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ABSTRACT

Scale-up of high performance liquid chromatography (HPLC) using
mathematical models has been found in the literature for separation of
binary mixtures or monocomponent materials. This procedure provides
graphical representation, in contrast to direct scale-up, which has been
usually employed for separation of natural fraction components. In this
report, the application of models to the scale-up of isocratic separations,
from literature data, of carotenoids, vitamins, ginsenosides, and mono-
terpenes fractions, in terms of use of larger columns and sample over-
loads, is discussed. Statistical moment analysis and an ideal rate model
were applied using a computer spreadsheet to estimate parameters from
analytical data and predict semi-preparative separations. Non-competitive
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effects between the components were assumed, due to the few available
data. The predicted chromatograms showed good agreement with the
experimentals, demonstrating the applicability of scale-up using models
on separation of natural fractions.

Key Words: Semi-preparative HPLC; Separation; Natural products;
Simulation; Scale-up; Statistical moment analysis; Ideal rate model.

INTRODUCTION

High performance liquid chromatography (HPLC) is widely used to
separate and isolate components from complex mixtures, when high level of
purity, yield, and productivity are required. Standards of natural compounds
have been obtained at semi-preparative and preparative scales to determine
their structures, undertake chemical, pharmacological, and nutritional investi-
gation, and assist in the quality control of herbal medicines, phytomedicines,
foodstuffs, and additives. Some carotenoids, vitamins, ginsenosides, mono-
terpenes, lipids, alkaloids, furocoumarins, sweeteners, polyunsaturated acids,
anthocyanins, and other flavonoids are examples of these compounds. Natural
drugs for which synthesis is economically unfeasible or unavailable, such as
scopolamine, paclitaxel, and derivatives, digitalis glycosides, capsaicin, and
vinca alkaloids have also been produced by HPLC at large scale.

Semi-preparative and large scale HPLC separations are derived from the
kinetic and thermodynamic conditions established on a small scale, like
analytical runs. These conditions are kept unchanged on scale-up, which is
calculated by mathematical procedures to reach a well-controlled separation. In
direct or linear scale-up,!' ! a factor is calculated by Eq. (1) from the lengths L
and cross-sectional areas 4. of the preparative (P) and analytical (A) columns.

Lp A
Direct scale-up factor = —>—<®)

(D
Liay Aca

The mobile phase flow rate, column length, and sample quantity have
occasionally been changed after scale-up when better separation would be
required. However, in these cases, the chromatographic profile at the intended
scale could not be easily provided!) and the retention and separation efficiency
could only be predicted by calculation.!>*!

Mathematical models describing the chromatographic phenomena can
also help in HPLC scale-ups, and resulting simulations of chromatographic
profile. Three groups have been cited:'* based on equilibrium theory, plate,
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and rate models. Some models have algebraic solutions, like the statistical
moment analysis (a plate model) and ideal rate model, which are applied
herein. The advantage of these models is the fact that few experiments need be
done in the estimation of the parameters, regarding limited quantities of
injected sample. Eq. (2) is based on Gaussian distribution and represents the
concentration profile™™ of a sample component in the mobile phase on
statistical moment analysis.

Cinj Vinj 2(l — 1 )2
C= |:F(27;0_2)1J/2:| exp|:_ 4 5 R :| (2)

Cinj» Vinj and F correspond to the concentration of the component in the
injected solution, injection volume, and flow rate, respectively. The injected
quantity, represented by zero order moment, only influences the peak height
without altering its shape. The retention time 75 and the variance o of the peak
are described by first and second order moments, respectively. Independently of
column dimensions, the linear distribution constant K. and the reduced plate
height / are constant parameters, which describe the equilibrium and effective
diffusion, respectively, of the sample component in the column. The latter is
often quasi-constant for a short range of the mobile phase velocity. The value of
K. is related to the retention factor k& and phase ratio f3, according to the Eq. (3).

K, 3 3)

K., k, h and o2 can be estimated from experiments made at small scale
using well-known expressions in the literature.>*®! The phase ratio is not
determined easily, except for normal chromatography, in which it can be
approximately estimated from the interparticle porosity &!”! The retention
factor, therefore, should be used as an equilibrium parameter instead of the
distribution constant.

Statistical moment analysis should only be applied under short injection
duration of diluted solutions, and disregarding the influence of extra-column
volumes. The resulting peaks are symmetrical, characteristic of linear chro-
matography. Conditions for linearity are difficult to define, however, Rosset
et al.l’! presented criteria that ensure linear chromatography. The injection
volume is related to the statistical moments.

Vinj L 2Fty 4)

Vi < F(126%)' (5)
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According to Rosset’s approach, linear chromatography is assured in a
typical analytical column for samples below 10~*M. When the concentration
is about 1072M, the increased injection duration gradually changes the
chromatography from linear to weakly non-linear. In the mean time, the
elution profile loses symmetry and can no longer be predicted using the
statistical moment analysis. Concentration at the injection greater than 1 M
leads to strongly non-linear chromatography, resulting tailing peaks, typical of
Langmuir or another convex isotherm. In these conditions, the rise in sample
amount injected increases the peak-width so intensely that any effect of axial
dispersion can be negligible using the ideal rate model.l”) The hyperbolic
shape that represents the rear part of the peak has an asymptote extending until
the end retention time #,, that corresponds to the injection duration plus the
retention time, which is obtained in linear conditions.”! In the case of ideal
rate model, the time of the peak maximum #zqny) is related to the loading
factor Lf,m expressed by the Eq. (6):

(6)

- qS(l - S)ACL

2
[ traney — Viny/F) — ty V2 Gy Vi
f th — ty

The parameter g and f,, are the stationary phase saturation capacity and
retention time of an unretained compound, respectively. The elution profile of
the rear part of the peak is represented by Eq. (7):

c

172
ds Ip — Iy
_ds ) RT™WM |y
¢ K, |:t_(Vinj/F)_tM:| @

In strongly non-linear chromatography, displacement effects among
sample components become significant and parameters of competitive iso-
therms should be evaluated.['®]

Recently, computer programmes have been used for the economic and
operational optimization of HPLC at large scale.®"'") Experimental cases of
scale-up for peptides and proteins-based samples using models have been
published.!'*'*) However, for low molecular weight compounds, computer-
assisted prediction has only been used for the separation of binary aromatic
chemicals and chiral isomers (Table 1). Scale-ups of HPLC using models have
not been discussed for separation of any multicomponent mixture of low
molecular weight compounds, as typically found in natural fractions and
extracts. Direct scale-up of semi-preparative separation of natural compounds,
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such as triterpenoid saponins!'” and fractions of omega 3 polyunsaturated
fatty acids!'®!'®! has been found in the literature.

The purpose of the present work is to demonstrate the applicability of
mathematical models in the scale-up of semi-preparative separations of natural
fractions and extracts, comparing the experimental results found in the
literature to those obtained by simulations. The distribution isotherms were
assumed non-competitive due to few available experimental data.

EXPERIMENTAL

Selection of Experimental Separations

Reports in HPLC separations by isocratic mode with both analytical and
semi-preparative chromatograms at the same thermodynamic conditions were
reached in the literature as well as application notes. Four studies on different
classes of compounds were selected.

Computational Method

The software Microsoft™ Excel-97 was used to prepare electronic
spreadsheets, using the equations discussed herein. The spreadsheets estimated
the equilibrium and kinetic parameters and simulated the chromatographic
profile for both analytical and intended scales. The chromatographic profiles of
the components were calculated individually and the final chromatograms
were simulated from the sum of them. The calculations were made using IBM-
compatible personal computers [Pentium®™ 233 MHz, 32 Mb RAM or higher
configuration].

General Calculations

Column dimensions, flow rate, retention time, and peak-width at half
height of each sample component were determined at small scale. The
interparticle porosities were estimated from the retention time of unretained
component, which was calculated at intended scale, maintaining the value of
the interparticle porosity.

The phase ratios were only calculated for normal-phase chromatography. In
the analytical chromatograms, each retention time and peak-width were approxi-
mately determined. The values of the retention factor, linear distribution constant,
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and reduced plate height of each peak were calculated by the spreadsheets and
kept constant on the scale-up prediction. The total molar concentration of the
injection was estimated using the mass and volume data and assuming the
molecular weight of the most abundant compound, since there were no details
on the concentration of each sample component. As the concentration of each
component was unknown, the intensities of the simulated peaks were adjusted
proportionally to those presented in the analytical chromatograms, in order to
take detector sensitivity into consideration. It does not influence the parameters
calculated by the model based on the statistical moment analysis. The Rosset’s
linearity criteria was evaluated according to the Eq. (4) and (5).

RESULTS AND DISCUSSION

Analytical (a) and semi-preparative (c¢) experimental chromatograms for
carotenoids, vitamins, ginsenosides, and monoterpenes are shown in the Figs.
14, respectively. The conditions are presented in Table 2, including the total
molar concentration estimated.

The operational parameters estimated at analytical scale are shown
in Table 3. Assuming the first peaks in all cases as unretained sample
components, the interparticle porosities were estimated. This assumption
could not be valid, because the first peaks can represent a retained or partly
excluded compound, but it was applied in this work in order to take advantages
of the few available data.

The maximum injection volumes at both scales have satisfied the Rosset’s
linearity criteria, according to Eq. (4) and (5). The estimated thermodynamic
and kinetic parameters calculated by the spreadsheets can be seen in Table 4.
The different operational variables changed between the experimented scales
were studied individually.

Scale-Up in Linear Chromatography

On Same Column

Figure 1 illustrates the increase in injected mass and volume under the
same conditions (as can be seen in Table 2), in order to attain isolation of
paprika (Capsicum annuum) carotenoids by normal-phase HPLC."]
p-Carotene was assumed an unretained sample component. Linear chromato-
graphy can be predicted in both scales with the concentrations under study
(Table 2), because the column volume was approximately fifty-fold a typical
analytical column.
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Figure 1. Separation of carotenoids from the paprika fruit by normal-phase HPLC: (a)
analytical experiment; (b) semi-preparative chromatogram simulated by the model using
statistical moment analysis; (c) semi-preparative experiment for a larger quantity of
sample. Conditions and captions in Tables 2 and 4, respectively. Source: Figures a and ¢
reprinted from Chromatographia, vol. 27, page 326, with permission from the authors.

In order to represent an experimental increase of volume and mass of all
components at the injection, these values were changed in the spreadsheet. The
semi-preparative chromatogram was predicted from the estimated parameters
using Eq. (2). It is represented in Fig. 1b, showing the same range of intensity
as in the analytical scale. In other words, it was simulated at the same
attenuation. It can be compared to the result obtained experimentally
(Fig. 1c). In this scale-up prediction, only data concerning to the zero order
moment was modified. Despite its simplicity, the increased intensities of the
peaks and the resolution between the sample components on the predicted
chromatogram were quite similar to that obtained experimentally. The reten-
tion times of cryptoxanthin and cryptoxanthin epoxide were not exactly
estimated, as seen in Fig. lc, peaks 2 and 3, respectively. This exception
cannot be explained.
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Figure 3. Separation of ginsenosides from Panax ginseng root by reversed-phase
HPLC: (a) analytical experiment; (b) semi-preparative chromatogram simulated by the
model using statistical moment analysis; (c) semi-preparative experiment. Conditions
and captions in Tables 2 and 4, respectively. Source: Figures a and c reprinted from
Chemical & Pharmaceutical Bulletin, vol. 38, page 1630, Copyright © 1990, with
permission from The Pharmaceutical Society of Japan.

Columns with Different Length

The same model was applied to the separation of vitamin-D** by
reversed-phase HPLC (Fig. 2). The selectivity and retention times of the
main compounds were accurately represented by the simulated chromatogram
(Figs. 2b and c). The relative intensities were corrected due to the different
wavelengths selected for detection (Table 2). The assumption of linear
chromatography is justified by the exact predicted retention as experimented,
in a comparison between Fig. 2c¢ and b, despite the high total molar
concentration at the injection (Table 2). The estimation was acceptable for
injections of up to 500mg in a semi-preparative column. The resolution
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Figure 4. Separation of a mixture consisted of crude oxidation product of (+)-
limonene plus carvone (not diluted) by normal-phase HPLC: (a) 4 uL injected; (b)
chromatogram simulated by the ideal rate model, not including the first peak (see text);
(c) experimental increasing mass and volume, 7 uL injected. Conditions and captions in
Tables 2 and 4, respectively. Source: Figures a and c reprinted from the Journal of
Chromatography, vol. 178, page 577, Copyright © 1979, with permission from
Elsevier Science.
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Table 3. Data estimated from the experimental chromatograms for scale-up

prediction.

Parameter® Figure la Figure 2a Figure 3a Figure 4a
s (min) 11.9 2.9 1.1 1.5

& 0.38 0.7 0.6 0.72

p 1.63 — — 0.38

tm, € and f are the retention time of an unretained compound, interparticle
porosity and phase ratio, respectively.

between vitamins D, and D; obtained in practice (Fig. 2c) was a little bit lower
than the obtained by simulated data (Fig. 2b).

Columns with Different Width and Length

Another case studied is the scale-up using a larger column in separating
ginsenosides from alcoholic extract of Panax ginseng root by reversed-phase
HPLC.?" It is illustrated in Fig. 3. The linearity was not verified because
the injection volumes were not given by the original work (Table 2). However,
the model using statistical moment analysis was employed because the
analytical chromatogram showed symmetrical peaks (Fig. 3a), typical of linear
chromatography. The first peak in the Fig. 3a was assumed an unretained
sample component. After the relative intensities of the peaks were adjusted to
simulate the analytical chromatogram, the flow rate and column dimensions
described in Table 2 were altered. The spreadsheets presented the simulated
semi-preparative chromatogram (Fig. 3b) based on Eq. (2). It provided an
adequate representation of the experimental one (Fig. 3c), with regard to the
retention and resolution. Without the model, the retention time and resolution
at the semi-preparative scale can be predicted, but the resulting chromatogram
could not be provided.

Scale-Up in Non-Linear Chromatography
On Same Column
Figure 4 illustrates the semi-preparative separation of the crude oxidation

product of (+ )-limonene plus carvone in an analytical column by normal-
phase HPLC.*! One would expect the resulting peaks to be as in non-linear
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Table 4. Parameters estimated from analytical chromatograms using the computer

spreadsheet.
Figure Peak?® Component k K. h
la 1 p-Carotene —° —° 80.8
2 Cryptoxanthin 0.34 0.21 130
3 Cryptoxanthin epoxide 0.68 0.41 37.9
4 Unidentified 1.09 0.67 61.2
5 Cryptocapsin and 1.79 1.10 61.0
zeaxanthin
6 Capsanthin 2.90 1.78 40.6
7 Capsorubin 4.72 2.89 25.7
2a A Vitamin D, 1.78 — 10.0
B Vitamin D3 2.14 — 6.00
C Tachysterol 2.31 — 6.04
3a 1 Ginsenoside-Rg; 8.20 — 6.20
2 Ginsenoside-Re 9.80 — 6.29
4a 1 Limonene > —> —
2 Carvone 1.35 3.50 —
3 trans-p-Mentha-1(7), 3.73 9.69 —
8-dien-2-o0l
4 cis-p-Mentha-1(7), 3.92 10.2 —
8-dien-2-o0l
5 trans- and cis-Carveol 4.16 10.8 —
6 trans-p-Mentha-2, 4.80 12.5 —
8-dien-1-o0l
7 cis-p-Mentha-2, 6.40 16.6 —
8-dien-1-ol

“In the original figures.
®Unretained component.
“Infinite efficiency considered by the model.

chromatography because the product was not diluted before injection. In fact,
all peaks at small scale (Fig. 4a) presented a profile similar to the triangular
and hyperbolic shape, typical of mass overload with Langmuir isotherm. This
detail suggests the application of the ideal rate model to predict chromato-
graphic profiles for a larger injection volume.

Limonene was assumed an unretained sample component. The approxi-
mate retention times for each peak, which predicted linear conditions, were
calculated using the end times, injection volume, and flow rate. Thus, £ and K_,
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for each sample component, were calculated (Table 4). They are constant
parameters, independent of injected sample quantity. The end time of the
peaks numbered 3 and 4 cannot be measured accurately due to the very low
resolution (Fig. 4a). The loading factors of the components were calculated
using Eq. (6), from the times of the peak maximum presented in Fig. 4a. The
concentration of each sample component was calculated approximately from
the relative area between the peaks, while maintaining the total concentration.
With the data of loading factor and estimated concentration of the injec-
tion, the apparent stationary phase saturation capacity was estimated for
each peak by applying Eq. (6). The same detector sensitivities were admitted
for each component, which is a valid assumption for the responses of
compounds with similar molecular weights by a differential refractometer
detector.

The chromatographic profile of each peak in Fig. 4a was calculated using
the Eq. (7) and the resulting one was obtained from the sum of them. After
adjusting the new injection volume value to 7 pL, the chromatogram for the
intended scale was simulated using the computer spreadsheet. In the simulated
results, the peak representing the unretained sample component is omitted
because its loading factor cannot be calculated. As the ideal rate model was
applied, the injection volume alters the values for the end time of the peak,
loading factor, time of the peak maximum, and consequently, the curve of the
rear part of the peak, as can be seen in the Eq. (6) and (7). Though the sample
quantity at the new scale was approximately double of that used in the first
injection, the simulated chromatograms for both scales were similar. The loss
of resolution between the peaks as the quantity injected increased, (Fig. 4b)
was accurately represented by the simulated chromatogram (Fig. 4c). This
result can be observed particularly for peaks 5, 6, and 7, whose parameters
were measured more accurately at small scale. It is interesting to point out that
details of the chromatogram obtained with double injection volume, under
non-linear chromatography, could not have been predicted without applying
this model.

The simulated chromatograms at semi-preparative scale were quite similar
to the experimental chromatograms reported in the literature, for both linear
and non-linear cases. Good similarity with the experimental chromatograms
was obtained even with inaccurate parameters, which were estimated from
analytical chromatograms. The results suggest the assumption of non-compe-
titive distribution isotherms as a useful simplification for semi-preparative
purposes when the productivity is not the subject of optimization. They also
validate the mathematical models as a practical tool for the scale-up of semi-
preparative separation of multicomponent mixtures, such as natural fraction
and extracts, by HPLC in isocratic mode.
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