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While many detailed treatments of partition chromatography exist?-6 it may be use- 

ful to put together a simple version of the .approach that regards a, chromatographic 

column as equivalent to a counter-current system of a finite number of perfecf equil- 
. 

brations, i.e. as containing a number of theoretical plates (MARTIN AND SYNGE:, 

CRAIG~). Tl?e treatment presented consists essentially of the approach of STACK-DUNNE 

(cited by DIXON AND ST.4cIC-DUNNE’) for the first part, foliowed by that of TAIT AND 

TAIT~ who continued from STACK-DUNNE’S position. 

In this treatment chromatography is the classical “elution analysis” of TISELIUS 

(e.g. ref.O) where the sample is added in a small volume of mobile phase to a ,coh&n 

containing two phases in equilibrium, and elution is then continued, by passing more 

of the: mobile phase. The Solutes in the sample are assumed to have fixed partition 

coeffkients (1’) in favour of the stationary phase. This definition qf ,partition chroma- 

tography does not exclude cases where the, sta+onaFy phase, with which the, solute 

equilibrates occupies only a small fraction of the total volume of the stationary 

material with which the column is packed, i.e. adsorption chromatography, ‘nor does 

it exclude cases where any particular type of force may be predominant in deter- 

mining partition coefficients, e.g. ion-exchange chromatography. It does exclude 

separations based on stepwise or continuous changes in the mobile phase. 

PROCESS OF CHROMATOGRAPHY 

The process by which separations are obtained may be expressed as follows. If 

equilibrium is at all times approached for each solute between the mobile andstation- 

ax-y phases, the’?e will be a fixed fraction of the molecules of aach solute iri.the mobile 

phase, a fraction determined by the partition coefficieli’L and the’volume ratio of the 

phases. This fraction is constant from time to time and from”one sektiori of the 

column to another. The maintenance of a constant fraction of the molectiles of one 

solute in themovingphase, when each molecule is. passing back and forth between the 

two phases, means that each must spend that same fraction of t,he time ‘in the moving 

phase. It .will therefore, like all other identical.molecules, move along the column at 

that fraction of the speed of the moving phase. Thus the band of, tliis substance movks. 

at a fixed fraction of the speed of the moving phase, a fraction which differs for sub- 

stances of different partition coefficients. 
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Owing to imperfections in a column such as slowness of equilibration and uneven 

NUMBER OF THEORETICAL PLATES 

flow, the mobile phase at a given level has an average solute content, not in equilib- 

rium with the stationary phase at that level, but in equilibrium with the stationary 

phase at a slightly higher level. 

MARTIN AND SYNGE~ therefore treated the column as a series of plates each com- 

prising a layer of such thickness that “the solution issuing from it is in equilibrium 

with the mean concentration of solute in the non-mobile phase throughout the layer”. 

After perfect equilibration of the phases in the plates, quantitative transfer of the 

mobile phase to the next plate was imagined. 

GLUECICAUF~, however, pointed out that a given number of theoretical plates 

gives less efficient separation when used with continuous flow than as a discontinuous 

system in which the contents of each plate are transferred to the next after equili- 

bration. Since nevertheless the elution curves of chromatograms are very similar 

to those of counter-current distributions, the degree of departure of a column from 

perfection may be measured by how few plates the ideal ‘counter-current system 

of equivalent performance possesses. In this treatment, therefore, the theoretical 

plates referred to are those of the discontinuous counter-current system that is 

equivalent to the chromatogram with respect to the elution curves produced, and 

they are not those of MARTIN AND SYNGE’S ‘definition. 

Both the real column and the equivalent series of plates contain a volume B 

of stationary phase, a volume F of mobile phase, and the solute considered has a 

partition Ii: in favour of the stationary phase. 

( a) IdeaL cohnn 

Then if the column operates ideally, there will be F parts solute in the mobile phase 

for every ,Bl’ parts in the stationary phase, at any given distance from the origin. 

The fraction of solute in the mobile phase is therefore: 

(1) 

where RF is defined as the ratio of the speed the band moves in the column to the 

spee,d of eluent in the, column, because each solute molecule spends this fraction of the 

time in the mobile phase. 

If $ is the volume of eluent emerging from the point of application of the sample 

to the point of emergence of the solute in maximal concentration (see ,Fig. I), then: 

F 
z= RP (2) 

since E of eluent flows while the band moves through F of mobile phase. 

From equations (I) and (2) : 

EC F +BK (3) 
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Fig. I. Elution diagram of a chromatogram showing, E, F and S. A dotted line has been drawn 
through the centres of the blocks for the determination of S (see test and Fig. 3). Ion-exchange 
chromatogram of pig p-melanocyte-stimulating hormone, a pituitary peptide of 18 amino-acid 

residues (from DISON~~). 

(b) Epivalent series of $ates 

The treatment of CRAIG’ is applied 
Let + be the fraction of solute 

as follows : 

in the mobile phase at equilibrium, i.e. 

(4) 

Then after t transfers, the fractions of solute in plates, 0, I, 3, 3, . . . r . . . t are given 
by the terms of the binomial expansion of ( [I - $1 + ;6)C (Fig. 3). Of these the largest 
is the @t + I)th term. 

This is because the term corresponding to plate number “y”, i.e. the (v + r)th term 

t! 

= r! (t - Y) I (1 - p)t-Tp. 

The maximum term is the (r + I/c)th when the (r)th equals the (Y + r)th. 

t 1 
(= _ ,p)t-r;br 

t! 
m--v = --- 
rl (L - r)l (r - 

- (1 
I)! (l--Y + I)! 

_ p)t-rfl.pr-1, 

Hence 

Or 

i.e. 

so 

;*P=t_.;+,(I-P) 

fit - pr + p = Y - pv 

7 = pt + 8, 

7 + II2 = pt + p + I/Z :n.. pt + 1 

The solute therefore travels in maximal concentration at g5 times the rate of the 
mobile phase, as in the ideal column, and eqns. (I), (2) and (3) therefore apply. 

The standard deviation of the distribution in 
is: 

the plates in terms of plate number 

J. C?bVOhWtOg., 7 (1962) 467-476 



Pl
at

e 
0 

2 
3 

1 
4 

I 

Fi
g.

 2
. D

ia
gr

am
 o

f 
co

un
te

r-
cu

rr
en

t 
di

st
ri

bu
tio

n.
 

E
ac

h 
bo

x 
re

pr
es

en
ts

 a
 p

la
te

. 
T

he
 n

um
be

rs
 in

 t
he

 b
ox

es
 re

pr
es

en
t t

he
 f

ra
ct

io
n 

of
 o

ne
 s

ol
ut

e 
in

 th
at

 
pl

at
e,

 s
ta

rt
in

g 
fr

om
 t

he
 t

op
 w

he
n 

al
l t

he
 s

ol
ut

e 
is

 in
 p

la
te

 o
. T

he
 d

ia
go

na
l 

lin
es

 s
ho

w
 th

e 
fr

ac
tio

n 
of

 th
e 

to
ta

l 
tr

an
sf

er
re

d 
to

 t
he

 n
ex

t 
pl

at
e,

 a
lw

ay
s 

fi
 ti

m
es

 
th

e 
am

ou
nt

 i
n 

th
e 

pr
ev

io
us

 p
la

te
, 

an
d 

th
e 

ve
rt

ic
al

 l
in

es
 t

he
 f

ra
ct

io
n 

of
 th

e 
to

ta
l 

re
m

ai
ni

ng
 i

n 
th

e 
pl

at
e,

 i
.e

. 
(I

 -
 

p)
 t

im
es

 t
he

 a
m

ou
nt

 p
re

vi
ou

sl
y 

pr
e-

 
se

nt
. 

B
y 

ad
di

ng
 t

he
 a

m
ou

nt
 t

ra
ns

fe
rr

ed
 t

o 
a 

pl
at

e 
an

d 
th

e 
am

ou
nt

 
re

m
ai

ni
ng

 t
he

re
, 

its
 c

on
te

nt
 

af
te

r 
th

e 
tr

an
sf

er
 i

s 
fo

un
d.

 T
he

 a
m

ou
nt

s 
in

 t
he

 p
la

te
s 

af
te

r 
I 

tr
an

sf
er

s 
ar

e 
gi

ve
n 

by
 t

he
 b

in
om

ia
l 

ex
pa

ns
io

n 
of

 (
 [I

 
- 

p]
 

$ 
p)

t. 



RESOLVING POWER OF CHROMATOGRAMS 47= 

Let t = T at the point when a volume E of effluent has emerged, i.e. when the solute 
emerges in maximal concentration. 

The standard deviation of the distribution in the plates, 

sr, = dTi6 (I - $1, 

or by using eqns. (3) and (4), 
FE-F 

ST= Tz J E 

In this it is imagined that further tubes were present so that the solute remained 
distributed in plates instead of emerging in the effluent. 

Now when it emerges in the effluent, its distribution reflects the distribution in 
the plates. All the material in the peak can be taken to have undergone T transfers 
if T is large, although strictly the leading edge of the peak will have undergone fewer 
and the trailing edges more. 

If N is the total number of plates, and it takes volume E of effluent to move the 
peak through the N plates, a volume E/N will move the peak through one plate. 
Thus the distribution in terms of effluent volume reflects the distribution in the plates 
if plate number is converted into effluent volume by multiplying by E/IV. 

If S is the standard deviation of the distribution of solute in the effluent (Fig. I) : 

E 
S =- tJl NS (6) 

From eqns. (5) and (6) : 

S=$ Tz J 
F (E - F) 

E 
or 

* S=+ J TF(E-F) (7) 

Since T transfers move the effluent T plates and move the peak N plates, 

or by eqn. (a), 

N 
-= 
T 

RF* 

N F 
- = -* 
T E .. 

(8) 

Using eqn. (S) to eliminate T from eqn. (7) : 

i.e. 

&zy 

N= E (E “F) 
S” . 

(9) ’ 
‘, 

’ 

(IO) 
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This equation allows determination of the number of plates of any column from the 
plot of concentration of solute against effluent volume. For this S must be measured. 
Since the binomial distribution approximates to the normal distribution when N is 
large, S may be taken as (i) one sixth of the peak width (strictly the width containing 
99.7 % of the solute), or (ii) half the width of the peak at e-l (0.607) of the maximum 
height”, or (iii) half the width at the point of inflexion or, (iv) quarter the width of the 
triangle formed by producing tangents to the curve at the points of inflexion to the 
baseline6 (Fig. 3). Methods (i) and (ii) are preferred as if the actual peak is skewed, 
methods (iii) and (iv) may be unsatisfactory. There is, however, a danger that with 

- 4s- 
-66 c 

Fig. 3. Ndrmal distribution curve with tan’gents to the points of inflesion, showing 
determining S. 

methods of 

methods (ii)- the effect of tailing may be neglected. Thus S and hence N may be 
determined from a published elution diagram, and the units of effluent volume do not 
need to be known. 

*In Fig. I, for example, both methods (i) and (ii) give S = IS. Since F = 30 and fl 
= 360, N by eqn. (IO), is 368. As the column was 38.5 cm long, it exhibited about 9.6 
plates/cm. Such a determination of N allows’one to judge whether a column is oper- 
ating as satisfactorily on a given occasion as the system is known to do in other 
cases, so may be helpful in repeating published work. One could also judge, for ‘exam- 
ple, whether a given riseinflow rate or particle size were having appreciable effect on 
the elution pattern. A lower value of N per unit length for apparently similar condi- 
tions reveals some deterioration of performance. To go further it is necessary to 
consider the resolving power of columns. 

(a) Derivatiort 
RESOLVING POWER OF COLUMNS 

A fixed fraction of a normal distribution lies on one side more than tS from the mean, 
where t has any given value. Thus if t = 2, the fraction is 2.3 %, and if t = 3, it is 
0.14 o/o, If we consider’ two peaks with elution volumes E and E + d E, they may be 
regarded as just resolved when d E = t (S, + S,), where S, and S, are the standard 
deviations of their distributions, and we assign a value to t which shows what we take 
to be resolutionl. In the case where the column performs equally well for the two 
substances, i.e. manifests an equal value of N for both, and if d E is small compared 
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! 

with E, as it will be if the column resolves reasonably well, S, -n_ S,. Thus the condi- 
tion for separation becomes d E > 2 t S, or a E > A S where A = 2 t. 

So long as the peaks approximate to normal distributions, taking A = 4 as the 
definition of resolution means that we will tolerate up to 2.3 ok mutual contamination, 
The band 4 S wide centred on the centre of the peak should contain 95.4 y. of the 
peak and only 2.3 YO of the’neighbouring peak from which it is just resolved. The 
more stringent definition of resolution of putting A = 6 diminishes the maximum 
permissible mutual contamination from 2.3 yO to 0.14 %. 

Let the resolving power, P, of a column be defined as the ratio K/d’K for two 
substances of partition coefficients K and K + d K that the column can just resolve 
to the extent given by assigning an arbitrary value to rl. It may be noted that when 
both Rr;l and A’K are small, K/a I< is approximately RF/A RF. This is because differ- 
entiating eyn. (I) gives: 

The above definition of P is the inverse of TAIT AND TAIT’S~ definition of resolving 
power, while the rest of the treatment is theirs. This definition is preferred because an 
increase in resolving power thus defined means that the column is more rather than 
less powerful. 

A column of resolving power P requires a r/P-fold change in I< before it can 
separate two substances. 

Rearranging eqn. (2) for the two substances 

E -F=BK 

(E -t AL=) -F = B(K + AK) 
Hence 

dE = B.4K 
Dividing eqn. (2a) by eqn. (II) 

I 

A’ E-F 
AK = -AE 

(24 

(ab) 

(rr) 

(12) 

for the condition that 

Substituting S from eqn. (g), 

or 

K 
p=-- 

AK 

AE = AS 

E-F 
.'_ p = -- 

AS 
(13) 

P 
dTv 

=- 
A J f- RF (r4.b) 

J. Chromxtog., 7 (1962) 467-476 
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(4 D iscussion 
As TAIT AND T.4~9 point out, there are two main implications of this equation. 

Firstly the resolving power is proportional to dz, as previously noted by SCHU~ERT~~ 
and emphasized by HAMILTON et aL5. Thus if two peaks are just resolved to an accept- 

able degree, it will require four times as long a column (assuming the same number of 
theoretical plates per unit length can be achieved) to separate them to the same 
degree from a peak half way between them. Secondly the RF, i.e., F/E, should be kept 
low, but no great advantage is gained by further diminution below about 0.3, be- 

cause by then the term d I - RF has reached S4 % of the masimum value it can 

attain (Fig, 4). TAIT AND T-419 also point out that the requirements of the V’Eand 

Fig. 4, Graph of d1 - &? against Rp. 

the 41 -RF terms conflict in paper chromatography unless over-running of the paper 
by the eluent be allowed. 

In the example in Fig. I, P.4 I: 4 = 4.6 (by eqn. (14a)). Thus the band containing 

95.4 y0 of the peak should contain less than 2.3 y0 of the original amount of any 
substance present as an impurity in the sample applied to the chromatogram for 
which the resolving power of the chromatogram is as great, if such substances differ 
from the $eak in partition coefficient by more than I/4.6-fold or 22 %. Similarly 

PA .= 6 = 3.1, so 99.7 y0 of the peak should contain less than o. 14 ok of any such im- 
purity which differs from the peak substance by more than I/3.1-fold in I<, or 32 yo. 

An indelr reflecting the resolving power of the column without the disadvantage 
of the arbitrary assignment of a value to A would be the product P A. Since it would 
be less easily visualized in terms of the column’s separating power, there is probably 
little gain in using it rather than its components N and RF. 

The practice of taking the ratio K/AK instead of an absolute value of K or its 
inverse as a measure of the difficulty of separation of substances is justified by the 
fact that in a given system the substitution of one group by another should produce a 

J. Chromatog., 7 (rg6z) 467-476 
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given absolute change in In I<, not in I<‘, more or less independently of the rest of the 
solute molecule (MAR-I?IN~~). This arises from the fact that each group contributes 
more or less independently to the difference in standard free energy of the solute 
between the two different phases. 

BATE-SMITH AND WIXTALL'S~~ concept of RM follows from this, If eqn. (I) is 

rearranged to find I’, K = F/B( I/&J - I). 

Since the contributions of different groups to In K are constant, so are the con- 
tributions to RM = log (I/RF - I), 

A recent application of this to analytical chemistry by MILSTEIN AND SANGER~~ 

follows PARDEE'@ application of the constancy of incrementsinln Kto relate the 

Rp values of peptides to those of their constituent amino acids. 
The assumption that a column will exhibit the same number of plates for the 

different substances being separated may often be unjustified. The peak of one sub- 
stance may trail badly, so that it cannot be entirely removed from a substance for 
which the column shows a high resolving power as defined above. In many such cases 
the substances may differ greatly in chemical’nature, so that a preliminary separation 
may be possible before chromatography. 

Finally it should be noted that successful separation does not depend solely on 
the resolving power of the column, but also on the choice of a system such that a 
large value of d K/K will be obtained for the substances to be separated. Table I 
gives an esample showing how choice of the right conditions greatly increased the 
difference in partition between two different substances. 

The literature of more detailed treatments of chromatography, including those 
\vhich avoid the model of an equivalent counter-current system, is cited together 
with their own contributions by HAMILTON et nk6. 

TABLE I 

PARTITION COEFFICIENTS BETWEEN WATER AND 12-BUTANOL 

Acid system 3 I 
Neutral system I3 o-3 

XCTH : Pig corticotropin .4, ; MSH : Melsnocyte-stimulating hormone. 
Acid system : I 15 ml water; 85 ml +butanol; 20 ml acetic acid; r.G g NaCl. 
Neutral system: 50 ml water; 50 ml gz-butanol; 0.5 g NaI-ICO,; I g Na p-toluenesulphbnate. 
Partition coefficients given are those in favour of the aqueous layer. Both systems contain anions 
suitable for complex formation with peptides and salts, both of which arc likely to lower the 
partition coefficients. The large difference is probably because the acid system is below the iso- 
electric points of both substances, whereas the neutral system is between them. 

From unpublished data of H. 13. F. DIXON AND L. R. WmTICAh?P. 
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SUMMARY 

The resolving power, P, of a chromatogram is defined as the inverse of the fractional 
change in partition coefficient by which two substances must differ before the chro- 

matogram can separate them. It is shown that P = l&)/l &-RF, where N is the 
number of plates of the discontinuous counter-current systems of equivalent. per- 
formance and A is a constant to which a value must be assigned in the definition of 
P and which reflects the degree of separation required between the substances. A 
useful definition of resolving power is PA 5 4, when 2.3 o/O is the maximum mutual 
contamination of substances permitted. 

Methods of determining N and RF from the elution diagrams of chromatograms 
are quoted. 
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