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Abstract

The tunable nature of the solubility of various compoundsluding molecules of
pharmaceutical and biological interest, in supercritilalds (SCFs) makes SCF
extraction technology attractive for many separatiord guurification processes.
Exploring new applications requires fundamental undedsignof phase behavior. Here
we explore the use of supercritical £10 dissolve molecules of potential interest to the
pharmaceutical industry. We present experimental measuteraad modeling of the
solubility of caffeine, uracil and erythromycin in supéical CO, at temperatures
between 40 and 60 °C and pressures up to 300 bar. The solubilgiestween 1Dand
10° mole fraction. The solubility behavior is modeled wiktle Peng-Robinson equation
of state (EOS), which correlates the experimentallslity data of caffeine and uracil
quite accurately. However, for erythromycin larger deeret are found. Different
property estimation techniques are investigated and thewemfe on the ability to
correlate the data with the Peng-Robinson EOS is esghlomThe combination of

computational and experimental tools used here allowsdtifcation of the integrity of
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the experimental techniqgue and the evaluation of supeadrifiuid extraction as an

alternative method of purification.

Keywords:Caffeine (xanthine); Uracil (nucleoside); Erythromyg@ntibiotic); Solid-

fluid equilibria; Supercritical; Equation of state.

1. Background

Exploitation of supercritical fluid extraction (SFEQrfindustrial applications has taken
advantage of the tunable solvating nature of SCFs and ttentiad fundamental
improvements that this technology provides for the putiboa of products over
traditional processes. For example, in the food and phautiealeindustries, where the
toxicity of the extraction medium is of concern, £@e most widely used SCF, has been
especially useful. In evaluating SFE or SCF antisdlverocesses for purification
purposes, the phase behavior of the target compounds Withs®f vital importance.
Towards this end, numerous experimental and modeling sthdiee been performed and
a broad range of new applications are being developed [0hk#.includes the recovery
of molecules of pharmaceutical and biochemical intefest.instance, Reverchon and
Porta [10] proposed supercritical antisolvent precipitagnan alternative to liquid
antisolvent precipitation to produce micronized partiolesome antibiotics, anti-asthma
drugs, biopolymers and other products. Ko et al. [11] and Gorelilal. [12] measured
solubilities of penicillin (antibiotic) in SCFs to veritye viability of SCF technology to
reduce the use of organic solvents, the number of stepstlaerefore, the expense

involved in the separation and purification process (up to stfps with other



technologies). Maxwell et al. [13] measured solubilittésantibiotics of veterinarian
interest (lasalocid, monensin, narasin and salinomyiairC CQ in the presence of
methanol and water. Macnaughton et al. [6] studied ahé#ities of anti-inflammatory
drugs. Mehr et al. [14] explored new sources of extraatibcaffeine such as guarana
seeds. Other authors [15-17] studied the selective remextaab¢tion) of theophylline
and theobromine (molecules that are stimulants inlsgqoantities) from coffee beans,
leaves of tea plants and food products. SG 8@lso important in biochemical systems
where enzymes are not deactivated by the presence pfFoDinstance, Wilson and
Cooney [18] showed that proteins such as lysozyme anduckease and most free
amino acids were unaffected by €& 300 bar and room temperature so,@0uld

potentially be used in situ in continuous fermentation ggses to recover the product.

Although solubility measurements in SC £@re the first key step in evaluating the
viability of SFE, thermodynamic modeling can provide fedisjoanalysis and reduce the
number of experimental measurements required [3, 5]h®wther hand, it is important
to note that rigorous thermodynamic modeling of soluéditof compounds of biological
and pharmaceutical interest can be difficult [6] due moa#most complete lack of
knowledge of the physical properties necessary for therpakecule parameters used in
equations of state. A second challenge when modeling stiegbik the stability of the
modeled results. As discussed by Xu et al. [19], in addtoothe equifugacity condition

it is always necessary to verify the stability oé thystem by tests such as the tangent

plane distance criteria and global minimization rodtfogies.



The molecules studied in this work are important frorfecgit prospectives. Extraction
of caffeine (Fig. 1a) with SC CUs, no doubt, the most well-known commercial example
of SFE technology. Caffeine solubility is used to wetlie integrity of the experimental
technique by comparison with previous works [15-17, 20, 21]. Intiaddimodeling
results with the Peng-Robinson equation with van der Waadls)(wixing rules are

presented.

The second molecule, uracil (Fig. 1b), was selectegihgig importance as a biochemical
compound. Uracil is a nitrogenous heterocyclic nucleic-aagk (nucleoside) present in
RNA molecules and, therefore, in nucleotides. Its aeyninfluences different synthetic
pathways as well as enzyme systems and dictatedrtieuse and properties of living
cells and organisms. Uracil and other nucleosides ardamajsmrtant for complexation of
AMP, dAMP ande-AMP. Interest in uracil solution chemistry, and solutikility [22,
23] is growing as the knowledge of its biochemical impur¢aand applications are
becoming better known. For instance, Baker et al. [2ddl usacil as a model compound
to understand the effect of agrochemicals on foliar fpatien. Zielenkiewicz et al. [25]
studied uracil and its halo and amino derivatives thatodrspecial interest because of
their antimetabolic and antitumor properties. Therefaracil interactions in aqueous
solvents at different temperatures and, in general, isuvier in different media, has
become of great interest. Currently, measurementslabisties of uracil in water and in
salt solutions are available in the literature [26-28]; &sv, we know of no exploration
of uracil in supercritical fluids. In this work, we wgftesent experiments and modeling of

the solubility of uracil in SC Cgat 40 °C and 60 °C.



The third molecule, erythromycin (Fig. 1c), was seléatieie to its importance as an
antibiotic. The SFE of erythromycin might representadble alternative because, as with
other antibiotics, traditional separation and purificatmocesses are multi-step and
expensive. However, there are some reports of a pedubtdogical deactivation of
erythromycin in the presence of €{29-31] and this would have to be fully investigated
before considering SFE for separation. Erythromyciasid in the treatment of mild to
moderate inflammatory acne. Topical products containinghergtycin, a macrolide
antibiotic with poor aqueous solubility, are usually foratetl as high alcohol content
solutions or gels [32]. Erythromycin easily dissolves irstr@@mmon organic solvents as
well as in dilute aqueous acids, where it forms crys@balts [33]. We are aware of no
reports of erythromycin solubility in supercritical fluidén this work we present
experimental measurements and modeling of the solubfligyydhromycin in SC C@at

40 °C and 60 °C and between pressures of 150 and 300 bar.

In summary, in this work we present solubility measuramefthree molecules (Fig. 1)
of pharmaceutical and biochemical importance: caffeiae xanthine), uracil (a
nucleoside) and erythromycin (an antibiotic), in supecalitCC,. In addition, we model
the solubilities with the Peng-Robinson EOS, using vanWeals mixing rules and
different parameter estimation techniques. Discussionthef best alternatives for

modeling of these compounds is included.



2. Experimental Set-up

2.1Materials

The sources and purity of materials used in the experiraeatzs follows: erythromycin,
assay ~97% (NT) from Fluka; uracil, ~99% purity, from Sigroaffeine, anhydrous,
from Sigma; water, HPLC grade, from Aldrich; etharfl0 proof anhydrous, ~99.5+%
purity from Sigma. Carbon dioxide was either superaiitituid grade from Scott
Specialty Gases, Inc. (for measurements with erytpeomand uracil), or high purity

grade or bone dry grade from Mittler Supply, Inc. (caffeimasarements).

2.2 Apparatus

Solubility measurements were performed with a custont-tegirculating high pressure
apparatus [34], which is shown schematically in Fig. 2. Hpparatus is similar in
concept to high-pressure recirculating systems that haea used to measure vapor-
liquid multiphase equilibrium [35, 36]. The apparatus coss$tfive main components:
pumping, equilibration, heating, sampling and cleaning/ventystems. Thepumping
systemconsists of an ISCO syringe pump model 260D, which providesinitial
pressurization of the equilibration vessel and pipingpwarbon dioxide. A check valve
was placed between the syringe pump and the reci@ulatistem to avoid back flow.
The second pump is an Idex, Inc. magnetically drivenaeleition pump model 1805R-
415A, whose function is to take the solutefQ®@ixture from the equilibration vessel,
pass it through the sample valve and pump it back to thébegtion vessel. A vacuum

pump is used for cleaning purposes (see cleaning/venting $ySibenpressure in the



system was monitored with a digital Heise gauge (Hémee model 901A-5000), with an
accuracy of #.34 bar. Theequilibration systen(Figs. 2 and 3) consists of a stainless
steel vessel (internal volume of approximate 50 ml), imctv an excess of the solid
solute is placed. The outlet from the equilibration gess connected to the Valco, Inc.
sampling valve. Glass wool is placed at the exit of vhesel to prevent particle
entrainment. The temperature in the vessel is contradled).1 K with an Omega Inc.
Micromega CN77000 temperature controller. Cartridge heaterfitted into holes in the
vessel wall. In addition, the equilibration vessed @onnecting lines are placed inside a
constant temperature oven. The total volume of thiectdation system is approximately
32 ml (~25 ml of the equilibration vessel is occupied asglbeads). THeeating system
consists of the cartridge heaters in the equilibratiessel and a constant temperature
oven. The cartridge heaters provide initial heating andowt®en maintains constant
temperature for the whole system. To monitor the teatpeg, three thermocouples and
indicators were placed in the system: a type-T thermqoleofor the oven, a type-T
thermocouple in contact with the SCF in the equiliorativessel and an RTD
thermocouple in the equilibration vessel block. The hgasystem is crucial for
maintaining isothermal operation and avoiding precipitatio the lines. Thesampling
systemconsists of three valves and exchangeable sampges I(251.6, 503, 1007 and
2002 pl). The Valco, Inc. sampling switching valve model C6WHa¢ed inside the
oven) is connected to the recirculation and ventingesygelution position) and to the
sampling and cleaning system (load position). The anabfiee is used to deposit the
sample into the collection flask and the solvent wealie is used to inject collection

solvent and sweep any possible particles that could have dmteained during the



expansion. Theleaning/venting systeronsists of a taper seal HIP, Inc. vacuum valve
(placed in between the Valco valve and the solvent wable) that is connected to the
CGO, tank and the vacuum pump for cleaning purposes. For saftgl@ming reasons,

there is also a vent valve.

2.3 Apparatus Operation

The equilibration vessel is filled with a large excedsthe compound of interest
(caffeine, uracil or erythromycin) and glass beadsadded to improve mass transfer as
the SCF passes through the vessel. The system (inclidirgample loop) is filled with
CO;, to the desired pressure from the ISCO pump and thei€@umped through the
system with the recirculation pump (10% of the maximymm,r which provides a
pumping rate on the order of 10 ml/min for water). Duringiléxation the Valco valve

is in theElute position, which allows by-passing of the sample loopteAthe pressure
stabilizes (6.14 bar), the temperature controllers and heaterctvatad, taking care to
avoid temperature overshoot. Once the temperature indscand pressure gauge
confirm an isothermal isobaric system and the syste@ches thermodynamic
equilibrium (usually 30 - 90 minutes are allowed), the Valatve is switched to the
Load position to fill the sample loop with the saturated SO,/solute solution. The
recirculation pump is turned off momentarily when thelcd valve is switched between
Elute andLoad positions in order to avoid any unnecessary pressure spikes.Valco
valve is switched back to thElute position and the analyte valve opened slowly to
expand the sample into a liquid collection solvent éwatr ethanol, depending on the

solute studied). Once no more bubbles are observed imliketon solvent, the solvent



wash valve is opened and the sample loop is flushed withof wedsh solvent, which is
also deposited in the collection vial. The sample idyaed using a Varian model Cary-1
UV-visible system spectrometer. Before taking the rsaxhple at the same conditions
the system is cleaned meticulously by vacuuming thediqui of the sample collection
system and flushing with pure GO At least four replicates are taken at each pressure.
When a new solute is used, the entire system is wabkbeaughly with a liquid solvent

(generally ethanol) and flushed with €@ntil no residual contamination is detected.

3. Modeling

The solubility model used to represent the high-pressuasepbehavior of the three
molecules is shown in Eq. 1. This equation is a resuthe equifugacity condition
between the solid and the fluid phase, under the assumiftat the solubility of the

solvent (CQ) is negligible in the solid phase.

sub_sub M _ pDsub
=P v (P-ps) O
Pg RT

Eq. 1, as explained elsewhere [37, 38], represents theilgglof component 2 (solute)

in the supercritical phasé2°is the saturation (sublimation) pressure of component 2 at
temperaturd, ¢*° is the fugacity coefficient at the saturation prességis the fugacity
coefficient for the solute in the SCF phase, atldis the molar volume of the solid. In

this work é)z is calculated using the Peng-Robinson equation of stat8)(ith van der

Waals mixing rules.



The equifugacity condition represented in this equatiora isiecessary condition;
however, it is not sufficient to guarantee a stabledgtlid equilibrium result. As

discussed by Xu et al. [19], solutions of the equifugacity muanust be tested for
global phase stability, given that multiple solutioosuld satisfy the equifugacity
condition but only those that satisfy the stabilityndtion represent the true phase
equilibrium. In this work, the methodology discussedXloiet al. [19] was used to test
the stability of the system. This methodology considtthe application of the tangent
plane distance criteria [39] and a global minimizatimehnique based on interval
analysis [19, 40] that can guarantee the identificatioth® correct thermodynamically

stable composition of a fluid phase in equilibrium vatpure solute.

3.1 Estimation of properties

To calculate the solubility and phase stability of ltgin a supercritical fluid using an
EOS it is necessary to have critical properties aeatac factors of all components, and
molar volumes and sublimation pressures of the solid coemgs. When some of these
values are not available, as is the case here, éstimt@chniques must be employed.
When neither critical properties nor acentric factars available in the literature, it is
desirable to have the normal boiling poifit)(of the compound since some estimation
techniques require onlyf, and molecular structure. Also, vaporization, subliomati
and/or fusion curves and normal melting point informatioight be of help for the
estimation ofT,. Molar volumes may be available from crystallograpiugies. Some of

the estimation techniques used below, where only the mateaitucture and/or
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molecular weight are required, are available in ASPEbp&ties™ and we have used

this tool to estimate th&,, T. andP. of erythromycin.

In the following subsections, different property estioatechniques used in this work
will be discussed. We used the estimaled P. and ® as parameters in the Peng-
Robinson EOS; beyond that we do not assign any physgaifisance to the values
obtained. The properties found in the literature or eséichavith the methods explained
below are summarized in Table 1. Note that with theabivge of obtaining the best fit of
the solubility behavior of the three solutes in supecalitCO,, there are at least two
different sets of properties reported for each comporaagending on the estimation
method used. They are described more specifically in theesmonding results and

discussion sections.

3.1.1 Boiling Point

As mentioned above, the normal boiling point of a corepois one of the key properties
for the estimation of other parameters or propertie methods were used to estimate
boiling points: the Joback group contribution approach, esepted in Reid et al. [41]

and the Meissner approximation [42], a correlation thatrégoen molar refractidrRD],
parachor[P] andB, a constant whose value depends upon the chemical typessvaf

these parameters are explained in more detail in Lymah [g3]. The Meissner method
was particularly useful for estimating the boiling poaiterythromycin, given that the
Joback group contribution approach (ASPEN Properties™ valagjuced an obvious

overestimation ofl,. This is not surprising, since the Joback method was mgihaity
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designed for such large molecules. For caffelgayas already available in the literature
so no estimation technique was needed. For urBgcilyas estimated using the Joback

contribution approach, along with the sublimation curw @elting point data.

3.1.2 Ciritical Properties and Acentric Factors

Critical properties are crucial for an accurate reptasem of experimental behavior. In
this work, three methods were used to estimate thegemies: the Fedors and Joback
group contribution approaches described in detail by Reidl @414 and the Ambrose

method described by Reid et al. [41] and Perry et al. [44].

For caffeine, the Fedors and Joback group contribution agmEsacere utilized, as had
been done previously [37, 38]. For uracil, these same twhoaetwere applied, but for
erythromycin all three methods were used, with the obgof finding the best fit for

the experimental data. Where possible, the valuesmisesevere estimated with ASPEN
Properties™ ver. 11.1. Since erythromycin is not includetie ASPEN database, it was
necessary to input the molecular structure drawn in [BE8v ver. 2.4 and introduce the
molecular weight and/or the Meissner estimated valubeboiling point. More details

are discussed in section 4.3.

Acentric factors,m, for all molecules were estimated using a correlatiased on

Antoine’s vapor pressure equation. In addition, for eopiycin, the Lee-Kesler

correlation was used. As it will be discussed in sacli®, no major improvements for
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erythromycin were found with the latter correlation. Bothrelations are described in

Reid et al. [41].

3.1.3 Sublimation pressure
The sublimation pressure for caffeine and uracil werdablaiin the literature. However
no data has been reported for erythromycin. TherefeaMatson correlation for solids

[45], as described in Lyman et al. [43], was used. The valu€-othe Fishtine constant
used in this correlation, for erythromycin was 1.06 (tHauwlevalue) and\Z, =0. 97 as

assigned previously [43].

3.1.4 Molar volumes

Molar volumes of the three molecules were found inliteeature and their values and
references are reported in Table 1. For erythromyceyétue was approximated by the
difference between the molar volume of erythromyciiCAyH71NOss) [46], a hydrated
form, and the molar volume of water in the solid estah order to provide a rough

estimate of the real density of erythromycinA€;NO:3).

3.1.5 k; interaction parameters
The interaction parameters between the three m@ecahd carbon dioxide at each
temperature were obtained by regression of the experimgsiia and the values are

shown in Table 2. The objective function used was theageeabsolute relative deviation
(%AARD), as shown in Eq. 2. Herg®™ are the experimental datg*are the predicted

values anah is the total number of data points.
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exp _ ,calc

100 |Yi Yi
Z exp
n i=1 yi

%AARD = (2)

4. Results and discussion
In this section, experimental measurements and lngdeesults of the solubility of
caffeine, uracil and erythromycin in SC g@re presented. Also included is a discussion

of the various property estimation techniques.

4.1 Solubility of caffeine in SC GO

Solubility measurements of caffeine were perforraed0 °C for a pressure range of 100
to 300 bar. Previously, several authors [15-17,220,47-49] have presented results for
caffeine solubility in SC C@at various conditions (Table 3). In Table 4 angd. Bi the
results from this study are compared with the ditere values at 40 °C. Some of the
published values [20] were available only in graphform so those points in Fig. 4 are
approximate. The values obtained in this workifalhe range of the values reported by
other researchers. Johannsen and Brunner [16],emdses are a bit higher than those
obtained here, suggested the somewhat lower vahesented by Li et al. [15] might be
due to insufficient time being allowed for equilbon during dynamic measurements.
For this reason, we performed an initial study &edmine the required equilibration
(recirculation) time for our system and found tB8tminutes were sufficient. Therefore,
in our experiments, samples were collected everynifilites to ensure that equilibrium
saturation was achieved. With these measurementsvere able to validate the
experimental technique used for solubility deteation. From replicate measurements,

we estimate our experimental uncertainty to be ~10%
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The experimental results found were modeled usigpglEand the two different sets of
parameters shown in Table 1 (set 1 and set 2) lamdbinary interaction parameters
shown in Table 2. Note that critical properties ahd acentric factor of set 1 were
estimated by other authors [15, 50] using the Jobarethod. Thek; parameter

(- 0.0609 was estimated from a combination of the experialetiata from this study
and that of Li et al. [15]. Set 2 consists of pastans estimated with the Fedors and
Ambrose methods and these were presented by Mehl. ¢t4]. Once again thé;

parameter(— 0.4348 was estimated from a combination of the experialesiata from

this study and that of Li et al. [15]. The sublimatpressure for both sets was calculated
using Eqg. 3, which is taken from Bothe et al. [50].

log,, P** =15.031- %81, T[=]K, P[=]Pa (3)

The modeled solubilities using set 1 have a %AARB®&9 and for set 2, a %AARD of
16.3 was obtained. As seen in Fig. 5 the Peng-Rohinequation represents the
experimental behavior of the system quite well, eesdly using the properties
corresponding to set 2, although this set requaresuch larger negativie; value. The
largest deviations between experimental and modeleees are found at lower pressures
for both sets of parameters. All modeling resultsspnted here were tested for phase

stability using the interval methodology proposgdXo et al. [19].
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4.2 Solubility of uracil in SC C®

Uracil solubility measurements were performed at@@nd 60 °C for pressures between
100 and 300 bar. As shown on Table 5, the expetahsnlubilities are from 18to 10*
mole fraction. The solubility at the lowest pressuare quite low but the solubility
increases rapidly with increasing pressure. Thelslily at 60 °C is higher, no doubt due
to the higher solid saturation pressure at thispeature. The use of protic cosolvents,
with the possibility of hydrogen bonding with thet&ne groups, might be able to
increase the solubility of uracil even further kiis was not included in this study. The

estimated uncertainty from replicate measurementd5%.

The experimental results were modeled using thegfRabinson EOS using two
different sets of parameters. The sublimation presfor both sets was estimated using
the following correlation (Eq. 4) found in Brunegti al. [51].

log,, P** = 1.2.29—?1 . T[5]K, P[]kPa (4)

For both sets, critical constants and the acefdaadtor were calculated using the Joback
contribution method approach. However, given thathoiling point Ty) is required for
these estimations and was not available in liteealiy was estimated using two different
approaches. For the first set, setT},was estimated recalling the thermodynamic

relation expressed in Eq. 5. It is assumed fiaf = (thd molar volume of the liquid is

negligible compared to the molar volume of the vapaod that the normal melting point
(Ty = 338 °C [24]) is a reasonable estimate of thdergmint temperatureT¢p). The

typical pure component phase diagram shown in 6-igakes clear why this assumption
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is made. Then the sublimation pressure equation4{Egas used to obtain the pressure
at Ttp. The value obtained was used as a reference froim which to extend the
vaporization curve (Egq. 5 and 6), knowidiH,=83.736 kJ/mol [52]. The rough

estimation of the boiling point by this method &13C.

dinP™ __ AH,
] Rz, x
In P = 26.69—100_|_L69, T[=lK, P[]Pa ®)

Ty, for set 2 was estimated following the Joback dbuation approach. The value found,
274 °C, differs significantly from the first appiaand is not physically reasonable since
it gives a normal boiling point that is less thha experimentally known normal melting
point. However, set 2 is included here to em@eathe dramatic differences that one

can obtain using different estimation techniques.

The binary interaction parameters at 40 °C and t°@ were estimated from the
experimental data obtained in this study. Figs.nd 8 present a comparison of the
experimental and modeling results at 40 °C and @Oréspectively, using both sets of
parameters. As seen from the figures, the PengrRobi equation represents the
experimental behavior of the system quite well viithih sets of parameters at pressures
greater than 200 bar; however, at lower pressin@stror is greater than 60%. Due to
these discrepancies at lower pressures, the %AARID &C is ~37% for set 1 and ~44%
for set 2. The %AARD at 60 °C is ~46% for set 1 ad@% for set 2. Set 1 parameters

are no doubt the better set given that the botlioot was estimated using enthalpy of
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vaporization data. Moreover, the binary interattgarameters are more reasonable for
set 1 and the %AARD is slightly better. As in theypous case, both sets of results were

tested for stability to make sure that the modelegylts presented are correct.

4.3 Solubility of erythromycin in SC GO

Erythromycin solubility measurements were perfornad40 °C and 60 °C and at
pressures from 150 to 300 bar. Since erythromysinighly hygroscopic and its
extinction coefficient in the UV-Vis region is qaitsmall, some adjustments in the
operating procedure were made. First, erythromy@s dried for ~12 hours in a vacuum
oven and placed and sealed in the extraction vessejlove box. Also, special care was
taken to ensure that there were no leaks in theesyshat could allow contact of the
erythromycin with humid air. Second, due to the lsreatinction coefficient and low
solubilities at pressures lower than 200 bar, lasganple loops (100l and 2002ul)
and smaller amount of collection solvent (ethamadye used. However, absorbances for

experiments at pressures below 150 bar were sfitvb the detection limit, which we
estimate to bel.1x 10™ and 1.7 x 10™* mole fraction at 40 and 60 °C respectively. The

experimental results, shown in Figs. 9 and 10 aatolel6, show solubilities in SC G@n
the range of 16to 10° mole fraction at pressures from 150-300 bar. Tdlahilities
found at high pressures are remarkably high conegléhe large size of the molecule.
Perhaps this is related to the unusual interactioerythromycin with C@, as has been
noted by other researchers [29-31]. The resultscamapletely reproducible, with an

estimated uncertainty from replicate measurementd 6%.
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Modeling of erythromycin was particularly difficulAlthough this is a molecule that has
been widely studied from a biological and clinigalint of view, little information has
been disclosed in terms of thermodynamic properti&@sen that neither sublimation
pressure nor critical constants are available, ragvgroup contribution estimation
methods were used. The Meissner approximation laadléback method were used to
estimate erythromycin’sl,. The Fedors, Joback and Ambrose methods, described
previously, were used to estimate the critical prtips using ASPEN Properties™ ver.
11.1. Given that erythromycin is not part of the PEIN database, the molecule was
drawn first in 1ISIS™/Draw 2% and then imported into ASPEN where, in additidw t
molecular weight and/or the Meissner boiling poire specified. A summary of these
parameters, their origin, estimatiedvalues and the %AARD values produced with each
set are listed in Tables 7 and 8. Interaction patanvalues were estimated from
regression of the experimental data and the subimaressure was estimated using the
Watson correlation for solids with the parameteentioned in section 3.1.3. The values
for the sublimation pressure are quite small; thiskely due to an overestimation of the
boiling point, which is used as a parameter inWason correlation. In Table 7 it can be
observed that the acentric factors estimated & 3& are positive and, thus, might have
some physical significance (measure of nonsphgricit the molecule). Given that
erythromycin is a high-molecular-weight moleculegonvould expecto to have a large
positive value. The Lee-Kesler method was also dsedhe estimation oto, but only
small improvements in the model were found; theesfave are not including those

results here.
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Set 1 corresponds to results usifigestimated with the Joback method. The apparent
overprediction ofT, produces a correspondingly lar§g which is much higher than the
values estimated with other methods. From Tableé @an see that only sets 3-5 give
reasonable values &f. Graphical results of all models at 40 and 60 *€stown in Fig.

9 and 10. From Fig. 9, it is clear that sets 1n@ a do not even represent the correct
gualitative behavior of the solubility of erythrooiy in SC CQ at 40 °C. By
comparison, sets 4 and 5 provide more reasonabfeatss of the solubility up to 250
bar but predict a slight decrease in solubilitytla highest pressures, which is not
observed experimentally. Set 4 corresponds to ptiepeestimated with the Meissner and
Ambrose methods and set 5 corresponds to propersigsated with the Meissner,
Fedors and Ambrose methods (Table 7). Both setsrajperties fit the experimental
behavior at 40 °C equally well (%AARD values of@%and 8.1, respectively). In Fig. 10,
results at 60 °C are presented. As seen in tablall &jve sets of parameters yield
reasonable %AARD values. However, none of the semarameters yield satisfactory
results. Although they seem to capture the corgeetlitative behavior, sets 1 and 2
require ridiculous;; values. Sets 3-5 show increasing solubility vinitreasing pressure
but seriously underpredict the solubility at thevés pressures. These results emphasize
the importance of the parameter estimation teclasgespecially for large solute
molecules. Relatively small variations in the estied parameters can cause large
differences in the predicted solubilities. For amste, sets 3 and 4 differ by just 20 °C in
Tc and 1.4 bar iP; but yield large differences in the solubility pretibns. It is important

to note that the poorer quality modeling obsengrdefythromycin is not surprising since

it is the largest solute studied and all parametessvell as the sublimation pressure, had
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to be estimated. The sublimation pressure is venallsand, therefore, one can
legitimately question the accuracy of the Watsomnr€lation in this pressure range [43].
For systems like this, experimental data is celtaohthe utmost importance. Moreover,
it is clear that the Peng-Robinson EOS is not #& bhoice for this system. As before,
the modeling results were tested for stability tswre that they satisfied both the

equifugacity and phase stability criteria.

5. Conclusions

In this study, we presented measurements and mgdefi the solubility of caffeine,
uracil and erythromycin in supercritical @&t 40 and 60 °C and pressures up to 300 bar.
Caffeine solubility was used to validate the expental apparatus and technique. The

solubility of uracil, a nucleic acid base, in SC drreased with increasing pressure and
increasing temperature, falling in the range2sf x 10°to 1.3 x 10 mole fraction. The
solubility of erythromycin, an antibiotic, is rellatly high (up to 21x10° mole
fraction) compared to that of uracil, especiallyngidering its large size. The Peng-
Robinson equation with van der Waals mixing ruleswsed successfully to model the
solubilities of caffeine and uracil, accurately negenting the phase behavior. Modeling
of erythromycin was significantly more difficult duto the lack of physical property
information. However, estimation techniques suclh@sMeissner method and Watson
Correlation forT, andP*®, respectively, were quite helpful in obtaining gby order of
magnitude, estimates of the solubility. It is alsportant to highlight that small changes

in critical properties estimated can cause largangls in the solubility estimates. In all
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cases, the modeling results were checked, usirgvait analysis, to ensure that they

satisfied phase stability, as well as the necessguifugacity requirement.
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List of symbols

%AARD average absolute relative deviation

B constant for Meissner approximation according tencical type
AH enthalpy

K; binary interaction parameter of componeandj for Peng-Robinson EOS
Ke Fishtine constant

P pressure

[P] Parachor number

R universal gas constant

[R,] molar refraction

T temperature

v molar volume of the solid

Y, solubility of the solute

NZ compressibility factor

Greek letters
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¢ fugacity coefficient

® acentric factor
Subscript

2 solute

b boiling

o critical

f fusion, melting
I, component indices
TP triple point

v vaporization
Superscript

calc calculated
exp experimental
sub sublimation
vap vapor

™ trademark
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Fig. 1 Solutes studied: a) caffeine, b) uracil, c) erythrogcin.
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Fig. 2 Detailed schematic of SFE systerRumping System: 1. ISCO syringe pump,
2. check valve, 3. recirculation pump, 4. vacuum pump, 5. presre indicators.
Equilibration System: 6. equilibration vessel (see Fig. 3 for detaildfeating
System: 7. cartridge heaters, 8. constant temperature oven, 9. thaocouples (a.
type T, oven; b. type T, center of extraction vessel; c. tgoRTD, cartridge hole) ,
10. temperature indicators (a, b and c)Sampling System: 11. sample loop12.
Valco. Inc. sampling switching valve, 13. Valco valve positioner (glon or load),
14. analyte valve, 15. solvent wash valv€leaning/venting system: 16. vacuum
valve, 17. venting valveOthers. 18. CO; tanks (a & b). 19. Uv-vis-system
spectrometer.
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Fig. 3 Detail of equilibration vessel: 1. inlet , 2. outlet3. glass wool, 4.
temperature controller, 5. cartridge holes, 6. recirculaton inlet, 7. glass
windows.

30



@ This study
(O stahl & Shilz, 1979 [20] H
<~ 54 VY Gahrs, 1984 [21]
\/ Lietal, 1991 [15] - H
S B Johansen & Brunner, 1994 [16] v
X 4 [] Saldafia etal., 1999 [17] v I 4
-
§ T o
S -
= 3 - j |
@ O \V4
@)
£, M v.
227 He v
5
= UQV
A 1- oO
O | v| | | | | | |
0 50 100 150 200 250 300 350 400

Pressure [bar]

Fig. 4 Experimental and modeled solubilities of caffeinan SC CQO, at 40 °C.
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Fig. 5 Solubility of caffeine in SC CQ at 40 °C.
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Fig. 6 Schematic of how the boiling point of uracil was estimatl (1 Pa = 1 x 18 bar).
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Fig. 7 Comparison of experimental and modeled solubilities afracil in SC CO; at 40 °C using two different sets of
parameters.
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Fig. 8 Comparison of experimental and modeled solubilities afracil in SC CO; at 60 °C using two different sets of
parameters.
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Fig. 9 Comparison of experimental and modeled solubilities @&rythromycin in SC CO, at 40 °C using several different sets of
parameters.
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Fig. 10 Comparison of experimental and modeled solubilities @rythromycin in SC CO; at 60 °C using several different sets
of parameters.
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Table 1 Physical properties of the compounds studied

Compound Tp[K] Tc[K] Pclbar] w P*[bar] P*"[bar] v
40 °C 60 °C  [cc/mol]
CO; 304.2 73.8 0.225
Caffeine
Set 1[15, 19, 50] 855.6 41.5 0.555 3.7E-09 - 145.7
Set 2[14, 53] 608.7 20.3 0.247 3.7E-09 - 157.9
Uracil
Set 1[51, 54,55] 664.0 991.3 68.5 0.596 1.3E-11 2.4E-10 68.8
Set 2 [51,54,55] 547.0 816.6 68.5 0.576 1.3E-11 2.4E-10 68.8
Erythromycin
See table 7 and 8 608
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Table 2 COp-solute Peng-Robinson interaction parameters, determinedytfitting

the experimental data

T Kij Caffeine Uracil Erythromycin

[°C] Setl Set2 Setl Set2

40 CO, -0.060 -0.435 -0.184 -0.456 See
Tables 7 & 8

60 CO; -0.266 -0.565

Table 3 Solubility measurements of caffeine in SC CQhat have been published

previously

Authors Temperatures [°C] Pressure Range [bar]
Stahl and Shilz [20] 21,35,40,60 10-200
Géhrs [21] 40,50,60,70,80 160-400
McHugh and Krukonis [47] 60 152-228

Lentz et al. [48] 36.9-156.9 150- 700
Saldaia et al. [17] 40, 60, 65, 70 140-240
Ebeling and Franck [49] 50-160 5-250
Johansen and Brunner [16] 39.9,59.9, 79.9 200-350
Li et al. [15] 40, 60, 80, 95 80-300
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Table 4 Experimental solubility of caffeine in SC CQ at 40 °C

Pressure Density Solubility Solubility

[bar] [g/cc] [M] [mole fraction]

100.0 0.6286  9.0E-04 6.3E-05
103.4 0.6513 1.2E-03 7.8E-05
137.9 0.7593  2.3E-03 1.4E-04
150.0 0.7802 2.6E-03 1.5E-04
172.4 0.8107  3.5E-03 1.9E-04
206.8 0.8460 4.8E-03 2.5E-04
300.0 0.9099 7.1E-03 3.7E-04
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Table 5 Experimental solubility of uracil in SC CO, at 40 °C and 60 °C

Temperature Pressure Density Solubility Exp. Solubility

[°C] [bar] [g/cc] [M] [mole fraction]
40.1 100.0 0.6266 4.2E-05 2.9E-06
40.0 125.0 0.7311 4.9E-05 2.9E-06
40.2 150.0 0.7788 1.5E-04 8.4E-06
40.1 200.0 0.8392 2.3E-04 1.2E-05
40.1 249.9 0.8792 4.0E-04 2.0E-05
40.0 299.8 0.9100 7.4E-04 3.6E-05
60.1 100.0 0.2894 1.5E-05 2.3E-06
60.0 125.0 0.4717 2.7E-05 2.5E-06
60.0 150.0 0.6041 7.5E-05 5.5E-06
60.2 200.1 0.7225 4.4E-04 2.7E-05
60.1 250.0 0.7859 1.0E-03 5.8E-05
60.0 299.9 0.8295 2.4E-03 1.3E-04
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Table 6 Experimental solubility of erythromycin in SC CG; at 40 °C and 60 °C

Temperature Pressure Density Solubility Exp. Solubility

[°C] [bar] [g/cc] [M] [mole fraction]
40.0 100.0 0.6286 Below detection
40.0 150.0 0.7799 6.6E-03 3.8E-04
40.1 200.1 0.839%6 1.7E-02 8.8E-04
40.2 249.9 0.8787 1.7E-02 8.8E-04
40.0 299.9 0.9097 1.8E-02 8.9E-04
60.0 100.0 Below detection
60.0 150.0 0.6041 1.9E-02 1.4E-03
60.1 200.0 0.7233 2.8E-02 1.8E-03
60.1 249.9 0.7860 3.2E-02 1.8E-03
60.2 300.0 0.8290 3.8E-02 2.1E-03
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Table 7 Estimated physical properties for erythromycin usiig various techniques

Method used to estimate

SET# Tp[K] Tc[K] Pc[bar] w Ty Te Pc References
1 1781.4 3033.9 6.5 -0.510 Joback Joback Joback ASPEN Properties™
2 926.2 1577.3 6.5 -0.510 Meissner Joback Joback ASPEN Properties™
3 926.2 10515 6.5 1.5458 Meissner Fedors Joback ASPEN Properties™
4 926.2 1076.6 7.9 1.348 MeissnerAmbrose Ambrose ASPEN Properties™
5 926.2 10515 7.9 1.818 Meissner Fedors Ambrose ASPEN Properties™
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Table 8 Erythromycin sublimation pressure, binary interaction parameters with

CO, and %AARD at 40°C and 60°C

SET # T=40°C T=60°C

P*®|bar]  kj %AARD  P"°lbar] kj %AARD

1 25E-69 -2.603 52.0 3.0E-63 -2.810 14.9
2 29E-22 -1519 1111 9.1E-20 -1.495 34.8
3 29E-22 -0.083 694 9.1E-20 -0.100 29.3
4 29E-22 -0.094 156 9.1E-20 -0.109 35.9
5 209E-22 0.031 8.1 9.1E-20 0.045 414
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