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ABSTRACT: We report measurements of absolute saturation vapor pressures around |Temperature stabilized environment
room temperature for three fatty acid methyl esters (methyl octanoate, methyl decanoate,
and methyl dodecanoate) using a recently developed experimental method in which the
saturation vapor pressures are determined from the vaporization dynamics of a cooled
sample during thermalization to a higher chamber temperature.

Heat Py = Paat X fopr

1. INTRODUCTION

Fatty acid methyl esters (FAMEs) are among the primary
constituents of biodiesel fuels."” FAMEs occur naturally, for

Chamber at TV instance, in vegetable oils and animal fats, and they also find
use in numerous applications, for example, as base ingredients
® for chemical synthesis and analysis, for lubrication and
PY ® . . o
PY ° coatings, and in health care products; see, e.g, the reviews in
T @ refs 2,3. Due to their widespread occurrences and applications,
Pv Ty PY the saturation vapor pressures and enthalpies of vaporization

(characterizing the temperature dependence of the vapor
pressure) of FAMEs have been of significant interest for several
decades.*™"” The knowledge of saturation vapor pressures and
enthalpies of vaporization for FAMEs (along with other
thermodynamical properties) can be important for the
development of engines using biofuel, for process optimization,
e.g., in the pharmaceutical industry, and for food development

1 and processing where FAMEs are, for example, used as
flavoring substances.
Y The first measurements of saturation vapor pressures of
¢ Heat FAMEs"~® were based on observing the boiling points of liquid
samples as a function of ambient pressure. Later, vaporization
Figure 1. Simpliﬁed illustration of the experimental system, ShOWing data for several FAMEs have been ()btainedlo’12 with
(i) the sample (red) at the momentary temperature Ty inside a techniques based on gas chromatography'”'® where measure-

sample holder that is in contact with the surrounding chamber,
stabilized at temperature Ty, through a thermal bridge, and (ii) the
gas vapor at pressure py and temperature Ty above the sample. Due to

ments of the gas concentration from an evaporating substance

the largely different time scales of heat transfer from the chamber to Received: ~September 3, 2024 O
the sample (slow) and the response (fast) of the net particle flux j,, Revised:  December 14, 2024

(from the sample to the environment) to a temperature change, the Accepted: February 6, 2025

value of j,, can be considered equal to zero during the thermalization Published: February 11, 2025

process. A complete description of the setup and the principle of the

analysis has been given recently by Nielsen et al.*®
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Table 1. Properties of the Chemical Samples of FAMEs Used in the Present Work

compound name formula CAS reg. no.
methyl octanoate CoH 50, CAS 111-11-5
methyl decanoate C,;H,,0, CAS 110-42-9
methyl dodecanoate C15H,0, CAS 111-82-0

supplier purity (%) method
Sigma-Aldrich/Merck 99.9 GC*
Sigma-Aldrich/Merck 99.5 GC*
Sigma-Aldrich/Merck 99.5 GC*

“Gas chromatography. *The purity is specified as a percentage of the GC-peak areas.

were related to the saturation vapor pressure. The most recent
methods applied to FAMEs are either static measure-
ments'>7'¢ using devices, see, e.g., refs 13,19, where the
absolute pressure above a thermalized sample (inserted in a
regulated heat bath) is directly measured, or gas saturation
methods (transpiration methods),’® where the amount of
transported material in a gas stream during a definite period of
time is recorded.”’””' The determinations of enthalpies of
vaporization of FAMEs have been inferred from the temper-
ature dependencies of the measured saturation vapor pressures
and either extrapolated to room temperature using additional
measurements of heat capacities’” or obtained with direct
calorimetric methods.”

In this paper, we report the measurements of absolute
saturation vapor pressures of three FAMEs using a recently
realized experimental system and validated method.”® The
applied method is illustrated in Figure 1 and relies on isolating
a cooled sample in a clean and static vacaum chamber (no
active pumping) and observing the pressure (py) in the
chamber as a function of the sample temperature (T;) during
the thermalization of the sample toward the chamber
temperature (Ty). The central assumption underlying the
functioning of the method is that the chamber pressure (py)
adjusts fast (time scale of seconds) to the liquid temperature
(Tp), while the liquid temperature adjusts slowly (time scale of
tens of minutes) to the chamber temperature (Ty). Under such
conditions, the net particle flux j,, from the sample, balancing
vaporization and condensation, is in a steady state (j,, &~ 0)
throughout the thermalization process, and this steady state
condition can then be used to accurately model the
vaporization dynamics of the sample by using statistical rate
theory. The method has been recently validated through
measurements on four reference liquid substances.”® To ensure
an accurate modeling” of the experimental results, we have
further performed quantum chemical calculations of the
vibrational level energies for the three FAMEs.

Using this dynamical method, we report new measurements
of the saturation vapor pressure of three FAMEs, namely,
methyl octanoate, methyl decanoate, and methyl dodecanoate
in ranges (~20—35 °C (292.15—308.15 K)) around room
temperature. For all three studied FAMEs, the previously
reported saturation vapor pressures show deviations on the
order of 10% or more among each other. The results reported
here display very good agreement with some previous results,
while disagreements are substantial compared to those of
others. The applied method is fundamentally different from the
ones used in previous measurements as it relies on observing
the system during thermalization, in contrast to static
equilibrium condition, and directly gives saturation vapor
pressures for the entirely probed temperature range. Thus, the
new data provided here are complementary to previous
measurements and can, for example, be used to qualify the
best values for the saturation vapor pressure of the three
FAMEs directly around room temperature.
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2. EXPERIMENTAL SECTION

2.1. Samples of FAMEs. The properties of the samples
used for FAMEs are summarized in Table 1. The samples were
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Figure 2. Illustration of the vibrational frequencies for the FAMEs
studied. Each blue vertical bar represents a vibrational mode of the
specified molecules. The lines at ~1800 cm™ correspond to
vibrations of the carbonyl group. The vertical red dashed lines show
the energies corresponding to a temperature of T = 300 K, and the
red solid lines show the corresponding relative populations of the
vibrational levels, i.e., f; = exp(—(E; — E;)/kgT).

Table 2. Determined Number of Conformers for the FAMEs
Investigated

molecule number of conformers
methyl octanoate 770
methyl decanoate 3182
methyl dodecanoate 9889

further purified (removing volatile impurities, i.e., presumably
mainly water) by evacuation either at low (evacuation by a
scroll pump) or high (evacuation by a turbo pump) vacuum

https://doi.org/10.1021/acsomega.4c08095
ACS Omega 2025, 10, 6671-6678
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Figure 3. Example of measurements of absolute saturation vapor pressures for methyl decanoate. (a) Pressure in the experimental chamber py as a
function of time. The indicated pressure p, is the chamber pressure when the chamber is actively evacuated with the turbo pump. (b) Temperature
of the sample (T}) as a function of time. The temperature T, is the temperature of the sample obtained due to evaporative cooling. The
temperature Ty (=35.0 °C) is the fixed temperature of the chamber. The upper dashed lines marked Ty and T, show the measured temperatures of
the experimental chamber and the ambient air surrounding it, respectively. (c) Chamber pressure as a function of sample temperature showing the
full set of experimental data (blue dots) and the data used for modeling (red circles). The dashed curves show fits with the full SRT model*® and
the low-temperature SVE model (eq 4, with D, = 0). See Table 3 for the results of the model fits. (d) Residuals of the data and the model fits.

depending on the actual saturation vapor pressure of the
FAME and ensuring that all of the samples should not
disappear during evacuation. For methyl octanoate, the
purification was done by pumping with the turbo pump for a
few minutes, for methyl decanoate by evacuating with a scroll
pump for 30 min, followed by 15 min evacuation with a turbo
pump, and for methyl dodecanoate by 80 min of continuous
evacuation by a turbo pump.

2.2. Dynamical Determination of Saturation Vapor
Pressure. Figure 1 illustrates the experimental principles
applied in the present measurements. The details of the
experimental setup, the analysis procedure, the evaluation of
measurement uncertainties, and the validation of the method
through comparison of measured saturation vapor pressures of
four compounds to reference data have been described in
detail in a recent work,” and we will therefore not focus on
these aspects in this paper, but rather outline the most essential
points of the analysis.

Under the condition of a steady state particle flux (j,, = 0)
from the sample during the thermalization process, the
experimentally observed relation of chamber pressure and
sample temperature py(T.) can be accurately modeled using
statistical rate theory (SRT) for the particle flux.”*"*® Thus,
the chamber pressure can be written as™’

P\),((Ii) = Psat(ji) Xfx(]ir Ty, @) (1)

where pg(T.) is the saturation vapor pressure of the
investigated substance at temperature T; and fyx is a
characteristic function that accounts for the vaporization
dynamics during thermalization of the sample to the chamber
temperature under the condition of a steady particle flux (j,, =
0). The function fy generally depends on the sample and
chamber temperatures as well as the vibrational frequencies w,
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(=E;/h, see Section 2.3) of the target molecule. The label for
the vibrational levels spans ! = 1, .., DOF, where DOF is the
number of vibrational degrees of freedom of the molecule.

For an ideal gas above the liquid sample, the temperature
dependence of the saturation vapor pressure is given by the
Clausius—Clapeyron equation

dpsat _ AH"aP

T T g NP

dT kN, T? ~ ™ @)
where AH,,, is the enthalpy of vaporization, kg is Boltzmann’s

constant, and N, is Avogadro’s number. For a temperature-
independent AH,,, in the temperature range of interest, the
saturation vapor pressure can be parametrized as

_%(i _ L)

T) =p* X
psat( ) p exp kBNA T T*

)

where p* is the saturation vapor pressure at temperature T*.
The function fx in eq 1 must generally (X = SRT) be
determined numerically from the condition j,, = 0, and relies
on the explicit knowledge of the substance molecule’s
vibrational energies. However, the limiting cases of low and

high temperatures can be written analytically as
]De+4

(4)

where D, = DOF in the limit of high temperature (thermal
energy dominated limit, X = TED) and D, = 0 in the limit of
zero temperature (suppressed vibrational excitation, X = SVE).
As demonstrated with the validation of the present method
around room temperature,” the full statistical rate theory (X =

Ty

il

R 20 =, (1) x| 2+ 91 - 2]
L L
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Table 3. Experimentally Determined Parameters for the Saturation Vapor Pressures for the Three Fatty Acid Methyl Esters
Studied”

SRT (complete model) SVE (low-temperature limit)
material T* (°C (K)) p* (Pa) AH,,, (kJ/mol) p* (Pa) AH,,, (kJ/mol) range (°C (K))
methyl octanoate 250 (298.15)  50.8 + 0.4 §7.6+02+12 502+ 08 $86+ 02+ 12  20.0-345 (292.15-307.65)
methyl decanoate 25.0 (298.15) 57+ 0.1 669 + 03 + 1.3 57+ 0.1 680 +02+ 13  23.0-345 (296.15—307.65)

methyl dodecanoate 25.0 (298.15) 0.63 + 0.01 75.5 £ 03 £ 1.5 0.62 + 0.01 767 £ 02 + 1.4 24.0—34.5 (297.15—307.65)

“The saturation vapor pressure in the fully investigated temperature range can be evaluated with eq 3. The results labeled with SRT (statistical rate
theory) give the parameters of the saturation vapor pressures obtained with the most accurate modeling. For completeness, the results labeled SVE
(suppressed vibrational excitation) give the corresponding parameters obtained with the low-temperature limit of the model, i.e., eq 4 with D, = 0.
As seen, the simpler low-temperature model (SVE) gives results in agreement with the complete model (SRT) within the uncertainties. Note that
T* is a fixed (chosen) parameter in the modeling. The specified uncertainties correspond to expanded uncertainties, i.e., representing 95%
confidence intervals. The first given errors for values of the enthalpies of vaporization (AHVQP) reflect the uncertainties obtained from the model fits,

and the second given errors reflect the additional uncertainty due to the unmodeled temperature dependence of AHvap.23
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Figure 4. Results of absolute saturation vapor pressure measurements for methyl octanoate and comparison to previous results.”'*™'¢ (a)
Saturation vapor pressure as a function of sample temperature. The present data is shown as a red solid line following the form of eq 3 with the
fitted values of g}* and AH,,, from the SRT model (fsrr, eq 1) as given in Table 3. The dashed line shows the Antoine equation established by
Sahraoui et al."> for the temperature range 10—160 °C. (b) Relative comparison of saturation vapor pressures with the Antoine equation."® Note
that the Antoine equation is extrapolated outside its nominal temperature range. The red solid lines show the 95% confidence interval of the
present measurement. (c) Comparison of the present and previously determined enthalpies of vaporization. The solid red lines indicate the
uncertainty from the model fits, while the dashed red lines show the additional 2% uncertainty estimated from the unmodeled temperature

dependence of AH,

ap*

SRT) as well as the simpler low-temperature model (X = SVE) as 3 P9 exp[—(E, — E,)/ksTy] ~ 10, which should be
both provide very good representations of the observed compared to DOF = 99 valid in the high-temperature limit.
2.3. Quantum Chemical Computation. Quantum
chemical computations were performed on the studied
FAME:s to evaluate their spectrum of vibrational frequencies
as necessary for the SRT modeling.”’ To study the different
conformations of the FAMEs, we employed the Conformer-

vaporization dynamics during thermalization, while the high-
temperature model (X = TED) shows a less satisfactory
representation of the experimental py(Ty) relation. This is

reasonable since at room temperature only a few vibrational

levels are populated, as also seen from the explicit calculations Rotamer Ensemble Sampling Tool (CREST)?’~* Version
shown in Figure 2. For example, for methyl decanoate, the 2.12 to locate the lowest energy conformer. We used the
effective number of populated vibration levels can be estimated GEN1-xTB model® in the CREST run calculated with the xtb

6674 https://doi.org/10.1021/acsomega.4c08095
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Figure S. Results of absolute saturation vapor pressure measurements for methyl decanoate and comparison to previous results.

9,12,14—16,34 (a)

Saturation vapor pressure as a function of sample temperature. The present data is shown as a red solid line following the form of eq 3 with the
fitted values of p* and AH,,, from the SRT model (fsrr €q 1) as given in Table 3. The dashed line shows the Antoine equation established by
Sahraoui et al."> for the temperature range 20—159 °C. (b) Relative comparison of saturation vapor pressures with the Antoine equation.”> Note
that the Antoine equation is extrapolated outside its nominal temperature range. The red solid lines show the 95% confidence interval of the
present measurement. (c) Comparison of the present and previously determined enthalpies of vaporization. The solid red lines indicate the
uncertainty from the model fits, while the dashed red lines show the additional 2% uncertainty estimated from the unmodeled temperature

dependence of AH,,,.

6.4.0 program.”’ We used an “energy window (-ewin)” of 30
kcal/mol to ensure that all relevant conformers were sampled.
Table 2 presents the identified number of conformers for each
of the systems studied using this approach.

For each molecular system, the 1000 conformers of lowest
energy at the GFN1-xTB level were subsequently optimized
and vibrational frequencies were calculated using density
functional theory in Gaussianl6, version B.01.>* We utilized
the @B97X-D** density functional with a 6-31++G(d,p) basis
set. The vibrational frequencies of the lowest free energy
conformer, at 298.15 K and 1 atm, were subsequently selected.

Figure 2 illustrates the calculated vibrational frequencies and
also indicates the relative level population at 300 K i.e., f;
exp(—(E; — E,)/kgT), where E is the energy of the vibrational
level I. Around room temperature, only vibrational modes
below ~1000 cm~™' are populated, corresponding to
delocalized vibrations and C—C vibrations.

2.4. Example of Measurement: Methyl Decanoate.
Figure 3 summarizes the saturation vapor determination for
methyl decanoate, with Figure 3ab displaying the sample
temperature and chamber pressure observed as a function of
time and Figure 3¢ showing the explicit relation of chamber
pressure and sample temperature. Figure 3¢ also shows fits to
the data with the general model (X SRT, using the
vibrational frequencies displayed in Figure 2 for methyl
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decanoate) and the low-temperature model (X = SVE, D, =
0). Figure 3d shows the residuals of these fits to scatter around
zero, which illustrates the very good representation of the data
with the model functions, only marginally favoring the general
model over the low-temperature approximation.

A detailed discussion of the various contributions to the
uncertainties on the final results of p* and AH,; is given in ref
23. Here, we note explicitly that the applied models assume
that the enthalpy of vaporization (AH,,,) is independent of
temperature, which is evidently a simplification. With the
limited range of temperatures probed during thermalization for
the present measurements, it is, however, not possible to
independently account for this variation in the models of the
vaporization dynamics. As also discussed previously,” the
temperature dependence of AH,,, is expected to amount to
~2% in the studied temperature range, and, as a consequence,
we specify an additional uncertainty on AH,,, of 2% beyond
the uncertainties resulting from the direct measurements of py
and Tj.

3. RESULTS AND DISCUSSION

Table 3 summarizes the final results of the saturation vapor
pressures for the three investigated FAMEs, while Figures 4—6
display the results in comparison with previous measurements.
As a basis for the comparison to previous measurements

https://doi.org/10.1021/acsomega.4c08095
ACS Omega 2025, 10, 6671-6678
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Figure 6. Results of absolute saturation vapor pressure measurements for methyl dodecanoate and comparison to previous results.”'>~'¢ The
parameters of the Antoine equation are taken from Sahraoui et al.'* (a) Saturation vapor pressure as a function of sample temperature. The present

data is shown as a red solid line following the form of eq 3 with the fitted values of p* and AH,,

.p from the SRT model (fsrr eq 1) as given in Table

3. The dashed line shows the Antoine equation established by Sahraoui et al.'® for the temperature range $9.5—169 °C. (b) Relative comparison of
saturation vapor pressures with the Antoine equation.'® Note that the Antoine equation is extrapolated outside its nominal temperature range. The
red solid lines show the 95% confidence interval of the present measurement. (c) Comparison of the present and previously determined enthalpies
of vaporization. The solid red lines indicate the uncertainty from the model fits, while the dashed red lines show the additional 2% uncertainty

estimated from the unmodeled temperature dependence of AH,y,.

(Figures 4b, Sb, and 6b), we have chosen the Antoine
parametrizations given by Sahraoui et al.'” To predict the
temperature variation of the enthalpy of vaporization (Figures
4¢, 5S¢, and 6¢), we have computed AHvap(T) from eq 2 using
these Antoine parametrizations.

For methyl octanoate (Figure 4), only a single previous
measurement'” (static method) of the saturation vapor
pressure covered directly the temperature range investigated
here, while another measurement'* (static method) reported
values above 40 °C. As seen from Figure 4b, the saturation
vapor pressure reported here agrees well within the specified
confidence interval with the previous measurement'® and
probably also with the measurements performed at higher
temperatures.'* With respect to the enthalpy of vaporization
for methyl octanoate (Figure 4c), the present measurement is
consistent with previous determinations, in particular when
considering the unmodeled temperature dependence of AH,,,.

For methyl decanoate (Figure 5), four previous measure-
12151634 of the saturation vapor pressure have covered
the present temperature range. The present data are consistent
with two of these measurements'™'® (static methods) while
the two others'>** deviate by more than 20% (Figure Sb). The
present determination of the enthalpy of vaporization for
methyl decanoate is also consistent with previously reported
measurements, as seen in Figure Sc.

ments
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For methyl dodecanoate (Figure 6), one previously reported
measurement’” (static method) of the saturation vapor
pressure near room temperature compares consistently with
the present measurements while a second measurement'*
(effusion method) deviates by ~5% and a third determi-
nation'” (gas chromatography) deviates strongly (>30%). The
presently determined enthalpy of vaporization for methyl
dodecanoate also shows consistency with most of the previous
measurements (Figure 6¢).

The method applied in this work for the determination of
saturation vapor pressures is based on a dynamical principle,
namely, to follow the vaporization dynamics of a sample during
thermalization to the higher temperature of a surrounding
chamber. This is markedly different from other state-of-the-art
methods for absolute saturation pressure determinations which
strive to maintain a static gas—liquid equilibrium condition
during the measurement. Moreover, the present method
provides a continuous range of saturation vapor pressures
over the probed temperature range, i.e., the outcome is not
limited to specific points where thermal equilibrium has been
obtained. Hence, the present results can be considered to be
truly complementary to previous measurements.

The present method gives results that support the values of
saturation vapor pressures for methyl octanoate given by
Sahraoui et al.'> and van Genderen,'" for methyl decanoate

https://doi.org/10.1021/acsomega.4c08095
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given by Sahraoui et al."® and Zaitsau et al,,'® and for methyl
dodecanoate given by Bureau et al."”

4. CONCLUSIONS

We have reported the measurement of the saturation vapor
pressures of three FAMEs with a new dynamic method that is
complementary to current state-of-the-art methods.

The applied method works favorably toward lower pressures
where the sample does not completely evaporate during
preparation, and the method is essentially only limited by the
ability to measure absolute pressure. Since we have, in another
line of research, developed new absolute pressure sensors with
sub-millipascal sensitivity,”> and instrument developments are
ongoing to expand the temperature range that can be probed
by the instrument, we expect that accurate saturation vapor
pressure and enthalpy of vaporization data will be available for
FAMEs and other related additional substances, e.g, in a
temperature range below room temperature. From an
application perspective, the availability of accurate saturation
vapor pressures of FAMEs, as well as other industrial important
substances, around or below room temperature can be of
significant value in applications in food processing (flavoring)
and pharmaceutical productions (e.g., cosmetics). For FAMEs
in particular, the optimization of biodiesel engines will clearly
benefit from accurate measurements of absolute saturation
vapor pressures.
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