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Standard Potential of Ag/AgCl Electrode in 25 and 50 wt %
2-Propanol-Water Solvents from 5 to 50 °C

Carmen A. Vega,* Betsabé Pérez, and Conn Torres

Chemistry Department, University of Puerto Rico, Mayaguez, Puerto Rico 00708

Electromotive force measurements of cells of the type
Pt,H,|HCI(m) In 2-propanol + H,O|AgClLAg at nine
temperatures ranging from 5 to 45 °C were used to derive
the standard emf of the cells in 25 and 50 wt %
2-propanol and the relative partial molal enthalpy of HCI.
The molality of the acld ranged from 0.01 to 0.10 mot
kg~'. To obtain the standard emf It was necessary to use
the extended terms of the Debye-Hiickel theory. The
standard emf varied with temperature (¢, °C) according to
the following equations: (25%) E,,° = 0.21383 ~ (3.945
X 107%)t — (5.24 X 10°%)t% (50%) E,,° = 0.19607 -
(6.658 X 1074)t - (5.52 X 10°%)t2.

Introduction

2-Propanol is a very useful solvent for organic compounds.
In order to study the properties of electrolytes in this solvent
and its mixtures with water, it is important to determine the
standard potentials of electrodes in 2-propanoci—water solvents.
The silver—silver chioride electrode is of the highest importance
in this respect, in view of its application to the determination
of activity coefficients, equilibrium constants, and other related
thermodynamic quantities in a variety of solvent media (7-6).

From early studies of the emf of the cell

Pt,Hy(g, 1 atm)|HCI(m) in 2-propanol-water|AgCl,Ag (A)

Harned and Calmon ( 7) determined the standard potential of the
silver—silver chloride electrode in a solvent mixture containing
10% by weight of 2-propanol and 90% water at 25 °C. This
work was later extended by Moore and Felsing (2) to include
solvents of the compositions 5, 10, and 20 wt %. Their work
covered the temperature range 0-40 °C at intervals of 5 °C.
At 25 °C, their value of £° (molality scale) differed from that
of Harned and Calmon by only 0.2 mV. In both investigations,
the standard potential was determined by an extrapolation to
an ionic strength (I') of zero with the aid of the Debye—-Hlckel
equation.

The most extensive study of cell A is that of Roy and Both-
well (7, 8), who made emf measurements at several different
solvent compositions, 8.08, 20.76, 44.04, 70.28, and 87.71 wt
% 2-propanol, and at temperatures of 0, 15, 25, and 35 °C.
Standard potentials were obtained by a polynomial curve-fitting
procedure which did not require a knowledge of the dielectric
constants and densities of the solvent media or an estimate of
the ion-size parameter.

In this investigation we have chosen to determine the
standard potential in the useful mixtures composed of 25 and
50 wt % 2-propanol and have extended the temperature range
to 45 and 50 °C, respectively.

Experimental Procedures

The 2-propanol was obtained commercially and purified by
two fractional distillations. Doubly distilled hydrochloric acid was
used to make stock solutions of the desired concentrations.
The cell solutions were prepared by diluting the stock solutions
with doubly distilled water and adding the calculated amounts

of 2-propanol by weight. The cell vessels were of all-glass
construction of a design described earlier (9). The preparation
of the hydrogen electrodes and the silver chloride—silver elec-
trodes followed the instructions given by Bates (70). Hydrogen
gas was purified by passage through a De-Oxo catalytic purifier.
The AgCl/Ag electrodes were intercompared in a dilute solution
of HCI and only those whose bias potentials were within 0.1 mV
of the average of the set were used. Temperature measure-
ments were made with a calibrated thermometer. Measure-
ments of emf were made with the aid of a Fluke potentiometer,
Model 8800A. The accuracy of the Fluke 8800A was checked
on a regular basis using the procedure suggested by Bates and
Macaskill (13). Other experimental details were essentially the
same as described earlier (77).

We made initial measurements of the emf at 25 °C, after
which the temperature of the water bath was lowered to 5 °C
and raised gradually to 25 °C, waiting for equilibrium to be
attained at each of the selected temperatures. The bath tem-
perature was then raised, and the emf at 30 to 45 or 50 °C
was obtained. At the conclusion of the run, the ceils were
brought back to 25 °C to test their stability. On the average,
the initial and final values differed by 0.1 mV.

The recorded values of the emf were corrected to a hydro-
gen partial pressure of 760 torr (101.325 kPa) in the usual way.
The correction (AE) to be added is given by

_ AT, 760

AE=—In
2F  py,

(M

were p,, the partial pressure of hydrogen, is the barometric
pressure less the vapor pressure of the solvent. Solvent vapor
pressures were taken from the literature when available; oth-
erwise they were estimated from those of the pure compo-
nents, assuming ideal mixing. The corrected emf data are listed
in Table I.

Apparent values, £°’, of the standard emf £° were calcu-
lated by the equation

E°' =E° - 2kffm=E+ 2k|ogm—2k—1--——-—-~‘ (2)

in which the extended Debye-Hiickel expression has been
substituted for the mean activity coefficient of HCi, and k is
written for (RT In 10)/F. The “true” value of E° is the limit of
E®' at m = 0. The Debye-Hiickel constants A and B for the
solvent mixtures were calculated by equations given elsewhere
(10, p 248) with the aid of the solvent densities and dielectric
constants. The ion-size parameter & was chosen as 4.3 A, the
value characteristic of HC! in water at 25 °C (77) and in several
mixed solvent media as well.

With these values of the parameters, £°' was essentially a
linear function of the molality m, and the intercept £° was
obtained by linear regression methods. The values of E°
{molality scale) are summarized in Tables II and III, together
with the dielectric constants (¢), vapor pressures (p), and den-
sities (d) of the solvents and the Debye—Hiickel constants A and
B. The standard deviations, s, for regression from the straight
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Table I. Electromotive Force of Cell Pt,H,(g, 1 atm) /HCl(m) in 2-Propanol (X )-Water! AgCl,Ag
EV
myci 5°C 10°C 15°C 20 °C 25 °C 30°C 35°C 40°C 45°C 50 °C
X = 25 wt % = 0.091 Mole Fraction
0.09134 0.34113 0.34187 0.34193 0.34216 0.34119 0.33952 0.33829 0.33711 0.33532
0.08000 0.34739 0.34833 0.34917 0.34947 0.34963 0.34805 0.34632 0.34560 0.34481
0.07146 0.35202 0.35299 0.35352 0.35366 0.35348 0.35215 0.35122 0.34988 0.34863
0.06630 0.35445 0.355660 0.35629 0.35654 0.35631 0.35528 0.35425 0.35345 0.35220
0.058 23 0.36182 0.36290 0.36356 0.36377 0.36358 0.36361 0.36292 0.36214 0.36056
0.04250 0.37466 0.37596 0.37680 0.37723 0.37668 0.37662 0.37627 0.37577 0.37491
0.03479 0.38353 0.38501 0.38600 0.38653 0.38593 0.38584 0.38552 0.38546 0.38461
0.02968 0.39062 0.39196 0.39304 0.39360 0.39311 0.39426 0.39430 0.39356 0.03931
0.02777 0.39292 0.39457 0.39571 0.39636 0.39678 0.39690 0.39669 0.39545 0.39461
X =50 wt% = 0.231 Mole Fraction
0.019467 0.39527 0.39539 0.39555 0.39518 0.39363 0.39322 0.39239 0.39074 0.38919 0.38683
0.04705 0.35856 0.35813 0.35734 0.35625 0.35469 0.35318 0.35150 0.34942 0.34708 0.34438
0.09719 0.32190 0.31963 0.31714 0.31437 0.31134
0.10898 0.32488 0.32386 0.32269 0.32112 0.31907 0.31696 0.31460 0.31203 0.30929 0.30632
0.121 56 0.31947 0.31838 0.31699 0.31555 0.31400 0.31188 0.30952 0.30698 0.30426 0.30129
0.13470 0.31580 0.31472 0.31322 0.31136 0.30933 0.30722 0.30466 0.30199 0.29917 0.29612
Table II. Properties of the Solvents, Constants of Eq 2, and Values of the Standard Emf of Cell A in 25 wt %
2-Propanol-Water
i, °C ¢ p, torr d,gem™ A B E°,V s(E°), mV
5 68.23 6.9 0.968 86 0.6871 0.3593 0.2118 0.5
10 67.14 9.6 0.965 86 0.6843 0.3585 0.2100 0.5
15 65.16 13.3 0.963 37 0.6962 0.3802 0.2077 0.6
20 63.83 18.2 0.96071 0.6989 0.3603 0.2048 0.6
25 61.70 24.6 0.95751 0.7157 0.3628 0.2009 0.8
30 60.26 33.0 0.954 97 0.7223 0.3636 0.1988 0.9
35 59.02 43.8 0.951 99 0.7260 0.3638 0.1957 0.9
40 57.69 57.6 0.949 21 0.7323 0.3645 0.1915 1.0
45 55.72 77.1 0.94560 0.7519 0.3673 0.1873 1.1
Table III. Properties of the Solvent, Constants of Eq 2, and Values of the Standard Emf of Cell A in 50 wt %
2-Propanol-Water
¢t °C ¢ p, torr d,gem™? A B E°V s(E°), mV
5 47.42 7.5 0.91752 1.1540 0.4194 0.1926 0.5
10 46.17 10.5 0.91280 1.1676 0.4204 0.1888 0.4
15 44,89 14.5 0.907 52 1.1818 0.4212 0.1850 0.5
20 43.68 19.8 0.904 86 1.1981 0.4228 0.1808 0.4
25 42.50 26.8 0.902 23 1.2153 0.4244 0.1754 0.3
30 41.35 36.0 0.89912 1.2330 0.4259 0.1710 0.3
35 40.23 47.7 0.896 56 1.2519 0.4277 0.1663 0.3
40 39.16 62.8 0.894 89 1.2713 0.4296 0.1607 0.3
45 38.9 81.9 0.887 85 1.2890 0.4305 0.1551 0.3
50 37.03 106.0 0.880178 1.3085 0.4315 0.1488 0.3

lines used for extrapolation are given in the last column.
Densities of the solvent mixtures were taken from the literature,

Table IV. Comparison of Values of E,,,° at 25 °C with
Literature Values

and the dielectric constants were furnished by Dr. S. D. Klein E _° V
n s
( 12) [2-pro-
panol], present
wt%  work MF4 RB® RB¢
!
Discussion 10 02138~ 0.2040
The values of E,,° (molality scale) as a function of temper- 0.2136

ture (¢, °C) are given by the quadratic equations 20 0.2064 0.1952 0.2063

a ’ 25 0.2009 0.1909 0.2009
50 0.1754 0.1632 0.1739

25 wt %
E,° = 0.21383 - (3.945 X 1074t - (5.24 X 10712
s=05mv (3)

50 wt %
-, ° = 0.19607 — (8.858 X 1074t — (5.52 X 107%)2
s=03mV 4)

where s stands for the standard deviation of the fit of the
polynomial. The mean activity coeffficients - .. of HCI in the two
2-propanol-water mixtures can be readily calculated from the

@ Moore and Felsing (2). ® Roy and Bothwell (7, 8).
¢ Roy and Bothwell, recalculated. ¢ Harned and Calmon

(1).

emf given in Table I and the £° values given in Tables 11 and
111 by the equation

EO

2k

—log v = + log m (5)

Roy and Bothwell (7, 8) have determined E,,° (molality scale)
at five solvent compositions from 8.08 to 87.7 wt %. We have
converted their values at 25 °C to the mole fraction scale (£, °)
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Table V. Electromotive Force of Cell Pt,H,(g, 1 atm)/HCl(m) in 50 wt % 2-Propanol-Water|AgCl,Ag®

EV
mycy 5°C 10°C 15°C 20 °C 25°C 30°C 35°C 40°C 45°C 50°C
0.019467 0.39115 0.39522 0.39531 0.39486 0.39317 0.39257 0.39148 0.38952 0.38762 0.38475
(761.0) (761.2) (761.4) (761.0) (760.2)  (759.3) (759.4) (759.8) (760.6) (758.8)
0.047 051 0.35838 0.35791 0.35707 0.35577 0.35420 0.35251 0.35058 0.34819 0.35546 0.34224
(758.5) (759.0) (760.0) (758.2) (759.0) (756.0) (755.4) (755.2) (757.6) (757.7)
0.097 195 0.32126 0.31881 0.31603 0.31286 0.30299
(760.2) (761.4) (761.6) (762.0) (760.2)
0.10898 0.32475 0.32369 0.32245 0.32078 0.31862 0.31632 0.31378 0.31092 0.30778 0.30427
(762.0) (762.2) (762.0) (761.0) (761.4) (760.2) (761.4) (761.6) (762.0) (760.2)
0.12156 0.31934 0.31821 0.31675 0.31521 0.31355 0.31124 0.30870 0:30587 0.30275 0.299 24
(762.0) (762.2) (762.0) (761.0) (761.4) (760.2) (761.4) (761.6) (762.0) (762.2)
0.13470 0.31567 0.31454 0.31298 0.31102 0.30888 0.30661 0.30384 0.30088 0.29766 0.29407
(762.0) (762.2) (762.0) (761.0) (761.4) (760.2) (761.4) (761.6) (762.0) (760.2)
% Primary measurements; barometric pressure in parentheses.
Table VI. Electromotive Force of Cell Pt H (g, 1 atm)/HCl(m) in 25 wt % 2-Propanol-Water|AgCl,Ag?
EV
myc) 5°C 10°C 15°C 20°C 25 °C 30°C 35°C 40°C 45°C
0.091340 0.34100 0.34170 0.34205 0.34185 0.34077 0.33892 0.33748 0.33604 0.33389
(761.5) (762.2) (762.2) (762.6) (763.0) (761.6) (761.6) (762.4) (762.8)
0.080000 0.34729 0.34817 0.34897 0.34918 0.34891 0.34748 0.34553 0.34453 0.34338
(763.4) (763.0) (763.9) (763.9) (663.7) (763.6) (763.0) (762.4) (762.9)
0.071460 0.35192 0.35283 0.35336 0.35337 0.35276 0.35158 0.35043 0.34881 0.347 20
(763.4) (763.0) (763.9) (763.9) (764.6) (763.6) (763.0) (762.4) (762.9)
0.066304 0.35442 0.35543 0.35606 0.35623 0.35589 0.35468 0.35343 0.35235 0.35073
(762.0) (761.9) (762.1) (762.7) (763.0) (761.9) (761.4) (760.9) (760.7)
0.068233 0.36169 0.36273 0.36333 036346 0.36316 0.36301 0.36210 0.36104 0.35915
(762.0) (761.9) (762.1) (762.7) (763.0) (761.9) (761.4) (760.9) (763.7)
0.042500 0.37456 0.37580 0.37660 037694 0.37597 0.37605 0.37548 0.37470 0.37348
(763.4) (763.0) (763.9) (763.9) (746.6) (763.6) (763.0) (762.4) (762.0)
0.034790 0.38343 038485 0.38580 0.38624 0.38522 0.38527 0.38473 0.38439 0.38318
(763.4) (763.0) (763.9) (763.9) (746.6) (763.6) (763.0) (762.4) (762.9)
0.029680 0.39053 0.39183 0.39285 0.39332 0.39268 0.39369 0.39354 0.39252 0.39190
(764.2) (764.7) (764.6) (764.7) (762.4) (763.6) (764.4) (764.1) (763.7)
0.027700 0.39277 0.39440 0.39548 0.39605 0.39636 0.39630 0.39588 0.39438 0.39318
(761.5) (762.2) (762.2) (762.6) (763.0) (761.6) (761.6) (762.4) (762.8)

@ Primary measurements; barometric pressure in parentheses.

and have interpolated at 20, 25, and 50 wt % graphically on
a plot of £y,° vs. mole fraction of 2-propanol. The outlying point
at 44.4 wt % was ignored. The results, converted to £,,° by
the relationship

E,° = Ey° - 2k log 0.001M, (6)

where M, is the mean molecular weight of the solvent mixture,
are given in Table IV for comparison with the present results
and with the earlier data for 10 and 20 wt % 2-propanol (7,
2).

It is evident that the standard emf values of Roy and Bothwell
are from 9 to 12 mV lower than those of this study and the
earlier work of Harned and Calmon ( 7) and Moore and Felsing
(2). This difference is much too large to be attributed to ex-
perimental error. Its cause has been sought in the method of
data treatment. Roy and Bothwell determined E,,° as the in-
tercept at m /2 = 0 of plots of £ + 2k log m as a function of
m 2, using curve-fitting procedures. No estimates of activity
coefficients (as in the last term of eq 1) were made, and thus
a knowledge of the dielectric constants and densities of the
solvents was unnecessary. This procedure accords undue
weight to the solutions most dilute in HCI, where the experi-
mental errors are greatest.

Examination of their data suggests that the emf for the two
solutions of molality less than 0.005 mol kg™' may be low. A
recalculation of the data for 20.76 wt % 2-propanol, using eq
1, for example, yields £,° = 0.2050 V, with a standard de-
viation of regression (s) of 1.7 mV. When the two lowest points
are omitted, however, E,,° is found to be 0.2063 V with s =
0.3 mV. The latter value is in excellent agreement with 0.2064

V found by Moore and Felsing (2) for the 20 wt % mixture.
The recalculation was therefore extended to the data of Roy
and Bothwell at 44.04, 70.28, and 87.71 wt % 2-propanol,
omitting as before the two lowest molalities of HCi. The re-
calculated value at 44.04 wt % was now found to be consistent
with those at the other solvent compositions, and graphical
interpolation on a plot of £, ° vs. mole fraction of 2-propano!
yielded a value of £,° at 256 wt % in agreement with that found
in the present study. The results of the recalculation are given
in the last column of Table IV.

Primary measurements, e.g., the immediately measured emf
values and barometric pressure in parentheses, are reported
in Tables V and VI. These values should allow one to re-
calculate the results using any correction procedure.

Acknowledgment

We are indebted to Roger G. Bates for his valuable advice
and to S. David Klein for measuring the dielectric constants of
the solvents.

Registry No. Ag, 7440-22-4; AgCl, 7783-90-6; HCl, 7647-01-0; 2-
propanol, 67-63-0.

Literature Cited

(1) Harned, H. S.; Calmon, C. J. J. Am. Chem. Soc. 19839, 671, 1491.

(2) Moore, R. 1.; Felsing, W. A. J. Am. Chem. Soc. 1947, 69, 1076.

(3) Dawson, L. R.; Sheridan, R. C.; Eckstrom, N. O. J. Phys. Chem.
1961, 85, 1829.

(4) Thun, H. P.; Staples, B. R.; Bates, R. G. J. Res. Nat/. Bur. Stand .,
Sect. A 1970, 74, 641.

(5) Khoo, K. H.; Chan, C. Y,; Lim, T. K, J. Solution Chem. 1978, 1, 349.

(68) Mekjavic, 1.; Tominic, I. J. Electroanal. Chem. 1978, 89, 67.



132 J. Chem. Eng. Data 1984, 29, 132-135

(7) Roy, R. N.; Bothwell, A. J. Chem. Eng. Data 1971, 16, 347.
(8) Roy, R. N.; Bothwell, A. J. Chem. Eng. Data 1970, 15, 548.
(9) Gary, R.; Bates, R. G.; Robinson, R. A. J. Phys. Chem. 1964, &8,
1186.
(10) Bates, R. G. “"Determination of pH", 2nd ed.; Wiley: New York, 1973;
Chapter 10 and Appendix.
(11) Bates, R. G.; Bower, V. E. J. Res. Natl. Bur. Stand. (U.S.) 1954, 53,
283.

(12) Kiein, S. D., private communication.
(13) Bates, R. G.; Macaskill, B. Pure App!/. Chem. 1978, 50, 1701.

Received for review May 3, 1982. Revised manuscript received June 24,
1983. Accepted October 12, 1983. Acknowledgment is made to the donors
of the Petroleum Research Fund, administered by the American Chemical
Society, for support of this investigation.

Viscosities and Activation Energies of Viscous Flow of the Binary
Mixtures of n-Hexane with Toiuene, Chiorobenzene, and 1-Hexanol

R. Pratap Singh* and Chandreshwar P. Sinha'

Bhagalpur College of Engineering, Department of Chemistry, Bhagalpur, India

Viscoslties of three binarles, viz., n-hexane-toiuene,
n-hexane—chlorobenzene, and n-hexane-1-hexanol, have
been determined at 30, 40, 50, and 60 °C over the
complete composltion range. Experimental viscoslitles are
compared with values calculated by using equations
based on the concept of significant liquid structures as
well as McAllister type three-body Interactions. Energles
of actlvation for viscous flow have been obtained and their
varlations with composition have been discussed.

Introduction

As part of a program (7-3) to collect and correlate viscosity
data of binary liquid mixtures with varying nonideality, we have
determined the viscosities and activation energies of the binary
mixtures n-hexane (1)-toluene (2), n-hexane (1}-chiorobenzene
(2), and n-hexane (1)-1-hexanol (2) in the temperature range
30-60 °C and tested the predictive abilities of viscosity equa-
tions based on the concept of significant liquid structures (SLS)
(4) as well as McAllister type three-body interactions (5).

Experimental Section

All the organic chemicals, viz, n-hexane, toluene, chloro-
benzene, and 1-hexanol, used in the present study were of BDH
origin. These were purified (6) by fractional distillation and
drying and the experimental values of their densities, refractive
indices, and viscosities checked with the corresponding litera-
ture values (7), within allowed limits. The binary liquid mixtures
were prepared by weighing the individual components and the
viscosities were measured with the help of a thoroughly
cleaned, dried, and calibrated Ostwald viscometer following
standard experimental procedure described elsewhere (8a).
Due care was taken to ascertain that limbs of the viscometer
coincided with the vertical within 0.5°. The time of flow was
determined cautiously several times and the standard deviations
were found well within 0.1%. Further, the densities required
were measured by the standard method (8b) using a specific
gravity bottle and the same were used along with the measured
absolute viscosity data to obtain the corresponding kinematic
viscosities. In each case, the viscosity and density measure-
ments were carried out in a Toshniwal GL-15 precision ther-
mostat limiting the temperature fiuctuations to £0.1 °C.

The uncertainty in viscosity measurements entered in the
fourth decimal place for the binaries rich in n-hexane, toluene,

and chlorobenzene and in the third decimal place for the bi-
naries rich in 1-hexanol. As regards densities, the repeat

TPresent address: Anandra Chandra College, Jalpaiguir, W. Bengal, India.

measurements differed by a few units only in the fourth decimal
place in each case.

Results and Discusslion

The experimental viscosity—composition—temperature data for
the title binaries are recorded in Tables I-11I. The mixture
kinematic viscosities v,, were used to test the following equation
(5) based on McAllister type three-body interactions:

N v = X3 v+ X3 v, + 3X 22X, In vy, +
3X X 2N vy —In [Xy+ X ,My/M,] +

2+ M,/M,
XX, | ———
3
1+ 2M,/M,
X X2 | ————— | + X2 nM,/M, (1)

3

where v is the kinematic viscosity in centistokes, M is the mo-
lecular weight, X is the mole fraction, and the subscripts m, 1,
and 2 represent the mixture and components 1 and 2, re-
spectively, while v,, and v,, are mixture interaction parameters
to be determined from experimental data and are given in Table
Iv.

Again the absolute viscosity data were used to test the fol-
lowing equation (4) based on the SLS concept:

_Ms i 1 1

Nm Fm OV2 (- e-e‘/r)x1 (- e-ez/r)xz (Vi ~ Vo)
a mEsm Vsm
exp——————
R T(vm - vsm)
Vi~ Vem 2 [mkT Y2 2 [m,kT Y72

R X+ —{— 1 X 2
Vi 3d 2\ = ' 3d2\ 7 2| @
where 7 is the absolute viscosity, V is the molar volume, V, is
the solidlike volume in V, O is the Einstein characteristic tem-
perature, £, is the energy of sublimation, m is the mass of a
single molecule with diameter d in the gaseous state, and a is
determined by another parameter n whereas r is equal to the
product of the number of nearest neighbors Z and the trans-
mission coefficient k. Since it is difficult to determine the value
of Z a priori and evaluate « theoretically, r is treated as a
dispossable parameter and is usually fixed by forcing agreement
between the experimental and calculated viscosities at each
temperature. The values of V, V, and M for the binary com-
ponents were taken from an earlier work (7) and those of £,

O, a, n, d, and r were evaluated by following the procedure
of Singh and Sinha (7) and listed in Table V. The mixture

X
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