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SUMMARY

The asymmetries of the peak profiles which are generally observed when a
chromatographic column is overloaded are mainly caused by the non-linearity of the
partition equilibrium isotherm. For moderate concentrations the isotherms can most
often be replaced by a two-term expansion. Then the system of mass-balance equa-
tions can be solved and an analytical equation for the peak profiles is obtained. The
changes in the peak shape and the retention time of the peak maximum with the
amounts of benzyl alcohol injected have been studied for various eluent compositions
in reversed-phase high-performance liquid chromatography. The experimental and
theoretical elution profiles are in good agreement for the major part of the elution
peak. The adsorption isotherm was shown to be of the Langmuir type. The maximum
number of molecules adsorbed, as deduced from the values of the slope and curvature
of the isotherm at the origin, does not change with the solvent composition. The
peak asymmetry is independent of the mobile phase composition and is improved by
increasing the column loading capacity per unit length.

INTRODUCTION

The study of the elution peaks obtained at finite concentrations in liquid chro-
matography! leads to the determination of the equilibrium isotherm, which gives
information about the solute, solvent and stationary phase interactions?. Evidence
of the importance of this approach in measuring physicochemical interactions is pro-
vided when the assumption of linear chromatography is not valid. When dealing with
rare or expensive biological products, the use of small quantities of solutes is neces-
sary. Therefore it is more appropriate to extract as much information as possible
from the concentration profiles of the elution peak, than to use the frontal analysis
method3-4 which necessitates larger sample sizes.
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In previous work?, we started with a simple mass-balance equation for liquid
chromatography and derived an analytical solution of the peak-profile equation
which is valid for concentrations leading to moderate overload. The model is based
on a two-term expansion of the isotherm equation and is thus related to the first and
second derivatives of the partition isotherm function at origin (for zero concentra-
tion). The retention behaviour of benzyl alcohol eluted at finite concentration in
reversed-phase chromatography was investigated at various temperatures and its par-
tition isotherm was shown to be of the Langmuir type.

The aim of the present work is to characterize the elution peak distortion
observed at finite concentration and to test the validity of the model when changing
the eluent composition.

THEORETICAL

The propagation of the concentration profile for a solute in a mobile phase is
described by the mass-balance differential equation of liquid chromatography!?

2
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where k(c) is the fictive concentration of adsorbed solute, ¢ is the concentration of
the solute in the mobile phase, ¢ is the time elapsed from the injection time, z is the
distance along the column, u is the velocity of the mobile phase and D is the apparent
diffusion coefficient.

The equilibrium between the mobile and stationary phases is described by a
relation involving n,, the amount of solute in the stationary phase (in moles) and c,
the solute concentration in the mobile phase

1)
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where V7 is the volume of the liquid phase in the column.
For a convex adsorption isotherm, the Langmuir equilibrium model (using
two parameters a and f§) is generally used

na oc
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where the maximum solute amount adsorbed (in moles) is Ny = aVy/B.
An analytical expression for the elution peak profile can be deduced from eqn.
1 for a limited non-linearity of the partition isotherm, expanded to the second term

n k§Vic?
2 = ke + 2E
VL
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where the column capacity factor is defined as:

k' = onafon, = kb + kiVyie )
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In the case of a Langmuir isotherm, kg and &, are related to the parameters a and
B of eqn. 3 according to:

ko =a ko= —2af/VL (6)

Here n. (= Vic) is the number of moles of solute in the mobile phase.

The elution profile is then described by an equation which depends on four
parameters:

(1) the peak size parameter, a, corresponding to the effective peak area, Ar,
of the theoretical peak for small sample sizes

(2) the slope of the isotherm at the origin, kg, which is related to the retention
time at infinite dilution, #z:

Ip = (1 + ka)to (7)

(3) the global apparent dispersion coefficient, D', which is related to the stan-
dard deviation, ag,, of a gaussian peak:

oo = ta V2D’ tr/L (8)

(4) the curvature of the isotherm at the origin, kg, which is related to the peak
slant coefficient, A:

A= kvl + kb) ®

The elution profile expression in the case of a quasi-pulse injection is

52
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where
U= Ljtg and ¢ =L — Ut (11)
D' = D)1 + kp) (12)
u = alU*2D' = altg/c} (13)

and L the column length. The peak-profile model (eqn. 10) is valid when |A| Cy <
1. In this case a = Ar.

A simple equation exists between the peak slant coefficient and the coordinates,
ty and Cy, of the peak maximum: )

Cu = (tm — tr)/Atm (14
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This equation corresponds to an hyperbola, which may be reduced to a straight line
for small values of Cy:

Cu = (m — 1r)/Atr (15)
EXPERIMENTAL

The high-performance liquid chromatography (HPLC) system consisted of a
Model 111 B pump (Beckman, Berkeley, CA, U.S.A.) and a Model 7125 sampling
valve (Rheodyne, Berkeley, CA, U.S.A.) with a 40-ul loop. The detector used was a
differential refractometer Model R401 (Waters, Milford, MA, U.S.A.). Its response
to benzyl alcohol was linear over the whole concentration range studied.

A microcomputer CBM 4032 (Commodore, Santa Clara, CA, U.S.A)) inter-
faced with a 3497 digital voltmeter (Hewlett-Packard, Palo Alto, CA, U.S.A.) was
used for the data-acquisition system with four-digit precision. The data were fitted
to the theoretical model using a non-linear least squares program written in Fortran
and the computer of the Centre Inter Régional de Calcul Electronique (Orsay,
France). '

The solvent used was a binary mixture of water and methanol (99% purity;
Carlo Erba, Milan, Italy) at three different compositions, 70:30, 80:20 and 90:10
(w/w). The solute used was benzyl alcohol (99.5% purity, Carlo Erba).

The adsorbent, LiChrosorb Cg, particle size 10 um (Merck, Darmstadt,
F.R.G.), was packed into a 25 cm x 0.46 cm L.D. stainless-steel column, using the
slurry technique. The column was placed in a water-bath at 20 + 0.1°C.

The dead volume of the column, ¥ = 2.7 ml, was obtained by weighing it
when filled either with carbon tetrachloride or methanol®.

RESULTS

The characteristics of the partition isotherm at low surface coverage can be
deduced either by plotting the positions of the peak maxima versus the sample sizes
or by curve fitting of the model equation-to the elution peak!®.

Plot of the retention time of the peak maximum with increasing sample size

When increasing size samples are injected, the determination of the coordinates
of the peak maximum is easy: Cy is the maximum concentration of the experimental
profile and fy the corresponding elution time; Cy takes into account the detector
calibration function.

The plot of the positions of the peak apices is well approximated by a hyper-
bola according to eqn. 14, for the whole concentration domain studied. From this
plot (Fig. 1) we have derived the first and second derivatives of the equilibrium
isotherm, the values of which are listed in Table I for various eluent compositions.

Adjustment of the model to the experimental elution peak

We have studied the modifications of the elution profiles obtained when in-
creasing amounts of benzyl alcohol are injected into the column. The investigations
were carried out at three different eluent compositions (Fig. 2). The least squares fit
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Fig. 1. Variation of the retention time of the peak maximum with the maximum concentration for benzyl
alcohol. [J, Experimental results; , theoretical curve (egn. 14). Water-methanol mobile phases: (a)
70:30; (b) 80:20; (c) 90:10 (w/w).

of the theoretical model to the experimental data is good for the major part of the
elution peak. The deviations which occur at both ends of the peak are caused by
experimental distortions arising from inhomogeneities in the column packing.

The values of the four parameters necessary to define the elution profile are
listed in Table II. The analytical expression of the peak profile is valid only for low
congentrations, when the equilibrium isotherm can be expanded to its second term,
and when |1} Cy < 1. The first requirement is fulfilled when the plot of Cy vs. ty
can be approximated by an hyperbola. The validity of this hypothesis for the whole
concentration range studied was demonstrated by the apex-locus method. The second
one (|4| ey <1) can be checked by comparing the peak-size parameter, a, and the
effective peak area, Ar. The latter is always lower than & when the value of |4] Cy is
large. For the maximum value of | 4| Cy studied (0.30), a 10% deviation is observed
between a and A1, This figure may be used to estimate the degree of validity of the
model at high concentrations. The values of kg and kg, especially at high concentra-
tions, are in good agreement with those obtained from the apex-locus method. The

TABLE1

COMPARISON OF THE CHARACTERISTICS OF ADSORPTION ISOTHERMS AT THREE DIFFERENT
ELUENT COMPOSITIONS

Water—methanol  Apex-locus method Model-fitting method

eluent

(wiw) o kg 10°. 8 Ny o kg 102 8 N
(umol™')  (em?*[umol)  (umol) (umol™')  (emPjumol).  {umol)

90:10 1292 —0.240 25 1384 1326 —-0.25 26 1377

80:20 645  —0.058 12 1414 679- —(:057 11.6 1580

70:30 341 —0.016 6.4 1428 . 347 —0:016 6.3 1487
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Fig. 2. Best fit of the moderate overload peak model. ——, Theoretical model; - - . -, computer data-
acquisition experimental points. Solute: benzyl alcohol. Adsorbent: LiChrosorb RP-18, 10 yum. Flow-rate:
2.14 ml/min. Mobile phases as in Fig. 1.

values of kg are less significant at low concentrations, where peak distortions induced
by isotherm non-linearity are less perceptible.

As observed previously for liquid chromatographic experiments, the dispersion
coefficient increases markedly by a factor of 7 when the amount injected is increased
from 2 to 60 mg. According to the theory, D’ should not depend on the amount
injected, in agreement with the behaviour of elution peaks at finite concentration in
gas chromatography® 7. Since the theory does not take into account slow kinetic
processes, the changes noticed in D’ might be connected with a kinetic phenomenon.

DISCUSSION

The isotherm curvature values at the origin obtained either from the model-
fitting method or from the apex-locus method are in good agreement (Table I).

We have shown previously! that, for benzyl alcohol in reversed-phase chro-
matography, with a negative isotherm curvature at the origin, the partition isotherm
approximates to the Langmuir type. Here we have compared the Langmuir isotherm
to its parabolic approximation for the various eluent compositions studied (Fig. 3).
The validity of approximating a Langmuir isotherm by a parabola depends on the
value of the product fC in eqn. 3. A 1% deviation from the parabolic approximation
of the isotherm would be observed at the higher concentration studied.
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Fig. 3. Comparison of the Langmuir equilibrium isotherm (——) with its parabolic approximation
(- - - ). Mobile phases as in Fig. 1.

The values of the maximum number of moles adsorbed, Ny, deduced from the
slope and curvature at the origin are similar for the various eluent compositions
(Table I). This result demonstrates the validity of the Langmuir model assumed for
the partition isotherm since Ny is related to the number of adsorption sites. There-
fore, in agreement with studies of solvent effects in reversed-phase liquid chromato-
graphy®, the retention mechanism as a function of eluent composition depends main-
ly on the interaction of the solute with the mobile phase.

Besides the physicochemical constants, which are deduced from the adjustment
of the theoretical model to the experimental elution profiles obtained at finite con-
centration, one can derive a characterization of peak asymmetry. We define the ex-
perimental asymmetry factor of the elution peak by

S = wa/wy (16)

where w; and w,, are the half-widths measured at 0.606 of the peak height before and
after respectively the elution time at the peak maximum (ID = w; and IE = w; in
Fig. 4). Such ratios are more commonly defined at 1/10 of the peak height, but we
preferred to avoid the perturbations present in the low parts of the peak.

The asymmetry factor can be estimated from the parameters of the theoretical
model. We shall assume that the elution peak can be approximated by a triangle
ABC of height AH = Cy and of base BC. The location of point B is such that A,
D, B lie on the same straight line (BH = wp = w,/0.394). The triangle base is equal
to At + 2wy, where At = tz — ty, fg 1S the retention time at zero concentration and
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Fig. 4. Triangular diagram representing the elution peak.

ty the retention time at the peak maximum. With such a choice for BC, the peak
area, A, of the triangle is close to that of the elution peak, Ar.

Calculated at this basis, the asymmetry factor is:

So = (At + WB)/WB (17)

It is not rigorously equal to the asymmetry, S, measured at 0.606 of peak height since
A, E, C are not on the same line.

A simple equation involving 4¢ and Cy can be deduced from the apex-locus
expression (15) which relates the coordinates of the peak maximum to the peak slant
coeflicient:

Cu = Atj(1r|A]) (18)

At is also related to the area, A4, of the triangle ABC representing the elution peak:

A = (4t + 2wg)Cw/f2 (19)

Combining the last two equations by elimination of Cy, a second degree equation is
obtained

A2 + 2wgpdt — 2A41x|Al = 0 (20)

the solution of which is:

At = Wi + 24tg)A] — wy Q1)
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The calculated asymmetry factor is thence:

2Atg| A
L 241l]]

t;o = 1 vv%

(22)

Assuming that the triangle area, 4, is equal to the peak parameter g, a relation-
ship involving the asymmetry factor and the peak parameter, y, of the elution model
(eqn. 13) is obtained:

Jp 2 .
S2=1+2 -—) ] 23)

Wg

We have reported (full points in Fig. 5) the values of S, calculated as a function
of |u], oo and wg, for all the experimental profiles studied in this work. The asymmetry
factor is an increasing function of |u|, which is equal to 1 when || = 0. Itis not a
linear function because the ratio (go/wg) = 0.394 (0o/w,) varies with pu.

In the domain of concentration studied, we have observed that the ratio ao/w,
increases linearly with |u| according to

oo/ws =y + |yl (24)

Asymmetry
factor

] 1 . B

5 19 ‘F'
Fig. 5. Variation of the asymmetry of the peak with the parameter, u, of the elution peak model.
(a) Asymmeiry measured at 0.606 of peak height: A, §; ———, § = V1 + 031 |1(0.93 + 0.047| )2
(b) Asymmetry calculated at the base of the trianglee @, Sp; —— So =

VI + 0.3112](1.04 + 0.079/u| ).
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where the coefficients y and & were determined by linear regression to be 1.04 and
0.079, respectively. The variation of Sy with |u| is well represented (full line in Fig.
5) by the equation:

S8 — 1 =031yl @y + 8lul) (25)

The asymmetry factor, Sy, of the triangle symbolizing the peak is somewhat
larger than S, that for the actual peak (Fig. 5), because of the approximations made
in defining the trailing side of the peak: E is not located on the side AC of the triangle.
Nevertheless the experimental factor S is well represented as a function of u by an
equation similar to eqn. 25, withy = 0.93 and 6 = 0.047.

Therefore, an interesting relationship exists involving the asymmetry ratio
coefficient, S, and the peak-profile parameter, u, which is a useful parameter for
estimating the degree of asymmetry of a peak in non-linear chromatography.

From the expression of |u| in eqn. 13 we deduce

_ Qlki| Vg _ Q1kg| Vimo
[l = i 2 (26)
2FD(1 + kp)*  2sD(1 + ko)

where Q is the mass injected, F the flow-rate, o the mobile phase velocity and s the
mobile phase cross-section. This expression may be used to fix the experimental con-
ditions for reducing peak asymmetry. The parameter p and thence the asymmetry
are independent of the column length. The asymmetry increases with the mobile
phase velocity and the amount injected, but decreases with increasing column cross-
section.

In the special case of a Langmuir isotherm, the maximum number of molecules
absorbed is —2k¢?/ks. For large values of kg, p is given by:

lul = QLuo/DNy @7

For the same amount injected, the asymmetry remains roughly constant when
the mobile phase composition is modified. It will be reduced by increasing the specific
surface area per unit length. '

CONCLUSIONS

The theory of the moderately overloaded peak model indicates that the change
in the retention time with the concentration at the peak maximum is related to the
first and second derivatives of the equilibrium isotherm function at the origin. In the
case of the Langmuir isotherm, interesting information can be deduced about the
maximum number of molecules adsorbed, which is independent of the mobile phase
composition in reversed-phase HPLC.

In affinity chromatography where the equilibrium isotherms are often of the
Langmuir type, an approach similar to the one presented could be useful to determine
the adsorption capacity of the column which is difficult to measure by independent
methods.

There is a relationship between the peak asymmetry factor, S, and one of the
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parameters of the theoretical profile (). It is shown that asymmetry is independent
of the column length and increases with the mobile phase velocity, or with the amount
injected, but decreases with increasing column cross-section. For a Langmuir iso-
therm, with the same amount injected, the asymmetry is independent of the mobile
phase composition and is improved by increasing the loading capacity per unit length
of the column. These results may be used to find the best experimental conditions in
preparative liquid chromatography at moderate concentrations.
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