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under high pressure *

Xiaoyuan Wang *, Yun Liu, Xianda Sun
Department of Chemistry, Tsinghua University, Beijing 100084, People’s Republic of China
Received 3 August 1994; accepted 23 August 1994

Abstract

Experimentally determined values of the excess molar enthalpy HE are reported for binary
mixtures of n-decanol, n-octanol, n-hexanol and r-butanol with n-hexane, at varying
compositions at 298.65 K and 308.65 K and pressures up to 10 MPa. The dependence of
HE on the composition, temperature, pressure and the size of the alkanol molecule is
discussed. The HE values are positive over the entire mole fraction range, and increase with
increasing temperature, but decrease with increasing pressure and increasing chain length of
the n-alkanol.
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1. Introduction

The thermodynamic properties of substances of various temperatures and pres-
sures, especially under high pressure, are important in the chemical industry, e.g. in
the supercritical fluid extraction and liquefaction of coal. Good experimental data
obtained under high pressures are necessary for proper process design. From the
theoretical point of view, the thermodynamic behavior of alkanol-alkane mixtures
under high pressure is of particular interest, as it depends sensitively on the
hydrogen-bonding association, the intermolecular interactions (especially the repul-
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sive forces), and the liquid structure. Therefore, reliable experimental data for
excess properties under high pressures provide an important test of theoretical
models.

In the present study, excess molar enthalpies HE were determined for binary
mixtures of n-decanol, n-octanol, n-hexanol and #-butanol with #n-hexane, of
various compositions, and under various temperatures and pressures.

2. Experimental
2.1. Materials

n-Decanol, n-octanol, n-hexanol, n-butanol and »n-hexane ( Beijing Chemical Co.)
were purified by fractional distillation using a 1.5 m column packed with fine
copper rings. All reagents were stored over 4 A molecular sieves. The measured
densities and refractive indices of the reagents agreed well with those reported in the
literature [1,2].

2.2. Apparatus

New high-pressure flow calorimetric vessels were designed, made and fitted into
the Setaram C80 Calvet calorimeter [3]. The apparatus was checked by measuring
the excess molar enthalpy of ethanol-water mixtures at 298.65 K and 0.4 MPa and
10.0 MPa. The results obtained are in agreement with values reported in the
literature [4].
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Fig. 1. Excess molar enthalpies of xn-C o H, OH + (1 —xn-CgH,,: O, experimental points at
298.65 K, 0.1 MPa; , RK equation fitting curve.
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Table 1
HE .. and D(HE HE o) for xn-C,,H,;OH + (1 — x)n-CcH,, mixtures at 298.65 K and 0.1 MPa

m.exp mexp ~ ‘imfit

x HE expl D/ x HE, expl D/ X HE ol D/
(Jmol=!')y (J mol~!) (Jmol™"y  (J mol™") (Jmol™')  (J mol™")
0.1005 3485 0.8 0.3575  424.1 0.5 0.6380 3IL.S 1.6
0.1373  386.3 2.0 0.3933 4208 —0.1 0.6810 275.1 —58
0.1717 3979 —38 0.4340  409.2 —43 0.7246  249.3 —1.9
0.2087  408.1 —3.5 0.4724 3994 —2.4 0.7684  220.7 0.0
0.2453 4210 3.8 0.5139 3853 1.1 0.8131 193.6 5.9
0.2814 4232 2.3 0.5545 366.0 33 0.8565 146.9 —3.1
0.3199 4239 0.5 0.5957  340.7 31
Table 2

HE and D(HE, ., — HE ) for xn-CgH,;OH + (1 — x)n-C,H,, mixtures under various temperature and
pressure conditions

X HE ! D/ X HE ool D/ x HE exp! D/
(Jmol™'y (J mol™") (Jmol=') (J mol™1!) (Jmol™')  (J mol™!)
298.65K, 0.1 MPa
0.0949  355.1 39 0.3967 438.1 —0.3 0.7045  275.0 6.0
0.1495 397.8 —6.5 0.4485 427.6 0.1 0.7483 2305 —24
0.2033 4250 1.2 0.5034  407.1 1.1 0.8007 185.5 —0.6
0.2485 4352 31 0.5522  378.5 -0.8 0.8479 135.7 —-3.6
0.2994  437.5 —0.8 0.5696 3469 —3.6 0.8963 90.3 3.1
0.3508 4409 —0.1 0.6518 311.1 1.0
298.65K, 10.0 MPa
0.0949 305.0 4.8 0.4025 389.6 —-1.1 0.7054 2413 2.2
0.1531 3527 —56 0.4475 3804 0.2 0.7496  205.6 -14
0.1956  375.1 —28 0.4951  360.5 —2.8 0.8006 164.7 —-1.9
0.2556 3949 33 0.5397 340.0 —2.6 0.8513 1204 -22
0.3027 399.0 2.8 0.5983 311.8 2.0 0.9027 77.5 2.9
0.3468 3972 0.7 0.6522 278.1 2.5
308.65K, 0.1 MPa
0.0712 3153 —-8.6 0.3487 4873 1.2 0.6521  340.7 33
0.0951 3927 15.0 0.4023 4751 —2.8 0.6984 2954 —74
0.1514 431.8 —11.0 0.4501 4625 0.0 0.7533  255.5 —-3.2
0.1957 469.0 3.4 0.4963  438.0 -2.7 0.8019 219.1 5.1
0.2556  480.2 —0.6 0.5544  405.2 -0.6 0.8483 1649 1.0
0.3071  489.5 3.1 0.6078 3753 6.0 0.8907 110.0 —-1.9
308.65K, 10.0 M Pa
0.0674 319.5 32 0.3522 4682 —-2.9 0.6507  330.1 10.7
0.0951 375.6 31 0.3910 465.7 —2.1 0.6933 281.0 —6.9
0.1517 4179 —9.6 0.4509 4497 —1.0 0.7534  240.7 —2.1
0.2007 444.1 —-3.0 0.4986 425.8 —1.2 0.8009 200.4 —2.8
0.2513  469.0 9.7 0.5517  390.3 —23 0.8493  161.0 5.5

0.3071 4715 3.0 0.5913 3655 1.7 0.8906 106.3 —-1.8
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Table 3
HY and D(HY, HE o) for xn-CoH OH + (1 — x)n-Cy H,, mixtures under various temperature and

mexp

pressure conditions

X Hienp! D] X Hy ol Dy ¥ Hi ol Df

(Jmol™")  (J mol" ) (Jmol Yy  (J mol™") (Jmol™"}  (J mol™")

298.65K, 0.1 MPu

0.0697 3204 —2.5 0.3517  507.8 2.8 0.6487  349.2 21
0.0993 3949 8.1 0.3989 4999 —1.6 0.6915 303.3 —4.1
0.1497  440.5 —38 0.4533 4849 -16 0.7513  255.1 38
0.2036  472.1 —4.1 0.4991  460.5 -39 0.7984  204.0 —2.1
0.2493 4925 2.0 0.5514 4288 —0.8 0.8484  153.1 —3.0
0.2998  504.5 38 0.6037 3920 4.8 0.9033 100.3 2.8
298.65 K, 10.0 MPu

0.0785 295.1 —2.5 0.3516 4670 37 0.6507  300.6 2.5
0.1034 3556 8.4 04011 4505 —-3.0 0.6901 239.6 —4.4
0.1496  400.2 —6.6 0.4533  430.1 —4.6 0.7509 2153 4.4
0.2036  440.5 —30 0.4991 4127 1.4 0.8004 167.5 ~0.9
0.2501  460.3 1.3 0.5513  377.1 —0.3 (.8484  123.2 —4.6
0.2998  469.1 38 0.6034 3394 1.7 0.9031  8s5.1 33
308.65K. 0.1 MPa

0.0703 3455 24 0.3736  557.0 —2.7 0.6513  361.0 —6.7
0.1240  449.7 —4.1 04132 547.6 —37 0.6909  319.9 —7.6
0.1677  500.5 0.3 0.4511 5349 ~1.0 0.7301  290.7 23
0.2078 5258 —0.2 0.4929 5125 1.2 0.7692 2493 —0.8
0.2504 547.5 34 0.5317 485.7 39 0.8078 218.6 0.3
0.2917  557.5 2.1 0.5727 4462 0.7 0.8464 173.9 0.4
0.3316  560.1 —0.7 0.6121 4148 7.6 0.8849 1294 —32
308.65K, 10.0 MPu

0.0909  369.4 0.3 0.3734 5414 —13 0.6119 4109 8.2
0.1676  469.7 —37 04133  536.0 0.6 0.6512  360.5 —52
0.2078  505.0 35 0.4510 5226 1.0 0.7301 2889 0.9
0.2501 5243 2.3 0.4930  500.1 1.4 0.8077  215.0 2.2
0.2916  534.1 —14 0.5315 4719 0.2 0.8904 120.7 —1.0
0.3315 5405 —1.9 0.5726 4333 —4.7

3. Results

The experimental results obtained for the n-alkanol + n-alkane mixtures are
smmarized in Tables 1-4, and shown in Figs. 1-4. In all cases, it is possible to
represent the dependence of HE on the mole fraction (x) by using the Redlich—
Kister equation (RK fit)

IS
Hi/(Jmol ) =x(1—x) Y A4,(2x — 1y (1)

j=0
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Table 4
HE and D(HY, ., — HE ) for xn-C,HgOH + (1 — x)n-C(H,, mixtures under various temperature and

pressure conditions

x HY ] D x H™. | D] x HT

m.exp m.exp m,exp/ D/

(Jmol=') (Jmol") (Jmol™"y (Jmol 1) (Jmol™') (J mol™h)
298.65K, 0.1 MPa
0.0792  356.9 3.0 0.4478  530.7 —0.4 0.7174 298.6 2.8
0.1196 4255 —5.4 0.4893  513.0 6.0 0.7523  263.8 1.2
0.1616  479.3 1.3 0.5276 4758 —2.4 0.7863  229.3 —14
0.2152 5159 1.5 0.5963  440.7 —0.6 0.8193 1983 —0.9
0.2632 5394 3.8 0.6068  409.1 4.0 0.8511  169.9 24
0.3125  546.2 —2.9 0.6456  360.4 —6.0 0.8824 1339 —0.6
0.3591  550.1 -3.0 0.6820 329.3 -0.9 09127 996 —0.8
0.4029  546.9 —04
298.65K, 10.0 MPa
0.0993 3754 —0.5 0.4476  519.0 5.2 0.7174 289.3 1.5
0.1615 461.9 1.4 0.4892 4909 -25 0.7520 260.1 5.9
0.2150  495.6 —1.8 0.5275 465.7 -23 0.7863  219.7 —-29
0.2631  519.0 2.0 0.5690 435.1 0.8 0.8191 189.9 —4.0
0.3126  527.1 —-1.3 0.6066  403.9 4.4 0.8511  169.0 2.3
0.3589  530.4 —1.1 0.6455  354.7 —6.0 0.9052  119.3 0.2
0.4027 5263 -0.7 0.6820 322.8 -0.7
308.65K, 0.1 MPa
0.1099  450.1 —2.8 0.4476  621.7 5.7 0.7174  350.2 3.8
0.1617 529.9 1.9 0.4891  595.6 4.1 0.7523  307.0 1.1
0.2153  576.7 1.4 0.5275 565.3 4.9 0.7862 274.1 6.7
0.2629  609.3 5.0 0.5691 5189 —0.5 0.8192 2258 —4.5
03122 621.4 -3 0.6067 471.9 -57 0.8509 1948 0.7
0.3589  625.0 —8.4 0.6455  430.8 —1.2 0.8986 1357 —1.2
0.4027  628.5 -2.3 0.6819 3824 —6.1
308.65K, 10.0 MPa
0.0861  390.5 —1.7 0.4025  605.7 —1.8 0.6456  419.7 7.6
0.1617 5104 2.0 0.4478 5988 6.8 0.6821  365.5 —6.3
0.2150 5519 0.4 0.4893  570.1 3.2 0.7175  330.9 —2.7
0.2631  580.7 0.7 0.5276  530.3 —53 0.7523  298.3 1.6
0.3121  600.3 —0.6 0.5692  499.0 3.8 0.7864  265.9 5.3

0.3591  604.9 =51 0.6068 4489 —6.1 08511 186.1 -27

The RK-fitting parameters (4,) and the standard deviations () are listed in Table
5.

Py

n / /
/(3 mol™") ={[ (H}?exp—Hfﬁt)z}’(n ko 1)}I (2)
o /

P=

where » is the number of experimental points.
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Fig. 2. Excess molar enthalpies of xn-CyH,;OH + (1 —xn-C¢H,,: C, 308.65K, 0.1 MPa; A,
308.65 K, 10.0 MPa; @, 298.65K, 0.1 MPa; A, 298.65 K, 10.0 MPa; ——, RK equation fitting.
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Fig. 3. Excess molar enthalpies of xn-C¢H,;OH+ (1 —xm-C H,,: O, 308.65K, 0.1 MPa; A,
308.65 K, 10.0 MPa; @, 298.65K, 0.1 MPa; A, 298.65K, 10.0 MPa; ——, RK equation fitting.
4. Conclusions

Several conclusions can be drawn from the experimental values of Hf, and the x
fitting curves for n-alkanol + n-hexane mixtures.
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Fig. 4. Excess molar enthalpies of xn-C,HyOH + (1 — x}n-C4H ,: O, 308.65K, 0.1 MPa; A, 308.65K,
10.0 MPa; @, 298.65K, 0.1 MPa; A, 298.65 K, 10.0 MPa; ——, RK equation fitting.

Table 5

Parameters A; for Eq. (1) and the standard deviation 6(H%) for Eq. (2)

Mixture: T/ Pl Ay A,/ A,/ A,/
n-hexane+ K MPa (J mol~') (J mol~')y (J mol~') (J mol~"')
n-Decanol 298.65 0.1 15629 —889.2 164.0 145.5
n-Octanol 298.65 0.1 1630.6 —937.8 89.2 102.7
n-Octanol 298.65 10.0 14449 —850.5 276.3 —114.8
n-Octanol 308.65 0.1 17547 —1092.7 S511.1 423.6
n-Octanol  308.65 10.0 1704.6 —1167.7 197.5 986.3
n-Hexanol 298.65 0.1 1855.5 —1155.4 —339 81.9
n-Hexanol 298.65 10.0 1643.1 —1164.0 229.6 —395.8
n-Hexanol 308.65 0.1 20252 - 1424.0 13.8 365.9
n-Hexanol 308.65 10.0 19769 —1316.6 106.6 443.7
n-Butanol 298.65 0.1 1998.2 —1442.6 —50.8 694.0
n-Butanol 298.65 10.0 19474 —1257.5 —167.1 —222.6
n-Butanol 308.65 0.1 2333.7 —1538.0 —284.1 515.4
n-Butanol  308.65 — 15553 —2298 1109.8

10.0 22353

Adf

(J mol=") (J mol=Y (J mol™")

As/ MHE)/

2134.1
1873.3
1259.5
1509.5
1992.0
2156.5
1403.7
2222.1
1752.5
2168.2
2305.7
2449.6
2365.9

—2065.2 3.74
—25429 3.86
—1650.1 3.62
—2844.3 7.39
—-3490.2 6.42
-2170.4 477

—893.8 4.98
—2156.8 4.56
—2170.3 4.06
—23754 353

—877.1 3.68
—2096.4 5.20

2927.7 5.36

(1) In all cases, the excess molar enthalpy is positive over the entire mole-fraction
range. When a rn-alkanol was mixed with a n-hexane, the HE is generally due
to a positive contribution arising from the rupture of hydrogen bonds.

(2) The excess molar enthalpy of n-alkanol + n-hexane mixtures decreases with
increasing chain length of the n-alkanol molecule. The HE values decrease in
the sequence: n-decanol + n-hexane < n-octanol + n-hexane < n-hexanol + n-
hexane < n-butanol + n-hexane.



58 X. Wang et al.[Thermochimica Acta 253 (1995) 51-58

(3) The excess molar enthalpy apparently increases with increasing temperature. As
the temperature is increased, the thermal motion of the molecules speeds up,
and thus number of disrupted hydrogen bonds increases greatly, making a
positive contribution to HE,.

(4) The excess molar enthalpy decreases with increasing pressure. The dependence
of HE on pressure can be explained by taking into account the fact that the
shift in the thermodynamic equilibrium and the number of disrupted hydrogen

bonds decreases with increasing pressure.

References

[1] K.R. Hall, Selected Values of Properties of Chemical Compounds, Vol. I, Thermodynamic Research
Center, Texas A&M University, 1981.

[2] K.R. Hall and L.B. Beach, Selected Values of Properties of Hydrocarbons and Related Compounds.
Vol. I, Thermoydnamic Research Center, Texas A&M University, 1982.

[3] Yan Jiang, Yun Liu, Xianda Sun and Zhiwu Yu, Thermochim. Acta, 99 (1991) 183.

[4] J.B. Ott, C.E. Stoufler, J.J. Christensen, et al. J. Chem. Thermodynam. 18 (1986) 1.



