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ABSTRACT 

The standard potentials of the silver-silver chloride electrode in pure propylene glycol 
(PG) and in nineteen PG+ water solvent mixtures, covering the whole range of solvent 
composition, were determined from electromotive force measurements of cells of the type: Pt. 
H, (gas, 1 atm): HCl (m) in solvent: AgCl, Ag, at twelve different temperatures from 0 to 
55°C at 5°C intervals. The molality, m, of HCl ranged from 0.001 to 0.1 mole kg-‘. The 
standard EMF was determined by an extrapolation method making use of the extended terms 
of the Debye-Htickel theory. The temperature variation of the standard EMF was used to 
calculate the standard thermodynamic functions for the cell reaction and the standard 
thermodynamic quantities for the transfer of HCl from water to the respective solvents. The 
results are discussed both in terms of the acid-base behaviour of the solvents and also their 
structural effects on the transfer process. 

INTRODUCTION 

Electrochemical studies, used in recent years to determine the thermody- 
namics of hydrogen halides in aqueous and non-aqueous media, offer a 
method of understanding the medium effects associated with the transfer of 
these electrolytes from water to any solvent. The thermodynamic behaviour 
of hydrochloric acid in pure or mixed solvents has long been a subject of 
interest. However, few electrochemical studies have been made in propylene 
glycol (PG) or its aqueous mixtures. The EMF measurements on HCI 
solutions in PG [ 1,2], performed at nine temperatures from 5 to 45’C, were 
used to determine the standard potentials of the Ag-AgCl electrode, the 
activity coefficients and the relative partial molal enthalpies of HCI, in PG, 
and the medium effects of PG on HCl. Similar EMF measurements have 
been made on hydrochloric acid solutions in two aqueous solvents [3] 
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containing 10 and 20 wt.% PG, at 25°C where the standard potentials of the 
Ag-AgCl electrode and the activity coefficients of HCl in these solvents 
were derived. This study [3] was restricted to one temperature only. But, to 
understand more clearly the proton transfer equilibria as well as ionic 
processes in general in any solvent, evaluation of the energetics involved 
should be of prime importance. However, no electrochemical thermody- 
namic transfer functions for HCl have so far been reported in PG + water 
mixtures. 

Thus, in continuation of our studies on this subject [4-61, We have now 
undertaken measurements of the E.M.F. of the cell 

Pt, H,(gas, 1 atm): HCl (m) in solvent: AgCl, Ag (A) 

in nineteen PG + water solvent mixtures as well as in pure PG at twelve 
different temperatures from 0 to 55°C at 5°C intervals. This wide range of 
temperature is sufficient to yield better accuracy in the calculation of the 
thermodynamic properties that are dependent on the temperature coefficient 
of the EMF. The results have been utilized to derive the standard EMF of 
cell (A), which is the standard potential of the Ag-AgCl electrode, the 
thermodynamic functions for the cell reaction and the thermodynamic 
quantities for the transfer of HCI from water to the respective solvents. We 
can thus obtain a comprehensive understanding of the thermodynamic 
behaviour of HCl in these media and of the properties and structure of the 
solvents. 

EXPERIMENTAL 

PG was of B.D.H. AnalaR quality and was further purified as described 
earlier [2]. The characterstic properties of the product agreed well with those 
reported elsewhere [ 1,3] for pure PG. Because of the hygroscopic nature of 
glycols [ 1,7], the distilled glycol was kept in an atmosphere of dry argon, 
redistilled freshly and used within a few hours. Care was always taken during 
all the operations to avoid exposure of the solvents and solutions to the 
atmosphere as far as practicable. Redistilled deionized water, having a 
specific conductance of 0.7 x 10e6 Qt-’ cm-‘, was generally used in prepar- 
ing the solutions. The cell solutions were prepared by weight dilution of the 
stock solution with solvent, and the PG content of all the solutions reported 
was accurate to +0.03 wt.%. All the solutions were freshly prepared before 
taking measurements. 

The electrodes were prepared essentially as described elsewhere [4-61, and 
were preserved over the respective solvents when not in use. The experimen- 
tal set-up and the general procedure used for the EMF measurements were 
identical to those given previously [4-61. In the preparation of non-aqueous 
or PG-rich stock solutions of HCI, care was taken to keep the vessel 
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containing the solvent in a freezing mixture, to arrest the rise in temperature 
of the resulting solutions due to the heat evolved on dissolution of HCl gas 
in the solvents [l]. It was expected that this would slow the rate of probable 
side reactions such as the formation of chlorohydrin, especially at apprecia- 
bly higher concentrations [ 11. The molality of HCl solutions ranged from 
0.001 to 0.1 mole kg-‘. The acid concentration was accurate to k 0.03%. The 
EMF measurements were made with three hydrogen electrodes and three 
silver-silver chloride electrodes for each solution. The cells were thermo- 
stated at each temperature with an accuracy of +O.Ol”C. The silver-silver 
chloride electrodes, which functioned smoothly with good reproducibility in 
the solvents, were found to be stable over the entire range of temperature, 
and constancy of the cell EMF to + 0.1 mV over a period of i h was 
considered as an adequate criterion of equilibrium in the EMF measure- 
ments. As a precaution, a given cell was never measured over the entire 
temperature range. Three series of results were made at each acid concentra- 
tion. The first was from 0 to 20°C, the second from 15 to 40°C and the third 
from 35 to 55°C. As new solutions were prepared for the measurements in 
each, the results serve as an excellent means of checking the reproducibility 
of the procedure. The EMF values were generally reproducible to + 0.2 mV 
for different solutions. Equilibrium was usually established within l-2 h for 
cells containing water-rich solvents at higher temperatures but a relatively 
longer time, 3-4 h, was required for the PG-rich solvents cells and especially 
at lower temperatures. The cell measurements were made in triplicate, and 
the mean values of these observations recorded. The triplicate results gener- 
ally agreed within f 0.2 mV. The observed values of EMF were corrected in 
the usual way to a hydrogen pressure of 1 atm. The physical properties of the 
solvents over the temperature range 0-55°C were derived from the previous 
data [ 1,3,7,8]. 

RESULTS AND DISCUSSION 

Standard electrode potential 

The standard potentials of the Ag-AgCl electrode in PG and its aqueous 
mixtures have been determined at each temperature by the usual extrapola- 
tion technique, making use of the extended terms of the Debye-Htickel 
theory, and the procedure is essentially the same as that used in our previous 
determinations [4-61. The least-squares values of the standard potential EE 
(molality scale) of the Ag-AgCl electrode found in this investigation are 
summarized in Table 1, for each solvent, along with the values for water as 
the solvent [4-61. The ion-size parameters that gave a satisfactory linear 
extrapolation were in the range 0.41-0.53 nm depending on both tempera- 
ture and solvent composition. A deviation of f 0.05 mV in Ez was seen 
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TABLE 1 

Standard molal potentials, Ei, of the silver-silver chloride electrode in propylene glycol+ 
water solvent mixtures at 0-55°C 

Wt.% Ez (abs. volts) at. 
PG 

0°C 5°C 10°C 15°C 20°C 25°C 

0 0.23665 0.23410 

5 0.23336 0.23067 
10 0.22993 0.22724 
15 0.22628 0.22373 
20 0.22294 0.22035 
25 0.21980 0.21717 
30 0.21671 0.21390 
35 0.21318 0.21049 
40 0.20982 0.20707 
45 0.20628 0.20336 
50 0.20235 0.19939 
55 0.19788 0.19503 
60 0.19308 0.19014 
65 0.18749 0.18450 
70 0.18098 0.17799 
75 0.17301 0.17017 
80 0.16305 0.16021 
85 0.14906 0.14602 
90 0.12667 0.12370 
95 0.08220 0.07918 

100 - 0.00752 - 0.01067 _ 

0.23137 
0.22787 
0.22452 
0.22084 
0.21757 
0.21433 
0.21104 
0.20756 
0.20396 
0.20018 

0.19633 
0.19181 

0.18696 
0.18114 
0.17474 
0.16676 
0.15669 
0.14251 
0.12011 
0.07529 
0.01471 - 

0.22853 
0.22501 
0.22152 
0.21789 
0.21448 
0.21119 
0.20782 
0.20430 
0.20075 
0.19692 
0.19283 
0.18835 
0.18331 
0.17756 
0.17090 
0.16292 
0.15274 
0.13823 
0.11561 
0.07067 
0.01965 - 

0.22555 
0.22193 
0.21836 
0.21482 
0.21119 
0.20787 
0.2044 1 
0.20083 
0.19733 
0.19339 
0.18904 
0.18463 

0.17933 
0.17360 
0.16665 
0.15867 
0.14827 
0.13335 
0.11056 
0.06533 
0.02549 _ 

0.22236 
0.21874 
0.21513 
0.21141 
0.20784 
0.20442 
0.20089 
0.19721 
0.19347 
0.18943 
0.18512 
0.18039 

0.17511 
0.16905 
0.16208 
0.15372 
0.14303 
0.12796 
0.10467 
0.05898 
0.03229 

when the value of the parameter was varied within + 0.02 nm of the chosen 
value. The average standard deviation in Ei is + 0.1, f 0.2 and &- 0.3 mV 
for solvents containing S-50, 55-80 and 85-100 wt.% PG, respectively. 

The values of Ez (in abs. volts) obtained at twelve temperatures for each 
solvent were fitted by the method of least-squares to a quadratic equation of 
the form 

Ef, = a - b(T- 298.15) -c(T- 298.15)* (1) 

where T is the thermodynamic temperature. The parameters a, b and c are 
given in Table 2, for each solvent, along with the values for water as the 
solvent [4-61. Values of Ez calculated by eqn. (1) and the experimental 
values (Table 1) generally agree within f 0.15 mV. 

The values of the standard potentials on the molar concentration (Ej) 
and mole fraction (Ei) scales have been computed with the help of the 
usual relations [4-61. These values at 25°C are included in Table 2. Both E,” 
and Ei values decrease with increasing PG content in the solvent mixture. 

Reported standard potentials of the Ag-AgCl electrode in pure PG [ 1,2] 
or its aqueous mixtures [3] and our corresponding new values are collected in 
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30°C 35°C 40°C 45°C 50°C 55°C 

0.21907 0.21564 0.21205 0.20828 0.20443 0.20044 
0.21532 0.21185 0.20823 0.20433 0.20033 0.19621 
0.21163 0.20809 0.20434 0.20039 0.19621 0.19204 
0.20795 0.20422 0.20043 0.19630 0.19200 0.18772 
0.20417 0.20046 0.19656 0.19235 0.18809 0.18348 
0.20078 0.19686 0.19269 0.18851 0.18412 0.17935 
0.19717 0.19313 0.18884 0.18450 0.17979 0.17504 
0.19339 0.18921 0.18496 0.18033 0.17545 0.17053 
0.18954 0.18524 0.18063 0.17604 0.17110 0.16586 
0.18524 0.18092 0.17617 0.17136 0.16624 0.16077 
0.18091 0.17630 0.17138 0.16633 0.16085 0.15524 
0.17599 0.17121 0.16609 0.16080 0.15518 0.14915 
0.17042 0.16554 0.16016 0.15458 0.14869 0.14227 
0.16413 0.15902 0.15337 0.14749 0.14120 0.13441 
0.15707 0.15153 0.14556 0.13927 0.13242 0.12528 
0.14848 0.14260 0.13618 0.12949 0.12232 0.1144s 
0.13745 0.13116 0.12447 0.11706 0.10909 0.10078 
0.12201 0.11522 0.10786 0.09997 0.09132 0.08223 
0.09824 0.09095 0.08298 0.07436 0.06497 0.05498 
0.05206 0.04414 0.03561 0.02613 0.01578 0.00486 

- 0.0400 1 _ 0.04833 - 0.05774 - 0.06805 - 0.07929 - 0.09137 

Table 3 for comparison. The new values of Ez are in full agreement with 
those obtained by Claussen and French [3] for the 10 and 20% PG solvent 
mixtures at 25’C, where the differences are 0.08 and 0.09 mV. Also, the Ez 
values reported by Kundu et al. [l] for pure PG at 25, 30 and 35°C are in 
good agreement with those obtained in this work. Kundu et al. [l] reported 
that the 11 mV more negative value of Ez for the Ag-AgCl electrode in PG 
at 30°C than the corresponding value of Kundu and Das [2] (see Table 3), 
indicate that the samples of the solvents used in their previous work [2] were 
not dry enough though they used similar treatment for purification. Thus, 
the more negative values of Ez obtained in this work at 5-20°C and at 40 
and 50°C may be ascribed to the same reason, because of the hygroscopic 
nature of glycols [ 1,7]. Moreover, Kundu et al. [l] neglected the correction 
factors for converting the observed EMF values to 1 atm hydrogen pressure, 
since the vapour pressures of PG are relatively small at 5-45°C [ 11. Further- 
more, Kundu et al. [l] expressed their Ef, values for the Ag-AgCl electrode 
in PG at 5-45°C as a function of temperature by an equation similar to eqn. 
(1) and the standard deviation in Ef, [l] is + 0.4 mV. However, the 
contribution of their term c( t - 25)* to the Ei value is within the calculated 
error, and actually there [l] is a linear dependence of Ei on temperature. 
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TABLE 2 

Values of the parameters a, b and c of eqn. (1) for evaluation of E,f in propylene 
glycol+ water solvent mixtures from 0 to 55°C and the standard potentials of the Ag-AgCl 
electrode on the molar concentration, E,“, and mole fraction, EE, scales at 25’C 

Wt.% IO2 a 

PG (V) 

lo4 b 

(V K-‘) 
106 c 

(V K-2) 
E,” 
(abs. V) 

EL 
(abs. V) 

0 22.236 6.452 2.875 0.2222 1 0.01596 
5 21.876 6.585 3.089 0.21878 0.01436 

IO 21.512 6.724 3.284 0.21534 0.01281 
15 21.140 6.844 3.506 0.21183 0.01125 
20 20.784 7.001 3.725 0.20848 0.00996 
25 20.44 1 7.155 3.968 0.20527 0.00890 
30 20.089 7.344 4.221 0.20196 0.00786 
35 19.719 7.522 4.524 0.19846 0.00677 
40 19.347 7.764 4.805 0.19492 0.00579 
45 18.942 8.030 5.153 0.19103 0.00465 
50 18.513 8.256 5.644 0.18688 0.00344 
55 18.039 8.575 6.149 0.18225 0.00198 
60 17.513 8.898 6.859 0.17708 0.0002 I 
65 16.905 9.298 7.601 0.17105 - 0.002 12 
70 16.208 9.677 8.619 0.16411 - 0.00505 
75 15.372 10.171 9.686 0.15575 - 0.00902 
80 14.303 10.787 10.958 0.14504 - 0.01490 
85 12.795 11.494 12.411 0.12991 - 0.02468 
90 10.467 12.342 14.032 0.10656 - 0.04205 
95 5.896 13.265 15.818 0.06074 -0.08107 

100 - 3.230 14.382 17.670 .0.03066 _ - 0.16465 

Stundard thermodynamic functions for the cell reaction 

For the cell reaction 

$ Hz(gas, 1 atm) + AgCl(s) = Ag(s) + HCl(solvated) (2) 

the thermodynamic functions were evaluated from the temperature variation 
of Ei in different solvents. Thus, the standard changes of free energy (AC’) 
were evaluated using 

AG”= -nFEf= -F[a-b(T-298.15)-c(T-298.15)*] (3) 

The values of AC0 are accurate to + 29 J mole- ‘. The standard changes of 
entropy (AS’) and enthalpy (AH’) for the cell reaction were computed by 
the usual relations [4-61 and the results are recorded in Table 4. 

It is evident from Table 4 that while the standard free energy changes for 
the cell reaction, which are all negative in aqueous mixtures and positive in 
pure PG. increase the standard entropy changes, which are all negative, 
decrease with an increase in either the PG content in the solvent or the 
temperature of the solvent system, i.e. with a decrease in the dielectric 
constant of the solvent. The standard enthalpy changes are all negative and 
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TABLE 3 

Comparison between reported values of Ez and our corresponding new values in propylene 

glycol and its aqueous mixtures 

Temp. 

(“C) 

Ei in 10% PG Ei in 20% PG 

Ref. 3 This Ref. 3 This 
work work 

- E,!f, in pure PG 

Ref. 2 Ref. 1 This 

work 

5 0.0015 0.01067 
10 0.0089 0.01471 
15 0.0166 0.01965 
20 0.0244 0.02549 
25 0.21505 0.21513 0.20775 0.20784 0.0323 0.03229 
30 0.029 0.0402 0.0400 1 
35 0.0483 0.04833 
40 0.0561 0.05774 
45 0.0638 0.06805 

decrease with increasing temperature, in any solvent. At 5°C the values of 
AH0 increase with increasing PG content. On the other hand, while the 
values of A Ho at 15°C increase to a maximum at around 20% PG, then 
decrease to a minimum at around 80% PG and thereafter increase, the values 
of AH0 at 25555°C decrease to minima at around 90% PG and thereafter 
increase, with increasing concentration of PG. 

Standard thermodynamic quantities for the transfer process 

The standard changes of Gibbs free energy (AGF), enthalpy (AH:), 
entropy (ASP) and heat capacity (AC,“) for the transfer of one mole of HCl 
from the standard state in water to the standard states of the respective 
solvents 

HCl (in water) = HCl (in respective PG + water solvents) (4) 

were obtained from the temperature variation of standard EMF of the cell 
on the mole fraction scale. 

EE = a’ - b’T- c’T2 (5) 

The effect of the solvent on transfer Gibbs energy must be calculated on the 
mole fraction scale [9,10] which does not contain the change of the number 
of solvent molecules by different solvents. Therefore, it will eliminate Gibbs 
energy changes due to concentration changes in the transfer process [lo]. The 
standard changes of Gibbs free energy can thus be represented as a function 
of temperature (in K) by 

F(“E;-“E;)=hG;=A-BT+CT* (6) 

The least-squares values of the parameters of eqns. (5) and (6) are given in 
Table 5. The standard changes of enthalpy, entropy and heat capacity for the 
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transfer process were obtained by applying the usual thermodynamic rela- 
tions [4-61 to eqn. (6). The standard transfer thermodynamic quantities 
calculated at 5-55°C are collected in Table 6. The values of AGp are accurate 
to _+ 58 J mole-‘. 

The standard Gibbs free energy of transfer is an index of the differences 
in interactions of the ions (for example, H+ and Cl-) and the solvent 
molecules in the two different media. The values of AGp, which are all 
positive, increase with an increase in either the PG content in the solvent or 
the temperature of the solvent system. The positive values of AGp support 
the view that the transfer of HCl from water to the glycolic solvent is not 
favoured, i.e. water is more basic than the glycolic solvents. The increase in 
AGp with increasing PG content in the solvent suggests that the solute is 
strongly stabilized by solvation with water molecules. There is some evidence 
that the chloride ion is not strongly solvated by water [Ill, thus the positive 
and increasing values of AGF might indicate the proton stabilization with 
water molecules. Thus the transfer energies lend support to the view that the 
hydrogen ion interacts strongly with water molecules in preference to glycol 
molecules in glycolic solvents. 

The transfer process of ions from water to the respective solvents includes 
a number of changes connected with building up and breaking down the 
structure [lo]. Further, the structure-forming processes are exothermic and 
accompanied by entropy decrease and the structure-breaking processes are 
endothermic and leading to the entropy increase [ 12,131. The values of A#’ 
and A$’ reflect contributions from the effects of the ions on the structure of 
the solvents while the values of AGF provide information in regard to the 
acid-base theory of ion solvation [ 121. The function AGp is a simpler one, 
and may not be affected by structural factors [ 131. 

TABLE 5 

Values of the parameters a’, b’ and c’ of eqn. (5) for evaluation of El: in propylene 
glycol+water solvent mixtures from 0 to 55°C and the values of the parameters A, B and C 
of eqn. (6) for evaluation of thermodynamic quantities for transfer of HCl from water to 
propylene glycol + water media 

Wt.% lo2 a’ - lo4 6’ lo6 c’ 
PG (V) (V K-l) (V K-2) 

0 15.916 10.692 2.875 
10 12.367 12.858 3.284 
20 8.545 15.211 3.725 

30 4.463 17.826 4.221 
40 -0.218 20.888 4.805 
50 - 7.043 25.399 5.644 

60 - 16.930 32.002 6.859 

70 - 31.557 41.718 8.619 

80 - 50.945 54.556 10.958 
90 - 77.471 71.331 14.032 

100 - 117.425 90.984 17.670 

lO-2 A 

(J mole- ‘) 

34.240 
71.120 

110.500 
155.665 
221.519 
3 16.907 
458.042 
645.104 
90 1.035 

1286.530 

B lo2 c 
(J K-’ (J K-2 
mole- ‘) mole- ‘) 

22.228 3.946 
46.364 8.201 
73.160 12.987 

104.439 18.622 
149.899 26.717 
215.799 38.439 
312.066 55.421 
438.902 77.988 
604.388 107.648 
798.66 1 142.749 
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The standard transfer enthalpy and entropy decrease with increasing 
temperature, in any solvent. While the values of AS: at 5°C are all positive, 
increase to a maximum at around 90% PG and thereafter decrease, the ASP 
values at 15-55°C are all negative and decrease, with increasing PG content 
in the solvent. At 5°C the values of AH,” are all positive and increase with 
increasing PG concentration. On the other hand, while the AHp values at 
15°C (which are negative for 50-80% PG solvents) increase to a positive 
maximum at around 20% PG, then decrease to a negative minimum at 
around 80% PG and thereafter increase, the AH: values at 25-55°C (which 
are all negative except for pure PG at 25°C) decrease to minima at around 
90% PG and thereafter increase, with increasing concentration of PG. 

The negative and decreasing values of AH: and A$‘, at 25°C for 
example, assume that ions are more effectively breaking the water structure 
than in the mixed solvent. The water is therefore a more structured solvent 
than the PG + water solvents. On the other hand, the positive entropy and 
enthalpy of transfer of HCl from water to PG + water solvents, at 5°C for 
example, can be attributed to a greater structure breaking by HCl in these 
solvents than in water. 

The heat capacity changes are all negative and decrease with increasing 
either temperature or PG content in the solvent. 
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