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Abstract

Experimentally investigated solidus—liquidus equilibrium data for binary organic cam-
phor-benzoic acid, a-chloroacetic acid-vanillin, benzoic acid-a-naphthylamine, naphtha-
lene—o-nitrophenol, phenanthrene-naphthalene, a-naphthol-naphthalene and diphenyl-
amine-a-naphthol eutectic systems have been subjected to thermodynamic analysis to
compute activity coefficients for the components in the binary mixtures and the excess
energy functions G¥ and SE for these mixtures. The computed data show the minimum
value for GE at the eutectic composition being the lowest liquidus temperature and the
maximum value for S¥ because of the most probable distribution of the component
molecules at this composition in the solidus—liquidus phase diagram. The values of SE at
the pre-, post-, and eutectic compositions of binary composite systems show the applicability
of Planck’s formulation S =k In w (k and w being respectively the Boltzmann constant and
the weight of distribution) over the entire range of composition covered by the phase
equilibrium curve. The excess functions ascertain the nonideal character of binary systems
and predict their thermal nature. The result of Guggenheim’s lattice theory for eutectic
mixtures at their liquidus temperatures offers evidence to support the thermodynamic
model for the eutectic phenomenon.

INTRODUCTION

Thermodynamic analysis of solidus—liquidus equilibrium data provides
important thermodynamic properties of binary mixturées in the condensed
phase. In spite: of the simplicity of eutectic phenomena, the nature of the
eutectic crystallization remains to be elucidated. Thermodynamics define
the eutectic point in a binary mixture as the lowest liquidus temperature in
the solidus-liquidus phase diagram, at which two solid phases are in
equilibrium with a single liquid phase and the eutectic is generally consid-
ered to be a simple mechanical mixture. Activity coefficients for the
components in the binary mixtures determined from the analysis of the
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solidus—-liquidus equilibrium curve could be used in computing excess
thermodynamic functions GE and SE. These excess functions are of great
importance for their use in examining various theories of solutions [1] and
in particular the lattice model theories for the mixtures [2]. The lattice
model theory of Guggenheim could be more rigidly applicable for these
mixtures near their liquidus temperature, since in the vicinity of this
temperature, the structure of the liquid phase closely resembles its solid
phase. With a view to showing the applicability of Planck’s fomulation and
to checking the validity of the Guggenheim lattice theory, phase equilib-
rium data for binary camphor—benzoic acid, a-chloroacetic acid—Vanillin,
benzoic acid—a-naphthylamine, naphthalene—o-nitrophenol, phenan-
threne—naphthalene, a-naphthol-naphthalene and diphenylamine-a-
naphthol eutectic systems have been investigated and subjected to thermo-
dynamic analysis.

EXPERIMENTAL
Materials

Camphor (Loba-chem., m.p. 448.20 K), benzoic acid (BDH, AR, m.p.
395.50 K), vanillin (AR, m.p. 354.90 K), a-naphthylamine (Merck, AR, m.p.
323.0 K), a-naphthol (Merck, AR, 368.0 K), a-chloroacetic acid (BDH, Pro
Analysi, m.p. 336.20 K) and diphenylamine (Merck, AR, m.p. 327.0 K)
were used as supplied. Naphthalene (Riedel, LR, m.p. 353.50 K) was
purified by slow sublimation and phenanthrene (Fluka, AG, m.p. 373.0 K)
was repeatedly distilled under reduced pressure at constant temperature
and the distillate was further purified by fractional crystallization with
absolute alcohol, whereas o-nitrophenol (Loba, LR, m.p. 318.0 K) was
purified by successive steam distillation followed by crystallization with hot
absolute alcohol. The purity of the materials was ascertained by the
determination of the melting points (written against each sample) which
are in good agreement with recent literature values [3-6).

Solidus-liquidus equilibrium data for binary mixtures of the aforemen-
tioned eutectic systems have been obtained by thaw-melt method and
heats of fusion of the components of the mixtures were determined by DSC
(Metler TA 3000 system) and found to be very close to their literature
values [3,7].

RESULTS AND DISCUSSION

The results of phase equilibria are plotted in Figs. 1-7 to ascertain the
eutectic compositions of the systems undertaken for investigation. Heats of
fusion of the constituent materials are given in Table 1.
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Fig. 1. Phase diagram for the system camphor + benzoic acid: (
(— — —) ideal curve; (X) thaw points (solidus temperatures).

) experimental curve;

Solidus-liquidus equilibrium data for a binary eutectic mixture obey the
thermodynamic relation [5]
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Fig. 2. Phase diagram for the system a-chloroacetic acid + vanillin: (

) experimental
curve; (— — —) ideal curve; (X) thaw points (solidus temperatures).
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Fig. 3. Phase diagram for the system benzoic acid + a-naphthylamine: ( ) experimental

curve; (— — —) ideal curve; (X) thaw points (solidus temperatures).

where x}, r!, A;H® and T;°® are respectively the mole fraction, activity
coefficient, heat of fusion and freezing point of component i (i=1, 2)
depending upon whether a mixture is enriched in component 1 or 2. T is
the liquidus temperature for the solidus-liquidus phase at mole fraction x;.
The ideal curve for the phase equilibrium can be obtained from eqn. (1) by
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Fig. 4. Phase diagram for the system naphthalene + o-nitrophenol: ( ) experimental

curve; (— — —) ideal curve; (X) thaw points (solidus temperatures).
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Fig. 5. Phase diagram for the system phenanthrene +naphthalene: (
curve; (— — —) ideal curve; (X) thaw points (solidus temperatures).

) experimental

substituting r! = 1. Experimental values of A;H;® were used in this com-
putation. In Figs. 1-7, broken lines represent the ideal phase diagrams for
the systems showing thereby their deviation from ideality. The activity
coefficients for each branch of the experimental phase equilibrium curve
were computed as a function of temperature and composition from eqn.
(1). The computed activity coefficient data for constituent materials in
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Fig. 6. Phase diagram for the systemn a-naphthol+naphthalene: (
curve; (— — —) ideal curve; (X) thaw points (solidus temperatures).

) experimental
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Fig. 7. Phase diagram for the system diphenylamine + g-naphthol: (
curve; (— — —) ideal curve; (X) thaw points (solidus temperatures).

) experiméntal

various binary mixtures of the systems were fitted in eqns. (2) and (3).

RT In rl=A(x}) +B(x})" + C(x})’ (2)

RT In ry=A'(x}) +B'(x})’ + C'(x})’ (3)
The constants 4, A, B, B’ and C, C’' were determined by the

least-squares method. Table 2 incorporates these constants. The Gibbs—

Duhem transformation was used to determine In r} at the same tempera-
ture T for the same branch of curve at a composition, x}. The correspond-

TABLE 1

Heats of fusion of components

Component Heat of fusion Component Heat of fusion
(kJ mol~ 1) (k¥ mol™1)
Expt. Lit. Expt. Lit. 2

Camphor 4.40 Naphthalene 1911 19.30

Benzoic acid 17.30 17.33 o-Nitrophenol 17.88 18.05

a-Chloroacetic acid 12.35 12,30 Phenanthrene 18.23 18.13

Vanillin 16.13 a-Naphthol 23.93 23.70

a-Naphthylamine 13.30 13.37 Diphenylamine 17.72 17.85

2 Refs. 3, 7.
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TABLE 2

Constants for the system

System A B C A B’ C’

Camphor-benzoic

acid —689.51 349891 -5797.69  405.16 = 487.61 1.57
a-Chloroacetic

acid—vanillin —389.19 74424 —443.50 -270.20 1799.08 —2425.61
Benzoic acid-

a-naphthylamine —1945.31 7756.03 —7743.41 222.74 —548.75 0.00
Naphthalene—

o-nitrophenol 4,70 17.03 2422 —-182.78 588.34 —1103.20
Phenanthrene—

naphthalene —59.68 26488 —211.25 2.48 45224 —1225.25
a-Naphthol-

naphthalene 19.21 —82.96 4536 293441 -10856.23 8695.00
Diphenylamine— .

a-naphthol 599.04 —1485.02 710.84 ~161.74 229.62 —428.49

ing equations for eqns. (2) and (3) at the same temperature T can readily
be obtained as

RT In ri=(A-2B)xy—AIn xy+ (B - 3C)(xL) +C(x})’

+B-A+3C (4)
RT In rl=(A'—2B")x} = A" In x! + (B' - 3C")(x!)’ + C'(x})’
+B' —A'+1C’ (5)

Equations (4) and (5) provide In r] and In r} corresponding to x} and x}
for any mixture at a temperature T. The computed activity coefficient data
for the components in binary mixtures of all undertaken systems at their
different liquidus temperatures are provided in Table 3. The excess ther-
modynamic functions, free energy and entropy of mixing of the components
at the same liquidus temperature T at constant pressure, have been
determined from eqns. (6) and (7) [8]

GE=RT|[x} In r} +x} In r}] (6)
SE=—R[x{Inrl+x}Inr}]  (condensed phase) )

The values of these functions for each system are recorded in Table 3
and were plotted graphically. It has been found that three common types of
curves are possible in these systems as represented in Figs. 8-10. The
excess functions of eutectic systems camphor—benzoic acid and benzoic
acid—a-naphthylamine (Table 3) exhibit identical patterns before and after
the eutectic point (Fig. 8); Fig. 9 is for the excess functions of the
a-chloroacetic acid—vanillin eutectic system and Fig. 10 denotes the excess



00 LTO-  01000—  €S000- 09°L8€ 00060
- 610 0L0-  TEE00-  99€0°0- 0T9LE 00080
® 0 09T~ 99€00-  TI900- 00'€9€ 8990
N 80 00€—  $00T0-  TEOTO- 0T'pSE 00090
S W1 9y~ OSLIO—  9p9T'0— 00'0vE 00050
g £8' €09~ SYLTO-  8ELD- 0y'62E 00050
= we 0L~ 06YT0 081€1 ~ 0001€ ~ 000€0
S 08¢ 658~ 90100 6Y0Y°1 07'90€ = (B)095T0
8 10~ ££°0 02200 S¥20°0~ 0v0IE 000Z'0
< 10— 0 61100 1080°0 00°LTE 00010 (2) sunupkysydou-» + (1) prov Jt0ziog
£ LSO 08T~  9pTO0-  £6V00- 0£729€ 00060
g 90 00Z— 6500~ 91800~ 01'81¢ 00080
£ 090 00Z- 98000~  Z00L0- 0T0TE ~ 000L0
S 05 05— $SI00-  8SBZO- 0T'€0€ « (E)0009°0
> or'l Orb—  0£000 STPE0— O1'STE 00050
3 0’1 08€~  ¥¥00°0 8LSE0~ 08'9Z€ 000°0
M L8O $T— 09000 8YTE 0~ 0S'€EE 000€0
§ SE'0 0TI~ L8000 8SYZ0 - 05°T¥€ L6610
S 0v'0 00— OE100 8910~ 00'6vE 000T'0  (2) ugprupa + (1) PIov 220004014+ 0
i 811 8€0~  0€0TI~  OLWOO- OL'L6E 00060
. X4 $80-  SSLTI- 9900~ 05'19¢ 1008°0
V8 LTT~  O6LET~  TELOO- 000€E L6690
16°€ 601  ¥89€T-  OZE00- 09'62€ ¢ (2)0SLY0
010~ £0°0 0901°0 50500~ 0L'ZhE £009°0
810 900 LSOT'0 €900 08'S5€ 10050
£E0— o 80110 ¥990°0~ 0S'L9€ 000%'0
90~ LT0 $660'0 LLY00 - 00°LLE 000€°0
290~ 4 8L80'0 96100 05'S8€ 00020
L90- sTo 6250°0 L1220 00'E6E 6010 (2) pov 2102u2q + (1) Loydun)
oD (1) Jusuodwos
G- owm)  (fow ) ammeiaduay jo
e-0TX 58 ad iy Loy snpabry UondeIR AON ANIKIN
S SOINIXTLI ATEUIq JUSIOHIP 10] B1eD UOIOUN] SIWBUAPOWISY] $800%0 PUR TUSIOIJI05 ANATIDY



79

harma et al. / Thermochim. Acta 206 (1992) 71-84

A

B.L

wo

60°0

8T0—
L6'0—
| XA
001
059—
£6'S—

CSLE

817~
00'T
08'0
09°0
050
010
0y~
0Ty~
obe—
05T~
0¥ -
50
1€0
870
§€0
0v'0
70
ST
vET—
&1
A

100~
L£000—
9000°0—
0000

9000°0

§000°0—
1€00°0—
92200 —
6¥10°0—
90100~

800
$620°0
(404000
20200
8¥10°0
81000
§2000—
€100~
07e00~
1510°0

“¥9Y00

9LE0°0
9¢20°0
SL10°0
61100
0900
600

£8¢0°0
Y6¥0'0

69100

LY00°0

§900°0—
9v00'0 —
06000 —
00100~
88650~
10S9°0—
61090~
BLSY'O—

Pre00
62200
£810°0
6L10°0
$800°0—
£€9€°0—
EELED—
698£°0—
995€°0—
0SCE0—

65100
L¥000
85000
1¢10°0
8¥00°0
0LLE0—
SE6E0—
yievo—
IsE0—

00'v9¢
00°8st
08'ISE
00°S¥E
0s°LeE
0582t
00°8Z¢
09'vee
00'1¥E
0ELyve

08'69¢
SE'65E
0S°18€
(11944
00eee
0Z°6Z€

oTLze

08'vee
06'TPE
0E'6vE
0L78vE
00°Zve
09°65¢
00'8z¢
00°0z¢
00°01¢
0s°00t
00°20¢
06°60¢
09°S1¢

00060
00080
000L°0
00090
000S°0
000%'0
(H)0S6€°0
000€0
0002°0
0001°0
0016°0
0008'0
000L°0
00190
0005°0
(F)8ZEY'0
000t'0
000£'0
6861°0
00010
00060
0008°0

00050
000v°0
e (H)0SZTE0
000¢'0

000T0
0001°0

(¢) auapoyrydou + (T) 10Y3ydoN -0

(2) audpoyrydou + (1) audayruvuayg

(2) jouaydoaniu-o + (1) auappyiydonN



B.L. Sharma et al. / Thermochim. Acta 206 (1992) 71-84

80

p-0IX 3§ q

onoamny
00— or'o $L20°0— 86200 00'cce 00060
80°0— 920 §9¢0°0— $S10°0 0L91¢ 00080
66'1 19— L80E0— €L81°0— 0LT1E (@)099L0
651 w6y — 15eT0— 12L10— 06'v1it 000L°0
1e'1 Yoy — LI9T°0— I1sST0— Ooy'1ce 0009°0
L01 LSE— Y010 — cesT0—- 05°6Ct 0005°0
00'1 or'e— $880°0— 9991°0— 0L°9¢tE 000v°0
080 £0't— 0590°0— v661°0— 0L'SveE 000¢°0
o LST— S9¥0°0— 68vC°0— 0L°SSE 000Z°0

0v'0 SPi- £510°0— LSYEO— 05'79¢ 00010 (¢) 1otf3ydvou- + ([) unuvjusydiq
()] (1) 3usuodwios
(- (-_Tow ) (; -Tow [Y) anjeradurd) jo

¢-0IX g8 ad 2R Liyg snpinbry uonoey SJ0N 2IMIXTIA




B.L. Sharma et al. / Thermochim. Acta 206 (1992) 71-84 81

4.0

P
'g 20}
2 5
> E
2 2
k1 w
¥ [
0
201
4.0 i i i

03 06 0.9
Male fraction of camphor

Fig. 8. Excess functions for the system camphor + benzoic acid.

functions of the phenanthrene—~naphthalene system which is identical in
behaviour to the naphthalene—o-nitrophenol, e-naphthol-naphthalene and
diphenylamine—a-naphthol systems. On examining Table 3 and Figs. 8-10,
it is noted that the function G* decreases along either branch of the phase
equilibrium curve (Figs. 1-7) approaching the eutectic composition where
it shows minima for each system, which is expected, since the eutectic
(being the lowest liquidus temperature reached by the gradual addition of
one component into the other) should therefore be accompanied by a
decrease in GE. On the contrary, the function SE exhibits maxima at the
eutectic composition which would occur because at this composition three
phases coexist, namely, two solid phases and one liquid phase, inevitably
causing the most probable distribution of the molecules of the components
in the eutectic mixture of the solidus-liquidus phase diagram. The number
of distinct arrangements of the component molecules in any binary mixture
determines the weight w of that mixture. Since w for the eutectic mixture
is higher than any other composition of the solidus-liquidus equilibrium
curve, this results in the function SE being maximal at this composition.
This shows the applicability of Planck’s formulation, S =k In w over the
entire composition range covered by the phase equilibrium curve. Besides
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Fig. 9. Excess functions for the system a-chloroacetic acid + vanillin.

the excess energy functions, activity coefficient data for each component in
the eutectic mixtures given by

RT In r/=A[1—x!] + B(1-x!)’

confirmed that the systems are far from being regular.
According to Guggenheim’s lattice theory [9], the equilibrium composi-

tion of binary systems showing complete miscibility in solid and liquid

phases (regular solution) at any liquidus temperature is given by

xlrl AHP (1 1
xrr R \T T7° ®)

where x;, r, and A;H? have their usual meanings and the superscripts 1
and s refer to liquid and solid phases. The functions GE and SE deter-
mined by eqgns. (7) and (8) at the eutectic compositions of binary systems at
constant pressure were found to differ appreciably from their calculated
values assuming the eutectic mixtures to be regular, for which eqn. (9)

(8)

provides
_ e —_T®
E 1 of m 1 1 o m 2
G® = (x}). A¢H; 75 +(x3)n AcH; 7o ) (10)
1 2
Tm - Tl9 m Tze
SE: _(xi)m AfI-Ile TmTle - (x12)m AfI-IZ-9 TmTze (11)
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Fig. 10. Excess functions for the system phenanthrene + naphthalene.

where subscript m represents the minima in the solidus—liquidus equilib-
rium curves. For instance, the values of GE and SE for the eutectic
mixture of the camphor—benzoic acid system determined from egns. (7)
and (8) are —1.29 kJ mol~! and 3.91 X 103 kJ mol~! K~! respectively
(Table 3), whereas these values have been found from eqns. (10) and (11)
to be —1.72 kJ mol~! and 5.22 x 1073 kJ mol~! K~!. Since the value of
GE obtained from eqn. (10) is less than its value determined from eqn. (7),
which is expected because the formation of a regular mixture is accompa-
nied by low free energy in comparison with that of a non-ideal eutectic
mixture. This result thus confirms the reliability of the procedure for
computing the excess thermodynamic functions from the phase diagram
and offers evidence supporting the thermodynamic model for the eutectic
phenomenon. The excess functions also predict the thermal nature of the
systems; that is, Fig. 8 shows that the pre-eutectics of the camphor-benzoic
acid system are endothermic whereas the eutectic and post-eutectics are
exothermic, Fig. 9 indicates exothermic mixing of components «-chloro-
acetic acid and vanillin throughout the temperature range covered by the
solidus—liquidus phase diagram, and Fig. 10 signifies that the system is
exothermic until the eutectic point is reached and is endothermic there-
after.
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CONCLUSIONS

Direct experimental methods for measuring the excess thermodynamic
functions at the freezing points of mixtures are firstly not developed and
secondly by no means simple. The excess functions determined from the
analysis of solidus—liquidus equilibrium curves are reliable because all the
quantities used in the various equations for such a computation were
experimentally determined; the applicability of Planck’s formulation offers
supporting evidence as to their reliability and hence can frequently be used
to examine various theories of solutions and in particular the lattice
theories of the mixtures.
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