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Speeds of Sound, Densities, Isobaric Thermal Expansion, Compressibilities, and
Internal Pressures of Heptan-1-ol, Octan-1-ol, Nonan-1-ol, and Decan-1-ol at
Temperatures from (293 to 318) K and Pressures up to 100 MPa

Marzena Dzida*

University of Silesia, Institute of Chemistry, Szkolna 9, 40-006 Katowice, Poland

The speeds of sound in heptan-1-ol, octan-1-ol, and nonan-1-ol at pressures up to 101 MPa and in decan-1-ol at
pressures up to 76 MPa have been measured within the temperature range of (293 to 318) K. The densities have
been measured in the same temperature range under atmospheric pressure. The densities, isobaric heat capacities,
isentropic and isothermal compressibilities, isobaric thermal expansions, and internal pressures as functions of
temperature and pressure have been calculated using the experimental results and the literature isobaric heat
capacities for the atmospheric pressure. A modified method, based on the suggestion of Davis and J5ordon (
Chem. Phys1967, 46, 2650-2660), has been applied. The effect of pressure and temperature on the isothermal
compressibility, isobaric thermal expansion, isobaric heat capacity, and internal pressure is discussed.

Introduction Table 1. Comparison of the Speeds of Sound and Densities
. . . L Obtained in This Work at T = 298.15 K under Atmospheric
Thermodynamic properties of simple organic liquids are of pressure with Those Reported in the Literature

considerable interest from both the theoretical as well as the
practical point of view. In the petrochemical industry, an
important point of interest is the influence of “bio” additives to  heptan-1-ol wm-s* = 1327.27  1327.5%1330"
. plkg'm~3 818.80  818.522818.78!3818.9!
mineral fuels and greases such as alcohols or esters. Alkan-1-cian 1,01 pimest  1347.32  1347.18¢1347.4315 1347.56
ols belong to the liquids most frequently studied under plkg'm™3 821.62  821.603821.6817821.7915822.38
atmospheric and also higher pressures. However, the thermo-nonan-1-ol wm-s™  1364.64 1364.41)1364.76°
dynamic and acoustic properties have been reported mainly for plkg'm-2 82424  824.022824.27130824.47
: . . : decan-1-ol uwmesl  1379.69 1375.84!51380.21513845
alcohols with 1 to 5 carbon atoms in the chain. Relatively few kam-3 82637  826.230826.315 826 5715 826,88
. . . . p/kg-m ; ) )
data are available in the literatdrefor higher alkan-1-ols.
Besides, the available results are rather incomplete. The speeds 2 Published in a previous wof2.
of sound in primary alcohols under elevated pressures have been
measured by Sysoev and Otpuschennikov and published inand up to 70 MPa for the latter one have been calculated using
Nauchnye Trudy (Kurskicei Gosudarstvennycei Pedagogicheskicethe speeds of sound under elevated pressures together with the
Institute)? Unfortunately, these articles are not available. densities and isobaric heat capacities at atmospheric pressure.
Khasanshif published a correlation equation for the speed of To this end, the method based on the suggestion of Davis and
sound of akan-1-ols with the carbon atoms in the chain ranging Gordor# with a numerical procedure proposed by Sun €t al.
from 4 to 12 for pressures from (0.1 to 100) MPa and for six was applied. Furthermore, the measured speeds of sound and
temperatures from (303.15 to 453.15) K determined at 20 K calculated densities and isobaric heat capacities have been used
steps. Plantier et &lreported the speed of sound in octan-1-ol for the calculation of the adiabatic and isothermal compress-
at pressures up to 50 MPa and temperatures ranging fromibilities, isobaric thermal expansion, and internal pressures. The
(303.15 to 373.15) K every 10 K. This work is a part of effect of temperature and pressure on the isothermal compress-
systematic studies of thermodynamic properties of organic ibility, isobaric thermal expansion, isobaric heat capacity, and
liquids under elevated pressures using the acoustic method.internal pressure is discussed. To the best of my knowledge,
Acoustic and thermodynamic properties of ethanol, propan-1- these properties have never been investigated in that pressure
ol, and hexan-1-ol at elevated pressures have been presenterhnge.
earlier>™7 In this paper, new measurements of the speed of
sound in heptan-1-ol, octan-1-ol, nonan-1-ol, and decan-1-ol in Experimental Section
the temperature range from (293 to 318) K are reported. The ) . .
speeds have been measured under pressures up to 101 MPa for Chemicals.Heptan-1-ol was from Fluka with a minimum
heptan-1-ol, octan-1-ol, and nonan-1-ol and up to 76 MPa for Mass fraction 99 % of {4,50H, octan-1-ol was from Lancaster
decan-1-ol. The densities have been measured within the sam&Vith @ minimum mass fraction 99 % ofgH170H, nonan-1-ol
temperature range under atmospheric pressure. The densitie¥/@S from Alfa Aesar with a minimum mass frf’;\ctlon 99 % of
and isobaric heat capacities of heptan-1-ol, octan-1-ol, nonan-CeH1sOH, and decan-1-ol was from Aldrich with a minimum
1-ol, and decan-1-ol for the temperature range from (293 to 318) Mass fraction 99 % of {gH»,0H. All the alcohols were dried

K and at pressures up to 100 MPa for the first three alcohols ©Ver 0-3 nm molecular sieves. The concentration of water was
determined by the Karl Fisher method. The mass fraction of

* Fax: +48 32 2 599 978. E-mail: mhd@ich.us.edu.pl. water was less than-20~7 for nonan-1-ol and decan-1-ol and

component exp. lit.
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Table 2. Speed of Sound in Alcohols Measured at Pressures up to 101 MPa within the Temperature Range of (293 to 318) K

heptan-1-ol octan-1-ol nonan-1-ol dacan-1-ol
TIK p/MPa wm-st TIK p/MPa um-st TIK p/MPa um-st TIK p/MPa wm-st
292.89 0.10 1345.37 292.92 0.10 1365.25 292.88 0.10 1382.77 293.10 0.10 397.23
292.78 15.20 1421.66 292.77 15.23 1440.32 292.87 15.20 1456.67 292.91 15.20 1470.57
292.77 30.39 1487.31 292.77 30.43 1505.21 292.87 30.39 1520.79 292.90 30.39 1533.84
292.77 45.59 1546.94 292.83 45.61 1564.06 292.86 45.59 1579.55 292.96 45.59 1592.01
292.77 60.79 1602.64 292.78 60.80 1619.26 292.87 60.79 1633.97 292.86 60.79 1646.34
292.76 75.99 1654.15 292.77 76.01 1670.06 292.87 75.99 1684.39 298.07 0.10 1379.96
292.77 91.18 1701.99 292.79 91.20 1717.80 292.86 91.18 1731.84 297.95 15.20 1453.77
292.77 101.32 1732.68 292.83 96.12 1732.99 292.86 101.32 1762.05 297.96 30.39 1518.00
298.17 0.10 1327.21 298.20 0.10 1347.13 298.18 0.10 1364.56 297.98 45.59 1576.76
298.06 15.20 1404.93 298.19 15.20 1422.59 297.96 15.20 1440.24 297.96 60.79 1631.39
298.06 30.39 147177 298.13 30.41 1488.81 297.96 30.39 1505.39 297.95 66.24 1649.80
298.06 45.59 1532.30 298.09 45.61 1548.80 297.96 45.59 1564.54 297.96 69.30 1660.02
298.06 60.79 1588.18 298.09 60.84 1604.63 297.95 60.79 1619.98 297.99 71.85 1668.22
298.06 75.99 1640.40 298.07 76.04 1656.52 297.96 75.99 1670.69 297.99 73.52 1673.62
298.06 91.18 1688.89 298.07 91.19 1703.92 297.95 91.18 1718.71 297.99 74.70 1677.61
298.06 101.32 1719.64 298.07 97.84 1724.34 297.95 101.32 1749.18 298.00 75.99 1681.72
303.14 0.10 1310.24 303.18 0.10 1330.19 303.16 0.10 1347.52 303.04 0.10 2362.82
302.94 15.20 1389.45 303.27 15.20 1406.24 302.94 15.20 1424.28 302.92 15.20 1436.75
302.94 30.39 1457.34 303.28 30.41 1473.29 302.94 30.39 1490.24 303.08 30.39 1501.48
302.94 45.59 1518.74 303.27 45.60 1533.86 302.93 45.59 1550.12 303.11 45.59 1560.98
302.94 60.79 1575.32 303.26 60.82 1590.15 302.93 60.79 1606.05 303.02 60.79 1616.95
302.95 75.99 1628.00 303.15 76.00 1642.79 302.93 75.99 1657.58 303.03 66.24 1635.74
302.94 91.18 1676.97 303.16 91.20 1691.22 302.93 91.18 1705.79 303.05 69.23 1645.65
302.94 101.32 1708.00 303.20 101.34 1722.27 302.93 101.32 1736.67 303.03 71.56 1653.45
308.12 0.10 1293.20 308.16 0.10 1313.30 308.14 0.10 1330.57 303.04 73.60 1660.21
307.94 15.20 1373.96 308.19 15.21 1390.70 307.92 15.20 1408.48 303.15 74.79 1664.07
307.94 30.39 1442.79 308.17 30.40 1458.76 307.91 30.39 1475.46 303.09 75.99 1667.77
307.94 45.59 1505.03 308.18 45.60 1520.26 307.91 45.59 1535.97 308.04 0.10 1345.82
307.93 60.79 1561.90 308.18 60.79 1576.82 307.91 60.79 1592.39 308.09 15.20 1420.03
307.94 75.99 1615.55 308.17 76.02 1629.97 307.92 75.99 1644.67 307.97 30.39 1486.61
307.93 91.18 1664.79 308.12 91.20 1679.20 307.92 91.18 1693.20 307.98 45.59 1546.89
307.94 101.32 1695.96 308.16 91.21 1679.14 307.92 101.32 1724.32 307.96 60.79 1603.08
313.09 0.10 1276.31 308.12 101.32 1710.26 313.11 0.10 1313.75 307.95 65.86 1620.93
312.91 15.20 1358.87 313.15 0.10 1296.46 312.91 15.20 1392.75 307.96 68.85 1631.26
312.90 30.39 1428.71 313.26 15.20 1375.07 312.91 30.39 1460.82 307.96 71.38 1639.82
312.90 45.59 1491.58 313.26 30.39 1443.89 312.91 45.59 1522.18 307.94 73.31 1646.24
312.90 60.79 1549.07 313.26 45.59 1506.12 312.91 60.79 1578.93 307.93 74.72 1650.91
312.90 75.99 1603.13 313.28 60.79 1563.47 312.91 75.99 1631.98 307.92 75.99 1655.12
312.90 91.18 1653.05 313.23 76.00 1616.59 312.91 91.18 1681.12 313.01 0.10 1329.03
312.91 101.32 1684.72 313.22 91.20 1666.84 312.91 101.32 1712.28 313.06 15.20 1404.47
318.37 0.10 1258.57 313.22 101.34 1697.76 318.29 0.10 1296.33 313.03 30.39 1471.90
318.30 15.20 1342.76 318.33 0.10 1279.15 318.39 15.20 1375.92 313.01 45.59 1532.53
318.29 30.39 1413.60 318.83 15.20 1357.83 318.39 30.39 1444.81 313.00 60.79 1589.39
318.29 45.59 1477.46 318.84 30.39 1427.84 318.39 45.59 1507.26 313.00 65.98 1607.83
318.29 60.79 1535.46 318.82 45.60 1491.03 318.38 45.59 1507.34 313.00 69.20 1618.90
318.29 75.99 1590.00 318.82 60.79 1549.17 318.38 60.79 1564.64 313.03 72.90 1631.48
318.29 91.18 1640.62 318.82 75.99 1603.39 318.38 75.99 1618.27 313.04 75.99 1641.73
318.29 101.32 1672.37 318.83 91.18 1653.69 318.39 91.18 1667.79 318.18 0.10 4311.69
318.82 101.33 1684.88 318.38 91.18 1667.82 318.36 15.20 1387.67
318.38 101.32 1699.14 318.44 30.39 1455.97
318.45 30.39 1455.89
318.44 45.59 1517.70
318.41 60.79 1575.13
318.40 65.95 1593.73
318.43 72.66 1617.01
318.43 73.87 1621.06
318.43 75.99 1628.22

aPublished in a previous wofk

less than 3107 for heptan-1-ol and octan-1-ol. Each sample resistance thermometer (NIST certified) with an uncertainty of
was degassed in an ultrasonic cleaner just before the measure+ 0.05 K and resolution of 0.001 K. All temperatures reported
ment. The purity of these chemicals was tested by comparing in this work are expressed in the International Temperature Scale
the densities and speeds of sound with literature values (Tableof 1990 (ITS-90).
1). Re-distilled water, degassed by boiling just before measure-
Ultrasonic Speed Measurement3.he speed of sound in  ments, was used as the standard liquid for determining the
liquids under test has been measured at atmospheric and higheultrasonic path length. The electrolytic conductivity of water
pressures using two measuring sets designed and constructedras +104 S'm~1. The speed of sound in water under
in our laboratory. Two measuring vessels of the same acousticatmospheric pressure was calculated from the polynomial of
path and construction have been used: one of them destinedViarczak?® while for higher pressures the equation of Kell and
for measurements under atmospheric pressure, the other on&Vhalley?* was used. The uncertainty of the speed of sound
for measurements under elevated pressures. A single transmitmeasurements was estimated to be 0.03 % at atmospheric
ting—receiving ceramic transducer operating at 2 MHz and an pressure, 0.04 % under pressures up to 60 MPa, and 0.05 %
acoustic mirror have been applied. The measuring sets operatainder pressures from (60 to 101) MPa. Other details of the high-
on the principle of the pulseecho-overlap method. The  pressure device and the method of the speed of sound measure-
pressure was provided by a hand-operated hydraulic press andnents can be found in a previous pager.
was measured with a strain gauge measuring system (Hottinger Density Measurements he densities at atmospheric pressure
Baldwin System P3MD) with accuracy better than 0.15 %. The were measured using a vibrating tube densimeter Anton Paar
temperature was measured using an Ertco Hart 850 platinumDMA 5000. The densimeter was calibrated with air and re-
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T T T T T Table 3. Densities of Alcohols Measured within the Temperature

1800 1 Range of (293 to 318) K at Atmospheric Pressure
1700 heptan-1-ol octan-1-ol nonan-1-ol dacan-1-ol
TK  plkgm=3 T/K plkgm=3 T/K pkgm= TK plkgm=3
-~ 1600 293.151 822.297 293.151 825.048 293.155 827.660 293.150 829.758
o 298.150 818.796 298.148 821.636 298.155 824.239 298.150 826.370
£ 1500 303.152 815.269 303.151 818.173 303.156 820.800 303.150 822.950
3 308.150 811.724 308.149 814.675 308.155 817.345 308.150 819.570
1400 313.152 808.158 313.149 811.171 313.153 813.868 313.150 816.120
318.151 804.546 318.149 807.654 318.150 810.376 318.150 812.634
1300 Table 4. Coefficients of Polynomial (1) for the Speed of Sound and
Density under Atmospheric Pressure within the Temperature Range
1200 of (293 to 318) K and Mean Deviations from the Regression Line
c/ Cr 109/ po i/ p2r 104 Opl
1800 com- ¢ ms  ms?t ou/ kg kgom=3  kgm=3 kg
ponent m-st K=t K2 ms?t m3 K=t K2 m—3
1700 hept?n2497.354—4.416949 1.65176 0.04 983.082.3993296—5.07848 0.006
-1-of
octan- 2560.249—4.714394 2.16735 0.02 983.294).3955131—4.92143 0.01
1-ol
_~ 1600 nonan-2555.809—4.560609 1.89642 0.002 995.33®).4618601—3.75632 0.001
' 1-ol
2 1500 dec?n—2696.695—5.376703 3.21792 0.02 989.849.4188373-4.34218 0.02
£ 1-0
3
1400 Results
1300 The ultrasonic speeds in heptan-1-ol, octan-1-ol, and nonan-
1-ol have been measured from (293 to 318) K in about 5 K
1200 steps and under the pressures about (0.1, 15, 30, 45, 60, 75, 90,
and 101) MPa. The ultrasonic speeds in decan-1-ol have been
1800 measured under the pressures about (0.1, 15, 30, 45, 60, and
76) MPa. The experimental values are listed in Table 2 and
1700 presented in Figure 1. The densities for the alcohols under test
were measured under atmospheric pressure within the same
1600 temperature range. The experimental values are collected in
A Table 3.
£ 1500 The dependencies of the speed of sound and density on
= temperature at atmospheric pressure were approximated by
1400 second-order polynomials of the type:
2
1300 _ -
y= Z bT )
1200 =
wherey is the speed of soundy) or density p) at atmospheric
1800 . . . T T pressurefly); by are the polynomial coefficientd;(= ¢ for the
speed of sound, anlg) = p; for the density) calculated by the
1700 . least-squares method. The backward stepwise rejection proce-
dure was used to reduce the number of non-zero coefficients.
__ 1600 1 The coefficients and the mean deviations from the regression
P lines are given in Table 4.
g 1500 . Since the sensitivity of the pressure gauge is lower than that
3 of both the ultrasonic measuring set and the thermometer, the
1400 i equation suggested by Sun ef&lvas chosen in this work for
smoothing out the speed of sound, pressure, and temperature:
1300 1
d) ma .
1200 : : : : : P—Po= Z Z 2(u—uy'T 2
j 0.
0 20 40 \pa 60 80 100 4 £

Figure 1. Speed of sound in (a) heptan-1-ol, (b) octan-1-ol, (c) nonan-1- . o
ol, and (d) decan-1-ol®, 293.15 K;O, 298.15 K;M, 303.15 K;0J, 308.15 wherea; are the polynomial coefficients calculated by the least-

K; a, 313.15K;a, 318.15 K. Lines calculated from empirical function: squares methodj is the speed of sound at> 0.1 MPa, and
=5iap. U is the speed calculated from eq 1. The coefficieajteand
the mean deviations from the regression lines are given in Table
5. The stepwise rejection procedure was used to reduce the
distilled water of electrolytic conductivity as above and degassed number of the non-zero coefficients.
by boiling just before the measurements. The uncertainty of the The speeds of sound in octan-1-ol reported in this work are
density measurements was 0.05 kg3rwhereas the repeat- compared with those reported by Plantier et @he absolute
ability was estimated to be better than 0.005 kg*Pm average deviation (AAD= (100h)3 L, |Uiti/Uexpi — 1|) was
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Table 5. Coefficients of Equation 2 and Mean Deviations from the Table 7. Calculated Isobaric Molar Heat Capacities of Alcohols at
Regression Linedu Pressures up to 100 MPa and within the Temperature Limits of
‘ (293 and 318) K
. alj/ ) azj/ . agi/ ou/
componentj K7i:MPasm ! K7i:MPas®*m2 Ki:-MPas>m=3 m-s? Cy/3mol-1K -1
heptan-1-ol 0 0.4261233304  2.063834B5* 0.31 ) TIK
— 4
; 8.2314710810° 5 768887471013 MPa  293.15 298.15 303.15 308.15 313.15 318.15
1. 4 Heptan-1-ol
octan-1-ol 10 0.2803665851 4 ;dég;gggg’f& 0.28 0.° 26813 272.98 27801 283.17 288.44  293.77
> —1.0483511710°6 10 267.10  271.94 276.92  282.03 287.26  292.57
‘ 20 266.20 271.02 27597  281.04 286.22 29152
nonan-1-ol 0 0.2823007509  3.19513200* 0.31 30 26540 27020 27512  280.16 28531  290.58
1 —4.1834983910~7 40 264.67  269.45 27435  279.36 28449  289.73
> —1.0512386710-6 50 26401 26877 273.64 278.63 283.73  288.96
60 263.39 268.13 272.98 277.95 283.04 28824
decan-1-ol 0 0.2594264772 3.333033M@7* 0.25 70 262.81 26754 27237 27237 28239 28757
1 80 262.27 26698 271.79  276.73  281.77  286.93
2 —7.4155510410~7 —1.5850285110° 90 261.75  266.44 271.25 276.16  281.19  286.34
100 261.26  265.93 270.72 27562  280.63 28576
Table 6. Calculated Densities of Alcohols at Pressures up to 100 Octan-1-ol
MPa and within the Temperature Limits of (293 and 318) K 0.12 297.51 303.47 309.49 315.55 321.64 327.72
plkgem-3 10 296.41 302.34 308.32 31433  320.37  326.43
20 29545  301.35 307.29 313.26  319.27  325.30
p TIK 30 29459  300.47 306.38  312.32 31829  324.29
40 293.82 299.67 30555 311.47 317.41  323.38
MPa 29315 29815 30315 30815 31315 31815 g 20311 29894 304.80 310.60 316.61  322.56
Heptan-1-ol 60 29245 29826  304.10  309.97 315.87  321.79
0.12 82230 818.80 81527 81173  808.15  804.55 70 291.84  297.63 303.45  309.30 315.17  321.08
10 828.43 82508 821.71  818.32 81491  811.47 80 291.25 297.03 302.83 308.66  314.52  320.40
20 834.20  830.97 827.73  824.47 8212 817.90 90 290.70  296.45 302.24  308.05 313.89  319.76
30 839.60 836.48 833.36 830.21 827.05 823.88 100 290.16 29590 301.67 307.47 313.29  319.14
40 844.69 84168 83865 83560 83254  829.47 Nonan-1-ol
50 849.52  846.59 84365  840.70  837.73  834.75 a
S 85411 65106 6aod0 04553 muzed saora QT F9280 ST sdass saest  3s4es 36104
70 858.50 85572 85293 85013  847.32  844.49 20 330.74 33552 34071 34631 35230  358.68
80 862.70  859.99 85727  854.53  851.79  849.03 30 32988  334.64 339.80 34536 351.32  357.68
20 866.73  864.08 86142 85875  856.07  853.37 40 32910 333.84 33897 34450 350.43  356.77
100 87061 868.02 86542 86280 860.18  857.54 50 32837 333.09 33819 34370 349.61 355092
Octan-1-ol 60 327.68  332.38  337.46  342.95 348.83  355.12
0.1» 82506 82162 81817 81468 81118  807.65 70 327.03 331.70 336.77 34223  348.09 354.36
10 831.02  827.73 82442  821.08  817.73  814.36 80 326.40 331.06 336.10 34154 347.38  353.63
20 836.63 83346  830.28  827.07  823.85  820.62 90 32579  330.43 33545 340.87 346.70  352.92
30 841.90  838.84 83576  832.67  829.56  826.44 100 32519  329.81  334.82  340.22 346.03 352.24
40 846.87 84391 84093  837.94 83493 83191 Decan-L.ol
S0 62503 65328 o%047 04764 64481 galog O 36712 37261 3783 3783 39031 39662
80 86449 86183 85915 85646 85376  851.05 20 364.80 370.21 375.83  381.64 387.66  393.88
20 868.44 86584 863.22 860.60 857.96  855.31 30 363.82  369.20 37478  380.56 38654  392.73
100 872.25  869.70  867.14 86457  861.99  859.40 40 362.93  368.28 37383 37958 38553  391.68
Nonarn-1-of 50 362.10 367.42 372.94 378,67 38459  390.71
0.12 827.66 82424 820.80 817.35 813.87  810.38 ?8 361.32 3%6565%2 337712‘;3131 337717'3%1 3%%33771 33;3889&1
10 833.48 830.20 826.91 82359  820.27  816.92 : : : : :
20 838.97 835.81  832.64 82945 826.25  823.04 . )
30 844.12 841.07 838.01 834.93 831.84 828.74 Values from ref 29° Values from ref 22.
40 849.00 846.04  843.07 840.09 837.10  834.09
50 853.62  850.75  847.87  844.97  842.07 839.15 ; : -
60 85803 85523 85243 84962 84679 84305 isobaric heat capacities of h(_aptan-l-ol, octan-1-ol, nonan-1-ol,
70 862.24 859.52 856.79 854.05 851.29 84853 and decan-1-ol were determined for temperatures from (293 to
80 866.28  863.63 86096  858.29 85560  852.90  318) K and for pressures up to 100 MPa for the first three
90 870.16  867.57 864.97 862.35 859.73  857.09 ikanol d t0 70 MPa for the latt Details of th
100 87391 871.37 868.82 866.27 86370 gel.11 alkanols and up to ~a for the latter one. Details ot the
Decan-1-ol algorithm were discussed in previous wofkg8In the calcula-
0.2 82975 82637 82297 81955 816.11 81264  tions, the experimental speeds of sound under elevated pressures
10 83544 83220 82894 82566 82237  819.05 ; " .
20 84081 83769 83456 83140 82824 82505 have been usgd, together with the densities and heat capacities
30 84586 842.85 83982 83678 83373 83066 at atmospheric pressure. The temperature dependence of the
‘518 ggg-gé gg-gg gig-gi gié-gg giggg gig-gi isobaric heat capacity was taken from the literature. The
60 85050 85675 85399 85122 84844 84564  POlynomials reported by Zaanskyet al*® were used for heptan-
70 860.97 858.28 85558 852.87 850.14  1-ol, octan-1-ol, and nonan-lol, while for decan-1-ol the

polynomial reported by Dzida and @sk?2 was applied. The
calculated density and isobaric heat capacity values are listed
found to be 0.06 %, which does not exceed the uncertainty of in Tables 6 and 7, respectively. The uncertainty of the measured
0.2 % reported by them. A comparison of the speeds of soundspeeds of sound cause a maximum error of 0.02 % in the
in heptan-1-ol, octan-1-ol, nonan-1-ol, and decan-1-ol at 303.15 densities calculated for elevated pressures. The quality of the
K obtained in this experiment for the whole pressure range with densities, obtained in this work, was checked by comparisons:
calculated by the correlation equation proposed by Khasahshin (a) with the densities of octan-1-ol and decan-1-ol measured
resulted in AAD values of 0.04 %, 0.03 %, 0.06 %, and 0.04 by Matsuo and Makiteé by means of a vibrating densimeter at
%, respectively. 298.15 K and pressures up to 40 MPa (the AAD values were
Density, Isobaric Heat Capacity, and Demd Thermody- found to be 0.07 % and 0.05 % for octan-1-ol and decan-1-ol,
namic Properties under Eleated PressuresThe densities and  respectively, at atmospheric pressure as well as higher pres-

aCalculated from eq 1.
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Table 8. Isentropic Compressibilities of Alcohols at Pressures up to Table 9. Calculated Isobaric Thermal Expansion of Alcohols at
100 MPa and within the Temperature Limits of (293 and 318) K Pressures up to 100 MPa and within the Temperature Limits of
o 109Pa L (293 and 318) K
p TIK ap'le*
MPa 293.15 298.15 303.15 308.15 313.15 318.15 p TK
Heptan-1-ol MPa 29315 29815 303.15 30815 313.15 318.15
01 06728 06933 07146 07367 07598  0.7838 Heptan-1-ol
10 06201  0.6373 06551  0.6734 06924  0.7120 01 08477 08575 08675 0.8775 0.8877  0.8980

20 0.5767 0.5915 0.6067 0.6224 0.6384 0.6550

30 0.5403 0.5533 05666 05802 05941 0.6084 10 0.8061 0.8145 0.8230 0.8315 0.8402 0.8489

20 07704 07777 07852 07927  0.8003  0.8079
50 0821 0dops 08029 05137 086 o0Sae 30 07393 07459 07526 07526 07662  0.7731
60 0.4582  0.4675 04770  0.4867  0.4966  0.5066 40 07119 07180  0.7241 07302  0.7365  0.7427
70 0.4369  0.4454  0.4541  0.4629  0.4718  0.4809 50 0.6875  0.6931  0.6987  0.7044  0.7102  0.7160
80 0.4177  0.4256 04335 04416  0.4497  0.4580 60 0.6654  0.6706 006759  0.6759  0.6867  0.6921
90 0.4004  0.4077  0.4150  0.4224  0.4298  0.4374 70 0.6453  0.6503  0.6553  0.6603  0.6654  0.6706
100 0.3847  0.3914  0.3981  0.4049  0.4118  0.4188 80 0.6269  0.6316  0.6364  0.6412 0.6461  0.6510

Octan-1-ol 90 0.6099  0.6145 06191  0.6237 0.6284  0.6331

01 06510 06705 06907 07117 07334 07560 100 05942 05986 06031 06076 06121 06167
10 0.6018  0.6185 0.6357 0.6534  0.6717  0.6905 Octan-1-ol
20 05609 05754 05902  0.6055 0.6212  0.6373
30 05263 05391 05522 05655 05792  0.5932 01 08291 08380 0848l 08578 0.8ere 08774

10 0.7896 07977  0.8058  0.8141  0.8224  0.8308
40 0.4965 05079 05196 05315 05436  0.5559

20 0.7552  0.7623 07694 07767 07839  0.7913
50 0.4706  0.4809 04913 05020 05128  0.5237 30 07252 07315 07379 07443 07508 07574
60 0.4477  0.4570 04665 0.4761 04858  0.4956 : : : : : :

70 0.4272 0.4358 0.4444 0.4531 0.4619 0.4709 40 0.6985 0.7043 0.7101 0.7159 0.7219 0.7278

s 1167 4o 432 ‘4407 24 50 0.6746  0.6799  0.6853  0.6907  0.6962  0.7017

88 83823 8_3985 8.4062 8_4?4? 8_4225 8_4238 60 0.6530 0.6580 0.6630 0.6681 0.6732 0.6784
100 0.3771  0.3838  0.3906  0.3973  0.4041  0.4110 70 0.6333  0.6380  0.6428  0.6476 ~ 0.6525  0.6574
80 0.6152  0.6198  0.6243  0.6290 0.6336  0.6383

Nonan-1-ol 90 0.5985  0.6029  0.6074 0.6119  0.6164  0.6209

01 06328 06515 06709 06911 07120  0.7338
107 05860 06020 06186 06357 06534 06716 100 0581 05874 05917 05961 06005  0.6049

20 05469  0.5609 0.5753  0.5901  0.6053  0.6209 Nonan-1-ol
30 05138  0.5262 0.5389 05519 05652  0.5788 0.1 08241 08321 08402 0.8483 0.8565  0.8649
40 04853  0.4964  0.5077 0.5193  0.5311  0.5431 10 0.7854  0.7923  0.7992  0.8063  0.8134  0.8205
50 0.4604  0.4704 04806 04910 05016  0.5123 20 0.7516  0.7577  0.7639  0.7701  0.7764  0.7827
60 04384  0.4475 04568  0.4661  0.4757  0.4853 30 0.7218  0.7274 07330 0.7386  0.7444  0.7501
70 04188 04271 04355  0.4441 04527  0.4615 40 0.6953  0.7004  0.7057 07109 07162  0.7216
80 0.4011  0.4087  0.4165 0.4243  0.4322  0.4402 50 06714 06763 06812 06862 06912 06982
90 0.3851  0.3921  0.3993  0.4065  0.4138  0.4211 60 06496 06543 06591 06638 06687 06735

100 0.3705 0.3770 0.3836 0.3903 0.3970 0.4038 70 0.6297 0.6343 0.6389 0.6435 0.6482 0.6529

Decan-1-ol 80 0.6114  0.6159  0.6204  0.6250  0.6296  0.6342
0.1 0.6175 0.6357 0.6546 0.6741 0.6942 0.7151 90 0.5944 0.5989 0.6033 0.6079 0.6124 0.6170
10 05732  0.5890  0.6053  0.6221  0.6394  0.6571 100 0.5786  0.5830  0.5875 05920  0.5965  0.6011
20 05359  0.5498 0.5640 0.5787 0.5936  0.6090
30 0.5041  0.5165 0.5291  0.5420 0.5552  0.5686 Decan-1-ol
40 0.4766 0.4877 0.4990 0.5105 0.5222 0.5341 0.1 0.8116 0.8303 0.8288 0.8376 0.8464 0.8554
50 0.4525  0.4626  0.4728  0.4831  0.4936  0.5042 10 0.7735 0.7810  0.7885  0.7962  0.8038  0.8116
60 0.4312  0.4404  0.4496  0.4590  0.4684  0.4780 20 0.7400  0.7466  0.7533  0.7601  0.7669  0.7739
70 0.4205 0.4290 0.4375  0.4461  0.4547 30 0.7103  0.7163  0.7224 07286  0.7348  0.7411

40 0.6838  0.6894  0.6950  0.7007  0.7065  0.7123
sures); (b) with densities calculated from the speeds of sound 20 Qo%os Qoo O8ios 068 oosls oosel
reported by Plantier et &lfor octan-1-ol at (303.15 and 313.15) 70 0.6230  0.6280  0.6329  0.6380  0.6430
K and pressures up to 50 MPa (the AAD values are 0.07 %
and 0.06 % for (303.15 and 313.15) K, respectively, at where o, is the isobaric thermal expansion calculated from
atmospheric and higher pressures), and (c) with densitiesdefinition: o, = —(1/p)(dp/dT)p. The values of the isobaric
calculated by Khasansh#iwho published correlation equations  thermal expansion and the isothermal compressibility are listed
between the density and the number of carbon atoms rangingin Tables 9 and 10, respectively.
from 4 to 10 for pressures up to 50 MPa at (293.15 and 298.15) The exact thermodynamic isothermal volume dependence of
K (the AAD values are 0.04 %, 0.04 %, 0.02 %, and 0.05 % internal energy (i.e., the internal pressure) was derived from
for heptan-1-ol, octan-1-ol, nonan-1ol, and decan-1-ol, respec-the basic thermodynamic relatiog= T dS— p dV as follows:
tively). The above discrepancies are of order of uncertainty
declared by Matsuo and Makia(+ 0.06 %) and Plantier et S (9YY _ 0S| _ [ _ 9P| _

h p.m—( ) T( p T( ) p “4)
al# (0.1 %). The values of measured speeds of sound and v/t vt aT)v
calculated densities of the alcohols under test are generally inwhere pp/oT)y is the thermal pressure coefficient. Equation 4
a very good agreement with the literature ones providing a high can be rewritten in the following form:
quality of the obtained thermodynamic properties determined.
Unfortunately, the quality of the isobaric heat capacities obtained p= T(@) _ (@) )
from the ultrasonic measurements is worse than that of the aT/v  \aV/T
densities which results from the principles of the metfod.

From the densities and speeds of sound, the adiabaticThus, two definitions of the internal pressure can be found in
compressibilities were calculated by the Laplace formulg:  the literature: one as given by ed'4* or multiplied by
= (pu?)~L. Results of the calculations are given in Table 8. The —1.247*8 The total pressure of the system consists of two parts.
isothermal compressibility was calculated from the adiabatic The first term on the right-hand side represents the kinetic

one by the well-known relationship: pressure due to the thermal motion. The second one is the static
pressure called the internal pressure due to intermolecular
0AVT energy. The latter can be positive, negative, or, as in the case

k= kgt 3) of ideal gas, zero.

Co
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Table 10. Isothermal Compressibilities of Alcohols at Pressures up Table 11. Internal Pressure of Alcohols at Pressures up to 100 MPa
to 100 MPa and within the Temperature Limits of (293 and 318) K and within the Temperature Limits of (293 and 318) K
k- 10®/Pat pint10-5/Pa
p TIK p TIK
MPa 293.15 298.15 303.15 308.15 313.15 318.15 MPa 293.15 298.15 303.15 308.15 313.15 318.15
Heptan-1-ol Heptan-1-ol
0.1 0.7838 0.8073 0.8316 0.8567 0.8828 0.9099 0.1 317.0 316.6 316.2 315.5 314.8 313.9
10 0.7202 0.7398 0.7599 0.7807 0.8021 0.8242 10 318.1 318.3 318.3 318.2 318.0 317.7
20 0.6678 0.6846 0.7018 0.7195 0.7376 0.7562 20 318.2 318.7 319.2 319.5 319.8 319.9
30 0.6239 0.6386 0.6536 0.6690 0.6847 0.7007 30 317.4 318.3 319.1 319.8 320.4 321.0
40 0.5864 0.5994 0.6127 0.6263 0.6401 0.6541 40 315.9 317.1 318.2 319.3 320.3 321.2
50 0.5538 0.5655 0.5774 0.5895 0.6018 0.6143 50 313.9 315.4 316.8 318.2 319.5 320.8
60 0.5252 0.5358 0.5465 0.5574 0.5685 0.5797 60 3114 313.2 314.9 316.6 318.2 319.8
70 0.4997 0.5094 0.5192 0.5291 0.5392 0.5493 70 308.5 310.6 312.6 314.6 316.5 318.4
80 0.4769 0.4858 0.4947 0.5038 0.5130 0.5223 80 305.3 307.7 310.0 312.2 314.4 316.6
90 0.4563 0.4645 0.4727 0.4811 0.4895 0.4981 90 301.8 304.4 307.0 309.5 312.0 314.4
100 0.4375 0.4451 0.4528 0.4605 0.4683 0.4762 100 298.1 301.0 303.8 306.6 309.3 312.0
Octan-1-ol Octan-1-ol
0.1 0.7579 0.7800 0.8028 0.8265 0.8511 0.8765 0.1 320.6 3204 320.1 319.7 319.1 318.4
10 0.6985 0.7172 0.7365 0.7564 0.7770 0.7981 10 3214 321.6 321.7 321.6 321.5 321.2
20 0.6490 0.6652 0.6818 0.6990 0.7165 0.7345 20 321.2 321.7 322.1 322.4 322.6 322.8
30 0.6072 0.6215 0.6361 0.6510 0.6663 0.6819 30 320.1 320.9 321.7 322.3 322.9 323.4
40 0.5714 0.5841 0.5971 0.6103 0.6237 0.6375 40 318.4 319.5 320.5 321.5 322.4 323.3
50 0.5402 0.5516 0.5632 0.5751 0.5871 0.5993 50 316.1 3175 318.9 320.1 321.4 322.5
60 0.5127 0.5231 0.5336 0.5443 0.5551 0.5660 60 3134 315.1 316.7 318.3 319.8 321.3
70 0.4882 0.4977 0.5073 0.5170 0.5268 0.5367 70 310.3 312.2 314.1 316.0 317.9 319.7
80 0.4663 0.4750 0.4838 0.4927 0.5016 0.5107 80 306.8 309.0 311.2 313.4 315.6 317.7
90 0.4464  0.4545  0.4626  0.4708  0.4790  0.4873 90 303.0 305.5 308.0 310.5 312.9 315.4
100 0.4284 0.4359 0.4434 0.4510 0.4586 0.4662 100 299.0 301.8 304.5 307.3 310.0 312.8
Nonan-1-ol Nonan-1-ol
0.1 0.7370 0.7585 0.7806 0.8034 0.8269 0.8511 0.1 327.7 327.0 326.2 325.3 3243 323.2
10 0.6803 0.6987 0.7175 0.7367 0.7565 0.7767 10 328.4 328.1 327.7 327.2 326.7 326.1
20 0.6330 0.6489 0.6652 0.6819 0.6988 0.7161 20 328.1 328.1 328.1 328.0 327.9 327.7
30 0.5929 0.6071 0.6214 0.6360 0.6508 0.6659 30 326.9 327.2 327.6 327.9 328.1 328.4
40 0.5585 0.5711 0.5839 0.5969 0.6101 0.6234 40 325.0 325.7 326.3 327.0 327.6 328.3
50 0.5284 0.5398 0.5514 0.5631 0.5749 0.5868 50 3225 3235 324.5 325.5 326.5 3275
60 0.5019 0.5123 0.5228 0.5334 0.5441 0.5548 60 319.5 320.8 322.2 3235 324.9 326.2
70 0.4782 0.4878 0.4974 0.5071 0.5168 0.5266 70 316.0 317.7 319.4 3211 322.8 3245
80 0.4570 0.4658 0.4747 0.4836 0.4925 0.5014 80 312.2 314.2 316.2 318.3 320.3 322.4
90 0.4378 0.4459 0.4542 0.4624 0.4706 0.4788 90 308.0 310.4 312.7 315.1 317.5 319.9
100 0.4203 0.4279 0.4355 0.4432 0.4508 0.4584 100 303.6 306.2 308.9 311.6 314.4 317.2
Decan-1-ol Decan-1-ol
0.1 0.7178 0.7388 0.7605 0.7827 0.8057 0.8294 0.1 331.3 330.9 330.3 329.6 328.9 328.0
10 0.6640 0.6822 0.7008 0.7199 0.7395 0.7596 10 3315 331.3 331.1 330.8 330.4 329.9
20 0.6187 0.6346 0.6509 0.6674 0.6844 0.7018 20 330.6 330.7 330.8 330.9 330.8 330.7
30 0.5802 0.5943 0.6087 0.6232 0.6382 0.6534 30 328.8 329.3 329.7 330.1 330.4 330.7
40 0.5469 0.5595 0.5724 0.5854 0.5987 0.6121 40 326.4 327.2 328.0 328.7 329.4 330.0
50 0.5178 0.5292 0.5408 0.5525 0.5645 0.5765 50 323.4 324.6 325.6 326.7 327.7 328.8
60 0.4921 0.5025 0.5130 0.5236 0.5344 0.5453 60 320.0 3214 322.8 324.2 325.6 327.0
70 0.4787 0.4884 0.4980 0.5079 0.5177 70 317.9 319.6 321.4 323.1 324.9

The thermal pressure coefficient and thereby the internal the volume with temperature becomes lower with increasing
pressure are related to the isothermal compressibility and pressure due to stronger hydrogen bonds caused hy-ioad

isobaric thermal expansion in the following way: cooperativity. The increase in the association with increasing
pressure is indicated also by the decreasing of isobaric heat
. To, capacities. Because of the relation between the isobaric heat
Pint = K_T -P (6) capacity and entropyG, = T(3S59T)p), the isobaric heat capacity

is an approximated indicator of the molecular structure. As-
Therefore the internal pressures have been calculated using theociation of alcohol molecules provides an increase of the
correspondinger and o values. The values of the internal molecular order. Moreover the isothermal compression of liquid
pressures of the alcohols under test are collected in Table 11.reduces the free volume and the amplitude of molecular
The uncertainty of internal pressures obtained in this work is vibrations. The effect of pressure on the volume was found to

estimated to be better thah 1 %. increase with increasing temperature, which is related doubtless
The results of the calculations are shown in Figures 2 to 6. to the increasing number of broken hydrogen bonds that makes
For clarity the lines and points are presented. the system more elastic. However the volume change due to

The densities of all the alcohols increase monotonically with the formation of hydrogen bonds is not too large as compared
increasing pressure and decreasing temperature (Figure 2). Théo the molar volume. This suggests that probably the nonspecific
isobaric heat capacity decreases with increasing pressure andhteractions and structural contributions, connected with the
increases with increasing temperature; however, the effect ofchange of intermolecular distances in the compressed liquid,
pressure on this quantity is rather small in comparison with that play also important role.
of temperature. The effects of pressure and temperature on the Moreover with increasing pressure, the influence of pressure
isobaric heat capacity of the alcohols under test are shown inon the temperature dependence of isobaric thermal expansion
Figure 3. The isobaric thermal expansion and isothermal and isothermal compressibility decreasing. It demonstrates the
compressibility depend significantly on pressure in the vicinity existence a possible crossing point of isotherms at higher
of the atmospheric pressure, while with increasing pressure thepressures. The crossing point of isobaric thermal expansion is
effect gradually decreases (Figures 4 and 5). The increase ofcharacteristic for simple liquids; for isothermal compressibility
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Figure 2. Densities of (a) heptan-1-ol, (b) octan-1-ol, (c) nonan-1-ol, and Figure 3. Isobaric molar heat capacities of (a) heptan-1-ol, (b) octan-1-ol,
(d) decan-1-0l:@, 293.15 K;O, 298.15 K;M, 303.15 K;O, 308.15 K;a, (¢) nonan-1-ol, and (d) decan-1-o®, 293.15 K;O, 298.15 KM, 303.15
313.15 K; A, 318.15 K. Lines calculated from empirical functiop: = K; O, 308.15 KA, 313.15 KA, 318.15 K. Lines calculated from empirical
53 ap. function: C, = 32 ap.

this effect was not observé@&>°Randzio et af° suggested the

correlation between the pressure of the crossing poiat, @ihd observed. For example for hexan-1-ol, the crossing point appears
the nature of liquids. For example the isothermsipbf hexane in the vicinity of 280 MPa; however, for water the crossing
cross each other at 65 2 MPa%® For associated liquids a shift  point is observed close to 450 MP&Therefore, the determi-

of the crossing points toward the higher pressure region was nation of the isobaric thermal expansion of the alcohols under
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Figure 4. Isobaric thermal expansion of (a) heptan-1-ol, (b) octan-1-ol,
(c) nonan-1-ol, and (d) decan-1-o®, 293.15 K;O, 298.15 K;H, 303.15

K; O, 308.15 K; A, 313.15 K;A, 318.15 K. Lines calculated from empirical
function: ap, = 32 jap'.

Figure 5. Isothermal compressibity of (a) heptan-1-ol, (b) octan-1-ol, (c)
nonan-1-ol, and (d) decan-1-o®, 293.15 K;O, 298.15 K;H, 303.15 K;

0, 308.15 K;a, 313.15 K;A, 318.15 K. Lines calculated from empirical
function: kr = Y2 jap.

test in the wider temperature and pressure ranges seems to be
of interest. in the internal pressuf@.The internal pressure of liquids is a

Molecular interactions related to the work of intermolecular sum of the repulsion and attraction forces between molecules
forces that accompanying the volume change are also manifestedf the liquid3>363° Since Qp/aT)y = (dF90V)r, the internal
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Figure 6. Internal pressure of (a) heptan-1-ol, (b) octan-1-ol, (c) nonan-
1-ol, and (d) decan-1-0l®, 293.15 K;O, 298.15 K;M, 303.15 K;O, 308.15
K; A, 313.15 K; 4, 318.15 K. Lines calculated from empirical function:

Pint = Y oaip.

pressure is related to the isothermal change of entropy per unit
volume and can be discussed in terms of order in liquids

of the isotherms exists for all of the alcohols studied. The
pressure of the crossing point is characteristic for each alcohol
and is observed at rather low pressures up to 22 MPa. The
internal pressure decreases with increasing temperature at
pressures up to the crossing point, and then it increases with
the increase of temperature. Moreover, the internal pressure as
a function of pressure shows a maximum (i.e., the internal
pressure first increases with increasing pressure and then it
decreases). With increasing temperature the maximum moves
toward higher pressures. The existence of a maximum of the
pressure dependence of the internal pressure was reported in
the literature’52 Under low pressures, as the temperature is
increasing, the repulsive part of the internal pressure becomes
more predominant, but at constant temperature the resultant
forces under low-pressure conditions are attractive. A change
in the molar volume is always accompanied by a corresponding
change in the mean molecular distance. As the pressure increases
the repulsive forces become predominant. Thus at high pres-
sures, the increasing temperature causes an increase of the
internal pressure at high pressures. The internal pressure
increases with pressure and decreases with temperature due to
the shift of the thermodynamic equilibrium of association.
However, the decrease of internal pressure with increasing
pressure and the increase with increasing temperature suggest
that the possible nonspecific interactions, connected with the
variation of intermolecular distances in the compressed liquid,
play also an important role. Kartsev et*&it#8 showed that the
temperature coefficient of internal pressure is sensitive to the
structural organization of the liquid and reflects the character
of the interactions. According to the sign of the temperature
coefficient of the internal pressure, liquids can be classified as
not hydrogen-bonded or weakly associated and hydrogen-
bonded*® Alcohols are characterized also by the inversion of
the temperature dependence of the internal pres8irer the
alcohols under test, such an inversion is observed at temperatures
higher than 318.15 K°

However to the best of my knowledge, a reliable molecular
theory of the internal pressure has not been worked out yet.
Thus, | decided to postpone further discussion of the internal
pressure until necessary data for liquids and liquid mixtures at
elevated pressures are available.

Summary

The speeds of sound in heptan-1-ol, octan-1-ol, nonan-1-ol,
and decan-1-ol have been measured at temperatures from (293to
318) K and at pressures up to 101 MPa for heptan-1-ol, octan-
1-ol, and nonan-1-ol and up to 76 MPa for decan-1-ol. The
densities of the liquids under test have been measured within
the same temperature range under atmospheric pressure. From
the measurement results, the pressure and temperature depen-
dence of the density and isobaric heat capacity have been
determined using the modified method of Davis and Gorton.
This enables the determination of the isothermal and adiabatic
compressibility, the isobaric thermal expansion, and the internal
pressure as a function of temperature and pressure. A simple
association model qualitatively explains the pressure and
temperature dependence of the volumetric properties of alcohols.
Interesting temperature and pressure dependences of the internal
pressure of the alcohols under test have been observed.

i
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