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Vapor pressure and enthalpies of sublimation data for sterols are desirable engineering parameters in the
separation of sterols from plant materials by vacuum pyrolysis or supercritical fluid extraction. In this study,
vapor pressures of cholesterol, ergosterol, �-sitosterol, and stigmasterol were measured by an isothermal
Knudsen effusion method. The vapor pressure correlations were fitted to the following equations: cholesterol
ln(p/Pa)) -17136/(T/K) + 39.88 (from (386 to 414) K); ergosterol ln(p/Pa)) -17686/(T/K) + 40.61 (from
(381 to 412) K); �-sitosterol ln(p/Pa) ) -17295/(T/K) + 39.7 (from (389 to 410) K); and stigmasterol
ln(p/Pa) ) -20254/(T/K) + 46.31 (from (390 to 417) K).

Introduction

Literature review shows that over the last few decades there
have been two research areas where vapor pressure of sterols
has been of interest. In the first area, a large number of papers
were published on supercritical extraction of sterols and other
plant materials. These studies were related to food production
with lower cholesterol content1,2 or isolating steroids (�-
sitosterol and stigmasterol, for example) for the pharmaceutical
industry.3,4 One important physical property in modeling and
correlating the solubility of solute in supercritical fluids is the
vapor pressure of solute. However, only a few sets of estimated
and measured vapor pressure data on solid sterols were used in
calculations or in modeling of sterol solubility in supercritical
fluids.1,3,5-8

The second area which contains only a few papers deals with
the evolution of sterols from plant materials during pyrolysis
via vacuum pyrolysis.9,10 It is worthy to note that under pyrolytic
conditions some sterols, like cholesterol and stigmasterol, have
been identified as the precursors of polycyclic aromatic hydro-
carbons (PAHs),11-14 which are important environmental
contaminants. The interest of this work is related to the
vaporization of biomass pyrolysis tars.15 Knowledge of the vapor
pressures of sterols is important to predict the behavior of these
compounds in the pyrolysis process. As part of our work to
study the vaporization process of biomass pyrolysis tars, the
vapor pressures of cholesterol, ergosterol, �-sitosterol, and
stigmasterol were examined.

In general, information on the vapor pressure of sterols and
sterol-like compounds is limited. There are only a few vapor

pressure data sets available for cholesterol in the literature. A
comparison of the reported vapor pressure data shows that the
cholesterol vapor pressure values are the most established,17

whereas for other sterols, considerable disagreements among
each other and/or with the predicted values can be seen.

The vapor pressures of liquid cholesterol and ergosterol were
measured by Hickman et al.16 using a direct determination
method. However, a review of the data indicates that the
compounds were measured in the temperature range bracketing
the generally reported melting point regions of the compounds.
More recently, limited amounts of data for solid cholesterol,
stigmasterol, and ergosterol were reported using a gas saturation
technique.5 However, due to difficulties in measuring very low
vapor pressures, the emphasis was not on obtaining data with a
high degree of accuracy. In addition, due to the lack of
experimental data, Kosal et al.3 tried to estimate vapor pressures
of cholesterol based on supercritical fluid solubility data and a
thermodynamic model. Recently, vaporization and sublimation
enthalpies of cholesterol were evaluated by correlation gas
chromatography.17

The aim of the present work is to provide new vapor pressure
data for solid sterols where practically few reliable data were
available in the literature.

Experimental

Materials. Cholesterol [57-88-5] with a formula of C27H46O,
a melting temperature of (420 to 422) K, and a molecular weight
of 386.65 was purchased from Aldrich (Sigma-Aldrich Co) with
a purity of 99 + %.

Ergosterol [57-87-4] with a formula of C28H44O, a melting
temperature of (429 to 431) K, and a molecular weight of 396.65
was purchased from Sigma (Sigma-Aldrich Co) with a purity
of 98 %. Another batch with a purity of 98 % from Alfa Aesar
was used for thermal stability studies.
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�-Sitosterol [83-46-5] with a formula of C29H50O, a melting
temperature of (409 to 413) K, and a molecular weight of
414.71, with a purity of 98 % was supplied by Fluka (Sigma-
Aldrich Co). In thermal stability measurements, �-sitosterol with
a purity of 98 % from Sigma (Sigma-Aldrich Co) was used.

Stigmasterol [83-48-7] with a formula of C29H48O, a melting
temperature of (438 to 440) K, and a molecular weight of
412.69, was purchased from Sigma (Sigma-Aldrich Co.) with
a purity better than 93 %. Stigmasterol used in a field ionization
mass-spectrometric (FIMS) study had a purity of 95 %,
purchased from Sigma a few years earlier.

Experimental Techniques

Knudsen Effusion Technique. Vapor pressures in the range
of (10-3 to 10-1) Pa were measured by a Knudsen effusion
method in isothermal step mode. The Knudsen effusion method
is a recommended method for vapor pressure measurements for
pressures lower than 1 Pa. Different experimental setups and
procedures have been described in the literature since 1909.18-24

The vapor pressure measurement technique and procedure
applied here were in principle the same as that used by Oja and
Suuberg.23,25 The experimental setup of this work was described
in detail in previous publications.26,27 Briefly, about 10 mg of
test material is placed in a hermetic cell with a pinhole located
on the center of the cell cover. The cell cover was fabricated
from 0.0254 mm thick stainless steel foil. The pinhole was made
by either drilling or electrochemical corrosion methods which
produced similar results. The diameter of holes varied from 0.65
mm to 1.1 mm depending on the compound studied. Effects of
pinhole were studied in earlier work,23,25,27 and it was shown
that for the specific cell configuration pinholes in the range of
(0.6 to 1.1) mm do not have a significant effect on the vapor
pressure of the compounds in the vapor pressure region below
1 Pa.

The mass loss rate from the cell under high vacuum (absolute
pressure of as low as 10-5 Pa) was measured by a Cahn 121
thermogravimetric analyzer (Thermo Cahn, Madison, WI). The
temperature was measured by a type K thermocouple with an
uncertainty of 0.1 K. The performance of the device was
checked by measuring vapor pressures of anthracene (99+ %
purity) and at higher temperatures verified by naphthacene (98
% purity), both purchased from Sigma-Aldrich Co. Anthracene
has been used as a vapor pressure calibration compound in
earlier studies.23,25,27

A commonly used effusion equation, expressed as eq 1, was
applied to calculate the vapor pressure data as follows

P) m
tA0W0

(2πRT
MW )0.5

(1)

where P is the vapor pressure; m is the mass loss of the sample
through the orifice during time t; A0 is the area of the orifice; R
is the ideal gas constant; T is the temperature of the sample;
MW is the molecular weight of the sample; and W0 is the
Clausing factor, which can be calculated by eq 2 shown as

W0 )
1

1+ 3L
8r

(2)

where L and r are the thickness of the cell cover and the radius
of the orifice (pinhole), respectively. Detailed discussions of
the validity of the equations applied in this work, possible errors,
and additional corrections can be found elsewhere.29-33

To remove volatile impurities and traces of absorbed water,
about 5 % to 15 % of total mass was evaporated in the Knudsen

device in the low to moderate temperature range of measurement
before actual data were taken. During a run, at least two
repetition cycles in the chosen temperature region were carried
out. The highest temperatures of vapor pressure measurement
were kept (10 to 15) K below the melting temperature of the
compound, as determined by a differential scanning calorimeter
(DSC). Temperatures as high as the melting temperature of the
compound were approached in only a few cases and toward
the end of each individual test. The reliability of vapor pressure
data obtained by the Knudsen effusion technique depends not
only on the performance of the system and the purity of samples
but also on the thermal behavior of compounds studied in the
experimental temperature region.

Techniques to Verify Thermal BehaWior of Compounds. A
thermal analyzer, STA 409 TG/DSC/MS (Netzsch Instrument,
Inc., Burlington, MA), was used to study the thermal behavior
of the compounds of interest and to verify their melting points.
Standard thermal experiments were performed under flowing
helium (50 mL ·min-1) at heating rates ranging from (2 to 10)
K ·min-1.

Field ionization mass spectrometry (FIMS) analysis was
performed on a stigmasterol sample with 95 % purity. The
experiment was performed at SRI International, Menlo Park,
CA. Specific details regarding the experimental procedure can
be found elsewhere.10,34 Briefly, about 50 µg of sample was
placed in a capillary tube inside a direct heating probe, and the
sample was heated at a heating rate of 3 K ·min-1 under vacuum
(10-3 Pa). Mass spectra were collected stepwise in (20 to 30)
K intervals.

Thermal stabilities of all four sterols were examined by
comparing the purities of the original sample, the vapor pressure
measurement residue, and the heat treated sample of each
compound. The purity of the original samples and the residues
were compared using proton nuclear magnetic resonance
spectroscopy (1H NMR) with a Varian Unity 400 spectrometer
(Varian Inc., Palo Alto, CA). The purity of heat treated
cholesterol, �-sitosterol, and stigmasterol samples was examined
by gas chromatography/mass spectrometry (GC/MS) using a
HP6890 GC equipped with an HP 5973 quadrupole MSD
analyzer in the scanning mode. The purity of the heat treated
ergosterol sample was examined by high-performance liquid
chromatography (Agilent series 1100 model HPLC with a diode
array UV detector at 326 nm wavelength). The detailed
description can be found elsewhere.27 For the heat treated sample
preparation, about 10 mg of compound was placed into the
Knudsen cell without the orifice on the cell cover. The cell was
held at the highest testing temperature of vapor pressure
measurement for 3 h in the Knudsen effusion device in high
vacuum. The total mass loss was less than 2 % during heat
treatment.

Results and Discussions

Verification of thermal stability of biomolecules such as
sugars, steroids, or other lipids under experimental conditions
is fundamental for obtaining reliable vapor pressure data. In
addition to the possibility of thermal decomposition, some
biomolecules can undergo phase transitions accompanied by
significant enthalpy change.25 Literature review indicated that
polymorphic transition occurs for cholesterol at 304.8 K and
for �-sitosterol at 342.7 K accompanied by enthalpy change of
(2.5 and 2.9) kJ ·mol-1 respectively.35 Additional information
for these sterols at higher temperatures or for other sterols
studied was not found.
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In this work, the first insights into the thermal behavior of
sterols were obtained from TG/DSC/MS experiments. The
samples showed no sign of thermal decomposition or polymor-
phic phase transition in the vapor pressure measurement regions.
Only traces of absorbed water were detected. The melting
temperature was determined as 421 K for cholesterol, 431 K
for ergosterol, 411 K for �-sitosterol, and 435 K for stigmasterol.

FIMS experiments on stigmasterol of 95 % purity showed
that there was no increase in the intensity ratio of masses m/z
412 and m/z 394 in the higher temperature range of (396 to
411) K compared to the lower temperature range of (353 to
390) K. The intensity ratios were 0.06 and 0.07, respectively.
It was assumed that the m/z 412 corresponds to stigmasterol,
and the mass m/z 394, among others, could indicate the presence
of dehydrated stigmasterol (stigmasterol m/z 412 - water m/z
18). The full FIMS spectra for the stigmasterol were not shown
here, as they were published elsewhere.10

The 1H NMR spectra of the heated samples did not show
any sign of decomposition, except for ergosterol, in which some
small new peaks were visible compared with the spectrum of
the original sample. HPLC analysis showed the change in purity
levels of heated ergosterol was less than 0.5 % relative to the
original sample. For cholesterol, �-sitosterol, and stigmasterol
samples, based on GC/MS analyses, the changes in purity level
were all below 0.5 %. Accordingly, based on the experimental
results of DSC/TG/MS, FIMS, 1H NMR, GC/MS, and HPLC,
the possible thermal decomposition could be of little importance
under our experimental conditions. The data from vapor pressure
measurements presented below confirmed the same. Although
in this work decomposition of samples was not detected in the
temperature region of interest, it is important to note that the
existence of dehydrogenation or hydrogenation reactions36,37 has
been reported in the literature under very different reaction
conditions.

Tables 1(a) through (c) present experimental temperatures,
effusion rates, and calculated vapor pressures using eq 1 for
anthracene and naphthacene. Anthracene and naphthacene were
used to calibrate and verify the performance of the Knudsen
device. The sublimation enthalpies (∆subH) of these compounds
were calculated in accordance with an integrated form of the
Clausius-Clapeyron given by eq 3 and are tabulated in Table
2 along with their standard deviations.

ln P)-A
T
+B)-

∆subH

RT
+B (3)

The results of this study agree well with the available
literature values. Information for anthracene vapor pressures and
sublimation enthalpy were given by Oja and Suuberg,23 Chen
et al.,27 Hansen and Eckert,28 and Ribeiro da Silva et al.,24 and
the vapor pressure and sublimation enthalpy of naphthacene was
given by Oja and Suuberg.23

Experimental data for sterols (effusion rates, experimental
temperatures) along with calculated vapor pressures using eq 1
are tabulated in Tables 3(a) through (d). Vapor pressure of
cholesterol was measured in the temperature range of (387 to
414) K using a pinhole size of 0.65 mm in diameter. The sample
of ergosterol was examined in the temperature range of (370 to
412) K using a pinhole with diameter of 1.04 mm. Vapor
pressure data for �-sitosterol was measured over the temperature
range of (381 to 410) K using a pinhole with a diameter of
1.09 mm. Vapor pressure of stigmasterol, the compound with
lowest vapor pressure, was determined in the temperature range
of (380 to 417) K using a pinhole of 1.05 mm in diameter. To
keep temperatures as low as possible, the biggest orifice sizes

were used in the case of the three latter compounds. The data
show no change in vapor pressure behavior when the temper-
ature was first increased and then decreased or vice versa.

The agreement between our measured vapor pressures and
the only available data for solid sterols and specifically
cholesterol, given by Wong and Johnson,5 is very poor: a
difference of up to 2 orders of magnitude in vapor pressure can
be observed when our data are extrapolated to the experimental
temperature region of (308 to 333) K. It should be noted that
the objective of Wong and Johnson5 was to study the solubility
of sterols, and the vapor pressure measurement was not
systematic and used to estimate the solubility. Furthermore,
Wong and Johnson5 did not claim to have provided vapor
pressure values of high accuracy.

Variation of the natural logarithm of vapor pressure data of
cholesterol, ergosterol, �-sitosterol, and stigmasterol as a
function of reciprocal of temperature is plotted and compared
graphically in Figure 1. It can be seen that the vapor pressure

Table 1. Vapor Pressure of Anthracene (a) Before and (b) After
Sterol Vapor Pressure Measurements and (c) Vapor Pressure of
Naphthacenea

(a) T/K effusion rate/(g · s-1) vapor pressure/Pa

334.0 6.687 ·10-8 0.0651
354.8 5.065 ·10-7 0.5077
342.0 1.511 ·10-7 0.1487
337.0 9.374 ·10-8 0.0916
332.2 5.575 ·10-8 0.0541
326.8 3.160 ·10-8 0.0304
319.6 1.366 ·10-8 0.0130
349.7 3.181 ·10-7 0.3165

(b) T/K effusion rate/(g · s-1) vapor pressure/Pa

332.1 5.455 ·10-8 0.0532
326.9 3.118 ·10-8 0.0300
319.6 1.353 ·10-8 0.0129
349.7 3.136 ·10-7 0.3121
334.2 6.779 ·10-8 0.0659
339.4 1.153 ·10-7 0.1131
323.9 2.230 ·10-8 0.0214
331.7 5.453 ·10-8 0.0529

(c) T/K efusion rate/(g · s-1) vapor pressure/Pa

404.4 2.217 ·10-8 0.0210
409.5 3.560 ·10-8 0.0339
414.6 5.665 ·10-8 0.0542
419.6 8.784 ·10-8 0.0846
424.7 1.319 ·10-7 0.1278
410.6 4.429 ·10-8 0.0422
405.6 2.690 ·10-8 0.0255
415.8 6.954 ·10-8 0.0667
420.8 1.070 ·10-7 0.1032
416.6 6.658 ·10-8 0.0639
430.1 2.201 ·10-7 0.2146
399.0 1.559 ·10-8 0.0146
418.6 8.151 ·10-8 0.0784

a Data are given in the order data collected (orifice diameter 6.5 ·10-4

m, cell cover thickness 2.5 ·10-8 m).

Table 2. Vapor Pressure Correlation Parameters for Anthracene
(with Data Collected Before (B) and After (A) Sterol Vapor
Pressure Measurements) and Naphthacene from the Integrated
Clausius-Clapeyron Equation Fit, Along with Experimental
Temperature Ranges and Calculated Enthalpies of Sublimation

temperature
range

parameters for ln(p/Pa) )
-A/(T/K) + B enthalpies

compound T/K A B
∆subH

(kJ ·mol-1)

anthracene (B) 320 to 355 111778 ( 67 32.53 ( 0.21 97.9 ( 0.6
anthracene (A) 320 to 350 111838 ( 89 32.71 ( 0.27 98.4 ( 0.7
naphthacene 399 to 430 15014 ( 315 33.34 ( 0.76 124.8 ( 2.6
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curves of the first three sterols are well represented by straight
lines. Only in the case of stigmasterol the data points at extreme
temperatures tend to be lower and in the middle slightly above
the fitted straight line. The reason for this slightly curved line
is unclear, as the experimental data were reproducible when
temperature was increased or decreased. The DSC studies of
stigmasterol did not show any evidence of phase change in the
experimental temperature range, and no data were found in the
literature for changes in the heat capacity with temperature to
include the effects of heat capacity.

Table 4 provides the two constants of vapor pressure
temperature dependency as shown in Figure 1, and the calculated
sublimation enthalpies (∆subH) with their standard deviations
in accordance with an integrated form of the Clausius-Clapeyron
given by eq 3. The sublimation enthalpies obtained from this
equation correspond to the average values over the experimental
temperature ranges studied.

Since the vapor pressures of all sterols were measured in narrow
temperature ranges and reliable heat capacity values for the sterols
do not exist, except for cholesterol, the sublimation enthalpies of
the sterols at 298 K were not calculated. Taking into account

polymorphic transition of cholesterol at 304.8 K, we derived from
our results an enthalpy of about 156 kJ ·mol-1 at 298 Ksextrapolated
by using the corresponding equation and heat capacity values from
Nichols et al.17swhile Nichols et al.17 report a value of (163.6 (
4.4) kJ ·mol-1. The sublimation enthalpy from this study (142.5
kJ ·mol-1) for cholesterol also agrees well with the results from
Hickman et al.,16 where their vaporization enthalpy of 114.9 plus
fusion enthalpy 29.9 kJ ·mol-1 (taken from Nichols et al.17) gives
a sublimation enthalpy of 144.8 kJ ·mol-1. It is necessary to point
out that though vapor pressure measured by Hickman et al.16 is in
the temperature range bracketing the generally reported melting
temperature region of cholesterol, it is reasonable to say that the
estimated enthalpy corresponds to vaporization17 rather than
sublimation.

The structure of sterols reported in this study are presented in
Figure 2, and they are derivatives of the perhydrocyclopentano-
phenanthrene ring system with one hydroxyl group at the C-3
position and an alkyl group of different chain lengths and degree
of unsaturation at the C-17 position. The chain length and
unsaturation of the alkyl groups, and also the endocyclic unsat-
uration, must be responsible for the variation of the vapor pressures
and sublimation enthalpies. For example, it is obvious that the
difference between cholesterol (MW ) 386.65) and �-sitosterol
(MW ) 414.71) is the result of an increase in chain length of the
alkyl substitution, whereas the difference between �-sitosterol (MW
) 414.71) and stigmasterol (MW ) 412.69) is due to the
unsaturation in the alkyl side chain. While the exocylic double bond
(stigmasterol vs �-sitosterol) lowers the vapor pressure, the effect
of the endocyclic double bond is not clear. It is possible that the
slight change in conformation of the B ring due to the additional
endocyclic double bond may not have any significant impact on
the vapor pressure so that ergosterol (MW ) 396.65) has a higher
vapor pressure than stigmasterol (MW ) 412.69).

Table 3. Vapor Pressure of (a) Cholesterol,a (b) Ergostero,b (c)
�-Sitosterolc, and (d) Stigmasterold

(a) T/K effusion rate/(g · s-1) vapor pressure/Pa

408.2 4.439 ·10-7 0.1251
397.3 1.420 ·10-7 0.0395
386.6 4.302 ·10-8 0.0118
392.0 7.724 ·10-8 0.0213
403.1 2.548 ·10-7 0.0714
413.8 7.564 ·10-7 0.2146

(b) T/K effusion rate/(g · s-1) vapor pressure/Pa

402.3 4.725 ·10-8 0.0354
381.3 1.612 ·10-8 0.0031
383.8 4.294 ·10-9 0.0044
386.5 5.970 ·10-9 0.0056
394.4 7.630 ·10-9 0.0142
399.6 1.914 ·10-8 0.0260
404.6 3.490 ·10-8 0.0447
407.2 5.954 ·10-8 0.0591
412.3 7.851 ·10-8 0.1027

(c) T/K effusion rate/(g · s-1) vapor pressure/Pa

395.2 7.027 ·10-8 0.0172
389.9 3.875 ·10-8 0.0094
400.3 1.212 ·10-7 0.0299
405.6 2.094 ·10-7 0.052
397.7 9.071 ·10-8 0.0223
392.4 5.207 ·10-8 0.0127
410.7 3.612 ·10-7 0.0902

(d) T/K effusion rate/(g · s-1) vapor pressure/Pa

401.2 6.077 ·10-8 0.0161
396.1 3.126 ·10-8 0.0082
390.9 1.506 ·10-8 0.0039
393.5 2.122 ·10-8 0.0056
398.7 4.338 ·10-8 0.0115
406.3 1.107 ·10-7 0.0296
411.5 1.999 ·10-7 0.0538
416.6 3.526 ·10-7 0.0954
408.9 1.532 ·10-7 0.0411
414.0 2.680 ·10-7 0.0723
403.9 8.252 ·10-8 0.022
397.2 3.546 ·10-8 0.0094
392.0 1.767 ·10-8 0.0046

a Data are given in the order data were collected (orifice diameter
6.5 ·10-4 m, cell cover thickness 2.5 ·10-8 m). b Data are given in the
order data were collected (orifice diameter 1.04 ·10-3 m, cell cover
thickness 2.5 ·10-8 m). c Data are given in the order data were collected
(orifice diameter 1.09 ·10-3 m, cell cover thickness 2.5 ·10-8 m). d Data
are given in the order data were collected (orifice diameter 1.05 ·10-3

m, cell cover thickness 2.5 ·10-8 m).

Figure 1. Comparison of vapor pressures of (, cholesterol; b, ergosterol;
9, �-sitosterol; and 0, stigmasterol.

Table 4. Vapor Pressure Correlation Parameters for Different
Sterols Studied Using the Integrated Clausius-Clapeyron Equation
Fit, Along with Temperature Range and Calculated Enthalpies of
Sublimation

temperature
range

parameters for ln(p/Pa) )
-A/(T/K) + B enthalpies

compound T/K A B
∆subH

(kJ ·mol-1)

cholesterol 386 to 414 17136 ( 107 39.88 ( 0.27 142.5 ( 0.89
ergosterol 381 to 412 17686 ( 109 40.61 ( 0.27 147 ( 0.91
�-sitosterol 389 to 410 17295 ( 60 39.70 ( 0.15 143.8 ( 0.5
stigmasterol 390 to 417 20254 ( 163 46.31 ( 0.41 168.4 ( 1.36
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Conclusion

This paper reports a new set of vapor pressure data for solid
cholesterol, ergosterol, �-sitosterol, and stigmasterol. Previously
available vapor pressure data were limited, and their use as
physical-chemical properties in engineering calculations was
uncertain.

No evidence of decomposition of the samples was observed
under the vapor pressure measurement conditions reported here,
confirming that these results should be representative of
compounds studied.
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Figure 2. Structures of sterols studied.
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