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Abstract

Apparent molal volumes and relative viscosity of potassium chloride in ethanol-water mixtures have been

determined at 30, 35, and 40°C in the molal concentration range 0. 01<m<(0. 16. The results are discussed

in terms of partial molal volumes,

viscosity B-coefficients calculated from the Jones-Dole equation, and

energy and entropy of activation for viscous flow. Potassium chloride was found to be a structure breaker.

Introduction

Partial molal volumes, }+%¥ viscosity, +%% and ionic

conductance”®%'? of aqueous potassium chloride solu-
tion have been reported.

Viscosity B-coefficients for salts are approximately
additive®!s'® though this additivity tends to break
down for large ions.'® The additivity of individual

ionic B-coefficient has been a subject of many recent
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investigation@!14:1518,1%,18) in view of the importance
of individual ionic B-coefficient contribution in under-
standing ion-solvent interactions.

Generally, in non-

aqueous and mixed solvent systems no division into
The individual

ionic B-coeflicient seems to differ according to the salt

ionic B values has been attempted.
used for its determination. If the two factors, low
overall effects and equivalence of mobilities are taken
into account, potassium chloride aprears to be the

best choice. ¥



The viscosity B-coefficient attributed to the chloride
ion® is very small (—0.007 at 25°—0.005 at 35°C)
and reasonable estimates of cationic B-coefficients
should therefore be obtainable by assuming the prin-
ciple of additivity. In other words, the division of
viscosity B-coefficient into its ionic components may

be possible in the mixture solvents on the basis that
B(K*)=B(Cl")

In this work we have determined viscosities in
ethanol-water mixtures for KCI at 230,35 and 4G°C.
The viscous flow is interpreted as an activated rate
process. °» The activation energies and entropies for
viscous flow are calculated, and the significance of

the effect of this salt on these quentities discussed.
Experiment

1. Merk’s reagent grade potassium chloride and
absolute ethanol (G.R.) whas used without furthur
purification througout the course of experiment.

In all measurements, water was redistilled twice
in a pyrex siill after adding acidic potassium dichro-
mate in distilled water, and was equilibrated with
atmosopheric CO,. The conductivity was less than 1
megohm.

All solutions were made by weight (corrected to
vacuum) and converted to molalities from the known
densities. ' These densities were also used for cal-
culating viscosities. For the viscosity measurements,
the solutions were filtered through a fine sintered
glass disk. All measurements were made at 30,35
and 40 maintained to better than —0.01°C.

2. Measurement and calculation of densities

Densities were measured in a 25 ml. capacity pye-
nometer calibrated with distilled water for 0.01~0. 16
m solutions of salt. For each salt solution and solvent,
at least three measurements at each temperature were
taken and the average value is reported. Average
reproducibility of density was —0.00003. All weig-
hings were measured to fifth decimal with Mettler
H 20-T semi-micro balance and comprensated to
values in vacuum by removing buoyancy by air.

Compensation of buoyancy was performed by the

following equation®®?" for empty pycromeé.e=

Woae™ Wips +dair( ZV‘?;—S—-—E%%) (D

P

where
W,ae=true(vacuum) weight of the body
W, ps=apparent weight of the body in air
=mass of the weights
d..=density (g/ml) of air at time of weighing
(depends upon pressure, temperature and
humidity of atmosphere)
d y.=density of the body
d.=density of the weights
simplified to

Wesem W1 =2 ) )
Wiae= Wy, (140. 31973 d.,;,) 3

where the density of pyrex,dyy,, 1is taken to te
2. 23 g/ml, and that for the balance weights is taken as
7.77 g/ml. *» For the filled pycrometers the following
modification was made, Using the same principle as

in equation (1)

Worim Wi 1))

O e @

In general, the liquid densities were close to unity in
dilute solution, and therefore the buoyarcy corrections
Thus the density of the liquid, d)iq,
But djq
are variable with the salts, solvents and temperature,

were small.

can be set equal to 1 in aqueous solution.

The following formula was used to calculate the more
accurate density of solution.
Since V'dliq= W]iq,

V-dje= W°bs(l-% +—gﬁ*)
+Wysel Z:; —

)= Wi

~
1)
N

diia

V(dua)*+ [W.,M—— H/'cb!(l__%ir_)

wis
_ Wa ir'danr
pyr

=0 ©))

]dnﬁ" (Whys dair— Weps - dair)

J. KIChE. Vol.11, No.3, June. 1973



166

Equation (6) is a parabolic equaticn in density,
A-dPig+ B dyg+C=0 (7

where A=V

BTV~ W (152 )~

wts
C= IV’pY[ N dnir'_ Wobs * dair

and for density of liquid solution, this, (7), is solved
for d;q.

The density of air used in these calculations was
determined from the barometric pressure, p, room
temperature ¢, and realtive humidity %.2?® Computer
IBM 1130, at the computing center, S.N. U. was used
for carring out all of these density calculations.

3. Calibration of viscometers and viscosity cal-
culations

The viscosities of the solutions were measured at
30. 00, 35.00 and 40. 00°C using an ubbelohde-type
viscometer with a flow time of 600—1800 seconds for
water. For the viscosity measurements the solutions
were filtered through a fine sintered glass disk before
used. Flow times were measured to 0.1 sec.

Individual readings for the three measurements at
a set temperature agreed with each other to within
0.1 sec. Overall accuracy of the viscosity measure-
ments was estimated to be better than 0.02 %.

The viscometer was calibrated with water 30,35

and 40°C by means of equation

5/d=K-t—L/t (8

where 7 is the absolute viscosity, d is the density

and ¢ the flow time of the calibrating solution. The

Table 1. Parameters for Viscosity equation

p/d=K-t—L/t at 30,35 and 40°C

NO. Kx108 L 30°C(Cale.) Error{%)
1 1. 1190 —8. 3831 0.7973 0.02
II 1.1211 —8.6271 0.7973 0.02
III 1. 1212 —8. 8764 0.7974 0.01
v 1. 1207 —8. 8908 0.7973 0.02
\" 1. 1189 —8.4911 0. 7974 0.01

characteristic viscometer constant K and L were sum-
marized in Table (1). The absolute viscosities of
water at 30,35 and 40°C were taken as 0.7975,
0.7194 and 0. 6531 centipoise, > respectively. The
densities of the solutions were taken as 0. 99568,
0. 99406 and 0.99224 g/ml, * respectively.

Results and Discussion

1. Concentration and temperature dependence

of densities

A linear relationship?” (9) between density (d)
and concentration of potassium chloride was assumed
to hold (4 is an empirically determined constant).

The results are summarized Table 2.
d=d,(1+6-C) @

Table 2. Parameters for density equation

d=d,(1+6-C)

t(°C) 6 RMSD
30 3.9676X 1072 9.54X1078
35 3. 9458 1072 1.65X1075
40 3.9291<X 1072 3.02x10°%

The densities of the various solutions have been
measured at five degree intervals from 30 to 40°C.
The densities of the solutions were fitted to equations

of the form:
dyn=A+B-t+C-#* (10)

Table 3. Constants for density equation
d=A+B-t+C-t* at 30,35,40°C

molality A Bx10% CXx108
0.010484 1. 000388 +1.11 -5.10
0. 015090 1. 000945 ~—0. 69 —4.86
0. 020499 1. 001330 —1.70 —4.68
0. 025392 1. 002151 —4. 57 . —4.34
0. 040562 1. 001220 +4.89 —5.70
0. 058340 1. 002844 +0.52 —5.12
0. 090918 1. 006048 ‘;l -—9.53 —3.66
0. 124368 1. 007571 —9.52 —3.64
0. 162331 1. 009582 —10. 69 —3.54

mean 1. 003564 —3.35 —4.52
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where average A=1.003564, B=-—33.5X107%, C=:
—4.52<107% The results are summarized Table(3).

2. Concentration dependence of apparent molal

volumes

The apparent molal volumes were calculated (Fig. 1)

from:

. _ 1000(de—d) . M
= mded, T d (1)

The ¢, for infinitely dilute solution ¢°, at 30°C can
then be obtained by using the equation;

G ="+ Su v/ T (12

Experimental limiting slope S, and partial molal
volume ¢° for ethanol-water solutions of KCl at 30°C
35, and 40°C is presented in Table 4 as a function
of solvent composition.

It has been suggested®*® that the positive concen-
tration dependence of the apparent molal volume is
primarily due to the salting out effect of ionic elec-
trostriction. The slope has maximum positive value for

KCI at 0.3 mole fraction ethanol in the ethanol-water

" L / oamt
@ o )
VAl
{mYmol} s
| o
Sne .V/
i 0.3 mf
' o % 0.2 mf.
E‘ o o
; ° &
2s.0 !- s/
:,//c o B0 0.1 m{,
s G e S o
c R o— 0.0mt.
i /0’.8’}}/
27.0 - °
L
H A . s R
o i 2 .3 4 5

Fig. 1 The Limiting plots for KC! in various ethanol-water
mixtures at 30°C {m. f. =mole fraction ethanol)
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binary solvent mixture. This observation of a maxi-
mum in the solvent composition dependence of the
slope S, suggests that at least some of the contributing
factors that determine the S, value, probably electro-
striction and structural effects, have an extremum in
their influence at this solvent composition.

¢% (Table 4),
are the values obtained hy least square fitting.

The partial molal valumes, given

Table. 4 Pertial molal  volumes and Limiting slope of

potassium chloride in  ethanol-water mixtures at

30°C
Solventmf. X EtOH ¢°v So
0.0 27.0s 1.89
0.1 28. 30 0.67
0.2 29. 45 1.31
0.3 28. 3s 4.76
0.4 30. 85 3.37

*Literature values, 26.90,% 26.89,%® 26.85% at 25°C and
Xewor=0.0

3. Ionic partial molal volumes

The additivity of individual ionic partial molal vol-

VQ
(mlemoi")
40.0

30.0 L

/e
[ d
o0 ®~—o

200 | ©

cr*

-10.0 -

X zton

Fig. 2 Partial and
ride as a function of solvent composition at 30°C

lonic molal volume of potassium chlo-
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umes has been a subject of many recent investigations
in view of the importance of the individual ionic
contribution in understanding ion-solvent interactions.

Figure 2 is ionic partial molal volumes of chloride
ion as a function of solvent composition at 50.25°C
by Lee and Hyne, *®

Figure 2 shows a deep minimum in V°¢- at 0. 3 mole
fraction ethanol, and V°- values for 0. 2 and ¢. 3 mole
fractions are negative. Since chloride ion has a high
charge to surface ratio, the minimum at 0.3 mole
fraction is probably due to the maximum in electro-
striction effect, which agrees with the conclusion de-
rived from the maximum value of the limiting slope
at the same composition, (see Table 4).

The ionic partial molal volumes of the cations were
determined by subtracting the V- value from the

partial molal volumes of salt VO,
Vo=V a—V°u- (6)

The individual ionic partial molal volumes of the
cations obtained in this manner are plotted against
solvent composition in Fig. 2. The cation show a maxi-
mum (.3 mole fraction.

When the combined effects of cation and anion are
considered, however, the partial molal volume picture
changes considerably. The electrostriction effect of the
chloride anion, which manifests itself as a minimum
at 0.3 mole fraction ethanol (see Fig.2.), is then in
competition with the size effect of the potassium
cation, which is characterized by a maximum at the
same sclvent composition. The balance between these
two competing effects is illustrated in Fig.2, where
the partial molal volumes of the salt species are plot-
ted against solvent composition. The maximum at

Q.3 mole fraction observed for the potassium ion has

now become a minimum, indicating that the electro-

striction effect of the chloride ion more than com-
pensates for the small size effect of the potassium

cation.

4. Viscosity B-coefficient

In 1929, Jones and Dole, ¥ studying viscssity for

found that their

extremely dilute aqueous solutions,

results could be formuiated in the following form

where 7, is the viscosity of the salt solutisrn relative
to that of the solvent, C is the molar concentration,
and A and B are constant characteristics of the elec-
trolyte. The A-coefficient represents the contribution
from the interionic electrostatic force, ** and is highly
specific for the electrolyte and temperature.

The B-coefficient represents the ion-solvent interac-
tion and measure the order or disorder introduced
by the ions into the solvent structure,®* and is
found to be fairly accurately additive properties of
the constituent ions, and several independert worke-
S. 4‘11,12)

The concentration dependence cf viscosity for elec-
trolyte solution has been interpreted with semiem-
pirical Jones-Dole’s equation.

Jones-Dole’s equation (13) is transformed to

7/ VC =A+BvT (14)

A-and B-coefficients are obtained from intercept and
limiting slope of plot of 7,/vC vs. +C,
tively. Table 5, presents A-and B-coefficients cbtained

respec-

in this way, respectively.
The viscosity A coefficient could not be determined

unambiguously because 7,/+/C valuesat extremely

Table 5. Value of A and B-coefficients for potassium chloride in ethanol-water mixtures ot 30, 35 and 40°C

B

Solvent {mole A

fraction EtOH) 30° 35° 20° 30° 55° 46°
0.0 0. 0071 0. 0061 0. 0019 -—0.0126 0. 0060 0. 0190
0.1 —0. 0007 0. 0025 0. 0068 0. 0696 —0. 0434 —0. 0424
0.2 0.0177 0.0136 0. 0218 —0. 0849 —0. 0496 —0. 0470
0.3 0. 0077 0. 06062 0. 0052 —0. 0162 0. 0148 0. 0384
0.4 0. 0092 0. 0075 0. 0077 0. 0718 0. 0984 0. 1206

Blsr@st M 113 A 3% 197346 63
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Fig. 3 Plots of (7,—1)/C'? v5.C'2 for KCl in various
ethanol-water mixtures at 30°C

low concentrations are scattered due to the experi-
mental inaccuracies at these concentrations(see Fig. 3).
A least squares fitting yield, in some cases negative
viscosity A-coefficients. Such a result appears to be
without physical significance. 39

The experimental values of B-coefficients in ethanol-
water mixtures are given Fig.4. Generally speaking,
B-coefficients are smaller at lower temperatures. The
temperature dependence of B values at various solvent
compositions is presented in Fig. 5. Since the lower
B value at lower temperature is consistent with the
fact that at lower temperature there is more structure
to break, i.e., the ion-solvent interaction is stronger
at lower temperature when the ion tends to break
the solvent structure. Clearly therefore K* and Cl-
are the structure breakers, in the range of solvent
composition studied. Fig. 4 also shows a distinct
minimum in Q. 1-0.2 mole fraction range. The mini-
mum corresponds approximately to the composition
(~0.1 mole fraction) at which the maximum struc-
turedness of water is believed to exist.*® The mi-
nimum therefore can be interpreted as the maximum

ion-solvent interaction resulting in the maximum
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breaking of the structure, since the less the B value,
the more structure is broken.

The B-Coeflicient of KCI has a value not far from
zero. Therefore the viscosity of the solvent is affected
very little either by the presence of the positive ion
or by the presence of the negative ion. It is usual
to equate the viscosity of a dilute electrolyte solution
to that of the solvent plus the contributions from

solutes in the following manner?®
PSP = (AT B0 (1)

where 7* is the positive increment in viscosity caused
by coulombic interaction, %f is the viscosity incre-
ment arising from the size and shape (Einstein effect),
74 is the increment due to the alignment or orientation
of polar molecules by the ionic field, (electrostric-
tion effect) and 7P is the viscosity of structure leading
to greater fluidity (strcture breaking effect).
Therefore, at a given concentration the B-coefficient
can be interpreted in terms of a competition between
K* and Cl-, as
would be expected, have a close balance of viscous

7E+yA=yP so that B

these specialized viscosity effects.

forces in their vicinity, i.e.,

is close to zero®®.

5. Energy of activation for viscous flow

Based on absolute reaction rate theory, Nightin-
gale®® has proposed an equation which permits the
calculation of the energy of activation for viscous flow
of an aqueous solution of a strong electrolyte in
terms of the energy of activation for viscous flow of
pure water (ethanol-water mixtures) and B-coeflicient

(of the salts) and its temperature derivative. Speci-
fically

R-9-1n »° R

n a(1+B-C)
o(1/T) 1+B-C

a(1/T)

4E7 (soln.) ==

(16)

where 4E* () =energy of activation for viscous flow
of the (R-3-1n 7°)/o0(1/T)=4dE* oy =
energy of activation for viscous flow of pure solvent,
B=the Jones-Dole B-coeflicient,

solution,

R==gas conastant,
C=concentration and the other symbols have their
usual meaning.

Using the B-coeflicient obtained in the present

aiat@st 1A H32 1973 63

study, the difference between A4E*gp,0) and 4E7 oy
is calculated to be -24 cal/mole, i.e., the energy of
activation for viscous flow of the solution is less than
that for pure solvent in agreement with the general
notion that KCl acts as a structure breaker. Since
the differncee is small, JE*(,, is approximately
equal to 4E#,.,. Therefore, it can be concluded
that viscous flow is largely controlled by the solvent

structure.

6. Viscosities and energy of activation of
solvents

- %

A 1
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»
o
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@
©
~

Q
T
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4.0 1.0 ¢
3.5 0.3
. .
) 1 .2 3 q
X Eron

Fig. &6 The Activation energy and viscosity ethanol-water
mixfures at 30°C
Solvent viscositiesand energy of activation plotted
against mole fraction ethanol(Fig.6) show extremum
behavior near 0.2-0.3 mf ethanol at 30-40°C. Accor-
ding to Lee and Hyne, *? at about this composition
(~0. 3 mf), the structure has broken down completely
If this is so, hole

formation in the activation process of viscous flow

and free volume is a minimum.

will require maximum energy at this composition.
Thus our result is in fair agreement with their ex-
planation. Fig.7 shows the variation of 4E7, as
a function of KCI concentration. It can be seen that
AE* (1> decreases linearly with KCl concentration in
all solvent composition. This is again in agreement

with the previous conclusion that KCl is a structure



breaker in ail solvent composition studied.
According to the absolute rate theory,?? the free

energy of activation for viscous flow is given by®*®

4G*=R-T-In ,’ZN an
ActeH
.
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Fig. 7 Activation energies for viscous flow as a function
of concentration for KClin ethanol-water mixtures

AG* 1

(Keat- mol™")
° 0.4m.t.
3.00 | e eT e e e o.3m4.
-0000—0 O e O ) e O e 0. 21m.,

275 |
0. 1m.t.

2.50 |

2.25
—O0OO—~ O— €~ 06— g—— © 0.0m.t.

2.00 |

175 L

.04 .08 2 .16 .20

C (mol-liter™’)
Fig. 8 Free energy of activation for viscous flow as a
function of concentration for KCl in ethanol-water
mixtures
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where £ is the Plank constant, N is Avogadro’s num-
ber, R is the gas constant, and V is the volume of
1 mole of solution particle. The values of JG* have
been calculated for KCl as a function of ccncentration
and plotted in Fig. 8.

This figure shows that 4G* does not vary much
with the concentration whereas Fig. 8 shows the
decrease of JE* with the concentration. Assuming
that activation enthalpy does not differ appreciably
from the activation energy, the entropy of activation

A8% g may also be calculated as
ASF= (AE*—AG*) /T (18)

The fact that AG*does not vary with the concen-
tration shows JE* and 4S*are compensated effectively
when C is varied. This indicates that as the more
structure is broken with increasing C, the less energy
is needed for viscous flow but entropy is increased
since structure breaking increases disorder in the sol-
vent. Although the difference in activation energies
of the solution and solvent is small, the variation of
this difference (4E* (1) — AE* (co10y=4E7)*® as a func-
tion of solvent composition will give some qualitative
information as to the effect of ion on the activation
energy of viscous flow.

The difference, 4E#,

increase or decrease of the activation energy for vis-

may be interpreted as the

cous flow for the pure solvent due to persence of the
ions. The 4E% and the similary calculated, 4G3
and A4S7%, are summarized in Table (6) and presented
graphically in Fig. 9.

This figure shows clear and interesting features of
ionic influence on viscous flow of the solvent, JE%
is shown to increase with the ethanol content while
-T45% decreases (since 4S7 itself increases) with
ethanol content. In other words, the addition of KCl
makes the solvent increasingly difficult for hole forma-
tion since structure breaking causes decrease in free
volume in solvent, but it brings in the increase of
disorder, i.e., increase in entropy(decrease in- 745%).
This effects are compensated each other and gives
very little change in 4G%. A slight minimum in 4G3,
Since

however, can be seen at (.1 mole fraction.

AG* is the change in free energy of viscous flow due

J. KIChE. Vol. 11, No.3, June. 1973
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Table 6. Energy and Entropies of Activation of KCi for Viscous Flow in Ethanol-Water Mixtures at 30°C and C=0. IM

KCl mf. 4E%, Keal 4E# Kesl 4G§,Keal 4G*K,cal 4Sie.u. 4S*e.u. AE*-AE% kcal 4G*—AG3, keal 4S*-4S7., ..
0.0 3. 988 3.964 2.164 2. 1632 6. 017 5.942 —0. 238 ~0. 0008 —0.781
0.1 6.003 5. 836 2.688  2.6835  10.935  10.408 —0.167 —0. 0044 —0.535
0.2 6. 453 6. 327 2.908 2.9041 11.693 11. 291 —0.126 —0. 0039 ~0.402
0.3 6. 043 5.923 2,997  2.9954  10.047  9.657 —0.120 0. 0016 0. 390
0.4 5. 600 5.511 3.031 3.0285 8. 474 8. 189 —0. 089 —0. 0023 —0.285
7; absolute temperature
t,t,; flow time of solution znd solvent respectively
cal~mol™" o V; volume of liquid
2eo ¢ \o V; volume of one mole of solution particle
oo L \o\o_c et v a;iparent molal volume of salt
¢p(=V¢); partial molal volume of salt
0 L e, -—u o af Wobss Worer Weaes weight of observed, pycnometer
. and compensated in vacuum respectively
-100 L . " oF s To» Trs N Viscosity of solution, solvent, relative
—200 | /0/ and specific, respectively
o 7%, 7%, 74 viscosity increment caused by coulombic
. . . - . interaction, Einstein effect, electrostriction effect,
0 .2 .3 .4 5 respectively

Fig.  Variation of 4G*, 4E* and TA4S* of KCI with
Xg.0n at 30°C(C=0. 1male/1)

to the presence of ions, it is the rate theory equiva-
lent of the B coefficient, and therefore the relative
variation of the two should agree. The approximate
agreement of the position of minimum suggests that

the arguement is indeed not unfounded.

Nomenclature

A: viscosity A-coefficient

B; viscosity B-coefficient

C; concentration(mole/1.)

d(=dya), daic dpyey dorer o

density of solution, air, body, weights and solvent

respectively

h; plank constant

M: molecular weight

mf; mole fraction

m; molality

N; Avcgadro’s number

R; gas constant

Sy; experimental limiting slope

stepEEt M11A X35 1973 68

7P; viscosity leading to structure breaking effect

AE*, AG#*, 457, 4E3, 4G%, 45%; energy, free energy,
and entropy of activation for viscous flow about
solution and solvent, respectively

AE%, 4G%, AS%; energy, free energy and entropy of
activation for the 7 ions, respectively
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