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Determining the Sublimation Pressure of Capsaicin Using High-Pressure
Solubility Data of Capsaicin + CO, Mixtures

JoseO. Valderrama,*:™* Pedro A. Roblest and Juan C. de la Fuenté

Faculty of Engineering, Department of Mechanical Engineering, University of La Serena, Casilla 554, La Serena, Chile,
Center for Technological Information (CIT), Casilla 724, La Serena, Chile, and Department of Chemical Processes,
University Federico Santa Mar, Casilla 110-V, Valpafao, Chile

Experimental solubility data (pressureoncentration) of capsaicin in high-pressure carbon dioxide at three
temperatures has been tested for consistency and then used to determine the sublimation pressure of capsaicin.
The experimental data have been modeled and thermodynamically tested using th&8ingon equation of

state with the mixing rules of Wong and Sandler using a method previously developed by one of the authors. The
system capsaiciA- carbon dioxide is highly asymmetric and presents inherent difficulties of analysis. Despite
this, the model employed in this work allows for the correlation of the solubility of solid capsaicin in the high-
pressure gas phase with deviations much lower than other models presented in the literature for asymmetric
mixtures. Therefore, the sublimation pressure determined by the proposed method can be used with confidence
in modeling and simulation processes where the sublimation pressure of capsaicin is required.

Introduction perature, pressure, and concentration) be well calculated by a
defined thermodynamic model. The equilibrium concentration
of the solute determines the highest concentration of the solute
that can be extracted by the supercritical fluid solvent and
therefore is one of the most important variables in supercritical
fluid extraction!® Current methods for modeling the phase

The production of plant extracts is currently limited by safety
and regulatory constraints to the concentration of toxic residues
of organic solvent$-2 The use of carbon dioxide (GPas a
solvent is an attractive alternative due to its inertness, nontox-

icity, nonflammability, and low costAdditionally, the use of equilibrium in these systems consider the application of equa-

CGO; in supercritical fluid extraction processes, near-environ- . .
mental temperatures, is advantageous to minimize heat require-tlons of state (F0S), a method in which the effect of concentra-

ments and avoid thermal damage to labile compoiridghis tion is specially cons.idered through the so-callgd mixing rules.
respect, having experimental solute solubility data and applying ~ 1here are four main problems with the modeling of mixtures
good methods for the modeling of such data and for testing the SUch as solid capsaicin in supercritical £Q()) the large
goodness of the data are essential in the simulation, optimization difference in size between the solute capsaicin and the solvent
and design of supercritical fluid processes. CQ, (i) the chemical complexity of the solute, (iii) the very
The pungency characteristic of hot peppers and paprika is low concentration of the solute in the high-pressure gas phase,

due to the presence of compounds called capsaicinoids, amongnd (Iv) the sublimation pressure of the solid capsaicin is not
which capsaicin (@H270sN) is the most pungent. Capsaicin  <"OWn with suffluent'accuracy as needed for thermodynamic
is of interest in foods because of its hot flafdi. is also of modeling and analysis.

interest in pharmaceuticals, because of its direct action on pain  To the best of our knowledge, the only known information
receptors; when topically applied, capsaicin is useful in alleviat- on the sublimation pressure of capsaicin is that givenkerget

ing the pain associated with diabetic neuropathy, osteoarthritis,and Knez:* These authors provided the constants for the
and psoriasig?8 generalized Riedel's equation. Valderrama and ZavHi&tae

The literature shows that de la Fuente ef4dansen et alt indicated that a reasonably accurate value of the sublimation
Skerget and Kne#! and Knez and Stein& measured the  Pressure of the pure solid must be available if accurate values
solubility of solid capsaicin in Cg with different experimental ~ of solubility are needed for the modeling and correlation of the
methodologies and comparable results, at several temperaturegata. These authors showed that variationsta0 % in p;
(between 298 and 333 K) and over a pressure range from 6 tomay produce deviations between 5 and 19 % in solubility
40 MPa. Within this experimental region, the mole fraction of calculations. Therefore, it is proposed here to determine the

capsaicin in the fluid phase was of the order of4.and lower. sublimation pressure of capsaicine as a function of temperature
This low value is explained due to the poor solvent power of using accurate solubilty data of capsaicine in high-pressure
CO;, for polar solutes and the low volatility of capsaicin. carbon dioxide. The accuracy of the data used is checked using

The modeling and simulation of supercritical fluid separation @ consistency test method developed by one of the authors.
processes require that the phase equilibrium properties (tem- Sublimation Pressure and Solubility.The fundamental
equation of phase equilibria establishes that, at a given tem-
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subscript 2 stands for the solid component, then the equation
i516

F5=19

1)

If the solid phase is considered to be a pure substance, then

P05 = Vo3P )
Here,y, is the mole fraction of the solid component in the gas
phaseps is the sublimation pressure of the pure sofifljs the
fugacity coefficient of solid (2) in the gas phasg, is the
fugacity coefficient of solid (2) at saturation, apds the system
pressure.

Since the sublimation pressure is normally low, ideal gas
behavior for the gas phase over the pure solid can be assume
and¢ ~ 1. Also, the volume of the solid can be considered to
be pressure independent, and the mole fraction of the solute in
the gas phase, or solubility, at temperatlir@nd pressurg for
component 2 is

B pgeVZS(P—Pﬂ/ RT

®3)

y
? pg3

Here, R is the ideal gas constant ang is the solid molar
volume.
If solubility data (concentration of the solid solute in the

compressed gas phase at different pressures) at a given constar&

temperature are available, it can be seen from eq 3 that the
sublimation pressur@; can be determined. The calculation
reduces then to an optimization problem solved in this work
using genetic algorithms.

The fugacity coefficient is calculated from standard thermo-
dynamic equations that relate the fugacity coefficient with the
pressurep, the temperaturd, the volumeV, and the critical
compressibility factoZ = pV/RT

ap

RTIn(@®) = [, ’(8“ TV

The Peng-Robinson EoS8 with the mixing rules proposed by
Wong and Sandléf are used as the thermodynamic model to
evaluate the fugacity coefficienp,. The Peng-Robinson
equation and the WongSandler mixing rules for the PR EoS
that are used in this work are summarized in Tabfé Ib. the
equations presented in the tabéeandb are the equation of
state constantd is the critical temperaturgy is the critical
pressureT; is the reduced temperature definedTas= T/T,
andw is the acentric factor. Als@ay, andby, are the equation
of state constants for mixtures witk; as the adjustable

(4)

—g‘] dvV—RTInZ
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The expressions for the fugacity coefficient using the PR
equation with the above-described WS mixing and combination
rules can be found elsewheifeThe problem is then reduced
here to determine the parametéss andLy; in the van Laar
model, thek;, parameter included in the combining rule for

a a/RT),, and the sublimation pressupé that appears in the

solubility eq 3, using available high-pressure TPy data forgas

. solid systems. The main goal in this problem is to find a

minimum value of the objective function defined below that
gives an acceptable sublimation pressure, that provides model
parameters of acceptable physical meaning, that gives low
deviations between experimental and calculated solubility
values, and that is shown to be consistent according to the
method developed by the authBrsand summarized in the
following section.

The optimization procedure in the genetic algorithm scheme
requires an objective function. This objective function is
arbitrarily but conveniently defined, and several criteria have
peen presented in the literatifeFor modeling the solubility
a solid solute in a compressed gas, the deviation between
calculated and experimental values of the solubility is defined
as the objective functiokV. That is

W= % Ay,| ©)

The average absolute deviation Aéb Ay,| is calculated as

100 N[5 = y5®
Aver |% Ay,| = — Z _
N ygxp

(10)

while the average relative deviation Aver Ay is determined
as

1008 (Y5 —y2*
Aver % Ay, = N Z

Yz

(11)
i
Valderrama and Alvaré? have demonstrated that these two

deviations, relative and absolute, give the global information
needed to decide about the goodness of a model. Besides that,

parameterAZ(y) is calculated assuming thaf(y) ~ AE(y) ~ the consistency test developed by the authors considers the
Gf(y). In this work, GE(y) has been calculated using the van individual deviation for each point, as explained in what follows.
Laar model that has been shown to perform well in high-pressure  Consistency CriteriaThe consistency criteria have been well
phase equilibrium calculatior. described by the authot&2324Thus, a brief summary only is
For a binary mixture such as the case considered in this study,given in what follows.
the general equations presented in Table 1 are reduced to To define the criteria for thermodynamic consistency, it is
first required that the model is able to correlate the data within
acceptable deviations. The model is accepted and the consistency
test is applied if the deviations defined by eq 9, for each point,
are within —20 % to 20 % for the solute mole fraction in the
gas phaseyg). After the model is found appropriate, it is
required that the GibbsDuhem equation conveniently written

_ Y12(b — a/RT); + 2y,y,(b — &/RT),, + yzz(b — a/R"),

oA Ydy GE(Y)
bRT b,RT OQRT

b

m

(5)
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Table 1. Peng-Robinson Equation of State and Wong-Sandler Mixing Rules

The Peng-Robinson Equation The Wong-Sandler mixing rules

N N
_RT & oo a
P=V5 VVib)-bV-b) Zl: Z; yiy J(b - Rr jg
bm =
I ]Zv viaij G & ()
a=0457235R°T/P) T,) © b;RT Q RT

b =0.077796(RT/P,)

oT)"™ = [1+F(1-1)]
F =0.37646+1.54226 ©-0.26992¢7

RT am
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N E
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van Laar model for GOE(y)

N N
X YL YiX ¥jli
i j
= : 11-=
RT Ziy‘ 1-yi N N
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j i

in terms of the fugacity coefficients is fulfillet®. This equation =~ Table 2. Properties of Capsaicin Used in This Work

as discussed in previous workd%33 property carbon dioxide  capsaicin
(1 2) molecular weight 44.0 305.4
1 1 -y normal boiling poinfTy/K 853.7 }
IW dp= f_(Z — 1o d¢2 + f (- 1)p d¢1 12) critical temperaturd /K 304.2 1062.1 Berget and Kne2
2 2 Y2 1 critical pressure,/MPa 7.38 1.71
acentric factor 0.224 1.18
In this equationp is the system pressurg; is the gas-phase  densityp(298 K)/gcm 3 1.06 -
solute mole fractiong, ande, are the fugacity coefficients of mor'gg.zgq'gpfvm@% K) 02808 Vafaietd!

components 1 and 2 in the gas phase mixture, Ansl the
compressibility factor of the gas mixture. The properties

aThe data for C@were taken from Daubert et #1.

@2, and Z can be calculated using an equation of state and
suitable mixing rules. points in the data set (say two out of 10 original points), then
The consistency method requires that the difference betweenthese points showing high area deviations can be eliminated
the integral on the left-hand side of eq 12, denotedgasand and the remaining data checked again for consistency. Once
the sum of the integrals on the right-hand side, denotedl,as  the data with high area deviations are removed, the calculated
be between defined margins20 % to+20 %), to declare the  sublimation pressure is taken as the true value. Therefore, the
data as being thermodynamically consistent. The percentages/alues for the sublimation pressure presented in this work are
defined for the consistency criterion (solubility and areas) are calculated with data that not only can be accurately correlated
based on information presented in the literature related to theusing a thermodynamic model but also was shown to be
accuracy of experimental data in this type of mixture. Valder- thermodynamically consistent.
rama and Zavaletahave clearly explained how these limits of Data Used.Table 2 shows the properties used in this work
acceptance were determined. for both carbon dioxide and capsaicin. The data for pure carbon
The data are considered to be thermodynamically consistentdioxide have been taken from Daubert et@rhe data for pure
(TC) if the deviations in all the individual deviations in the areas capsaicin were obtained fronk&get and Knel2 and Vafai et
are within the defined limits£20 % to 20 %). The data are  al.??” except the sublimation pressure of capsaicin that has been
considered to be thermodynamically inconsistent (TI) if the estimated from the experimental solubility data. The method
deviations in correlating the solute solubility are within the used for estimating the sublimation pressure has shown to be
established limits but the individual deviations in the areas are highly reliable and provides better flexibility to the modelitig.
outside the established limits, for more than 25 % of the data The experimental solubility data of solid capsaicin in high-
points in the data set. If the data points giving area deviations pressure C@used in this work were presented previously by
outside the established limits are less than 25 % of the datade la Fuente et &lin graphical format and consisted of 101
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Table 3. Details on the Phase Equilibrium Data for the System 2,5 1
Considered in This Study? A A A A A
T=298K T=2308K T=313K At .
N [
P y2 P y2 P ¥ A a"
MPa 10 MPa 10 MPa 10 2 5. PO
7.60 0.643 8.56 0.435 7.75 0.051 > - . o
9.21 0.723 11.79 0.887 9.43 0.300 - o ® * * .
10.72 0.740 15.43 1.110 12.65 0.850 . o *
15.69 0.979 17.37 1.190 13.15 1.090
17.28 1.020 20.76 1.390 14.63 1.190
20.03 1.110 23.05 1.430 18.48 1.550 05 T T |
24.64 1.230 26.83 1.530 19.25 1.640 10 20 30 40
28.11 1.260 28.25 1.640 22.47 1.860 pIMPa
36.67 1.290 3224%)5 1192?30 3(2)77'30 22?;%80 Figure 1. Smoothed data for the mixture G@ capsaicin. In the figure,
' ' 3571 237 the symbols are®, T=298 K;®, T =308 K; o, T = 313 K.

aThe estimated uncertainties of the experimental values are 0.15 % for Table 4. Calculated Deviations and Optimum Interaction

0 Parameters for the Binary Mixtures CO, + Capsaicin and
the temperaturd, 1 % for the pressurp, and 3.5 % for the solubility:. Sublimation Pressures atyAII Temperatuzres StSdied with the

PR/WS/VL Model and Using the Data Described in Table 2

data points, at pressures from 7.5 to 37.0 MPa, and at three

temperatures (298, 308, and 313) K. Nevertheless, in the presenty 222 3088 3173
contribution, a selection of solubility data are informed in a Ap/MPa 14.2-36.7 18.9-35.0 23.235.8
more useful tabular format (Table 3). ki 0.006 381 0.000 679 0.000 358
According to the methodology described in detail by de la i ?-ggg? g'gggg g-;g(l)g
Fuente et al®,the mole fraction of capsaicin in the G@ich A‘{,er%Ayz 356 _g8.08 1261
phase was measured and calculated with a static-analytical setup Aver |% Ay, 7.12 12.12 15.19
Capsaicin £ 95.0 % pure, mass basis) from Sigma-Aldrich (St. Max %Ay, —19.41 —15.04 —15.09
Louis, MO) and carbon dioxide (99.99 % pure, mole basis) from X\f‘é‘rz//" 02':2 1;‘-%2 71005:37 123(-)%5
AGA-_C_:hllg S. A. were psed for _th_ese measurements. Fc_)r each o |%A2Az| 6.21 4.03 517
solubility isotherm, solid capsaicin (0.3 g) was loaded into a ps)vpPa calc. 8.09« 10-19 8.02x 10-18 259x% 10-17

high-pressure 50 mL capacity equilibrium cell and then filled pSMPa Riedel 8.1 10719 7.92x 10718 2.33x 10°%7
with CO,. The temperature and pressure were adjusted to desire
set values. Following a 12 h equilibration period, the concentra-
tion of capsaicin in the saturated g€@ch phase was determined
on-line by withdrawing fluid phase samples (20) from the

T o oA o et oniy oopcs PTESUTS at h ee temperaures i he WS- V. mode
gn-p q grapny are presented. Also shown are the calculated sublimation

(HPLC). The estimated uncertainties in temperature and IDress'urepressures with the Riedel equation with the constants proposed

were 0.5 K and 0.2 MPa, respectively. The HPLC analyses were by Serget and Kne#! The difference between the values

gerforg;ed 3ct(r:]ord|n? tottr:je methtoc_i E)_roposed b?/transgn anfdcalculated using the solubility data and those determined using
runor” and the estimated uncertainties were ot the order of generalized Riedel equation are betwée% and 15 %.

0 . . ,
3.5 %. This value gives on the average approximaedy3 x The calculated sublimation pressures were correlated using an

i .
10" in mole fraction. N . .. equation of the form logps) vs the inverse of the absolute
When the whole set of numerical information of the capsaicin temperature. The resulting equation-g(pyMPa)= —11.517

solubility in high-pressure COwas considered for analysis, 8763.2(KT), with p* being the sublimation pressure in MPa
several problems were detected: (i) the numerical method used

) . ) X . . and T the absolute temperature in Kelvin. As shown by
diverges, (ii) parameters with no physical meaning are obtained,\/aiqerrama and Zavalet4, the calculation of sublimation

or (iii) very high deviations in the correlated solubility are ressures using the procedure employed in this paper gives
obtained. Therefore, the data were analyzed and the repeate

. limi d endi th ; - ccurate results. Not only that, but the solubility data used in
points were eliminated ending with a set of 30 points: 9'_at determining the sublimation pressure are those that are shown
= 298 K, 10 atT = 308 K, and 11 aff = 313 K, as shown in

.___to be thermodynamically consistent. Error propagation calcula-
Table 3. After that, the data was smoothed and 10 data pomtstons, as explained by the authors in previous wéfiapplied

were used for analysis. Figure 1 shows the three data sets Useg, the calculated sublimation pressure give errors of the order
to determine the sublimation pressure. of 3.5 %

The maximum deviations in the solubility and in the areas
are presented in the 9th and 10th rows of Table 4, respectively.
The data presented in Table 3 was analyzed using the modelOnly the 10 data point set at = 298 K was shown to be
presented in the preceding sections, the Pddgpinson equa-  thermodynamically consistent (TC), that is, area deviations are

tion of state with the WongSandler mixing rule including the  within the established range 620 % to+20 %. For the other

van Laar model for the Gibbs free energy needed in the mixing two isotherms at temperatures of (308 and 313) K, the 10 points
rules (PR/WS/VL). Table 4 presents the optimum parameters data set resulted as not fully consistent (NFC), meaning that
and the deviations in the solute mole fraction in the compressedsome few points gave area deviations outside the established
gas phase AvelRo Ay,|. As observed in Table 4, deviations in  range of+20 %. The maximum area deviations observed for
the solid solubility increase with temperature, behavior that the data used are higher than 70 % for some points at
could be explained due to larger uncertainties in the experimentaltemperatures of (308 and 313) K, although average area

dmeasurements at higher temperatures. The deviations in the
concentration of the solvent carbon dioxide in the gas phase
are always lower than 0.1 % and therefore are not shown in the
table. In the same table, the values of the calculated sublimation

Results and Discussion
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deviations are within the accepted range. Once the points with (12) Knez, Z.; Steiner, R. Solubility of capsaicin in dense;COSupercrit.

. - - g, : ; Fluids 1992 5, 251—255.
high solubility deviations are eliminated, the consistency analysis (13) Valderrama, J. O.; Alvarez, V. H. Correct Way of Reporting Results

is appl.ied to the rer.n‘.iining data, as EXplained above. The final when Modeling Supercritical Phase Equilibria using Equations of State.
result is that the original set of 10 data points are declared to Can. J. Chem. En2005 83 (3), 578-581.
be NFC while the remaining set (8 points at 308 K and 7 points (14) Valderrama, J. O.; Zavaleta, J. Sublimation Pressure Calculated from

: High-Pressure GasSolid Equilibrium Data Using Genetic Algorithms.
at 313 K) are declared to be TC. As explained above, the values Ind. Eng. Chem. Re®0053 44, 48244833,

of the sublimation pressure calculated with the data set that was(15) valderrama, J. O.; Zavaleta, J. Thermodynamic Consistency Test for
shown to be consistent are taken as the true values and CH;igh-tPreAslsureﬂ?afogd SOIU'?”:%/ %Ztg(%f_Binary Miétuffgfgilrg
H enetic AlgorithmsJ. supercrit. Flul In press: dol:10.
correspond to those shown in Table 4. J.supfiu.2006.02.003.
. (16) Prausnitz, J. M.; Lichtenthaler, R. N.; Gomez de Azevedo, E.
Conclusions Molecular Thermodynamics of Fluid Phase Equilibrigrd ed.;
. . . Prentice Hall: Upper Saddle River, NJ, 1999.

According to the results, the following conclusions can be (17) walas, S. MPhase Equilibria in Chemical Engineeringutterworth

drawn: (i) raw experimental data must be first analyzed for Publisher: Boston, MA, 1985.

i ; (18) Peng, D. Y.; Robinson, D. B. A New Two-Constant Equation of State.
physical consistency (repeated data, tendency of the data, Ind. Eng. Chem. Fundani976 15, 5964,

doubtful points), before using them for correlating and consis- (19) wong, D. S.; Sandler, S. I. A Theoretically Correct Mixing Rule for
tency purposes, and (ii) the PenBobinson equation with the Cubic Equations of StatéAIChE J.1992 38, 671-680. _
Wong—Sandler mixing rules can be used to correlate experi- (20) EOrbe%(- H. ?asntdltef, Sa'\#]dellrl\l/? \_/apg-ll-é%UIdbE%w"bﬂa{ Cut_)tlc

HP PP e quations o ate an elr MiXing Rulgsampridge university
mental solubility data of capsaicin in compressed supercritical Press: Cambridge, U.K., 1998

carbon dioxide if appropriate interaction parameters are used.(21) valderrama, J. O.; Zavaleta, J. Generalized Binary Interaction
Parameters in the Wong-Sandler Mixing Rules for Mixtures Containing
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