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ABSTRACT

The enthalpies of solution of NaCl, KCl, KBr, KNO, and CslI have been measured in
mixtures of acetamide with water at 298.15 K in the miscibility range. The standard
enthalpies of solutions (AH®) of the investigated electrolytes have been evaluated. The
corresponding enthalpies of solvation (A H?) and enthalpies of transfer (A H) from water to
water—acetamide mixtures have been calculated. The dependence of the standard enthalpies
of solution and enthalpies of transfer of the investigated electrolytes on the solvent composi-
tion is discussed.

INTRODUCTION

Amides are of considerable interest due to their ability to dissolve various
substances. For this reason they are used as solvents in a variety of
technological processes. Owing to their high electrical permeability they are
also good solvents of electrolytes. In particular, molten acetamide has been
found to be a particularly good solvent of electrolytes [1]. Very recently, the
enthalpies of solution of some electrolytes in the molten acetamide were
reported [2]. It has been shown [2] that the thermodynamic similarity of
molten acetamide to water used as a solvent of electrolytes may be related to
the fact that the three-dimensional network of H-bonds existing both in
crystalline acetamide [3-5] and in ice remain in the liquid state [6]. For this
reason, it seemed interesting to measure the enthalpies of solution of chosen
electrolytes in water—acetamide mixtures. In the present investigation, the
enthalpies of solution of NaCl, KCl, KBr, KNO, and Csl were measured in
binary mixtures of acetamide and water in the miscibility range at 298.15 K.

EXPERIMENTAL

Acetamide (Xenon, A.R.) was crystallized twice from ethanol and dried
under reduced pressure at 333 K. The melting point of acetamide was
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81-82°C (354.15-355.15 K) which is in good accordance with literature data
[7]. The electrolytes were purified and dehydrated by the usual methods. The
solvent mixtures were prepared by weighing using double-distilled water.

The enthalpy of solution was measured using an “isoperibol” calorimeter.
The calorimeter consisted of a 200-cm’ glass vessel with a tightly fitting
teflon stopper. The calorimetric vessel contained two thermistors (10 kohm
each) encased in stainless chromed steel, a glass stirrer and a calorimeter
heater made from constantan wire (R = 14 ohms). The stirrer ended with a
funnel for attaching a thin-walled glass ampoule containing the investigated
salt. The ampoule was crushed against the bottom of the calorimetric vessel.
A speed-controlled motor drove the stirrer. A heater coil immersed in
paraffin oil and contained in a thin glass tube was used for calibration. The
energy for the heater was furnished by a power supply (type ZT-980-2M,
Unitra-Unima, Poland). The current was determined by measuring the
potential drop across a standard 1-ohm resistance in series with the heater by
means of digital voltmeter (type V540, Mera-Tronik, Poland). The time of
heating is given by an electronic centisecond stopclock synchronized with the
heater switch. Electrical calibration was performed after each experiment.
The calorimeter was placed in a thermostated water bath. The temperature
of this bath was regulated at 298.15 + 0.005 K. The calorimeter temperature
was measured by a thermistor system. The thermistors were connected to an
astable multivibrator system generating a rectangular wave whose frequency
is a function of the temperature inside the calorimeter vessel. Changes in the
frequency of the wave were determined using a digital frequency meter (type
PFL-21, Kabid, Poland) with a digital readout. The temperature sensitivity
was 1x107* K. The calorimeter was checked for overall accuracy by
measurements of the heat of solution of KCI(s) in water. The mean of four
determinations corrected to a molar ratio of 1:200 for KCl/H,O (17.25 +
0.05 kJ mol™!) deviated 0.2% from the average based on literature data
(17.234 kJ mol~?) [8,9]. In general, two or more determinations were made
for a particular concentration and the results were averaged.

RESULTS

The enthalpies of solution of the investigated electrolytes have been
measured over the concentration range 0.01-0.2 mol 17!, The results of the
measurements of the integral enthalpies of solution in water—acetamide
mixtures are given in Tables 1-5. The plots of the integral enthalpy of
solution (AH_,) vs. the square-root of the concentration of the investigated
electrolytes are linear and they have been extrapolated to zero concentration
for evaluation of the standard enthalpies of solution (A H®). The lack of the
necessary data makes it impossible to calculate AH® by the Criss—Cobble
method [10]. The values of the standard enthalpies of solution of the
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Fig. 1. The standard enthalpy of solution (AH,,) of some electrolytes in water—acetamide
mixtures as a function of the mole fraction of AcNH, at 298.15 K.

investigated electrolytes in water—acetamide mixtures are given in Table 6
and they are presented as a function AH® = f(x) in Fig. 1.

The enthalpies of solvation (AH?) for all the investigated electrolytes
have been calculated from the standard enthalpies of solution (AH°) and
lattice enthalpy (AH_,,, ) using the relation

—AH?=AH

cryst.

ryst.

AH® (1)

The lattice enthalpies of the alkali halides at 298 K are taken from the
literature [11). The value of AH_,, for KNO, was calculated from Krestov
and Zverev’s data [12].

Finally, Table 7 lists the enthalpies of solvation of the investigated
electrolytes both in water and water—acetamide mixtures calculated in accor-
dance with eqn. (1). Using the values of AH® or AH? of the investigated
electrolytes in water and water—acetamide mixtures the enthalpies of trans-
fer, AH,O, from water to water—acetamide mixed solvents can be calculated.
Thus

AH(O = AH(Oms) - AI{((iiv) = AHS(zmS) - AHSQW) (2)

In eqn. (2), AHQ(AHZ,,) and AHS, (AHY,,) are the enthalpies of solu-
tion (enthalpies of solvation) at infinite dilution of the salt in the mixed
solvent, ms, and in water, w, respectively. The dependence of the enthalpies
of transfer, AH?, of the investigated electrolytes in water—acetamide mix-

tures on the solvent composition is presented in Fig. 2.

ryst.
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TABLE 7

The enthalpies of solvation, — AH?, of some electrolytes in water—acetamide mixtures at
298.15 K (kJ mol™1)

Electrolyte Water Swt% 15 wt% 30 wt% 50 wt%
(1.58 mol%)  (5.10 mol%) (11.55 mol%) (23.36 mol%)
AcNH, AcNH, AcNH, AcNH,
NaCl 773.8 773.9 774.1 774.4 775.2
Nal 696.2 696.4 697.3 698.4 700.8
KCl 689.7 689.8 690.2 690.8 691.9
KBr 655.6 655.8 656.6 657.8 660.1
KNO, 652.5 652.8 653.5 654.7 656.8
Csl 554.2 554.5 556.0 558.0 561.8
y
0 04 02
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Fig. 2. The enthalpy of transfer (A H?) of some electrolytes in water—acetamide mixtures as a
function of the mole fraction of AcNH, at 298.15 K.

It is known that the enthalpy of solvation of the salts is additively built up
from the individual values of the ions. This is demonstrated by the constant
difference of the enthalpies of solvation of salts with one common ion. From
the obtained values of AH? of the investigated salts in water—acetamide
mixtures, it is possible to calculate the values of the enthalpies of solvation
of non-investigated salts (NaBr, NaNO,, KI, CsCl, CsBr). Thus

A Hnapy = AHgnacy + AHgxpn — AHgy e
A Hgery= AHgxcry + AHgnan — A Hinac
AHgcgon = AHgcqg, + AHS(()NaCl) A H gy (3)
AH(CsBr) = AH(CS,) +AH (KBr) AHS(KI)

AI{s(NaNO Yy AI{s(NaCI) + A (KNO ) AI—I(KLI)
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The values of the standard enthalpy of solution for Nal in water—acetamide
mixtures are taken from the literature [14]. From these values of AH? for
NaBr, NaNO,, KI, CsCl and CsBr in water—acetamide mixtures and AH? in
water it is possible to calculate the standard enthalpies of solution of NaBr,
NaNQO,, KI, CsCl and CsBr in water—acetamide mixtures. The values of
AH® and AH_ of these salts in water—acetamide mixtures are given in Table
8.

DISCUSSION

The relationship between the standard enthalpy of solution, AH°, of the
investigated electrolytes in water—acetamide mixed solvent and the composi-
tion of the solvent for all salts is shown in Fig. 1. As it can be seen from Fig.
1 the course of the function AH® = f(x) of the investigated electrolytes in
water—acetamide mixtures is linear suggesting that interactions between
water and acetamide molecules in the mixed solvent are very weak and that
the enthalpy of solution at infinite dilution of the salts is proportional to the
mole fraction of acetamide in the mixed solvent. Therefore, one can draw the
conclusion that the structure of water—acetamide mixtures changes gradu-
ally. Moreover, it can be noted (see Fig. 1) that the standard enthalpies of
solution (AH®) of the electrolytes in water—acetamide mixed solvents are
more exothermic as the acetamide content in the mixed solvent increases.

These more exothermic enthalpies of solution of salts in water—acetamide
mixtures indicate a stronger interaction of the electrolyte with the mixed
solvent than those in water.

The course of the functions AH®=f(x) of Nal in water-formamide
[18,19], water—N, N-dimethylformamide (DMF) [18,20] and water—-DMSO
[21,22] mixtures are expressed by monotonous curves with no extrema. The
extrema were observed in the case of mixtures of alcohols with water
[23-27], acetonitrile-water [28] and acetone—water [29]. It may be supposed
that none of the factors responsible for the extrema which appear in the
systems referred to the above ordering of water structure in the mixtures of
alcohols with water. Complex formation in the case of acetonitrile and
acetone, etc., plays a distinct role in the amide-water systems. Probably, on
adding amide (F, AcNH,, DMF) to water, the three-dimensional network of
H-bonds in water is gradually destroyed and water—amide associates are
being continuously formed. In the formamide-water system the structure of
the mixed solvent is labile [30,31], while in case of water—-DMF mixtures,
associates of definite composition can be discerned [32-34]. In water—tetra-
hydrofuran (THF) mixtures the maximum of the standard enthalpy of
solution for Nal occurs within the range 0.035-0.045 mole fraction THF
[35], but in the case of NaCl this maximum does not occur [35-37]. The
reason for the lack of a maximum for the NaCl solution is not clear. It seems
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TABLE 9

Transfer parameters for various electrolytes from water to water—acetamide mixed solvent at
29815 K

NaCl 0.057 KBr 0.194
Nal 0.195 KNO, 0.185
KCl 0.094 Csl 0.324

that the enthalpy of transfer (AH?) is the function which better reflects the
interactions between dissolved electrolyte and solvent. As it is seen from Fig.
2 the values of the enthalpy of transfer for the investigated electrolytes are
more exothermic in the water—acetamide mixed solvents than those in water
and they increase as the content of acetamide in the mixed solvent increases.
Moreover, the dependence AH”=f(x) in the case of water-acetamide
mixed solvents is linear. It is thus implied that A H may be expressed by the
equation AH? = ax, . Where x,.np. is the mole fraction of acetamide in
the mixed solvent. ) )

From experimental data on the enthalpy of transfer, the slopes (coefficient
a) of these lines can be calculated. They are summarized in Table 9. The
coefficient @ may be regarded as a measure of the interaction between the

20

~24 ¥+

-284

y

Fig. 3. The enthalpy of transfer (A H?) of Nal 1n several water—organic mixed solvents as a
function of the mole fraction of the non-electrolyte at 298.15 K.
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electrolyte and the mixed solvent. From the obtained values it follows that
the interaction between the dissolved electrolyte and the water—acetamide
mixture rises as the size of the ion grows, and for cations and anions. Hence,
Csl introduced into water—acetamide mixed solvents strongly disturbs the
structure of the mixed solvent but NaCl acts only weakly.

For comparison, the course of AH? for Nal in several water—organic
solvents as a function of the mole fraction of the non-electrolyte are
presented in Fig. 3. As we can see from Fig. 3 the course of the function of
AH? =f(x) for methanol-water (and other alcohols) and THF-water is
completely different than for the remaining systems. The dependence of
AH? on the composition of the mixture for DMF-water and DMSO-water
is nearly identical. It is in agreement with the opinion that DMSO is an
aprotic dipolar solvent, and shows, to a fair extent, the same solvent
properties as DMF. The interaction of Nal with water—acetamide mixtures
is smaller than those in F-water, DMSO-water and DMF-water sys-
tems.
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