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SUMMARY

Equations describing multi-step elution with a mobile phase of constant com-
position in each step have been derived. These equations are very useful for calculating
the concentration—time function if the experimental relationships between the capacity
factors and the concentration of the more efficient eluting component in the binary-
solvent mobile phase are known for different sample compounds.

INTRODUCTION

In Parst I!, theoretical problems connected with evaluation of the concentra-
tion—time function for two-step elution with a mobile phase were considered and a
method for calculating two-step concentration-time functions was proposed. In this
method, the experimental relationships of the type capacity factor versus concentra-
tion of the more efficient eluting component in the binary-solvent mobile phase,
measured for different pure components of the chromatographed sample, were
applied. These experimental dependences may be presented in a linear form. Know-
ing the parameters that churacterize these linear functions, the capacity factor can be

calculated for an arbitrary composition of the mobile phase.
In this paper, the procedure for calculating the concentration—time function for

multi-step elution in liquid chromatography is discussed. The theoretical discussion
relates to clution with a mobile phase of constant composition in each step.

GENERAL CONSIDERATIONS
Theoretical problems connected with the determination of the resolution of
multi-component mixture were discussed in Part I'. Tt was shown that the efficiency of

separation of a given multi-component mixture can be characterized by means of the
resolutions of successive pairs of components. Assuming optimal resolutions for each
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pair of components of the mixture (for the interval 1-1.5 or 1-2.0), the composition
of the mobile phase can be calculated.

. Here, chromatography of an s-component mixture is discussed. Let-A-B de-
notes the mobile phase, where B is the more efiicient eluting solvent. Let us assume an
r-step elution, i.e, in the ith step the molar fraction (concentration) of B is x, and at
this conceantration the components from j,_, + 1 to j; will be eluted; thus, j, = s
(see Fig. 1). The fundamental assumption, which makes the change of the concentra-
tion xg at the optimal moment possible, is as follows: mobile phase with a concentra-
tion x; of solvent solvent B should be introduced info the column at such a time that
its front reaches the end of the column just as the peak of the component j,_; has

been eluted, i.e., at the time 75, -0 a2~ LRo where fg, ... 1., IS the retention
time for the last component, which ig eluted in the (f—1)th step and fpy = =Liv(Lis

the length of the column and v is the linear velocity of the moblle phase) Hence this
component migrated through the column at i—1 different concentrations of xz. In
such a model, we assume that the time of elution of a given peak can be neglected in
comparison with the retention time, i.e., the width of the peak is very small. Further-
more, small concentrations of the chromatographed compounds and symmetrical
peaks are considered.
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Fig. 1. Schematic diagram for r-step elution when an s-component mixture is separated.

EQUATIONS FOR RETENTION VOLUME AND RETENTION TIME IN STEPWISE ELU-
TION .

In gradient elution chromatography, the reduced retention volume, Vi, =
Vg, — Vm (Vg, is the retention volume of the jth sample compound and V, is the
total volume of the mobile phase in the column) can be calculated by means of the
following relationships®>—*:
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where k; is the capacity factor equal to the ratio of the total amount of the jth com-
pound in the stationary phase to that in the mobile phase A—-B under equilibrium con-
ditions; k' is a function of the concentration of solvent B. For r-step elution with a
mobile phase of constant composition in each step, egn. 1 can be re-writien as

I—1
V= Z Veolkews + Vanlkens @
i=1 -
where
I-1
V:Ru,...,m = Z V(’i) + V('m (3)
i=1

for I < r; V¢, is the volume of mobile phase of concentration x, of i > 1 ; however, for
i=1 V4 = Vi + Vi and k{,; is the capacity factor of the jth component for
mobile phase A-B with a concentration x, of solvent B. The volume V¢, is proportion-
al to the capacity factor k;,;:

’
V(!)

=V, 44, Ky @)
for j = j, where V1, ; ; is the proportionality factor and j; denotes the last component
which is eluted in the ith step (see Fig. 1). ¥{;; denotes the volume of mobile phase
A-B with a concentration x; in which the sample compound j migrated. Substituting
eqn. 4 into eqn. 3, we obtain

I—1 I—1
Vra,...n0 = V,,[l - z 'ijl “ Ky +(1 - z 7’5,1()"2:)1] ®
i=1 t=1
where
. V;u,jl ©
7‘,’]1 o Vm

for i << land j > j, and / is the last step of elution for the jth compound. Eqn. 5 can
be re-written in the following form:

VRa,...,l)J = Vmll + k};,...,m) D
or
tra,.... 00 = rRo(l +.k;1,..-,m) 3)

where
l-=1

I~1
ka,...05= z Y;,Jlkz’i)j + (l - Z 7’5,1‘)"}!)1 ©)
i=1 t=1
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The symbol k¢, ... 5; denotes the capacity factor of the jth sample compound, which
migrated through the column with the mobile phase of different concentrations xg
from x; to X; inclusivel The capacity factor kg, .. 5 is an average of the capacity
factors kgy; for § = 1,2,...,1. - - -

DETERMINATION OF THE PARAMETERS y

For the purpose of calculating the parameter ¥} ;, the volume 7%, ; ;, should be
evalnated. Considering the definition of V{,, (see eqn. 3) and eqn. 4, we obtain

. Vo VR(L,...,i)J‘ - VR(l,...,‘i—x)Jt . 0
4 - = = (
7, .i ’ 7
= k(i)J k(i).l

Sul:)stitution of egns. 7 and 10 in egn. 6 leads to

. k;], eee ()j k’ ’...,i—l)‘i‘_l (l l)
Yig =
e’ k;m

i i—1
3.4 s — 2 ’
E, Y5 .0 Kens z , 7 A krpu
i p i -1
p=1 =1

= kzi).r
7;‘,1!‘2011
= C + ]
fenng
where
l i—-1
C = — [yP kt _— yp k: (12)
k“” Z Jl’jp (F)J! Ji—-l'jp ("”1—1]
p=1
It follows from eqn. 4 that
Ver/Vam /J A k;,,, = 7.71 A k}‘,,, - (13)

for p <<i—1. According to eqn. 13, C = 0. Then, from egn. 11 we obtain

i , '3
r4] ALY kmj
oy f
1,4 g
T ke, LY

L(1— 2 72 ,) (4
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Knowing tHe parameters 7J. s, P5.4sms Vih-p HC Capacity factor £4.... ps can &e ca-
cufated by means of eqn. 9. These parameters are as follows:

Ll

" @y, 7 ) ’ X
- PR i5
1.4 {
1 Ky
’ ’
k(Z)j k(l)f
Vg = > (1 B 1)
T2 Kezs ke
2
’ s r ’
Keyj Koy Y LA
=l — 22—
e )
5 Kay k(u13 k(z)13 k(l)Iz

...€tc.
EVALUATION OF THE CONCENTRATION-TIME FUNCTION

As Part I!, we applied the following equations for the capacity factors &;:

Kj=ax™ ¥ (162)

or
k=5, - 10~ ™= (16b)

where a;, n;, b; and m; are constants, which can be calculated from the experimental

values of &; presented in a linear form®—".

) The concentration of solvent B at which the elution of two arbitrary compo-
nents guarantees the optimal resolution R;,, ; (for example, from 1.0 to 1.5) can be
calculated from eqn. 16a or 16b and the following expression:

kzl,z,...u-;-y. - k;l,z,...u = ‘DRji-l,.i (kzl,z,...u-:-l —+ kzx,z,...u + 2) an

where D = 2/V'N, N is the total number of plates in the column, which is assumed to
be independent of the type of compound and the composition of the mobile phase,
and j and j41 denote two arbitrary successive sample compounds.

The first step in the evaluation of the concentration-time function is the cal-
culation of the first concentration, x;, at which sample compounds 1 and 2 can be
cluted with optimal resolution, R, ,. This concentration can be evaluated numerically
from the following equations:

ale_"z(l - DR_‘)_J) -_ a,_x,.—'"(l + DRZ.I) = ZDRZJ_ (188.)
or
5,10~=(1 — DR, ,) — b, - 107™"(1 - DR, ,) = 2DR,, (18b)
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It follows from Fig. 1 that the sample compounds from 1 to Ju will be eluted at the
concentration x,;. The number of compounds that can be eluted at the concentration
x, is calculated so as to give optimal resolutions for two successive peaks.

The next step is the calculation of 2 new concentration, x;, at which the sample
compounds from j;_, + 1 to j; will be eluted. The concentration x; can be evaluated
from the following equation:

k.. =
@y . 1
i—1
k 1 + DR + 2DR,
[ ey M, 1( ji_1+1,1i_1) W, S > +‘]/
T ey - ::1 4, AC A
) i—-1
=N o2 ‘) 19
( Z ij—1+x’j ( )
p=1

Substituting in eqn. 9 for k“”:-n“’ from eqms. 16a and 16b w= obtain

i—1
X; ={aji—1+1 (1 — Zlyfi—l.*.l"lp)/
b=

k' L (l + DRJ .(.1”, ) + ZDRJ +1,J

1,...,i—1
[ a,---, )ji— i—1 i—1 i—1 i—1

T—DR, .,

£—1 1

i~1
ny
— D ’ i—1
2:71 +1y ks +1]}
-1 D i—1
p=1

+1

(202)
or g
i
xl—?JTlog{ +( ZYJ +lj)/
k;1,~--,i—x>f (1 + DR‘ LT, l) +2DRJ‘ . =
— -1 -1 _ D ]
[ 1= DR, 41, ’ Z yjt—1+1'jpk(”11—1+l]}
it—-1 i—-1 =1 (zob)

At a given concentration, x;, of solvent B, the sample compounds from Ji—-1+1
to j; should be eluted, if the following inequality is satisfied:

ka,...00(1 + DR ) + 2DRYY
1 —_ DRm!n

p+1.p

k;l,...,i)p(l -4 DR™2r ) { 2PDRmax

p+1, p+1.p

1 —_— Rmax

P+1ip

(21)

A
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forj;,_; + 1 < p <j, — 1, where R™® and R™2% the values for the interval (1.0, 2.0),
can be assumed. This inequality can be presented in slightly different forms, which can
be obtained from ‘egns. 21 and 16a or 16b (see Part I).

Knowing the concentrations x, {f = 1,2,...,f) in the successive steps of the
elution and the time of these steps, the concentration—time function for an r-step
elution can be presented in graphical form (in Part I*, such a function for a two-step
elution was calculated).

The elution time of the p-th compound, measured from the start of the analysis
to the end of the pth peak, can be calculated as follows:

Ya,...00 = tRa,....00 T DRy pfrayp
(22)

~taa,..op(l + DR, ) =trg(l +Kkiy )1+ DR, )
= tROG(l,...,i)p

for j,_; + 1 <p <j,— L. It follows from eqn. 22 that the sample component p is
eluted at the concentration x;. The time #, ., when mobile phase with a concentration
X; ;4 of solvent B enters the column is

@3)

1 — —
Lien = Lupz, .. 05 — PR = IRolGa 2, ... 05, — 1]
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less efficient eluting component in the binary-solvent mobile phase;

A

B more efficient eluting component in the binary-sclvent mobile phase;

D parameter equal to 2v'N. :

L length of the column; .

N number of theoretical plates in the column;

Ric1.s resolution of two compounds, j and j+-1;

Ve total volume of the mobile phase in the column;

Vza.....n, retention volume of the jth sample compound, which migrated through the
column with mobile phase having different concentrations, xg, from x, to
X5

V,‘gJ reduced retention volume for the jth sample compound;

Vi total volume of the mobile phase of concentration x; of i > 1;

Vs volume of mobile phase A-B of concertration x, for the jth sample
compound, where j,_, < j < Jj;

|74 proportionality factor in eqn. 4;

a b constants in eqns. 16a and 16b;
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kiiy; capacity factor of the jth component for mobile phase A—B with a con-
centration x; of solvent -B;
kq,...n; average capacity factor of the jth sample compound whxch mtgrated

through the column with mobile phase having different concentrations,
Xg, from Xx; t0 x; (see eqn. 9);

m constant in egn. 16b;

n exponent in eqn. 16a;

r total number of elution steps;

s number of sample compounds;

I equal to L/»;

te retention time of the jth compound;

fa....n; clution time of the jth compound, measured from the start of analysis to
the end of the jth peak;

P parameter defined in eqn. 14;

v linear velocity of the mobile phase.

Subscripts

@)j refers to jth compound migrating through the column with mobile phase of

composition x;;

(1,...,i)j refers to jth compound migrating through the column with mobile phase
having different compositions from x, to x;;

Ja last sample compound eluted at concentration x;;

D " summation index in eqns. 11-13, 19 and 20 or a component in the range

-1+ Lji —15.

Superscript
i . refers to mobile phase of concentration x;.

REFERENCES

1 M. Boréwko, M. Jaroniec, J. Narkiewicz, A. Patrykiejew and W. Rudzinski, J. Chromatogr., 153
(1978) 309.

2 P. Jandera and J. Churdcek, J. Chromatogr., 91 (1974) 207.

3 P. Jandera and J. Churdlek, J. Chromatogr., 91 (1974) 223.

4 L. R. Snyder, Principles of Adsorption Chromatography, Marcel Dekker, New York. 1968.

5 W. Golkiewicz and E. Soczewinnski, Chromarographia, 5 (1972) 594.

6 E. Soczewinski and W. Golkiewicz, Chromatographia, 6 (1973) 269.

7 W. Golkiewicz, Chromatographia, 9 (1976) 113.



