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S. M A H ~ U D D ~ N  and K. ISMAIL. Can. J. Chem. 60, 2883 (1982). 
Densities and viscosities of aqueous magnesium nitrate solutions are measured as functions of temperature and composition. The 

temperature dependence of viscosity is described by the Vogel-Tammann-Fulcher (VTF) equation. By accounting quantitatively 
for the concentration dependences of all three parameters involved in the VTF equation an improved isothermal equation is 
obtained, it describes satisfactorily the concentration dependence of viscosity. 

S. MAHIUDDIN et K. ISMAIL. Can. J. Chem. 60, 2883 (1982). 
On a mesure, en fonction de la temperature et de la composition, les densites et les viscositCs de solutions aqueuses de nitrate de 

magnesium. On decrit I'effet de la temperature sur la viscosite a I'aide de ['equation de Vogel-Tammann-Fulcher (VTF). En tenant 
compte quantitativement de I'effet de la concentration sur chacun des trois parametres impliques dans I'equationde VTF, on obtient 
une equation isotherme appropriee qui decrit d'une f a ~ o n  satisfaisante I'effet de la concentration sur la viscosite. 

[Traduit par le journal] 

Introduction 
It is known that in electrolyte solutions all 

empirical expressions (1-3) fail to explain the 
concentration dependence of viscosity at higher 
concentrations. At these concentrations, the vis- 
cosity data satisfactorily fit only Vand's (4) and 
similarly derived equations (5-8) but it is not clear 
why they work as well as they do. 

One of the approaches being used to obtain an 
isothermal equation for explaining the concentra- 
tion dependence of transport properties in glass- 
forming molten mixtures (9-1 1) is by substituting 
the empirical concentration dependences of the 
three parameters, A, B, and To, in the VTF 
equation (1 2) 

[l] q = AT1/, exp B/(T - To) 

where q is the viscosity and T is the absolute 
temperature. 

Angel1 and Bressel (13) extended this approach 
used in glass-forming molten mixtures to the 
Ca(NO,),-H,O system and interestingly found 
that a Vand's type equation could be derived from 
eq. [I]. However, in getting the isothermal equa- 
tion from [l] the concentration dependence of A 
was completely ignored and that of B was partly 
considered. Therefore, it is possible to improve the 
isothermal equation obtainable from eq. [ l]  by 

figurational heat capacity. Such a study has pro- 
vided expressions for A and B according to which 

and 

A,, B ,  , C , ,  and C, are all constant parameters for a 
particular system. C,  is the difference in the heat 
capacities of glass and liquid at To. C, is the 
difference in the slopes of the plots of heat capacity 
versus T for the glassy and liquid states. From eqs. 
[2] and [3] it is apparent that a quantitative descrip- 
tion for the concentration dependences of A and B 
is possible. 

In this paper we have studied the viscosities of 
aqueous magnesium nitrate solutions with concen- 
tration ranging from dilute to saturation point with 
a view to obtain an improved isothermal equation 
by incorporating, in light of eqs. [2] and [3], the 
concentration dependences of A and B also. 

Experimental 
BDH(ana1ar) grade magnesium nitrate hexahydrate was used 

in preparing all solutions. The water used was doubly distilled in 
a quartz distilling unit. The exact concentrations were volumet- 
rically determined at 25'C by the EDTA titration method. 
Solutions having concentrations ranging between 0.09171n (In 
= molality) and 6 . 3 6 8 2 ~ ~  (nearly the saturation point at 50°C) 
were studied. 

accounting appropriately for the concentration The viscosity measurements were made using a Hoppler 
dependences of the A and B parameters of electro- BH-2 falling ball viscometer with an accuracy of 0.5%. In this 

lyte solutions. viscometer, since the solution was sealed, the loss of water at  
high temperatures was prevented. The densities, p, of the In an paper (I4) we derived eq. solutions required for calculating their viscosities were mea- 

the Adam-Gibbs equation (15) after proper sub- sured accurate to 0.01% using a calibrated pycnometer. 
stitution for the temperature dependence of con- All measurements were made in a thermostated water bath of 

stability k0.02" (Ultra Thermostat type NBE) and at tempera- 
'To whom all correspondence should be addressed. tures ranging from 17 to 89°C. 
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FIG. 1. Plots of densities of Mg(N0,)Z-H20 systems at 20°C versus molality and molarity of Mg(NO,), (a, observed; x , 
reported). 

Results and discussion 
The measured densities of the magnesium nitrate 

solutions are found to be linear functions of tem- 
perature (Table 1) whereas their dependence on 
molality does not exhibit a linear relationship. 
Surprisingly, for the dependence of density on 
molarity, c is found to be linear in the concentration 
range studied. Such dependences of p on concen- 
tration are illustrated in Fig. 1 by plotting p versus 
tn and p versus c isotherms at 20°C. From Fig. 1 it 
may also be noted that the reported values (16) of 
densities of a few magnesium nitrate solutions at 
20°C are in good agreement to within +0.3% of the 
present values. 

The measured viscosities of aqueous magnesium 
nitrate solutions are presented as Arrhenius plots in 
Fig. 2. The non-Arrhenius temperature depen- 

TABLE 1. Parameters of the density equation p = a 
- br("C) 

Std. dev. in 
tn (mol kg-') a b x 104 p, a x 104 

dences of 7 are therefore least-squares fitted to eq. 
[I]. The values of the parameters A, B, and To  so  
obtained are listed in Table 2. 

It is clear from several studies (2, 8) that the 
viscosity of an electrolytic solution is governed by 
two types of interactions occurring in the solution, 
viz., ion-ion and ion-solvent. The contribution to 
viscosity from ion-ion interaction is described by a 
c term and that due to ion-solvent or solute-sol- 
vent interaction shows an exponential dependence 
on concentration. It has been observed empirically 
that the contribution of the c'IZ term is significant 
only at very low concentrations whereas at higher 
concentrations the exponential term due to the 
solute-solvent interaction dominates. Therefore, 
the variations occurring in the values of A, B, and 
To  as a function of concentration are considered to 
be governed predominantly by the solute-solvent 
interactions. Accordingly, an attempt has been 
made here to correlate first the variations produced 
in T o  with the hydration phenomenon. 

Hydration of the solute particles will cause the 
system to lose some of its configurational degrees 
of freedom, thereby resulting in a decrease of the 
configurational entropy, S,, of the system. As the 
concentration increases S, will therefore keep on 
decreasing. Since To  is the temperature at which S ,  
becomes zero, T o  must increase with increase in 
concentration. Accordingly, To can be related to  
the probability, p , of finding a solvent particle in the 
hydration shells of the solute particles which, of 
course, increases by increasing concentration be- 
causep = ntn/55.51 where n is the total hydration 
number of the solute. Consequently, the values of 
To  are drawn against rn and a linear plot is obtained 
(Fig. 3a), reflecting the dependence of To  on the 
hydration phenomenon of the solute. The observed 
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FIG. 2. Plots of log q versus 1/T for Mg(NO,),-H,O systems. 
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FIG. 3. Plots of In A ,  B, and To versus l/To, To, and tn ,  respectively, for Mg(NO,),-H,O systems. 
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TABLE 2. Parameters of eq. [ I ]  for the viscosity of Mg(N03)2-H20 systems (viscosity 
range in parentheses) 

Temperature range ("C) 
and viscositv Std. dev. 

/ , I  (mol kg-') range (cP). A x lo3 B To  (K) in In11 

0.0917 16.4-89.0 1.2263 614.62 134.5 1.31 x lo-' 

concentration dependence of To can therefore be 
written as 

where To(0) refers to the To value of the pure 
solvent and Ql  is the slope. The least-squares fitted 
(standard deviation in To = 0.64) values of To(0) 
and Q l  are found to be 133.48 K and 6.4441 K mol-' 
kg, respectively. It may be noted that the value 
133.48K for To of water is in agreement with the 
glass transition temperature, T, (139 K) reported 
for amorphous solid water (17). Moreover, the 
reported (9) To values of a few concentrated 
Mg(NO,),-H,O systems based on their equivalent 
conductance data are in agreement to within +5 K 
of the values of To obtained by extrapolating the 

plot of To versus tn (Fig. 30) to the corresponding 
concentrations. 

After accounting quantitatively for the concen- 
tration dependence of To, that of A can easily be 
described in light of eq. [2]. A plot of In A versus 
l/To is made (Fig. 3b) and it is found to be linear. 
The linearity of such a plot envisages the applic- 
ability of eq. [2] for describing the concentration 
dependence of A and also reveals that the B l / C ,  
value is fairly constant in the concentration range 
studied. The least-squares fitted (standard devia- 
tion in In A = 0.09) values of In A, and B, IC, are 
found to be 2.3022 and 1208.2, respectively. 

On the other hand, the B parameter, without 
showing a monotonous variation, decreases initially 
with increase in concentration up to 4.63m and 
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TABLE 3. Parameters of eq. [6] for the viscosity of Mg(NO,),-H20 systems 
- - - 

Concentration range (mol kg-') Std. dev. 
T (K) and viscosity range (cP) A o f  b' c' x 10' in Inq 

then increases (Table 2). The plot of B versus To is 
shown in Fig. 3c. According to eq. [3] the decrease 
in value of B is attributable to the increase in value 
of To as concentration increases. The linearity of 
the plot (Fig. 3c) implies that C 2 / C ,  is almost 
constant up to 4 . 6 3 ~ 1 .  Both C ,  and C 2  have been 
found by Angell and Tucker (18) to decrease with 
increasing concentration for electrolyte solutions. 
Therefore, the constancy of C 2 / C ,  must be due to 
the same rates of decrease of C ,  and C 2  up to 
4 . 6 3 ~ 1 ,  whereas the observed increase in B beyond 
4.63tn appears to be attributable to the fact that, at 
these concentrations, the value of C ,  becomes very 
low. It may be governing the value of C 2 T o / C , ,  
causing a decrease in the value of this ratio with 
increase in concentration. These trends of C 2 / C , ,  
viz., constancy up to 4 . 6 3 ~ 1  and then decrease, are 
also verified bv calculating its values with the 
knowledge of B ,  T o ,  and B;/c, from the slope of 
Fig. 36.  This kind of behaviour of B appears to 
imply a structural change around 4.63tn which may 
be a transition to quasi-crystalline structure. 

With the concentration dependences of A ,  B ,  
and To having been discussed, it is now possible to 
describe quantitatively the overall concentration 
dependence of q by the expression 

[51 q = AOTL1* exp 
Bo[1 - Q2(T,(O) + Q,m)l  

[6] q = A,' exp (b 'm + c'm2) 

where A,', b ' ,  and c '  are constants a t  a particular 
temperature. In fact, A,',  b ' ,  and c' will have 
different values below and above 4 . 6 3 1 ~ 1 .  However, 
an attempt has been made to fit the viscosity data to 
eq. [6]  in both concentration ranges 0.0917tn to 
4.62991~~ and 0.0917tn to saturation point. It is 
apparent from Table 3 that in both concentration 
ranges the least-squares fittings are equally satis- 
factory. Moreover, the linearity of the plot of logq 
versus b'tn + c'tn2 (Fig. 4) also reinforces the 
applicability of eq. [6] in explaining the concentra- 
tion dependence of viscosity in the entire concen- 
tration range studied. 

Finally, it is interesting to find that by neglecting 
the contribution of the c'm2 term eq.  [6] can be 
brought to the form of Vand's (4) as well as Angell 

where B,  = B ,  IC, and Q2 = C 2 / C , .  The values of 
B, and Q2 are, of course, different below and above i , F /  , , , , ~ 
4.63m. By approximating 1/[T - T,(O) - Q , m ]  to 0.0 0.5  1.0 1.5 2.0 

11 + Q l m / ( T  - T,(O))II(T - To(())) and l / (To(0)  + 6 rn + c'rn2 
Q l t n )  [l - Q l t n ~ T ~ ( o ) I ~ T ~ ( o ) ~  eq. f 5 1  can be FIG. 4. Plots of log q versus b'tn + c't,~' for Mg(NO,),-H,O 
reduced to a simple isothermal expression of the ,,,terns (1: br  = 0.3166. c 1  = 11.6670 x 11: b' = 0.2967. C '  
form = 14.3718 x lo-); 111: b1  = 0.3218, c 8  = 6.5556 x lo-)). 
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and Bressels' (13) equations using the relations of 
tn with molarity and mol%. It may, therefore, be 
concluded that eq. [6] is an improved isothermal 
equation for describing the composition depen- 
dence of viscosity in aqueous solutions. 

Acknowledgment 
The financial assistance from the University to 

S.M. is gratefully acknowledged. 

7. D. G. THOMAS. J. Colloid Sci. 20, 267 (1965). 
8. F .  H. SPEDDING and M. J. PIKAL. J. Phys  Chern. 70,2430 

(1966). 
9. C. A. ANGELL. J .  Phys  Chern. 70, 3988 (1966). 

10. C. A. ANGELL. J .  Chern. Phys. 46, 4673(1967). 
11. N. ISLAM and K. ISMAIL. J. Phys. Chern. 80, 1929 (1976). 
12. H. VOGEL. Physik. Z. 22,645 (1921); V. G. TAMMANN and 

W. HESSE. Z. Anorg. Allg. Chern. 156, 245 (1926); G. S. 
FULCHER. J. Am. Chern. Soc. 8, 339 (1925). 

13. C. A. ANGELL and R. D. BRESSEL. J .  Phys. Chern. 76,3244 
(1972). 

14. S. MAHIUDDIN and K. ISMAIL. TO be  published. 
1. A. EINSTEIN. Ann. Phys. 19,289 (1906); 34, 591 (1911). 15, G ,  ADAM and J. H .  GIBBS. J. Chern. Phys. 43, 139 (1965). 
2. G. and M. J .  2950(1929). 16. J. A. DEAN (Editor). Lange's handbook of chemistry. 1 l t h  
3. S. P. MOULIK. J. Phys. Chern. 72,4682 (1%8). Ed. McGraw Hill, New York. 1973. 
4. V. VAND. J. Phys. Colloid Chern. 52, 277 (1948); 52, 300 17, J.  A,  M C M I L ~ ~ ~  and S ,  C, Los, Nature, 206,806 (1965). 

(1948); 52, 314 (1948). 18. C. A. ANGELL and J. C. TUCKER. J .  Phys. Chern. 84, 268 
5. E.  MOONEY. J.  Colloid Chern. 6, 163 (1951). 
6. J. PADOVA. J. Chern. Phys. 38, 2635 (1963). 

(1980). 




