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Abstract—In this paper, vapour-liquid critical locus for the
binary system acetone + chloroform was determined experimentally
over the whole range of composition. The critical property
measurements were carried out using a dynamic-synthetic apparatus,
employed in the dynamic mode. The critical points are visually
determined by observing the critical opalescence and the
simultaneous disappearance and reappearance of the meniscus in the
middle of a high-pressure view cell which withstands operations up
to 673K and 20MPa. The experimental critical points measured in
this work were compared to those available in literature.
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I. INTRODUCTION

HE acetone + chloroform system is well-known to exhibit

a negative azeotrope. It is used as an important solvent
medium in many chemical processes [1-2] and attracted a
rather large number of experimental and theoretical
investigations. Many spectra analyses [2]-[4] highlighted that
the negative deviations from Raoult’s low and the negative
heat of mixing [5]-[13] could be attributed to the formation of
a complex between acetone and chloroform. As an example,
Jalilian and Alibabei [4] studied the structure of the acetone +
chloroform azeotropic system using infrared spectroscopy and
H NMR technique and concluded that there were two different
hydrogen bonds between these unlike molecules: one between
hydrogen on chloroform and oxygen of acetone and another
one between hydrogen of methyl group of acetone and
chloride on chloroform.

Moreover, many works on this system focused on vapour-
liquid equilibrium measurements at low temperatures and
pressures [6], [11], [14]-[26]. All of these studies confirmed
the existence of the pressure minimum azeotrope. As a general
case, in binary mixtures exhibiting a negative azeotrope, the
azeotropic composition becomes richer in the less volatile
compound when the temperature is increased. In the case
where the azeotrope becomes critical, the critical locus often
exhibits a maximum in critical temperature. For the studied
system, Roch and Schroder [14] worked at temperatures
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ranging from 15 to 55°C and found that the composition of the
azeotrope shifts towards higher chloroform content as the
temperature is increased. Campbell and Musbally [27] came to
the same conclusion from their study of this mixture at 100,
150, 160, 170 and 180 °C. Kamath et al. [28] used a force
field technique to predict the pressure and composition of the
azeotrope at 35, 76.85, 126.85 and 176.85°C and also came to
the same conclusion. Kuenen and Robson [29], who measured
critical points for the acetone + chloroform mixture and the
vaporisation curves of each compound, reported that the
minimum pressure azeotrope disappeared before becoming
critical.  Although many vapour-liquid equilibrium
measurements were performed on the acetone + chloroform
binary system, only few took place at high temperature and
pressure [27], [29].

In this paper, the critical properties (critical temperatures
and critical pressures) of the acetone + chloroform system
were measured along the whole composition range with the
aim of understanding the phase behaviour of this system at
high temperatures and pressures. We indeed wanted to check
whether the azeotrope became critical. An apparatus capable
of determining critical properties of pure components and
mixtures was used in this work. It can be operated using both
the dynamic and the static methods. The measurements on the
acetone + chloroform system were carried out using the
dynamic method. The critical properties can be determined by
visually observing the critical opalescence phenomenon in the
view cell. The experimental results in this work were
compared to those available in the literature.

II. EXPERIMENTAL PROCEDURE

A.Materials
TABLEI
PURITY AND SUPPLIER OF COMPOUNDS USED IN THIS STUDY
Compound Purity Supplier
acetone >99.9% Sigma-Aldrich
chloroform >99.8% Sigma-Aldrich

All compounds used were purchased from commercial
sources. Their purity and their suppliers are listed in Table 1.
Acetone was used without any further purification.
Chloroform was used after its small quantity of ethanol (about
0.5-0.8%) — added for stabilization — was removed with 5A
molecular sieves. Such molecular sieves were activated by
heating at 300°C for 3 hours and then by cooling in a vacuum
desiccator. A large quantity of these molecular sieves was
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added in chloroform, left overnight and finally filtered. The
resulting chloroform was degassed using a vacuum pump and
stored in a round bottom flask wrapped in aluminium paper in
order to avoid a reaction with oxygen when exposed to the air
and light. Fresh treatments of chloroform were realized every
3 days. A gas chromatographic analysis indicated that
chloroform had a purity of at least 99.9 %.

B. Apparatus and Procedure

Ps

Fig. 1 Schematic diagram of the apparatus. PS: Pressurized source,
VPr: Volumetric press, SP: syringe pump; CB: cryostat bath; VP:
vacuum pump; HE: heat exchanger; EM: electric motor; MS:
magnetic stirrer; VC: view cell; AT: air thermostat bath (oven); TP:
platinum resistance temperature probe; PT: pressure transducer; TR:
temperature regulator; BD: bursting disc; FV: flow regulation valve;
DAS: data acquisition system; CPU: central processor unit; V: valve

A schematic diagram of the apparatus used in this work is
presented in Fig. 1. It has been developed by the ARMINES
Company hosted by the Ecole Nationale Supérieure des Mines
de Paris for the measurement of the critical properties of pure
substances and multi-component mixtures with known overall
composition. This apparatus can work using two different
modes: dynamic or static. Due to short residence time, the
dynamic method enables to determine the critical point of
substances likely to thermally decompose but needs a large
amount of matter. On the other hand, the static method
requires small amounts of substances but is limited due to
possible thermal decomposition of substances. The
temperature and pressure upper limits of application are 673K
and 20MPa for the dynamic method and 493K and 20MPa for
the static method. The temperatures upper limits are different
owing to the use of a magnetic stirrer, which withstands
conditions up to 493K, in the static mode. In this work, the
measurements were carried out using the dynamic method in
which circulation of fluid ensures an efficient stirring. The
state of the art of critical point measurements can be found in
the book edited by Weir and de Loos [30] (in particular
chapter 16 by Teja and Mendez-Santiago — entitled Critical
Parameters — gives all the necessary details). It is thus not
necessary to recall it in this paper. A critical point can be
determined by visually observing the critical opalescence and

the simultaneous disappearance and reappearance of the
meniscus i.e. of the liquid-vapour interface from the middle of
the view cell. Fig. 2 illustrates the transition of a fluid from
subcritical state to the critical state on temperature increase.
The apparatus was calibrated and validated and the critical
point measurements for pure compounds and binary mixtures
were performed [31]-[32]. The experimental setup used in this
work is the same as that clearly described in our previous
study [31]. Chloroform and mixtures containing high
composition of chloroform develop a yellowish colour on
prolonged heating explaining why in this study, only the
dynamic method was employed. The used flowrate was
increased with concentration of chloroform and varied
between 3 to Sml/min. The uncertainties obtained in the
critical temperature and critical pressure for pure compounds
and mixtures at different mole fractions were < 0.11°C and <
0.009MPa, respectively. Likewise, a mean value uncertainty
in the mole fraction, u (xi) = £0.00004 was obtained.

Fig. 2 The transition of a fluid from the subcritical state to the critical
state on the temperature increase. From left to right: classical liquid—
vapour mixture (the two phases are perfectly separated by a thin
meniscus); cloudy subcritical state (the meniscus is not thin any
more, it is coloured in orange which characterizes the critical
opalescence); a thick and cloudy subcritical state (the meniscus
becomes thicker and thicker); disappearance of the liquid—vapour
interface (the meniscus occupies the entire view cell which is orange:
we are at the critical point)

III. RESULTS AND DISCUSSION

In this work, the vapour-liquid critical points for the
acetone (1) + chloroform (2) binary system were determined
experimentally throughout the entire range of composition.
The measurements were carried out using the dynamic-
synthetic apparatus which was employed in the dynamic
method. The experimental critical values with different mole
fractions and their uncertainties for the system investigated
were presented in Table 2. The comparison between the
experimental critical data in this work and the literature data
was shown graphically in the Fig. 3a, 3b and 3c¢ which
correspond to pressure — temperature (P-T), temperature —
composition (T-x;) and pressure — composition (P-x;)
diagrams, respectively. As can be seen in Fig. 3a, the acetone
(1) + chloroform (2) binary mixture, displays a monotonous
continuous vapour-liquid critical locus which connects the
critical points of the pure components. Such an uninterrupted
critical locus indicates that this binary mixture belongs to type
I fluid phase behaviour according to the classification of Van
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Konynenburg and Scott [33]. Furthermore, the critical locus
intersects the vaporisation curve of chloroform thus
highlighting the existence of a critical azeotrope. The
existence of a critical azeotrope found in this work opposes to
the very old investigation by Kuenen and Robson [29] who
reported that the azeotrope did not exist up to the critical
point. In comparison to the work by Kuenen and Robson, the
critical temperatures in this work are lower while the critical
pressures are higher. These differences may come from an
insufficiently accurate experimental setup used in Kuenen and
Robson’s experiment in which — as reported by the authors — a
chemical reaction takes place between chloroform and
mercury at high temperature.

TABLEII
EXPERIMENTAL CRITICAL TEMPERATURES (T.) AND PRESSURES (P.) FOR THE
SYSTEM ACETONE (1) + CHLOROFORM (2) AT DIFFERENT MOLE FRACTIONS
(X1) WITH THEIRE STANDARD UNCERTAINTIES

X; Te/K u(Tc)) K Pc/MPa u (Pc)/ MPa
1.0000 508.05 0.06 4.693 0.003
0.9215 510.68 0.03 4.760 0.003
0.8486 513.52 0.03 4.825 0.001
0.7852 515.78 0.07 4.854 0.005
0.7001 518.63 0.07 4.926 0.005
0.6195 521.04 0.07 4.999 0.004
0.6009 521.86 0.07 5.007 0.008
0.5455 523.15 0.04 5.035 0.009
0.5053 524.86 0.04 5.084 0.002
0.4834 525.56 0.04 5.082 0.003
0.4174 527.52 0.05 5.154 0.003
0.3895 527.64 0.10 5.148 0.003
0.3082 529.98 0.11 5213 0.005
0.3050 530.31 0.04 5.205 0.003
0.2015 531.80 0.05 5.262 0.001
0.2006 532.19 0.03 5.251 0.002
0.1597 532.96 0.04 5.295 0.004
0.1086 533.90 0.06 5.332 0.006
0.0998 534.54 0.03 5.357 0.007
0.0608 535.26 0.03 5.398 0.007
0.0000 536.12 0.05 5.451 0.005

The Fig. 3b illustrates a very strong correlation between the
critical temperatures in this work and those collected by
Campbell and Musbally [27]. The azeotropic compositions at
high temperature [27] were also plotted in this Figure.
Unfortunately, only few experimental values are available and
the highest temperature investigated is at 180 °C. Therefore,
the existence or inexistence of the critical azeotrope in the
acetone + chloroform system can not be confirmed by these

available literature data.
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Fig. 3 Experimental critical points and critical locus in the (a): (P-T),
(b): (T-x,) and (c): (P-x,) projections for the binary system acetone
(1) + chloroform (2). Critical values (o): this work, (m): Kuenen and
Robson, (+): Campbell and Musbally and azeotrope compositions
(#): Campbell and Musbally.
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IV. CONCLUSION

The critical points of the acetone + chloroform binary
system were determined experimentally throughout the entire
range of composition. The measurements were carried out
using a synthetic-dynamic apparatus, in the dynamic method.
The experimental critical values obtained in this work were
compared to those available in the literature. Large differences
were found when compared to the very old literature data
collected by Kuenen and Robson. However a strong
agreement was obtained with the data collected by Campell
and Musbally. The acetone + chloroform system is
characterized by the presence of a negative azeotrope at low
temperatures and pressures. In this work, it was shown for the
first time that the negative azeotrope became critical owing to
an intersection between the critical locus and the chloroform’s
vaporisation curve.

NOTATION

Pc: critical pressure

Tc: critical temperature

x;: mole fraction of component i
u(P¢): pressure uncertainty
u(T¢): temperature uncertainty
u(x;): composition uncertainty

REFERENCES

[1] W.L. Luyben, “Control of the maximum-boiling acetone/chloroform
azeotropic distillation System”, Ind. Eng. Chem. Res, vol. 47, pp. 6140—
6149, 2008.

[2] R. Gupta, A. Chandra, “Structural, single-particle and pair dynamical
properties of acetone—chloroform mixtures with dissolved solutes”,
Chemical Physics, vol. 383, pp.41-49, 2011.

[3] T.S. Perova, D.H. Christensen, O. Faurskov Nielsen, “Low-frequency
Raman and far-infrared spectra of acetone/chloroform mixtures”,
Vibrational Spectroscopy, vol. 15, pp.61-67, 1997.

[4] M.R. Jalilian, L. Alibabaei, “Spectra and structure of binary azeotropes,
1. Acetone—chloroform”, Spectrochimica Acta, vol. 62, pp.322-325,
2005.

[5] B.H. Carroll, J.H. Mathews, “A calorimeter for heats of mixing at
elevated temperatures”, J. Am. Chem. Soc, vol. 46, pp. 30-36, 1924.

[6] A.E. Karr, W.M. Bowest, E.G. Scheibel, “Analysis of binary and ternary
mixtures system acetone-chloroform-methyl isobutyl ketone”, Analytical
Chemistry, vol. 23, pp. 459-463, 1951.

[71 A.N. Campbell, E.M. Kartzmark, “The energy of hydrogen bonding in
the system acetone — chloroform”, Can. J. Chem., vol. 38, pp. 652-655,
1960.

[8] A.N. Campbell, E.M. Kartzmark, H. Friesen, “The equilibrium diagrams,
heats of mixing, dipoles moments, densities and boiling points of the
system acetone + chloroform + benzene”, Can. J. Chem., vol. 39, pp.
735-744,1961.

[9] Edward R. Kearns, “Thermodynamic studies of the system acetonr-
chloroform, II. The relation of excess mixing functions to association
complexes”, J of Phys. Chem., vol. 65, pp. 314-316, 1961.

[10] K.W. Morcom, D.N. Travers, “Heat of mixing of the system acetone-
chloroform; temperature dependence and deuterium isotope effect”,
Tran. Faraday Soc., vol. 61, pp. 230-234, 1965.

[11] J.W. Morris, P.J. Mulvey, M.M. Abbott, H.C. Van Ness, “Excess
thermodynamic functions for ternary systems, 1. Acetone-chloroform-
methanol at 50°C”, J. of Chem. & Eng. Data, vol. 20, pp. 403-405, 1975.

[12] A. Apelblat, A. Tamir, M. Wagner, “Thermodynamics of acetone +
chloroform mixtures”, Fluid Phase Equilibria. vol. 4, pp. 229-255, 1980.

[13] G. Savaroglu, E. Aral, “Ultrasonic velocity and isentropic
compressibilities of the ternary mixture benzene + acetone + chloroform

[14]

[15]
[1e]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

and their corresponding binary mixture at 298.15K”, J. of mole. Lig.,
vol. 105/1, pp. 79-92, 2003.

M.A. Rosanoff, C.W. Bacon, A ND J. F. W. Schulze, “A method of
finding the partial from the total vapour pressures of binary mixtures and
a theory of fractional distillation”, J. Am. Chem. Soc, vol. 36, pp. 1993-
2004, 1914.

F.J. Soday, G.W. Bennett, “Laboratory experiments on the boiling-point
curves of binary mixtures”, J. Chem. Educ., vol. 7, pp. 1336-1340, 1930.
C.R. Fordyce, D.R. Simonsen, “Cellulose ester solutions: Evaporation in
binary solvent mixtures”, Ind. Eng. Chem., vol. 41, pp. 104-111, 1949.
A. Rose, E.-T. Williams, W.W. Sanders, R.L Heiny J.F.Ryan, “Binary
vapor-liquid equilibria trail and error prediction and correlation”, Ind.
Eng. Chem., vol. 45, pp. 1568-1572, 1953.

J.A. Tallmadge, L.N. Canjar, “Simultaneous measurement of phase
equilibria and integral isobaric - heats of vaporization; systems acetone-
chloroform and benzene-acetone”, Ind. Eng. Chem., vol. 46, pp. 1279-
1281, 1954.

H. Rock, W Schrdder, “Dampf-Flissigkeits-Gleichgewichtsmessungen
im system azeton —chloroform”, Zeitschrift fiir Physikalische Chemie,
vol. 11, pp. 41-55,1957.

C.R. Mueller, E. Kearn, “Thermodynamic studies of the system acetone
and chloroform”, J. Phys. Chem., vol. 62, pp. 1441-1445, 1958.

AN. Campbell, EM. Kartzmark, R.M. Chatterjee, “Excess volumes,
vapor pressure and related thermodynamic properties of the system
acetone-chloroform-benzene and its component binary systems”, Can. J.
Chem., vol. 44, pp. 1183-1189, 1966.

M.M. Abbott, H.C. Van Ness, “Vapor-liquid equilibrium: Part III. Data
reduction with precise expressions for G"', J. AIChE., vol. 21, pp. 62-76,
1975.

M. Goéral, G. Kolasinska, P. Oracz, S. Warycha, “Vapour-liquid
equilibria. II. The ternary system methanol-chloroform-acetone at 313.15
and 323.15 K”, Fluid Phase Equilibria, vol. 23, pp. 89-116, 1985.

K. Kojlma, K. Tochigl, K. Kurihara, M. Nakamichi, “Isobaric vapor-
viquid equilibria for acetone + chloroform + benzene and the three
constituent binary systems”, J. Chem. Eng. Data, vol. 34, pp. 343-345,
1991.

J.A. Hopkins, V.R. Bhethanabotla, S.W. Campbell, “Total pressure
measurements for chloroform + acetone + toluene at 303.15 K”, J.
Chem. Eng. Data, vol. 39, pp. 488-492, 1994.

P. Oracz, S. Warycha, “Vapour-liquid equilibria. XII. The ternary system
methanol-chloroform-acetone at 303.15 K”, Fluid Phase Equilibria, vol.
137, pp. 149-162, 1997.

AN. Campbell, G. M. Musbally, “Vapor pressures and vapor liquid
equilibria in the systems: (1) acetone - chloroform, (2) acetone - carbon
tetrachloride, (3) benzene - carbon tetrachloride”, Can. J. Chem., vol. 48,
pp. 3173-3184, 1970.

G. Kamath, G. Georgiev, J.J. Potoff, “Molecular modeling of phase
behavior and microstructure of acetone-chloroform-methanol binary
mixtures”, J. Phys. Chem., vol. 109, pp. 19463-19473, 2005.

J.P. Kuenen, W.G. Robson, “Observations on mixtures with maximum
or minimum vapour-pressure”’, Philosophical Magazine Series 6, vol. 4,
pp. 116-132, 1902.

A.S. Teja, J. Mendez-Santiago, in: R.D. Weir, Th.W. de Loos (Eds.),
“Measurement of the thermodynamic properties of multiple phases”,
Elsevier, Amsterdam, pp. 409-425, 2005.

N. Juntarachat, P.D. Beltran Moreno, S. Bello, R. Privat, J.-N. Jaubert,
“Validation of a new apparatus using the dynamic and static methods for
determining the critical properties of pure components and mixtures”, J.
of Supercritical Fluids, vol. 68, pp. 25— 30, 2012.

N. Juntarachat, S. Bello, R. Privat, J.-N. Jaubert, “Validation of a new
apparatus using the dynamic method for determining the critical
properties of binary mixtures containing CO2 and a n-alkane”, Fluid
Phase Equilibria, vol. 325, pp. 66-70, 2012.

P.H. van Konynenburg, R.L. Scott, “Critical lines and phase
equilibriums in binary Van der Waals mixtures”, Philos. Trans. R. Soc.
London Ser. A, vol. 298, pp. 495-540, 1980.

1148



