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°C are known (Table V), the single parameter used for (Na™*)
represents the solubilities well up to about 1.5 M and within
10-15% at higher concentrations. Similarly, the data of Fe-
dotieff ( 10) for solubility in aqueous CuCl, at 19 °C and those
of Kreman (17) for solubility in aqueous FeCl, at 25 °C can be
represented with similar precision for concentrations producing
solubllities in the same range as for the complex mixtures, with
deviations at higher and lower concentrations. The overall
indications are that the parameters given could be applied
successfully to any mixture where the concentration of ions falls
in the ranges displayed in Table X, and probably to substantially
wider ranges. The method ltself should be applicable to a much
wider range of solutions wherever experimental data are
available for determination of the parameters required for other
cations or anions.

General Discussion

The results presented in Tables IV and V for aqueous HCI
and aqueous NaCl, respectively, should be as precise as any
existing solubility data for CuCl in the temperature range 10-40
°C. The equilibrium constants, the heats of solution, and the
virial parameters presented in Tables I and IIl will permit
calculation of solubilities at concentrations not listed (up to 6
M) for this same temperature range. At temperatures below
10 °C or above 40 °C, the predictions become much less
certain, because of uncertainties in the heats of solution and
because of possible temperature dependence of the virial pa-
rameters. There is need for data of good precision above 35
°C on at least one system to settle the problem of temperature
dependence. In using the parameters for calculation, no at-
tempt should be made to extrapolate them beyond the range
for which they were determined (to 6.5 M for HCl and 6.0 M for
NaCi). The HCI parameters actually make fair predictions for
solubility up to about 9 M but thereafter predict solubility to
decrease with chloride concentrations. A more extensive set
of parameters will certainly be needed to represent higher
concentration ranges.

The data sets used for selection of the parameters for HCI
and NaCl (2) contained solubilities for solutions in which the
corresponding perchlorates were present. These solubilities
were represented faithfully by the model, using virial coefficients
for the perchiorates (3) along with those for the other species
present. These solubilities were in general lower than those for
the same chloride concentrations without perchlorate, primarily

because of the increased ionic strength. It would be expected
that the same technique would give reasonable resuits for so-
lutions containing other “inert” materials, such as HNOZ;, NaNO,,
etc. Such calculations should be treated with caution, however,
since the virial parameters for the perchlorates are much more
similar to those for the chilorides than are those for other salts
of the same cation.

For prediction involving cations where solubility has not been
determined, it would be desirable to correlate the virial param-
eters for ion pairs involving the complex species with those
involving the corresponding chiorides. Inspection of Table III
shows that for the monovalent cations the §'s for the complex
species decrease with those for the chlorides, with one ex-
ception. However, there is no obvious functional correlation,
except that all 3's decrease on going to systems where the
solubility of CuCl increases. There is no obvious trend in the
third virial coefficients, C.

As demonstrated earlier, it is frequently feasible to predict
approximately the solubility of CuCl in a given medium from that
in a reference system such as aqueous HCI or aqueous NaCl,
given just a few determinations of solubility in the new system.
Care should be exercised in doing so, since the dependence
of relative solubility on concentration can vary widely, as com-
parison of the data in Tables IV-VII will demonstrate.

For mixtures in which two or more cations are present in
variable concentrations, a very large number of data points may
be required to obtain all parameters needed for detailed
treatment of the solubility. In such cases a simpler parametric
treatment (described above) following the same general lines
of approach may well be sufficient for correlation within
whatever ranges of concentration are observed.
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Excess volumes and Isentropic compressibllities have
been measured at 303.15 K for the binary systems of
acetonitrile with methyl ethyl ketone, diethyl ketone,
methyl propyl ketone, cyclopentanone, cyclohexanone,
and 2-methylcyclohexanone. Excess volumes have been
measured by the dilatometric method, and Isentropic
compressibliities have been caiculated from densitles and
veloclties of sound. The negative excess volumes and
deviations In Isentroplc compressibliities were attributed to
complex formation.
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Introduction

As a part of studies of thermodynamic properties of binary
liquid mixtures, we reported VE values for mixtures of an alkanol
with toluene (7), cyclohexylamine (2), and acetonitrile (3). Now
we report the excess volumes and the isentropic compressi-
bitities for the systems of acetonitrile with methy! ethyl ketone
(MEK), diethyl ketone (DEK), methyl propy! ketone (MPK), cy-
clopentanone, cyclohexanone, and 2-methylcyciohexanone.
The work has been taken up to study the molecular interactions,
keeping in view the resuits reported by Narayanaswamy et al.
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Table 1. Densities of Pure Substances at 303.15 K
p,gem’?
substance present work lit.
acetonitrile 0.77129 0.771 25
MEK 0.794 45 0.794 52
DEK 0.804 55 0.804 50
MPK 0.796 60 0.796 56
cyclopentanone 0.93898 0.939 02
cyclohexanone 0.93757 0.937 61
2-methylcyclohexanone 091625 0.916 32
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Flgure 1. Excess volume (VF) as a function of mole fraction (X ,) for
the systems of acetonitrile with (O) methyl ethyl ketone, (@) diethy!
ketone, and (A) methyl propyl ketone.

(3), Brown and Smith (4), and Lorimer and Jones (5).

Experimental Section

Purlfication of Materlals. Acetonitrile (BDH) was purified as
described by Putnam et al. (6). MEK (BDH), DEK (Riedel), and
MPK (BDH) were purified as given by Naidu (7). Cyclo-
pentanone (Riedel), cyclohexanone (BDH), and 2-methylcycio-
hexanone (BDH) were dried over anhydrous sodium sulfate for
2 days and then fractionally distilled. The purities of the final
samples were checked by comparing measured densities at
303.15 K with those reported in the literature (8). The data are
given in Table I. The agreement was within 5 X 1075 g cm™3
except for MEK and 2-methylcyclohexanone.

Procedure. Excess volumes were determined directly by the
use of a dilatometer as in our earlier work (7). Isentropic
compressibilities were calculated from precise densities and
velocities of sound determined at 303.15 K. Densities were
measured by using a bicapillary pycnometer (9), which were
accurate to 5 X 10~° g cm. Ultrasonic velocities of sound
were measured with a single-crystal interferometer at a fre-
quency of 2 MHz and were accurate to £0.15%. The mea-
surements were made at 303.15 K, and the temperature was
controlled to £0.01 K with a thermostatic bath.

Results

Excess volumes at 303.15 K for the six binary systems are
presented in Table II and are graphically shown in Figures 1
and 2. The experimental excess volumes may be expressed
by the equation

VE/(cm3 mol™") =
Xa(1= X Mao + aq(2X, - 1) + a2X, - 13 (1)

Table IL  Excess Volumes, VE (in cm?® mol ), for the Six
Systems at 303.15 K¢

XA VE XA VE
A + MEK (B)
0.1461 -0.082 0.7226 -0.128
0.2802 -0.128 0.7865 -0.105
0.3621 ~0.138 0.8391 -0.083
0.5346 ~-0.161 0.8999 -0.055
A + DEK (B)
0.1200 -0.071 0.6652 -0.128
0.2541 ~0.118 0.8001 -0.091
0.3973 ~0.146 0.8614 -0.075
0.5694 -0.144 0.8843 -0.042
A + MPK (B)
0.1104 -0.035 0.5575 -0.092
0.2678 -0.073 0.7000 -0.075
0.3273 -0.082 0.7786 -0.062
0.3902 ~0.090 0.8636 -0.041
A + Cyclopentanone (B)
0.1201 ~0.053 0.6450 -0.118
0.1988 -0.083 0.7649 -0.091
0.3461 -0.127 0.8203 —-0.080
0.4947 —~0.130 0.9163 -0.043
A + Cyclohexanone (B)
0.1199 -0.015 0.5288 —0.045
0.2241 -0.024 0.6200 -0.051
0.2999 —-0.035 0.7351 —0.047
0.3688 —0.040 0.8608 -0.026
A + 2-Methylcyclohexanone (B)
0.1660 -0.067 0.5677 ~0.093
0.2442 -0.085 0.6671 -0.080
0.3364 -0.095 0.7351 -0.071
0.4183 -0.094 .8823 -0.038

¢ A denotes the common component, acetonitrile. X4 is the
mole fraction of acetonitrile.

Table 1II. Values of Parameters in Eq 1 and the Standard
Deviations g of ¥E (in cm® mol™!)

system a, a, a, a(VE)
A + MEK (B) 0.016 -0.006 -0.628 0.004
A + DEK (B) 0.083 0.006 -0.600 0.004
A + MPK (B) 0.010 0.040 -0.375 0.001
A + cyclopentanone (B) -~0.014 -0.008 -0.525 0.005
A + cyclohexanone (B) —0.066 0.016 -0.192 0.003
A + 2-methylcyclohexa- 0.080 ~-0.095 -0.382 0.002
none (B)
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Figure 2. Excess volume (V&) against mole fraction (X,) for the
systems of acetonitrile with (O) cyclopentanone, (@) cyclohexanone,
and (A) methyl cyclohexanone.

a(VE).

Isentropic compressibilities k, were calculated from
-2,-1

ke=u"p

2)

where X, is the mole fraction of acetonitrile. The parameters
a, a4, and a, are evaluated by the method of ieast squares
and are given in Table III along with the standard deviations

where v and p denotes the velocity of sound and the density.
The values of k, were accurate to £2 TPa™'. The deviations



Table IV. Volume Fractions (p4) of Acetonitrile, Densities (p),
Sound Velocities (¢), Isentropic Compressibilities (k) Calculated

from u and p, and Kg Computed from Eq 3
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Table V. Values of Parameters in Eq 4 and Standard Deviations
o of Kg (in TPa™!)

o-

DA p.gem? u, ms' kg, TPa! K¢, TPa™! system b, b, b, (Kg)
A + methyl ethyl ketone (B) 62.42 —45.59 -62.14 1
A + MEK (B) A+ Cyclospl)entaﬁone (B) ® -4.33 —52.37 -3643 1
0.0000  0.79445 170 920 A + cyclohexanone (B) -459 -1529 -26.11 1
0.1448 0.79188 1192 889 -17
0.2497 0.79008 1202 876 -18
0.4025 0.786 94 1214 862 -17 where k,, k, ., and kg are the isentropic compressibllities of
0.5549 0.78325 1226 849 ~14 the mixture and the pure components and ¢ , and ¢ g are the
0.6043 0.78204 1230 845 -13 volume fractions. The values of K, are given in Table IV.
8:?2 ;2 8:;?3 Z); }%2; gg% ‘_1; Experimental K, values may be represented by the equation
0.9098 0.77379 1253 823 -3
10000077129 1260 8L Ky = 0u1 - Gullbo + by2bx- 1) + 64204 - 1 (4)
A + DEK (B)
0.0000 0.80455 1197 867
0.1448 0.80075 1207 857 -3 where ¢ , is the volume fraction of acetonitrile. The values of
0.2468 0.79771 1214 850 -5 the parameters b, b and b, are given in Table V along with
0.3070 0.795 80 1212 855 -6 the standard deviations o(K,) for the systems of acetonltrile with
0.3966 0.792 85 1223 843 ~4 MEK, cyclopentanone, and cyclohexanone. For the remaining
8'? ?2.5/ 8‘33? 9; }%ig g;g :; systems the method of least squares has not been used be-
07555 078039 1244 828 -1 cause of low values of K.
0.9393 0.77352 1256 819 -1
1.0000 0.77129 1260 817 Discussion
A + MPK (B)
0.0000 0.796 60 1200 872 The excess volumes for all of the systems studied are neg-
géi%g 8;3% ; é }%?8 gg; ;’ ative at all compositions. Acetonitrile is a polar solvent and has
0:381 6 02787 87 1222 850 1 the ability to form complexes. Lorimer and Jones (5) have
0.4195 0.78692 1225 847 -2 reported negative VE values for acetonitrile + trichloromethane
0.4779 0.785 41 1229 843 -3 and attributed them to complex formation. The values of VE
0.6338 0.78130 1239 834 -3 reported here suggest the complex formation between aceto-
0.7570 0.777 82 1244 829 -1 nitrile and ketones. This contention is supported by the work
0.9507 0.772 62 1256 820 -1 of Brown and Smith (4). The negative VE values for the three
10000  077t29 1260 817 aliphatic ketones fall in the order MEK > DEK > MPK. This
A + Cyclopentanone (B) order shows that the increase in chain length of an alkyl group
0.0000 0.93898 1374 564 attached to the carbonyl function decreases the interaction
8%23 8'3(1)% gg giz 2?2 :; between unlike molecules. The order for alicyclic ketones:
0.3677 0.87891 1325 648 9 cyclopentanone > 2-methyicyclohexanone > cyclohexanone
0.4217 0.869 86 1319 661 ~10 suggests that an increase in cyclic structure hinders the inter-
0.5088 0.85520 1308 683 -10 action. The higher values for methylcyclohexanone solutions
0.6343 0.83391 1296 714 -8 than cyclohexanone solutions may be due to the presence of
0.7306 081756 1264 741 -8 the methyl group which increases the negative charge on the
?'gggg 8;:{ (2)3 ggg 2(1)3 -3 oxygen atom of the carbonyl group.
’ ’ The deviations in isentropic compressibilities, K, are 2-3
A + Cyclohexanone (B) times the experimental error in all of the systems except for
0.0000 0.937 57 1388 554 the systems acetonitrile + MEK and acetonitrile + cyclo-
géggé 8'912 43 1363 590 —4 pentanone. However, the negative values in all of the cases
. .89993 1349 610 ~4 .
0.3633 0.877 67 1332 642 _7 support the complex formation (70). The order of values of K
0.4158 0.869 04 1324 656 -7 is almost similar to that observed with respect to excess vol-
0.5194 0.85181 1311 683 -7 umes.
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