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ABSTRACT

Excesss molar volumes V£ at 298.15 K were obtained, as a function of mole fraction x,
for several mixtures belonging either to series I: {x1,2,4-C¢H,Cl, +(1—x)n-C,H,,,,}, or
series II: {x1-C,(H,Cl+(1— x)n-C;H,,,,}, for chain lengths 7</<16. The instrument
used was a vibrating-tube densimeter. At the same temperature, a Picker flow calorimeter was
used to determine excess molar heat capacities lem at constant pressure. For both series, the
VE values increase with increasing /. In series I, V. for /= 7 is negative, for /=12 it is very
small and S-shaped, and for /=16 it is positive over the whole composition range. ¥ is
negative for both mixtures (/ =14 and 16) of series II. The excess molar heat capacities of the
mixtures belonging to series I are all negative, while those of series II are all positive. For
both series the plot CPE,m(x = (0.5) against / shows a maximum (for series I at roughly /=10,
and for series IT at about /=11).

INTRODUCTION

During the last decade, interest in thermodynamic properties of mixtures
of n-alkanes, n-C,H,,,,, with liquids consisting of rather large and flat
“rigid” molecules has increased greatly, with major contributions coming
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from our group [1-10]. Most of the experimental results obtained so far
have been tentatively discussed in terms of ordering effects in the mixtures
relative to the pure liquid n-alkanes [11-13], whence our interest in de-
termining the dependence of various thermodynamic quantities upon the
chain length / of the n-alkane. We now report excess molar volumes V£ and
excess molar heat capacities lem at constant pressure, at 298.15 K and
atmospheric pressure, of several mixtures belonging to either series I:
(1,2,4-trichlorobenzene + an n-alkane), or to series II: (1-chloronaphthalene
+ an n-alkane), thereby augmenting results already published some years
ago [1,4,5]. These measurements permit a more detailed description of the
dependence on / of V£ and lem in these series.

EXPERIMENTAL

1,2,4-Trichlorobenzene (from Merck, “zur Synthese”, with a purity of 98
mol per cent) was purified by repeated fractional crystallization [1,5] and
stored in the dark over molecular sieve (Union Carbide Type 4A, beads,
from Fluka). 1-Chloronaphthalene (Fluka, puriss., > 99 mol per cent),
n-heptane (Fluka, puriss., > 99.5 mol per cent), n-dodecane (Fluka, purum,
> 99 mol per cent), n-tetradecane (Fluka, puriss., > 99 mol per cent) and
n-hexadecane (Merck, “zur Synthese”, 99 mol per cent) were carefully dried
with molecular sieve, stored in the dark, and used without further purifica-
tion. Mixtures were prepared by mass. All molar quantities are based on the
relative atomic mass table of [UPAC, 1983 [14].

Densities p were measured with a vibrating-tube densimeter from Sodev
(model 02D), operated in the flow mode. From the density, V£ of any
mixture with mole fraction x of the chlorinated aromatic hydrocarbon is
obtained from

VE=V, — {xV*+ (1—-x)V*)
=xM(1/p—1/p}) + (1 - x)M,(1/p - 1/p%) (1)
Here, M,, V;* and p* denote, respectively, the molar mass, the molar

H
volume and the density of pure component i =1 (either 1,2,4-trichloroben-
zene or 1-chloronaphthalene) or i =2 (n-alkane), and V,, is the molar
volume of the mixture.
Heat capacities per unit volume were measured with a Picker flow
calorimeter (from Setaram), using the stepwise procedure. They were con-
verted to molar heat capacities C,,, at constant pressure using our densities.

Excess molar heat capacities were then calculated from
Crn=Com— {xCH +(1-x)C}, (2)

where C}; is the molar heat capacity of pure component i. Experimental
details may be found in previous publications [4,8,15,16].
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RESULTS

Experimental densities and molar heat capacities of the pure liquids are
given in Table 1. In general, the densities are in good agreement with

TABLE 1
Density p* and molar heat capacity Cf,, of the pure liquids at 298.15 K

p* (gem™ ) Crn GK ' mol™h)

This work Literature This work Literature
n-C,Hy, 0.67952 0.67949 *  0.67945° 22478 &
n-C,Hog 0.74540 0.74514® 074510 373.30 37493° 37597h
n-C,4 Hs, 0.75935 0.75928® 0.75912° 433.98 436.91° 438.48"
n-C,cHa, 0.77046 0.76994 * 0.77018°> 495.73 499.97¢ 501.45"
1,2,4-C,H,Cl;  1.44820 1.44804° 1448159 194.90 194.55 ¢
1-C,,H,Cl 1.18784 1.18811° 1.1893F 211.28 211.37°¢

2 Ref. 17. ® Ref. 8. © Ref. 18. ¢ Ref. 5. © Ref. 4. f Ref. 19, interpolated. 8 This value (from
Fortier et al. [20]) was adopted for the n-heptane sample used in this work; it served as
reference liquid in all our heat-capacity measurements. ® Ref. 21.
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Fig. 1. Excess molar volumes V£ of {x1,2,4-CcH,Cl, +(1— x)n-C;H,;,, ) at 298.15 K. (O)
Experimental points; ( ) calculated from eqn. (3) with coefficients from Table 3. The
numbers are ya.lues of 1.




104

SPL'0— 1L00°0—  T¥T90 SSP0— #6100 §9ST°0

- 81000—  L¥T60 - L9000—  £¥09°0 - wzoo ) 2 4A]
6vs0— €L00°0—  8LL8O - 9L00°0 1106°0 - 12200 147440
- 67000—  £S¥8°0 789'0— 86000 126v°0 - P120°0 L9ST0
1800°0—  0Z8L0 - 99000 Soot'0 ysT0o— LT100 SSET'0

61L0— 68000—  €6VL0 665°0— 62100 SYLEO 8YT0— €e10'0 eveTo
- ¢8000—  870L°0 - 69100 866T°0 - 96100 0£80°0

THD-u(x — 1)+ SO H DY T IX

168°0— ££65°0— $965°0 1LL0— 9666°0—  TLOE'O
- WwT90—  TYESO = 1€66°0—  950€°0
00¥'0— 0T610—  9L68°0 - €679°0— 88050 - 06T'0—  T90TO
- 126€°0— L2080 S16'0— 6629'0— ££0S°0 685°0— 60’0 — £50T°0
$69°0— 99L¢°0— 866L°0 - 6819°0— SOIv°0 - LIe¥0—  $10T0
- 99050 — 6L69°0 €986 — S19°6— L60Y'0 69¢°0— PLSTO— 010
7580 — LLTIS0O—  T¥69°0 - 7S19°0—  8I0V°0 - TwTo—  LI0TO
- S08S°0— 12096 - SYreo— 680¢€°0 9LETO0—  TIOIO
sm Ou(x —1)+ ‘ID*HOFTIX
(10w 1) (;_tow ) (_tow  _N ) ({_tow u) (y_tow ; > r) ({_tow qwo)
Wiy aA x wdy 24 x wdy A x

A ST86T 18 {CHPHD-u(x — 1)+ 1D HO-1x )
1oy pue {THTyin-u(x — 1)+ F[DHEHDHTIX } 103 X uonoriy sjow jo suorjouny se U sonioedes 183y Ie[OU SSIOXS PUR ;' SOUWIN[OA IBJOUI SSIOXH

n—)—nt T

O A4 v



105

S

o1 39s {FHYID-u(x — 1)+ SO HDHTIX) jo 74 104

=]
(o]
-

LT 0—
01’0 —

865¢€°0—

6280 —
8CIS°0—
£005°0—
TSP 0~

#9510
80020
6807°0
9€07°0

- ye6T0— 956770
- opeTo—  OPTTo
- €ILTO0—  8SSTO
- 8160°0—  £T80°0

Ve Oto-u(x — D +1DHD-1x

LTt SS9€°0—  6L8T°0
0s0'1 LSEE0—  9LSTO
£€0L°0 61TT0—  €LSTO
A4V 8LET'0O—  S060°0

EHry-u(x -1+ 'H"D-1x

66T — €9L10  880€°0
- IO 8STTO
680~ 0110  T6SL0
$$5°0— 90L00  T€60°0

PH-u(x — 1)+ SOHDY T X
95G'T — . +0ZE'0

%yriy-u(x — 1)+ "RV TIX



106

0 T T T | L T T T M
= -02f -
°
£
ME g
A
wE -04f 16 _
>
i 14 _
-0.6 MR | 1 | L | ! 1 —1
0 0.2 0.4 0.6 0.8 1

X
Fig. 2. Excess molar volumes V£ of {x1-C;(H,Cl+(1— x)n-C;H,,,,} at 298.15 K. (O)
Experimental points; ( ) calculated from eqn. (3) with coefficients from Table 3. The
numbers are values of /.

reliable literature values. As regards heat capacity, our results for n-dode-
cane, n-tetradecane and n-hexadecane are somewhat lower than those
reported by Messerly et al. [21]. The heat capacities of 1,2,4-trichlorobenzene
and 1-chloronaphthalene are in accord with previously published values
[4,5].
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Fig. 3. Excess molar heat capacities C:m at constant pressure of {x1,2,4-C4H,Cl; +(1— x)n-
C/H,,.,} at 29815 K. (O) Experimental points; ( ) calculated from eqn. (3) with
coefficients from Table 3. The broken curve for / =14 was obtained by graphical smoothing.
The numbers are values of /.
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Fig. 4. Excess molar heat capacities C,fm at constant pressure of { x1-C,,H,Cl+(1— x)n-
C/H,,,,} at 298.15 K. (O) Experimental points; ( ) calculated from eqn. (3) with
coefficients from Table 3. For /=16, only 1 point is available. The numbers are values of /.

Experimental results for the excess molar volumes and excess molar heat
capacities at 298.15 K of mixtures belonging to either series I or series II are
contained in Table 2, while graphical representations are provided by Figs. 1

TABLE 3

Coefficients A, and standard deviations s(QZ) for least-squares representation by eqn. (3) of
VE (cm® mol~!) and CE, (J K™ mol™") for {x1,2,4-C¢H;Cl; + (1~ x)n-C;H,,,, } and for
{x1-C,(H,Cl+(1 - x)n-C;H,;,,} at 298.15 K

Qf'n Ay 4 A; A, S(Qﬁ)

x1,2,4-C,H,Cl, VE
+ (1 - x)n'C7H16

" -25170 02184 01548  0.2039 0.0063
(cm’ mol™")

Cln
————— - —3642 -039% -0.848 - 0.017
(JK ' mol™?)
VE
+(1-x)n-Cy,Hyg —3—"'—T 0.0131 -0.1364 0.0763 - 0.0035
(e’ mol ™)
CE
p.m
- ~—2755 -1.087 -149 -1570 0.005
(JK " mol™)
VE
+(1—x)n-C;cHay —3—mT 0.8361 0.0620 0.0687 - 0.0024
(cm® mol™")
CE
pm
——— 7566 —1056 -2114 -3.142 0.021
(UK ' mol™1)
x1-C,oH,Cl1 vE

+(1—x)n-C,4Hyo —(m -1.9872 -0.5933 -0.3966 -0.2118 0.0035

ct,
(JK™ ' mol™1)
VE

(cm® mol™!)

5.347 --0.385 —0471 - 0.009

+(1= x)n-CygHa, —1.6252 —05691 —0.3677 —0.3448 0.0053
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Fig. 5. Plot of (a) excess molar volume at x = 0.5, V:E(x = 0.5), against chain length / of the
n-alkane, and (b) excess molar heat capacity at x = 0.5, lem(x =(.5), against /, at 298.15 K.
Series I: {x1,2,4-C4H,Cl; +(1— x)n-C;H,,, 5 }; series II: {x1-C;H,,Cl+(1— x)n-C;H,,,, }.
(O) Experimental results either from this work or from refs. 4 and 5; (@) experimental results
either from ref. 18 (/ = 6) or 22 (/ =10 and / =14), interpolated between 293.15 K and 313.15
K; (a) GF,, for a mixture of series IT with /=16 and x = 0.4389.

to 4. With the exception of {x1,2,4-C;H;Cl; + (1 — x)n-C4,Hy,} and {x1-
C1oH,Cl + (1-x)n-Cy¢H,,}, where CJ, was determined only for a few
mixtures in the central composition range, the excess quantities were fitted
for each mixture with a smoothing function of the form

k
Om=x(1-x) Y 4,2x-1) (3)

i=0

by the method of unweighted least squares, where either QZ = V.F/(cm’®
mol '), or QF =Cf,/(J K~! mol™"). The coefficients 4, and the corre-
sponding standard deviations s(Q%) are given in Table 3. These coefficients
were used to obtain the calculated curves in the Figures.

We have already reported a few excess molar volumes for { x1-C,,H,Cl +
(1 —x)n-C,¢H,,} at 298.15 K for x > 0.48: they are in good agreement with
the present values [4]. No other literature results could be found for
comparison.



109

DISCUSSION

In Fig. 5(a), excess molar volumes at x = 0.5 and 298.15 K for both series
I and II are plotted against the chain length of the n-alkane. Results
obtained in this work as well as published (interpolated) values [4,5,18,22]
have been incorporated: they show the familiar dependence on / [8,23].
However, the corresponding plots of lem(x = 0.5) against / in Fig. 5(b) are
remarkably different from those observed for mixtures of n-alkanes with
liquids consisting of more or less spherical molecules [11-13,24-26]. We
note the initial increase of C:m with increasing /, its passing through a
maximum at / = 10 (series I) or / = 11 (series 1I), and its decrease for larger
values of / [11,13]. Again, results obtained in this work have been combined
with already published values [4,5]. To further elucidate the dependence of
lem on /, experimental results on other selected mixtures of n-alkanes with
liquids consisting of sufficiently anisotropic plate-like molecules will be
communicated in forthcoming articles.
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