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t infinite dilution for MgCl,?

ded in Table 34.2,

2A(CLT)

mol™") + 2(0.0076 S m? mol ')

nol™!

arsus (¢/cp) 2, AD for MgCl, is equal to
Jue to the expected molar conductivity cal-
ehaves as a strong electrolyte in aqueoui_J

—

1ce stated in Kohlrausch’s law? In Chapter 10
olytes demonstrates a similar concentration
lated to dielectric screening as expressed by
states that the natural log of the ion activity 1s
itton ionic strength, or ton concentration. An
>y the ion itself, but also by the ionic atmos-
Chapter 10, and depicted in Figure 34.23. In
y a few close-lying positive ions comprising
in electric field, the ionic atmosphere will be
positive and negative charge will be identical.
in ion motion, and this motion will create two
the negative ion in Figure 34.23 migrates and
or. The ionic atmosphere is not capable of
ion instantaneously, and the lag in response
f positive and negative charge. This displace-
> field in opposition to the applied field.
e 1on, and subsequently the conductivity, will
ation effect, and this term implies that a time
menon. In this case, it 1s the time it takes the
1 of the negative ion.
or 1onic atmosphere relaxation can be gained
ic field to study 1onic conductivity. A second
f the ion is the electrophoretic effect. The
[l migrate in opposite directions such that the
ease. The reduction in ion mobility accompa-
crease the conductivity.

(b)

FIGURE 34.23

Negative ion in solution and associated
ionic atmosphere. (a) In the absence of an
electric field, the center of the positive and
negative charge is identical. (b) However,
when an electric field i1s present, the
motion of the negative ion results in
displacement of the center of the positive
and negative charge. This local electric
field is in opposition to the applied
electric field such that the rate of ion
migration is reduced.
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FIGURE 34.24

Comparison of experimental and pre-
dicted conductivity of acetic acid
(CH4COOR) as a function of concentra-
tion using the Ostwald dilution law of
Equation (34.80). The y intercept on the
graph is equal to 1/ A2,

[ i -

[HA] -

In Equations (34.75) and (34.76), « is the
to 1), and ¢ is the initial concentration ¢

and (34.76) into the expression for the e
Equation (34.77):

K,=

Solving Equation (34.77) for « yields

Ka((
a = —— 1
2c

The molar conductivity of a weak electrc
will be related to the molar conductivity a
A.’?l '

Using Equations (34.78) and (34.79), the
ductivity can be determined and compared
and ¢ for a weak electrolyte is described b

L L
A?;‘l AE;

The comparison of the predicted behavior
acetic acid (K, = 1.8 X 107, A% = 0.03'
and excellent agreement is observed. The C
the molar conductivity at infinite dilution fos
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boundary layer

Brownian motion
centrifuge

diffusion

diffusion coefficient
diffusion equation
Einstein—Smoluchowski equation
electrical conductivity
electrophoretic effect
Fick’s first law

Fick’s second law of diffusion

ionic equivalent conductance
Kohlrausch’s law

laminar flow

law of independent migration of 1ons
mass transport

molar conductivity
Ostwald dilution law
Ostwald viscometer
Poiseuille’s law

random walk

relaxation effect




@*00

HA-
a £
A CH0") = 2v9. 65 ;&5

/\G[AC_‘) == (7’0: 9 3_(»,,,72-

P

© 6 o
/\MZHAC) = /{HT +/(,45.’

= (3Y5, ¢+ wo.5) =L

e
_ Cew Z
= By ——
/ »
éwk{ %Vam 7; V'S /la—m(7 = K /3/@[(
. /
/[‘”’ [HAC) - ) '{‘(r(e’/f/'
. B &
= 295, # ___—
. 27 error
- J’%ran/

A = AL = K\ Y

0
[

/M 4,,074 //1/

B



aé)j

i@l’ii(‘- gnf46c/f)// g}éé {J‘ e:ne-;"j), %Q/ @ e ]

€7 2 :
?ér 0/9/ 0% 74'7'7’:'?;17(/0,1 7+ .{’a&()(‘/b,c,

CONVen Eloparl u ot
L

7‘5(;/‘( Kive ((o e
‘r%‘?# clar A

e c?,éc“f?‘{/ 0(774‘ OA'NJ‘-S’C?C"(;? 7(:'4 "M P e HEE
7 ’ o /'\H
Sel va 7{’0/ PR N o

g
g.g. /7/ /527} 7 éc’.ﬂﬂ)’ /i/)p?‘t/‘:"?/ Sc/b’q?é-r/

yor Jolzxi(/ﬁ,”

/!QJM
. /"" wetfor oo Solvesr -
// Lheve 1y (‘c:w;/bé--fg (60 Sal  f T o ds i Holond 25

!-OZM/(,"C,“ 5 M é’éc‘-izro/;llzﬁ ) Vy o Wééc.’#@" Fez Ja/,y_

complite alistnziaiion « el wlellre e

Jon) Ma'?/ B & (6(,(47 ) J‘cx/m)(/'on

éf‘?ux'ff'éw'um £

[{t‘;‘SO/(/C(/{/ Cxéﬂ@/f‘.f.?'@('(‘c?_ﬁﬂ/ ’)740/(_'(‘.4@ W/%L/
~ o/r’/ao(( ’m&';ﬂc/n'f /.S‘afca:// I ?’f’i/ —éi/fc?‘()’c/;r%’

i’, Hz{?/ 4 iWL[;) ot /44“/(;(.7) + Ll 7@7/ |
AH}: = - R 1(5‘/,,,,/ ex o The rme
Ll
L p3) + 3l lg) = H lz)
HPeg) + fuely) o M emg)r g

+ Lt o 4/}-(/ erz&/o ?Zéc.rm(;;

= 0')’6?—-/60’!'1’7 cpr A é/}oc:/jiyy o f H O wrowncl 7%e

- &l [ /
\ﬂﬂ_j 7()62[‘7 de(z[/ 7’5’@(‘7[/04” & Xz );7'9/-"7//' <l
/

AH, = A (H a3) + AH, (2t 0g)



(-2

o  eslt ctalle stare 5 D

&
A Hﬁ 5’/ et elemen F S Pl

=4 Ja[u/‘(r;{}’;f o, &L/Way.) z,zf(c/c:(/yc:a/

(]
7+ ;
e A/-/ﬁ //7,/ fo/ ('rz-ﬁ/;a/ "ée e cr S ee et X /d"f((‘

ézrazz_ré z’%f/ W"‘*/o/ 7’6‘—'7:4;','( < :/c:ax ¢ =~
ff)&(//'a;?
a 7‘/751)??70 a/y/?cwm'/‘(“ 71¢a)1 Zd,‘f‘y ’76/::(}‘(13/(' ZZC) <

C’A(?S(fﬂ &"/Dﬂ;ﬂ 7( /_ILJ =4 ECr U Ep? %{b}pa / 2 i =
—

conven }L/‘C}’l{_f / .74:..7 &L[/ ‘Zzﬁt éu/q?‘(ra/ ceiz U, \er («.¢7 / ‘

AGS (H o) =& for =T
% 7 LY f*’?%j
S (W, gag) =25y (M2 = ’/ 27 <
/>

AG = pH-7T4AS

o -+
~ " o, Haq) = O
:; A)H_;[H,ﬂ-‘?) = A%[H’ay)-r- 7—-.5-;”[ / ?

mecserable!

T el "(ag)
4 4 — H (=9)T
AHp of 5{‘”2{?)* z “. G/

then A6, =~ RT-EnK

A ) f7 o ecefeer <V

(k|




2GS = DGO ag) (273
llg:f‘/-lt ag) =02 clece To conver Fony
BH, = AH (@ az)
25 = S W aq) = £ 87 0n, 00~ £ 52 /e, o)
Steancbarcl i @ll invelveed comcon Frafs,
cther 1ons:

/

b
B——

Nealld (s) — /Va+[04_7 )+ & "'/Q?) A H;:: 3, %0

F o _ =
and oMy = A (X aq) - AR, (7 21) = 2k ()
L

[(nvw-;«; %ram ﬁéawd olv's et s 00
¢ 7
o lece Yo AHQ =2 S e
= =%
b 7[ for o Flrer S

(o

AH—FC) [ Aéicvf 5;”., ]L\O’?’ O-/k&f /\G'/'f_/ /\f“f &0(‘474/}} e

' F
“ = v / ¥ pr // k”owﬂ-
th Samr/qi / WAC/}? =
~—

77)’.«2:/755, 47/4 V. u'ar/ca’ 5 /éi’)‘afw/oéy)




¥ A1y for multiply charged 1ons is more negative than that of siﬁgly chargéd ions, and

’— A /1 for a given charge is more negative for smaller ions because of the stronger elec-
trostatic attraction between the multiply charged or smaller ion and the water in the sol-
vation shell.

Recall from Section 5.8 that the entropy of an atom or molecule was shown to be
nlways positive. This is not the case for solvated ions because the entropy 1s measured
relative to H™ (ag). The entropy decreases as the hydration shell is formed because lig-
uikl water molecules are converted to relatively immobile molecules. lons with a nega-
tive value for the conventional standard entropy such as Mg>*(ag), Zn*"(ag), and
PO} (ag) have a larger charge-to-size ratio than H™ (ag). For this reason, the solvation
shell is more tightly bound. Conversely, ions with a positive value for the standard
entropy such as Na*(ag), Cs*(ag), and NO3 (ag) have a smaller charge-to-size ratio
than HT (ag) and a less tightly bound solvation shell.

TABLE 10.1 Conventional Formation Enthalpies, Gibbs Energies, and

Entropies of Selected Aqueous Anions and Cations

lon AH? (k) mol™") AG} (kJ mol™") S5 (JK T mol™7)
Agt(ag) 105.6 77.1 72.7
Br~(aq) ~121.6 -104.0 82.4
Ca®*(ag) ~542.8 ~553.6 ~53.1
Cl (aq) -167.2 -131.2 56.5
(v (ag) -258.3 -292.0 133.1
Cu™(agq) 71.7 50.0 40.6
Cu**(ag) 64.8 65.5 996
b (ag) -332.6 -278.8 -13.8
H" (ag) 0 0 0
17 (ag) -55.2 -51.6 111.3
K*(aq) -252.4 -283.3 102.5
Lit(aq) -278.5 -293.3 13.4
Mg?* (ag) —466.9 —454.8 ~138.]
NO7 (ag) -207.4 ~111.3 146.4
Na*(agq) -240.1 -261.9 59.0
OH (ag) ~230.0 ~157.2 ~10.9
PO3 (ag) ~12774 . -1018.7 ~220.5
SOF (ag) -909.3 ~744.5 20.1
Zn**(agq) -153.9 -147.1 -112.1

Saitrce: Lide, D. R., ed. Handbook of Chemistry and Physics. 83rd ed. Boca Raton, FL: CRC Press 2002.




»'nal[f cz(/ con V- ?Mazn ZZKI?L(\C_Q e 75_4,-[74}/(? @ = /7’
Zo /7’—,L lctq)

AHb/Am) 15 omore oKl ¢
' more negafive  he 4/_7; L™}

which Lind Ho® lipoley more ff‘fwy (A ey

5;7 rGn3
2+ 24
7&’ M 2 A X
% / 1 PG, v /a’lfye:r {hcess 7[::9?’ P i

—) _rg;/l/c?}{f‘c”? J‘A c a 7V #C Céy A %/7‘ L = /

R = MC -ﬂ@gw‘{uc g yelative to e
orv the A ey f(eas /‘/ﬁ:ﬂ"t FW’L AAED __é‘)__ .
.F 7 / = 2 X &ize 2
simotlley € o /4"/ s
= /._ﬂ_;/ %,yf:f{/ é&ar;/ $¢/Vﬂ %t or J/n:.(('
= /)a_gz'llf‘v( C  yelative o HT

ﬂéio&tﬁ' V’d‘fécm carn be calelotees

G I\J o £ ’(Q 74 /;..czwc: 71;/\0‘/!

=) AL I tle Seeric 7[01” flhe olivect /JR,zg
,,f(,,“:/ %2:/ r‘éc W e/ Cerceemef




Ao Solubions

) Understanding the Thermodynamics of
lon Formation and Solvation

As discussed in the preceding section, AH%, AG%, and S, can be determined for a formula
unit but not for an individual ion in a calorimetric experiment. However, as seen next, values
for thermodynamic functions associated with individual ions can be calculated with a rea-
sonable level of confidence using a thermodynamic mode]. This result allows the conven-

tional values of AH%, AG%, and S, to be converted to absolute values for individual ions.
In the following discussion, the focus is on AG%.

We first discuss the individual contributions to AG$%, and do so by analyzing the fol-
lowing sequence of steps that describe the formation of H' (ag) and Cl ™ (ag):

[/2 Hy(g) — H(g) AG® = 203.3kJ mo! ™!

1/2 Cly(g) — Cl(g) AG® = 105.7 kJ mol ™!
H(g) = H'(g) + e~ AG® = 1312 kJ mol ™
Cl(g) + e~ — Cl (g) AG® = =349 kJ mol ™!

Cl™ (g) — Cl" (aq) AG® = AGS,1paiion{Cl . aq)
H™(¢) —~ H"(aq) AG® = AGYarion(H',aq)
1/2 Hy(g) + 1/2 Cly(g) — H  (ag) + Cl ™ (ag) AG% = —131.2 kJ mo! ™!

This pathway is shown pictorially in Figure 10.1. Because ¢ is a state function, both
the black and red paths must have the same AG value. The first two reactions in this
sequence are the dissociation of the molecules in the gas phase, and the second two
reactions are the formation of gas phase ions from the neutral gas phase atoms. AG®
can be determined experimentally for these four reactions. Substituting the known val-
ues for AG® for these four reactions in AG® for the overall process,

AG% = AGimwion(C17 aq) + AGpurion{H  ag) + 1272k mol ™! (10.7)

Equation 10.7 allows us to relate the AGS,yuion of the HT and CI7 ions with AG% for
the overall reaction.

As Equation (10.7) shows, AG3paion Plays a critical role in the determination of
the Gibbs energies of ion formation. Although AGS ;,.ien Of an individual cation or
anion cannot be determined experimentally, it can be estimated using a model devel-
oped by Max Born. In this model, the solvent is treated as a uniform fluid with the
appropriate dielectric constant, and the ion is treated as a charged sphere. How can
AG? parion be calculated with these assumptions? At constant 7 and P, the nonexpan-
sion work for a reversible process equals AG for the process. Therefore, if the
reversible work associated with solvation can be calculated, AG for the process is
known. Imagine a process in which a neutral atom A gains the charge Q, first in a vac-
uum and secondly in a uniform dielectric medium. The value of AG?Y,;,.i0n Of an ion
with a charge ¢ is the reversible work for the process (A(g) — AR(ag)), varion MINUS
that for the reversible process (A(g) = AC(2)) vacrun-
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1/2 Ha(g) — H(g) AG" = 203.3 k) mol

1/2 Cls(g) — Cl(g) AGY = 1057 k] mol ™!
Hig) > H (g) + e~ AG* = 1312 k) mot !
Clig) + ¢~ = Cl' (g) AG? = =349 k] mol !
Cl () — Cl (ag) AGY = AGS praion(ClLag)
H" () — H (aq) AG" = AG jwanon(H L aq)
1/2 Hatg) + 1/2 Cla(g) — H (agy + Cl™ (ay) AGH = —131.2 k) mo]

This pathway is shown pictorially in Figure 10.1. Because G is a state function, both
the black and red paths must have the same AG value. The first two reactions in this
sequence are the dissociation of the molecules in the gas phase. and the second two
reactions are the formation of gas phuase ions from the ncutral gas phase atoms. AGY
can be determined experimentatly for these four reactions. Substituting the known val-
ues for AG® for these four reactions in AG® for the overall process,

AG?(’ = AG?«JHWH”H(CIm‘”q) + AG.(\'}I‘H‘.”(I.I'I'UH(H+‘aq) + 1272K] ]“()I--I (10.7)

Equation 10.7 allows us to relate the AGS 0, 0f the HY and CL - ions with AGY, for
the overall reaction.

As Equation (10.7) shows, AGS,; ion Plitys a critical role in the determination of
the Gibbs energies of ion formation. Although AG?Y, ;0. Of an individual cation or
anion cannot be determined experimentalty, it can be estimated using a model devel-
oped by Max Born. In this model, the solvent is treated as a uniform fluid with the
appropriate dielectric constant, and the ion is treated as a charged sphere. How can
AGYS, pasion be calcutated with these assumptions? At constant 7 and P. the nonexpan-
ston work for a reversible process equals AG for the process. Thercfore. if the
reversible work associated with solvation can be calculated. AG for the process is
known. Imagine a process in which a neutral atom A gains the charge Q. first in a vac-

uum and secondly in a uniform dielectric medium. The value of AGY, 0 0m, OF an ion

— with a charge ¢ is the reversible work for the process (A(g) — A(ag)) \ioanon MiNUs

that for the reversible process (A(g) = AR()) pucsm

Infinite separation
-131.2

% Hy(g) + %Clx(g) ~ Cl™(ag) + H*(aq)

1 ] ¥

AGgoivahl'on(Cl .aq)

203.3 AGopation(H™ @)

Ci(g) o4 CI~(g)

1312
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s are lmt:d in Table 10.2 (see Appendix B,

 compare absolute values of AGS,ari0n fOT 1ONS
orm proposed in Equation (10.9). However, this
_\Gw;w,m(h’ *,ag) to convert experimentally
enced to HT (aq) to absolute values. It turns out
im(H",aq), and 5% puion(H ™, ag) can be calcu-
ed, the results are simply stated here.

ay) ~ —1090kJ mot™!
ag) = —1050kJ mol ™
ag) = ~130J mol 'K ! (10.10)

) can be used to calculate absolute values of
or other ions from the conventional values refer-
ute values can be used to test the validity of the
I AG pation YEISUS zz/r will give a straight
the data points for individual ions should lie on
» 10.2, where r is the 10onic radius obtained from

points in Figure 10.2 are for singly and doubly
are compared with the result predicted by
1 be seen from the figure, the trends are repro-
reement. The agreement can be considerably
or the solvated ion rather than the tonic radius
Che effective radius is defined as the distance
‘charge in the dipolar water molecule in the sol-
J. Chemical Phvsics, 7 (1939) 109] found the
y adding 0.085 nm to the crystal radius of posi-
wsfor negative ions to account for the fact that
Fh.. difference 1s explained by the fact that the
s closer to positive jons than to negative ions.
obtained between the predictions of Equation
od if this correction to the 1onic radit is made.
ween the predictions of the Born model and cal-
fies the approach used to calculate absolute
r solvated tons. However, because of uncertain-
rc radii and for the dielectric constant of the
an ion, the uncertainty is £50kJ mol ™! for the
-gy and £10J K~ ! mol™! for the absolute sol-
s are large compared to the uncertainty of the
iton described tn Equations (10.3) and (10.4),

10° 2/r(m™ 1)
0 50 100 150 200

A sofvarion; (k'J mol~ 1)

(a)
10% 22/r 4 (m~ 1)
0 1020 30 40 50 60 70
0
~1000
il
S —2000
£
2
& —3000
2
3
S
-4000
<1
~5000
(b)

FIGURE 10.2

(a) The solvation energy calculated using
the Born model is shown as a function of
zz/r. (b) The same results are shown as a
tunction of zz/r(ﬁ. (See text.) The dashed
line shows the behavior predicted by
Equation (10.9).




@._{:C—?::{ /Q’n{'c#n}
_'YC._# = V¥ ¥+ 0,085 »wm }/m, o r
,)/@6( = .7' i 0- /06) P %C)/ ﬁfﬁl‘CJ”J

%A( (t*w}lr// 07[ céayﬂe /et HLQ i (“/ZNE-’/ T%

(-‘"7(’::""” 4 e o anrnions

& = R

Mﬁ - é’J' ¢ ] Uf“t-?[f e et ’Ve-)e,t

/macc/ Leter -ﬁéajr€€moﬂy/

L)OW&V&}’; MCM%""/"”*}’ = ye?ét%;";,f/)/ Eé!ﬁv /‘*3713'
('\/4 C}:éfa&xﬂé‘ VC-IcéfCM-' /éCc‘mme E‘/ M’f'?éw]‘(c'.,'ﬂ T

“x
+ S6 A7 ) » b osolee . ) ’
_ ?’7&{ ot sole 7 A Jp[vm-ﬁ'“,/ Aéj‘o/uqx,{.:,h
s 2 ‘ .
L I0 g, iw abseld S L

=) /ﬂ;yg/r ECrrers I# =4 éfc’é"?é fﬂ{r—?ﬂ /

¢y

o VEn fbﬂa,/ e Zﬂit/)

(

% Wé”sf%/‘/ ot Vs Vf?é-(c.? ey LS/



&L’Jt Acrzé(&uzﬂ{y el /4(74:(,{//-._&7{ (e \'C'_ft/!é@'_{

Ml (5] + H,0(8) —1 akT(eg) «t¢ Cay |

(N oLilecte Sl om 51 .S'ZL)’OM/ elecfye Z)"%Q
/P02, oAissoct e el

141717(‘/ Come | 1 ;'OH ct 5o 7r om ,/

/(-I/LL%( .J‘C)[a()(f*c)pl i ﬂ{/ Jﬁaé/fﬁ . f{_‘)(z:’-{)é f;'7 Iﬁ/‘x—(’_/@‘c’xq/
Ayc elecFyo ¢ fq_r(r‘r

- G - ”Sa/vwz’/&o/ucn?{ * .’ éd?i /(Joé-c‘ﬂe\

= (3,

g
. (owplateCpr  oAissociarcot

G = WJo(vwf/’.rc,[vm-f d ,}77’/?("‘L . 7?._/&{__
v ?7..[&'{1/(447‘/( Sa[u‘cdm?‘ t c)lz»{k/ /‘f i J.)/l’(m/

-~ );f 2 1 g‘{é; cé;‘-omcﬂlf}-\( (o € 2. [C_,v{ 7<_j 7"( 0’}/’)‘{,1 /¢3(

1= Eé’:/‘téro//x/l{t /L{; =3 =/ F c.q, /,/q((()
2=> electyely e [)J,L:?_ ;22 = 3( @2 AQ{BJ

= /’{.mfoafc = B e T

A :/”{._ ¢cmnol be measceress (a[w"‘%-’—’ coeenter—
?‘DhJ ,l” Jﬂ'k{%}',‘v;nﬂf}

;_-) ME XN {‘IC}.H(‘C (’[;em;'ca./ /,)CJ?‘;?%/LKK“&E/(} 7474' .5-’0[4-'74'
/‘f:p/‘;aéq(t ‘"’L[V/Mf'f‘l-’/() S g T

—

/&('._t C__dff be Wﬂ"ﬁtdtf{)'c-r//



° ﬂ&
fo = S+ RT e,

S =l T PT e

S{\MO/Q""’/ Héﬂr)//i (e n J/boncéqr/c/ 9/@,_7((
Vil b A S ceesicoA /c:r/fcf)

—?/6(__:‘ :/’(zb G o PT/Z? Q___{_

v »Yr y- ) B ey i3
Ay = a, a — Cfci;/a+ a_)

© X o d ¥
a(.z(f wéy o - o t'z(ﬂ!%,

2 P
a/"/ad«:e N g/uc;‘ afcg = /Vﬂr & ( ) /'Vt#+ ‘f€
3
&= K¢, ~ a‘k" UaZ= \/ Ruet Xgp 2
1 3 B
Ay ppy = A e RKp,3™ & " 3 )
Hy PO, HT  Pg” ) Hy PO, Ryt Ry 2~

M | ’ma[a(r‘fﬁy e/ He elteArels e

—) my = 3»_’,""»','”?_“31’.9»7

0_[.’14{'/;'/‘7 (,(M,'ZI /e, S =) 9/,5,74.4»(,” ce 07[ 4470/22{('*/1\67«
+0o <« / f*c:c,,q C?/C-?/,V('/ ’}ﬂa/a//"l{-)/ 777,

0: o 3 U‘(‘.-yf?l_-_
k//f{ L)
m 1 —
- 4 ¢ G- om, ¥

YS a(,'?(fav;'l( y Co¢ 7‘[{% f..C,-z‘r(j

L% =
P 32 ( 'm.,) Zm..) PR
>y . ers i, aef X._

Xy

N

| Fuglill &




(”& MEct st 10m/C P99 Yats \zl)/ @HS

& MY E T A (,:-c(.?zfrl.//. 7“/ (’09744’(‘/2';7%

W)) Y+ 12
o = ”7.; 277 Wiy A2 B ; W= = I3
5%
T o= (4
™ s 2717
o
24
AR A ’
ay . (”"_t g
% R + e - ?f: J/'Tt
o My 7‘(&41 ?Z!‘;![" EF ¢ mmlcedy Y e é‘ 4

—7 : = e .
/(Jo(a_-é /{Ioé{ﬁ * PT.E; c9c+‘u = e
= ok

2 /Q?‘/QT’é"[p y)/-ﬁp&’?‘/@,(

];?omot?(ﬁ LS/cc,,,,O/QWD/ ;%;)27_/&432

'lvc:{Jc’c/ e /’/f’—f?r‘y /s /QL,/
e

A Sy = p0°t PRT b (o )+ P RT Gy

oo 0 pRA n
:) /"‘_;t = )7(:,: + }2 7_ /@? (/)i ’y_v)
.fram far Hzec /a\

/M_:O TV/?T/& ["g:') 4 /'dgf’@/ Jornt ¢ 5'0[“7("0"3 /,}; :U

})RT_/@/IJ/-# : Cj(’tx‘/cx?(/omj %f&iﬂ JO/C’KU/ s 1€
B ,_(04«(]40”

c(Sa(ﬁ'M % -/Vc:: m é’ o /(..w/r; Pﬂ/‘n 7{ 53[3—0’ o oz
7[))'@,3?2_,"”} /}a;M?L C’/C?ar(’. J_J‘/'cpm

\/(4/90 v /()rc SJ ec rC lowe ’V"\"tﬁ ovey ol 76("0;1




%o/ f‘ﬁm/;cz's{
A =) P \erby R

/Du.rc [(;946(\&[—' C'(_t. =\/



iy e Ao lo B= golh
% /occ.rt(,‘-ﬁ/ presscese o 5 ele e
k@» Hnrsy O3 (ot roAs foyF
or B=Kyxy or B4 <n
. for otilite soleHiens | x @
p O pG)T TG S Pk

=602) + RT 2, —/é:-

= /Cf// / t R7T _&, X

7 2 L] ’
v (<) — 2 49/'* R7 b =

L .
(rqy/ooféé’ﬁ“q’(/ /7/(.'47)’7’ ),J /czw J’%QnC/czwt»/ J‘?foc)é {
/41L X.:/

?%C SG é‘{ﬁ A ) 'FAC FCepr¢ /070/6'3:..-'//(/?’";'
oy (-7,), V‘c/;f)/ (’J/f)/cé?éc‘ -Io(a /"'o,n'\_g ﬁcﬂ{c/? ‘J‘?CJ{“/"(‘
I C/éca_éc ;‘5 oM /Z Seerycoces efe ./// é, / L& /Ug,, 4

‘7?’?(5(&(1{.6 JAC’_{(J‘ y

o H o [( 09
- - fe :
Jdolute do(oV'fC( v 2/ ol
/{ et /1 /&\ SQ\“U
. Pt
Frop o prore sobte Dt Koty g T L oK
Last 6—50(0/ F /J-\ e~ o //g_ﬂ,—/_g- /ﬁ o’ J‘f"f/r?r»&/ﬂr/( _ﬁé,{(




Hé/ﬂfy /s Z"‘“W

#

Nz ppren Jo[uc_,n'tq / (ig‘cé,,_vct ((j/‘t/c’ﬂ Sc.ecz Z%af_;f&
-_fc?(t/c,ﬂf > x> Solee
Solec F< €. o
?j"c){'(,(fc ol xgofo«.?éc k}—l‘ s Z{m"{ x“-ﬁl“i
J %

b"‘a_/),_r,y /orcsrarc

”IC solee e v Cong feerr 7~ 07 Solee 7~
\S'a{u«"g"" / “ ©

W&& Zar"cr_ < 76/\01.(

e A volete rq selec’ls,,
éz‘h.a./ry My s sz,c;r(_ -

el o Lake
X = =
SC?(('{?CR ”Jc)a(ﬁ -(- WJL»(U(_,.,-,?/
aéﬁm.fﬁdo’{(/\)@l[%?(/haj 07( Ja&tﬁ t\/’( 80&17460#1:
Lot f et
Solecfron + . X £
/(5‘0[{4.766 —:‘/(u’oé,yé {'/‘e//g”l ,H fo{“

-

Ps.v&ulcc

o~

Ioéc.a—(,csc_ ?[;r cvfhfc""’f'ﬂzf‘ )
Saéuﬁ'f::ra-.

= *‘ ~+ "

ﬂ«o( 7[0/ X L T O
*

= P Vc(_/ao/ /’)}'CS.(C(/C 0}[ ?ééc /ur( JQéJ?édMCFe

/ﬂ%_ féc/mfc‘do(/n%cﬂ?(;a( af e prrc Juéfémq

C ol & i
/«Ja[,,.fc - /0(6.,9&4{;( * /@7—/@1 X
=) /'/c‘f’/? YV "5 /@M/ ,57(@(,,? Jmc{ J‘/‘aa74'

@A +
A setcte T sl T RTs
o’

Solee fe

< C/hq/é-q,( /)674.'447(/'2/5'
k-fﬁ&-c?ct




0-0%(\(/ ;‘{\7 Lea re% o 1 HHen 5%

7:3/7’84"[)
o k{"’
5(1‘
Xt\ # ? ) i _
=) //cnyy(s (o yTLm/wJ sl O =3 2z

bexSo(o(,u& 2—'
@ J e
e,m“ﬂ[-(‘&zy stetc (4 M/K;J the  vedee 75

ax
/< " 7£ fh_/LJ 7 éfa’cz/ Ver @( /3
Vaypgf/)rejjurc‘ a% Soloete 270

J¢,¢(’<_
}Vi ZLA?\J* VLY

Z >/
Q -50(4:4 _ ,
WAG” Netoete © e Solee e ' Pk, A




Dabye - Hilckel Theary S~/
| 7[(9/ ﬂcrfr'»’r.ff‘f’ 9
wg“,{yq/ Soletert mo 7(4’16«7’&:‘(. moctel

becacese /‘47-;‘ Aeyi1 ety ens /7 ,q_/;/ B-1B, - 4=/3 ST g..?‘é‘gy,,_j
/{///7@?(’( on  The 1 2 feepe G/é/ﬁ’ anel R

5\‘7? &(Zc; fCa(ytLC fd/m?((bﬁjf o 77&’74&-7& /9&-5‘_9/‘49/{

a/ /077“ 7e2r g L onil o {lM?é/}’c:(d?({::/??J &2y

'7'70—{' i ﬂ//é{# JC/L,,Z)(/E}??J

P.

frOWt"VC/J’(, owémé ;b??éﬂ/fzﬁﬁvﬁa?/-’ 4"@"776/&’” C)’ &k

g oy A Ao gt on oeta,lid patocre of
/M)*%L%‘ (;ég/y&[y‘lzr J’cé«z/(/::w?S’ Af‘ é”'; X_,. =4

o —

JO)I:(

Vj‘ < ' v /»{ p/ !lCJz?J ;‘I;? a//ﬂ[:,{ 74' S'Géét—fé;loﬂz_f /s /al-vc'.,/ '((é'-’;&,,-)
?"%a/?‘/‘. a/ meaa-?fiﬁ/ %Oé’m@
‘/Ae,rc' ctre allractive ie it to. @cltons © 7[ = 7[’.4‘;"";L (}/

- _
choser Cen f/az(zo;; w i/ th JL‘Z(/’VG'M#Q//;V; Lot (Piter e ) cmy

J"o-(a,?(i tons 7w < S [LM“/ cié’c/i‘i»odf(q;‘,{ /’)cs/cﬂ Gal
I/ ﬂ-( J//J IL)’J!.EM f((r'c;w a/ )Gz 4 /‘Fz .f/(f{ Ce& s 5
‘?(' gé/// Cczn be calecelote s

f/?’?cf?’jy gﬁfwf/ @,/ Ay 1ron ze ]/\/ACW % ¢

Krreiy
=7

tevned gp i smecll (0:#/):1/;@(1 7o ey ”7”/5”‘:”'&‘27:

/Jr%c"’é/ « LBT - ’f)(/r\ &7 e o Coe

B, Lamann's cons o 3



;'50/3;51%_0/ ron I# ey ele c€uir e =7 il 7 @‘—2_
[é’y el Fr've /acymx‘é?"(b;f/ o # Floe m(a//zi(w) -

| S £
fé. Pl
et 4
' a ol /(e r:'/(”-(l-%)/oz)’ Tzf -i'GCh;(/'on
o ' &zlfi'
%f‘c{mﬁbm /y) = e o
Yy £, 5.7

%soéa(r’c»ﬁ "'/‘:’C‘V"Q Jc f)(/:)@” en brar /‘-/b/ /%6{54 fcr .//44’/

%Z‘tdﬂ g,é;; / %cﬁ/ WIT(A »

-~ Y2 /7

19655244: s¢ 15 (n et flvec ??icwj /Dé/(@/;’n}/ Ve féﬂéQ/

(7][ f‘é( cy?lécr )ons

%Jo&tl‘fr\on
m Us 7 [in meter m)

@.‘So(a'{‘na/)\oﬂ
7601« c:’/f/ftyc:ﬁ 2 con (e '{/Ct-?(/'c::nj

| T

pﬁé)f{ - /L/ﬂC‘M 'E/!yrf;.i[—‘(r,{,y [10{,(4/ {/[57‘?”(1(!:/‘ '
- O/:E/ﬂ_r)f‘yr

olm >
- 2 2 /
| I (zzrzufry_z-)
2 1 . "
KZ = = /% [{ﬁ ?”3 )707 gg £, !(B-T' solven™

Gty @ move effcert € SNy
j"‘%c‘?f.-c’z;'c_)mf‘)é)’f (

=) I cyee Jfﬁy wm.//[ﬂ

(.‘C,/JO W‘z’!bﬂ CAC?/V?M (Z+ ( 2-—_) 524/1&/
c’oc#/cz[@a ‘l{f [J{; ) ¥a ) i Ccréee g

/M )’"{2&(/;’ g ?éﬂ lector -

_'__,__._-————'—"_'—‘-:6-

i‘Jd/ﬂ?[f—'"//



10.4 CALCULA
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FIGURE 10.3

The ratio of the fallotf in the electrostatic potential in the electrolyte solution to that for ai
lated 100 is shown as a tunction of the radial distance for three different molarities ot a 1~
trolyte such as NaCl.

In Equations (10.27) and (10.28), &y and g, are the permittivity of free space a
relative permittivity (dielectric constant) of the dielectric medium or solvent, r
tively. Because of the exponential term, ¢, 1, (7) falls off much more rapidly
than ®sorured ion (). We say that an individual ion experiences a screened pot
from the other 10ns.

The Debye—Hiickel theory shows that « is related to the individual charges
ions and to the solute molality m by

> 7
I 3 -3 1y :_f+V N
k= N, (1000 Lm Y m ( ) Polvent (

From this formula, we can see that screening becomes more effective as the conc
tion of the ionic species increases. Screening 1s also more eftective for multiply ct
ions and for larger values of vy and v_.

The ratto

(:b.s'uhrffrm (r)
d)f.\'r}hued ion (r)

i1s plotted in Figure 10.3 for different values of /n for an aqueous solution of a -1
trolyte. Note that the potential falls off much more rapidly with the radial distanc
the electrolyte solution than in the uniform dielectric medium. Note also that the |
tial falls oft more rapidly with increasing concentration of the electrolyte. The ori
this effect is that ions of sign opposite to the central ion are more likely to be found

'l —

— e—K}‘
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tial in the electrolyte solation oy that for an iso-

laney Tor three different molarities ol a -1 ¢clee-

=, are the pernuittivity of free space and the
f the diclectric medium or solvent, respec-
otrnren () Tl ol much more rapidly with »
tdual ion experiences a sereened potential

/ Is related to the individual charees on the

(10,29}

ng becomes more elfective us the coneentra-

w2 Is also more effective for multiply charged

s Of s Tor an aqueous solution of a 1-1 ¢elec-
ch move rapidly with the radial distance # in
diclectric medium. Note also that the poten-

psearation of the clectrolyte. The arigin of

~centeid 1on are more likely (o be found close
form a diftuse jon cloud around the central
a spherical surfuce s drawn centered at the
> can be caleulated. The results show that the
sharge. falls off rapidly with distance, and is
ol kr, the central ion is completely screened
2t charge th the sphere around the central 1on

id 18 to screen the central 1on from the rest of

n as the Debye—Hiickel screening length,
Hluse cfoud, and a more effective screening.
ration-dependent terms that contribule (o «

(10.30)

o

P

Pictorial rendering of the arrangement of
ions about ap arbitrary ton tnoan elec-
trolyte solution. The central son is more
likety to have oppositely charged 1ons as
neighbors, The large circle represents a
sphere of radius r ~ 8/x. From a point
outside ol this sphere. the charge on the
ceatral 1on is essentially totally screencd.
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The decrease in the Debye-Hiickel mean

activity coefficient with the square root of
the ionic strength is shown for a 1-1, a for ail the solu
1-2, and a 1-3 electrolyte, all of the same 1onic strength

molality in the solute. Figure 10.7 1s




or high values of /, v, > 1. Experimental values
>rent concentrations in aqueous solution are listed
Tables).

y the experimental values of y. differ at high ionic
e Debye-Hiickel limiting law. They mainiy involve
t has been assumed that the ions can be treated as
:as 10ons and their associated solvation shells occupy
. Increase in the repulsive interaction among ions in
oint charges, which becomes more important as the
sractions raise the energy of the solution and, there-
model also assumes that the solvent can be treated
. However, the ion is surrounded by a relatively
:1l as by more loosely bound water molecules. The
n shell is not adequately represented by using the
other factor that has not been taken into account is
ne ion pairing occurs such that the concentration of
cus. .ed assuming complete dissociation.

at ™2 water molecules in the solvation shell have
-ent. For example, in an aqueous solution of H,SOy,
‘e tightly bound per dissolved H,SO,4 formula unit.
0O as solvent in 1 L of a one molar H,804 solution
46 in the solution. Consequently, the actual solute
by assuming that all the H,O 1s in the form of sol-
nearly with the actual molarity, v increases as the
e were no change in the enthalpy of solvation with
would be removed from the solvent at a concentra-
assumption 1s unreasonable. What actually happens
ally less favorable as the H,SO, concentration
s negative value of In y,, or equivalently to an
cte™ explain why the Debye—Hiickel limiting law is
iecause of the complexity of these different factors,
theury that can replace the Debye—Hiickel limiting
ed in Figures 10.6 and 10.7 are reproduced in more
Jlutions.

dels are valid at high concentrations, empirical
e-Hiickel model by predicting an increase in vy,
lespread use. An empirical modification of the
the form

N ( i )1/2 ]
mO
_ 0.30(i)
1/2 m°

Z_|
1 + (—10)
i _|

(10.34)
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FIGURE 10.6

The experimentally determined activity
coefficients for AgNQO; and Ca(l, are
shown as a function of the square root of
the ionic strength. The solid lines are the
prediction of the Debye~Hiickel theory.
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ordered primary solvation shell, as well as by more 100sely bounu waie: v uvs. v
ntomic level structure of the solvation shell is not adequately represented by using the
diclectric strength of bulk solvent. Another factor that has not been taken into account is
that as the concentration increases, some 10n pairing occurs such that the concentration of
ionic species is less than would be calculated assuming complete dissociation.

Additionally, consider the fact that the water molecules in the solvation shell have
cffcctively been removed from the solvent. For exampie, in an aqueous solution of HpSOy,
approximately nine H,O molecules are tightly bound per dissolved H>SO4 formula unit.
Therefore, the number of moles of H,O as solvent in 1 L of a one molar H,SO, solution
iv reduced from 55 for pure H,O to 46 in the solution. Consequently, the actual solute
molarity is larger than that calculated by assuming that all the H,O is in the form of sol-
vent. Because the activity increases linearly with the actual molarity, -y, increases as the
solute concentration increases. If there were no change in the enthalpy of solvation with
concentration, all the H,O molecules would be removed from the solvent at a concentra-
tion of six molar H,SO4. Clearly, this assumption is unreasonable. What actually happens
15 that solvation becomes energetically less favorable as the H,S8O,4 concentration
increases. This corresponds to a less negative value of In ., or equivalently to an
increase in y... Summing up, many factors explain why the Debye-Hiickel limiting Jlaw is
only valid for small concentrations. Because of the complexity of these different factors,
there 1s no simple formula based on theory that can replace the Debye—Hiickel limiting
law. However, the main trends exhibited in Figures 10.6 and 10.7 are reproduced in more
sophisticated theories of electrolyte solutions.

Because none of the usual models are valid at high concentrations, empirical
models that “improve” on the Debye—Hiickel model by predicting an increase in y4
for high concentrations are in widespread use. An empirical modification of the
Debye—Hiickel limiting law that has the form

logyg v+ = —0.51|z42-| (10.34)
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FIGURE 10.8
Comparison between the predictions of
the Debye-Hiickel limiting law (dashed

lines) and the Davies equation (solid

curves) for 1=t (red), [-2 (purple), and

1-3 (blue) electrolytes.

is known as the Davies equation. As seen in
the correct limiting behavior for low [ values,
better agreement with the experimental res
However, unlike the Debye—Hiickel limiting
Davies equation.

| /1y . Chemical Equilibi
I '\.J.  Solutions

As discussed in Section 9.13, the equilibrium «
Equation (9.66):

[t is convenient to define the activity of a speci

a; = vy

where y; is the activity coefficient of species
cal equilibrium 1n electrolyte solutions, illust
trations must be taken into account to accurd
We first restrict our considerations to the r
Debye—Hiickel limiting law is valid. As an ex;
ciation of MgF, in water. The equilibrium c:
salts is usually given the symbol K, where th
uct. The equilibrium constant K, is unitless ;
reaction shown in Equation (10.37). Value
reduced concentration units of molarity (¢/c¢®
ues for selected substances are listed in Table
is 0.998 kg, the numerical value of the conce
dilute solutions.

We next consider dissociation of MgF, in ¢

MgF>(s) — Mgz (.

Because the activity of the pure solid can be se

B > B (I-ng‘:'
K‘;, = ”a'l;',l:"”:’ = o
¢

From the stoichiometry of the overall equat
Equation (10.38) still contains two unknowns,
as shown in Example Problem 10).3.
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