Chapter 10 Electrolyte Solution

Solutes in electrolyte solution exists in solvated ions (+ or — ions).

Nonelectrolyte solution (Chap 4);

AHP=0, AG; =0 for pure substance (Ibar) ......... (a)

—Calculate AH?, AGy for compound.

Electrolyte solution; Long range electrostatic (Coulombic) interactions

exist btn the ions<van der Walls force btn the neutral solutes

(intermolecular interactions). So, in addition to (a)
— AG{(H", ag)= 0 — Calculate A#xp, AG; s° for ions.

10.1 Enthalpy, entropy, Gibbs energy of ion formation in solution
Electrolytes: Substances that dissociate into positively and negatively

charged mobile solvated ions in solvent (water in our text).
Consider the following overall reaction in water:
1/2Ha(g) + 1/2Cla(g)— H' (aq)+ Cl (aq)...... (1)

H"(aq), Cl (aq)=Solvated, charged ions and their associated hydration
shell. The hydration shell lowers the energy of ions, thereby making
the reaction spontaneous. Although energy flow into the system is
required to dissociate and 1onize the hydrogen and chlorine, more
energy 1s gained in the orientation of the dipolar water molecular

around the ion in the solvation wall.

—AHr=-167.2 kJ/mole @ Constant pressure (for rxn 1) (Exothermic)
(What about gas phase rxn?)

The standard state enthalpy (heat of formation) for the reaction can

be written in terms of formation enthalpies;



AHg = AHPMHT, aq) + AHP(CL, aq) - 0 - 0 (2)
(Note that AHf° for pure element in its standard state = 0O)

AHLHY, ag) and AHL(Cl, ag) are measured together (by formula
unit), not by the individual ion since the solution must remain
electrically neutral, and hence any dissociation reactions of neutral

solute must produce both anions and cations.

How can the formation enthalpy, entropy, and Gibbs energy for

individual solvated cation and anion are obtained?

This can be done by making an appropriate choice for the zero of
AHY, AGf and S°.

By convention
AG{(H", ag)=0 for all T (3)

Then, from dG = -SdT + Vdp and G =H-TS

OAGY (H ,aq)
SUH " aq) =—( faT )p=0 and

AH{(H",aq) = AG)(H " ,aq)+ TAS(H",aq) =0 (4)

Based on this, the numerical values for A#H}, AG; and §° for other
ions can be assigned as shown later.

AHy = Measured using calorimeter (=C,AT). Then,

Acp = -RT In K (b)

(K is determined by measuring the degree of dissociation.)
And AS, is determined by

AHU _ AG()
ASp=—"



Then, from eq (2) and convention for A#f and AGf = O for element;
AH,=AH(Cl", ag)+0-0-0=AH’(Cl', aq),
AG=AGP(Cl, ag)+0-0-0=AG(Cl, aq)

_ I co 1 go
ASp=8(A, aq) + 0= 58, g) = 55l g)

In this way the following are obtained.

AHP(Cl, aq)=-167.2 kJ/mole (See also Table 10.1 @298.15K)
S°(Cl™, aq)=56.5 (See also Table 10.1 @298.15K )
AGP°(Cl7, aq)=-131.2 (See also Table 10.1 @298.15K )

These values can be used to determine the formation functions of

other ions. Example:

NaCl(s)— Na™ (aq) + Cl (aq) (5)

The std rxn enthalpy, A#z=+3.90 kJ/mole (Experimental). Enthalpy

change for this reaction is,
AHp= AHf(CZ_,aq)+ AHf(Na+,aq)— AHf(NaCZ,S) (6)

Tabulated data: amy(NaCl, s) =-411.2 kJ/mol, AH(Cl, aq)=-167.2
kJ/mole (calculated above)—[a#;(Na",aq)+(-167.2)]-(-411.2)]=3.9 —
Ary(Na', aq)= -240.1

See Table 10.1 for AH?, AG7 s° for various aqueous ion species.

Notes

1)AGJ§)7 AHJ?, S° for ions are defined relative to H' (aq).

2)AH; < 0— More exothermic than H" (aq).

(Multiple charged or smaller ion is more negative due to the greater

interactions btn ijons and water in solvation shell.)



| TABLE 10.1 CONVENTIONAL FORMATION ENTHALPIES, GIBBS ENERGIES,
AND ENTROPIES OF SELECTED AQUEOUS ANIONS AND CATIONS

Ton AH? (k] mol™!) AGf (kJ mol™t) S*(JK 'mol™")
Ag (ag) 105.6 T 72.7
Br (ag) 121.6 —104.0 82.4
Ca**(aq) —542.8 553.6 —-33.1
Cl (aq) —167.2 131.2 56.5
Cs*(ag) —258.3 292.0 133.1
Cu'(aq) 71.7 50.0 40.6
Cu’"(ag) 64.8 65.5 -99.6
F (aq) 733216 —278.8 13.8
H(aqg) 0 0 0

| T (ag) =55.2 —31.6 111.3
K*(ag) —252.4 -283.3 102.5
Lit(aq) -278.5 —2933 134
Mg (aq) ~466.9 4548 —138.1
NO3 (aq) —207.4 —111.3 146.4
Na'(ag) ~240.1 —-261.9 39.0
OH (ag) —230.0 =157:2 —-10.9
PO3 (ag) 1277.4 —1018.7 —220.5
SOF (ag) —909.3 ~744.5 20.1

| Zn*"(aq) —153.9 ~147.1 2.1
Source: Lide, D. R., Ed.. Handbook of Chemisiry and Physics, 83rd ed., CRC Press, Boca Raton,
FL, 2002.

3)Entropy decreases as the hydration shell is formed since water

molecules are oriented in hydration shell.

»The hydration shell of an ion in water
into water rotates water molecules so that their

An ion inserted
polarized charges face the oppositely charged central
breaking their hydrogen bonds to their nearest neighbors. By doing

this salt water has a lower freezing point than pure water. The group

ion while

of water molecules oriented around an ion is called a hydration shell.
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10.2 Understanding the thermodynamics of ion formation and solvation



AHf, AG} §° are measured for formula unit as above.

Values for individual 1ons can be calculated using thermodynamic

model as below (Focused on AGJ?).

Individual contributions to AG} for H"(aq) and Cl (aq) formation

1/2 Hy(g)— H(g) A G =203.3kJmol !
1/2Cl,(g)—Cl(g) A Gh=105.7TkJmol "
H(g)—>H"(g)+e A GY = 1312kJmol
Cl(g)+e —Cl (g) A Gh =—349kJmol "
Cl(g)—Cl" (aq) A GCp= D G ation (A saq)
H'(g)—>H (ag) A G =1 Goppasion (H 5 aq)

1/2H,(g)+1/2Cl(g)—~H (aq)+ Cl (aq) A Gp=—131.2kJmol "

The pathway is shown in Figure 10.1. Green and yellow paths gives

the same AG (state function).

Infinite separation

e s EF (aq) + H (bm)
AG® in units of kJ mol™! is shown
pictorially for two different paths starting
with 1/2 Ho(g) and 1,2 Cly(g) anc Ao (Ol an
ending with H (ag) + Cl (ag). The 105.7 Sl )
units for the numbers are kJ mol ™", 203.3 AGEpanion(H™ a0)
Because AG is the same for both paths, Cl{g) ki Cl7(g)
AGnuion H' . ag)can be expressed in
terms of gas-phase dissociation and H(g) 1312 H™(g)

ionization energies.

Figure 10.1(High resolution)

1st two rxns = dissociation

2nd two rxns = ionization

AG? for the 4 gaseous reactions are determined experimentally.



With these values (203.9+105.7+1312-349=1272), AG° for the overall

process 1s given by;

AGH=AG! (O, aq)+AG? (H", aq)+ 1272 kJ/mol (7)

solvation solvation

o

olvation Of €ach lon can not be determined experimentally,

but can be estimated by Max Born model.

Max Born model assumes:

Solvent=Uniform fluid with a dielectric constant, ¢
lon=A charged sphere

At constant T and P, nonexpansion work=AG—

Difference of the reversible work for charging in solution and vacuum=
Q Q N ) o R N Q_~ . )
[(A\*)L\ g?%(x.lﬂinxn_(:\;)!\ )\';m. 1 J]_"' (JSM\ ation (;\—N(‘llll Z]L A\ l_LhZ”' g(\'d b\ (\2)

» Electrical potential around a sphere of radius r with charge Q' is
given by

b= Q /Amer

Note Coulombic law

Coulombic force F=q,qu/4ner’—Electrical field strength E=F/qi=qs/4mer’
E=v®—>@=E r (Commonly E=Volt/distance)

Electric potential at a point is the electrical potential energy divided
by charge (Work for unit charge). Typically measured in Volts =

Joule/Coulomb.

»Work for additional charging dQ = ¢dQ.

»Then work in charging a neutral sphere in vacuum to the

charge Q is

_ [fQde _ 1 [, @
v /0  dmeyr /0 @@= ®

4dmeyr 8meyr




€,= permitivity (dielectric constant) in free space
Work for the same process in solvent = Q*/8mee,r (8"

€,=¢€/€, relative permittivity of solvent (See Table 10.2, Appendix).

Then for an ion of charge Q= ze is given by ( (8)-(8))

2 2
W= A G° — ﬂ(Lfl) (9)

solvation STenr €
0 r

N, = Avogadro’s number, e = Charge of aproton

Note

€,_€/e,>1—>AG, ion <0: The solvation is a spontaneous process.

See Figure 10.2 to test the validity of eq 10.9.

FigurelO.2a: Radius from crystal structure

Figurel0O.2b: Toff =crystal radius+ 0.085 for positive ion,
=(crystal radius+0.100) for negative ion (Excellent fit)
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(a) The solvation energy calculated using -g 10000 -] & .3 1 La®* AU,
the Born model is shown as a function of g ] b 9 —4000 — ‘{e
Z2/r. (b) The same results are shown as a ~12000 \\ : o \&I3+
function of 22/ ro (See text.) The dashed 3 iy —5000 ] v
line shows the behavior predicted by —14000 — - E
Equation (10.9). (a) (b)

Figure 10.2 (High resolution)

10.3 Activity and activity coefficients for electrolyte solutions



Activity and activity coefficient defined in Ch 9 is modified

electrolyte since Coulombic interaction (electrostatic) is dominant.

For example:
NaCl(s)+ H,O(1)— Na™" (aq) + Cl (aq) (1D

Gibbs energy of solution can be written as:

G=n +n (12)

solvent M solvent solute P solute

n = # of moles

If the electrolyte completely dissociates,

G= N solvent M solvent + ny g + n_p_
= Nsolvent M solvent + N solute (V+:u+ + V,p/,) (13)

v= stoichiometric coef ficients
Ny = Ngolute V+ and n_ = N sotute V—

Fr) K,50,—~2K" + S0, *

Ngopute = L,y =2, v_ =1 (Produced from one mole of solute)

Letting
(12) =(13)

Hsotute — V+H+ + vV (14)

Define the mean ionic chemical potential as;

Hsotute Va4 + V_l—

Ky = iy = V (15)

where v=v, tv_

in



The experimentally measured quantity is .

(py and p_ can not be measured separately)

Chemical potential — activity coefficient relationship

Py = ,ug +RTna,, p_ = p+RTIna_  (16)

Standard chemical potentials (uS, p’) are based on the Henry's law
standard state.
vipy tvope

Subing (16) into (15), = eotute _ - (15)

- 14

(v + v p’)+ RT(vna, + vIna_)

1" —
o+ D

=y} + RTna,  (17)

where the mean ionic activity aj is related to the individual ionic

activity as,

vilna, +v_lna_

Ina, =
v

14

v v,
—Inay=Ina,a_

v v

1%
a; = a,a or
1

a, = ((1,:‘ a” )7 (18)

EXAMPLE PROBLEM 10.1
Write the mean ionic activities of NaCl, KoSO4, and HsPO4 in terms of
lonic activities of the individuals anions and cations. Assume complete

dissociation.

Solution



NaCl — Na "+ Cl”
KsSOs — 2K'+S0,%
H;PO, — 3H'+PO,*

From (18)

2 _ —
ANgCl— CLNa+CLa— or an,a— VaN(faCY_

3 2 _ ( 2 )1/3
aKSO CLKJr CL5027 or aKSO_ CLK+ CL50427
4

3 _ ( 3 )1/4

Since activity 1s dimensionless, the ioinic activity must be normalized

by a standard state molality (m” = 1 mole/kg) as,

mo m_
a,= ——v; and a_= —_
m m
7 .
m,=v m and m_=v m
(Note a;= i = x;y;= x; for ideal solution)
(19) — (18)
v m.y v, m._ _ v, v
at= (—)"(—)"vy"
m m

Define mean ionic molality (m,) and mean ionic

(’Yi) as

NI

my = (mi*mi )

o= (i)

—

o= (o)

(19)

(20)

activity coefficient

(21)



Then

v m.y v, m._ V. v, VU
at=(—)" (=) - (a)
m
v, v_ 1 (1/++V,) v, V_
= (mym”)(—) Yo
m
UL
:( o ) Y+
m
My
Or ay= ——74 (22)
m

(19)~(22) relate the activity, activity coefficient, and molality of the
individual ionic species to mean 1onic quantities and measurable

properties of the system such as molality and activity of the solute.

EX Calculate the mean ionic molality and mean ionic activity of a 0.150m

Ca(NOj3)ssolutionforwhichthemeanionicactivitycoefficientis0.165.

f)% m :(22)% 0.150 molkg™ = 0.238 mol kg™

a, =(m§j 7. =0.238x0.165 = 0.0393

EX) Calculate the mean ionic activity of a 0.0150m K>SO, solution for

which the mean activity coefficient is 0.465.
Solution
Use (a) and (19)-2nd line

RY/
a, = M 7. :(22)}/3 0.0150x 0.465 = 0.0111




