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Standard Potentials of Silver-Silver Bromide Electrode in Propylene
Glycol-Water Mixtures at Different Temperatures and the Related

Thermodynamic Quantities

V. Venkateswara Sastry and C. Kalldas*

Department of Chemistry, Indian Institute of Technology, Madras —600036, Indla

Standard electrode potentials of the sliver—silver bromide
electrode were determined in the temperature range
15-45 °C In 20-90 wt % propylene glycol-water mixtures
by emf measurements of the cell Pt,H (g, 1

atm)/HBr(m ),propylene glycol (x )-water (y )/AgBr-Ag.
The standard molal potentlal, ,E°,, In the varlous solvent
mixtures has been expressed as a functlon of
temperature. The primary medium effect, the mean molal
activity coefficient, and the various thermodynamic
parameters for the transter of the HBr from water to these
solvent mixtures at 25 °C have been reported. The
varlation of the thermodynamic parameters with solvent
composition has been discussed. The number of water
molecules coordinated to HBr, n, was calculated from the
slope of the linear plot observed between AG,°, and -RT
In ¢, (¢, = volume fraction of water).

Introduction

In continuation of our earlier investigations (7-4) on elec-
trolyte—solvent interactions in mixed aqueous amphiprotic sol-
vents, the present work deals with the determination of standard
potentials of the silver—silver bromide electrode in propylene
glycol-water mixtures of varying composition which have been
utilized for the evaluation of the thermodynamic parameters
governing the transfer of hydrogen bromide and of hydrogen
and bromide ions from water to the mixed solvents (aquo-
organic mixtures). Although such measurements on galvanic
cells involving hydrogen and silver-silver bromide electrodes
have been reported in a few amphiprotic solvent-water mix-
tures (4-7), no data are available in propylene glycol-water
mixtures. It may be pointed out that such studies are useful,
not only to elucidate the nature of the electrolyte-solvent in-
teractions but also for an understanding of ion solvation in mixed
solvents employing suitable extrathermodynamic assumptions
(16). The emf data of the following celi

Pt,H,(g, 1 atm)/HBr(m),propylene glycol (x)}-water (y)/AgBr-
Ag (1)

in the composition range 20-80 wt % propylene glycol-water
mixtures and in the temperature range 15-45 °C were re-
ported.

Experimental Section

The purification of the solvents and the preparation of the
silver—silver bromide and hydrogen electrodes are similar to
those described earlier (4, 8). The stock solutions of aqueous
HBr were prepared from triple-distilled water over an all-glass
apparatus and HBr (BDH) which was freshly distilled twice be-
fore use. All solutions were prepared by weight. The molality
of HBr in the experimental solution was determined by titration
against aqueous sodium hydroxide which was previously
standardized with a standard solution of potassium hydrogen
phthalate. The experimental setup and the procedure used for
the emf measurements are identical with those glven earlier (7).

All measurements were made with a pair of hydrogen elec-
trodes and two pairs of Ag—AgBr electrodes. The cells were
thermostated at each temperature with an accuracy of £0.1
°C. The silversilver bromide electrodes were found to be
stable over the entire temperature range, and constancy of the
cell emf within £0.05 mV over a period of 30 min was con-
sidered as an adequate criterion of equilibrium in the emf
measurements. The physical constants of the aqueous mix-
tures at various temperatures have been reported earlier (79).

Results and Discussion

The emf data of cell 1 in the various solvent mixtures, cor-
rected to a partial pressure of 1 atm of hydrogen, are given in
Table I. The standard molal potentials, (£ ° ,, of the cell in the
various solvent mixtures were determined by extrapolation of
the function

E° = E+ 2klog m - 2kA’c"? /(1 + aB’c"?) -
2k log (1 + 0.002mM,, )

= E°, - 2kbm (2)

to zero molality. Such a plot in 20 wt % propylene glycol,
which is typical of the results in these mixtures, is shown in
Figure 1. Ineqg2

k= RTIn10/F (3)

m and ¢ are the molality and molarity of HBr, respectively, A’
and B’ are the Debye-Hiickel constants on the molality scale,
a is the ion size parameter (A), b is the coefficient occurring
in the expression for activity coefficient as a function of molality,
and M, is the mean molecular weight of the solvent. In the
determination of ,£°,, a = 5 A was used in all compositions.
Table 11 gives the (£ ° , values at the various temperatures and
also £°,and ,£°,, l.e., the ,£° values on the molar and mole
fraction scale at 25 °C calculated from

% = F°,.+ 2klog d, 4)
£E°% = E°,, - 2k log (1000 /M,,) (5)

where d, is the density of the solvent. The standard error in
E®,, is about £0.2 mV in all the mixtures at different temper-
atures. The ,£°,, can be expressed as a function of temper-
ature according to

E%m = E° g0 + bt = 25) + ¢(t - 25)° (6)

where t is the temperature in degrees Celsius and b and ¢ are
empirical coefficients. These data are summarized in Table III.
The standard deviations in £ °,, calculated from eq 6, were
found to be within 0.2-0.3 mV. The stoichiometric mean molal
activity coefficients of hydrogen bromide, ,v.. referred to a
value of unity at infinite dilution in the particular solvent and
calculated according to the equation

10g oY+ = ((E°m— E)/2k - log m (7N

at 25 °C in all solvent mixtures at rounded molalities of the acid,
are recorded in Table IV. The primary medium effects of

0021-9568/83/1728-0143$01.50/0 © 1983 American Chemical Society



144 Journal of Chemical and Engineering Data, Vol. 28, No. 2, 1983

Table I. Emf Data of Cell I, Corrected for 1-atm Pressure of H,,
from 15 to 45 °C in Various Propylene Glycol-Water Mixtures®

EV
MHBrs
mol kg™! 15°C 25°C 35°C 45°C
x =20 wt%
0.003893 0.34188 0.34753 0.35229 0.35612
0.005924 0.32232 0.32709 0.33098 0.33427
0.008762 0.30560 0.30906 0.31334 0.31616
0.01004 0.29868 0.30268 0.30563 0.30780
0.01035 0.29643 0.30030 0.30349 0.30551
0.020 85 0.26932 0.26672 0.26873 0.27012
0.03699 0.23447 0.23568 0.23624 0.23552
0.05275 0.22041 0.22182 0.22253  0.22229
0.067 64 0.20871 0.20986 0.21033  0.21002
x=40 wt %
0.004614 0.32669 0.33101 0.33268 0.33288
0.006185 0.32187 0.31703 0.32035 0.32260
0.007449 030174 0.30559 0.30875 0.31098
0.009631 0.29075 0.29419 0.29687 0.29872
0.01542 0.26782 0.27051 0.27250 0.27354
0.02943 0.23838 0.24079 0.24155 0.24123
0.04317 0.21863 0.21995 0.22017 0.21995
0.05774 0.20508 0.20622 0.20601  0.204 63
0.073 16 0.19582 0.19635 0.19583 0.19374
0.08013 0.19246 0.19234 0.19191 0.18971
x=T5wt%
0.004292 0.29829 0.29801 0.29723  0.296 00
0.005832 0.28486 0.28300 0.28269 0.28103
0.007591 027359 0.27210 0.27037 0.26827
0.01447 0.24524 0.24281 0.24051 0.23727
0.02155 0.22853 0.22500 0.22239 0.21883
0.03527 0.20600 0.20289 0.19962 0.19533
0.043 99 0.19451 0.19057 0.18491 0.17755
0.05701 0.18366 0.17948 0.17554 0.17045
0.07234 0.17290 0.16820 0.16421 0.15911
x =90 wt %
0.004 735 0.25550 0.25119 0.24658 0.24202
0.007429 0.23557 0.23125 0.22675 0.22143
0.01442 0.20785 0.20277 0.19751 0.19164
0.02512 0.18252 0.17624 0.17013 0.16340
0.03341 0.17221 0.16569 0.16029 0.15332
0.046 18 0.15740 0.15088 0.14432 0.136 84
0.05542 0.15116 0.14421 0.13751 0.13027
0.06397 0.14482 0.13841 0.13108 0.12287
0.077 82 0.13606 0.12928 0.12203 0.11314

% x = weight percent of propylene glycol (g (100 g)™'). m =mo-
lality (mol kg™!).

hydrogen bromide, defined as log v+ in the various solvent
mixtures at 25 °C calculated from

|°g mYx = (wEom - sEom)/2k (8)

are also given in the same table. £°,, and ,£°,in eq 8
represent the standard emf of cell 1 on the molal scale in water
and solvent, respectively. The primary medium effect is a
measure of the free energy change associated with the transfer
of 1 mol of HBr from water to the given solvent at infinite dilution
according to

HBr(water) = HBr(propylene glycol-water mixture) (9)
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Figure 1. Extrapolation of plot of £°' (V) (eq 2) against molality of HBr
in propylene glycol-water mixtures (20 wt % propylene glycol) at
different temperatures.

The standard free energy changs, AG,°, for the process given
by eq 9 was calculated on the mole fraction scale for the
various solvent mixtures at 25 °C by using

AG\° = F(LE®N - E°) (10)

where E°, and ,£°, represent the standard emf's of celi 1
on the mole fraction scale. The transfer process (eq 9) is
assoclated with the transfer of charged species, i.e., H and
Br~ ions, from water to the mixed solvents at infinite dilution,
and it is generally agreed (8) that it consists of an electrostatic
part, AG,°,, and a nonelectrostatic part, AG,® - While the
electrostatic-transfer free energy arises mainly due to the dif-
ferences in the dielectric constants of the solvents, the non-
electrostatic part refiects the contributions of solvation and other
specific ion—solvent interactions which depend on the basicity
of the solvent. Thus

AGto = AGtod + AGtononel (11)

The electrostatic contribution, AG,°,,, has been calculated in
all the solvent mixtures by employing the Born equation

AG°, = (Ne2/2X1/ry+ + 1/rg-X1/Ds - 1/D,) (12)

using ryo+ = 2.76 A, rg- = 1.95 A, AG,® o0 Can then be
obtained by using eq 11. The standard entropy of transfer,
AS,°, was calculated from

AS8° = [(d/dt)F(LE°N ~ E°N)]
= F[(bs - bw) + 2(cs - cth - 25) + (kw - ks)] (13)

where b, and ¢,, b, and ¢, are the coefficients from Table 111
for the solvent and water, respectively, and k, = 2R/F In
(1000/18.016) = 6.92 X 107 and k, = 2R/F In (1000/M, ).
The last term in eq 13 arises in the conversion of (£°, to £ °y~.
AS°,, can be obtained by differentiating eq 12 with respect to

temperature to give

ted ™" 2 \rv  ra- ADS, ~ D, (14)

where 6 is a constant given by § = d In D/dT and is a char-
acteristic of the medium. 6 has been evaluated from the slopes
of the plots in D against temperature for the various compo-

Table II.  E°p, at Different Temperatures and (£ °y and (£ °, at 25 °C in Various Propylene Glycol-Water Mixtures

sEoms v
X9 Wt % 15°C 25°C 35°C 45°C $E% EN

ob 0.07596 0.07129 0.066 04 0.05997 0.071 14 -0.1351

20 0.06379 0.059 39 0.054 39 0.04841 0.060 20 ~0.1385
40 0.05566 0.048 79 0.042 58 0.03541 0.050 28 ~0.1389

75 0.02140 0.010 58 0.000 19 -0.01103 0.01262 -0.1522
90 ~0.020 99 ~0.035 14 ~0.049 22 ~0.06351 0.033 20 ~0.1819
100¢ ~0.14890 ~0.16330 ~0.17840 ~0.19370 ~0.16160 ~0.2956

% x = weight percent of propylene glycol. b rom ref 8. © From ref /7.



Table IIl. Coefficients of the Empirical Equation ¢£°,, =
sEm. 2s°C + bt — 25) + c(t — 25)*

%% wt % sE°m, 2 °C -10%b —10°%¢c
0 0.071 30 4.955 3.175

20 0.059 39 4.718 3.955
40 0.04879 6.619 77.750
75 0.01058 10.080 5.227
90 -0.03514 14.110 46.500
100® -0.163 30 14.800 1.390

@ x = weight percent of propylene glycol. ® From ref 17.

sitions of propylene glycol-water mixtures.
The standard enthalpy of transfer, AH,°, was then calculated
from the equation

AH?° = AG,° + TAS\° (15)
and the AH,°, and AH,° e Contributions were obtained by
using an equation similar to eq 11. All these thermodynamic
quantities on the mole fraction scale are given in Table V. The
AG,° values are accurate to £40 J and the expected errors
in AS,° and AH,° are 0.5 J deg™' and £160 J, respectively.

It is seen from Table V that the AG,° values are positive in
all propylene glycol-water mixtures and increase with the ad-
dition of propylene glycol to water, suggesting that the transfer
of HBr from water to propylene glycol-water mixtures is not a
favorable process. The variation of AG,® with solvent com-
position, when examined in the light of eq 11, indicates that
AG°,, becomes increasingly positive due to the decrease in
dielectric constant of the medium with increasing amounts of
propylene glycol, whereas AG,° .. is Negative and decreases
continuously under the same conditions up to about 90 wt %
propylene glycol. This indicates that the transfer process (eq
9) is favorable as far as the chemical interactions are con-
cerned, suggesting that propylene glycol-water mixtures are
more basic than water, a behavior observed in the case of
other glycolic solvents (5, 70). This has also been confirmed
recently (77) on the basis of the ferrocene redox couple ref-
erence method in these media.

According to Franks and Ives (72) and Feakins and Voice
(9), the effect of ionic fields on the structure of the solvent will
appear as compensating contributions in AH,° and TAS\°. A
comparison of AG,°, and AG,° .. (Table V) shows that AG,°
predominates, making the overall transfer process unfavorable.

AH,° (Figure 2 and Table V) passes through an endothermic
maximum at about 20 wt % propylene glycol and then be-
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Figure 2. Varlation of the various thermodynamic quantities (mole
fraction scale) of transfer of HBr in propylene glycol-water mixtures.

comes increasingly negative (exothermic) up to 90 wt % pro-
pylene glycol. The change in AH,° is similar to that in TAS,°.
The initial increase in enthalpy and entropy of transfer may be
attributed to the effect of addition of propylene glycol on the
structure of water. The endothermic maximum at about 20 wt
% propylene glycol is possibly due to the structure-breaking
effect of HBr on the ordered structure in the solvent mixture as
compared to water. This is because addition of small amounts
of hydroxylic solvents are known (72) to promote the hydro-
gen-bonded structure of water and HBr is a better structure
breaker in the mixed solvent than in water. The changes in
AH® poner @Nd AS,° o With the solvent composition are gen-
erally similar after making allowance for the electrostatic con-
tribution. It.must, however, be pointed out that they depend
on the values of the radii chosen for the cation and anion in eq
12. An examination of AS,° values (Table V) in ditferent
solvent mixtures supports the above conclusions. The positive
value of AS,° indicates the net structure-breaking effect of HBr
at low compositions of propylene glycol. At higher composi-
tions, AS,° becomes Increasingly negative, showing the net
structure-making effect of the ions, which are aided by the
strong ionic fields in solvents of low dielectric constant.
AH° . na decreases continuously (Table V), indicating that the
structure-making ion—soivent interactions (73) are predominant
in media containing higher proportions of propylene glycol. This
is in agreement (73) with the variation of B coefficients of
viscosity of electrolytes in alcohol-water mixtures. If we rep-
resent AH,° oo = TAS,° - TAS,°,, after Feakins et al. (13),

Table IV. Mean Molal Activity Coefficient (3v:) at Rounded Molalities and Primary Medium Effects of HBr (log ,,v+) in Various Propylene

Glycol-Water Mixtures at 25 °C

mypge> mol kg™

x%wt% 0.005 0.001 0.02 0.03 0.04 0.05 0.06 0.07 log v+
20 0.937 0.886 0.853 0.833 0.818 0.805 0.796 0.788 0.101
40 0.889 0.871 0.831 0.808 0.795 0.784 0.776 0.771 0.190
75 0.863 0.783 0.722 0.695 0.678 0.664 0.653 0.644 0.513
90 0.785 0.713 0.650 0.612 0.581 0.559 0.542 0.530 0.899
100° 0.730 0.650 0.560 0.510 0.470 0.450 1.983

@ x = weight percent of propylene glycol. b From ref 18.

Table V. Standard Thermodynamic Quantities for the Transfer of HBr from Water to Propylene Glycol-Water Mixtures at 25 °C

AStO! AStDel’ AStanonel’
JK IK! TK! T-AS:S,
x%wt% AG. ]  AG e ] AG: nonepd mol? mol™! mol™! AHS T AH e, ] AHhopenr ]  JTmol
20 328 713 —385 +5.0 3.8 +1.2 +1820 1849 -29 +1492
40 367 1952 —1585 -10.0 16.5 —-26.5 —2625 6872 -9497 -2992
75 1650 6122 —4472 —47.5 39.0 ~-86.5 —12509 17753 —-30262 ~14159
90 . 4516 9452 -4936 -69.0 68.9 -137.9 —-16073 30004 -46077 —20589
100 15488 12969 +2519 -71.0 83.1 —154.1 -5699 371745 —43444 -21187

@ x = weight percent of propylene glycol. ? Calculated by using data from ref 17.
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Figure 3. Piot of AG,°, against -RT In ¢, at 25 °C.

the values of AH,°,.« change from positive to negative at
about 20% and decrease further negatively thereafter, indi-
cating the predominantly structure-making ion-solvent interac-
tions at higher compositions of propylene glycol. Feakins et al
(74) have suggested a different approach to account for the
variation AG,° with solvent composition in terms of, ¢, the
volume fraction of water. A plot of the standard molar free
energy of transfer, AG,° ., agalnst solvent composition in terms
of volume fraction of water in these media (Figure 3) according
to the relation

AG?°, = - nRT In ¢, (18)

is linear with n = 1.8. This value represents the number of

water molecules coordinated to HBr and is less than the values
obtained in other media as reported elsewhere (75).

Registry No. Ag, 7440-22-4; AgBr, 7785-23-1; HBr, 10035-10-6;
propylene glycol, 57-55-6.
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Enthalples of Combustion and Formation of Ethylene Carbonate

Wayman L. Calhoun

Research and Development Department, Unlon Carbide Corporation, South Charleston, Wast Virginla 25303

Combustion calorimetry was used to determine a value for
the standard enthalpy of combustion of ethylene
carbonate (crystal) from which the standard enthalpy of
formation was calculated; the results were AH °(288.15
K) = -1165.87 % 3.74 kJ/mol = -278.65 + 0.89
kcal/mol and AM,°(298.15 K) = -588.30 £ 3.76 kJ/mol
= -=140.13 £ 0.90 kcal/mol. The results were obtained
by burning a sample of known purity In an oxygen bomb
calorimeter and correcting for trace amounts of
combustibles. This compound affords a striking example
of the effect of empirical formula on the standard-states
correction.

This investigation was undertaken to establish the enthalpy
of formation of solid ethylene carbonate for use in reaction
enthalpy-change calculations. Discordant heat-of-combustion
values had appeared in the literature (7, 2) which led to sig-
nificantly altered results for any process designs involving the
formation and subsequent reactions of this compound, and both
of those studies seemed to represent conscientious work.

Reported here are the results obtained at this laboratory for
measurements carefully performed of the heat of combustion

Table I. Impurities in Ethylene Carbonate Used and
Their AE,° Values for Corrections

concn, ppm AE S, kI /mol
benzene 215 -3263.85
n-hexane 198 —-4154.63
water 6 (max) 0

of a highly purified sample of solld ethylene carbonate and a
value for the enthalpy of formation derived from it.
Ethylene carbonate has the structural formula

H,C—0
N
=0
H,C—0

Experimental Section

Apparatus and Procedure. A Parr 1241 automatic adiabatic
oxygen bomb calorimeter (Parr Instrument Co., Moline, IL) was
empioyed for the heat-of-combustion measurements. The 1108
double-valve oxygen bomb used has an internal volume of
0.342 dm®. The fuse wire used was Parr 45C10 nickel alloy
wire. Exactly 1 cm?® (approximately 1 g) of distilled water was
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