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The (p, F, T) properties and apparent molar volumesVφ of ZnCl2 in methanol atT ) (298.15 to 398.15) K and
pressures up top ) 40 MPa are reported. An empirical correlation for the density of the (ZnCl2 + CH3OH) with
pressure, temperature, and molality has been derived. For the solutions the experiments were carried out at molalities
m ) (0.13476, 0.47677, 0.80178, 1.03861, 1.97685, and 5.36750) mol‚kg-1 of zinc chloride.

Introduction

The efficiency of an absorption refrigeration cycle is largely
dependent on the physical and chemical properties of the heat
transfer fluids. These systems work with the heat transfer fluid,
which contains two working pairs, usually water/salt solutions,
which are used with evaporator temperatures above 0°C due
to freezing of the refrigerant (water).

The most serious problems by using the conventional aqueous
solutions of electrolytes were discussed in our previous publica-
tions of the investigation of methanol solutions of electrolytes.1,2

Using methanol as a refrigerant in absorption systems reduces
these problems and can replace aqueous solutions at tempera-
tures below the freezing point of water.

In the present work, the (p, F, T) properties and apparent
molar volumesVφ of the ZnCl2 in methanol atT ) (298.15 to
398.15) K and pressures up top ) 40 MPa are reported. An
empirical correlation for the density of the (ZnCl2 + CH3OH)
with pressure, temperature, and molality has been derived. The
(p, F, T) properties and apparent molar volumes of ZnCl2 in
methanol solutions were not available in the literature.

Experimental Section

The (p, F, T) properties were investigated using a high
pressure-high temperature vibrating-tube densimeter.2,3 The
observed reproducibility and estimated maximum uncertainty
of the density measurements betweenT ) (298.15 to 398.15)
K and up top ) 40 MPa is withinF ) ( 0.05 kg‚m-3 andF
) ( 0.2 kg‚m-3, respectively. This leads to maximum relative
uncertainties of( 0.03 % for the performed measurements for
the solutions. For the pressure measurement, a pressure trans-
ducer (model PDCR 922 up to 60 MPa, from Druck, Leicester,
England) is used. The accuracy after calibration with a dead-
weight pressure gauge was estimated to be better than( 6 kPa.
The calibrated (ITS-90) Pt100 temperature sensors installed
show a resolution of( 3 mK and an accuracy of( 30 mK,
while the thermostat has a stability of( 20 mK.

ZnCl2 (w > 0.998) was supplied from Merck, Germany, and
was used without further purification. Before experiment, the

salt was dried about 72 h in a special cell by heating at 413.15
K and reduced pressure. To prevent absorption of water,
preparation of salt solutions has been performed in a glovebox.
The samples were obtained by successive dilutions of the
concentrated solutions. Methanol (w > 0.998) was supplied from
the Carl Roth Company and was degassed by vacuum distillation
using a Vigreux column with a height of 90 cm. The final purity
of the methanol was checked by gas chromatography (w >
0.999) and Karl Fischer titration (water content< 50 ppm).
The solutions were prepared by mass using an electronic scale
with resolution of 0.0001 g.

Results and Discussion

In this work, the (p, F, T) properties and apparent molar
volumesVφ of ZnCl2 in methanol atT ) (298.15 to 398.15) K,
at pressures up top ) 40 MPa are reported. The experiments
were carried out atm ) (0.13476, 0.47677, 0.80178, 1.03861,
1.97685, and 5.36750) mol‚kg-1 of ZnCl2. The obtained (p, F,
T) results are listed in Table 1.
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Figure 1. Plot of experimental densityF of methanol solutions of ZnCl2

vs pressurep at m ) 0.80178 mol‚kg-1: [, 298.27 K;9, 323.23 K;2,
348.27 K;b, 373.29 K;0, 398.32 K.
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Using a program for standard thermodynamic analysis to
describe the (p, F, T) properties of methanol solutions of ZnCl2,
the equation of state (eq 1) from ref 1 was used:

The coefficients of eq 1 (A, B, and C) are functions of
temperature and molalitiesm: The aij, bij, andcij are the coefficients of the polynomials, and

they are given in Table 2. Equations 1 to 4 are described our
experimental results with( 0.006 % average deviation. During
the molality m dependence of experimental results, the (p, F,
T) properties of methanol from ref 2 were used. The statistical,

Table 1. Experimental (p, G, T) Results of the (ZnCl2 + CH3OH)

p/MPa F/(kg‚m-3) p/MPa F/(kg‚m-3) p/MPa F/(kg‚m-3) p/MPa F/(kg‚m-3) p/MPa F/(kg‚m-3)

m ) 0.13476 mol‚kg-1

T ) 298.27 K T ) 323.24 K T ) 348.27 K T ) 373.30 K T ) 398.33 K
0.205 801.32 0.209 777.17 0.308 752.15 0.533 725.48 0.893 695.88
5.004 805.97 4.990 782.51 4.989 758.25 4.995 732.41 4.994 703.77

10.000 810.57 10.003 787.77 9.993 764.30 9.985 739.51 9.984 712.39
15.010 814.96 14.999 792.71 14.999 769.95 15.001 746.08 14.988 720.18
20.007 819.13 20.000 797.39 19.998 775.25 19.986 752.14 19.984 727.30
24.999 823.11 24.994 801.85 24.994 780.25 24.992 757.83 25.003 733.89
30.002 826.95 29.993 806.09 29.998 785.01 29.985 763.18 29.996 740.01
34.993 830.61 35.007 810.14 34.998 789.52 35.008 768.23 34.993 745.75
40.006 834.16 39.997 814.00 39.998 793.81 39.993 773.04 39.989 751.12

m ) 0.47677 mol‚kg-1

T ) 298.28 K T ) 323.23 K T ) 348.26 K T ) 373.29 K T ) 398.32 K
0.188 833.84 0.207 808.23 0.320 782.80 0.527 755.90 0.908 726.55
4.994 838.00 4.985 813.47 4.983 788.73 4.990 762.64 4.981 734.09

10.004 841.99 9.994 818.67 9.998 794.70 9.984 769.58 9.983 742.44
14.982 845.90 14.982 823.55 14.985 800.24 14.985 776.00 14.993 750.05
20.018 849.66 19.995 828.21 19.989 805.48 19.987 781.98 19.994 757.02
25.032 853.57 24.999 832.65 24.996 810.44 24.985 787.59 24.992 763.47
30.004 857.56 29.987 836.86 29.985 815.14 30.012 792.89 30.005 769.51
34.993 862.15 35.003 840.94 34.987 819.64 34.987 797.89 34.992 775.14
39.997 866.01 39.994 844.83 40.007 823.94 40.000 802.68 40.002 780.53

m ) 0.80178 mol‚kg-1

T ) 298.27 K T ) 323.23 K T ) 348.27 K T ) 373.29 K T ) 398.32 K
0.170 861.37 0.233 835.94 0.328 810.17 0.523 783.25 0.907 754.11
4.996 865.98 4.983 841.09 4.999 816.01 4.994 789.83 4.988 761.40
9.995 870.53 10.002 846.25 9.992 821.86 9.984 796.61 9.984 769.52

15.000 874.88 15.002 851.11 14.985 827.35 15.005 802.94 14.994 776.95
20.001 879.03 19.999 855.74 19.994 832.56 20.005 808.85 19.982 783.77
24.988 883.01 24.989 860.16 24.989 837.48 24.990 814.38 25.006 790.16
30.004 886.87 29.989 864.40 29.987 842.17 29.997 819.65 29.994 796.10
34.992 890.56 34.998 868.48 34.988 846.66 34.983 824.61 35.011 801.72
39.997 894.15 39.995 872.40 39.999 850.97 39.991 829.37 39.992 807.01

m ) 1.03861 mol‚kg-1

T ) 298.28 K T ) 323.23 K T ) 348.27 K T ) 373.29 K T ) 398.31 K
0.203 881.26 0.220 855.22 0.330 829.39 0.536 802.51 0.904 773.50
4.985 885.56 4.994 860.28 4.994 835.08 4.988 808.88 5.004 780.59
9.997 889.93 10.005 865.32 10.000 840.82 9.995 815.55 9.993 788.48

14.987 894.12 14.999 870.09 14.987 846.22 15.009 821.76 14.985 795.70
19.985 898.15 20.003 874.64 20.003 851.34 20.001 827.53 19.982 802.38
25.003 902.02 24.990 878.98 24.994 856.19 24.989 832.97 24.984 808.61
30.007 905.80 30.007 883.18 30.014 860.81 29.993 838.14 29.996 814.47
34.983 909.40 34.989 887.17 34.990 865.23 34.984 843.03 35.010 819.97
39.991 912.90 39.991 891.04 39.991 869.48 39.990 847.71 39.997 825.19

m ) 1.97685 mol‚kg-1

T ) 298.27 K T ) 323.24 K T ) 348.27 K T ) 373.29 K T ) 398.32 K
0.205 959.59 0.230 931.65 0.305 904.26 0.527 876.84 0.905 848.36
5.014 963.97 4.993 936.57 4.984 909.72 5.003 882.85 4.985 854.80
9.996 968.35 9.985 941.48 9.985 915.25 9.986 889.12 9.999 862.15

14.997 972.58 14.998 946.20 14.992 920.51 15.009 895.06 15.019 868.94
19.989 976.63 19.999 950.72 19.986 925.50 20.012 900.64 19.996 875.28
24.993 980.56 24.989 955.05 24.987 930.28 25.001 905.94 25.009 881.23
29.990 984.35 29.990 959.23 29.990 934.86 29.988 910.98 29.990 886.89
35.014 988.04 35.001 963.27 34.985 939.27 34.997 915.82 35.014 892.27
39.994 991.58 39.997 967.17 39.993 943.53 39.997 920.45 39.988 897.37

m ) 5.36750 mol‚kg-1

T ) 298.27 K T ) 323.24 K T ) 348.27 K T ) 373.29 K T ) 398.32 K
0.200 1205.67 0.209 1172.87 0.335 1141.63 0.535 1112.11 0.899 1083.75
4.983 1209.53 4.999 1177.21 4.982 1146.29 4.986 1117.02 5.002 1088.78
9.992 1213.48 9.997 1181.61 9.992 1151.14 10.002 1122.33 9.988 1094.64

14.995 1217.30 15.002 1185.89 15.020 1155.81 14.990 1127.43 15.018 1100.25
19.988 1221.03 19.998 1190.03 20.001 1160.36 20.008 1132.37 20.003 1105.62
24.996 1224.68 24.989 1194.06 25.001 1164.74 25.001 1137.12 24.989 1110.77
29.994 1228.21 30.001 1197.99 30.011 1169.01 29.994 1141.72 29.999 1115.75
34.996 1231.68 34.987 1201.80 34.990 1173.15 34.986 1146.17 35.003 1120.56
39.994 1235.10 39.995 1205.55 39.984 1177.19 39.995 1150.53 39.994 1125.22
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absolute, and average deviations of fitting by eqs 1 to 4 are
presented in Table 3. Figures 1 to 3 show the plot of pressure
of the (ZnCl2 + CH3OH) versus density atm ) 0.80178

mol‚kg-1, pressure versus density atT ) 298.15 K, and
deviations of experimental density from calculated density
versus pressure.

The graphical analysis of the temperature dependence of the
coefficients of eq 1 revealed that, atT f Tc, A f 0. Such a
behavior of A ) f(T) may be explained by the fact that,
according to Putilov,5 the first term on the right-hand side of
eq 1, AF2, is the attractive force (attractor pressure), and the
second and third terms are the repulsive force (repulsive
pressure). As the temperature rises, the spacing between
molecules increases, which contributes to a decrease in the
attractive force. As the attractive force tends to zero (A f 0),

Table 2. Values of the Coefficientsaij, bij, and cij in Equations 1 to 4

aij bij cij

a10) -3.2320574273 b00) -1477.925642552 c00) -1380.64064
a11) 31.1317287076 b01) 286352.1656083 c01) -494179.9917153526
a12) -421.992228948 b02) -2651482.16388571 c02) 4679325.534965326
a13) 1042.4065547565 b03) 6135248.272333951 c03) -10845143.9673409
a14) -952.592801854 b04) -5528630.590143065 c04) 9756652.812321812
a15) 339.898612167 b05) 1969416.312510314 c05) -3469682.188901562
a16) -36.500223852878 b06) -211560.332348847 c06) 372375.69140993
a20) 1.40111335262‚10-2 b10) 12.130167272 c10) 19.552432301
a21) -8.10758‚10-2 b11) -2765.71218910273 c11) 4517.45214244155
a22) 1.6862214 b12) 26010.72725075362 c12) -43212.4546402518
a23) -4.35497186 b13) -60377.39067149046 c13) 100344.112888808
a24) 4.009522573 b14) 54444.49307483342 c14) -90316.41207528222
a25) -1.43034389078 b15) -19395.45094714807 c15 ) 32121.92666262618
a26) 0.1534603705 b16) 2083.45052993937 c16) -3447.480837585364
a30) -2.30426‚10-5 b20) -1.812152‚10-2 c20) -7.443132332‚10-2

a31) -2.0394195‚10-4 b21) 8.508135242 c21) -13.361786362
a32) -2.527559864‚10-4 b22) -80.96712412515407 c22) 128.73553972
a33) 1.602673‚10-3 b23) 188.3622675198797 c23) -299.3369197708
a34) -1.6178404‚10-3 b24) -169.9367631086781 c24 ) 269.51208602198
a35) 5.75543597306‚10-4 b25) 60.54255859374153 c25) -95.8612056870612
a36) -6.10858737‚10-5 b26) -6.503394322434008 c26) 10.28840125167783
a40) 1.6126218‚10-8 b30) 1.0961‚10-5 c30) 8.544351‚10-5

a41) 5.276624‚10-7 b31) -8.467978661416‚10-3 c31) 1.288067662334561‚10-2

a42) -3.289147786‚10-6 b32) 8.11769955405‚10-2 c32) -0.1246624482824
a43) 6.867150914471‚10-6 b33) -0.1891254685 c33) 0.2900941008840552
a44) -6.078608884437‚10-6 b34) 0.17067851958934 c34) -0.2612296506270426
a45) 2.171218215735‚10-6 b35) -6.0808567190033‚10-2 c35) 9.291544596564023‚10-2

a46) -2.34086431973426‚10-7 b36) 6.531880767726‚10-3 c36) -9.972100295663517‚10-3

Table 3. Statistical, Absolute, and Average Deviations of Equations
1 to 4

molality,
m/(mol‚kg-1)

standard
deviationa

absolute
deviationb

maximum
absolute
deviation

average
percent

deviationc

0.13476 0.002 0.008 0.03 0.0011
0.47677 0.033 0.180 0.60 0.0222
0.80178 0.001 0.007 0.02 0.0009
1.03861 0.003 0.015 0.06 0.0018
1.97685 0.002 0.008 0.03 0.0008
5.36750 0.006 0.036 0.09 0.0032

a-c The equations of deviations are available in ref 2.

Figure 2. Plot of experimental densityF of methanol solutions of ZnCl2

vs pressurep at T ) 298.15 K: 0, m ) 0 (from ref 3);[, m ) 0.13476
mol‚kg-1; 9, m ) 0.47677 mol‚kg-1; 2, m ) 0.80178 mol‚kg-1; b, m )
1.03861 mol‚kg-1; ], m ) 1.97685 mol‚kg-1; 4, m ) 5.36750 mol‚kg-1;
s, calculated by eqs 1 to 4.

Figure 3. Plot of deviations of experimental densityFexp from the calculated
by eqs 1 to 4 densityFcal vs pressurep: 4, m ) 0.13476 mol‚kg-1; 0, m
) 0.47677 mol‚kg-1; b, m) 0.80178 mol‚kg-1; 2, m) 1.03861 mol‚kg-1;
[, m ) 1.97685 mol‚kg-1; 9, m ) 5.36750 mol‚kg-1.
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molecules under the effect of the repulsive force are capable of
displacement. The extent of their displacement is defined only
by the density of the substance (i.e., external pressure). As a
result, the aggregate state changes. Note that the form of eq 1
was derived from Putilov’s molecular kinetic theory.5

The apparent molar volumesVφ of ZnCl2 in methanol were
defined6 by eq 5 and are listed in Table 4:

whereFm andFs are densities of methanol and solutions,m is
the molality of solution, andM is the molar mass of the
dissolved ZnCl2. The calculations were carried out using the
density results of methanol and solution at the same temperatures
and pressures.

The maximum relative uncertainty4 δVφ in the Vφ determi-
nation by the investigated concentrations are as follows:δVφ

) (3.12, 1.01, 0.62, 0.49, 0.27, and 0.10) %, respectively. Figure
4 show the plot of the apparent molar volumesVφ of ZnCl2 in
methanol versusm at T ) 323.15 K and various pressures.
Figure 5 shows the plot of the apparent molar volumesVφ of
ZnCl2 in methanol versusT at m ) 0.13476 mol‚kg-1 and
various pressures.

Conclusion

For the first time, the (p, F, T) properties and apparent molar
volumesVφ of ZnCl2 in methanol atT ) (298.15 to 398.15) K
and pressures up top ) 40 MPa are reported. An empirical
correlation for the density of investigated solutions with
composition, pressure, and temperature has been derived. The
measured volumetric results are useful for the absorption
refrigeration machines and heat pumps.
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