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Abstract

Despite the extensive use of 2-propanol and acetone in a wide range of applications
in the chemical industry and in energy engineering, there is a lack of experimental
data in the literature for their thermophysical properties including viscosity, interfa-
cial tension, and density, especially at elevated temperatures beyond the respective
normal boiling points. In the present study, the liquid viscosity and interfacial ten-
sion were determined simultaneously by surface light scattering (SLS) with aver-
age expanded uncertainties of (1.7 and 0.9)% at or close to saturation conditions for
temperatures between (273 and 403) K. Furthermore, capillary viscometry (CV) and
vibrating-tube densimetry were employed to measure the liquid viscosity at ambi-
ent pressure of 0.1 MPa from (283 to 353) K and the liquid density close to satu-
ration conditions between (278 and 423) K. The obtained density data were used
for the evaluation of both SLS and CV experiments. In comparison with literature
data, the present density data show agreement for 2-propanol over the entire tem-
perature range. In contrast, deviations of up to 0.5% at the maximum temperature
can be found for acetone. For the viscosity and interfacial tension at low tempera-
tures, agreement of the measurement results among each other and with literature
data is mostly found. At elevated temperatures, the increasing deviations of the pre-
sent experimental viscosity and interfacial tension data from recommended correla-
tions indicate a lack of reliable data needed for their development. Overall, this work
contributes to an improvement of the database for viscosity, interfacial tension, and
density of 2-propanol and acetone over a wide temperature range up to 423 K.
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1 Introduction

2-Propanol and acetone represent important bulk chemicals with a wide range of
industrial applications. Both are often employed as solvents for various purposes
such as reaction, separation, and extraction processes [1-9] or as reaction educts
for the production of valuable derivatives [10—15]. In addition to their use as fuel
additives [16—19], the pair of 2-propanol and acetone has attained increasing
interest in the recent years in the context of direct 2-propanol fuel cells [20-23].
Here, 2-propanol provides several advantageous characteristics with respect to an
efficient fuel cell performance [23-25] and, in contrast to the more established
direct methanol fuel cell, the complete absence of carbon dioxide formation [26,
27]. Recent developments aim at the operation of direct 2-propanol fuel cells at
temperatures of about 373 K [23, 28] and in dilute aqueous solutions of 2-pro-
panol [23] for an improved performance. Moreover, in applications where ace-
tone is hydrogenated to 2-propanol and the resulting 2-propanol is later converted
back to acetone and hydrogen (H,) by the respective dehydrogenation reaction,
acetone and 2-propanol act as hydrogen-lean and hydrogen-rich counterparts of a
very promising liquid organic hydrogen carrier (LOHC) system that is character-
ized by excellent reversibility and comparatively low heats of hydrogenation and
dehydrogenation [28, 29].

For the design and optimization of the above-mentioned processes and appa-
ratuses in chemical and energy engineering, accurate knowledge of the thermo-
physical properties of 2-propanol and acetone is required. Despite the extensive
use of these two components in many engineering applications, reliable infor-
mation on their thermophysical properties including viscosity, interfacial tension,
and density is only sparsely available in the literature, particularly at tempera-
tures T beyond the respective normal boiling points. This stimulated experimental
investigations of the thermophysical properties of pure 2-propanol and acetone in
the present study. The results will also serve as a reference for subsequent studies
of aqueous solutions with 2-propanol and/or acetone under conditions relevant for
the direct 2-propanol fuel cell operation.

In the present work, surface light scattering (SLS) was used to determine
simultaneously liquid viscosity and interfacial tension of 2-propanol and acetone
at or close to saturation conditions over an extended range of T between (273 and
403) K. Since SLS represents an absolute method without the need for any cali-
bration and is based on a strict theory, it is established as a quasi-primary method
for the measurement of viscosity [30, 31]. In addition to SLS experiments, capil-
lary viscometry (CV) was applied at ambient pressure p =0.1 MPa and at T below
the normal boiling points of the liquids for comparison purposes. With the help
of vibrating-tube densimetry (VTD), the liquid density of both substances was
determined at T between (278 and 423) K and at p=0.1 MPa or close to satura-
tion in order to extend the database in the literature and to provide reliable data
for the evaluation of the SLS and CV measurements. In the following, the inves-
tigated materials and their preparation are described first. Then, the experimen-
tal methods, experimental conditions, and uncertainties are briefly stated, before
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finally the experimental results of this work for liquid density, interfacial tension,
and liquid viscosity are presented and discussed in comparison with literature
data.

2 Experimental Section
2.1 Materials and Sample Preparation

Details on the used samples of 2-propanol and acetone as well as on helium (He)
employed as inert gas during SLS experiments and argon (Ar) used for sample stor-
age are summarized in Table 1. Therein, information on the molar mass M, the nor-
mal boiling point temperature 7,, the critical temperature 7., and the sample purity
are included. The latter is based on the information provided in the certificates of
analysis of the providers. Here, the purity of the liquid samples is specified in terms
of the peak areas from gas chromatography coupled with flame-ionization detection
(GC-FID), whereas that of the gases is provided in terms of mole fractions y. Before
investigations, the required amounts of liquid samples were degassed for about
15 min in a glass container immersed in an ultrasound bath at ambient 7.

2.2 Vibrating-Tube Densimetry (VTD)—Liquid Density

For the measurement of the liquid density p; of 2-propanol and acetone at 7 between
(278 and 423) K, two instruments from Anton Paar based on the vibrating-tube
method were employed. The model DMA 5000 M with a calibrated expanded (cov-
erage factor k=2) uncertainty of U, (p;)=0.02% [35] and U(T)=0.01 K was used to
determine p; of 2-propanol at 7<353 K and that of acetone at 7<323 K at ambient
atmosphere with p = 0.1 MPa. For each sample, at least two measurement series
were performed with new fillings of the U-tube in between. The corresponding data
which always agreed within+0.008% were then averaged. To cover T above the
boiling points of the samples, the model DMA 4200 M with a calibrated uncertainty
(k=2) of U(p)=0.1% [36] and U(T) = 0.03 K was connected to a temperature-
controlled sample reservoir via a short capillary line. In this line, a heated spindle
press and a pressure transducer (PAA 33X from Keller) with an expanded (k=2)
uncertainty of U(p)=15 kPa were integrated. This allowed to adjust p to about

Table 1 Specification of the used chemicals

sample CAS number source Mi/(g-mol™) T /K TJK specified purity
2-propanol  67-63-0 Sigma Aldrich ~ 60.095 355.5[32] 508.3[33] >0.999°
acetone 67-64-1 Sigma Aldrich ~ 58.079 329.22 [34] 508.1[34] >0.999°
helium 7440-59-7 Air Liquide S. A 4.0026 - 150.69 [34] y>0.99999
argon 7440-37-1 Air Liquide S.A  39.948 - 5.1953 [34] y>0.99996

“Purity as specified in the certificate of analysis provided by the supplier, based on peak areas from GC-
FID
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0.1 MPa for T<T, or a value slightly above the vapor pressure of the sample for
T>T, in order to maintain a slightly compressed liquid phase with a recorded p sta-
bility of better than + 0.4 kPa during a single measurement. With the help of a valve
system, the pure samples were filled into the evacuated measurement system. Rep-
etition measurements performed at 7=298 K after the highest T of 423 K agreed
well with the previous results and, thus, confirm thermal stability of the sample and
repeatability of the measurements.

After each measurement with 2-propanol, the water content of the sample was
determined by Karl-Fischer titration. On average, a water content of about (1300
and 470) ppm was found for the measurements with the DMA 5000 M at ambient
atmosphere with p=0.1 MPa and for the measurements with the DMA 4200 M in
the slightly compressed liquid phase, respectively. Similar or lower levels are antici-
pated for the water contents in the respective acetone samples, where no titration
could be performed with the methanol-based reagent. The influence of the meas-
ured or assumed water contents is estimated by an ideal mole-based mixing rule
considering the molar volumes, where deviations from the values for the pure sub-
stances by up to (0.04 and 0.02)% at the largest T are obtained for the measurements
at p=0.1 MPa and in the slightly compressed liquid phase, respectively. Those val-
ues also apply in the case of acetone under the assumption of similar water con-
tents as for 2-propanol in the corresponding measurements. Consequently, the total
uncertainty for p; of the pure samples is conservatively estimated by the sum of
the calibrated uncertainty of the instruments and the calculated maximum influence
of the water contained in the studied samples. Thus, the relative expanded (k=2)
uncertainty is U.(p;)=(0.06 and 0.12)% for measurements at p=0.1 MPa and in the
slightly compressed liquid phase.

2.3 Surface Light Scattering (SLS) - Liquid Viscosity and Interfacial Tension

SLS was employed for the simultaneous determination of the liquid viscosity #; and
interfacial tension o of pure 2-propanol and acetone close to saturation conditions
at T between (273 and 403) K. The fundamentals of SLS will be summarized only
briefly in the following, while more detailed information on its theoretical principles
[37, 38] and experimental realizations for accurate thermophysical property research
[39—41] can be found in the cited literature.

The SLS technique relies on the analysis of light which is scattered at the phase
boundary between a gas (G) and a liquid (L) phase at macroscopic thermodynamic
equilibrium. The scattered light is modulated by the surface fluctuations or waves
present at the interface and, thus, contains information about their dynamics. With
the help of photon-correlation spectroscopy, time-dependent intensity correlation
functions (CFs) are recorded which reflect the dynamics of the surface fluctuations
with a defined modulus of the wave vector g. For 2-propanol and acetone in the
investigated range of T and ¢, the normalized CFs g®(z) as a function of the delay
time 7 recorded in a heterodyne detection scheme always exhibited an oscillatory
behavior associated with propagating surface waves. Such temporal behavior can be
described by a damped oscillation according to [38]
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g?(r) =a+bexp (—7/7¢) cos (0,7 — ), (1

where a and b represent experimental constants related to the coherence properties
of the optical system and the ratio between scattered and reference light intensities,
while ¢ largely accounts for the deviation of the scattering spectrum from an ideal
Lorentzian shape [41]. 7. and w, reflect the dynamics of the surface waves in terms
of the characteristic mean lifetime or the inverse of the damping I" (ro= I 1) and
the propagation frequency. For reduced capillary numbers Y between 0.4 and 20
observed in the case of 2-propanol at T between (273 and 343) K, the presence of a
non-negligible contribution from the rotational flow in the bulk of the fluid in the CF
had to be considered. Here, the recorded signal is described by

g9(r) = a+ bexp(—7/7)ccos (w,r — p) — cexp (—7/7). )

where the third term on the right side of Eq. 2 accounts for the additional signal con-
tribution with its amplitude c. The required information of the characteristic viscous
time 7, is estimated according to the procedure described in Ref. [42]. In the present
case of CFs with an oscillatory behavior, 7, and ¢ can be determined simultaneously
by numerically solving the dispersion equation D(ny, 11, p1, P 0, I's @g, ¢) for sur-
face fluctuations at the gas-liquid interface of simple fluids exhibiting no viscoelas-
tic effects in its complete form [37, 38], where the liquid and gas density p;, and pg
as well as the gas viscosity # are required as input data.

For the investigations, two different sample cells were employed within the
experimental setup described in Refs. [43, 44]. An aluminum sample cell was used
to particularly cover the T range below ambient 7, where additionally measure-
ments at higher T were included for an overlap with experiments performed in a
stainless-steel sample cell at T between (303 and 403) K. Since the aluminum sam-
ple cell allows to maintain p states below ambient pressure, measurements could be
performed under true saturation conditions, i.e., for the pure liquid in coexistence
with its saturated vapor. For this purpose, the sample was filled into the evacuated
aluminum sample cell and subsequently the cell was closed. To avoid traces of air
inside the stainless-steel sample cell designed for measurements at elevated T and
p, vacuum was shortly applied to the cell partially filled with sample and thereafter
He was added to maintain a pressure slightly larger than ambient p. As will also be
shown in the discussion of the results, the influence of the He gas atmosphere on
n, and o can be safely neglected. Details on the employed aluminum sample cell
equipped with two Pt-100 resistant probes with a calibrated uncertainty (k=2) of
U(T)=15 mK [39, 45] and the stainless-steel sample cell featuring three Pt-100
probes with U(T)=30 mK [44, 46] are given in the corresponding references. The
T stability recorded by the probes was always better than +4 mK for the aluminum
cell and better than + 12 mK for the stainless-steel cell. The uncertainty (k=2) in
the stated measurement 7 considering the calibrated uncertainty of the probes, the
T stability, and the agreement between the readings of the probes are U(T)=20 mK
and U(T)=60 mK for the aluminum and stainless-steel cell, respectively.

For each T, six individual CFs were recorded in transmission direction perpendic-
ular to the vapor/gas—liquid interface at different and relatively large moduli of the
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wave vector g, where the influence of instrumental line-broadening effects is typi-
cally negligible. The different g were adjusted through the external angles of inci-
dence @ between (2.5 and 3.7)°, with larger @ values being employed at larger 7.
By performing three pairs of measurements at corresponding angles on either side
of the surface normal, possible errors in the alignment are eliminated. The power of
the frequency-doubled Nd:YVO, laser (Verdi V2 from Coherent) with a wavelength
in vacuo of 1;=>532 nm irradiating the liquid was limited to 40 mW.

For the determination of #; and o via the dispersion relation, the measured values
for I" and w, at a given g are combined with reference data for p;, pg, and 7. In
the case of p;, the fit according to Eq. 3 is used based on the present experimental
values from this work with uncertainties as stated in Section 2.2. For pg of pure
2-propanol [32] and pure acetone [47] at saturation conditions, the cited equations
of state (EoS) with estimated relative uncertainties of U.(pg)=1% were employed.
ng of acetone was calculated from the model of Huber [48] with a specified uncer-
tainty of 5%, while 7 of 2-propanol was estimated with an uncertainty of 10% using
the Lucas model [49, 50] considering information for the required critical properties
[33]. For the measurements in the presence of He, the gas properties are estimated
assuming an ideal behavior of the gas mixtures of He and the vapor of the sam-
ple under investigation. Based on the initial partial pressure of He with p=0.1 MPa
after closing the cell, its 7-dependent pressure is approximated considering the
vapor pressure of the sample at the initial 7 as well as the thermal expansion of the
liquid with increasing 7. The corresponding p; values for pure He are obtained from
the REFPROP database [34] employing the EoS of Ortiz Vega et al. [51]. 55 of the
gas mixtures is estimated via the Lucas model, for which the critical properties for
2-propanol [33], acetone [34], and He [34] are used.

The reported values for #; and o represent the unweighted average of the results
obtained from the individual measurements for a given 7. Corresponding expanded
(k=2) uncertainties were calculated based on error propagation schemes detailed in
Refs. [39, 52] considering the standard deviation of the individual results and the
uncertainties of the input data. During the data evaluation of the results for acetone,
the possibility of weak line-broadening effects was identified. Here, the combina-
tion of relatively small #; values and relatively large ¢ values of acetone makes the
SLS measurements somewhat more prone to line-broadening effects caused by the
instrument-specific uncertainty Aq in the definition of g than it is the case for fluids
typically studied with this setup [35, 44, 53]. Although instrumental line-broadening
effects were proven to be negligible for other fluids with #; and ¢ values similar to
acetone, such as benzene [45] and methanol [54], a very conservative estimation of
such effects shall be made here for the actual g values probed. Based on theoretical
considerations in Ref. [40] for a SLS setup that is nearly identical to the present one,
a worst-case estimation results in maximum overpredictions of #; of acetone by at
most 0.7% relative to the value for the identical case with Ag=0, while the influence
on ¢ remains far below 0.1% and, thus, negligible. The same considerations have
been made for 2-propanol particularly at elevated T, which show that instrumental
line-broadening effects increase the measured #; values by 0.3% or less, while their
influence on o can also be neglected. As a consequence, the final uncertainties for
the reported #; values of acetone in the full T range and of 2-propanol at 7>343 K
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were conservatively extended by adding the estimated worst-case errors induced
from the line-broadening effects to the uncertainties from the error propagation cal-
culations. On average, #;, and ¢ of 2-propanol and acetone could be determined with
relative uncertainties (k=2) of U,(s;)=1.7% and U,(6) =0.89%.

After measurements at the largest 7, repetition measurements were performed at
T=323 K for the same sample. The agreement of the results for ; and ¢ from the
repetitions with the initial results at 7=323 K within their uncertainties confirms
the thermal stability of the samples up to 7=403 K. Thus, the two datasets for 7,
and o at T=323 K and the related uncertainties were averaged. The measurement
with 2-propanol under a He atmosphere at T between (303 and 403) K was per-
formed twice, where the sample cell was cleaned and refilled with fresh sample in
between. Since the results from both series agree always within experimental uncer-
tainties with maximum deviations of 1.7% for #; and 0.75% for o, the average of
the values for ¢ and 7 as well as for the related uncertainties was considered. The
water content of 2-propanol measured by Karl-Fischer titration after a measurement
series was always smaller than 1300 ppm. Due to the highly nonlinear composition-
dependent behavior of #; and ¢ in mixtures of 2-propanol or acetone with water, a
precise quantification of the influence of the measured water contents is difficult,
but estimated to be at least one order of magnitude smaller than the corresponding
experimental uncertainties of #; and o.

2.4 Capillary Viscometry (CV) - Liquid Viscosity

CV was applied to measure the liquid kinematic viscosity v; at p=0.1 MPa in ambi-
ent atmosphere at various T below the respective boiling points of the samples. For
this, Ubbelohde capillaries of type Oa for 2-propanol at 7 between (303 and 353) K
and of type O for acetone at T between (283 and 323) K were used in a thermostat-
ted water bath. Their calibration constants K and Hagenbach correction factors H
were determined from measurements with several reference fluids over an extended
range of 7. For the capillary Oa, measurements with n-dodecane with a specified
purity of >0.997 based on peak areas from GC-FID at 7= (293 to 353) K and with
the viscosity standard S3 from Anton Paar with certified viscosity values at 7= (353
to 408) K were performed. For the latter measurements at elevated 7, an oil bath
as described in Ref. [55] was employed. For the capillary 0, measurements with
n-octane with a specified purity of >0.99 based on peak areas from GC-FID as well
as with bi-distilled water at T=(293 to 353) K were considered.

The measurement 7 recorded by a Pt-100 resistance probe with a calibrated
uncertainty (k=2) of U(T)=40 mK close to the capillary showed a stability of bet-
ter than+ (10 and 20) mK during a flow-time measurement at 7<313 K and above.
Consequently, the overall uncertainty in the reported 7 is estimated to be U(T) = (50
and 60) mK at 7<313 K and above. At a given state point, five flow-time measure-
ments with a maximum relative deviation of 0.1% from their average were recorded
to determine v under consideration of the Hagenbach correction. #; was calculated
for each measurement using p; ., according to Eq. 3 and the individual results were
ultimately averaged. The relative expanded (k=2) uncertainty of #; is estimated
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considering the uncertainties of K and H of the capillaries, the experimental uncer-
tainty of p;, and the uncertainty of the measurement 7.

Repetition measurements at 7=(333 and 303) K for 2-propanol and acetone,
respectively, after investigations at the largest T agreed well with the previous meas-
urements with relative deviations within +0.15%. The water content measured by
Karl-Fischer titration for 2-propanol after the CV measurement series was about
1700 ppm. The impact of the water content on #; is difficult to quantify, but is
assumed to be considerably smaller than the measurement uncertainties of #; .

3 Results and Discussion
3.1 Liquid Density

The results for p; of 2-propanol and acetone measured by VID at p=0.1 MPa in
ambient atmosphere and in the slightly compressed liquid phase at p close to the
vapor pressure p,,, of the corresponding substance are listed in Tables S1 and S2 of
the Supporting Information. At 7 where measurements were performed with both
measurement instruments, the results clearly agree within the smaller of the two
experimental uncertainties, as can be seen later in Fig. 2. Due to the agreement of
the density results and the small differences in p between the measurements in the
compressed liquid phase and the measurements at ambient atmosphere, all data for a
given substance were used to develop a 7-dependent correlation for p; close to satu-
ration conditions according to

3
PLcalc = Z P Ti’ (3)
i=0

where the same statistical weight was applied for each data point in the fit by a least-
squares minimization algorithm. The obtained fit parameters p; for 2-propanol and
acetone describing the experimental data within their uncertainties are listed in
Table 2 together with the related average absolute relative deviation (AARD) of the
experimental data from their fit.

The experimental results for p; are depicted in Fig. 1 as a function of T together
with their fits according to Eq. 3 as well as calculated values for p; at saturation con-
ditions based on the EoS for 2-propanol developed by Scalabrin and Stringari [32]
and that for acetone developed by Lemmon and Span [47]. For both fluids, p; shows

Table2 Parameters of Eq. 3 for the calculation of the liquid density p; .. of 2-propanol and acetone
based on VTD data at T between (278 and 423) K

sample polkgm™)  plkgm KT p/kgm™K ) pikgm K AARDY%
2-propanol  1161.73 —2.5804 7.2987 x 1073 —9.8196x 10°  0.006
acetone 1330.31 —3.3220 77142 x 1073 —9.1054x 10 0.013

#Average absolute relative deviation of measured p; data from their fit
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Fig.1 Liquid density p; of 840 T T T
2-propanol and acetone meas-
ured by VTD at p=0.1 MPa 800 IS 2-propanol
under ambient atmosphere or in —©- this work
the slightly compressed liquid - -~ Ref. [32]
phase at p close to p, as a = 760 i
function of T. For comparison, é
pp, data calculated via the recom- 2720 1
mended EoS from the literature Z
for 2-propanol [32] and acetone < 680 F acetone 1
[47] at saturation conditions are 5— this work
included
mnelude 640 | Ref. [47] ]
600 1 1 1
270 310 350 390 430
T/K
0.20 T T x 0.6 T T T
2-propanol acetone .
0.15 | prop 1 05 f P
< this work K
04 I ... Ref.[47] .

015 F O this work ]
- -~ Ref.[32]
-0.20 : L L .
270 310 350 390 430 270 310 350 390 430
T/IK T/IK

Fig.2 Relative deviations of measured p; data from their fit according to Eq. 3 as a function of T for
2-propanol (left) and acetone (right). For comparison, corresponding relative deviations of p; data calcu-
lated via the recommended EoS in the literature for 2-propanol [32] and acetone [47] at saturation condi-
tions are included

a highly nonlinear 7-dependent trend, where for acetone a larger relative decrease
of 21% from T=(278 to 423) K is observed than for 2-propanol with a decrease of
19%. While acetone exhibits a 0.4% larger value at T=278 K than 2-propanol, an
increase in 7T leads to a crossing of the p; data, resulting in a 2.7% smaller value for
acetone compared to 2-propanol at T7=423 K. The EoS-based literature values for
2-propanol [32] and acetone [47] exhibit generally the same 7-dependent behavior
as the present results.

For a more detailed comparison of the calculated values obtained from the lit-
erature [32, 47] with the present results, their relative deviations from the fit of the
experimental data according to Eq. 3 are depicted in Fig. 2 for 2-propanol (left) and
acetone (right). Since the works of Scalabrin and Stringari [32] and Lemmon and
Span [47] provide an extensive comparison of their EoS with available experimental
py, data from the literature, the present discussion is limited to a direct comparison
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with the EoS-based values. For 2-propanol, the relative deviations of the literature
values with unspecified uncertainties from py ., . remain within about +0.1% and,
thus, agree with the present data within the larger experimental uncertainties of the
DMA 4200 M. In the case of acetone on the right side of Fig. 2, the calculated val-
ues for p; at saturation conditions show deviations from p; . within+0.1% only for
T below 313 K, while beyond that 7, the deviations increase to+0.53% at T=423 K.
This somewhat different 7-dependent trend may be related to the limited amount of
experimental data for p; of acetone at or close to saturation conditions at 7>320 K
as well as the high scatter among the few available datasets as stated by Lemmon
and Span [47], which affects the reliability of the EoS for p; at elevated T. Although
not clearly specified in Ref. [47], the REFPROP database [34] states relative uncer-
tainties (k=2) for p; of acetone at saturation conditions of U.(p;)=0.1% for T
between (280 and 310) K, 0.5% for T up to 380 K, and 1% above, which accounts
for the lack of accurate experimental p; data in the literature. These uncertainties are
always clearly larger than the relative deviations from the present data given on the
right side of Fig. 2. The present data may provide a valuable support for a further
improvement of the EoS of both substances, which can also reduce the uncertainties
related to the calculated p; values of acetone under saturation conditions at 7 above
its normal boiling point.

3.2 Interfacial Tension

The results for the interfacial tension ¢ of 2-propanol and acetone determined by
SLS at saturation conditions and in the presence of a He atmosphere at p ~ 0.1 MPa
as a function of T are listed in Tables 3 and 4 together with simultaneously deter-
mined values for #; .

For 2-propanol, the o results obtained in the presence of a He atmosphere at
T=(303 and 343) K deviate by (— 0.34 and +0.05)% from corresponding results
obtained in the measurement series under true saturation conditions. For acetone,
the ¢ values obtained in the presence of He at 7=(323 and 363) K show relative
deviations of — (0.57 and 0.87)% from the corresponding results under saturation
conditions. The relatively small differences within experimental uncertainties and,
in the case of acetone at 7=363 K, within combined uncertainties indicate a negli-
gible influence of the different atmospheres on the present SLS results for ¢. Thus,
all ¢ data listed in Tables 3 and 4 have been considered, where the results at a cor-
responding T were averaged before fitting. As a result, a 7-dependent representation
of ¢ of 2-propanol or acetone by fit according to

Oete =00+ 0, -T+0y-T? 4)

is suggested, where each data point was treated with the same statistical weight. The
fit parameters o, o,, and o, of Eq. 4 obtained by a least-squares minimization algo-
rithm are given in Table 5 together with the AARD of the measured data from oy
In all cases, Eq. 4 describes the experimental results for 2-propanol and acetone
within their uncertainties.
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Table 3 Interfacial tension ¢ and liquid dynamic viscosity #; of pure 2-propanol and acetone at satura-
tion conditions determined by SLS as a function of 7. In addition, the values for p; , pg, and 7 used for
data evaluation are included®

T/K p/kgm™)  po/(kgm™)  pg/(uPass) n/(mPass) 100 U(p) o/(mN-m~') 100 UJo)

2-propanol
273.15 801.36 0.0234 6.75 4.625 1.6 22.34 1.6
283.15 793.36 0.0555 7.00 3.371 1.9 21.68 1.9
293.16 785.15 0.1049 7.25 2.410 1.7 20.89 1.7
303.16 776.68 0.1887 7.49 1.780 1.5 20.12 1.1
343.14 738.97 1.205 8.48 0.6419 1.7 16.55 1.0

acetone
273.16 812.89 0.2415 6.92 0.4079 1.8 25.41 0.53
283.16 801.44 0.3875 7.16 0.3640 1.9 24.176 0.36
293.16 790.00 0.601 7.41 0.3330 1.4 22.94 0.59
303.15  778.51 0.901 7.65 0.2998 1.7 21.61 0.58
323.17 755.08 1.857 8.15 0.2467 1.8 19.25 0.87
363.17 705.16 6.09 9.17 0.1768 1.9 14.474 0.47

# The sources and calculations of the input data p;, pg, and 7 as well as their relative uncertainties are
specified in Section 2.3. The uncertainty for 7' is U(7)=20 mK. All uncertainties are given on a confi-
dence level of 0.95

The experimental o results for 2-propanol and acetone as well as their correspond-
ing fits o, are displayed as a function of T in Fig. 3. Therein, also recommended

Table 4 Interfacial tension ¢ and liquid dynamic viscosity #; of 2-propanol and acetone determined by
SLS in the presence of a He atmosphere as a function of 7. In addition, the values for p;, pg, and 55 used
for data evaluation are included

T/K p/(kgm™)  po/(kgm™)  ng/(uPass) g /(mPas) 100 U(p) of(mN-m~) 100 Uo)
2-propanol

303.15  776.69 0.338 16.8 1.783 2.2 20.05 1.6
323.18 758.68 0.69 16.8 1.017 1.3 18.33 0.99
343.18 738.93 1.48 15.4 0.6329 1.1 16.558 0.45
363.14 716.97 3.03 13.8 0.4232 1.3 14.654 0.78
383.12  692.28 5.9 12.7 0.2972 1.8 12.689 0.49
403.13  664.36 10.6 122 0.2183 1.9 10.561 0.80
acetone

323.17 755.08 1.66 11.8 0.2438 1.6 19.14 1.1
343.17 730.79 3.59 11.8 0.2069 2.0 16.770 0.52
363.17 705.16 6.16 10.8 0.1743 1.7 14.348 0.40
383.18 677.76 10.1 10.9 0.1500 2.1 12.04 0.97
403.09 64831 16.0 11.1 0.1280 2.0 9.758 0.50

“The sources and calculations of the input data p;, pg, and 7 as well as their relative uncertainties are
specified in Sect. 2.3The uncertainty for 7 is U(7)=60 mK. All uncertainties are given on a confidence
level of 0.95
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Table 5 Coefficients of Eq. 4 for the calculation of o,

alc based on SLS measurements at 7" between (273

and 403) K

substance 6/(mN-m~) o /(mN-m~L.K™!) 6,/(mN-m~1.K~?) AARDY%
acetone 64.342 - 15719 x 107! 53998 x 1073 0.10
2-propanol 32.923 —2.9600 x 1073 — 13026 x 10~ 0.14

#Average absolute relative deviation of measured ¢ data from their fit

correlations for 2-propanol [56] and acetone [57] from the literature are included for
comparison purposes. Based on the SLS results, ¢ of acetone at T=273 K is 14%
larger than that of 2-propanol, while at T=403 K, a 7.6% smaller value is observed.
The distinctly different 7-dependent trends in ¢ of both substances, with an inter-
section of the interfacial tensions at T =~ 343 K, are presumably related to differ-
ent 7-dependent influences of the hydroxyl group in 2-propanol and the carbonyl
group in acetone on o in the structurally similar molecules. For acetone, the recom-
mended correlation [57] exhibits the same 7-dependent behavior as the SLS data,
with generally slightly larger values. For 2-propanol, the recommended correlation
by Mulero et al. [56] shows similar values as the present experimental data at low 7,
while the values increasingly deviate from the SLS results with increasing 7. Thus,
the correlation for 2-propanol also exhibits strongly increasing deviations from that
of acetone at larger 7, although the difference in the critical temperature 7, of both
substances is only 0.2 K [33, 34]. Since T is in fact considered in both correlations
such that 6=0 at the critical point, they show a converging trend when approaching
T, despite the largely diverging trends in the elevated T range covered by Fig. 3.

For a more detailed discussion of the SLS results and the recommended correla-
tions [56, 57], Fig. 4 displays their relative deviations from the fit according to Eq. 4
for 2-propanol (left) and acetone (right). Experimental data sets for ¢ of 2-propanol
and acetone available in the literature are additionally included. Due to the rela-
tively large amount of experimental studies for o of the two substances and to ensure

Fig. 3 Interfacial tension ¢ of 26
2-propanol and acetone at or

close to saturation conditions 24 acetone. 1
measured by SLS as a function 22 —0— this work |
of T. In addition, recommended Ref. [57]

correlations for ¢ of 2-propanol ~20
[56] and acetone [57] from the € 18
literature are included

2-propanol
12 |} —@— thiswork
- - - Ref. [56]

8 1 1 1 1 1 1
270 290 310 330 350 370 390 410
T/K
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2-propanol acetone

18 . . r r r . 10 . . . r . .

i , this work X Ref. [66]

15 | "R“;?V[Vé’é]k 2 Rt {S;} ;] Ref. [57] * Ref. [67]
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Fig.4 Relative deviation of measured o data from their fit according to Eq. 4 as a function of T for 2-pro-
panol (left) and acetone (right). For comparison, also relative deviations of the corresponding recom-
mended correlations [56, 57] as well as experimental literature data for 2-propanol [58—64] and acetone
[66-73] as described in the text are depicted

legibility, only data sets from the accessible literature have been considered where
measurements for at least three different 7" are reported.

For 2-propanol discussed in the following, the data from Vazquez et al. [58],
Azizian et al. [59], Kao and Tu [60], Andreatta et al. [61], and Chang et al. [62]
were obtained by detachment methods using a ring or plate geometry. Vogel [63]
employed the capillary rise method, while Ghahremani et al. [64] derived their
results from the dynamics of externally generated, macroscopic surface waves. The
data from Chang et al. [62] appear to be in parts identical with previously pub-
lished data from their group obtained with the same apparatus and, thus, only the
cited work covering the largest T range is included here. All considered literature
data for 2-propanol were presumably measured at ambient atmosphere. As can be
seen in Fig. 4, the corresponding data covering 7 between in total (283 and 353) K
generally exhibit slightly larger o values than the SLS data with relative deviations
mostly within about 3% up to T=323 K. With increasing 7, the literature data show
increasing deviations from the SLS data between 2.6% for the result from Vogel
[63] at T=333 K and 6.8% for the result from Ghahremani et al. [64] at T=353 K.
The increasing deviations at elevated 7" may be related to the fact that the measure-
ments in literature were carried out in instruments that are open to the surrounding
air atmosphere. This situation leads to considerably different compositions of the
contacting gas phase compared to the scenario with a fully saturated vapor atmos-
phere, as given in the SLS experiments. For instance, it was demonstrated for water
that the measurement results for ¢ at a given T show increasing positive deviations
from the reference value at saturation conditions with decreasing relative humidity
of the gas phase in contact with the studied liquid [65]. Furthermore, the increasing
evaporation rates with increasing 7 in an unsaturated atmosphere may have a consid-
erable influence on the actual T of the probed interface, resulting in somewhat lower
T than the stated values. For example, in the experiments performed by Ghahremani
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et al. [64], a petri dish allowing for a relatively large gas—liquid interface was used.
Thus, the increasing positive deviations of their ¢ data from the present SLS data
obtained in a closed sample cell under equilibrium conditions seem reasonable when
T approaches the boiling temperature 7, ~ 355 K of 2-propanol [32]. The corre-
lation by Mulero et al. [56] with unspecified uncertainty follows the 7-dependent
behavior of the experimental literature values and shows relative deviations from
Eq. 4 in the range of + (1.9 to 3.3)% between T=(273 and 323) K which increase
up to+16% at T=403 K. For the development of their correlation specified for T
between (223 and 473) K, Mulero et al. [56] have considered not only the datasets
from Azizian et al. [59], Kao and Tu [60], and Andreatta et al. [61], but also further
experimental data which are obtained at single 7 of 298 K. For T below 283 K and
above 323 K, the correlation is presumably solely based on databases where it is dif-
ficult to identify the origin of the underlying data. Overall, it is obvious that there is
a clear lack of reliable and accessible experimental data at elevated 7, which seems
to be reason for the large discrepancy between the correlation by Mulero et al. [56]
and the present SLS results.

In the case of acetone, the experimental literature values for ¢ displayed on
the right side of Fig. 4 originate from eight accessible sources which report data
at three or more 7 points and extend over a T range from (272 to 343) K. Worley
[66], Tonomura and Chujo [67], and Cowan et al. [68] employed the capillary rise
method, Morgan and Scarlett [69] used the drop-weight method, and Toryanik and
Pogrebnyak [70] as well as Stairs et al. [71] applied the maximum bubble-pressure
method. The data from Kahl et al. [72] and Enders et al. [73] are based on individ-
ual pendant-drop measurements performed with the help of the same experimental
setup in a closed sample cell at p=0.1 MPa in the presence of air saturated with ace-
tone vapor. Comparable conditions are also anticipated for the work of Toryanik and
Pogrebnyak [70]. Tonomura and Chujo [67] realized experiments with acetone in
its vapor—liquid equilibrium, whereas all other studies were presumably carried out
in the presence of ambient air atmosphere. Overall, the deviations of the literature
data from o, according to Eq. 4 range from (— 1 to+ 8)%. Excluding the data from
Cowan et al. [68] showing by far the largest deviations, all other data sources deviate
by less than about+4% from the present results. Here, the data from Worley [66],
Morgan and Scarlett [69], and Tonomura and Chujo [67] show very good agree-
ment with the present results within about + 1%, while the other data exhibit slightly
larger positive deviations from o,.. The values of the recommended correlation for
o of acetone from Mulero et al. [57] are slightly larger than o, and increase with
increasing 7, with relative deviations of + (1.7 and 4.2)% at T=(273 and 403) K.
Since the authors only specify the used thermophysical property databases cover-
ing T between (182 and 353) K for the development of the correlation, it is unclear
whether some of the literature data displayed here are considered therein.

In summary, there is a clear lack of reliable experimental data for ¢ of 2-propanol
and acetone at T close to and above their respective normal boiling points. Since the
present SLS investigations at 7 between (273 and 403) K were conducted in mac-
roscopic thermodynamic equilibrium at or close to true saturation conditions, they
provide a valuable and accurate database for the interfacial tension of 2-propanol
and acetone up to elevated temperatures.
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3.3 Liquid Dynamic Viscosity

The results for 7 of 2-propanol and acetone determined by SLS at saturation con-
ditions and in the presence of a He atmosphere at p ~ 0.1 MPa measured by SLS
at T between (273 and 403) K are summarized in Tables 3 and 4. Additional data
for #;, of both substances measured by capillary viscometry (CV) at ambient atmos-
phere and p=0.1 MPa at varying T below the respective boiling points are listed in
Table S3 of the Supporting Information.

The SLS results obtained for ; of 2-propanol in the presence of a He atmosphere
at T=(303 and 343) K deviate by (+0.11 and — 1.4)% from the values obtained
at the same T at vapor—liquid equilibrium. For acetone, the corresponding relative
deviations at 7=(323 and 363) K are — (1.2 and 1.4)%. All deviations agree within
the stated individual experimental uncertainties, with the exception of the results
for acetone at T=323 K, where agreement at least within combined uncertainties is
found. Thus, in a similar manner as performed for the ¢ data, the individual meas-
urement series obtained in different atmospheres are combined to one data set by
forming the unweighted average at overlapping 7. The final 7-dependent fit correla-
tion 7y . according to

ML cale = Mo * €XP (2 ni - T_i> %)

i=1

requires more fit parameters for 2-propanol with n=4 than for acetone with n=2
due to the large #; range covered for 2-propanol. For fitting by a least-squares mini-
mization algorithm, the data were represented by In(i7; / mPa-s) versus T~'/K™'. The
resulting fit parameters #, for 2-propanol and acetone are listed in Table 6 together
with the AARD of the experimental values from their fit. For all T, the experimental
data are captured by Eq. 5 within their uncertainties.

Starting with 2-propanol first, the corresponding SLS results for #; includ-
ing 7y .y according to Eq. 5 are displayed as a function of T in the upper part of
Fig. 5 together with the CV data measured in this work. To the best of the authors’
knowledge, there is no reference correlation or estimation model for #; of 2-pro-
panol available in the literature. #; of 2-propanol decreases strongly with increasing
T from 4.6 mPa-s at T=273 K to 0.22 mPa-s at T=403 K, which corresponds to a
factor of 21. Such a large decrease is presumably related to the distinct weakening of
hydrogen bonds present in liquid 2-propanol.

Table 6 Coefficients of Eq. 5 for the calculation of #; . based on SLS measurements at T between (273
and 403) K

substance  #jg/(mPa-s) miK) m/(K?) /(K% /(K AARDY%

acetone 277331 x 107 1.93275x 10° —1.55691 x 10° — - 0.44
2-propanol 1.23842 x 10710 437443 x 10* —2.17822x 107 5.03956 x 10° —4.30435x 10''  0.31

#Average absolute relative deviation of measured #; data from their fit
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The lower part of Fig. 5 shows the relative deviations of the SLS and CV data
from this work as well as of the experimental literature values for #; of 2-propanol
from # ... For legibility purposes, only studies where at least four measurements
at different T covering a range of 30 K or more are reported have been considered
out of the relatively large amount of experimental works reporting #; data. The data
from Thorpe and Rodger [74], Aznarez et al. [75], Yang et al. [76], Pang et al. [77],
Awwad et al. [78], Kermanpour and Sharifi [79], and Mesquita et al. [80] are all
based on CV measurements, while Shirazi and Kermanpour [81] employed a Stabin-
ger-type rotational viscometer. All these measurements are associated with condi-
tions of ambient air atmosphere. In addition to CV experiments at ambient atmos-
phere, Weber [82] used also a falling-sphere viscometer to obtain n; of 2-propanol
at T=373 K above its normal boiling point by ensuring a pressure close to the vapor
pressure of the pure substance.

The relative deviations of the CV data from this work as well as of the literature
values from 7, . displayed in the lower part of Fig. 5 cover a range between (— 3.5
and +3.1)%. Here, the result from Kermanpour and Sharifi [79] at T=333 K with a
relative deviation of — 22% from #; . was discarded. The CV data from the present
work are somewhat larger than the SLS data with a maximum deviation of +2.1%
at T=323 K. Only for this state, the relative deviation is slightly outside combined
experimental uncertainties, while agreement within combined uncertainties is given
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for all other state points. The data from Thorpe and Rodger [74], Aznarez et al.
[75], Pang et al. [77], Awwad et al. [78], and Shirazi and Kermanpour [81] exhibit
a slightly different 7-dependent behavior compared to #; .. In contrast, the results
from Yang et al. [76], Kermanpour and Sharifi [79] excluding their reported value
at 323 K, and Mesquita et al. [80] are by trend in accordance with the 7T-depend-
ent trend of the SLS data. The data from Weber [82] are in better agreement with
the present CV data in the intermediate T range, but converge close t0 7y .. at
T=373 K. At this particular state, the falling-sphere apparatus employed by Weber
[82] allows for measurements in a closed system similar to the conditions given in
SLS experiments, while his CV measurements at lower 7 may be prone to influences
from evaporation effects as well as water absorbed from ambient air. Similar effects
may also play a role for the other literature data as well as the CV results from this
work, and give a possible explanation for the typically slightly different 7-dependent
trends in comparison to the SLS data. However, such interpretations are very specu-
lative in view of the overall small relative deviations of the present CV data and
further ;. data in literature from 5 ;. being mostly within +2%.

In the case of acetone, the SLS data for 5 and the related fit according to Eq. 5
are depicted in the upper part of Fig. 6 in combination with corresponding CV data
measured in this work as a function of 7. This figure also includes calculated val-
ues for #; of acetone at saturation conditions based on the estimation model from
Huber [48], which is implemented in the REFPROP database [34] and has a speci-
fied uncertainty of 5% along the saturation line. Compared to 2-propanol, #; of ace-
tone covers a considerably smaller range from (0.41 to 0.13) mPa-s at T from (273
to 403), which is apparently related to the absence of hydrogen bonding interactions
between acetone molecules.

The lower part of Fig. 6 shows the relative deviations of the present experimen-
tal n; data, of the estimation model [48], and of experimental data from the litera-
ture from 7y . of acetone. Similar as for 2-propanol, the vast amount of accessi-
ble studies containing data for #; is reduced by limiting to those reporting at least
three data points covering a T range of 15 K or more. Among these, the data from
Faust [91] are excluded due to significant inconsistencies within their own results.
While Sih et al. [90] have employed a falling-body viscometer, where no details
about the atmosphere in the closed system are specified, all other studies consid-
ered here are based on CV measurements at ambient atmosphere [74, 83—89]. The
estimation model of Huber [48], for which among the displayed data only those of
Yang et al. [89] were considered, shows good agreement with the SLS data at low
T within 2% below about 323 K. With increasing 7, the model shows increasing
positive relative deviations up to 7.5% at T=403 K. As it is evident from the dis-
played experimental data from the literature, there is a lack of #; values for acetone
at or close to saturation conditions above its normal boiling point (7, =329 K). At T
above T}, the estimation model mainly relies on #; data obtained in the compressed
liquid phase. Therefore, the displayed calculated values are obtained from extrapola-
tions to the saturation pressure, which induces an additional uncertainty and may
explain the increasing deviations from 7 ., with increasing T. The experimental
literature data for n; of acetone at p=0.1 MPa exhibit relative deviations between
(= 4.8 and +10.5)% from #y ., which represents a clearly larger scatter for the
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n, data of acetone compared to 2-propanol. The upper positive boundary is mainly
related to the data from Govindarajan et al. [86] which clearly do not agree with any
other data set. Excluding the data from Govindarajan et al. [86], the maximum posi-
tive deviation from the SLS values is 4.6%. Here, the present SLS results lie rather
in the upper band within the range spanned by the remaining datasets, while the CV
results from this work mostly mark the lower end of this range. The latter results
show relative deviations of around — 4% from 7y .. based on the SLS data which
are mostly outside combined uncertainties, except for the data at 7=323 K. Despite
a diligent analysis of the SLS and CV results, possible reasons for the discrepancy
remain unclear. Agreement with the SLS results is given in parts with respect to
the data from Yang et al. [89] with deviations smaller than+ 1% at T between (278
and 293) K as well as the results from Sih et al. [90] within about+2% at T=(298
and 303) K and within+0.5% at T=(308 and 313) K. The data of Thorpe and
Rodger [74], Howard and McAllister [83] as well as Peng and Tu [87] exhibit better
agreement with the present CV data at low 7, but tend toward the SLS results with
increasing 7. Moreover, the datasets from Hafez and Hartland [85] as well as Chen
and Tu [88] agree well with the present CV data. This data comparison reflects the
somewhat unsatisfying data situation in the literature for ; of acetone, as it was also
stated by Huber [48]. For this, fluid-specific challenges in the sample handling may
be responsible, but also the effects of the measurement principle and/or conditions.
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This involves, e.g., the application of a shear gradient in conventional viscometers
and/or the presence of a contacting air atmosphere in open viscometers. Such effects
are at least excluded for the present SLS investigations because they are conducted
in macroscopic thermodynamic equilibrium at or close to saturation conditions.

Overall, the identified lack of experimental data for #; of 2-propanol and acetone
at or close to saturation conditions, especially at T beyond the respective boiling
points, could be met by corresponding SLS experiments in the present work. The
obtained accurate results for the saturated liquid viscosity over a wide range of T up
to 403 K are considered to substantially extend the current data situation for these
two pure substances.

4 Conclusions

The present experimental study provides reliable and accurate data for the liquid
dynamic viscosity 7, interfacial tension o, and liquid density p; of 2-propanol and
acetone over a broad T range between (273 and 423) K. Data for p; at T between
(278 and 423) K were obtained by VTD at atmospheric pressure or in the com-
pressed liquid phase at p slightly above p,,,. The density results for 2-propanol agree
well with an available EoS [32], while relative deviations of up to 0.5% at the maxi-
mum T between the recommended values [47] and the present experimental data can
be found for acetone. The latter behavior is probably related to the sparse amount of
reliable p; data at elevated T at or close to saturation conditions which were avail-
able for the development of the EoS.

For conditions at or close to saturation, the SLS technique allowed for a simulta-
neous determination of #; and ¢ with typical expanded uncertainties below (2 and
1)% at T between (273 and 403) K. With respect to the interfacial tension, the SLS
results for 2-propanol are generally slightly smaller than the values from the accessi-
ble literature with deviations mostly within 4%, while the data for acetone obtained
by SLS lie in the lower band of the somewhat scattered values in the literature and
agree with most data sets within about 3%. The increasing positive deviations of the
recommended reference correlations for ¢ of both substances [56, 57] from the SLS
results with increasing T appear to be related to a lack of reliable experimental data
at T above the normal boiling point. For comparison purposes, additional viscos-
ity measurements were performed by CV at temperatures below 7, and at ambient
atmosphere. For 2-propanol, the #; data from SLS agree with the CV results and
with most of the literature data within+2%. In the case of acetone, the larger rela-
tive deviations of about 4% between the present SLS and CV data, which are mostly
outside combined uncertainties, together with the relatively large scatter among cor-
responding viscosity values reported in the literature of up to 15% might indicate
difficulties in the accurate measurement of #; for the low-viscosity fluid acetone.
n, of acetone at saturation conditions calculated with REFPROP [34, 48] exhibits
increasing deviations from the present experimental data with increasing 7 above
the normal boiling point, which might again reflect the scarce data situation in the
literature at elevated 7.
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In summary, the present experimental data for p;, o, and 5 of 2-propanol and
acetone at or close to saturation conditions over a broad T range provide a valu-
able extension of the current data situation for these properties. The results can be
considered as a reliable data source for future improvement of appropriate reference
correlations and databases.
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