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Abstract 

The melting point depression in the mixtures of acetamide-zinc acetate dihydrate was 
measured by DSC in the concentration range 0-0.331 mole fraction of zinc acetate dihydrate. 
Two sets of measurements were obtained for the two crystalline forms with different melting 
points in which the melts crystallized. Eutectic mixtures also appeared in both crystalline forms. 
From the experimental melting point depression data and relevant thermodynamic parameters 
of pure acetamide, activity coefficients of both components were calculated. The results obtained 
for the two sets of measurements agreed within + 5%. The Van't Hoff dissociation parameter 
was also calculated in the concentration range studied. 
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1. Introduction 

Molten acetamide is a very good solvent for many inorganic salts I-1, 2]. The fact that 
a large number of acetamide-  salt mixtures melt below 353 K with a high enthalpy of 
phase change makes them attractive for thermal energy storage [3, 4]. The cryoscopic 
behavior of acetamide as a solvent for organic compounds has also long been known 
1,5]. The high concentration of various solutes in molten acetamide opens up possibili- 
ties for the studies of stepwise ligand association equilibria. In order to calculate the 
thermodynamic constants of these equilibria, it is necessary to know the ther- 
modynamic activity of acetamide in the related solutions. 

In this work, activities of acetamide were calculated from melting point depression 
data obtained by DSC measurements in the mixture acetamide-zinc acetate dihydrate 
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in the concentration range 0-0.331 mole fraction of zinc acetate dihydrate. The 
activities of zinc acetate dihydrate were also calculated by a simple method based on 
integration of an analytical relation between osmotic coefficients and concentration 
[6]. 

The calculations of activities from cryoscopic data are particularly convenient in 
acetamide-salt mixtures because it was shown that both acetamide and its mixtures 
with salts can solidify from the melts in two crystalline modifications: stable (trigonal) 
and metastable {orthorombic) [3, 4, 7, 8]. 

The two crystalline forms differ in melting point and in enthalpy of fusion. Hence, 
two sets ofcryoscopic data which are required for activity calculations can be obtained 
and the two sets of the results can be compared. 

2. Experimental 

2.1. Materials 

Reagent grade acetamide (Merck product) was recrystallized with ether from 
a saturated solution in ethanol and dried under vacuum at 333 K for at least five hours. 
Melting temperatures of 353.9 + 1.2 K for the stable form and 343.1 _ 1.6 K for the 
metastable form of acetamide were obtained from DSC measurements [3]. Reagent 
grade zinc acetate dihydrate (Pliva-Zagreb product) was used without further purifica- 
tion, after its melting point of 510 _ 0.5 K was checked [9]. 

2.2. Procedure 

Appropriate quantities of the components were melted together at 363 K in 
stoppered glass vessels containing 15-20 g of each acetamide-zinc acetate dihydrate 
mixture. Samples for DSC measurements contained 1-5 mg of each recrystallized 
mixture and were sealed in volatile aluminum sample pans in a dry box. 

DSC measurements were carried out with a Perkin Elmer DSC 4 microcalorimeter 
equipped for subambient measurements. Measurements were made over 273-363 K at 
a heating rate of 5 Kmin-1.  The temperature scale of the calorimeter was calibrated 
carefully with an indium standard sample to ___ 0.2 K. The energy scale of the instru- 
ment was also calibrated with indium for various range settings to _ 0 .4J 'g-1.  The 
maxima of the endothermic peaks were taken as the melting temperatures for samples 
of mass < 2mg [10]. For larger samples, however, extrapolations from DSC were 
made according to earlier reported recommendations [11, 12]. At least three samples 
were scanned in at least three thermal cycles. 

3. Results and discussion 

The melting point depression in both crystalline forms was calculated from the 
melting temperature of pure acetamide in the stable and metastable forms and from the 
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melting temperatures of each acetamide- zinc acetate dihydrate mixture of defined 
composition. As found in earlier studies of other acetamide - salt mixtures [3, 4], in the 
mixtures studied in this work the stable crystalline form usually crystallized in samples 
prepared in quantities larger than 10 g. Samples containing a few milligrams, like those 
contained in the DSC sample pans, usually crystallized in the metastable modification 
and remained in the same modification for several months. Hence, the first melting 
diagram of each sample showed the melting point of the stable form, since it was 
obtained from the originally prepared batch of the mixture with a defined composition. 
The subsequent thermal cycles, reproduced in the DSC sample pans, showed melting 
peaks of the metastable modification with a lower melting point than the stable 
modification. Fig. 1. illustrates the difference in the melting diagrams, obtained by 
DSC, of the stable and metastable modifications of acetamide - zinc acetate dihydrate, 
containing 0.192 mol of the salt hydrate. 

Formation of a eutectic mixture was observed in both crystalline forms. The 
dependence of the melting points of the acetamide-zinc acetate dihydrate mixtures in 
the concentration range studied is shown in Fig. 2 for both crystalline forms. The 
composition of the eutectic in the stable form was 0.715 CHaCOONH24).285 
Zn(CH3COO)2"2H20, with a melting point of 312.6_+0.7K, and 0.795 CH3COO 
NH24).205 Zn(CHaCOO)2.2H20, with a melting point of 302.3 + 0.7 K. The molten 
mixtures crystallized after significant supercooling. In the DSC samples, supercooling 
exceeded 10 K, while in larger, batch samples supercooling was less than 5 K. The 
melting points of the eutectics are in the desirable temperature range for solar energy 
storage applications. Other thermophysical properties which are significant for energy 
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Fig. 1. DSC melting curves of the two crystalline forms of 0.808 CH3COONH24).192 Zn(CH3COO) 2- 
2H:O. 
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Fig. 2. The dependence of melting temperatures on the composition of CH3COONH2-Zn(CH3COO)2; 
***-stable form; (3 © ©-metastable form. 

storage (enthalpy of melting and crystallization, heat storage density, thermal stability, 
seeding) will be presented in another paper. 

The dependence of the melting points of the acetamide-z inc  acetate dihydrate 
mixtures in the concentration range studied is shown in Fig. 2 for both crystalline 
forms. The mixtures containing more than 0.33 mole fractions of the salt component 
were very viscous, crystallized very slowly and were not convenient for DSC studies. 

Cryoscopic constants K for the two crystalline forms of pure acetamide were 
calculated in an earlier work [13]. With experimental values of the melting point 
depression A T, obtained for each acetamide-  zinc acetate dihydrate mixture and with 
known values of the cryoscopic constant K, the Van't Hoff dissociation factor i, 
showing the number of solute ions in the solvent, was calculated from relation 

A T  
i - (1) 

K ' m  

where m is the molality of the zinc acetate dihydrate solute. The following values for the 
cryoscopic constant were used for evaluation of i in this work [13]: 

K = 3.99 K m o l -  t for the stable form, and 
K = 4.45 K m o l -  1 for the metastable form. 
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In Table 1 are presented the experimental values of A T and values of the factor 
i calculated from Eq. (1) for both crystalline forms. The results obtained for the two sets 
of measurements are in very good agreement. The values of the dissociation factor 
i gradually increased from nearly 3 in dilute solutions to nearly 4 when eutectic 
compositions were approached. This is an indication that in dilute solutions of the 
dihydrated zinc acetate in molten acetamide, water molecules are strongly coordinated 
to zinc ions, so that the hydrated salt acts as a pseudo-anhydrous salt with a large, 
hydrated cation. Similar behavior was observed in other studies of association equilib- 
ria with hydrated molten salts [14, 15]. With higher salt concentration, dissociation of 
the salt increases and the salt cations probably compete in association with the salt 
anions and the solvent molecules as indicated earlier from cryoscopic and ultrasonic 
measurements [16]. 

The calculation of the activity of acetamide from the DSC melting diagrams was 
made using the relation 

lnal \ RTfu ~ / t \  T 1 In (2) 

where a~ is the activity of acetamide, A Hfu s and Tfu s represent the enthalpy and the 
melting temperature of pure acetamide, T is the melting temperature of the mixture and 
A% is the difference between the molar heat capacities of acetamide in the liquid and 
solid state. Measurements of the molar heat capacity of acetamide as a function of 
temperature in both crystalline forms and in the liquid state were made using a sapphire 
sample as standard [13, 17]. Hence, variation of the activity with composition follows 

Table 1 
Variation of melting point depression and dissociation factor with the molality of Zn(CH 3COO)2.2H 20 

m A T / K  i AT/K i 
(stable) (stable) (metastable) (metastable) 

0.4555 5.3 2.92 5.6 2.76 
0.7243 9.5 3.29 
0.9958 13.5 3.40 
I. 1390 13.9 3.06 15.7 3.09 
1.5522 22.4 3.62 24.5 3.55 
1.5964 23.4 3.67 25.8 3.63 
1.6153 23.9 3.71 26.1 3.63 
1.6739 24.4 3.65 26.6 3.57 
1.7239 25.9 3.76 28.6 3.73 
1.7936 27.4 3.83 31.6 3.96 
1.8916 27.8 3.68 
2.0265 30.4 3.76 
2.1363 34.1 4.00 35.6 3.74 
2.2304 34.5 3.88 40.8 4.11 
2.5177 40.2 4.00 39.7 3.54 
2.7201 41.3 3.80 28.1 2.32 
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from the variation of the melting point with composition. The method is very simple 
and it is claimed [6] that it enables calculation of activity values to a very high accuracy 
(0.2%) provided that accurate values of the relevant thermodynamic parameters are 
known. For acetamide - salt melt systems, as mentioned earlier, two sets of parameters 
required by Eq. (2) can be obtained from DSC measurements for the two crystalline 
forms in which the melts can crystallize. 

The following values of the thermodynamic parameters of pure acetamide were used 
for calculation of the activity of acetamide 1-13]: for the stable form, A Hfu s = 15535 ___ 
600J/mol, Tfu s = 353 .9_  1.6K, Acv= 53 .76_0 .70J /mol  for the metastable form, 
A Hfu s = 13113 _ 500 J/mol-1,  Tfus = 343.1 + 1.6 K, Ac v = 50.71 + 0.70 J/mol. 

The values of al obtained from the two sets agreed within 5 % in the low concentra- 
tion range of the solute (x I < 0.8), before the eutectic composition was reached. In 
Table 2, the activity (a l) and activity coefficients (71) of acetamide in the mixtures with 
variable mole fraction (xl) of acetamide are presented for both crystalline forms. 

The activity of the solute can be calculated from known values ofacetamide activities 
by an analytical method [6], using osmotic coefficients (~b 1 ) obtained from 

In a I 
d~ - (3) 

F 

where a~ is the activity of the solvent and r is the ratio of the mole fractions of solute (x2) 
and solvent (x0. The activity of zinc acetate dihydrate (a2) was calculated from 

In a__..___2 z = dO~,~ - 1 + I '  ~ - 1 d r  (4) 
/" ~ o  r 

Table 2 

Activity and activity coefficients of C H 3 C O O N H  2 in CH3COONH2-Zn(CH3COO)2"2H20 

Xt al  71 al  ~1 
(stable) (stable) (metastable) (metastable) 

0.971 0.9235 0.951 0.9273 0.955 

0.953 0.8666 0.909 - - 
0.930 0.8151 0.876 - 

0.918 0.8101 0.882 0.8076 0.880 

0.878 0.7098 0.808 0.7144 0.813 
0.873 0.6988 0.800 0.7014 0.803 

0.871 0.6933 0.796 0.6985 0.802 

0.865 0.6879 0.796 0.6935 0.802 
0.859 0.6718 0.782 0.6742 0.785 
0.851 0.6561 0.771 0.6460 0.759 
0.840 0.6519 0.776 - - 

0,823 0.6254 0.760 - - 
0.808 0.5894 0.729 0.6100 0.755 

0.795 0.5856 0.737 0.5658 0.712 
0.751 0.5338 0.711 0.5750 0.765 
0.715 0.5243 0.733 - 
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Table 3 
Variation of osmotic coefficients of C H 3 C O O N H  2 and activity of Zn(CH3COO)2 .2H20 with mole fraction 
of Zn(CH3COO)2"2H20 

x z dp ~p In a 2 In a 2 
(stable) (metastable) (stable) (metastable) 

0.0290 2.66 2.53 0.116 0.110 
0.0484 2.82 0.249 
0.0700 2.7 l 0.410 - 
0.0823 2.35 2.38 0.482 0.465 
0.1221 2.46 2.42 0.859 0.820 
0.1226 2.47 2.44 0.907 0.867 
0.1288 2.48 2.43 0.928 0.884 
0.1352 2.39 2.34 0.980 0.933 
0.1413 2.42 2.40 1.048 1.005 
0.1487 2.41 2.50 1.126 1.082 
0.1604 2.24 1.221 
0.1774 2.18 1.399 - 
0.1920 2.22 2.08 1.577 1.486 
0.2052 2.07 2.20 1.700 1.671 

The main problem in solving Eq. (4) is the integration of the relation (q~ - 1) / r  versus 
r which was attained in two steps. Firstly, by regression with a second-degree 
polynomial of the relation r/(ck - 1) versus r, the limiting value of the osmotic coefficient 
~b was obtained at zero concentration of the solute, for both crystalline modifications. 
The coefficients of the polynomial were b(0)= 8.8406 x 10 - 3 ,  b(1)= 3.1617 × 10-1, 
b(2) = 2.1652, for the stable form; and b(0) = 8.6532 x 10- 3, b(1) = 3.9060 x 10- 1, 
b(2) = 1.7465 for the metastable form. The integration was then easily performed using 
a numericals program for integration based on the trapezoidal rule. 

In Table 3, calculated values oflna 2 for mixtures with variable mole fractions of zinc 
acetate dihydrate (x2) are presented for two sets of the results together with the 
corresponding osmotic coefficients of acetamide. 

From Table 3 it is seen that the activity of zinc acetate dihydrate dramatically 
increases with concentration, indicating again strong interactions with solvent. 

4. Conclusion 

In this work it was shown that fairly accurate values of the activity coefficients of 
acetamide can be obtained from melting point depression data in the mixture of 
acetamide-zinc acetate dihydrate. The fact that both acetamide and its molten 
mixtures with the solute can crystallize in two crystalline forms is an advantage, 
because the calculations were made from two sets of measurements. 

The activity of the solute was also calculated in the concentration range studied. The 
values obtained indicate the possibility of solute-solvent interactions. 
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The cryoscopic behavior of acetamide in this mixture is very pronounced and 
eutectic mixtures with melting temperatures of 312.6 _+ 0.7 K for the stable form and 
302.6 _+ 0.7 K for the metastable form are formed. The eutectic mixtures can be of 
possible interest for solar energy storage as the latent heat of fusion. 
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