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T'he Nernst Distribution Law
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The Nernst Distribution law. In 1872, Berthelot and Jun
jodine In carbon disulphide, of different concentrations, were
distributed wself between the two solvents in

gfleish found that @en solutions of
shaken with distilled water,(the iodine
such away that, at a given temperature, the ratio of its

CONCENITalions in the tWo layers was constant, irrespective of the amount of iodine, In other words,
(2] cs,
—['[—]';:—;- = C/c; = Kp il
I'he constant K 1s termed as the partition coefficient or distribution cocfficient.

Nernst, however, showed that the ratio ¢;/c, is constant only when the solute has the same molecular

condinons, i.e. _the s molar mass in the two solye f a soluwe partly associates to form double
molecules in one solvent dut not in the other, the law is valid only if the ratio of concentrations of single
molecules in the two phases is taken into consideration.

Ihe distribution of benzoic acid between water and benzene may be taken as a typical example. In
waler, the acid exists mostly as single molecules. i.e. as C¢lHisCOOH. In benzene, however, benzoic
acyd exists as associated molecules, ie., as /Cgii<COOH)-, along with only a small proportion of
single molecules. The Nernst distribution lav s valid only ior concentrations of single molecules in the
rwo phases. Therefore, if total concentration v Foazow acid in benzene is taken, the law will not hold
good.

The Nemst distnbution law may thu: “e stated as follows :

L‘(hcn a solute ielf o 'weer *'wo immiscible solvents in contact with each other, there

exists, Tor similar molecular soeck < at a Jer temperature, a constant ratio of distribution between the
nts “+al « ount of the solute and irrespective of any other molecular species

two solvents grespective of the .
wiuch may be present.

\ Conditions for the vah 'ty of the distribution law. The two essential prerequisites for the validity
of the distibution law are :

anmminmmimmhomer.




SRR THE NERNST DISTRIBUTION LAW

Therp‘mdylmmlc Derivation. Suppose a solute A is present in two immiscible solvents |1 and 2 in
contact with each other. Suppose further that its chemical potential in solvent 1 1s p; and in solvent 2 ig
Hy. When two phases are in equilibrium, their chemical potentials will be equal to one another, 1.e.,

M = -.-(3)
Since = u° 4+ RTlna ...{4)
Therefore, M = py + RT In a for Phase 1 ..AS)
and M2 = p; + RT Ina, for Phase 2 ..(6)
Hence, my + RT In a = u; + RT Ina, or RI In(a)/ay) = u; o l—lilr A7)

NOwW, at constant lemperature, the standard chemical potentials p? and p; are constant. Since R is
also a constant (being the gas constant). it follows that

a\/ay = constant (at constant temperature) AR .

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 each phase.

aj/ay = kjx,/kyx; = constant (at constant temperatre) P

where x; and x; are the mole fractions of the solute in the two phases and k; aud k; are the Henry’s law
constants for the solute in the two phases.

X1/x; = constant (at constant temperature, ...(10)

Further, since the solutions are dilute, the ratio of the mole fractions i< aimost the same as the ratio
of the concentrations. Hence,

X1/X; = c¢)/c; = constant (at constant tepperature) seskb )
I'hus, 1f a substance is present in two phases in contact with cach other., then. at equilibrium,
; cj/c; = constant (at consiant (emperature) = Kp
This is the Nernst distribution law.

Let us consider cases in which a solute may asscciate or dissociate or enter into chemical combination
with one of the solvents.

1. Association of the solute in onc of the solvents.
Let X represent the molecular formula of the soiute. Let it
remain as such in the first phase marked I (Fig. 1) in
which its concentration is ¢;. Supposc it is largely associated
to give the molecules (X), in the second phase marked II.
I'he associated molecules wiil exist i equilibrium with

single molecules as shown. Let ¢, be the total concentration
f the solute in this phase.

Applying the law of chemical equilibrium to the
quilibrium between the associated and single molecules,
iz., (X), == nX, in the second phase, we have

K = [XI"1(X),)
or X] = K x[(X),] =

- : : "* AT |1'.-'!':-" . L : o] 1'I =
If the solute exists largely as associated molecules,
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51 THE NERNST DISTRIZUTION LAW

second solvent with whuch it enters into chemical

combination form;
M the equation

A + nS — X.nS

[ a 1t the fractior. of the sclute that enters INt0 chemical

concentration of the various molecular species would be as fol]ows the SOly
Concentranion of uncombined solute molecules = CH(1-a)

-oncentration of the complex molecules formed = Co0 f“

Applying the law of chemical equilibrium to the equilibri

'-‘_,__- _

fium represented by Eq. 19 e ha»,,e e
& (1 - a)[solvent]”
Since the solvent is In large excess |

, 1ts concentration may be taken as constant
cra/ [e5(1 - @)] = constant

Since the distribution law is valid onl ' or ;;_f“
molecules of X, in both the solvents, fience, .

Cy/lcy(1 - o)l = constant
Dividing Eq. 22 by Ea. 21, we have

Cy/Cr0. = constant (

Now. o. the fraction of the solute that combines with the sam

¢ solvent, is.also ¢o
, lemperature. Eq. 23 may, therefore, be written as

'

th‘Cﬁ = consmants

Thus, the combination f the solute with one 9j the solvents

fundamental equation of :ae distribution !aw excep!
COC, """f{‘ :

does not make any chi
'n changing the numerical vaiue of

Applications of the Nernst Distribusion Law :-, o ST,

Jd-Stedy of Association of - - Sohute, 'ﬁs shown above, if a solute associates in one of -'f“
will Ll’ ILS concentration is ¢, but no!

in the bther.in which its concentration is ¢y, then 2
Cr ¥ %’L = KD

1 DEINE the number
DOSSIDIE (O show DYy s
these substances exist

:I

‘udying distribution of acetic acid and benzoic acid between water and ) +-*

In benzene as double raolecules (or dimers), the value of n being 2. g

. .I--Ill..
.r_. o

“mmpie molecules which combine to form one associated molecule. It b *""“‘ “"* kg

ﬂ

=. Study of Dissociation of 2 Solute. AS hz; been shown earlier, if a sojute undergoes d! d: ’
one of the solvents in which 1ts concentration is

C2 but not in the other in which its CO'!CCﬂ " .
then T
ci/le(l -a)] = f %

If the degree of dissociation (a) of a solute is known at one canccntratmn, its VHJU? *
auon can be obtained. since Kp is constent, ,.

/3. Distribution Indicators. It is 2 common experience that iodinz distributes nsclf o "ﬂ ¥
’#m I carbon disulphide than in water when both ﬁne solvents are in contact witl : b
erefore, an extremely dilute solution of iodine in water STully titrated by 472488

.’...,-;.,: 0f carbon disulphide. The concentratior in thc_carbon dlsulphlde layer becomes la ‘_
crve g distinet violet colour | : _ B

Thus,
» ’MECI’.H‘

4. Stuay of Complex lons. The Nernst distribution law has Seen msfnlly
e lormule of the complex ions formed between bromine and bromide i on aﬂ

e ion The Toliowing exampie will illustrate the method.

applwdiﬂ
It Ly




Ra - (I de per IiT |
by ggasizm jodide P ;]ﬂ\’” will now be much higher due

rE NERNST DISTRIBUTION LAW

( jodine 10 ~arbon disulphide with water, the iodine distributes iseil bery

; Y \ _ : : ; - | I
olutiof = = uith the distribution law, Knowing the concentratione of wodine in the fw
' can be determined.

odine 1n carbon diSlllphidc: TR I S R ST Y ]

R B . &5 « litre 1s shaken with an g NqUEONL LAY |
-SSR Wilining moles 0 b ontaining € moles of | 2 + KI &= Kl s '
flsoue s0]ution of pﬂtﬂi;mﬂ. 1) "The total corcencration | | .
:
l
|

T — i . i . . e e L OE o mmien a --—.-1-._..1

o =
g

& e i !bﬂ_ﬁ%xuhbm]:t this concentration
CLAR B .‘}" Evidently, the coacentration of iodine
Y *lﬁdl'ml lhidﬂc igver will fail 16 (X = f) males per e
ERFDOn disulp | of free iodine (as l,) in aqueous ______________________S;:_'_f_{f_i___j

‘: ¥ cenlrnliﬂﬂ 0 SRE"
1 i€ COn Nernst distribution law, shonld

8 3llori, according to the _ 8

K (x - B) = D moles per e (e
. e complex o Ommed’ s (. [hen, de Ofowing equifidrium will exist in aqueous sofution:
. h

rig. 4. Study of complex ions.

- 3 l" b ]_1 — I;

A L

"fi}lmuy, B - D moles.of 1odine must have coubined with B - D moles of iodide 10ns (assuming thar
it iodide is completely lonised) to give B - ) roles of the complex Kls.

VT

i dd

fore, the equilionum constant will be given by

B K =[] 7D (25)

N
R concentrauons of the varidus species in the aquecous layer will be as follows -

N
"
L

v

Y.~ 8 -Dmoldm™; [l,) = Dmoldm™; (/= 4- (5~ ) mol dm

g Tesults of determinations carried out 2* 30°C are given in Table 1.

TABLE 1
Study of Complex lons

i . 00686 00259 | 20:04 |
s el | 082S 00257 2040 |
G 1ect thar k| | ’
RRUDLe x ion 'ISA]ES ftasonably constant, in spite of variations in 4 and B, shows that the formula of
ot ].
Eer0!/cat Extractjop

*$'ala

. The most important application of the distribution law is in the process of
lory as well as in industry. In the laboratory, for instance, it is frequently used

Hitror om0 temachloride, etc. The advantage is taken of the fact al e partiior

LR “-organic compouinds is very largely in favour of organic solvents.

Lo ¥ _‘vf;n nuy, lig,e"rge““ﬂ formula which enables the calculation of the amount :ha is left cxtrac:;cf

SRR with nfﬁf Operation. et V ml of a solution containing W gram of solute be rcpca;cm}

SOREal ey, “NOther solvent which ‘s immisicible with the first. Let W) R ass OF 106
g . ﬂcxmm at &xc_c:nd of the first operation. The Kp will be by

w e oy, -

'___n—........-.-'—_u—
S,L (26
5. B | E
rh +"; ,
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|
ENT01 ofory ‘iISSDIveq organic substance from agueous solution with solvents such as benzene, i 3
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nilariv._al the end of the seconc exira LOn. Ltheé amount o (Nat remains wiexiraciedq 1s ,
KV | Ka¥ i ¥
" o R o W\ e
’!;r" ) ./ / Ar¥Y +

In general, the amount that remains unextracted at the end of n operations, w,, will be givedips

'( Aﬁﬂv ]h
Wap © V- YT | e
KpV + .

It 1s evident that in order to make w, as smail as possible, for a given value of Kp, n should!
large as possible. But nxv is equal #o the total volume of the extracting liquid available, L
constant. Therefore. it is bett=r 10 keeg n large and v small, rather than the reverse. In other n‘
«fficiency of extraction increases by increasing the number of extractions using only a small apg

the extracting solvent each time. .

For the same reason, in the washing of precipitates it is more effcctive 1o use a small quagiy
s=ler at a time and to repeat the process a number of times.

The same principle applies in the desilverization of lead by Parke’'s process, 1he argess
— Jead is melted and heated to 300°C. Molten zinc is then added. Molten lead and molten zinc bel
nyo immiscible liquids in contact with each other and silver behaves as a solute which i1s mores
n zinc than in lead, the partition co=fficient being of the order of 300 at 800°C. Silver, g
nasses/readily from the heavier .=ad layer into the lighter zinc layer which is separated. By g
e prﬂ:css three or four times, almost the entire amount of silver passes into the zinc layer. )

= L”immplv 7. The distribution coefficient of iodine between carbon tetrachloride and water is 85 in favour @
" ieraghloride. Calculate the volume of carboa tetrachloride required for 95% extraction of lodine from 100 mi &3

r | solufior in a single stage extraction. ) - wiid ‘
- . Irl — - £ % - » . e
Ji r:g*‘" - .
- A .*

o |

Hence II:JHEO /lI?!CCld 85 me '-/Q

- -— —— .
A fter the extrachon of 95 9% wodine, 5% suil remauns unexrracred. - -
B Rt |
According to Eg. 35, W, = W —-
KDV -+~ )

In the present case, n= | w=5, W=100, V=100 ml and Xp=1/85. The volume v is 10 be determined. i
. ..'*-

Substituting the various valuss in Eq. (i), we have
5
e il S : v = 2235 mi
100 L/8S x 100 + v
* 4
Example 3. For the distribution of an organic solute between water (¢,) and chleroform (€2)s

results were obtaired :

¢ 0-0160 0023 Bt
€3 0‘333 0‘753
Determine the molecular state of the soluke in chloroform.

y7olution : Let us assume that

cley = Kp (Nernst distri®
For the first step, cp/¢, = 0-338/0-160 = 21°1 and for the second step, c/c) = 0753200237 = 31:8. The WO¥
differend, hence our assumplion 15 ATONE. 7
Lel us now assume that \F; /¢, = Kp. t.c., he solute exists as & dimer in chloroform, We find that for the ¥ :
cond sieps. the vaes of Jca J¢; are 36 3 and 36°6, respectively. Since the two values are the =3
"o~ ¢, s constani The soluie thas exists as 3 dimer in chioroform. 4

‘ L | :- #* || “ .'l_
. . L g IJ. L 4
B _‘. ¥ (3
SR
f i . = [
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-

LS of sucCinik acid was shaken with 100 mi each ol waler ang ether. L ,:._,,:--.- 12 Ver Wa

when & "~ “ |
; "0 ¢ of the, acia. Calculate the quantity of the acic that can be extractied from | hire of ether
| | . » of the acid using 100 ml of water () in two equal instalments and (i) In 8 singie stag
Bilicontaining | ¢ —
AT ,I__H..— | S
h;"i odiil !-.‘! 1
Il ") r
- e ", - 3.{ | s —
ey 1 ){{"}‘ o \
: e Wealo:'Ve 1000ml:y e o A
M the first casc & n = |00 ml,n ,,
‘ - 049 x 1000ml g
(T = lg l"—"'"“"""——"""""""""""'*——'--—-"— = rj;ﬂ,ﬁ?;r
. L 019 x 1000ml 4+ 50ml /

B e amount extracted = 1°0 g - 042/ g = 03753 g
“‘the;mdcase: Welg,V=1000ml;n=]

f. ) r U'El— : lemi {55
- =g | —— e — | = (655;
it . 0'19 X “I:ruﬂi + i 100 mi _.! ,

The amount extracted = -0 g - 0655 g = 0-345 g

f
"-'.'-.

&IDOUTA CXL"ECLCG 1S greatey if the extraction 1s carried out In : ~0 Inctalments (naa In ¢ e Instaiment

‘ 5. (¢) Calculate the minimum volume of benzene required to extract in one step 90 per cent of H,S
Boe litre of 0-1 M agueous solution.

-

- ate the total volume of benzene required if the 90 per cen: extraction iIs to be compieted in fhres
B2 egual volumes of benzene.

REow nany extractions would be required for complcung 90 per cen: extraction if 100 mi benzene Is used
Jep. The partition coefficient of H,S between water (¢y) and benzene (¢;) defined as ¢,/c; = O-17

| 3 : (@) Let v litres be the volume of benzene required. Then, afic: one exzracnon

e =01 M/10 = 001 M; ¢ = 01 X09x 1/v = (0-09/) M

00IM . ~
CilCy = — = (17 (given) .
2 gt (009/v)M G
=t L ol volume required for threc equai cxtractions = 3v litres
é | k¥ N
geramng w Eg. 35, R =L — J / o
g W KpV +V
% _..: “»=001 mol ; W=0-1, V=1 litre: Kp=0-17 ; v is 10 be determined \\;
% ._"""" e various data in Eq. (i) and sclving for v, we get E‘ -\"@
' v = ()-196 litre :
3v = ()-588 litre
4 il
w0g the CXpression. Wp = W ——"L—"K -
KDV + V
A mol; vy, logs of both sides s

B0, tic 1y, " U0l mol ;v =0-1 litre ; v=1 litre, we find after substiruting the data and taking
- uons required = 5.




CRAE MERRST EHSTHIBLITICIN LAW

- IFtag) === | (ng) ¥ )

K o= (0 071ty
According 1o the Nernst distribution law
”Jlllill . '
I'.I '1 ﬂj d“'

I
110
(1 g, = 0567 gdm 728 g ol ' = 01405 mol dim

L1 iy = O 1408 ol din 7410 = 0000343 mol dm

Total free and combined iodine in agqueous layer = (370 « 33a7) g dm

e 200 gdm e 20 g dm 20 g mal ! = 0008386 mol dm?
Free wdine in agueous layer o Q000 M ol dimy !

Combined wdine in agueous layer = OOORING - O000MY = 00084 mol dm

Ky *

aF lu,u - “!lﬂl; o

Since molar concentrations of combined 1, and |4 ion are the same, hence,
Concentration of Kl i aqueous layer = O O00RM Y mol dm !

Total concentration of K1 in agqueous layer = 792 g dm 166 g mol ' = 004778 «0l (i
Concentration of free Kl or | in aqueous layer = (004775 < 000804) mol dm ! = O 1971 mol dm™

Hence, K= [1")(13)/11;) . £0.02971 moldm 7)(0 000343 m-1dm ') . 000169 mol dm
0 OOROAN mol dm

QU”TION “AND PROBLEMS

I. Review Questions

[ State the Distribution law . Under what e 7 dons < it valid 7 How s the law derived from thermodynamic considerations ?

2 How s the distribution law modified wher ,  the ». ‘e undergoes association in one of the solvents? (ii) the solute enters
into chemical combination with . e of |~ solw

3 How 15 the Distribution law used ». he ) wormm?mmmmwmmuuwwmmam
amount of a solute left ur. . =~ afie; * given number of extractions,

4 Discuss the practical applicai. ~s of the istribution law.

II. Problems

| The following data were obtained for the distribution of I; between CS; and H;O at 25°C

Conc. of 1, in Hy0 (g dm™ %) 0161

2. The following data were obtained at 298 |
112 g0 (mol dm ) x 10° 235 469

izlecy, (mol dm)x 10° |
ud-mn”
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