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Line Shapes in Gas Chromatography. 111. Solute-Solute 
Interactions in Preparative Columns 

DAVID J. WILSON 
DEPARTMENT OF CHEMISTRY 
VANDERBILT UNIVERSITY 
NASHVILLE, TENNESSEE 31235 

Abstract 

The effects of solute-solute interactions on the shapes of the bands in 
preparative gas chromatography are modeled by numerical integration of the 
coupled sets of differential equations describing solute movement. An asym- 
metrical upwind algorithm is used to describe advection; this greatly reduces the 
numerical dispersion which is inherent in the theoretical plate method. A 
microcomputer was used for doing the computations. 

INTRODUCTION 

The calculation of band shapes is of particular importance in 
preparative gas chromatography, where column packings with high 
liquid loadings and the use of large sample sizes frequently result in 
behavior which is strongly nonideal. Most of the relevant literature on the 
calculation of band shapes was reviewed in an earlier paper (Z), to which 
the reader is referred. 

The method of attack which shall be followed here is the numerical 
integration of the differential equations describing the movements of 
solutes in the gas chromatography column. Vinks mesh technique for 
solving the differential equations (2, 3) is similar. Houghton used a 
perturbation approach to include the effects of diffusion and non- 
equilibrium mass transport (4). Giddings's stochastic method (5) for 
doing line shape calculations should also lend itself to handling the 
problem of solute-solute interactions which is addressed here. In an 
earlier paper Giddings (6) discussed the relationships between the 
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1836 WILSON 

theoretical plate model and the two “rate” theories-the stochastic theory 
and the concentration of material theory. 

One of the most powerful and flexible attacks on the band shape 
problem has been given by Guiochon and his coworkers (7). Their model 
is based on the solution of the appropriate partial differential equation, 
and permits them to include both the influence of the isotherm curvature 
at zero concentration and the perturbation of the flow rate due to solute 
exchange between the mobile and stationery phases. Peak area, axial 
dispersion coefficient, limit retention time, and leaning coefficient are the 
experimental parameters needed to use the model. The model takes 
kinetic effects into account by means of a global dispersion factor, and 
neglects adsorption-desorption kinetics. It is good for low to moderate 
column loadings. 

In two recent papers (1, 8)  we utilized so-called asymmetrical upwind 
algorithms for modeling the advection term in the partial differential 
equation describing the movement of a single solute through a gas 
chromatographic column. Leonard ( 9 , I O )  has used such algorithms and 
showed that they result in greatly reduced numerical dispersion. We have 
found them to be very useful in modeling the flow of contaminants in 
groundwater (If, 12) and in modeling the operation of ion-exchange 
columns (23, 24). In the modeling of column separations, a very large 
number of theoretical transfer units is required if the column is 
reasonably efficient. As discussed in an earlier paper (8), this presents 
severe problems to the numerical analyst. 

In preparative column work, sample sizes are made as large as 
possible; therefore, if solute-solute interactions occur, they are likely to 
be particularly significant in preparative columns. Interactions may be of 
a number of types, such as 1 )  the presence of Compound B may enhance 
the solubility of Compound A in the stationary phase, 2) the presence of 
Compound B may reduce the solubility of Compound A in the stationary 
phase, and 3) there may actually be some sort of association complex 
formed between the two compounds, An example of this last would be the 
chromatographing of a mixture of a moderately acidic phenol (say 2,4,5- 
trichlorophenol) with an organic base such as benzylamine. Such 
interactions would certainly change retention times from the values 
which would be obtained with samples containing only one of the two 
solutes, and we might expect that band shapes may be severely distorted, 
perhaps to the point where chromatographic resolution of the mixture 
under the given conditions of temperature and loading becomes im- 
possible. 

In the following sections we examine the effects of compound 
formation and solubility modification by use of mathematical models. 
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Such calculations may be of use in interpreting data and also in 
designing separations. For example, interfering interactions can ob- 
viously be reduced by decreasing sample sizes. If the parameters in the 
theory can be estimated, it then becomes possible to determine by 
simulation the maximum sample size which still provides adequate 
resolution of the mixture. We first present and analyze the models. 
Results are then presented as graphs showing the effects predicted by the 
models. Finally, some general conclusions are drawn from the results, 
and some future work in the area is suggested. 

ANALYSIS 

Figure 1 illustrates our model for the operation of a gas chromato- 
graphic column. As before (8), we start out by developing a local 
equilibrium theoretical plate model. This is then modified by replacing 
the theoretical plate advection terms by one of the asymmetrical upwind 

vapor phase >liquid phase 

1 advection 
= mass transport 

between phases 

Fic. 1. The model used to describe column operation. 
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1838 WILSON 

algorithms tested previously ( I ,  8) and found to markedly reduce 
numerical dispersion. The coupling between the differential equations 
describing the movement of the two solutes through the column depends 
on the nature of the interaction between the solutes. We examine the 
coupling due to compound formation and that due to linear dependence 
of the Henry's law constant K A  on the concentration of Solute B. We 
assume that both solutes obey Henry's law; the use of more complex 
isotherms (such as the Langmuir isotherm) presents no difficulties. 

The column is partitioned into N compartments each of length Ax and 
radius r (cm). Let the volumetric flow rate of the carrier gas be u mL/s; let 
the voids fraction of the column be ug and the volume fraction of the 
liquid phase in the column be u,. The movements of the two solutes in the 
column are then described by 

The solutes are assumed to obey Henry's law which yields 

Here rn; = moles of Solute A in Compartment i 
c;,~ = concentration of Solute A in the vapor phase in Compartment 

C;; = concentration of Solute A in the liquid phase in Compartment 

K" = Henry's law constant for Solute A, dimensionless 
Superscripts b denote corresponding quantities for Solute B. 

We assume that A and B can form an association complex AB which is 
essentially nonvolatile under the column operating conditions. Then 

i, mol/mL 

i, mol/mL 

where cch is the concentration of the complex in the liquid phase of 
Compartment i. Mass balances for A and B in Compartment i give 
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where 

VR = nr2Axv, (9) 

From Eqs. (1 )  and (2) we calculate the changes in the mole numbers rn; 
and rnf with time. It is then necessary to calculate the values of the 
concentrations in terms of the mole numbers. This is done as follows. 
Combining Eqs. (3), (4), and (5) yields 

Substitution of Eqs. (3) and (10) in Eq. (6) gives, after rearrangement, 

In similar fashion, 

It is possible to substitute Eq. (11) into Eq. (12) and obtain a quadratic 
equation in c:,~ alone, but iterative solution of these two equations is very 
fast and easier to program. 

Equations (1) and (2), denoted as Algorithm 1, yield a great deal of 
numerical dispersion. We had previously found that linear combinations 
of Algorithm 1 with a more elaborate asymmetrical upwind algorithm 
yields low numerical dispersion and high stability. Here we use as 
Algorithm 2 the formula 

Then in place of Eq. (1) we use 

dm,"ldt = b * (Algorithm 2) + ( 1  - 6) * (Algorithm 1)  (14) 
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1840 WILSON 

where 0 < b < 1. Dispersion of the bands can be controlled by the choice 
of b; the smaller b, the broader the band. 

The solute-solute interactions could involve changes in the values of 
the Henry's law constants. We examine the following model 

K" = K",(1 + K""c;) (15) 

K" = Kh,(l + K""c:) (16) 

where K"" and Kb" may be positive or negative. The concentrations in the 
liquid phases then satisfy the equations 

A mass balance on Solute A in Compartment i gives 

from which we obtain 

In similar fashion a mass balance on Solute B yields 

For given values of m: and mf,  Eqs. (21), (22), (17), and (18) are solved 

The remainder of the band shape calculations (the integration of the 
differential equations) follows exactly as before. A two-step predictor- 
corrector method described by Ralston and Wilf (15) was used. An 
outline of the method is as follows: 

iteratively to obtain &, &, cii, and c,,;. h 

Starter: y*(At )  = y ( 0 )  + &(O)Ai dt (23) 
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LINE SHAPES IN GAS CHROMATOGRAPHY. Ill 1841 

( 2 4 )  y*( t  + At)  = y ( t  - At)  + -(t)2At dY 
dt 

Predictor: 

Corrector: y( t  + At)  = y ( t )  + dt 

RESULTS 

Programs implementing the two models (solute-solute association and 
solute-dependent Henry's law constants) were written for a Zenith 150 
computer and compiled. Representative parameters are listed in Table 1; 
these parameters were used in making the run plotted in Fig. 2. This run 
required 17 min of computer time on a machine with an Intel 8088 
microprocessor with a 4.77 MHz clock. The run shown in Fig. 2 includes 
no solute-solute interactions, so the band shapes in this figure are ideal. 
These bands can be narrowed by increasing the value of N and/or 
increasing the value of b, the parameter which determines the relative 
proportions of the upwind asymmetrical algorithm and the theoretical 
plate algorithm used to represent advection. The two peaks are com- 
pletely resolved, with retention times f A  = 375 s and t B  = 219 s, and widths 
at half-height wA = 73 s and wB = 43 s. 

Figures 3 and 4 show the effects on band shapes of the formation of an 
AB association complex. In Fig. 3, K"" is given a value of lo6 mL/mol; in 
Fig. 4 the value of this parameter is 5 X 10' mL/mol. The effects of 
association on the peaks are substantial in Fig. 3 and disastrous in Fig. 4. 
In Fig. 3 the retention times are t A  = 425 s and tB = 230 s, markedly larger 
than the retention times found in Fig. 2. Also, the B peak is much broader 
and has a pronounced trailing tail which overlaps with the A peak. In 
Fig. 4 the A peak shows very severe leading tailing and a retention time of 

TABLE 1 
Representative Parameter Values 

Column length = 200 cm Ka = 50 
N=50 Kh = 25 
b = 0.7 
Column diameter = 2 cm 
u, = 0.01 
ug = 0.1 
u = 1.0 mL/s 

K O "  = 0 
Moles of A in sample = 1 X 
Moles of B in sample = 1 X 
dt = 1.0 s 
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I \  A 

0 200 sec 400 
t 

FIG. 2. Reference band shapes. There are no solute-solute interactions in the run plotted 
here. Parameters are given in Table 1. 

0 200 sec 400 
t 

FIG. 3. Effect of A-B association on band shapes. Parameters are given in Table 1 except that 
a value of lo6 mL/mol was used for the equilibrium constant of the reaction A + B = AB. 

K a h  . 
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A 

200 400 sec 600 
t 

FIG. 4. Effect of A-B association on band shapes. Parameters are given in Table 1 except that 
K~~ = 5 x lo6 mL/moI. 

about 630 s. The B band in Fig. 4 shows a bizarre bimodal distribution 
with maxima at 228 and 625 s. The resolution of the two compounds in 
Fig. 4 is obviously unsatisfactory. 

The run plotted in Fig. 5 has parameters identical to those used in the 
run shown in Fig. 4 except that the sample size is one-tenth as large. The 
form of the equilibrium expression for complex formation, Eq. (5) shows 
that decreasing the sample size should shift the equilibrium from AB 
complex toward isolated A and B. A comparison of Figs. 4 and 5 
indicates that this is indeed the case. The retention times in Fig. 5 are 
t A  = 390 s and tB = 227 s, only slightly larger than those found in Fig. 2, 
the ideal case. Also, resolution of the bands in Fig. S is virtually complete. 

The effects of increasing N, the number of compartments used to 
represent the column, is seen by comparing Fig. 2, for which N = 50, and 
Fig. 6, for which N =  100. (Note the change in scale of the ordinates.) 
Increasing N from SO to 100 causes a decrease in wA from 73 to 53 s, and a 
decrease in wB from 43 to 29 s. As one would expect, the line widths are 
approximately in the ratio of d m  (1.38 and 1.48). 

A comparison of Figs. 2 (b = 0.7) and 7 (b = 0.9) shows the effect of 
varying the proportions of the asymmetrical upwind algorithm and the 
theoretical plate algorithm. Instability is just beginning to be seen in 
Fig. 7-note the small dips on the trailing sides of the bands. The 
retention times are virtually unaffected. The half-widths for the peaks in 
Figs. 2 and 7 are wA = 73 and 55 s, and wB = 43 and 32.5 s; evidently 
increasing the contribution of the asymmetrical upwind algorithm results 
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B 

I 1 

t 

FIG. 5. Effect of a decrease in sample size when chromatographing an associating mixture. 
Parameters are given in Table 1 except that Kah = 5 X lo6 mL/mol, m, = lo-', mb = lo-' 

mol. 

t 
FIG. 6. Effect of the number of compartments used to represent the column on band shapes. 
Parameters are given in Table 1 except that N = 100 instead of 50, and dr = 0.5 s instead of 

1.0 s. 
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B 

A 

> 1 I - 

FIG. 7. Effect of the parameter b on the band shapes. Parameters are given in Table 1 except 
that b (see Eq. 14) = 0.9 instead of 0.7. Note the narrowing of the bands. 

in narrower bands. Increasing b above 0.9 results in undesirable 
instabilities, as indicated by increased oscillatory behavior. 

Figures 8, 9, 10, and 11 show some of the effects resulting from 
concentration-dependent Henry's law constants as exemplified by Eqs. 
(15) and (16). 

In Fig. 8, in which both interaction constants Kah and K6a are 1 X 10' 
mL/mol, the leading peak (B) is very markedly broadened and shows a 
trailing tail which would interfere with resolution of the two compounds. 
The retention times are t A  = 455 s and tB = 235 s, significantly increased 
over the values of 375 and 219 s for the ideal case. 

The Henry's law interaction constants used in the run plotted in Fig. 9 
are Kab = lo6 mL/mol, = 0. The appearances of the bands in this run 
are virtually identical to those in the ideal case (Fig. 2). The retention 
times are t A  = 390, as compared to 375 s for the ideal case; and tB = 218, 
compared to 219 s for the ideal case. Aside from a slight increase in tA,  the 
interaction used in this run has had essentially no effect. 

The Henry's law interaction constants used in Fig. 10 are Ph = 0, 
Kh" = lo6 mL/mol. Unlike the run in Fig. 9, here the effects of the Henry's 
law concentration dependence are very large and totally destructive of 
resolution. The B peak shows extensive leading tailing, and the two peaks 
overlap nearly completely. The retention times are t A  = 375 s (unchanged 
from Fig. 2) and t B  = 365 s (compared to 219 s in Fig. 2). 

In Fig. 11 the Henry's law interaction constants are KQh = 0, Kba = 
3 X I d  mL/mol. The resulting bands show some quite unusual features. 
The retention times are tA = 375 s and t B  = 413 s (compared to 219 s in 
Fig. 2). The interaction has trapped Solute B behind the plug of Solute A 
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C 

I00 300 sec 500 
t 

FIG. 8. Effect of concentration-dependent Henry's law constants on band shape. Parameters 
are given in Table 1 except that Kah and Kha in Eqs. (15) and (16) are given by lo6 mL/mol 

instead of zero. 

0 200 sec 400 

t 

FIG. 9. Effect of concentration-dependent Henry's law constants on band shape. Parameters 
are given in Table 1 except that K"' = lo6 mL/mol (@" = 0). 
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0 200 sec 400 

t 

FIG. 10. Effect of concentration-dependent Henry's law constants on band shape. 
Parameters are from Table 1 except that Kah = 0. Kbu = 10' mL/mol. 

C 

0 200 sec 400 
t 

FIG. 11. Effects of Concentration-dependent Henry's law constants on band shape. 
Parameters are from Table 1 except that Kuh = 0, K'" = 3 X 10' mWmol. 
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moving down the column, causing B to exhibit a larger retention time 
than A. This trapping or retardation of B by A has also greatly narrowed 
the B band, to the point where it is much sharper than the A band which 
precedes it off the column. 

CONCLUSIONS 

Numerical integration with advection represented by a linear com- 
bination of an asymmetrical upwind algorithm and the theoretical plate 
algorithm provides a satisfactory technique for modeling solute-solute 
interactions in preparative gas chromatography. Microcomputers using 
compiled programs are adequate for these calculations. Solvent-solvent 
interactions were found to cause changes in retention times, loss of 
resolution, and severe peak distortion. The effects can be reduced at the 
cost of reducing sample sizes; computer simulations may be helpful in 
optimizing this. Changes in retention times and in band shapes may also 
provide means for studying solute-solute interactions. 

Some additional studies which would extend and improve this model 
are as follows. First, since the stationary phase loadings in preparative 
columns are generally rather large, one would expect that mass transfer 
kinetics would be rather important. Earlier we found a time constant 
approach convenient in handling mass transfer kinetics, and it should be 
equally satisfactory with these more complex systems. Second, the 
concentration dependence of the Henry’s law constants should be 
expressed in more detailed and realistic functions than Eqs. (15) and 
( 1  6). 
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