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REFRACTIVE INDICES AND SPEEDS
OF SOUND OF BINARY MIXTURES
OF N-OCTANE WITH 1-ALKANOL
AT THE TEMPERATURE 298.15K

BEATRIZ E. pe COMINGES?, TERESA P. IGLESIAS **,
MANUEL M. PINEIRO?, JOSE L. LEGIDO?
and MARIA 1. PAZ ANDRADE"

% Departamento de Fisica Aplicada, Facultad de Ciencias, Aptdo. 874,
Universidad de Vigo, 36200 Vigo, Spain;
® Departamento de Fisica Aplicada, Facultad de Fisica,
Universidad de Santiago de Compostela, Spain

( Received 22 May 1998)

This paper reports experimental values for the refractive index, speed of sound, and
isentropic compressibility of binary mixtures of n-octane with (1-butanol, 1-hexanol and
1-octanol) at the temperature of 298.15K and atmospheric pressure, as a function of
mole fraction. From the experimental values, the corresponding derived values were
computed (changes of refractive index, changes of speed of sound and changes of
isentropic compressibilities) using variable-degree polynomials to fit the data. Also, an
attempt was made to correlate the behaviour of these magnitudes to the number of
carbon atoms in the 1-alkanol chain.

Keywords: Refractive index; speed of sound; isentropic compressibility; n-alkane;
1-alkanol

1. INTRODUCTION

Continuing a serie of theoretical and experimental works (Iglesias
et al., 1993, 1994, 1995; Franjo et al., 1995; Fernandez et al., 1990;

*Corresponding author. e-mail: tpigles@uvigo.es
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Peleteiro et al., 1992; Romani et al., 1994; De Cominges et al., 1998)
about binary mixtures n-alkane+ l-alkanol, this paper reports
refractive indices (np), speeds of sound (x) and isentropic compressi-
bilities (ks) and the corresponding increments of mixtures of n-octane
with (1-butanol, 1-hexanol and 1-octanol), which were measured at
the temperature of 298.15 K and atmospheric pressure, over the entire
range of composition.

The refractive index was measured with a refractometer ABBE-
MAT-HP Dr. Kernchen and the speed of sound with an Anton-Paar
DSA-48 sound analyzer. From the experimental values of the pure
liquids and their mixtures, the corresponding increments were com-
puted (changes of refractive index on mixing, changes of speed of
sound and changes of isentropic compressibility). The results were
fitted to a polynomial of the Redlich-Kister type.

The results of the studied mixtures have been compared with other
available physical properties. For these systems, have been reported
values of densities (p) and excess volumes (V*) (Iglesias et al., 1995
and Franjo et al., 1995), excess molar enthalpies (H*) (Jiménez et al.,
1988 and Amigo et al., 1990), excess Gibbs energies (G%) (Gierycz
et al., 1988 and Plesnar et al., 1988), excess heat capacities (Cf)
(Andreolli-Ball et al., 1988), dinamic viscosities (n) and their incre-
ments (An) (Franjo et al., 1995) and the complex relative permittivity
(e =& —je") at the frequency 1GHz and their increments (A&’
and Ac") (Iglesias et al., 1995). Also, an attempt was made to correlate
the behaviour of these magnitudes to the number of carbon atoms in
the 1-alkanol chain.

2. EXPERIMENTAL SECTION

The l-alkanols employed were supplied by Merck and the n-octane
by Fluka. Their mole fraction purities were: n-octane (> 0.995), 1-
butanol (> 0.995), 1-hexanol (> 0.98) and l-octanol (> 0.99). The
substances were degassed and dried on molecular sieves (Union
Carbide, type 0.4 nm). Precautions such as cooling chemicals before
sample preparation and minimizing empty space in vessels were taken,
in order to avoid evaporation losses during manipulations and then
possible errors in calculations.
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The refractive index was measured by an automatic refractometer
ABBEMAT-HP Dr. Kernchen, with a precision of + 0.00001. In order
to keep a constant temperature, the measuring prism was water-
jacketed using a PolyScience controller bath model 9510 with a
temperature stability of +0.01K. Triply distilled water (Millipore
quality) and ambient air were used for refractometer calibration.

The speed of sound of the mixtures and pure liquids was measured
with an Anton Paar DSA-48 sound analyzer with a precision of
+0.1m-s”'. The apparatus calibration was performed periodically.
For calibrating the speed of sound cell, triply distilled water (Millipore
quality) is used.

The experimental techniques and mode of operation have been
described previously (De Cominges et al., 1998).

The samples were prepared by weight using a Mettler AE-240
balance with a precision of +1-107* in mole fraction, covering the
whole composition ranges of the mixture. A dygital controller bath
with a temperature stability of + 1072 K was used to thermostatize the
samples, that remaind at the measure temperature at least 30 minutes.

Accuracy in the changes on mixing was estimated to be better than
+5-107° for the refractive index, £0.5m-s™" for the speed of sound
and £0.9TPa™' for the isentropic compressibilities.

3. RESULTS AND DISCUSSION

Refractive indices, speeds of sound, isentropic compressibilities, com-
plex relative permittivity and viscosities of the pure component liquid
are listed in Table I together with literature values.

The experimental results of density, p, refractive index, np, speed of
sound, u, and isentropic compressibility, ks (ks = p~'u?), at 298.15K,
for all binary mixtures are reported in Table I1.

Changes of refractive index on mixing Anp, changes of speed of
sound on mixing Aw, and changes of isentropic compressibility on
mixing Akg, were evaluated for each composition point, using the
following equation:

2
AQzQ_inQi (1)
=



na86L’ I [gz06L 11 1zS9Z8°0 (149780  [ouE0Ap-|
13211016 ga¥¢8'0 [ouRUOU- |
—m:momuh (s196S°L 1010°1 960°t 0L9 1491 LTyl LYLTVT  (C91T8°0 [;jT91C8°0  [Ou®I00-|
naOLL'S OVET  g06TE 769 LTE] pollTt] 168180 681870 [oueldoy-|
ec6S Y [ C98'F mIv8'1 uder'e wL £0¢T eulSIF L S6SIy 1 CESI80 (;pL0S18°0  jouexay-|
a8CISE  [gOISE (89T  [gLI6E  [8SL 8SL Lallll  9LTI ler6L0Y' T uSTI80 ;L0180 [oueyuad-|
wallST  (0S6°T oLy 1088t 908 Lz0vC1 741 oz PIL6E' T 6IL6ET (185080 [;;08508°0 [ou®Ing-|
€TVl or0L6'l (6859 (18669 (718098 P $0C1 oz LOE8E T (oziSLE6L0 [z1S66L°0 Tourdoid-]
(0z1S01'1 10zIS SL6 oz Y11 oz IV6SET [oz160S8L0 [0z CS8L0  [ouwenq
©aESS 0 PR o711 TOLT 1aCS9TE 1 HaP998L0  S98L0  [OUBHISN
6?1980 1571658°0 lsnl960Y'1 1611S09TL'0 [909TL0  duedsp-u
is21989°0 el 1E0¥'1 l6I8EIL0 [ 69EIL0  oueUOU-¥
628050 (59080 [Cv6'1 1401 GaCLIL  TLIT o PIS6E'T  OIS6E'T  (9¥869°0 (LVB690  OUEI00-U
a0’ 0 (70080 easele’l eulSTI oS Ol oz 1S8¢€°1 oaV6L9'0  pav6L9°0 sueday-u
(9600 (98T0 116881 zz91€l  SIEl (a9L0l  LLOT  [qu9TTLE T  LOTLE'T (S0S§9°0 [0TSS90  duexay-u
6115CC0  [oelLET0 (eus651 loz19 V001 lozPPPSE'l 0zC1T90  [enElT90  dumuad-u
24np4anny 2IMID43YY  24MIDAITY  2NIDABIY] ndxa a1y pdxa ump.1a71] pdxa 24n104211] jusuoduwior
(s-oguil el 2 (,-PdL)5y (;_s-unin Qu (;—wo-8)/d

MS1°867 = I 18 BlEp 2ImieIdN dqe[ieAr ay) yim spmby amnd oy) jo Ansoosia ayy pue 3 — 3 = 3
Ananyurad sanejas xoidwod oy Sy Ayiqissarduiod ordosjuast og) 7 punos Jo paads ay) ‘du xapur sanoeIjaI oY) ‘d Aysuap ayy Jo uosuedwo) [FIdV.L

1102 Alenuer 8z 20 :80

v pspeo jumog



REFRACTIVE INDEX AND SOUND SPEED 687

TABLEI Densities, p, refractive indices, np, speeds of sound, «, isentropic compres-
sibilities, kg, changes of refractive index on mixing, Anp, changes of speed of sound, A,
and changes of isentropic compressibility, Akg, at 298.15K

x o np u ks Anp Au Aks
gem™3 mes”! TPa™' ms~' TPq™!
x n-octane + (1 — x) 1-butanol
0.0268 0.80060 1.39688  1235.2 818.6 —0.00025 -33 5.7
0.0561 0.79516 1.39662  1229.8 831.4 —0.00045 -6.7 11.7

0.0901 0.78917 1.39650 12239 8459 —0.00050 -10.3 18.1
0.1173 0.78460 1.39634 12198  856.6 —0.00060 —12.6 22.5
0.1571 0.77824 1.39616 1214.0 871.8 —0.00070  —15.7 28.4

. 0.1951 0.77249 1.39595 1208.7 886.0 —0.00083 —-18.4 33.7
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0.2352 0.76673 1.39577 1203.7  900.1 -0.00093  -20.7 38.3
0.2979 0.75832 1.39545 11959 9219 —0.00112 242 45.5
0.3151 0.75613 1.39539 11946  926.7 -0.00114 244 46.2
0.3602 0.75061 1.39520 1190.3 940.2 -0.00124 256 49.1
0.4116 0.74471 1.39507 1186.2 9543 —0.00126  —-26.2 51.1
0.4608 0.73943 1.39488 11824 9673 -0.00135  -26.7 52.6
0.5099 0.73447 1.39465 11792  979.0 —0.00147  -26.5 52.8
0.5714 0.72869 1.39454 11759 9923 —0.00145  -26.5 51.6
0.6289 0.72366 1.39448 1173.3 1003.7 —0.00139 243 49.5
0.6921 0.71850 1.39430 1171.1 1014.8 —0.00144 224 45.8
0.7649 0.71300 1.39433 1169.7 1025.2 -0.00126  —18.8 39.0
0.8388 0.70787 1.39428 1168.6 1033.8 -0.00116  —14.5 303

0:9199 0.70279 1.39462 1168.9 1041.2 —0.00065 -9.0 18.7
x n-octane + (1 — x) 1-hexanol

0.0402 0.80915 141503 12946 7374 —0.00008 -34 2.2

0.0776 0.80370 1.41356 12867  751.5 —0.00076 -6.4 4.4

0.1184 0.79785 1.41274 1278.5  766.7 —0.00073 -9.3 6.6

0.1624 0.79165 1.41159 1269.8 783.4 —0.00096 —12.2 9.2
0.2004 0.78641 1.41060 12624 7979 —0.00115  —14.7 11.6
0.2476 0.78000 1.40932 1253.8 815.5 -0.00143  -17.0 14.1
0.2906 0.77437 1.40823 1246.2  831.5 —0.00163  —19.0 16.4
0.3360 0.76854 1.40731 1238.5 848.2 -0.00160  —20.8 18.6
0.3841 0.76252 1.40626 1230.9  865.6 -0.00164  —22.1 20.6
0.4295 0.75699 1.40519 1224.0  881.7 -0.00176  —-23.0 222
0.4771 0.75134 1.40428 1217.2 898.3 —-0.00167 —23.6 23.7
0.5235 0.74597 1.40323 1211.0 914.0 -0.0017s  -23.7 24.6
0.5817 0.73942 1.40235 1203.9  933.0 -0.00141  -23.2 25.0
0.6351 0.73358 1.40109 1198.0 949.8 -0.00155 222 24.7
0.6886 0.72790 1.39990 1192.6  965.9 —0.00162  —20.6 23.8
0.7420 0.72240 1.39892 1187.5 981.7 -0.00148  —18.7 225
0.8045 0.71617 1.39772 1182.3 998.8 -0.00137  -157 19.7

0.8627 0.71060 1.39704 1177.9 1014.1 —0.00083 —124 16.4

0.9296 0.70449 1.39596 1173.9 10299 —0.00051 -7.7 10.9
x n-octane + (1 — x) l-octanol

0.0637 0.81369 1.42531 13340 690.6 —0.00010 —2.6 -31

0.0979 0.80942 1.42431 1326.5 702.1 —4.0 —4.3

0.1549 0.80230 1.42201 13144 721.4 —6.2 —6.1

0.2013 0.97651 1.42090 1304.6 737.7 —0.00005 -7.9 -7.1

0.2511 0.79031 141907 1294.0 755.6 —0.00027 -9.7 =17
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TABLEII (Continued)

x p® np u ks Anp Au Akg
g-cm” m-s™! TPa™! ms™!  TPa”!

0.2873 0.78581 1.41785 1286.6  768.8 —0.00032 —10.8 -8.0
0.3295 0.78056 1.41645 1278.7 784.7 -0.00035 —12.2 =11
0.3883 0.77326 1.41446  1265.9 806.9 -0.00044 137 -73
0.4480 0.76585 1.41251 1254.5 829.6 —0.00046 147 —6.8

3

0.4887 0.76080 1.40133 12469 845.3 —15.1 -6.3
0.5431 0.75404 1.40978 1237.1 866.5 -15.4 -53
0.5872 0.74855 1.40845 12293 883.9 -15.5 —4.2
0.6334 0.74281 1.40676 12212  902.7 —15.5 -2.6
0.6850 0.73639 1.40503 1213.1 922.8 —14.6 -1.7
0.7305 0.73075 1.40347 1205.9  941.0 —0.00035 —13.8 -0.4
0.7829 0.72428 1.40216 1198.2  961.7 -12.3 0.8
0.8274 0.71881 1.40052 1191.8 979.4 -0.00017 -10.8 1.9
0.8952 0.71065 1.39790 1182.7 10059 —8.0 33
0.9328 0.70619 1.39682 1178.0 1020.3 ~6.1 3.8

@ Jglesias ef al., 1993, 1995.

In this equation, Q = np, u or kg and AQ is the excess property (Anp,
Au or Akg), and the corresponding quantities with subscript i refer to
pure chemicals. The excess values are given in Table II. As shown this
table, for the mixture including 1-octanol, there are few data of Anp.
This is due to the fact that the values are within the accuracy of the
refractometer.

Excess values were correlated by means of the Redlich-Kister
expression (Redlich and Kister, 1948) for every binary mixture:

M
AQ = x(1-x)) 4,(2x - 17, (2)
p=0

where x is the molar fraction of n-octane, 4, a parameter and M the
degree of the polynomial expansion. An unweighted least-squares
method was used to fit the data. The degree of the polynomials was
optimized by applying the Test-F (Bevington, 1969). The parameters
calculated using Eq. 2 are listed in Table I11.

Figure 1 shows the experimental Anp, Au and Akg plotted against x
as well as the smoothed curve for n-octane+ 1-butanol. The results
were compared with other physical properties of the same mixture
at 298.15K: excess volumes ¥ and increments in complex relative
permittivity Ae’ and Ae” (Iglesias et al., 1993), increments in dinamic
viscosities An (Franjo et al., 1995), and excess molar enthalpies H*
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TABLE IIl Parameters 4, of Eq. (2) and standard deviations s

AO Al Az A3 s

x n-octane + (1 — x) 1-butanol
Anp —0.00556 —0.00190 —0.00279 0.00004
Auj(m-s™" -106.3 9.0 -17.7 0.3
Akg/(TPa™") 211.0 5.4 23.4 0.6

x n-octane + (1 — x) 1-hexanol
Anp —0.00701 —0.00013 —0.00085 0.00006
Auf(m-s™) —944.0 -76 —43 0.3
Akg/(TPa™) 95.5 35.5 12.4 28.7 0.3

x n-octane + (1 - x) l-octanol
Anp —0.00162 —0.00031 0.00007
Auj(m-s™h) ~60.6 —154 —-5.6 —-1.7 0.2
Akg/(TPa™") —248 34.0 242 322 0.4

(Jiménez et al., 1988). Excess Gibbs energies were measured but at the
temperature of 373.15 and 383.15K (Gierycz et al., 1988). Anp, Au,
A¢', Ae” and An are negative and Akg, VZ and HE are positive. With
the exception of Au, Akg and Ae”, which are symmetric with respect
to x = 0.5, all the other properties present an asymmetry. Anp and V&
present the shift to the right (high n-octane content) and Ae’, Ay and
HE to the left (low n-octane content).

Figure 2 shows the experimental Anp, Au and Akg plotted against x
as well as the smoothed curve for n-octane+ 1-hexanol. The results
have been compared with other physical properties of the same mix-
ture at the temperature of 298.15K. The excess magnitudes are the
same that in the previous case, with the exception of H® for which
available data were not found (excess molar enthalpies were measured
but at temperature of 288.15 and 328.15K (Nguyen and Ratcliff,
1975). However, heat capacity is available for this mixture but not for
n-octane + l-butanol). Excess volumes and increments in complex
relative permittivity (Iglesias et al., 1995), increments in dinamic visco-
sities (Franjo et al., 1995), and excess heat capacity Cf (Andreolli-Ball
et al., 1988), are available. Anp, Au, Ae’, Ag” and An are negative
and Akg and Cf are positive. ¥Z show a small negative region at
high alcohol mole fraction. With the exception of Au and Anp,
which are symmetric to x = 0.5, all the other properties present an
asymmetry, moving to the right (high n-octane content) for Akg, Ae”,
and Cf and moving to the left (high 1-hexanol content) for Ax.
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Figure 3 shows the experimental Anp, Au and Akg plotted against x
as well as the curve fitted of the mixture of m-octane+ 1-octanol.
Again, the results were compared with the physical properties men-
tioned before of the same mixture at 298.15K: excess volumes and
increments in complex relative permittivity (Iglesias et al., 1995),
increments in dinamic viscosities (Franjo et al., 1995), and excess
molar enthalpies (Amigo et al.,, 1990). Anp, Au, Ae” and An are
negative and Ae’ and H” are positive. Akg and V= show a small
positive region at low alcohol mole fraction. All properties present
an asymmetry. Au, Ae” and H” present the shift to the right (high
n-octane content) and A¢’ and An on to the left (low n-octane
content).

Figures 4 to 6 present every previous mentioned properties at
equimolar mole fraction against 1-alkanol carbon atom number, », at
the temperature of 298.15K.

Figure 4a shows the experimental values of Anp. This property
seem to have a reversed parabolic behaviour, with a minimum in
the same area for all the chains. This minimum seems to move with
the length of the 1-alkanol and be independent from the alkane’s
chain (although more measured data are necessary to affirm this
hypothesis).

Akg (Fig. 4b) decreases with the 1-alkanol carbon number, being
positive for all the mixtures except for n-hexane+ l-hexanol and
l1-octanol and n-octane+ 1-octanol. By opposition, the dependence
with the alkane length is not so regular.

Exces molar volumes V% (Fig. 4c) changes from positive to negative
values with the length of the 1-alkanol. This behaviour could be con-
sidered linear with different slopes but the same value when 1-alkanol
carbon atom number approaches to zero.

Figures 5a and 5b show the same representation type, in this case
for HE and G¥, respectively. The HZ could present a maximum for
1-propanol for all the available mixtures (from n-pentane to n-
undecane), although, to affirm this hypothesis, data with ethanol and
1-propanol will be necessary.

In what it is refered to G%, the number of available data does not
permit to guess a determined behaviour, but seems to decrease with the
length of 1-alkanol and increase with the length of n-alkane.
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Figure 5c shows the values of Cf for systems for which experimental
data are available. The Cf value is positive. The dependence with the
alkanol length is not regular: C,’f increases from methanol to butanol
and decreases for longer chains of 1-alkanol.

At the frequency 1 GHz, as shown in Figures 6a and 6b, the A¢’ and
Ae” behaviour could be compared to a parabolic function. In the same
case that previously, more data for large 1-alkohol chains will be
necessary to affirm this supposition. Ae” is negative for all the systems.
Ae’ and Ae” increases with the length of the 1-alkanol and decrease
with the length of the n-alkane. Note that the studied mixtures the
behaviour of Ae’ is contrary to that of V% This can be due to the
fact that when V* decreases, the number of dipoles per unit volume
increases, this producing the A¢’ increasing. A’ increases when the
length of the 1-alkanol increases and decreases when the n-alkane
carbon atom number increases. This behaviour is opposite to those of
H* and G*; that means a minor delay of the response of the mixture to
the applied field. )

In what it is referred to Az (Fig. 6¢), for the available systems from
n-pentane to n-decane with 1-alkanol at 298.15K, is negative and de-
creases with the length of the 1-alkanol. As shown, An, is strongly
dependent of the 1-alkohol and weakly of the n-alkane. It could be
said that although A7 is neatly dependent of the length l-alkanol
chain, is not influence by the r-alkane chain.
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