole fraction 0-0.01 mole fragtio These values are important for
guantifying the supersaturation and to understé@danline UV concentration change of

acetaminophen during the experiment.

0018 T T T T T

0016 —

0.014 { .
&

0012 .
001 { .

0.008 - .

0.006 * ~
I I I I I ]

D 0.002 0.004 0.006 0.008 0.01 0.012

Acetaminophen concentration {kg;"m3]

Ethanol mole fraction

Figure 5.5: Experimental acetaminophen solubilitjata at 323 K, 27.58 MPa, and ethanol mole fractin
0.01 used for obtaining best-fit parameters for tparticle size model

The data shown in Figure 5.5 were used in obtaitiiega andb parameters for the
empirical expression to properly quantify the eitpuilm value in the range of the
experiment (0-0.75 mol% ethanol in @Qor the theoretical particle size model in Settio
5.4.4

Cequi =@ XPO* Cypana) - (5.18)

equil
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The procedure for obtaining these solubility parersealong with other parameters
for the nucleation and growth equations will belakped in detail in Section 5.4.4.

5.4.2 Step response to a tracer

Figure 5.6 shows the experimental results for #sdence time distribution inside
the vessel for different flow rates of ¢& 27.58 MPa and 323 K.

o
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Figure 5.6: Change in ethyl-lactate mole fractionith respect to time for different C&Xlow rates

The ethyl lactate tracer was kept the same at 8.07@% in CQ. In a well-mixed
system, the step tracer response would be givehebgxpression
Coxt =Co - Co(exp(- F %/V)), (5.19)
whereCgyit is the mole fraction of the tracer exiting the \e¢smnd entering the UV detector,
Co is the inlet step tracer mole fractidh,(m*min) is the total volumetric flow rate at the
inlet and outlety (m°) is the vessel volume, andmin) is time.

As evident from the experiment, the tracer respaieédates significantly from a
perfect CSTR profile as the flow rate of €@ecreases from 3.33xtkg/s (nozzle Re =
20311) to 8.33x10kg/s (nozzle Re = 5078). The Reynolds numbeagel on the diameter
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of the nozzle and the sum of the £©solution flow rates. There is a more profourethg

for the time that the tracer exits the vessel davdr CQ flow rates. Although not obvious in
Figure 5.6, at 8.33x10kg/s, the delay was about 10 minutes. Thesetsesupport the idea
that at higher flow rates, the effect of turbulemrdances macromixing inside the vessel,
making it behave as if it were a well-stirred reaciThe higher initial delay for slower GO
flow rate was due to a plug flow regime inside viegsel at low turbulence value.

In addition to the step response experiments, hthege in UV reading with time was
monitored as the fluid inside the vessel was diduéth CQ. This data is shown in Figure
5.7 at various fluid flow rates. There are somgorts in the literature indicating that the
configuration of the nozzle on the top of the vessd give a plug flow profile in the
collection vessel [14]. However, as indicated igufe 5.7, the ethyl-lactate concentration
profiles during dilution of the vessel also closeigemble that of a perfect CSTR dilution
profile at high flow rates. At slower flow ratébe deviation from a well-mixed assumption
becomes more apparent. For the case of a flonofa8e83x10 kg/s, there was a 10 minute

delay before the tracer began to decrease.
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Figure 5.7: Change in ethyl-lactate mole fractiadilution with respect to time for different C&low rates
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All of the step tracer experiments were highly osjucible with relative standard
deviation of less than 1% for repeated experimfamta given CQ flow rate.

5.4.3 Effect of run time and initial conditions

Particle characteristics were measured as a funcfoexperimental run times and
start-up conditions to explore how these operatggables influence the process. Two sets
of experiments were performed for each of the gtartonditions with the coaxial nozzle L
of 0.75 mm (lowest value for;liested for this chapter). In the first set, tlessel was
initially pressurized with pure C{before running the process, while in the secondtkse
collector vessel was equilibrated with ethanol rfiedi CO, at steady-state ethanol
concentration resulting from the ratio of the etiiaand CQ flow rates. The conditions for
the experiments are shown in Table 5.1. Excepttierrun times (10, 34, 54, 80, 160

minutes), these conditions were kept the samedtir fets of experiments.

Table 5.1: Conditions for testing the effects apequilibration and run time

Temp. Press. Conc. CO, flow Solution Vessel Inner Outer L;
(K) (MPa)  (kg/m®) (kg/s) flow vol. nozzle nozzle (mm)
(ms) (m°) diameter  diameter
(m) (m)
323 27.58 5 3.33x10  3.33x10° 5x10* 1.78x10°  2.54x10°  0.75

Figure 5.8 shows the online acetaminophen conderirgrofile, supersaturation
profile, and particle size and morphology changthwespect to time for different start-up

conditions.
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The particle sizes obtained at very short timesimrde nanometer size range and
have aspect ratios close to 1. At intermediatesitarge needle-like structures are observed
with major axes in the range of 200 um. The changgarticle size and morphology with
respect to time for the operating parameters camabenalized as follows. There is a
continuous increase of the acetaminophen concemtratside the vessel until a critical
concentration (supersaturation limit) value is hest for nucleation to occur. Nucleation
does not occur until the solute concentration edseéts equilibrium concentration value to a
certain limit dependent on the system [12]. Irsttése, the supersaturation limit necessary
for the start of nucleation inside the diluted eotlon vessel is approximately 2.4, which is
far lower than the maximum attainable supersatmaf,) of 21.1 inside the well-mixed
coaxial nozzle.

After the nucleation starts, the consumption oft@ménophen due to the growth of
the accumulating particles becomes more significamd thus the supersaturation inside the
vessel drops rapidly. At this point the drivingde for the growth is the highest experienced
by the particles; consequently, large needles &iddrm inside the vessel. As more particles
are formed, the concentration reaches a value ttodee Gy value of 1.14 and the growth
and nucleation rates of the precipitated partictesde the vessel decrease. Therefore,
monitoring the acetaminophen concentration timpanse provides a useful indicator of the
particle formation mechanism inside the collectessel.

The experimental results for the particle size widspect to time between no
equilibration and equilibration start-up conditiosBow very similar trends but they are
obviously displaced in time, with precipitation oaceng earlier in the case of no
equilibration, as shown in Figure 5.8. When tlessel is initially filled with pure C©O(no
equilibration), the supersaturation of acetaminopreaches its supersaturation limit value
faster than it does in the case of equilibration.

The phenomenon described above indicates thaterutiee conditions of these
experiments, the mixing of the solution and the,©® the molecular level (often referred to
as micromixing) occurs mainly inside the collectieessel, not inside the coaxial nozzle.
The concept of the coaxial nozzle used in SEDS save the highest mixing and nucleation

inside the mixing length, {22, 23], but it is evident that in the configuost used for the
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experiments just described this criterion is noingesatisfied. If there had been good
micromixing and subsequent nucleation inside theingilength (L), the saturation profile
with time should be nearly constant and equal 14 ,lindicating that the particle nucleation
and growth had mostly been accomplished insidehtgbly supersaturated mixing length
before entering the diluted collection vessel angstgiving smaller particles. Boerrigter et
al. [24] and Ristic et al. [25] have demonstrathdt tacetaminophen particles grown in
ethanol solution with low supersaturation have faoe growing slower than the other faces,
resulting in needle-like structures, which is cetemt with the current observation for low L

To complete the analysis of the experiments dorte and without equilibration,
percentage loss and yield measurements were alasuneel. Table 5.2, shows the loss for
no equilibration and equilibration start-up expegits in terms of percentage in each section
of the system. Note that the percentage doesdtbtip to 100% due to experimental error.
The majority of the error occurs in the effluenttlas particles exit the BPR at high velocity
generated from the sudden pressure drop from MP8to atmospheric pressure.

Table 5.2: Percent loss and yield of acetaminoptienthe start-up experiments

Run %Loss %Yield
L; Nozzle  Vessel Pre-UV UV  UVout 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 aseault of the low acetaminophen
concentration used for the experiment and duedaddimation of particles after the filter in
the vessel. Since the no equilibration start-wgeihes critical supersaturation faster than the
equilibration start-up (Figure 5.8), there is mprecipitation present inside the vessel. The
percent of acetaminophen loss inside the pre-U¥ énd the UV cell are small enough to
assume that the readings for the acetaminopherentration profile during the experiment
represent the actual concentration of the drughe lulk 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 $acts.2 was used to fit
experimental values of the acetaminophen concémtrand the major and minor axes of the
particles as a function of time. Six adjustableapgetersCi, C;, g Jvax, & b, which are
presented in Equation 5.13, 5.15, and 5.18, wetairgddl by simultaneously fitting the
experimental particle size data and the online amsgtophen concentration profile with
Matlab by using thémincomfunction.

Thea andb in the empirical acetaminophen equilibrium concaidn equation have
values 7.36x18 and 78.95 respectively. The acetaminophen solylfilias a result of the
andb parameters values can be seen in Figure 5.9.shéwn in Figure 5.9 the empirical
equilibrium concentration equation can do a reaskeng@b of fitting the Gqui value within

the range of the experiment from 0 to 1.2 mol% mbdhaoncentration.
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Figure 5.9: Experiment and model fit for solubilitof acetaminophen at 323 K and 27.58 MPa as a fiimt
of different ethanol mole fractions within the opating range

The fitting parameters are shown in Table 5.3.
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Table 5.3: Parameters used for the crystallizatiorodel
Best Fit Literature

Cy [m/s] 3.045e-7

C, [m/s] 2.95e-8

g[mJ/inf] | 7.405e-3 1.7-3.5e-3 [26]
Ivax[#M3s?] | 1.69e8 2e7 [26]

a [kg/m’] 7.36e-3

b 78.95

The comparison between the model and experimenti@stated in Figure 5.10.
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The parameters for the nucleation and growth egostare all reasonable compared
to literature values fog and Juax. Furthermore, in Figure 5.10, these parametdrgiat
reasonable estimates of both the concentrationilgrahd the surface weighted average
particle size for both start-up conditions as coragao the experimental data. It is worth
noting that the peak seen in the experimental garsize average was not predictable in the
simulation. As mentioned earlier, the precipitat@nd growth of the particles inside the
vessel is very complex. The model does not tateeancount the change in the growth rate
as a function of the surface of the particles arabes not describe the effect of dissolution
during drying. Most importantly, the model is basmdthe average of the moments for the
particle size distribution with respect to time ahérefore cannot predict a system with a

bimodal distribution.
5.4 .5 Effect of concentration

Higher concentrations of acetaminophen are importam increasing the
supersaturation and hence the nucleation rate efditug, which should result in the
production of small particles. The acetaminophencentrations tested were 5 kd/n20
kg/m®, and 30 kg/m, while keeping the rest of the experimental patansethe same as seen
in Table 5.1. The results of these experimentsllastrated in Figure 5.11, which shows the
photographs of the particles, the acetaminopheresdration levels as a function of time
graph, and the surface weighted average lengttieeahajor and minor axes graph.

All of the experiments exhibit a large peak in ttecentration profiles, indicating
that there is little nucleation and growth occugrin the nozzle for the mixing length of £
0.75 mm. As shown in Figure 5.11, the peak heightihe concentration profiles increase
with increasing drug concentration. The larger threg concentration, the sooner the
concentration peak occurs inside the collectiombexr. As explained previously, the high
concentration profile peaks are associated withfoenation of large particles as evident
from the SEM images in Figure 5.11. However, sith@concentration profiles approach the
plateau region faster at higher concentrations,llemparticles start to appear earlier and
continue to form for a longer time period. Thishhe effect of lowering the net surface

weighted average of the particle size. The momulof the particles also changes with
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increasing acetaminophen concentration as evidemt the elongation and roundness graphs
shown in Figure 5.11. As the concentration incesashere is a lowering of the elongation

due to the presence of smaller particles.
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The yield results for these runs are presentedbi€l5.4. Running the experiment at
higher concentration resulted in better yields igh las 20% at a concentration of 30 k§/m
Despite the improvement of the yield from incregdine drug concentration, the use of very
high concentrations for particle formation increasgogging problems at the nozzle

constriction.

Table 5.4: Loss and yield of acetaminophen foresff of concentration experiments
Concentration | %Loss %Yield

L; Nozzle Vessel Pre-Uv uv UV out  Effluent

5 kg/n® NA 027 1.9 1.9 75 224 46.2 1.4
20 kg/n? N/A 4 24 024 0082 26 3.9 13
30 kg/n? NA 25 243 0.00059 .0016  0.46 2.22 20

5.4.6 Effect of solution flow rate

The concentration of 20 kgfmas chosen since it gave smaller particles andehig
yield compared to lower concentrations without giog the nozzle. It was determined that
the maximum attainable supersaturatiog) (fBside the mixing length for both cases is equal
to 84.5. Despite having the samg $he effect of reducing the flow rate to 8.33%1@n%s
with the lowest L= 0.75 mm gave smaller particle size (Figure 5cithpared to 3.33x1D
m?/s.

Although it is not exactly clear from the experirtedresults what the mechanism is
that causes this phenomenon, the smaller partotdesined from slower solution flow rate
may be the result of the slight increase inisside the coaxial nozzle as a consequence of
improved mixing between the ethanol droplets and @Q before exiting into the
precipitation vessel. This improvement in mixingdaaster nucleation can be seen by the

suppression of the peak for the acetaminophen otrat®n profile in Figure 5.12.
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Figure 5.12: Acetaminophen concentration profildgi and SEM image for different ethanol flow rates

Table 5.5 shows the loss and yield for the twotsmhuflow rates. The faster solution

flow rate produced higher yield than the 8.33%16%s flow rate since more acetaminophen

was injected into the system per minute.

Table 5.5: Loss and yield of acetaminophen concatibn experiments
Solution Flow 9%l 0ss %Yield
L; Nozzle Vessel Pre-UV uv UV out  Effluent
8.33x10°m¥s | N/A 5.1 85 0.013 0.018 7.0 11 6.7
3.33x10°m’s | N/A 45 24 024 0.082 26 3.9 13
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5.4.7 Effect of mixing length (D

The time scale for nucleation in a typical C&htisolvent process is ?@o 10*s and
the growth rate for acetaminophen dissolved inrethavas estimated to be in the order of
102s [22]. This time scale, though compound spedifigenerally equal to or less than the
time scales for mass transfer, even in processéls highly turbulent mixing [15].
Therefore, the nozzle design is very crucial imwihg good mixing while keeping the flow
rate constant and hence Reynolds number constant.

It was suggested earlier in the chapter that ircis® of good mixing and subsequent
nucleation inside the mixing length, the concerdratprofile of the acetaminophen with
respect to time would look different. In partiaylaince the nuclei have been formed in the
mixing length as a result of enhanced mixing arnghsupersaturation, the concentration
entering the vessel will be much lower because mb#te excess acetaminophen above the
equilibrium concentration in the G3 ethanol fluid phase has already been consumed by
particle nucleation. To test this idea, anothgregxnent was conducted where the inner and
outer nozzle distance was increased in severatnments from 0.75 mm to 10 mm. This is
equivalent to increasing the residence time inntindng zone from 0.035 s to 0.46 s. The

conditions for these experiments are given in Talke

Table 5.6: Conditions for effect of;lon acetaminophen patrticle size
Temp. Press. Conc. CO, flow Solution Vessel Inner nozzle  Outer nozzle L;
(K) (MPa)  (kg/m®) (kg/s) flow vol. diameter diameter (mm)
(m°/s) (m°) (m) (m)

323 27.58 20 3.33x10 3.33x10° 5x10% 1.78x10° 2.54x10" 0.75, 3.5,
5.5,7.5,10

The acetaminophen concentration chosen (20 Rgimas the highest concentration

found that would not clog the nozzle. The resattsshown in Figure 5.13.
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Due to the increase in residence time and thusrthancement of mixing as thei&
increased, there is a significant decrease in¢btaminophen concentration profile peak and
the drastic reduction of the particle size and gé&tion when the mixing lengths get to 4 mm
or more. As seen in the SEM picture for 10 mynthe crystalline acetaminophen particles
are more uniform and round compared to those formleein L was 0.75 mm. However,
between L= 5.5 mm and L= 7.5 mm, the acetaminophen products appears tmdye

agglomerated. This agglomeration is the resudttatic charges on the surface of the product
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since these particles were seen to separate doEMyimaging as more electrons bombarded
the surface of the crystals. Many other reseaschave observed similar agglomeration of
the particles [22], but there has not been any mhented method to reduce particle-to-
particle charging. As seen in Figure 5.13, aggl@atien is not a major issue anymore atL
10 mm.

Table 5.7 shows the yield and the amount of acetaphien loss systems with

different mixing lengths.

Table 5.7: Loss and yield of acetaminophen foresft of L; experiments

L; %Loss %Yield
L; Nozzle Vessel Pre-UvV uv UV out  Effluent
0.75 mm N/A 4 24 0.24 0.082 2.6 3.9 13
3.5mm | 0.005 2.6 26.6 0.024 0.074 1.63 4.4 17.3
55 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 foore accumulation of the
acetaminophen inside the chamber and thus may ganessure fluctuations and even
possible clogging if the mixing length were furthecreased. The enhanced mixing due to
increasing L length improves the yield of acetaminophen microgas collected on the
filter. For small L. lengths, in which not many particles precipitait@enediately inside the
mixing length, much of the acetaminophen was lasttloe vessel walls and after the
collection filter. This seems to indicate that tleedles were mostly grown on the filter and
vessel walls as a result of secondary nucleation.

The perfect CSTR model presented in Section 5.4nhat be used to predict the
effect of L, on the particle size in the case of longsince the model assumes that the
particles are formed inside the collection vessBhus far, the use of PFR + CSTR regime
for Matlab does not give good results, which intheathat the fluid dynamics is more
complex for high Llength. There is an ongoing collaboration with thaversity of Naples,
ltaly to implement a more robust model that uses ¢bmmercial software FLUENT to
simulate the fluid dynamics and the precipitatioechranisms simultaneously.

The effect of start-up condition similar to the e€dsr short [.was tested with long;L

length of 7.5 mm. The results are shown in Figufe.
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The measured particle sizes with both equilibrateamd no equilibration are
essentially the same. The only difference is @ ¢bncentration profile of the drug during
the run. Since most of the acetaminophen hasdineacleated in the mixing length before
entering the collection chamber, any changes iarethconcentration in the collection vessel
have minimal effect on the drug itself. The slowrease in the drug concentration for the
case of no equilibration is due to the increasth@ethanol concentration inside the vessel.
The ethanol concentration, and thus the drug cdrat@n, will increase until it reaches
equilibrium. The loss and yield for both equilititom and no equilibration foril= 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 tigect of start-up experiment with;l= 7.5 mm

Start-up %Loss %Yield
L; 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=_7.5 mm was the effect of the
constriction at the end of the coaxial tubing. Phesence of such a constriction is thought to
enhance mixing as the mixing length is increasétithout such constriction, there will be a
lack of turbulent mixing. As shown in Figure 5.1be poor mixing without the constriction
again generates a high peak in acetaminophen cwatien that is now established as being
present when there is no nucleation inside thelao2s a result, even with the higher value

of L, without nozzle constriction at the end is noeefive in generating good mixing.
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The loss and yield for the nozzle constriction expents are listed in Table 5.9.

Table 5.9: Loss and yield of acetaminophen duritite experiment with and without a 2.54xf0n nozzle
constriction with , = 7.5 mm

Nozzle %Loss %Yield
L; Nozzle Vessel Pre-UV uv UV out Effluent

2.54x10* 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 precgibn occurred on the vessel walls.
Compared to the case with the presence of a nopalgtriction, there is few accumulation of
drug inside the mixing length {L

5.5 Conclusion

Operating variables such as start-up conditions, tione, drug concentration, and
solution flow rate all have an effect on the paetisize and morphology. But the most
dramatic effect on particle size with SEDS is thxing length, L. Small particles with
higher yields were produced when using londebgths above 4 mm. This is believed to be
due to the enhancement of micromixing inside theimgi length, which results in high
nucleation and rapid growth before entering the08xin® collection vessel. This is in
agreement with the experimental design resultsepted in Chapter 4.

Many previous studies have failed to demonstratefithding for SEDS process and
instead focused more on fluid flow rate as the mogiortant parameters [15, 23]. The
current understanding of the SEDS system was madsilpge by implementing an online
monitoring of acetaminophen concentration during tbn. When precipitation occurred
primarily inside the long mixing length, the acetaophen concentration does not have a
peak and the resulting particles are smaller andermaiform. By controlling the nozzle
design instead of adjusting system variables sadlow rate, temperature, and pressure, the
drug particle can be formed without the use ofere conditions that may waste resources
and also create harsh processing environmentefsits/e drug materials.

When the precipitation occurred mostly in the vease result of short;Lthe system

can be modeled as a CSTR at high flow rates. Thdehresulted in good fits for the
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experimental data and for the acetaminophen coratent profile. However, a more robust
model will need to be implemented to describe thmmex hydrodynamics involved with

longer L conditions.
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Chapter 6: Introduction of PCA Process as a Compason
to a SEDS Process for Control of Microparticle Sizeand

Morphology

6.1 Introduction

In the last chapter, the design of the coaxiaklewas the most important parameter
for controlling the particle size and morpholog¥he SEDS process was shown to produce
very uniform and small particles (5-1m) by providing a suitably long mixing length
between the inner and outer tubing)(lwhile other variables such as concentration and
solution flow rate have less of an effect in coltitng particle size. The mixing length design
can change the dynamics of mixing. Poor mixingdasthe nozzle can shift the site of
nucleation to the collection vessel resulting igéaneedle-like particles. The degree of
mixing in the nozzle and the collection vessel @fahe level of supersaturation, which in
turn affects the nucleation and growth rates tdrobparticle size [1].

Building on the design experience with SEDS, it wiecided to consider the
precipitation with compressed antisolvent (PCA)gass first presented in Chapter 1 to see
how it would work for a crystalline drug, such astminophen, in producing small and
uniform particles for drug delivery applications.

Considerable work has been done with the PCA psooasmany different polymer,
protein, and small molecules [2]. PCA is a semmttmous process similar to SEDS except
without the coaxial tubing configuration. In a PQ#ocess, one stream with the drug
solution and another stream with the antisolveng €&verge at a low volume area prior to
exiting a nozzle constriction into a high-pressco#ection vessel. The mixing between the
antisolvent and the solution rapidly reduces theatimg power of the solvent resulting in
very high supersaturaiton and small drug particleswever, few attempts have been made
to find proper conditions to apply PCA for smallystalline molecules, such as
acetaminophen [3-5]. The majority of PCA apploas have focused on polymers and
proteins [6-15], which are easier to control du¢hi@r slower precipitation and growth time

scales compared to small crystalline molecules. T8g antisolvent processes published in
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the literature generally produce uniform sphergaiticles with polymers and proteins and
non-uniform large particles for crystalline maté&iguch as acetaminophen [4]. In many
cases the polymers were agglomerated due to thexilogvof the polymer’s Jwhen exposed
to CG, [16, 17].

Although it has been claimed that SEDS is supettoiother particle formation
processes [18, 19], PCA has an advantage of beasigereand cheaper to construct.
Machining a coaxial nozzle for the SEDS apparatus loe expensive due to the precision
laser drilling needed to manufacture the complesigite As was shown in the last chapter,
depending on the system, several versions of al@ozight be required before good results
are obtained.

This chapter focuses on improving the nozzle defigrihe PCA process to control
the particle size, morphology, and uniformity ofetninophen particle by allowing good
mixing of the solution and antisolvent in the nezbkfore entering the vessel. Due to the
increase surface area for the new PCA nozzle detiignsurface was coated with silane
coupling agent to reduce acetaminophen particlesidh that can affect the overall yield of
the experiment. A high-pressure online UV cell wasd at the exit of the collection vessel
to monitor the change in acetaminophen concentradioring the experiment in order to
indirectly determine the degree of mixing in thezzle and whether the precipitation is
occurring inside the nozzle or inside the collatt@ssel. The results are compared to those
found using the SEDS process with mixing lengthadégo 7.5 mm, which gave very small

and uniform particles as a result of enhanced rgixin

6.2 Experimental and analytical section

6.2.1 Materials

The target drug for the experiment was acetaminoghechased from the Sigma-
Aldrich Company (St. Louis, MO). The solvent fametaminophen was HPLC grade ethanol
purchased from Sigma-Aldrich Company. £Q@ed in all experiments was Coleman Grade
purchased from National Welders. All chemicals evesed without further purification.
(heptadecafluoro-1,1,2,2-tetra-hydrodecyl) tricblosilane or FDTS (§oH4Cl3F17Si)
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purchased from Gelest Inc. (Morrisville, PA) wadgo coat the surface of the stainless

steel tubing to reduce particle adhesion.

6.2.2 PCA particle design process and particle caerization

The PCA process equipment arrangement is illustrat&igure 6.1

Low Vol T 02
ow Volume Tee — Pump
HPLC Pump \ DQ el
r R
Valve Heat
% Exchanger
Solution of Active P— —D
Substance
Collection
Vessel
CO2
— Tank
Back Pressure

High Pressure
UV Cell Regulator

Figure 6.1: PCA system set up

A solution of acetaminophen and ethanol was deeusing an HPLC pump
(Dionex Corporation model P580). The £fas continuously delivered using a model P-50
pneumatic pump provided by Thar Technologies (Rittgh, PA). The P-50 pump head was
chilled to 278 K in order to maintain the €@ the liquid state to increase the pump
efficiency. The CQ was preheated to the temperature specified for ekgerimental
condition through a heat exchanger before entettireglow volume tee nozzle. A Thar
Technologies backpressure regulator or BPR (BPRM&-D) maintained the experimental
pressure of the entire system to witkklh1 MPa. The thermocouple and the pressure sensors
attached to the 5x10m® precipitation vessel were used to monitor theesgsparameters
during the entire experimental run. A heating tapechased from Omega Engineering Inc.
(Stamford, CT) attached to a temperature contrdBgi-Sense model 68900-01) from
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Barnant Company (Barrington, IL) adjusted the ppiation vessel temperature to the
experimental condition to withie0.1 K. As shown in Figure 6.5 high pressure UV cell
was placed after the exit of the collection vesselorder to monitor the change in
acetaminophen concentration in the GQCethanol phase during the experiment as described
previously in Chapter 5.

For all the experiments, the collection vessel firas filled with an appropriate ratio
of ethanol to C@ at the desired pressure for one hour to allowligation of the vessel
before starting the injection of the acetaminopselution into the low volume tee shown in
Figure 6.2, which was custom designed and builihaico, Inc. (Houston, TX). The two
fluids mix at a 90° angle and travel down a lengthl.27x10° m before exiting out to a
region that is referred to as the Residence TimeeTr RT tube with a length of 2.18x4.th
and diameter of 1.27x¥0m. The purpose of the RT tube is to allow foe tromplete
mixing and precipitation of the drug in a regionhigh maximum attainable supersaturation,

Sn, before exiting into a diluted 5x¥an® vessel.

0.000254 m
B
0.0118 m
/ e
= 4
0.00254 m
e Y
0.0218 m
——
0.0127 m
0.0222 m

Figure 6.2: New low volume tee nozzle for PCA pess

The particles were collected on a polycarbonaterfivith 100 nm pores purchased
from Millipore Corporation (Billerica, MA) and coadl with gold-palladium mixture for 90
seconds (~200 nm thickness) to reduce charginggluthe scanning electron microscope
(SEM JEOL, Japan) imaging process. Particle sim morphology were determined by
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image analysis method using the Image Tools progiameloped by University of Texas
Health Science Center. The particle major and maas, roundness and elongation were
calculated as the surface weighted average valliée method of analysis for these values

was previously described in Chapters 4 and 5.

6.2.3 SEDS particle design process and particle retcéerization

For the SEDS experiment, a solution of acetaminopdied ethanol was pumped
through the system shown and described in Chapkeguie 5.3. The COflow rate was set
at 3.33x10d kg/s. The mixing length (Lin the coaxial nozzle was set to 7.5 mm. All othe
nozzle characteristics were as described in Ch&ptdihe CQwas preheated through a heat
exchanger before entering the system. The syst@ssyre and temperature were kept
constant at 27.58 MPa and 323 K respectively fothal experiments.  Similar to the PCA
process, the system was first allowed to reachliegum with the ethanol mole fraction
equivalent to the ratio of ethanol to €@ow rates during the experiment. The particle
analysis methods are described in Chapters 4 and 5.

6.2.4 Yield and loss of acetaminophen patrticles

The yield of the particles collected on the polycarate filter was determined by its
weight on a mass balance. In order to determiaeatietaminophen left inside the system
and in the effluent, different segments of the eaystvere washed with a known amount of
pure ethanol. The amount of acetaminophen logaah segment was measured on a UV
spectrometer at a wavelength of 250 nm.

Referring to the PCA process in Figure 6.1, theesysvas divided into the residence
time tube (RT), the vessel, Pre-UV (the line bettie UV cell), the UV (inside the UV cell),
UV out (the line after the UV cell), and the effig BPR exit). Referring to Figure 5.3 in
Chapter 5 for SEDS, the system was divided intontinéng length (L) or RT, the vessel,
Pre-UV, the UV, UV out, and the effluent. Totakgent yield may not add up to 100% due

to experimental errors and loss of sample at tliteoéxhe system.
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6.2.5 Surface coating to reduce powder adhesion

The increase in surface area for the particledtere to the RT tube region in the
nozzle as seen in Figure 6.2 may pose a problenth®rprecipitation process and can
ultimately increase the loss. Several methods wepéored to coat the stainless steel surface
of the residence time tube as detailed in Appemidbut the best result was obtained by
using (heptadecafluoro-1,1,2,2-tetra-hydrodecythtoro silane or FDTS (§gH4Cl3F1 7Si1)

purchased from Gelest. FDTS forms self-assembledomayers (SAM) of hydrophobic
materials on the surface. All stainless steel rigbwas electropolished by Able
Electropolishing Company (Chicago, IL) prior to SAddating to reduce surface roughness
that might induce precipitation of particles.

Silane coupling agents hydrolyze to form a durdided with a substrate’s surface
that has siliceous properties such as silicatesahmalinates. The coating can lower the
substrate’s surface energy and thus decreasesihgnaof materials attracted to the surface.

A typical structure of a silane-coupling agenthswn in Figure 6.3.

R-(CHo)p— Si— X3

Figure 6.3: Chemical structure for silane couplinggent

X is a hydrolysable group that can be made of atkaicyloxy, halogen, or amine
groups. The R group is nonhydrolyzable and detemithe ultimate function of the silane-
coupling agent on the surface of the substrate. pfByent particles from sticking to the
surface, the R group is chosen to be extremelydpfabbic.

The coating method on stainless steel for FDTS aesloped exclusively for the

application presented in this chapter and the phaeeis described in Appendix D.
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6.3 Results and discussion

6.3.1 PCA patrticle design process

Many different experiments were performed priortihe final design of the PCA
process and its nozzle and can be found in AppeBdiXThe experiences from these trial
runs provided valuable knowledge into the resulésented in this section.

Table 6.1 shows the conditions for the PCA partildsign experiment.

Table 6.1: Conditions used for PCA experiments

Temp. Press. Conc. CO; Flow Solution flow Vessel Vol. Nozzle RT Length
(K) (MPa)  (kg/m®) (ka/s) (m%s) (m°) (m)
323 27.58 30 3.33x10  8.33x10" 5x10% Low Volume 2.18x10°

tee

A series of experiments to determine the changmaiticle size as a function of run

time was performed and shown in Figure 6.4.
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Figure 6.4: Acetaminophen concentration profileapticle size, and morphology as a function of ruimte
for a PCA process with improved nozzle design
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Since PCA is a semi-continuous process, the efféatun time on the particles
collected on the filter is very important issue tonsider for manufacturing. The
concentration profile seen in Figure 6.4 has n&pealer the conditions of 30 kgirand RT
length of 2.18x18 m, indicating that excess acetaminophen concémrat the CQ phase
was consumed from the rapid nucleation and grondide the low volume tee as a result of
good mixing. The residence time length of 2.18%h®was more than enough time for the
mixing and phase split to occur in a controllediamment before the particles entered the
collection vessel. The particles were small andonm with the PCA process and there is no
effect of run time on the product. At longer ruimés, there appears to be more
agglomeration of the small particles due to thehéignumber of particle-to-particle

bombardment inside the vessel. The percent I@swstyield are given in Table 6.2.

Table 6.2: Yield and losses of acetaminophen f@A°patrticle 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 nagetaminophen is accumulating
inside the collection vessel, the more particles stuck on the surface of the vessel.
Therefore, there is a need to consider a methogrmiuct collection while the process is
running for an extended period of time. This ma@or design challenge if PCA process is to
be scaled-up for actual manufacturing.

The effect of the RT tube length for the low volurtee on particle size and
morphology was tested in order to determine itsartgnce. The purpose of the RT tube was
to allow for the complete mixing and precipitatioh the drug in a region of maximum
attainable supersaturatio®, before exiting into a diluted 5x1@n® vessel. The value for,S
signifies the ideal case when the two streams mirpdetely in the nozzle at the molecular
level (micromixing). The & value calculated for the conditions in this ruregual to 161.
The actual supersaturation inside the vessel ishmower than this value ($ 1) and
therefore it is important to allow enough time foixing 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 pmésebin Figure 6.5. The run time for
the experiments was 60 minutes.
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Figure 6.5: Acetaminophen concentration profile drparticle size and morphology as a function of Ribe
length for the PCA process
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Without the 0.0218 m segment after the low voluew the peak was shown to be
present again in Figure 6.5, indicating that atfoacof the acetaminophen precipitated inside
the vessel and not in the low volume tee. Theigarsize was slightly larger and not as
uniform for 0 m RT tube length as seen from the SEfdges. The addition of the 0.0218 m
RT tube length allowed the nuclei to precipitatenarily in the RT tube, where there is more
time for mixing in a highly supersaturated envir@nmn Subsequently, most of the excess
acetaminophen above the equilibrium concentratiothe CQ + ethanol fluid phase has
already been consumed by particle nucleation befotering the collection vessel. It seems
that the extra RT tube length serves the sameiames the mixing length,;Lin the SEDS
process in reducing the peak in the concentratiofil@ as described in Chapter 5.

The percent loss and yield are presented in TalBle The condition without a RT
tube has roughly half the amount of product onfilter compared to the condition with an
RT tube length of 2.18x1m. For no RT tube length, much of the acetamieaplvas lost

on the vessel walls and after the collection filter

Table 6.3: Yield and losses of acetaminophentfoe effect of different RT tube length

Run %Loss %Yield
RT Vessel Pre-UVv uv UV-Out Effluent
Om N/A 25.65 0.0052 0.00637 4.17 4.83 12.71
2.18x10° 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 athist 1. mixing length of 7.5
mm. The same temperature, pressure, acetaminagireentration, and flow rates were
used for both systems and they are listed in T@dleThe run time for both systems was 60
minutes. The two systems produced almost identieallts indicating that they can be
equally effective in producing small, uniform agataophen drug particles. The results are

presented in Figure 6.6.
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Figure 6.6: Acetaminophen concentration profileapticle size, and morphology for optimized SEDS and

PCA

The loss and yield for each of the system arsgmed in Table 6.4.

Table 6.4: Yield and losses of acetaminophen f&C3% and PCA

Run %L oss %Yield
RT Vessel Pre-UV uv UvV-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 identicalhere is more pronounced

difference in the loss at the RT tube section. c&ithe PCA system has more surface area
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inside the RT tube compared to the mixing lengthSBDS, there is higher a chance that the
acetaminophen particles will adhere onto the sertddhe RT tube.

6.4 Conclusion

PCA is presented as an alternative method to #BSSprocess to formulate the
acetaminophen drug particles. In order to pregerfiace adhesion of the product inside the
system, a method for stainless steel surface a@patas successfully demonstrated to reduce
product losses for an antisolvent process.

The method of monitoring acetaminophen concentratiothe fluid phase presented
in the previous chapter was used in this chaptemfmove the nozzle design for the PCA
system. The most important variable as indicate@hapter 5 for SEDS is the nozzle design.
This controls the degree of mixing and has a hdigeteon the particle size and morphology.
The resulting particle size will be more uniformtlile mixing is good enough to allow for
enhanced micromixing (mixing of the two fluids ihet molecular level) between the
antisolvent and the liquid solvent. For a goodingxozzle, nucleation occurs mostly in the
highly supersaturated nozzle before entering thieatmn vessel. Building on this concept,
a simple 90 mixing nozzle was custom made with an additioeaidence time tube length
added at the exit of the nozzle constriction t@walifor further mixing and nucleation to
occur.

A comparison of the PCA and SEDS resulted in coalgar particle size,
morphology, uniformity, and yield. Therefore, thanpler PCA process is a possible
alternative to the more complicated SEDS proces$schwrequires precision machining for

the coaxial tubing design.
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Chapter 7: General Conclusion and Future

Recommendations

This dissertation demonstrated the efficacy ofngissupercritical C@ as an
antisolvent for the precipitation of acetaminopleer other substances. £@rovides a
clean and quick method for “salting out” drugs witih the use of harmful organic solvents or
additional drying steps.

Multiple systems were designed and optimized ferealaluation of C®antisolvent
techniques. Solubility studies were performed tardify the operational conditions for
antisolvent precipitation of acetaminophen fromaeti + CQ system. The technique
adopted for the process was a static extractioresywith offline UV spectroscopy analysis.
It was found that even at high pressures and teatyes above the GQritical point, the
solubility of acetaminophen in GQvas only 16 mole fraction, which makes this a viable
antisolvent system. It was also demonstrated tHRE®S can be used to calculate the
solubility of acetaminophen in ethanol + €0y lumping all the terms in the solid phase
eqguation not dependent on pressure into a singlstantk(T) for a given temperature. The
solubility data is important in quantifying the supaturation during the precipitation
experiments for subsequent modeling of the crystdibn process. A major disadvantage in
using a static extraction method is the lengthimktneeded to obtain solubility data. It is
recommended that HPLC analytical equipment be adedalirectly to a sampling valve for
faster data acquisition. A similar technique iagh-pressure extraction and online analysis
is well documented in Dr. Larry Taylor's work atrginia Polytechnic Institute and State
University.

Two antisolvent processes were tested to deterth@garameters that control the
particle size, morphology, and uniformity. The firsystem studied was the solution
enhanced dispersion by supercritical fluids (SED3)second antisolvent system was the
precipitation with compressed antisolvent (PCA)gess, which is very similar to SEDS

without the coaxial configuration.
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Initial screening process for SEDS using statistilessign of experiments pointed to
drug concentration and geometry of the system deesie time of mixing) as important
variables to concentrate on. These parameters frgheer explored and it was determined
that the nozzle design, specifically the mixinggégmndesign, can change the dynamics of
mixing. Poor mixing inside the nozzle can shift #ike of nucleation to the collection vessel
resulting in large needle-like particles. The @e&gof mixing in the nozzle affects the level
of supersaturation, which in turn affects the natten and growth rates to control particle
size. Both SEDS and PCA yielded equal resultspiinnzed properly. Therefore, the
cheaper and simpler alternative of using PCA fattigla formulation seems to be more
attractive than SEDS for certain situations.

As mentioned in Chapter 2, a major obstacle in tstdading supercritical
antisolvent processes is the lack of techniquesladka for measuring fundamental
properties such as nucleation and growth. In th&sertation, an indirect measuring
technique using online UV spectroscopy to deteetctange in the drug concentration in the
CO, phase inside the collection vessel during preafijoih was demonstrated as a unique
method for optimizing the system parameters. Thesgmce of a peak above the expected
equilibrium concentration value during the pre@pdn process means that the drug will
nucleate either inside the vessel or after theeledise to operational conditions that cause
poor mixing. Since the supersaturation is lowsida the collection vessel, the particles are
generally long, non-uniform acetaminophen needle@perating conditions or system
geometry can be manipulated to suppress the peb&ldain uniform and small particles.

Furthermore in Appendix E, SEDS was also showreta Eeasible method to quickly
recrystallize rapamycin. Conventional methods meqgarganic solvent to slowly “salt out”
the drug and may not guarantee high crystallinBEDS was demonstrated to not only be
able to increase the crystallinity of the drug, ibutan also simultaneously control drug size
and shape.

Drug dosing and controlling particle size are gagniincreasing importance in
pharmaceutical manufacturing. Improving controliettase formulation has been a major
focus recently for drug delivery. This dissertatmnly taps into the surface of the SEDS and
PCA processes for drug formulation. Optimizingglencapsulation using GQ@ntisolvent

processing should be a major focus for future evaksan this field of work.
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Bench scale studies of supercritical fluid preefdn processes have been
demonstrated in this dissertation and in many opudalications in literature. However, a
very important problem with the future of this fidies in the ability to scale-up the process
for manufacturing of drugs. Thus far, few authossch as Ernesto Reverchon, have
attempted to scale-up the SAS process. The majbicutties not only lie within
proportionality considerations, but also with seoliveesiduals inside the product and particle
collection during the large scale manufacturingcpes. Furthermore, SAS process usually

requires a larger vessel compared to the GAS pspaesich 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 naol volume of a binary carbon
dioxide and ethanol mixture at different presstee)perature, and composition. The result
is used to calculate the amount of acetaminoph&act®gd in Chapter 3. The comments are
separated from the code as a percent sign. Tlh#idanis called in the Matlab workspace as
v = PengRobinson2_1phase(T,P,x2)

function v = PengRobinson2_1phase(T,P,x2)

R =8.134;
% 1=C02 2 = Ethanol
Tc(1) = 304.19; w(1) = 0.2250; Pc(1) = 7.3815€6;
Tc(2) =516.25; w(2) = 0.6371; Pc(2) = 6.3835¢€6;
fori=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).*(sqgrt(ai")*sqrt(ai));
X(2) = x2;
xX(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 + B2 - A*B;
% Solve for the roots.
Ztemp = roots(C);
j=1,
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fori=1:3
if imag(Ztemp(i))==0
z(j) = Ztemp(i);
j=i+y
end
end
v = R*T*z/P;
if length(z)>1
vstr = num2str(v);
Pstr = num2str(P);

d |S p (' *kkkkkkkkkkkkhkkhkkhkkkhkkhkkkhkkkkkkk

disp( *  Two phases ') *

disp([ * pP='Pstr, ¥

disp([' * y=lvstr, 4]

d |S p (' *kkkkkkkkkkkkhkkhkkhkkhkkhkkhkkkkkkk
end

137



A.2 Binary vapor-solid or ternary vapor-liquid-solid code to find acetaminophen
solubility

The following is the code written in Matlab to dineither the solubility of
acetaminophen in Cr in CQ + ethanol ethanol mixture. The following functimncalled
in the Matlab workspace to run the program.

[X3, v, co] = PR3(P, T,Xexp,kij,lij,X,x3)
Xexpis set to 0 if only C@is present in the systemx3 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) 8361

% Xexp is the mole fraction of Ethanol in a CO2+Edhol solution.
% x3 is the Acetaminophen mole fraction at the eliaiium.

% Poynting factor calculation
PO = 1e5;
R =8.31451;
% 1=C022=C2H50H 3 = Acetaminophen
Tc(1) = 304.19; w(1) = 0.2250; Pc(1) = 7.3815€6;
Tc(2) =516.25; w(2) = 0.6371; Pc(2) = 6.3835¢€6;
Vs =151.17/1293e3;
fori=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 - sgrt(T/Tc(i)) ) )"2;
% Eq.i 9-10 + 12-13 lbidem
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(2); bi(3) = Vs;
% Binary interaction parameters Eq.22 Ibidem
k =[0.0, 8.9e-2, kij(1)
8.9e-2, 0.0, Kkij(2)
kij(1), kij(2), 0.0];

| =[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).*(sqgrt(ai')*sqrt(ai));

bij = (1-1).*( repmat(bi,3,1) + repmat(bi‘,1,3) R/
f3 = X(2)*exp(Vs/R/T*(P-P0));
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X(3) =0;
Niter = 1;
while abs(x3-x(3))/x3 > le-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.
Cc@1) =1,
C2)=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);
% | will consider only the smallest value.
=1
fori=1:3
if imag(Ztemp(i))==0
z(j) = Ztemp(i);
j=it L
end
end
Z = min(z);
%
x3 = f3/P/exp( bi(3)/b*(Z-1) - log(Z-B) - A/(Zqrt(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;
c0=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 paracethrinased on Screw Dislocation
Growth of the two different faces. Subprogram SEQ® used to calculate the moments to
solve for the surface weighted average lengths.is Thde 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-equilibrian of Cethanol.
%%%% %% %% %%%% %% %% % %% %% %% % %% %% %% %% %% %% %% %% %% %% %
%%%% %% %% %% %% %% %% %% %% % %% %% %% %% %
% Dislocation Growth Parameter %
%%%% %% %% %%%% %% %% % %% %% %% %% %% % %% %% % %% % %% %% %% %% %
%%%% %% %% %% %% %% %% % %% %% %% %% %% %% %
C =[3.6e-7, 4.7e-8]; % m/s Wobbolts pag Ill append
S1=[.09,.15];
SS =1.05,0];
%%%% %% %% %%%% %% %% % %% %% %% % %% %% %% %% %% %% %% %% %% %% %
%%%% %% %% %% %% %% %% % %% %% %% %% %% %% %
% Critical Radius of Nuclei %
%%%% %% %% %%%% %% %% %% %% %0 %% %% %% % %% %% % %% % %% %% %% %% %
%%%% %% %% %%%% %% %% % %% %% %% %% %% % %%
Omega = 1.94e-28; % m”~3/molecule.
alfa = [2.49e-2,0.63e-2]; % Joule/m”2.
% Kelvin equation for particles formation.
fori=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 Ill appendix
A = 4*36*pi*Eatt"3*Omega”2/...
(27*kB"3*T"3); % eq 21 pag 2393 Kirksen Chem.Br&ci.
B = 3e6; % m”"-3*s”-1
%%%%%%%% %% %% %% %% %% %% % %% %% %% % %% %% %% %% %% %% %% %% %
%%%% %% %% %% %% %% %% % %% %% %% %% %% %% %
% SOLVE %
%%%% %% %% %%%% %% %% % %% %% %% % %% %% %% %% %% %% %% %% %% %% %
%%%% %% %% %% %% %% %% %% %% % %% %% %% %% %
opts = odeset('RelTol',2.3e-14,'AbsTol',1e-14,'Nddontrol','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)
[Timel,Y1] = odel5s('SEDSeq',[0:90:tend(i)]dhts,...
C_in)y_in,F,V,C,SS,S1,A,B,k,rho,Preeq);
y0 =Y1(end,);
[Time2,Y2] = odel5s('SEDSeq',[0:90:7200],y0 ®pt
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/82(end,1);
Mv(i) = Y2(end,7)/Y2(end,5); mv(i) = Y2(eB)'Y2(end,5);
else
Time = [Timel;Timel(end)+Time2];
Y =[YLY2];
end
clear Y1 Y2 Timel Time2
end
%%%%%%%%%%%% %% %% % %% %% %% %% %% % %% %% %% %% %% %% %% %% %
%%%% %% %% % %% % %% %% % %% %% %% %% %% % %%
% PLOT %
%%%% %% %% %%%% %% %% % %% %% %% % %% %% %% %% %% %% %% %% %% %% %
%%0%% %% %% %%%% %% %% %% %% % %% %% %% %% %
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 axee[\mum]'}),
% subplot(2,1,2)
plot(tend/60,Mv*1e6,".-',tend/60,mv*1e6,".-"),
xlabel("Time [min]"),
ylabel({'Volume Average';'Major and minor axedmum]}),
title(num2str(C_in))
%  figure(2), plot(tend/60,n)
else
subplot(2,1,1);
%  plot(Time/60,Y(;,2)./Y(:,1)*1e6,'-r','LineWith',1.5), hold on,
% plot(Time/60,Y(:,3)./Y(:,1)*1e6,-b",'LineWith',1.5),
% legend('Major','minor','Location’,'Best’), giid on,
% xlabel('Time [min]’), ylabel({'Number AverageMajor and minor axes \mum]}),
% subplot(2,2,2);
plot(Time/60,Y(:,7)./Y(:,5)*1e6,-b",'LineWidthl.5), hold on,
plot(Time/60,Y(:,8)./Y(:,5)*1e6,'-r','LineWidth1.5),
legend(‘Major’,'minor','Location’,'Best’), grid on,
xlabel("Time [min]), ylabel({'Volume Average™ajor and minor axes [\mum]'}),
% subplot(2,2,3);
% plot(Time/60,Y(:,9),-k','LineWidth',1.5), gd on,
% xlabel("Time [min]’), ylabel({'Mole fractionof Ethanol’;...
% ‘[mole C2H50H/mole CO2]}),
subplot(2,1,2);
plot(Time/60,Y(:,10),-','LineWidth',1.5), gricn,
xlabel('Time [min]), ylabel('Concentration othe drug [kg/m~3]),
end

function varargout = SEDSeq (t,y,flag,...
C_inyy in,F\V,C,SS,S1,A,B k,rho,Preeq,R0)

switch flag

case " % Return/dty= f(t,y).

varargout{1} = f(t,y,C_in,y_in,F,V,C,SS,S1,A,B,ko);

case 'init’ % Returnfdelt [tspan,y0,options].
[varargout{1:3}] = init(C_in,y_in,Preeq);

otherwise

error(['Unknown flag " flag ™.");

end

0/ o e
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function dydt = f(t,y,C_in,y_in,F,V,C,SS,S1,A,B ko)

CO = Ceq(y(9)); % kg*m”-3
if y(10)<=CO0

S=0;

rc = zeros(1,2);
else

S = log(y(10)/C0); % No dimension

rc = k/S;
end
fori=1:2

if S <= SS(i)

g(i) = 0;
else
g(i) = C()*((S-SS(i))"2/S1(i))*tanh(S1(iY5-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) + 9(2)*y(4) + b*rc(1)"2*rZ);
dydt(8,1) = g(1)*y(6) + 2*g(2)*y(5) + b*rc(1)*rc(2;
% Mass balance of Co-solvent and Drug.
dydt(9,1) = F/V*(y_in-y(9)); % mole of Co-solventiole CO2

dydt(10,1) = F/V*(C_in-y(10)) - rho*2*pi*( g(1)*y(§ + 2*g(2)*y(5) + ...

b*rc(1)*rc(2)"2 ); % kg*m”"-3*s”-1

Q) —mm e

function [tspan,y0,opts] = init(C_in,y_in,Preeq)
tspan = [J;

if Preeq
y0 = [zeros(8,1);y_in;0];
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else

y0 = [zeros(8,1);0;0];
end
opts = [];

o

function out = Ceq(ye)

a=28.247e-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
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SUMMARY OF FIT

RSquare 0.950388
1004 RSquare Adj 0.888372

Root Mean Square Error 9.534494

Mean of Response 33.15286
75 Observations (or Sum Wgts) 28

ANALYSIS OF VARIANCE

Source [DF |Sum of [Mean F
Squares [Square [Ratio
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E
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P 10.96 5.60 0.0001 [2848.19| 31.33 | 0.0001
Lc 12.61 6.37 <.0001 3684.11 [ 40.53 <.0001
Li -13.11 -6.91 <.0001 4344.80 | 47.79 <.0001
Fco, -2.95 -1.51 0.1568 207.46 2.28 0.1568
C*T -7.72 -4.07 0.0016 1505.22 | 16.56 | 0.0016
C*d; 10.23 5.23 0.0002 2482.47 | 27.31 0.0002
C*Fiig 11.08 5.59 0.0001 [2845.38| 31.30 | 0.0001
C*Lc -5.92 -2.98 0.0114 809.84 8.91 0.0114
C*do -6.46 -3.26 0.0068 965.85 10.62 | 0.0068
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do*Fco, -5.61 4.40 0.0009 1756.26 | 19.32 | 0.0009
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Figure C.1: Major axis DOE analysis
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Actual by Predicted Plot

50
1 SUMMARY OF FIT
404 RSquare 0.857768
Jr, RSquare Adj 0.725696
= ¥ Root Mean Square Error 5.241772
= 304 b Mean of Response 13.29286
= Observations (or Sum Wgts) 28
}_: 2 J_.-'-
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Lc 1.78 1.04 1.72 0.1080 81.02 2.95 0.1080
Li -3.57 1.04 -3.45 0.0039 327.70 | 11.93 [ 0.0039
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C*T -1.93 1.04 -1.87 0.0830 95.746 3.48 0.0830
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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 focusea identifying variables for the
PCA process to control the particle size, morphglagnd uniformity of acetaminophen
particles. Different coating materials to prevanetaminophen adhesion onto the stainless
steel tube surface were studied in order to dete¥nthe best material to use in future
experiments. From the SEDS nozzle design experiemcChapter 5, it was believed that
increasing the residence time of mixing after ngxaf the solution and the antisolvent could
improve the control of particle size and morphologiherefore, an additional length called
the residence time tube, or RT, was added afterntirzles tested in this Appendix to
understand the usefulness of this design. Theteffancreasing the vessel volume size was
shown to also decrease the particle size as a dsdiluting effects for the particles as they

are injected into the huge reservoir with a gooximg nozzle.

D.2 Experimental and analytical section

D.2.1 Materials

The target drug for the experiment was acetaminoghechased from the Sigma-
Aldrich Company (St. Louis, MO). The solvent fametaminophen was HPLC grade ethanol
purchased from Sigma-Aldrich Company. £Q@ed in all experiments was Coleman Grade
purchased from National Welders. All chemicals evesed without further purification.
Several different silane coupling agents were pasel: Restek tubings (Bellefonte, PA),
Surfasil from Pierce Chemical Company (Rockford), lind (heptadecafluoro-1,1,2,2-tetra-
hydrodecyl) trichloro silane or FDTS {gH4ClI3F17Si) from Gelest Inc. (Morrisville, PA).

Tubing pre-coated with polytetrafluoroethylene (E)Rvas purchased from Alltech Inc.
(Deerfield, IL).
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D.2.2 PCA particle design process and particle cheterization

The PCA process equipment arrangement is illustiat&igure D.1.
Mixing Tee

COy
HPLC Pump Valve Pump
g—g Valve _Ili_esid_?nlc):e
ime Tube
€O, T Heat
Solution of Active Pump é Exchanger
Substance Collection
Vessel
Heat
Exchanger O O [ | ,
: Back Pressure
High P
Ul\?ce"ressure Regulator Co2
Tank
CO3
Tank

Figure D.1: PCA system set-up

A solution of acetaminophen and ethanol was dedyeusing an HPLC pump
(Dionex Corporation model P580). The £®as continuously delivered using a pneumatic
pump provided by Thar Technologies (model P-50)e P-50 pump head was chilled to 278
K in order to maintain the COn the liquid state to increase the pump efficiendhe CQ
was preheated to the temperature specified foregperimental condition through a heat
exchanger before entering the mixing tee nozzle. Thar Technologies backpressure
regulator or BPR (BPR-A-200-1) maintained the ekpental pressure of the entire system
to within £0.1 MPa. The thermocouple and the pressure seasiached to the collection
vessel were used to monitor the system parametemsgdthe entire experimental run. A
heating tape purchased from Omega Engineering (8tamford, CT) attached to a
temperature controller (Degi-Sense model 68900fGdy Barnant Company (Barrington,
IL) adjusted the precipitation vessel temperatarthe experimental condition to with#®.1
K. As shown in Figure D.1a high pressure UV cell was placed after the exit® collection
vessel in order to monitor the change in acetanianpconcentration in the G@ ethanol

phase during the experiment as described previaushapter 5 and 6.
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For all the experiments, the collection vessel firas filled with an appropriate ratio
of ethanol to CQ at the desired pressure to allow equilibratiorthef vessel for one hour
before starting the injection of the acetaminopkselution. The two fluids mix inside the
nozzle before exiting out to a region that is nefdrto as the Residence Time Tube or RT
tube. The purpose of the RT tube is to allowtfe complete mixing and precipitation of
the drug in a region of high maximum attainableessgturationS,, before exiting into a
diluted vessel.

The particles were collected on a polycarbonaterfivith 100 nm pores purchased
from Millipore Corporation (Billerica, MA) and coadl with gold-palladium mixture for 90
seconds (~200 nm) to reduce charging during thenseg electron microscope (SEM JEOL,
Japan) imaging process. Particle size and morgholeere determined by image analysis
method using the Image Tools program developed biyvddsity of Texas Health Science
Center. The particle major and minor axis, rousdn@nd elongation were calculated as the
surface weighted average values. The method disasdor these values was previously
described in Chapters 4 and 5.

D.2.3 Yield and loss of acetaminophen particles

The vyield of the particles collected on the polycarate filter was determined by its
weight on a mass balance. In order to determiaeatietaminophen left inside the system
and in the effluent, different segments of the erystvere washed with a known amount of
pure ethanol. The amount of acetaminophen logaah segment was measured on a UV
spectrometer at a wavelength of 250 nm.

Referring to the PCA process in Figure D.1, theesyswas divided into the residence
time tube (RT), the vessel, Pre-UV (the line betbie UV cell), the UV (inside the UV cell),
UV out (the line after the UV cell), and the efflu€BPR exit).

D.2.4 Different surface coating materials

The increase in the system’s surface area for #ngcjes to adhere to may pose a

problem for the precipitation process and can wtaty affect the yield. Several methods
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were explored to coat the stainless steel surfdcthe residence time tube using self-
assembled monolayers (SAM) of hydrophobic materialsll stainless steel tubing was
electropolished by Able Electropolishing Companyi@@go, IL) prior to SAM coating to

reduce surface roughness that might induce pratigit of particles.

The surfaces were coated with different silanepting agents. Silane coupling
agents hydrolyze to form a durable bond with a satss surface that has siliceous
properties such as silicates and aluminates. Blaéing can lower the substrate’s surface
energy and thus decreases the amount of matettigstad to the surface. A typical structure

of a silane-coupling agent is shown in Figure D.2.
R-(CHo)n— Si—X3

Figure D.2: Chemical formula of silane coupling amt

X is a hydrolyzable group that can be made of alk@lcyloxy, halogen, or amine
groups. The R group is nonhydrolyzable and detemihe ultimate function of the silane-
coupling agent on the surface of the substrate. pfByent particles from sticking to the
surface, the R group is chosen to be extremelydpfabbic.

The three silane coupling agents tested were coniaflgr coated Restek tubings
with a proprietary silane structure, Surfasil pasdéd from Pierce, and (heptadecafluoro-

1,1,2,2-tetra-hydrodecyl) trichloro silane or FD{IC§ gH4CI3F1 7Si) purchased from Gelest.

The coating method on stainless steel for SurtadiDTS was developed exclusively
for the application presented in this chapter &edarocedure is described below.

1) The stainless steel tube was thoroughly wash#dagetone and sonicated in acetone
for 20 minutes.

2) The surface was sonicated again in ethanolGani2iutes.

3) The surface was washed off with anhydrous tawserd dried.

4) A mixture of 1x1G cn? to 25 cni of the silane coupling agent to anhydrous toluene
was prepared

5) The surface was soaked in the silane solutior24ohours in order for the hydrolysis
to occur between the surface and the silane-cayplyent.

6) The tubing was immediately baked in 373 K oven dne hour to complete the

reaction.
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7) The surface was rinsed with toluene again aretidrefore use.

In addition to the SAM materials tested, fluorirthtpolymer polytetrafluoroethylene
(PTFE) from Alitech Inc. (Deerfield, IL) was purded 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 aneegiin Table D.1.

Table D.1: Run conditions for the tubing coatingkperiments of the PCA process

Temp. Press. Conc. CO, flow Solution Vessel Nozzle Nozzle RT length
(K) (MPa)  (kg/m?) (kgls) flow vol. diameter (m)
(m%s) (m®) (m)
323 27.58 10 3.33x10 8.33x10°  3x10° Low 2.54x10°  0.3429
volume

Cross

The nozzle design for low volume cross is showifrigure D.3 and was purchased
from Valco Inc. (Houston, TX). The nozzle has mad volume and each arm has a distance
of 3.43x10° m.

6.86x103 m |.D.

Carbon

Dioxide 4 «— Solution

Jr 2.54x10% m I.D.

Figure D.3: Low volume cross with 2.54xan I.D. for the PCA process

The low volume cross, residence time tube, ancctilection vessel were all coated
with the different surface modifying materials. bl& D.2 shows the percent loss of the
acetaminophen during the experiment for differeydting materials. The total run time for
each experiment is 60 min and the total acetamimophjected into the system during the

experiment is calculated to be 30 mg.
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Table D.2: Percent loss and yield of acetaminopHendifferent 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 thhmwt the system such as UV cell,
effluent, and any additional tubing throughout #ystem. Sample collection error in the
effluent was the result of high velocity coming aditthe backpressure regulator caused by
sudden large pressure drop. For this reason, thepercent loss in Table D.2 does not add
up to 100%. FDTS has the best result in minimizimgtaminophen loss inside the low
volume cross and RT tubing. Minimizing the losspobduct in the cross and RT tube
consequently improves the yield. The result isswprising keeping in mind that for SAM
materials, FDTS (perfluorodecyltrichloro silaneshseen shown to give a surface tension as
low as 6 mJ/@, PTFE has surface tension of 15 nmd/mnd Surfasil (mono chloro silane)
has the highest surface tension [1]. The effe¢hefcoating materials on the concentration
profile along with the SEM pictures and particleesare shown as Figure D.4.

Despite different amounts of losses for varioustingamaterials, there seems to be
very little effect on the concentration profilen &nother words, the mixing, nucleation, and
growth for all experiments were the same and thg difference was caused by the percent
loss on the walls. This loss does not affect thdigle size and morphology as originally
thought, which indicates that the particles mayehalready nucleated and grown much
earlier in the residence time tube before it ideadéd on the filter inside the vessel. The
difference in the particle size, elongation, anginaness in Figure D.4 are very small and the
deviation is mainly due to the 9% error associatél the data. FDTS was used throughout

the remainder of the experiments for the PCA preces
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Figure D.4: Acetaminophen concentration profile BB/ images, and particle size for different tube doas
for the PCA process

D.3.2 Effect of different mixing nozzles

Four different nozzle configurations were tested the PCA process. The four

nozzles are presented in Figure D.5.
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Dioxide
Carbon

R Solution
Dioxide

2.29x10"3 m L.D.
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Coaxial without Constriction
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316 S.S. tubing

0.00318 m O.D.
and 0.00152 m L.D.
316 8.S. tubing

Vessel cap Vessel cap

1

=

0.00635 m tube H
fitting connector v

Flow direction

Figure D.5: Different PCA nozzle designs
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316 S.8. tubing 316 S.S. tubing

i

Vessel cap Vessel cap

Mixing
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Sapphire disk
o with laser drilled
0.00635 m Nut LN hole d, (ID=0.000254 m,
thick =0.001168
47'—0».00432 ickness m)

0.00635 m
S.S. port
connector

Flow direction

The low volume cross was introduced in the previeerdion for the coating material

test and was purchased from Valco Inc. (Houston). TiXhas a very small mixing zone

(1.67x10"° m® with no dead volume. The two arms coming inte thoss have a length of

3.43x10° m before reaching the mixing point with an intémiameter of 2.54x16m.

The 3.18x1G m cross was purchased from Swagelok (Solon, Cdmin) the cross

design is similar to that introduced by Wubboltsaktfor the improved PCA process [2].

The cross has a large mixing volume (1.19%10) for the two streams. The solution is
injected into the 3.18x1Dm O.D. cross through a 1.59x1én O.D. inner tubing while the

outer tubing carries the G@ntisolvent.

The two coaxial tubing with very short mixing zobetween the inner and outer

tubing (0.75 mm in mixing length) shown in FigurebDvere used here as a comparison with

the 3.18x10 m O.D. cross and low volume cross. The conditifanghe runs are given in

Table D.3.
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Table D.3: Experimental conditions for the test different nozzle designs

Temp. Press. Conc. CO, Flow  Solution flow Vessel Vol.  Nozzle
(K) (MPa) (kg/m’) (kgls) (ms) (m’)
323 27.58 10 8.33x10 8.33x10™° 2.5x10° Varied

The concentration profiles of acetaminophen dutivegruns with various nozzles, the

SEM results, and the particle sizes are presentétjure D.6.

3.18x103m I.D. Cross  Coaxial Without Nozzle  Coaxial With Nozzle

Low Volume Cross
N

= 10 micrometer . 1 millimeter — 100 micrometer

— 1 micrometer = 1 micrometer — 1 micrometer — 1 micrometer
Nozzle Type Major Axis Minor Axis Elongation Roundness
Low volume cross 41.9m 10.4m 3.47 0.472
3.18x10°m I.D. cross | 358.9m 39.9m 7.42 0.328
Coaxial with nozzle 309.8m 26.9mM 11.42 0.323
Coaxial without nozzle| 145.9m 13.8mm 6.18 0.452

Figure D.6: Acetaminophen concentration profile agticle size, and SEM images as a function of diet
nozzle geometries for the PCA process
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From Chapter 5, the SEDS experiment with eithenopzle or with nozzle at 0.75
mm L; were known to give poor mixing resulting in a kanqgeak in the concentration profile.
The concentration profile for coaxial with constion in Figure D.6 shows that it takes a
long time to plateau at the equilibrium concentmatvalue. This indicates that the nucleation
and growth was slow as a consequence of non-equitibconditions inside the RT tubing.
As a comparison, the 3.18x16n O.D. cross similar to that used in Wubbolts|ef2 work
for optimized PCA process for polymers resultedlarger particles due to the higher
concentration peak (worse mixing) for acetaminoptmmpared to the coaxial design as seen
in Figure D.6. The cases of poor mixing generedisults in broad particle size distribution
as a consequence of the appearance of more naolgsaon the filter as seen from the SEM
at higher magnification.

The low volume cross enhanced the mixing of the fiwids and helped the system
reach critical supersaturation faster. As a tesugjority of the particles were precipitated
and grown near the beginning of the residence tube and there were fewer nanoparticles

present on the filter. Table D.4 shows the yieldd losses for each experiment.

Table D.4: Yield and loss of acetaminophen for P@Azzle 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 8461.
3.18x10°m O.D. 3.09 7.96 2.08 1.51 2.09 13.01 12.00
cross
Coaxial with 31.03 2.53 0.26 0.23 1.50 15.05 5.33
constriction
Coaxial without 2.52 2.52 0.05 0.13 2.11 17.68 2.33
constriction

The low volume cross gave the best yield and redliass on the residence time tube.
For the nozzles with poor mixing, a majority of fheecipitation occurred on the surface of
the residence time tube, which resulted in higbesés in the RT. The drug particles would
sometimes dislodge from the surface after it haavgrto a certain size in the residence time
tube and fall onto the filter inside the vesseljchircould result in erroneous patrticle size and

concentration profile for the particle charactécistnd yield. This phenomenon was more
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evident for the case of coaxial tubing with nozetmstriction where there was a huge loss
inside the residence time tube as a result of hegeles forming inside the RT tube.

It is determined from this experiment that thezatezlesign is very important for the
formation of smaller and more uniform particlesespite the low C@flow rate of 8.33x10
kg/s, the low volume cross with a fluid mixing voie of around 1.67x18 m® enhanced the
mixing of the solution and the antisolvent enougleduse rapid nucleation and growth.

D.3.3 Effect of collection vessel volume

The effect of the collection vessel volume was agplored for the PCA process.
Two vessel sizes were used: 3X18° and 2.5x10 m® and all other variables were kept the

same as shown in Table D.5.

Table D.5: Experimental conditions for PCA colléoh vessel size test

Temp. Press. Conc. CO, flow Solution Vessel Nozzle Nozzle RT length
(K) (MPa) (kg/m3) (kgls) flow vol. diameter (m)
(m®s) (m®) (m)
323 27.58 10 8.33x10 8.33x10™  3x10° Low 2.54x10°  0.3429
or volume

2.5x10° Cross

Figure D.7 shows the analysis of the results fer ttno different vessel volumes.
Reducing the collection vessel size from 2.5xh to 3x10° m® with a good mixing nozzle
and residence time tube length of 0.3429 m inceetts® particle size. The bigger the vessel
size, the more the collection vessel serves aserveir for quenching the particles. This
reservoir effect can be seen from the reductionhan acetaminophen concentration peak

height, which is directly related to the size o frarticle as seen in Figure D.7.
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Vessel Volume| Major Axis Minor Axis Elongation Roundness
3x10° m’ 147.Fm 15.8m 7.9 0.389
2.5x10° m® 41.9mm 10.4m 3.47 0.472

Figure D.7: Acetaminophen particle morphologiesf®CA runs at different vessel volumes (3xit° and
2.5x10° m®) and residence time tube length = 0.3429 m

The yield and losses of acetaminophen for the Yesdeme experiments are shown
in Table D.6.
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Table D.6: Yield and losses of acetaminophen fessel volume experiments

Run %)Loss %Yield
RT Vessel Pre-uv uv UV-out Effluent
3x10° m® Vessel 2.46 517 0.02 0.33 2.39 2.25 54.67
2.5x10° m® Vessel | 3.32 5.2 0.0038 0.06 1.16 11.50 51.84

The yields for both experiments are similar. Tow effluent loss for the smaller
vessel size is the result of experimental error @uthe 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 testedwtite low volume cross and 2.5x10

m® vessel. The conditions are given in Table D.7.

Table D.7: Conditions used for effect of solutidlow rates in PCA process

Temp. Press. Conc. CO, Flow Solution Vessel Nozzle Nozzle RT length
(K) (MPa)  (kg/m®) (kg/s) flow vol. diameter (m)
(m%s) (m®) (m)
323 27.58 10 8.33x1I0 8.33x10"° 2.5x10° Low  2.54x10°  0.3429
or 5.17x10 volume

Cross

The SEM images and patrticle sizes are given inrEigu8.

Solution Flow (m’/s) Major Axis Minor Axis  Elongation  Roundness
8.33x10™ 41.9m 10.4"m 3.47 0.47
5.17x10° 92.6mm 49.3rm 1.85 0.66

Figure D.8: Acetaminophen SEM images, particle sjand morphology analysis for different solutiotofv
rates for the PCA process
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Unfortunately the online concentration profile abulot be taken for the 5.17x10
m®/s solution flow rate for two reasons: The systagged early at 38.5 min into the run
and the concentration in the g@hase had an absorbance too high for the UV spreter
to measure. Increasing the flow rate had the teandeo increase the particle size. At
5.17x10° m¥s, the particles took up a glassy and smoothephwbogy. This could be due
to the fact that the higher solution flow rate tesaiin slower mass transfer of the £i@to
the ethanol droplet. Furthermore, the residenoe tiequired for the mixing to occur was
reduced at faster solution flow rate resultingnefficient micromixing and slower nucleation

rate. The losses and yield for each run were amaihd are shown in Table D.8.

Table D.8: Yield and losses of acetaminophen fioe effect of solution flow rates in the PCA process

Run %Loss %Yield
RT Vessel Pre-uv uv UV-Out Effluent
8.33x10m¥s | 3.32 5.2 0.0038  0.06 1.16 11.50 51.84
5.17x10° m/s 1.20 4.24 0.0012 0.02 0.41 16.58 58.3

D.4 Conclusion

The coating experiments demonstrated that FDTStheabest stainless steel surface
modifier in preventing acetaminophen from adherasga result of the high reduction in
surface energy. Learning from the experience WithSEDS process design, nozzle design
is important for good control of particle size ambrphology. From the different nozzle
designs investigated in this appendix, the low n@ucross gave the best mixing and as a
result produced smaller acetaminophen particlagthBrmore, the large vessel volume was
shown to produce smaller particles due to theiddueffect of the reservoir.  Lastly, similar
to the result obtained from the reduction of soltilow rate in Chapter 5, similar reductions
for the PCA process also reduces patrticle size.
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Appendix E: Using Supercritical CO, Antisolvent Process
to Rapidly Manipulate the Crystallinity of a Drug
Compound

E.1 Introduction

Most drugs are administered in the solid stateuhn oral, parenteral, or by
inhalation delivery [1]. As a result, control dfet physical or solid form of the drug during
formulation is of great importance in the pharmaicaliindustry. Even if the drug is stored
in solution, the solid state of the drug has anaatpon its properties in solution [2].
Depending on the physical form of the compoundediint intermolecular interactions such
as van der Waals forces and hydrogen bonding nsytr@ one physical form of the same
drug having a better shelf life, bioavailabilityglgbility, morphology, or drug dissolution
rate in the body [1].

The term polymorphism generally applies to a conmglatinat exhibits more than one
crystal structure. As an example, acetaminophedied in the previous chapters has two
major forms of crystal polymorphism: the more commmmonoclinic form and the
thermodynamically less stable orthorhombic form4B, The most common form produced
in this dissertation and in literature for the £&htisolvent process is the monoclinic form.
However, the orthorhombic form has been shown tbibéx better compressibility and
solubility compared to the monoclinic form, but tleemulation to achieve this in a large
scale has been difficult [4].

Polymorphism, according to the International Cosfee on Harmonization
Guideline Q6A, includes both crystalline and amaoysh forms of a compound [5]. An
amorphous substance has molecules arranged in mamader. A problem with the
amorphous structure is that it has the tenden@bsworb large amounts of moisture relative
to the crystalline form. This can pose a problanterms of the stability and reduction in the
glass transition temperature [6-8]. However, inmeoinstances when it is required to

formulate a drug with enhanced solubility and higitake rate relative to its more stable
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form, the amorphous form may be preferred sinéas been shown that it can exhibit a ten
fold or higher increase in solubility [9]. In ¢htase, the stability for the amorphous form
can be enhanced by dispersing polymers in the sadittix [10]. A schematic example of

different physical forms are presented in Figurk E.

Figure E.1: Examples of different polymorphs

Current methods for controlling polymorphism duringecipitation includes
crystallization with additives for heterogeneousleation [11], epitaxial growth [12], and
laser induced precipitation [13]. More traditioma¢thods include controlling solvent power,
temperature and supersaturation. A few studieg lagtempted the use of g@ntisolvent
formulation techniques to change the physical fofra compound with mixed success [14-
16].

There are many advantages in using pressurizedaS@n antisolvent to formulate
the drug. Conventional techniques are time consgrand require the use of many different
organic solvents and equipments [14]. If the orgasolvents are harmful for human
consumption, then a separate process is needey thedproduct. After drying, another step
may also be required to process the particles ttesired size and morphology. €O
antisolvent process has the potential to reducetbeessing time and steps without using
harmful organic solvents.

Furthermore, by considering the thermodynamics &mketics of solid phase
transformations, it is evident why GQOnay be advantageous in formulating the proper
physical form of a drug. An energy diagram is prged in Figure E.2 for the transition

between solution and different solid states.
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Figure E.2: Transition energy diagram between difent states of solids [14]

The equation defining the ratio of molecular fluxesm solution to either disordered
state jp, or crystalline statgc, is given as [14]

./ Ds DH +DE DS
= 1- exp- ——- — (E.1)
JD/ le s, Y RT R
where is the change in supersaturation between the tolml fhases,sy is the

supersaturation of the original staté{ is the difference in enthalpy of dissolutior§is the
change in entropy, ancE is the activation energy barrier for the soluttorbe transformed
into either the crystalline or disordered statehe Tquantities H, S and E have little
dependence on supersaturation. Therefore, ifupersaturation in the preexponential factor
is small, the molecular flux into the crystallinate will dominate. At high supersaturation,
a signficant fraction of solute molecules may po#ate into the disordered state.
Supercritical CQ can easily be used to tune the supersaturaticedb@s solute solubility by
changing the pressure or temperature and thusatiamgr the physical form of the final
product.

According to Equation E.1 at the same supersaturathe reduction of the entropy
and activation energy may lead to less disordetatt.s Lower entropy generally means
small and simple molecules and lower activationrgpnereflects weak solute-solvent
interaction [14]. Adding a polar co-solvent to pofar supercritical C@can be used to
lower the solute activation energy barrier and emprove crystallinity of the product.
However, controlling supersaturation may not alwdnes effective in producing stable
polymorphs. One has to keep in mind that the s@duturface-solvent interaction is also
important in determining the crystallinity of thempound. The type of solvent used in the
precipitation of the compound can kinetically affabe polymorphs due to selective
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adsorption onto the crystal surface, which canbnmucleation and growth of the crystal
face [17]. The importance of solvent choice wasalestrated by Kordikowski et al. [18] in
the control of sulfathiozole polymorph in a solutienhanced dispersion by supercritical
fluids (SEDS) process where the solvent type detexth whether the polymorph was
kinetically or a thermodynamically controlled.

This appendix explores the formulation of rapamy@n also known as sirolimus)
into a more stable crystalline form. The chematalicture of rapamycin is shown in Figure
E.3.

Figure E.3: Chemical structure of rapamycin

Rapamycin is a powerful immunosuppressant and rafifgrative that can be useful
in blocking immune responses to transplants by ewing T-cell activation [19-21]. The
macrolide is typically isolated by fermentation &tfeptomycesiygroscopicusand purified
through extraction and recrystallization for ug&reas of interest for this drug is in the field
of stent implants.

Formulation of rapamycin using solvent evaporatisoally results in the amorphous
form. A patent proposed by Keri et al. [22] deses a method for recrystallization and
purfication of macrolides, in which a polar solvestich as ethyl acetate, with dissolved
rapamycin is mixed with a hydrocarbon solvent, sashn-hexane, and water. Since
rapamycin is poorly soluble in n-hexane, the hydrbon solvent serves as an antisolvent to
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saturate the mixture. In the course of over 48riothe precipitation yielded highly
crystalline rapamycin. However, this method isrextely tedious and the presence of
different organic solvents requires addtional stepsemove them to acceptable FDA levels
for human use.

This appendix proposes a unique method of using SEDformulate rapamycin
particles by retaining or even improving the ficaystallinity while also controlling particle
size and morphology. This is a collaborative dffaith Micell Technologies based in
Raleigh, NC.

E.2 Experimental and analytical section

E.2.1 Materials

The target drug for the experiment was rapamycaviged by Micell Technologies
(Raleigh, NC). The solvents used were HPLC grddanel, tetrahydrofuran (THF), and n-
Hexane, which were all purchased from Sigma-Ald@admpany (St. Louis, MO). CQused
in all experiments was Coleman Grade purchased fational Welders. All chemicals

were used without further purification.

E.2.2 Precipitation process

A diagram of the SEDS particle precipitation pracapparatus [23, 24] is shown in
Figure E.4.

Figure E.4: SEDS system and coaxial nozzle configtion for rapamycin recrystallization experiments
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For the recrystallization experiment, rapamycin wast dissolved into a polar
organic solvent at a specified concentration. Sbkents tested for the formulation were
ethanol, THF, and dimethyl ether, which will be ciésed in detail in Section E.3. The vessel
used was a custom-made 2.5%1f"° stainless steel vessel that can withstand pressiréo
68.9 MPa. The rapamycin solution was deliveredhait HPLC pump (Dionex Corporation
model P580) into the inner cylindrical tubing irethozzle with a diameter of 1.78xi6n.
The CQ was continuously delivered using a pneumatic pmpdel P-50) provided by
Thar Technologies (Pittsburgh, PA) in the outeingical tube with an 1.D. of 2.16x10m.
The P-50 pump head was chilled to 278 K in orden#ntain the C@in the liquid state to
increase the pump efficiency. The length fromttheof the internal nozzle to the end of the
external nozzle is defined as the mixing length).(L The mixing length used in the
recrystallization experiments was 7.5 mm. A Thachnhologies backpressure regulator
(BPR-A-200-1) maintained the pressure of the systerwithin £0.1 MPa. The C@®was
preheated through a heat exchanger before entdrengystem. Heating tapes purchased
from Omega Engineering Inc. (Stamford, CT) attacted temperature controller (Degi-
Sense model 68900-01) from Barnant Company (BaoimgL) were used to control the
temperature. The mixtures of the £@us the solution were sprayed through a sappligle
with a pinhole diameter of 2.54xfOm purchased from Bird Precision (Waltham,
Massachusetts) that was fitted inside a Swagelolo($ Ohio) tube connector and screwed
onto the 2.5x18 m*® collection vessel cap.

The particles were collected on am metal frit purchased from Alltech (Deerfield,
IL). After each experiment, the particles wereedrivith pure C@at the same experimental
flow rate for 20 minutes in order to extract thgamic solvent out of the drug. The final

product was scraped off of the frit and analyzedt®size, morphology, and crystallinity.
E.2.3 Solubility of rapamycin in solvent modified@;

A visual observation for the solubility of the rapgcin in different solvents in the
presence of CQat 298 K and pressures from 8.27 MPa to 27.6 MBs tested in a 1xT0
m? view cell. A measured amount of drug was firsisdived in the appropriate solvent and
1 cnt of the solution was added to the high-pressures viell. CQ was injected into the
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view cell and pressurized to different pressurdse $olubility 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 eitheoptical microscope or a scanning
electron microscope (SEM JEOL, Japan). BeforequSEBM, the particles were coated with
palladium gold mixture for 90 seconds (~200 nm)réduce charging during the imaging
process. Particle size and morphology were analygetnage analysis methods using the
Image Tools program developed by University of Bekgalth Science Center. The particles
were characterized by measuring the surface wealghterage values of the major and minor

axis, roundness and elongation. The equationthi®analysis were presented in Chapter 5.

E.2.5 Powder X-ray diffractometry

A powder X-ray diffraction study was performedarder to analyze the crystallinity
of the rapamycin produced from the the formulatielative to the stock sample as received.
The X-ray diffraction analysis was performed by Bfal Analytical Services in Raleigh,
NC. The starting angle was 2° and stop angle wssaB a step size of 0.02°. The
wavelength was set at 1.54 nm. The backgrouncwees corrected and subtracted out from
the raw data.

The crystallinity was calculated by summing areésll the peaks calculated with
full width at half height. Diffraction in XRD ishe result of the interaction between the X-
rays with the electrons in the sample. For a wepgtalline sample, the repeating electron
pattern will give rise to sharp peaks (high frequgwhereas for less crystalline samples, the
X-rays will give rise to low peaks (low frequencyfor amorphous materials, the data is
devoid of any sharp peaks due to the weak diffoactf 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 £@ere visually tested to determine the
feasibility of formulating the rapamycin with thavgn solvent-antisolvent combination.
Micelle Technologies have tested the ethanol and- ™dlvents with rapamycin and
determined that it is very soluble in both polampmunds. As mentioned in Section E.1, the
choice of solvent is an important variable that aéeact the final form of the solid due to its
influence on the way the crystal faces grow. Tdhlk gives the polar solvents tested along
with the conditions. The mixed solvent containdexane in order to increase the saturation

level of the drug in the mixture to initiate pretaion.

Table E.1: Solvents and conditions used for rapasimyphase studies

Solvent type Mixture Ratio  Drug amt. Temp. Pressure
Ethanol N/A 10 kg/m 298K  8.27 MPa-27.6 MPa
Ethanol + Hexane 1:7 ~5 kglm 298 K 8.27 MPa-27.6 MPa
THF + Hexane 1:1 ~10 kgfin 298 K 8.27 MPa-27.6 MPa

The conditions observed in the view cell are shawrrigure E.5. The line at the
bottom of the view cell is the silicon wafer usedcbllect any precipitated material. The
rapamycin + ethanol + GOmixture did not yield any precipitation for theepsure range
tested. The same phenomenon was also observeéldefoapamycin + ethanol + hexane +
CO, mixture even though there were disproportionakatge amounts of hexane present in
the mixture to saturate the solution. For rapamyeirthanol + hexane + GCat low
pressures of 8.27 MPa, there was a layer of vissolient rich phase on the bottom of the
view cell and a C@rich phase as seen in Figure E.5. In the caskeofapamycin + ethanol
+ CO; mixture there was no visible viscous fluid richagh. This seems to indicate that the
combination of ethanol + hexane reduced the miggilmf the mixture with CQ. At high
pressures, the solvent became a co-solvent in @ei€h phase to enhance the solubility of

rapamycin.
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Figure E.5: Phase studies of rapamycin, GGand different organic solvents mixtures at roomnhperature
and different pressures

The rapamycin + THF + Hexane + g@ixture was the only combination that gave
precipitation upon mixing at low pressures (low L£density). In this case, the THF +
Hexane co-solvency effect with GQvas not a strong enough solvent to prevent the
precipitation of rapamycin. As a result of thiady, it is expected that there should be very
little precipitation of the drug when operating kvetither ethanol or ethanol + hexane polar
solvent mixtures. The THF + hexane polar solveixtume is a good candidate for the €0

antisolvent process.

E.3.2 Recrystallization of rapamycin with SEDS

Micelle Technologies have tested several methodea/stallizing the drug solution
including slow THF solvent evaporation and also tise of RESS. However, the samples
made were all amorphous compared to the origingtalline rapamycin drug with 50%

crystallinity as seen in Figure E.6.
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Figure E.6: XRD data for original crystalline rapanycin vs. amorphous rapamycin made from THF solvent
evaporation and RESS process

The use of the SEDS apparatus for precipitatingptirécles was tested with different
solvent types since it has a major effect on the the particles nucleate and grow. Both the
ethanol and ethanol + hexane mixture experiments wenducted at 298 K and 8.27 MPa.
The flow rates for the ethanol experiment were 8183 kg/s for CQ and 3.33x18 m¥s for
the drug solution. The ethanol + hexane mixturen(? ethanol to 1 cthhexane) was tested
with a flow rate of 3.33x10 kg/s for CQ and 3.33x18 m’¥/s for the drug solution. As
expected from the results of the solubility teghi®re was no product found inside the view
cell. Even when the rapamycin concentration ofetmanol experiments was increased from
5 kg/nt to 10 kg/ni, there were very few particles formed. The fewtipies collected in
these experiments had amorphous XRD results sitalénose shown in Figure E.6. SEM
and optical microscope pictures for these faileunidations are shown in Figure E.7. The
results look very similar to what one may expectrfran amorphous macromolecule such as
a polymer or protein. The amorphous rapamycin édoknore agglomerated in the SEM
picture and the optical picture had a glassy loskcampared to the more crystalline
appearance for the original sample.
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Figure E.7: SEM and optical microscope images btoriginal and amorphous rapamycin formulated from
the SEDS process with 7 ¢ho 1 cnf ethanol + hexane solvent mixture at 298 K and 8/dPa

However, switching the solvent to a 10 “cto 9 cnf mixture of THF to hexane
produced a significant amount of particles inside 2.5x10 m® collection vessel at a flow
rate of 8.33x10 kg/s for CQ and 8.33x18 m®/s for the drug solution. The concentration of
rapamycin used was 10 kgfand the temperature and pressure were kept a 2981 8.27
MPa respectively. While keeping the flow rate @ Zonstant at 8.33x10kg/s, decreasing
the flow rate of the solution from 8.33x10n%s to 3.33x1d m%s resulted in a reduction in
the product collected inside the vessel. At 3.8xin%s solution flow rate, no products
were made. As a result, the flow rate had an efééccontrolling the supersaturation
depending on how much rapamycin was mixed intdf¥¢ and solvent mixture per second.

Keeping the solution flow rate at 8.33510n%s for the THF + hexane solvent
mixture experiments, the diffraction peaks in thRDXshown in Figure E.8 confirms the
identity of the crystals as rapamycin since theagpd rapamycin (lower spectrum) nearly
matches the received rapamycin (higher spectrurak per peak. The calculated percent
crystallinity treated with SEDS was determined ® T0%, which was higher than the

original sample estimated to be 50%.
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Figure E.8: Comparison of the XRD of original rapaycin and SEDS treated rapamycin using 10 tto 9
cm® THF + hexane solvent mixture at 298 K and 8.27 MPa

The SEM and optical microscope pictures for th®SHEreated sample are shown in

Figure E.9 as a comparison to the original cryisialfapamycin.

Figure E.9: SEM and optical microscope images bgtoriginal and SEDS treated rapamycin using 10 tm
to 9 cniTHF + hexane solvent mixture at 298 K and 8.27 MPa
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Both SEM and optical microscope figures for thearagcin have distinct crystal
faces. The particle size and morphology are gimérable E.2.

Table E.2: Average particle size and morphologySEDS treated rapamycin using 10 érto 9 cnf THF +
hexane solvent mixture at 298 K and 8.27 MPa

Major Axis Minor Axis Elongation Roundness
SEDS Rapamycin  17.2mim 13.2m 1.48 0.66

The closeness of the major and minor axis lengtidstiae fact that the elongation and
roundness are both close to unity mean that theclesrare not needles. As seen in the SEM

images, the particles are uniform small prism eigst

E.4 Conclusion

Whereas other techniques have failed to achieveldéisired crystal characteristics of
rapamycin, the feasibility of using SEDS to mangtelthe particle size, morphology, and
crystallinity was demonstrated in this appendixot Mnly was the rapamycin particle size
and morphology controlled by the G@recipitation process, the recrystallization oé th
macrolide had higher crystallinity than treatmeintsn conventional methods. It is apparent
that the solvent choice affects the solubility hamycin in the C®phase, which ultimately
determines the supersaturation of the final satutiodn another words, the experiments
conducted in this appendix demonstrated the impoetaof determining the right
combination of solvents that give the necessaryleation and growth to maintain the
desired crystallinity. The effect of pressure ap@sion the physical form of the drug was not
feasible to study with the solvents tested sinaeal8.27 MPa the co-solvent effect with the
CO, was very strong and prevented precipitation ofditugy.

Not mentioned in detail in this appendix was a kuest on the feasibility of using a
hybrid RESS and SEDS processes, in which the diag fisst dissolved in dimethyl ether.
Unfortunately, the particles made were all amorpghan this process. However, the
combination of using THF + hexane in this appendisulted in production of crystalline
rapamycin. The exact consequence the solvent h#iseointeraction with the surface of the

drug can affect the kinetics of nucleation and dloand has not been studied in detalil.
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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 Dispsion

by Supercritical Fluids

F.1 Introduction

This appendix describes preliminary results on éheapsulation of lysozyme in a
polymer with a combination of rapid expansion ofpeugcritical solutions (RESS) and
solution enhanced dispersion by supercritical B 8EDS). Most research on SEDS thus
far has been on the formation of drug particlesnal@and not for encapsulation [1-4].
Ghaderi et al. [5, 6] and Tu et al. [7] have beeme of the few authors who attempted to
encapsulate pharmaceutical drugs in a biodegragaidiener with SEDS. However, both
efforts used the toxic solvent methylene chlorideorder to dissolve the biodegradable
polymer. United States Pharmacopeia has limited maximum amount of methylene
chloride in a product to be 500 ppm [8, 9]. Anetbeoblem with using harmful organic
solvents for this process is their potential toatare proteins.

In this appendix, the SEDS process was combineldl tivé RESS process to test the
feasibility of encapsulating lysozyme in a £6bluble polymer. The goal is to assure that
there is a difference in the phase separation sicaée between the lysozyme and the polymer
in order for the encapsulation to work. The lysoeymvhich is known to be insoluble in GO
is first dissolved in a solvent. The solution waert mixed with the COcontaining the
dissolved polymer similar to the SEDS process ittaie lysozyme nucleation. Immediately
after the nucleation, the system was expanded rikethe RESS process into the vessel to
initiate polymer precipitation and encapsulatiortieé lysozyme. As a first attempt, a non-
biodegradable polymer soluble in g@as used as a sample system. The polymer used was
a 13k-b-20k PBMA-b-PFOMA block co-polymer or pobx(t-butyl methacrylate)-b-
poly(1,1-dihydroperfluorooctyl methacrylate), whighas synthesized at UNC-Chapel Hill

[10]. The structure is shown in Figure F.1.
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Figure F.1: PBMA-b-PFOMA chemical formula
The block copolymer has g ®f about 339.7 K. A high dlis necessary for the GO

antisolvent experiment since @@enerally has a tendency to lower thegof the polymer,

which results in more agglomerated polymer pauicle

F.1.1 Types of morphology

Encapsulation can fall under two classificatio%e first class of structure is called
microspheres.  Microspheres exhibit irregular geoynevith aggregates or dispersed
biomolecules embedded within the polymer matrista®wvn in Figure F.2. The second class
is called microcapsules and they are spherical wittore of biomaterial surrounded by a

sheath made either of lipids or polymers as seéigure F.2.

Figure F.2: Examples of microsphere (left) and nmacapsule (right)

Commercially made microspheres or microcapsulel ditigs, fragrances, and inks

are usually on the order of 3-86th and contain up to 90 wt% drug loading efficiefitd/].

F.2 Experimental and analytical section

F.2.1 Materials

Lysozyme and dimethylsulfoxide (DMSO) HPLC gradeevpurchased from Sigma-
Aldrich Company (St. Louis, MO). The lysozyme muble in DMSO in as much as 50
kg/m® at room temperature [12, 13]. Lysozyme is thetnstidied globular enzyme in the
literature due to its affordability and stability,[11]. The protein is relatively small with a

molecular weight of 14,350 Daltons. DMSO is a gsotvent to use for the current study due
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to its high miscibility with CQ [14]. It has been previously demonstrated thdiseslution

of lysozyme in buffer resulted in 95-100% recovefyactivity [15-17]. The polymer used
was a 13k-b-20k PBMA-b-PFOMA block co-polymer, whigvas synthesized at UNC-
Chapel Hill. Coleman Grade GQvas used as the antisolvent and was purchased from

National Welders.

F.2.2 Phase behavior studies

The phase behavior study was performed in a PhagiilEfium Analyzer purchased
from Thar Technologies (Pittsburgh, PA). A pictafethe equipment is shown in Figure
F.3.

Figure F.3: Phase Equilibrium Apparatus (PEA) syt

A known amount of lysozyme or polymer was placesida the variable volume
vessel where the piston was controlled by a compptegram. The temperature and
pressure were also relayed to the computer duratg acquisition. The GGsyringe pump
drew a known volume of CQOand was then pressurized before insertion intovtreable
volume vessel. The system had a temperature naleraf up to 393 K and a pressure
tolerance of 40 MPa. The change in volume at @rgitemperature and pressure for the
syringe pump determines the amount of,@@xed with the known volume or weight of the

material being studied. During the experiment, ghessure or temperature was changed in
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the variable volume vessel while the video camamnected 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 apparatshasvn in Figure F.4.

Figure F.4: SEDS + RESS set-up

The polymer was first dissolved in ¢@t 27.58 MPa and room temperature in a
high-pressure hand pump purchased from High Predsquipments Company (Erie, PA).
The mixture was pushed manually into an ISCO,G@inge pump. The lysozyme was
dissolved in DMSO and delivered by the HPLC pumpp(iex Corporation model P580) at
high pressure. The lysozyme solution was mixedh whe polymer + C@mixture to first
precipitate the lysozyme in the coaxial tubing. eThixture subsequently passed through a
metering valve purchased from High Pressure Equipr@empany (Erie, Pa) to control the
pressure drop as the particles were sprayed irsitlamperature controlled custom-made
2.5x10° m® view cell. The pressure drop induced the preaiijih of the polymer to
encapsulate the lysozyme particles. The particks® wollected onto a silicon wafer coupon
placed near the exit of the vessel.

The runs lasted for around 2 min. The flow rdt¢éhe solution was cut off after the

run while the C@was allowed to flow into the view cell to dry thgstem for 20 minutes.
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F.2.4 Analysis to observe encapsulation

The particle size and morphology were observedalliguvithout using any imaging
program to calculate the size as have been dedanltée previous chapters. The focus here
was to determine a methodology to observed thepsuoéation of lysozyme and also the
morphology of the polymer matrix.

The shape and morphology of the particles on timsiwafer coupon were analyzed
with a scanning electron microscope (Hitachi S-320B0L JSM 6400F, Japan). The
particles were not coated with palladium gold sipogtein-loading analysis of the sample on
the wafer plate would need to be carried out aft@ging.

It was difficult to provide enough contrast betwedtre drug and polymer for
characterization of the encapsulation. Transmissiectron microscopy (TEM) was used to
characterize the interior of the polymer particleBhe lysozyme was stained with osmium
tetroxide in order to present the protein as démkctires compared to the rest of the medium
[18]. Young et al. [19] attempted to stain lysowy with ruthenium tetroxide for TEM
analysis. However, it was not clear whether thgeoled dark spots were indicating that the
protein was inside or on top of the polymer’s scefa

Another method was developed for this study toaaliy observe the encapsulation of
the lysozyme inside the polymer matrix by pre-stajnthe sample with a dye before
encapsulation. Trypan Blue purchased from Signdhiéth Company is a very common dye
normally used for dead cell counts but can alsim gi@teins. In order to stain the sample, the
necessary amount of protein in DMSO was dissoldedgawith 2.5 %v/v of Trypan Blue.
The sample was sprayed onto a glass micrscopeis$itkad of a silicon wafer to be observed
under an optical microscope. The surface of thiBgbes were washed with water and quickly
dried. This method allows for a quick optical as& to determine if lysozyme was
encapsulated and also allows for characterizatiomaw the lysozyme is distributed inside
the polymer. The limitation of this method is tthiae optical microscope cannot be used to

observe anything too small or else the resolutiay bre compromised.
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F.2.5 Protein loading analysis

Undissolved protein inside the view cell and alsanf the silicon wafer plate was
washed off with 2.5x1® m® deionized water. The water with undissolved proteas
collected and a UV analysis was performed to detexrthe concentration. A calibration
curve and equation were determined for the lysozgormeentration and is shown in Figure
F.5.

Figure F.5: Lysozyme concentration calibration water without buffer at 280nm

The protein loading amount was back calculated bgerchining the amount of
lysozyme not encapsulated and subtracting frontdtad amount sprayed based on the flow

rate and run time. The equation is given as fadtow

masf encapsulad protein,

proteinloading = _
total masof particle

100% (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 proiegia precipitated first before the
polymer in the coaxial tubing. It was shown thd& @t% lysozyme in 2-3.6 wt% DMSO
was not soluble in the presence of £ room temperature and pressures up to 27.58 MPa.
At 307 K, Winters et al. [17] demonstrated thablggme in DMSO was not soluble above 7
MPa in the presence of GO

The polymer was found to be soluble in £&bove a pressure of 14.82 MPa at 0.3
wt% polymer. As a result, dissolving the polymer in £a&t 27.58 MPa and room
temperature guarantees that the ,GOpolymer phase is one phase before running the
encapsulation experiments.

The polymer was tested at room temperature in DNis®ake sure that it does not
dissolve at low concentrations. A total of 0.022@olymer was placed in 10 ¢rdDMSO

and shown to be completely insoluble.

F.3.2 Precipitation results

Two sets of studies were conducted on the systéne first was to test the polymer
to protein ratio and precipitation vessel paranseterorder to understand their effects on
particle morphology and efficiency of encapsulatiorhe second test was to use both TEM
and optical microscopy to confirm that the protemas indeed encapsulated inside the
polymer.

The conditions for each experiment are summaiiizdable F.1.
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Table F.1: Conditions for lysozyme encapsulatioxperiments

Runs | Lys. Polymer Precipitation Precipitation CO,flow Lys. flow Run

wt% wt% vessel press. vessel temp. rate rate time

(MPa) (K) (m%s) (m%s) (min)

1 0.3 0.3 6.89 323 4.2x10  5x10° 1:23

2 0.3 0.205 11.03 323 8.3xt0  5x10° 5:24
2.2x10’

3 0.3 0.205 8.08 323 1.3x10  5x10° 3:53
1.8x10’

4 0.1 0.1 7.6 313 5.7xT0 5x10° 3:55
1.6x10’

5 0.1 0.1 7.9 313 1.2x10 5x10° 2:44
1.7x10’

6 0.1 0.1 8.14 323 1.6x10 5x10° 2:45
1.7x10’

7 0.5 0.1 7.7 323 8x1o 3.3x10° 6:38
8.2x10°

8 0.5 0.1 8.0 323 9.8xf0  3.3x10° 5:02

9 0.5 0.1 10.34 313 1x1o  3.3x10° 1:35

10 0.5 0.1 10.34 313 1x1o  3.3x10° 1:37
1.2x10’

11 0.5 0.1 10.34 313 1.2x10  3.3x10° 1:30

Since the precipitated polymer properties depermaetthe conditions in the collection
vessel, the temperature and pressure were tesgggetthe optimal conditions to produce the
polymers. The flow rate for the G@as hard to control due to the pressure drop.leTal2
summarizes the precipitation vessel conditions tfer experiments with COflow rate
around 1x10-2.17x10" m*s and a polymer to lysozyme ratio of about 7:leHasn the fluid

flow rates.

Table F.2: Particle morphology due to collectiolm@mber conditions

Run Vessel Pressure  Vessel Temp. (K) Particle Morphology
(MPa)
2 11.03 323 Sticky, flaky, huge waves
3 8.08 323 Sticky, some big, some < 100,
agglomerated
4 8 313 Less sticky, more individual particles, +&60
6 8.1 323 Sticky, some craters, ~Bfh particles
8 8 323 Flaky, big, craters
9 10.3 318 Dry, individual white particles, <2fin
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The SEM images for all runs are shown in Figure Flhe encapsulated samples
were compared to the SEM for lysozyme in order istimguish between the polymer
particles and the protein particles. For mosheféxperiments conducted in the 2.5%16°
view cell, there was a lot of problem with high sty impact of the sample against the
plates resulting in flattened morphologies or asateFor this reason, the experiments were
kept at a low CQflow rate. Most of the SEM images were taken adbthe perimeter of the

plate where splashing effect was minimal.

Figure F.6: SEM images for all lysozyme encapsutat runs

The samples shown in Table F.2 were trial runsei for the best precipitation
pressure drop and temperature of the vessel forfdhmation of non-agglomerated dry
particles. As seen from Table F.2 and from the SikMges in Figure F.6, most of the
sample produced above 318 K and around 6.89 MPa wet droplets and in most parts
agglomerated. This was thought to have been dtreetoperation of the system above the T
of PBMA-b-PFOMA since C®is known to reduce they©f the polymer. This observation

was in agreement with what Young et al. [19] obsdrv The craters observed for runs 6-8
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operated at 323 K were thought to be the resultsgtf velocity impact of the particles onto
the sticky polymer surface.

The temperature was lowered to 313 K and the presgas kept at about 7.58 MPa,
but two phases were observed in the view cell. r@foee, the particles may still be wet and
required longer drying time with GOFrom the SEM pictures for run 4 in Figure F.& th
product was less agglomerated but they were 8tikys

The best precipitation vessel conditions were fotmdbe at a precipitation vessel
temperature of 318 K and pressure of 10.34 MPais iBhevident from the SEM image for
run 9. At these conditions, the temperature wasdaough to not cause severe stickiness
and the pressure was high enough for DMSO angtG@®e miscible.

Table F.3 shows the polymer to lysozyme ratio daceffect on efficiency for the
experiments with flow rates kept around 1.17%1067x10° m¥/s and the best precipitation
vessel conditions (318 K and 10.34 MPa)

Table F.3: Effects of polymer to lysozyme ratias encapsulation efficiency

Run Polymer to Encapsulation Particle Morphology
Lysozyme Ratio Efficiency
9 7.94 51.0% Dry, individual and agglomerated phas
10 2.12 92.6% Dry, <20mm individual particles
11 0.982 50.7% Dry, <20mm individual particles

The CQ flow rate, the protein solution flow rate, and thgction time were adjusted
to give the proper polymer to lysozyme ratio. Bhsa Table F.3, the best efficiency was
obtained for 2:1 polymer to lysozyme ratio. Eith@w much or too little polymer gave poor
drug loading. Too much polymer would increaseghbssibility for the polymers to interact
with each other instead of with the lysozyme ansingilar to the trend associated with high
PHB to drug ratio observed by Gursel et al. [20]he low efficiency from low polymer
concentration was due to insufficient polymer tatabe proteins.

In terms of the morphology, too much polymer fomr9 resulted in more
agglomeration than runs 10 and 11. The result BMR-b-PFOMA was similar to that
observed by Tu et al. [7] for L-PLA using SEDS. eTincrease in polymer particle size was
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believed to be due to more polymer-to-polymer gtéon for a concentrated polymer
solution. Ty depression might also contribute to the polym@l@geration.

Trypan Blue was used to stain the protein in otdeprovide a method to visually
confirm encapsulation of lysozyme. The solution taored 0.5 wt% lysozyme and 0.118
wt% polymer. The precipitation vessel temperatame pressure were kept at 318 K and
10.34 MPa respectively to reduce the effect of plseparation and stickiness of the polymer
in the precipitation chamber. The lysozyme floteraas kept at 3.33x0m%s and the C®
flow rate at about 1.67x10m*/s. Each sample was sprayed for about 2:00 mkeép 2:1
polymer to lysozyme ratio. The sample was colleéada a square glass slide and imaged

under an optical microscope.

Figure F.7: Trypan blue stained lysozyme in PBMARFOMA under optical microscope

Figure F.7 clearly shows that some polymer pasiantrapped the blue lysozyme
solution. Most particles were round and on avei&agen or less in diameter. The smaller
polymer particles either did not encapsulate lysozyor the optical microscope could not
pick up the contrast at this magnification. Sirtkere was twice as much polymer than
lysozyme, it makes sense that not all polymer nsigheres will contain protein.

TEM was the second method to help support thencfeom the optical microscope
results. The TEM images can be found in Figure FI®e samples for runs 9-11 were

imaged with TEM since they produced very distirattigles with good efficiencies.
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Figure F.8: TEM images for lysozyme encapsulatiouns

However, by comparing both the stained and undilggmetein sample, it is apparent
that there was no effect of staining on lysozympdlymer contrast. The effect could be due
to the sulfur present in the protein or it may haeen due to the potassium salt buffer that
was used by Sigma-Aldrich for their packaging, whstiows up as dark spots after staining.
The protein particles were on average small forfte& (=100 nm). This is in agreement

with the SEM image. Furthermore, the SEM morphglo§ the protein agreed with that
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obtained for TEM. Bridges were formed between girobeads in some instances and there
were also agglomerated beads.

The TEM characteristics for the lysozyme can bengared to the encapsulated
samples for analysis of protein loading. By commqathe lysozyme only images with runs
9-11 images, there seemed to be evidence of erlaipsusince the center of the polymer
contained a dark spot similar in shape to the praiely images. However, the image of the
polymer only sample showed similar dark spots aspared to the encapsulated images.
Therefore, the dark spots may be areas of highnpaiydensity in which the electron beam
could not penetrate through. The current analysiee encapsulated particles with TEM did
not conclusively show protein loading into the poéyr.

However, TEM was useful in showing a clear pictoféhe interior morphology for
each particle. It is evident that the PBMA-b-PFOMArticles were actually a compilation
of smaller polymer particles and is similar to therphology of microspheres. The polymer
microspheres were identified by understanding ttopgrties of PBMA-b-PFOMA and how
it interacts with the electron beam from TEM. PBNMARFOMA contains a PBMA portion
that is CQ-phobic and a PFOMA portion that is &hillic. Therefore, the orientation of the
polymer during particle formation is that the PFON&Ns would be located in the perimeter
and the PBMA tails would be located in the centeming micelles. Since PFOMA contains
fluorine, it is expected to show up as a dark anghe TEM picture after staining. This was
confirmed from the spheres on the TEM images whiegePBMA showed up as a light area

with an outer dark PFOMA region.

F.4 Conclusion

A lot was learned about the pitfalls and bendfitxertain data analysis techniques
and operating conditions presented in this appenidie SEDS + RESS system resulted in
encapsulation of lysozyme according to the optisalroscopy and TEM analysis. TEM did
not show a very clear picture of whether the prevere actually inside or on the surface of
the polymer. However, the TEM images were a vdtiabol in analyzing the interior
morphology of the polymer.

It can be concluded that the polymer to lysozyni® rgreatly affects particle size,

drug loading efficiency, and morphology. Tempematis an important parameter since it

191



affects the operating range for the polymer retatvits T, during the precipitation process.
If the system was operated above thg dgglomerates were formed resulting in bigger
particles. Controlling the pressure drop is imaottin controlling the jet velocity and phase
split of the system. However, the system desiga emnplicated by the presence of DMSO
in CO,. During the pressure drop, DMSO may phase splitod CG and redissolve any
precipitated lysozyme inside the vessel. To oveeohis problem, the pressure drop needs
to be optimized so that it not only precipitate$ the polymer to entrap the protein, but the
pressure also needs to be high enough inside #selh® maintain the miscibility between

the CQ and organic solvent.
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