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SUMMARY 

A theoretical analysisk presented of chromatography with complex formation 

in the mobile phase: A + B & AB, where k1 and k_, 
k-1 

are the corresponding rate con- 

stants. h is assumed that excess of a solute B is present in the column during the whole 
experiment, only solute A being sorbed by the stationary phase. The solution of the 
equation governing such a process allows us to determine the dissociation coefficient 
of the comp!ex and the kinetic constants of the complex-formation reaction. 

INTRODUCTION 

The properties of such physiologically active substances as hormones, enzymes 
and antibiotics’ cazl be modified by complex formation with soluble synthetic poly- 
mers. In recent years, methods have been developed for determining the constants of 
the complex-formation reaction, and the polymer-polymer complexes, the polymer- 
oligomer complexes or the polymer-low-molecular-weight organic ion complexes 
have been investigated by calorimetry and potentiometric tiuationz4 and dynamic 
methods, including chromatography5. Elution chromatography with polymer-contain- 
ing eluents bas also been used successfully 6-s_ Calculation of the equilibrium constants 
of the complex-formation reaction is based on the assumption that both inter-phase 
and reaction equilibria are instantaneous, yet when experiments are made with sub- 
stances of high molecular weight these conditions are usually not fulfilled. The aim of 
this work was to develop a theoretical approach to determination of the dissociation 
coefficient of the complex and the kinetic constants of the complex-formation reaction 
in the absence of both reaction and inter-phase equilibria. 

THEORETICAL 

The material balance for the reacting substances in the chromatographic 
column (in&ding both mobile and stationary phases) is given by 



300 A. T. MELENEVSKII. G. E. ELXiN, G. V. SAMStiNOV 

as+(l-a)-+ ac, PC, 
-vdx+DsF +az*+(1-a)& - (1) 

where a is the void fraction of the bed, t is the time, x is the distance from the inlet, 
C, is the concentration in the mobile phase, aI is the average concentration in the 
stationary phase (dependent on t and x), v is the average linear-flow velocity of the 
mobile phase, D* is the axial dispersion coefficient, and I, and L1 are the average rates 
of formation of substance i in the mobiIe and stationary phases, respectively. 

Eqn_ 1 can also be obtained from the macroscopic material balance9 for an 
arbitrary control volume of the column as follows: 

=- vC,,PdS + D*vC,,ndS + 
s MQ + 4J.Q (2) 

AS A AP AP’ 

where CO, aml a,, are the local concentrations of the substances in the mobile and 
stationary phases, respectively, Z,,* and L,, are the rates of formation for substance i in 
both the mobile and stationary phases (the chemical sources). The term dJ2 represents 
the control volume, and dQ’ and dQ” are the control volumes for the mobile and 
stationary phases, respectively; dS is the external surface of the control volume. 

By comparing eqn. 1 with eqn. 2, we may define more exactly the meanings of 
452’ 

the variables and the parameters of eqn. 1. The void fraction of the bed (a) is Ax, 

the average concentration (C,) of substance i is IAP C Ol d&?/QS’, the average concentra- 
tion (~3 is Jdol~a,, dWlQ’, and the average rates of formation of substance i arc Zl = 
sAg l,, clQ/AQ and L, = IdI+’ Loi dJ2/AS”. Thus, eqn. 1 can be obtained by dividing 
eqn. 2 by da. 

This w;rk deals with the simplest case of a complex-forming reversible reac- 

tion, A f Bkf AB, in which A and B are the substances that form the complex AB, 

and k, and k-,&e the rate constants of the forward and reverse reactions, respective- 
ly- Suppose that only one substance (A) is sorbed, then, if B and the complex do not 
penetrate into the sorbent and B is continuously fed (in excess) with the eluent into 
the column during the experiment, C, can be considered as constant and the reaction 
is pseudo first-order. If we neglect axial dispersion, we obtain the following equations : 

ac, a7+(l-a)3$= ac, - v ax + a (k_,C, - k&) 

ac, ac, a-=-_-y- 

at ax 
a (k_,C, - k;C._,) 

where kl = klCB 

(3) 

Let us assume that Henry’s law is applicable to substance A, that is, a2 = k&Y* 
Then the grain-average concentration (QJ of substance A is defined by eqn. 4, which 
is obtained by solving the problem of diffusion of A into the sorbent with the intra- 
part&l; diffusion coefficient (a) as: 
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(4) 

where a2 is the ~tincentration in equilibrium with the mobile-phase concentration CA, 
R is the particfe radius and Kd is the sorptiou CoefEcient. 

Eqns. 3,4 and 5 must be solved at the initial conditions [C&O) = 0; x > 0; 
r’ = A, AB]. The boundary conditions corresponding to the introduction of an in- 
finitely narrow zone of sample are given by: 

CA (0, f) = ~s(~,=~~(r);C,(O,t)=~~(t)=N,d(t) (5) 

where Qi and Q, are the amounts of substances introduced into the cohunn, S is the 
total area of the column cross-section and s(t) is the “delta-Din&’ function. 

If equilibrium occurs instantaneously at the inlet of the column, then: 

cA k-1 -=_= 
CAB k, 

(6) 

where K’ is the dissociation coelEcient of the complex. 
It is convenient to use the following parameters: 

a - 
t=- +2% 

R2 ( V ) :I=3(1-4&S; 

K= k&R2a k_,R2a 

3 (1 - cz) D& ; r = 3 (1 - a) DK, 

(7) 

where t is the generalized time, 1 is the generalized column length, and k and r are the 
normalized rate coustauts of the forward and reverse reactions, respectively_ 

With the above dimensionless members, double-Laplace transform of eqn. 3 
yields : 

1 

qz - iv1 = - G(p)2 + l-y - Kz 
qy - N2 = - ry f kz (8) 

where z and y are the images of CA and CAB in the Laplace domain, respectively, q and 
p are the transformed values of 1 and Z, and 

G(p)=2 % ’ 
n=l p + n27S 

= v,p-th A+- 1. 

The solution of eqn. 8 in the Laplace domain is given by: 

Z-I-U k ’ 

r k 
- 1+- 

(q + r) (k + r) + 

k-I-r ( ) 

NI + N2 = 

4-i-r 

q(‘++&) 

(9) 

f ‘XP) 

and this can be used for determinin g the moments of the concentratipn distriiution. 
It can be shown that the moment of any order is given by: 

(10) 
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Tne first moment determines the position of the centre of gravity of the distribution 

G(M. 
From the right-hand side of cqn. 9, by using eqn. 10 and tahing into &count 

that G,P,/P,O -+ 0, G’Cp,lP_.D -+ %, we deduce that 

where 

Taking the variables Y and x we calculate that: 

v (tc - a 
(I_-cl)K& = KTl 

where t, = V&S and to = V&s 

After solving the eqn. 12 with respect to K we obtain: 

K= vc - yo 
vo - vc + (1 - 4 KdVK 

(12) 

(13) 

where V,, is the void volume, and V, the total volume, of the column and V, is the 
centre of gravity of the zone (expressed in units of volume). 

The ccntre of gravity of the zone is derived from the equation: 

(14) 

where d V, is the elution-volume increment. From V, we can calculate the value K 
according to eqn. 13. 

The magnitude of the rate constants of the complex-formation reaction can be 
evaluated by two methods. The second moment can be obtained from eqns. 9 and i0. 
On the other hand, the second central moment is derived from the first and the second 
moments as follows: 

cr2=M2=p2-& (15) 

In this event 

2 
9k* (K + lr I (16) 

The exponential term can be written in power-series form as: 

-’ d= lc 
I 

lA+ 2 
KS-1 4s 9 (K-+ I) 

[ 
P 

--k(K+ 
2! 

l)$+k’(K+ 1)2&k3(Kt+-.]} (17) . 
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, Using the first three terms of this series, we obtain: 

Sol&g eqn. 18 relative to rate constant-k we obtain: 

[ 
&_ 2Ka KAi 

i _k= 4S(K+l) - 9(Kcl)2 -(j 1 
Ea3 (19) 

The accuracy of evaluating of rate constant k is better than 10 %, ifi! < O.‘jrldk*! 
The dispersion of the experimentally obtained zone is determined: 

(20) 

By substituting for Oz and 1 in eqn. 19 and using K obtained from eqn. 13 we 
can calculate the value of the rate constant k. 

The second method of evaluating the rate constants of the complex-forming 
reaction requires the solution of the double-laplace transforms of cqn. 3 given by 
eqn. 8. The inverse transforms yield the solution 

C* - = e-*2 F&z) f ke-‘A 
Nl 

e--('+)C I,(q) F(&t) dE + 
0 

CAB - = e-‘l S(t) + reArA 
N* 

e-ck-r)e lo(y) F&t) d5 + 
0 

where rl= 2dkF-x and I,, and 1; are the Bessel function of zero-th and fist 
orders, respectively. &(&z) is the instaneous concentration distribution in+de the 
particle due to particle diffusion. As a Grst approximation, we assume that the sorp- 
tion process is at equilibrium. In that case, r;(;t,r) = 3&A - 3-r) and eqn. 21 becomes: 

(22) -- ___- 
CAB - = e”l S(t) + 3e--rU-*1--3tr [do(q) + 
N2 V kr $; 3t) 11(q)] 

; 

The concentration di&ributions were calculated by computer for different 
values of k, r and 1; they agreed ver$ well with the results obtained st&&&lIy by 
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Keller and Giddingsfo. We also found that; when the generalized cohrmn is small, the 
mixture is divided into two zones, the tit dominated by B and the other by A. When 
A becomes sufEciently large, the zones merge. If we call 1, the maximum value of A at 
which the mixture is divided into two zones, then analysis of eqn. 22 gives the correla- 
tion between K, r and 1,. The zone becomes. much more symmetrieaJas R increases_ 
The limiting position of the zone maximum agrees very weil with that predicted by 
the theory developed earliep. 

The dependence of K on r at different values of 1, is shown in Fig. 1. In order 
to determine r the value of K must be derived from experimental data by using eqn. 
13. Then the maximum value (A= A,,) at which ~p8ration of the zone t&es place 
must be defined experimentaiIy. 

o- I I 

0.02 0.04 r* 
Fig. 1. Graphs showing iiependence of the concentration ratio, K, on c ar different valces of A,. 

From a knowledge of these two values (K and ;a3, we can determine the value 
r from Fig. 1. This, the result of theoretical analysis enables us to calculate both the 
equilibrium and kinetic constants of the lirst-order complex-formation reaction by using 
the results of two chromatographic experiments. 
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