
&xmzd of chromro~aptsy* 154 (1978) 17sts1 
@ Elsei& Sci~Mc PubIiding Company. Amsterdam - Printed in The Ne&erlads 

CALCiKA~ON OF RETENTIC?N VOLUMFS IN ION-EXCHANGE CI-IRO- 
MATOGRAPIIY USING T-HE GRADIENT ELUTION TECHNIQUE 

SEPARA-IIONS dN CATION-EXCHANGE RESINS 

J. INCZi?DY 

Institute of At&yticaf Chemistry, University of Chemical hgineering, Veszpr&m (Hmzgary) 

~First received August 3ti, 1977; revised inamshpt received December 6% 1977) 

SUMMARY 

For the separation of metal ions and for the separation of organic bases on 
cationexchange columns, calculation methods are given by which the eluent retention 
volumes can be predicted if the gradient elution technique is used. For the calculation, 
equilibrium constants (ion exchange, protonation, complex formation) and data 
concerning the resin and column are necessary. The methods are recommended if 
exploratory calculations or optimizations are made. 

INTRODUCTION 

In the separation of multi-component mixtures, high efficiencies (good reso- 
lution, short elution time, narrow peaks, etc.) can be obtained only by using a stepwise 
or preferably a gradient elution technique lsz_ If the gradient elution technique is used, 
the composition of the eluent and also the distribution coefficient of the solute, which 
determine its migration rate, change continuously during the elution procedure. 

The migration rate of solute A can be expressed by the general equation3 

where dv is the infinitesimal eluent volume under the effect of which the solute A 
moves forward in a column volume ti, and DA is the volume distribution coefficient 
of A. In order to obtain the eluent volume necessary to move the band of A to the 
end of the column, eqn. 1 has to be solved by integration between the limits 0 and X 
(total volume of the column) and 0 and V (eluent volume necessary to move the mid- 
point of the band to the end of the column) : 



To obtain the total &rent voIume, V,, the void volume of the column also has to be 
considered. The integration can be @czried out easily if D is constant (in isocratic 
elution) or if the relationship between D and Y is simple. Some examples of such 
calculations were presented earlie+. In many instances, however, the ~relationship 
is more complicated and therefore the integration cannot be carried out directly. 
This problem may be overcome by means of mini-computers and by using rmrnerical 
integration. By this means, using the equations introduced earlieP, the retention 
volumes of different types of ions cau easily be calculated also in those instances 
where the concentration or pH is changing during the elution and where the relation- 
ships are complicated. These calculations can be used advantageously for exploratory 
purposes when planning new separation procedures or for the optimization of the 
conditions of a given procedure. In this paper, some typical calculation schemes are 
presented. 

For the calculation of retention times in the gradient elution technique, the 
numerical integration method was used by Jandera and ChuraZek4 and by Abbott 
et al.‘, who soIved partition chromatographic separation problems by this means. 

SEPARATION OF METAL IONS ON A CATION-EXCHANGE COLUMN USING A 
COMPLEX-FORMING AGENT AND A LINEAR pH GRADIENT 

For simplicity, let us consider that bivalent metal ions are to be separated. 
As the eluent a buffer containing a complex-forming dibasic acid, H,L, and its 
sodium salt with a constant total concentration but with a linearly changing pH is 
used. On increasing the pH, the free ligand concentration and the’extent of complex 
formation of the metal ions increase. On the formation of unchanged or negatively 
charged complexes, the sorption strength of the metals gradually decreases. 

In the system involving a metal ion, M * + , the following chemical reactions are 
to be considered: 

- Ion exchange: 

2 RNa f Mz+ 
K= 

eR2M + 2Nac (3) 

where R denotes the equivalent amount of resin. 
Complex formation: 

81 
M2C f ‘Lz- --_-ML 

B2 

MZi f 2 ,_Z- --_MLZ- 

Protonation of the ligand 

LZ- f H+ # HL- 

Kz 
‘HL- f- H+ & Ii2L 



TaWg the complex formation and protonation rez&ons as side:reactions, and con- 
sidering that the total concentration of the metal ion in both phases is low cqmpared 
with that of the_elueut or that of the.sodium in the resin phase, Le. CL >> CM and 
Q > @I, the distribution coefficient can be calculated to a good approximation by 
the foUowkgequatio& .- 

where 

%fm= 1 +[$]ht[*]2A 

and 

In these equations, K” denotes the volume ion-exchange equilibrium constant of 
reaction 3, Q is the volume capacity of the ion-exchange resin (meqniv./ml), CL is the 
t&d concentration of the compIex-forming ligand, /I1 and & are the overall stability 
constants of the complexes ML and ML,, respectively, and &Xi] and mai] are the 
concentrations of the hydrogen and sodium ions in the eluent solution. m] denotes 
the metal ion concentiation in the resin phase. 

If a pH gradient of the type 

pH=pHofbv (9) 

is used, where 6 is the pH gradient (dpH/A ) v and v is the eluent &&mq the actual 

pH during the migration is 

pH=pH,,+b(v-/FAX) 00) 

The second term in parentheses (which has to be subtracted) is the void volume of 
the part of the cohuun just passed by ffie solute band during migration; a is the void 
fraction of the column (Q w 0.4). 

The pH is changed by_ adding sodium hydroxide to the solution containing the 
comp!exing agent or by mixing the complex-forming weak acid and its salt solution 

in merent proportions. By this means the sodium ion concentration in the eluent is . 
also increased. As the relationship between the pK and sodium ion concentration can 
he approximated-with a linear equation during the neutralization of a dibasic acid 
with sodium hydroxide (in the buffer range only), the sodium ion concentration is 



For informatory calculations the-second term in parentheses can be neglected or, 
better, if the alteratioc in the pH does not ex& more than one or two units during 
elution, a constant sodium concentration which is the mean of the initial and the 
final concentrations can be used. 

To obtain the necessary eluent volume distribution coeflicient, the reciprocal 
of the distribution coefficient is calculated and integrated according to eqn. 2 until 
its value approaches the total column volume X. 
Thus, 

c: B2 
+ (1 + K,* lo-pn + KI K2* lo-2pn)z I 

wa+]’ = k Ax --z X (12) 
_. c 

Making use of eqns. 10 and 11, the summation according to eqn. 12 can be carried 
out until the value of the left-hand side of the equation just reaches the value of X 
(total volume of the resin column), and the retention volume V, = ndv can be 
obtained. As eluent increments Av = 1 ml can be used. 

It should be noted that eqn. 12 can also be used if the pH is kept constant but 
the total concentration of the complexant is changed during elution. The calculation 
will be simpler, because instead of equs. 10 and 11 the following equations are used: 

CL = C; t e (v-oz.ilAx) (13) 
\ I 

and 

i-l 
[Na+]=[Na+],tem v--BfAx) ( (14 

where e is the concentration gradient of CL expressed in AM/ml and m is the degree 
of neutralization of the weak acid H,L, which is kept constant (m = 0.5-2). It is 
preferable, however, to use a constant C,_ and changing pH, because if CL changes 
the ionic strength also changes rapidly and, by domination of the displacement effect 
of-the sodium ions, the difherences between the individual complex-forming behaviour 
of the metal ions will be supressed and therefore the selectivity will decrease. 

To prove the validity of the above deduced relationships the retention volumes 
of copper, zinc and cadmium were calculated using oxalate ions as the complex- 
forming agent and a linear pH gradient of 0.012 pH/ml_ The data used for calculation 
were as follows: dv = 1 ml; pHO = 2; (z = 0.4; & = O.O12pH/ml; waCfo = 0.75 
10-l M; CL = 10-l M; Q = 1.9 mequiv./ml: X = 3.08 ml. log Kt = 3.8; and log 
K, = 1.4. The ion-exchange and complex formation constants were as follows: for 
copper, K” = 2.6, log & = 4.5 and log pz = 8.9; for zinc, K’: = 2.2, log 81 = 3.7 
and log #& = 6.0; and for cadmium, K* = 2.6, log 16, = 2.9 and log & = 4.7. 

The calculated 2ZAx values were plotted against v (Fig. la). The V, values 
were found to be 3, 64 and 129 ml, respectively. 
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For a comparison of the calculated data with those obtained experimentally, 
in Fig. lb the chromatogram of the separation of the three metal ions using the above 
conditions is presented. A cation-exchange cohmm of length 80 mm and diameter 
7 mm was prepared from AmberI& CG-120 (HI-300 mesh) resin as described 
previouslyS. The resin column was equilibrated with eluent of pH 2, containing 10-l M 
pxalic aci+sodium oxalate. Frorp the metal salt-containing stock solutions (0.05 kf), 
0.05~ml portions were intrktduced on to the top of the column. The eluept was 
delivered by a m.ixSg app+ratus, Using a pH grzidient of 0.012 pH/ml. During Se 
elutitm, the effluent -was collected in 2-d fractions, which were analysed photo- 
metric&y. The q&z.~Iatio~ weie carried out using an EMG-666 desk- computer 
(EMG, Budapest, Hungary). 

As can be seen in Fig. 1, the calcu!atcd and experimentally obtained data are 
in fairly good agreement. 

3 

3 50 64 100 ~1291 V ml 

Fig. 1. (a) Calculated EAx values ver.su.s eluent volmnes. (b) Separation of copper, zinc and cadmium 
ibns. Ehent: 0.1 Moxalate solution of continuously changing pH. Ionexchange column: Amberlite 
CG-120 (150-300 mesh), length 80 mm, diameter 7 mm. 

SEPARATION OF ORGANIC BASES ON A CATION-EXCHANGE COLUMN USING A 
pH GRADtENT 

As unchged organic bases, amines take up protons in aqueous solution to 
form protonated base cations, which are able to take part in cation-exchange reactions. 
The reactions arc as follows: 

Protonation : 

Ion exchange; 

RNa f BH+ 7 = RBH + Nat (16) 



The distribution coefficient of the base is given-by9 

where K is the protonation constant of the base B and KX is the voiume_ion-exch&&! 
equilibrium constant of the cation BH+ referred to sodium ion. _ 

Using a buffer solution of constant total c+ncentration, C,,=,.but of gradually 
increasing pH, the adsorption sti-ength of the base can be c&tinuously- decreased. 
In that simple case, if a linear pH gradient is used-the pH change in the column can 
be described by . 

pH=pH,,+b(v-+lx)- W3 

If the pH &adient is produced by continuous addition of sodium hydroxide to the 
ehient, consisting of a monobasic weak acid and its sodium salt, or by mixing the 
sdlution of a weak acid and its sodium salt solution in different proportions, but of 
constant total concentration, the change in the sodium ion concentration can be 
approximated to 

(19) 

For calculation of the eluent volume necessary to elute the base B from a 
column of volume X using the pH gradient, the following equation is used: 

) ma+] =2&c-X 
1 

(20 1 

The summ&on of the term on the left-hand side of eqn. 20 should be carried out 
until thk value of X is just achieved. 

It should be noted that the pH gradient can also be produced in such a way 
that a solution of constant sodium concentration is used and the concentration of 
the weak acid is decreased gradually in the eluent. In this instance the calculation is 
simpler, because fNa+] is constant. 

It must be remembered, however, that in both of the above examples, the 
effect .of pH on the absorption strength of the eluted species is greater than that of 
the sodium ion. Therefore, in exploratory calculations a mean but constant sodium 
idn concentration can be used, so that the calculations are much simpler. 

Another important aspect is that during the derivation of the equations it was 
assumed that in the ion-exchange reaction with the metal ion or in the elution of 
by, with the protonated base cation only the sodium ion is involved. This assmnp- 
tidn can be made only if the sodium ion concentration is much higher than that of 
the hydrogen ion, e.g., if the eluent concentration is equal to or higher than 10-l M 
and pH > 2. On the other hand, if the pH is very low, the ion-exchange readon 
with the hydrogen ions must also be taken into consideration, which makes the 
calculations more complicated. . 
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