RIBUTION LAW

THE NERNST pIST

f ilpl’il’l'.’ in
!it.trihulrﬂ
rations

) solutions ©
the iodine (€
io of i1ts concet

ution law. In 1872, Berthelot and Junpficish found that wher
of different concentrations, were ¢haken with distilled water,

n the two solvents in such a way that, at a given temperaturc, the rat
rs was constant, irrespective of the amount of iodine. In other words,
i)

[Lylcs
280 oeyfey = K

[II H;O
ant Kp is termed as the partition cocfficient or distribution cocfficient.

Nernst pistrib
on disulphide.

¢ :
ifﬂ-'lr petwet
in the (WO laye

constant only when the solute has the same
artly associates 10

i.e.. the same molar mass in the two solvents. If a solute p _
n the other, the law is valid only if the ratio of

s is taken into consideration.

The distribution of benzoic acid between W may be taken as a typical example.
In water, the acid exists mostly as single molecules, i.c., as C, HsCOOH. In benzene, however,
henzoic acid exists as associated molecules, i.€., as (C,HsCOOH),, along with only a small proportion

is valid only for concentrations of single molecules

of single molecules. The Nernst distribution law 1
in the two phases. Therefore, if total concentration of benzoic acid in benzene is taken, the law will

not hold good.
The Nernst distribution law may thus be stated as follows @

The const
however, showed that the ratio ¢;/cy is

Nernst,
Jecular conditions,
form double molecules in one solvent but not i

| concentrations of single molecules in the two phase

ater and benzene

When a solute (!istributes itself between two immiscible solvents in contact with cach other
there exists, for similar nl'lolccular. species, at a given temperature, a constant ratio of distribution
between the two solvents irrespeclive of the total amount of the solute and irrespective of any other

molecular species which may be present.
Conditions for the validity of the distribution law. Th 1 isi
L _ ! . ¢ tw
validity of the distribution law are : o expia) Esequitiice e e

1. Constant temperature and
2 Existence of similar molecular species in the two phases in contact with each other.

In addition, the following conditions are also necessary :
1. The solutions are dilute. The dcparturcs usually set in at higher concentrations. Generally
. both the

:Ef::];:'g' the higher the cgncemratinn, the larger is the deviation. In an extreme case
s may be saturated with respect to the solute. Then, the partition coefficient, Kp. is given bY
KD = SII.SI ...(2)
a will

_ The above equatio

“‘h [T P
ere 5; and s, are the solubilities of the solute in the WO solvent layers :
ly soluble in each solvent-

be stri . \
strictly valid only if ) and s, are not large, i.e.. if the solute is sparing

697
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i SR ' very
2. The two liquids are mutually immiscible or only re'ﬂ.':;“-"-" >
water) and their murya] miscibility is not altered by the pre

in (wo |
. Thermodynamic Derivation. Suppose a 5,_-,|u;€ Als pr.cs:[nlpg;lcm
I contact with each other. Suppose further that its chc_mwh L
solvent 2 is y,. When wo phases are in equilibrium, their ch¢

spariﬂE]}'

another, {.e,,
H = K
SAce wey' 4 Mine
i, M = H; + RT ln g, for Phase |
e M = ;1; + RT Ina, for Phase 2
e, ”r +RT Ing, = M; + RT In a,
or RT In(a,/ay) = TS

jal In sO

miscible (e.8., benzene o
f the solute.

mmiscible solvents | anq

Ivent 1 is ju; ang ;

otentials will be cqual 1o op

- (3)
-4
8]

--(6)

w(?)

: : . . - nt, Si
Now, at constant temperature, the standard chemical potentials jif and 3 are constant, Since g

is also a constany (being the gas consiane), it follows that
@/ay = constant (at constant (emperature)

(®

Since the solutions are dilute, they behave ideally and hence Henry's law, according to which activity

: Is proportional to mole fraction, is obeyed in cach phase.

alay = kyx)/kyxy = constant (at constant temperature)
the two phases and &) and k; are the Henry's

where 1) and 1, are the mole fractions of the solute in
law constants for the solute in the two phases.

Xi/x3 = constant (at constant lemperature)

(9)

. (10)

Further, since the solutions are dilute, the ratio of the mole fractions is almost the same as the

ratio of the concentrations. Hence,

X1/x3 = ¢)/cy = constamt (at constant temperature)

(1)

Thus, if a substance is present in two phases in contact with each other, then, at equilibrium,

Cj/c; = constant (ar constant temperature) = Kp
This is the Nernst distribution law.
Let us consider cases in which a solute may associate

‘ or dissociate or enter into chemical combination with
one of the solvents. Phasel |
X Conc. e no change
1. Association of the solute in one of the solvents, “ )
Let X represent the molecular formula of the solute.
Let it remain as such in the first phase marked I (Fig. \' Pha?t !] :
1) in which its concentration is . Suppose it is largely X == (X), AtoEistion
associated to give the molecules (X), in the second phase
marked II. The associated molecules will exist in = Total conc. ¢y |
cquilibrium with single molecules as shown. Let ¢, be Fig. 1. Association in one of the phases. |

the total concentration of the solute in this phase.

Applying the law of chemical equilibrium to the equilibrium between th

molecules, viz., (X), == nX, in the second phase, we have

K = [X]"1(X),]

¢ associated and single

...(12)
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..(13)
= ;I"x [(X),] = constant l‘.i(){l,]

wre exists largely as associated molecules, which is generally
i : i be taken as
&, concentration of the associated molecules, [(X),] may

-"-1:". 1..{-1:
Jﬂ_ﬂgilﬂ*'

x

true except at large
equal 10 €2, the total

Ok

..(14)
[[:'ﬂ,_] fantl % |

...(15)
= 53 13 and 14, [X] = constant x :.f?‘:

v > S ies in the two
& distribution 1aw is valid only for concentratigns of similar molecular species
gt B

o B

...(16)
¢/[X] = constam (
froc EGS. 15 and 16, "L’r's'.."_f;_ = constant = Kp ...(17)

. 17 has been checked by studying the distribution of benzoic acid between W'.th:r and benzene.
.....5,:-,.' exists almost entirely as (C,H,COOH); in benzene but in normal state in water,

puzmple 1. Experiments in the study of the distribution of phenol between water and chloroform gave the

N §:
“}m in squeous solutions (¢,) 0094 0-163 0254 0436
Conceztration i chloroform solution () 0284 0-761 1-850 5430

yis cooclusion cad be drawn from these results concerning the molecular condition of phenol in chloreform
gimee

Soigtion : Poenol i choloroform may be present cither 23 normal molecules or as associated molecules. In the

g e B 200 ()0 should be comstanz while in the laner case. the ratio r‘/*:. c; should be constart, n giving
pr mezher of moienles of phenol which associate 10 give a single associated molecule,

Toe oy of ¢;'¢; 10 the vanous cases come ot o be zs follows -

00%e . 0163 . 0-254 . 0-436
48] B — 03701 —_—=0- 7 e Bl . LI L
0254 o 61 - 03l L RN, =00

Evdecly, the ratio /6y s Dot constan:

- Hence, phenol does not exist a5 single molecules in chloroform.

e wixs of €/ J6y @ the vanous Cases come out 1o be as follows :
v 0- . o
':r.‘: !-D;—J._.—=D'1E5.5 i Ul&s u

254 0-436
1 ‘=ﬂ‘1563; = . . = E
¥ 0-254 U"?ﬁ] m 0 IB‘ﬁJ H r"'_"'j.qm u 1!11

A frly coomane value of e} Hr?;_ shows that phenol exists s double molecules in chloroform.

[m=ple 2. For b distri

s were obtained + T I20UOn of an organic solute between water () and chloroform (cy), the following
3| 0-0160 0-0237 |
. L3 0-13% 0-7%3

Dmerming the molecular state of the solute in chloroform,

Schtion : Lee g atsume tha

! =

e _ oo = Kp (Nernst distrivution law)

- ‘ff-":l“n‘ B 0l = 03300160 = 211

and for the second step, yie; = - 31
OuT 2SSUMDtion is wrong. S, /o = 0-753/0.0237 = 31-8. The two values

Let w5 mo
r o | 3% 3y 4 a ] i i i
o e — T-“f; ‘]_'-r,;"ﬁ g Kp. ie.. the solute exists as a dimer in chloroform. We find that for the
Y h“:m;?_ te values of r“"r: fe, are 363 and 356, respectively. Since the two values are pracucally
e Jey e, s comstant. The solme '

thus exists as a dimer in chloroform.

| .
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as |}t'rﬂn:1 [Cpr(.'ﬁ-l-'ﬂ[ ”1(_' i
let X, 2 rked 1 (Fig. 2) but d:ss;*jfli

o0
enls.
2 Dimectalian of e police. [n e ?!Lﬂ:i:tf};nthc solvent N
formula of the solute. Suppose, it does not -
into A and B in the solvent marked 1. Let ¢ be “—;' [—r_,—/—, !'l'!_":\"
concentration in the first solvent and ¢, the tofa B pibhuien 00 dissociatjp,

concentration In the second solvent. The distribution law R
is valid only for the ratio of concentrations of similar " T
! dissociatiyg

molccular species in the two solvents.
_Suppose, a is the degree of dissociation of the solute X = A+ B
X in phase II. Then, the concentrations of the various l-m o 6o
Specics would be as shown below : Total conc. €3
“X ) T r}l Fig. 2. Dissociation in one of the phase;
3l -a Oy 2 : ——
Therefore, according to the distribution law,
" vl
alle(l - @) = Kp b
—— ——
T Phase |

3. Solute enters into chemical combination with
one of the solvents. When the solute enters into chemical X oo

Fomhimn’on with one of the solvents, there is no change
in the general equation of the Nernst distribution law,
l Phase 1|
combination

as shown below,

Let ¢; be the concentration of the solute X in one X +nS == X.n§ with solvent
of the solvents in which it does not undergo any chemical [
change (Fig. 3) and ¢, its total concentration in the Total conc. €3 ]
s,.mr:d szul\'r:m ?wm which it enters into chemical Fig. 3. Combination with the solvent.
cornbination forming complex molecules, as represented J

...(:g}

by the equation
X+nS — XS
If a is the fraction of the solute that enters into chemical combination with the solvent, then the

concentration of the various molecular species would be as follows
Concentration of uncombined solute molecules = cx(l-a)

Concentration of the complex molecules formed = 0
Applying the law of chemical equilibrium 1o the cquilibrium represented by Eq. 19, we have
0
= .(20)
(1 = a)[solvent]”
Since the solvent is in large excess, its concentration may be taken as constant.
-2

cxaflc:(1 - a)] = constant

Since the distribution law is valid only for concentrations of similar molecular species, i.e.,

single molecules of X, in both the solvents, hence,
¢y /[cy(l -a)] = constant wlld)
Dividing Eq. 22 by Eq. 21, we have
.(23)

flft'.‘za = constanlt
Now, «, the fraction of the solute that combines with the same soly

ren temperature. Eq. 23 may, therefore, be written as
¢y/c; = constant A2

ent, is also constant at 2
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W [n he
i I o ﬂn.{bjndﬂ'm; “{1 .”". m!_rm' with one q,lf the solvents does not m;lﬁ:: t‘?:?a;}:ﬁ;;a:friz;l
' p*-lu_:, cquation of the distribution law except in changing the numerica
o
:‘f_;- " of Nernst Distribution Law . —
Up"‘"" ay of Association ¢3r 2 Solute. As shown above, if a solute assn-::ia_tcs in Un:kfn c
I G:: which ils concentration is ¢, but not in the other in which its concentration Is €y, T2

§ 1T
l.,r:l rt‘“{F.I_ Ky ...(Eq. 1T)

- " L] L3 ;us
ne pumber of simple molecules which combine to form one associated molecule. Illha,s l::-d

;rﬂg :gihh: 1o show by studying distribution of acetic acid and benzoic acid between %2_1!-': 3 :

sf'-#;m,{ these substances exist in benzene as double molecules (or dimers), the value of n being £.

¥, gdy of Dissociation of a Solute. As has been shown carlier, if a solute undergoes dissociation
g

of the solvents in which its concentration is ¢, but not in the other in which its concentration
o

: e,

3 aflel -a)] = Kp (Eq. 18)

s, if the degree of dissociation () of a solute is known at one concentration, its value at 2ny
' w'gmc:ntrztion can be obtained, since X, is constant.

3, Distribution Indicators. It is a common experience that iodine distributes itsclf considerably
w.'m carbon disulphide than in water when both the solvents are in contact with each other.

nerelore, an extremely dilute solution of iodine in water can be successfully titrated by adding a

wn or tvo of carbon disulphide. The concentration in the carbon disulphide layer becomes large
;:-.J:h to give a distinct violet colour,

4. Study of Complex lons. The Nernst distribution law has been successfully applied in determining

4¢ formula of the complex ions formed between bromine and bromide ion as well as between iodine
gt iodide 1on. The following example will illustrate the method,

On shaking 2 solution of iodine in carbon disulphide with water, the iodine distributes itself
boween the two solvents in accordance with the distribution law. Knowing the concentrations of
oéne in the two layers, the panition coefficient, Kp. can be determined.

Now, suppose a solution of iodine in carbon disulphide
comaming X moles of iodine per litre is shaken with an Aqucous layer
#ueous solution of potassium iodide containing A moles L+ KI =K,
of potassium iodide per litre (Fig. 4). The total concentration l]‘
ticdine in the aqueous layer will now be much higher “
‘e 10 formation of the soluble complex Kly. Let this ,

2

‘wncentration be B moles per litre. Evidently, the >
“centration of jodine in carbon disulphide layer will

TJ"‘:,“’ (X - B) moles per litre. The concentration of free
ldiﬁf-ﬂ'f {as 1) in aqueous solution, according to the Nernst

o o law, should be = Kp(X - B) = D moles per b T ok
e (say)

m;lmposc the complex ion formed is 1. Then, the following equilibrium will exist in aqueous
slon:

E Carbon disulphide Layer

1'+12T—"‘_l;

th"'id“’:ﬂ}'. B - D moles of iodine must have combined with B - D moles of iodide ions (assuming
Potassium iodide is completely ionised) to give B - D moles of the complex ion Ij.

mrcfﬂft. the equilibrium constant will be given by P
K = () )

i
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weous layer will be as follows

The Loncentrations of the various specics in the ag o
51 8- D oot g, (1) = Dmotdm?; (1) = A~ (B-D) ™

The results of determinations carried out at 30°C are given in Table 1.

TAELE 1
— Study of Complex lons
K
A 7] n ¥

L (min} dm Y {mal dm™* (ol dm™) Aam” mof ! !
0123 0 0686 00259 04 .

004625 0OA2Ss 00257 20 40 i

The fact that & ; e pe— d £, shows that th

15 -ariations in A and #, T ftrm.

of the complex jon is I;EYF"’“nabj}- constant, in spite of varia e,

shak Example 3. Calculate the dissociation constant of Kly from the fglln“il'{l dats : 378 g of lodin, .
ARen up with one litre of carbon disulphide and one litre of potassium jodide solution in water tw“\l
ol iodine were found 1o be present in carbon disulphide layer. Tbt' partition .g“.m&‘

7"-?1 £ of KI. 1547 £
Ap=410 in favour of carbon disulphide.

Solution ;: Tne dissociation of Kl is represenied 29
Kifag) == Kliag) + I,
Iiteg) = I'(ag) + Iy
. K = (1" )1,)r115)
According to the Nemst distribution law,
I b
i [Lliyo _ 1
[l )s, 410
1
[l: F = I‘ -
Jd_wﬂ f,l_‘sﬁ x 210
”:]r:s: = 3567 g dm Y254 g mol! = 0-1405 mol ¢m?
[1:)i;0 = 01405 mol dm=/210 = 0-000343 mol dm™)

or

Tew! free and combined iodine in aqueous layer = (378 - 3567) g dm?
213 g dm = 213 g dm/254 g mol! = 0.008386 mol ¢m?

It

0000343 mol dm*?
0-008385 - 0000343 = 0-008343 mol dm™?

Free jodine in aqueous laver

Combined iodine in aqueous layer
nce molar concentrztions of combined I; and I3 109 are the same, hence,

Si
Coocenzration of Kly in aqueous layer = 0008043 mo! dm-?
Tou! coacentranon of Kl 1 aquevus layer = 7.92 ¢ dm¥/166 g mol"! = 004775 mol dm?

Corcentration of free K1 or 1™ in aqueous layer = (004775 - 0-00804) mol dm=? = 0-03971 mo! dm?
= 0-00169 mol dm?

X = [C L /105) - (003971 mo!dm'j}(n-my?m]dm-l}

Hence,
0-008043 mol dm™
s in the process of

5. Solvent Extraction. The most important application of the distribution law i
ice, it is frequendy

&
extraction, in the laboratory as well as in industry. In the laboratory. for ins
used for the removal of a dissolved organic substance from aqueous solution with soivents such &

benzene, ether, chloroform, carbon tetrachloride, etc. The advantage is taken of the fact thal ¢
partition coefficient of most of the organic compounds is very largely in favour of organic soivents.
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as Tollows

The concentranions of the various spevies in the aqueous layer will be
(53] = 5. Dooldm; (L] = Dmoldm™; [I7] = A - (B - D) mol do?

The results of determinations carried out at 30°C are given in Table |

TARLE 1
I Study of Complex lons
(ol - A 4] n ‘*'_-\\
) (mol dm) imol dm Y| dnr' mol ! |
0 2%
o133 o 00261 "”N
S i 00686 00259 2004
= 00628 00257 20.40 {

The fact har & ;
of e oot o A s reasonably constant, in spite of variations in A and 8, shows that the forg,
tia Fnlh § Kan 1% IJ ; ""i

Exvample 3. (sl 2
Baken up mith o TUI1e the dissociation constant of Kl from the following data : 378 g of iodipe
7.0 £ of Ki “:1';'"}":; carbon disulpkide and one litre of potassium lodide solution in water contyjy;
- i Al i odine wer f ? 1’1‘*h
Kp=410 ia favour of A dimlph:i.,-_m“d to be present in carbon disulphide layer ¢ partition "Nfl'rﬁ
Solution : Tre dissociaton of Kl is represented as
Kiag) = Kl + I,
o 5 b
Biep) == I'(ap + I,
S K =[1") 1005
Acconting 0 the Nemst ditridotion law, !
_ 1l hiso 1
E e b 5 -
(s, 410

L

:lo = [k, » ‘_ﬁlF
[T:hs, = 3567 g dm 2% ¢ molt = 01405 mol dm-?
[:)izo = 01405 mol dm~410 = 0000343 mol dm
Tew! free and combined iodine in aqueous layer = (37.8 - 3567) ¢ dm™
=215 pdm? = 213 g dm V7254 ¢ mol! = 0.008386 mol din?
Free iodine in aqueous laver = (000343 mol dm™?
Combined todine 17 aquevus layer = 0008386 - 0000343 = 0-008043 mol dm-?
Since molar concentrations of combined I; and I3 ion are the same, hence,
Concentration of Kl; in agqueous laver = 0-008043 mol dm-?
Total concentration of Kl in aquevus layer = 7.92 ¢ dm¥/166 g mol"! = 0.04775 mol dm-?
Concentration of free KI or I" in aqueous layer = (004775 - 0-00804) mol dm) = 0-03971 mo! dm™

2 -3
Hence, K = ]I ”Ig Iﬂ I:” & (003971 mol dm ™ }(0 000343 mol dm"lj - -
0-008043 mol dm > L

S. Solvent Extraction. The most important application of the distribution Jaw is in the process of
extraction, in the laboratory as well as in industry. In the laboratory, for instance, it is Frcquen:ly
used for the removal of a dissolved organic substance from aqueous solution wWith solvents such 2
benzene, ether, chloroform, carbon tetrachloride, etc. The advantage is rtaken of the fact [hﬂ the
partition coeflicient of most of the organic compounds is very largely in favour of organic solvents.
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- argentiferous lead
o principle applies in the desilverization of lead by Parke's prfa::hzrt:crinf behave as two
W’;{:hcatrd to 800°C. IMoh-:n Zinc is then added. Molten lead ::! e which is more soluble in
ot yiquids in conlact with each other and silver behaves s a S0 ‘i(. Silver, therefore, passes
$ ™ 4d, the partition coefficient being of the order of 300 at 800°C. - d. By repeating the
{ﬂ]’?r::h the heavier lead layer into the lighter zinc layer which is separated.
» h‘

; : g ; inc layer.
i or four times, almost the entire amount of silver passes into the zinc 1ay
¥ s AIEC

s

that
. : i of the solute

., can derive a general formula which enables the calculation of the -mm::::mini ng W gram of
M:rﬂmttcd afler a given number of operations. Let V ml of a solution

u

S S o t first. Let wy
it atedly exracted with v ml of another solvent which is 1mn115uh“‘.““h e Kp will be
B e be pepeatech ; - first operation, Then, Kp
glue mass of the salute that remains unextracted at the end of the firs pe
L

wea bY
Fp'ﬂ “-" v - ..(Iﬁ}
W -y =Ko :
“‘II i “l h!i‘ ---{ZT}
o .Kn'f' + ¥ 2 ) h
gimilarly, at the end of the second extraction, the amount wy that :::mﬁns unextracted is given by
T o r -
w2 =Wy LA = W —h-j:—-) -+(28)
I\FI;“’ + v .'tnt + ¥
In general, the amount that remains unextracted at the end of n operations, w,, will be given by
- ¥ ."l :
Wy o= W _ﬂ)"_.] ...(29)
KpV +v

It is evident that in order to make w, as small as possible,
3¢ large as possible. But nxv is equal to the total volume of
is constant, Therefore, it is better 10 keep n large and v
words, the efficiency of extraction increases b
small amount of the extracting solvent each tim

for a given value of Kp, n should be
the extracting liquid available, i.e., it
small, rather than the reverse. In other

y increasing the number of extractions using only a
g

For the same reason, in the washing of precipitates it

is more effective 10 use a small quantity
of water at a time and to repeat the process a number of times,

Example 4. The distribution coelTicient
of carbon tetrachloride. Calculate the volu

from 100 m! of aqueons solution in a single
Solution : ke, f"z]u:u = §§

Hence,

of fodine between carbon tetrachloride and water Is 85 in favour
me of carbon tetrachloride required for 95% extraction of lodine
stage extraction.

2)iyo [Mlea, = 185 = Kb (Note this step)

After the extraction of 95% iodine, 5% still remains unextracted.

3 L
According 1o Fq. 29, w, = w| KoV __
KDV + ¥

)]
In the present case, n=1, we=35, W=100, V=

100 ml and K=

1/85. The volume v is 10 be determined.
Substituting the various values in Eq. (i), we have

5 185100
100 1/85 % 100 + v

v = 2215 ml
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