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SUMMARY 

Equations describing multi-step efution with a mobile phase of constant com- 
position in each step have been derived. These equations are very useful for cakulating 
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. 

In Part I’, theoretical problems connected with evaluation of the conccntra- 
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 eflicient 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 characterize these linear functions, the capacity factor can be 
calculated for an arbitrary composition of the mobile phase. 

In this paper, the procedure for cakulating the concentration-time function for 
multi-step elution in liquid chromatography is discussed_ The theoretical discussion 
relates to ehuion with a mobile phase of constam composition in each step. 

GENERAL CONSIDERATIONS 
_ 

Theoretical probIems connected with the determination of the n?+sOh.ZtiOQ of 
mubi-component mixture were discussed in Part IL. It was shown that the efikiency 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 

* To whom conesponc?ence should be addressed. 



pair of co&xments of the mixture (for the interval l-1.5 OF l-2.0), the composition 
of the mobile phase can be calculated. 

Here, ctiomatography of an S-component mixtixre is discussed. Let-A-B de- 
notes the mobile phase, where I3 is the more efficieut eluting solvent. Let us assume au 
r-step elution, Le_, in the ti step the molar fractiou (concentration) of3 is x, and at 
this concentration the components from j L--L + I to‘i, wih beehned; thus, J; = s 
(see Fig. 1). The fundamental assumption, which makes the change of the conceutra- 
tion x, at the optimal moment possible, is as follows: mobile phase with a concentra- 
tion x, of solvent solvent I3 should be introduced into the cohunn at such a time that 
its front reaches the end of the column just as the peak of the component jr_r has 
beeneluted, i.e., at the time rqL____ ,_n ,1_-1 - t&, where fq,.___,;_,, ,1_-r is the retention 
time for the last component, which is eluted in the (ii-1)th step and tR, = L/v (L is 
the length of the cohnnn and v is the linear velocity of the mobile phase). Hence this 
compoueut migrated through the c&mu at i-1 diffcmt ~on~ntratiom of xB. In 
such a model, we assume that the time of elution of a given peak can he 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. 

time 
Fig. 1. schematic diagram for r-step eIudon when an s-component mixture is separate& 

EQUATIONS FOR RER5NTTON VOLUME AND RETENTION TIME IN STEE’WISE ELU- 
TION 

In gradient elntion chromatography, the reduced retention volume, VA, = 
VR, - V, (V,, is the retention volume of the jth sarnpte compound and V, is the 
total volume of the mobile phase in the column) c-en he calculated by means of the 
following relationships24: 
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where k, is the capacity factor equal to the ratio of the total am_ount of the jth com- 
pound in the staticmary phase to that in the mobile phase A-B under equilibrium con- 
ditions: k' is a fmction of the concentration of solvent B. For r-step elution with a 
mobile phase of constant composition in each step, eqn. 1 can be re-written as 

where 

(3) 

1=1 

for I < r; Y&, is the volume of mobiIe phase of concentration xI of i > 1; however, for 
i = 1 Yo, = Y&, f Y, and kii,, is the capacity factor of the jth component for 
mobile phase A-B with a concentration x1 of solvent B. The volume Y&, is proportion- 
al to the capacity factor kCoJ: 

for j 2 jL where Yk I,ir is the proportionality factor andif denotes the last component 
which is eluted in the ith step (see Fig. 1). Y,,,, denotes the volume of mobile phase 
A-B with a concentration x1 in which the sample compound j migrated. Substituting 
eqn. 4 into eqn. 3, we obtain 

l-i I--I 

Ye1 . . . ..ll3 = Vm[l + 2 &* - so, -+(I - c &&l,,] (5) 

I=1 I=1 

where 

(6) 

for i < I andj >jr and 2 is the last step of elution for the&h compound. Eqn. 5 can 
be m-written in the following form: 

or 

where 



-me symbol kir..;..~, denotes the capacity factor of thejtb %mple compound, which 
migrated through the calm with the mobile phase of difkrcnt- conceutratious xa 
frOrn~ -‘;r to Xl inclusive; The capacity factor k~,_._,,, is an average of the capacity 
factors kzz,, for i = 1,2 ,..., I. 

DETERMINATION OF THE PARAMETERS y 

For the purpose of calculating the parameter & the volume K!A i.k should be 
evaluated. Considering the definition of V&, (see eqn. 3) and eqn. 4, we obtain 

Substitution of equs. 7 and 10 in eqn. 6 leads to 

where 

It follows from eqn. 4 that 

for p < i-l. According to eqn. 13, C = 0. Then, from eqn. 11 we obtain 

(10) 

(12) 

(13) 

(14) 
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EVALUATION OF THE CONCENTRATION-TIME FUNCTION 

As Part I’, we applied the following equations for the capacity factors k;: 

k; = a,~‘“’ (164 
Or 

k; = bi - 10-““’ (16W 

where a,, n,, b, and na, are constants, which can be calculated from the experimental 
values of kj presented in a linear forms-‘. 

The concentration of solvent B at which the elution of two wbitrary compo- 
nents guarantees the optima1 resolution Rj+I,j (for example, from 1.0 to 1.5) can be 
calculated from eqn. 16a or 16b and the following expression: 

where D = 2/e, N is the total number of plates in the column, which is assumed to 
he independent of the type of compound and the composition of the mobile phase, 
and j and jt 1 denote two arbitrary successive sample compounds. 

The Grst step in the_evaluatioti of the concentration-time function is the cal- 
culation of the Grst concentration, xx, at which sample compounds 1 and 2 GUI be 
eIuted with optimal resolution, R,,,. This concentration can be evaluated numerically 
from the following equations: 

a2xl-*ql - DR2J - a,x~- “1(1 f DR,.J = 2DRz.r (lsa) 

or 

b210-“f”l(l - DR& - b1 . 10-m~=<l f DR,J = ZDR,, (1W 
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It follows from Fig. 1 that the sample compounds from 1. to& will be eluted St t&e 
concentration x1. The number of compounds that can be eluted at-&e concentration 
x1 is calcuIated so as to give optimal resolutions for t&o successive peaks. ‘_ 

The next step is the calculation of a new concentration, xc. at which the sample 
compounds from ii_, + 1 to jE will be eluted. The concentration X, can be evaluated 
from the following equation: 

k;l..._ ,r_ljJf_l (’ + DR, 
f-l 

f-l 
fl,J ) + 2DRJ 

i-l i-l 
f-l,J 

i-l -s 
lTDRJ +i 

f_l+l.J 
- L Y,” 

p=1 l-1 
*I .I k;p,J 

i-l 
I/ 

I? 
1 

i-l 

( I--c /. qy?J d (19) 
p=l 

Substituting in eqn. 9 for kcr,Jt_,+l, from eqns. 16a and 16b we obtain 

i-l 

~;l,__.,i-l,J 
i-l 

(I + DRJ +l,J,_) f 2DRJ 
r-1 i-l 

+l,J 
i-1 - 

l--R, 
t-1 

+l,J 
f--I 1 

I-l 

2 

3-l 

- 
# l 1.J k:p,J i-l "ii-l 

i-1 P I-J. 11 
P=l 

(204 

k;l,.__,t-l,J l-l 

C i-l 
(1 t DR, 

I-l 
+1,J 

f-l 
1 f 2DRJ 3-lJ 

L-l ' f-l - 

l-DRJ +lJ c 
k 

+q CPU +1 
I> 

l-l 'i-l 
yf*-l P I-l 

p=1 
VW 

At a given concentration, xi, of solvent B, the sample compounds fromjr _-L + 1 
to jr should be eluted, if the following inequality is satisfied: 

(21) 
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fotj&__L t L <p <it -L 1, where Rmin and Itmar, the vakes for the interval (1.0,2.0), 
can be assumed_ This inequality can be presented in slightly Werent forms, which can 
be obtained from -eqns. 21 and-I6a or 16b (see Part F). 

Knowing the concentrations xt (z’ = l,Z...,t) in the succekve 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 P, 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 #I peak, can be calculated as follows: 

= r&(1,. . .,i)P 

for j,_, + 1 < p <jr- 1. It follows from eqn. 22 that the sample component p is 
eluted at the concentration x,. The time tit1 when mobile phase with a concentration 
xItl of solvent B enters the column is 

(23) 
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SYMBOLS 

A 
B 
D 
L 
AT 
R it1.J 
V, 
V RCl.....W 

Vi, 
G, 
CL, 

less efficient eluting component in the binary-solvent mobile phase; 
more efficient eluting mmponent in the binary-solvent mobile phase; 
parameter equal to 2fi; 
length of the column; 
number of theoretical plates in the column; 
resolution of two compounds, j and j+ 1; 
total volume of the mobile phase in the column; 
retention volume of thejth sample compound, which migrated through the 
colu.rnn with mobile phkse having d.iEerent concentrations; x5, from x1 to 

XL; 

reduced retention vol&e for the jth sample compound; 
total volume of the mobile phkse of concentration xL of Z > 1; 
volume of mobile phase A-B of concentration xL for the jth sample 
compound, where jL -z < j < jL ; 
proportionality factor in eqn. 4; 

_ 
amstar& in eqns. 16a and 16b; 

VLL 
Q, b 
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kii, 

41 . . . ..l)I 

m 
n 
r 
s 

CR 

fRO 

41 . . ...03 

i 
Y3.3r 

Y 
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capacity factor of the jth component for mobile phase A-B with a con- 
centration Xc of solvent B ; 
average capacity factor of the jth sample compound, which m&&d 
through the column with mobile phase haying different concentrations, 
xa, from x1 to xr (se equ. 9); 
constant in eqn. 16b; 
exponent in eqn. 16a; 
total number of elution steps; 
number of sample compounds; 
equal to *L/v; 
retention time of the jth compound; 
elution time of the jth compound, measured from the start of analysis to 
the end of the jth peak; 
parameter defined in eqn. 14; 
linear velocity of the mobile phase. 

Subscripts 

(i)i refers tojth 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 x1 to x, ; 

Ji last sample compound eiuted at concentration x,; 
. P summation index in eqns. 1 l-13, 19 and 20 or a component in the range 

<jr-r + l,i* - 1 >- 

Superscript 
i _ refers to mobile phase of concentration x,. 
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