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SUMMARY

In the application of chromatography in preparative work, the sample load
and the resolution are the most important characteristics. An equation describing both
the sample load and the chromatographic resolution as a function of the other process
variables is derived. The influence of the selectivity coefficient is discussed on the basis
of this equation.

The exploitation of the selectivity of the phase system in preparative work was
investigateé experimentally. The influence of the feed volume on the maximum and
the width of the elution function as well as on the resolution of two components is
described. For constant resolution, the maximum allowable sample load increases
with increasing selectivity coefficient.

It is demonstrated that the maximum sample load for simple mixtures can be
very large if a highly selective column is chosen, and can be further increased by two-
column operation.

INTRODUCTION

At present, the primary application of chromatography is in analytical chem-
istry and preparative chromatography is used to onfy a minor extent. Among chro-
matographic methods, column liquid chromatography is the most suitable for pre-
parative application.

In preparatwe chromatography, two limiting cases can be dxstmgmshed. On
the one hand, the aim may be to separate very similar compounds, requiring high
column efficiencies, and only a small sample load on the colums is allowed. On the
other hand, the problem may be to separate relatively dissimilar compounds, requiring
only low column efficiencies, and a large sampie load on the column can be used.
" Fhe latter appiication is often suitable in synthetic work where relatively simple
- mixtures are formed.

Previously, column liguid chromatography has been applied in preparative
work without a profound systeinatic investigation of the basic methodology. In this
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paper, an attempt is made to discuss the main methodofogical aspecis in the prepa—
rative aeparatlon of simple mixtures of dissimilar compounds.

TEORETICAL
The outline of a general theory for preparative chromatography is given in
the following. The effectiveness of chromatographic separations in analytical and pre-
parative applicadons is determined by the chromatographic resolution and the quan-
titative proportions of the substances to be separated:

Va;— Ve

Gyy

R; = ¢)

(Vr; > Vg, where R;, = resolution of components j and i; Fr; Vg, = retention
volumes of componenis j and i, respectively; 6y, — volume standard deviation of the
output function of the chromatographic column for component i; and

o
oy = 2L @

t

where «j;; = quantitative proportion of components j and i; J;, O, = amounis of
components j and 7, respectively.

For example, the resoluiion necessary to achieve a certain purity and yield
of a compound is lower if that compound has o be separaied from another compound
present in about the same amount than if it has to be separated from another com-
pound which is present in a much larger amount.

The mair factors characterizing a preparative separation are illustrated in Fig.
1. The characteristics with respect to the product are output, purity and yield, while
the process characteristics determining the product characteristics are resolution,
quantitative proportion and peak shapss of the components.

The sample input to a chromatographic column is determined by the feed vol-
ume and the feed concentration, both of which infiuence the resolution. An increase

Juiput

FPurity Yieid

Resoluticn Peak sheape

Quantitative Froportion

Fig. 1. [lustration of the depandence of the main product characteristics (purity, output,. vzeIé) on
the main process characteristics (resolution, quanntanve proportxon pezk shape) in preparatxve
chromatography.
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in the feed volume increases the peak width and changes the peak shape, resulting in
a reduction in the resolution. An increase in the feed concentration increases the peak
width and changes the peak shape, resulting in asymmetric concentration profiles and
a reduced resolution. Below certain Hmits, however, changes in the feed volume and
feed concentration have only negligible infiuence on the resolution. In this paper, the
influence of the feed volume on the preparative resulis is discussed.

' The volume variance of the output function is determined by the volume
variances of the input function and the chromatographic process®2:

0%' =°'r2/o+°'%'c (3)

where oy, = volume variance of the distribution function of the component at the
end of the column (output function); 6%, = volume variance of the distribution func-
tion of the component at the beginning of the column (input functlon), e = vol-
ume variance generated by the chromatographic process. This equaiion describes
the influence of the feed volume on the peak width, as 6, depends on the feed volume.

Feed volume and resolution

The effect of the feed volume in preparative column liquid chromatography
has already been discussed less rigorously in several papers on, e.g., ion-exchange
chromatography® and more recently adsorption chromatography”.

An expression®® for the dependence of the resolution on the feed volume can
be derived by combining eqns. 1 and 3, assuming proportionality between 6y, and
V, and inserting ¢3¢ = V& /N;: .

R, — Vei— Ve Rﬁ“
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where ¥y = feed volume; p = oyof ¥y = proportionality factor depending on the
mixing at the sampling; if one assumes that no mixing due to the sampling occurs,
then a rectangular input function resulis for which p = 1/4/12; N, = theoretical
plate height of the column for component #; R™ = (Vg; — Vg()[oyc; = maximum
value of the resolution caused by the chromatographic process only.

The maximum resolution is achieved at a negligibly small feed volume and can
be expressed by the chromatographic process variables!-2:

Kj

R O )

lim le = R}niaz = (rji -_— l)
Va —0

where r;; = «;/x; = selectivity coeflicient of the phase system with respect to com-
ponents j and #; &;, &, = capacity ratios of components j and i, respectively.

In order to optimize a preparative chromatographic separation, the product
of the resolution and the sample input has to be made a maximum. Considering
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g, = c°Ve and V= V. (1 + .'\f) from eqas 4 and S an expressxon for the optz—
rnization can be derived:

¢
€y .

'R¢ = —
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where O, = sample input for component i; ¢ = initial concentration of component
i in the sample; V,, = volume of mobile phase in the column.
Two limiting cases are possible for egr. 6. Firstly, for V2 < (1 4 «.Y/<N;

. K; )
limR; O, = (r;;—1) TF e N} e} Vo - N
and secondly, for ¥2 > (1 + «)*/&3N;

) 0
I Ry @ = (rj— 1) Ky Vo = (i — ) Vi ®)
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Eqn. 7 appiies if the resolution is so small that a feed volume which does not reduce

the resolution has to be used; in this instance, the feed volume should be increased

to the limit where the resolution starts to decrease. Eqn. 8 applies if the resolution is

so large that the feed volume can be increased up to the point were the dispersion

due the chromatographic process becomes negligible compared with the width of the

input peak. The peak shape in this instance corresponds to a rectangular function for

whichy = 1/4/12, and the feed volume should be increased as far as the peaks meet.

The product output obtained with a given sample input depends on the purity

of the product required, the resolution achieved in the chromatographic separation

and the shapes of the outpui peaks. The yield for a given component at a given prod-

uct purity is defined by the ratio of the product output and the sample input for this

component. If the resolution is so large that the yield is near to 1009/, then the sample

input and the product outpui are about egual. The maximum sample input corre-

spondmg to certain requirements with respect fo the resolution and the peak shapes
is called the load capacity.

Feed volume and outpur conceniration

In general, dilution of the sample occurs in the eluflon chromatographic
process under isocratic conditions. The maximum of the output function of 2 com-
ponent depends on the load of the component and the width and shape of the output
concentration peak:

o A ®

where (€} )max = Maximum concentration of the component { in the mobile phase,
m, at the end (L) of the column; 6y, = volume siandard deviztion of the output peak
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of component {; ¢; = factor depending on the shape of the output peak, being between
- +/27% ~ (.40 (gaussian shape) and [f+/12 ~ 0.29 (rectangmar shape]}.

Combining eqns ‘9" and 3 and taking into account ob, = (tp'?} Z and 6% =
¥,/ Ny, an expression®* for the dilution of the sample in the column and itsdependence
‘on the feed volume is obtained:

e
{ci!.)ma: —_ (P‘ (10)
e? Vi, \F
(‘/’2"‘“ V;N,)

This equation indicates that two limiting cases exist for the dependence of the dilution
on the feed volume; for ¥3 > ¥V}./N,

ﬁm (c’:l.)max/C?= y’i =1 (11)
and for V" < Vi,/N,
*
10 () mael €} = P e ¥ . (12)
Ve

In the first limiting case, the dilution is independent of the chromatographic process
and approaches a value of unity, as @, becomes equal to p as the shape of the output
peak approaches that of the input peak. In the second limiting case, the dilution is
proportional to the feed volume, the proportionality factor depending on chromato-
graphic parameters.

EXPERIMENTAL

Chemicals

The reaction extract of 3-nitrophenacetin as well as the testsubstance 3-nitro-
4-ethoxyanaline was obtzained from Sandoz Ltd. (Basle, Switzerland). The test sub-
stances (phenol, anisole, benzophenone, benzyl alcohol, 5-phenyl-1-pentanol, 4-eth-
oxyanaline and phenacetin) were of analytical-reagent grade (Fluka, Buchs, Switzer-
land and Merck, Darmstadt, G.F.R.). The solvents used for the preparation of the
mobile phases were of analytical-reagent grade (Fluka) and the stationary phases were
LiChrosorb SE-109 and LiChrosorb RP-8 of particle size 18um (Merck).

Al of the samples were dissolved in the respective mobile phase. The concen-
trations of the test solutions were 0.5 mg/m! of each compound for peak-broadening
measurements and 2 mg/ml of reaction mixture for preparative separation experi-

-ments.

Apparatus
A chromatograph of our own construction® was used. The pressure was gen-

erated by an air-driven fluid pump (Haskel, Burbank, Calif., U.S.A.; Type 26 980-40,
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nominal ratic 46:1), and was measured with 2 manometer {Wika, Klingenberg,
G.F.R.; Type 111.63.600). The feeding of the sample solutions to the columns was
effected with a high-pressure syringe-loading sample injector (Rheodyvne, Model 7105}
fitted to a 40-ml sample loop constructed from stainless-steel tubing of Iength 12.7 m,
O.D. 3.2 mm and L.D. 2.0 mm.

The column tubing was made of stainless steel, length 250 mm and L.D. 46
mm (6.4 mm O.D.). It was packed for hydrophilic adsorption chromatography with
1iChrosorb SI-100 and for hydrophobic adsorption chromatography with LiChro-
sorb RP-8.

The columns were filled by the slurry technigue at a pressure of 230 bar. A
15-cm stainless-steel tube of I.D. 35 mm and O.D. 50 mm was used as a container
for the slurry. The slurry solvent for both LiChrosorb SI-100 and RP-8 was tetra-
hydrofuran—water (1:1, v/v). The slurry (59, w/w), was degassed in an ultrasonic
senerator and was pumped into the column at constant flow-rates of 8§ and 16 mi/min
for LiChrosorb RP-8 and SI-100, respectively. A pressure-regulated Haskel pump
was used for this puarpose.

A UV-visible photometer—detector with a cell volume of 8 ul was used (Perkin-
Elmer, Norwalk, Cenn., U.S.A.; Model LC 55) and operated at wavelengths at which
no saturation of the linear absorbance range occurred.

RESULTS AND DISCUSSION

It was our intention to study the potential use of highly selective columns in
preparative liquid chromatography, as such columns are expected fo have a high
load capacity. It was decided to study primarily the maximum allowable feed volume;
the influence of the feed concentration will be considered in a subsequent paper. In
order to exclude concentration effects on the resolution, the linear capacities of the
columns were determined and found to be about 1 mg/ml. Therefore, the initial
sample concentration was chosen to be at this Ievel so as to achieve maximum sample
input within the linear range of the disiribution isotherm. Under these conditions,
the column contribution, 65 in eqn. 3, is independent of the sample load.

If larce amounts of sample or large numbers of samples have to be treated,
the sample throughput, being the product output per unit time, becomes an important
characteristic of the process.

Infiuence of feed volume

The influence of the feed volume on the width and maximum value of the
output peak and on the resolution was studied for a number of columns and
compounds, and the results are shown in Figs. 2-4.

The increase in the peak width with increasing feed volume is shown in a
normalized form in Fig. 2. This plot can be theoretically explained by eqn. 3, taking
into account that the input standard deviation increases with the feed volume. We
recognize that the peak width remains constant up to a feed volume about equal to
the volume standard deviation caused by the column. With increasing feed volumes,
the shape of the output peak changes from gaussian to rectangular, making the de-
termination of the peak variance more complicated. In order to simplify the experi-
mental work, an approximate method was chosen for this determination. The inter-
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Fig. 2. Infiuence of the feed volume on peak broadening. O, Phenol; &, anisole; &, benzophenone
(stationary phase, LiChrosorb RP-8; mobile phase, acetonitrile—water—triethyiamine, 447:547:6);
A, benzyl alcohol; &, 5-phenyl-1-pentanol; @, benzophenone (stationary phase, LiChrosorb RP-8;
mobile phase, acetonitrile-water-triethylamine, 348:646:6); {1, 3-nitroaniline; [1, 3-nitrophenacetin
(stationary phase, LiChrosorb SI-100; mobile phase, dichloromethane-methanol-water, 989:10:1).

section on the baseline of the chromatogram defined by the two tangents to each
peak was assumed to be four times the standard deviation of the peak. This assump-
tion is correct only for 2 true gaussian peak, but the inaccuracy is small for the peaks
involved in this work. The volume base width, wy-,, of the output peak varies from
the value valid for a gaussian shape towards the value valid for a rectanguiar shape,
depending on the feed volume. These two values are nearly identical: gaussian peak,
wyr = 4oy ; rectangular peak, wyy, = — (V12)oy, = 3.5 61

The increase in the maximum value of the output peak with the feed volume
is shown in Fig. 3; the experimental results correspond to eqn. 10. It can be seen thai
the height of the output peak reaches a plateau, the concentration of which is equal
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Fig. 3. Influence of the feed volume on the maximum concentration of the peak. Symbols as in Fig. 2.
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Fig. 4. Infiuence of the feed volume on the resolution. O, Phenol-anisole; & = anisole-benzo-
pherone; A, benzyl alcohol-5-phenyl-1-pentanol; @, 5-phenyl-1-pentanol-benzophenone; [, 3-
nitroaniline-3-nitrophenacetin. Columns as in Fig. 2.

TABLE 1

MAXIMUM VALUES OF RESCLUTION IN FIG. 4
Comporent pair R
i i

Anisoie Phenol 63
Benzophenone Anisole 17
5-Phenyl-1-pentanol Benzyl alcohol 43
Benzophenone 5-Phenyl-1-pentanol 17
3-Nitrophenacetin 3-Nitroaniline 55

to the initial concentration of the sample. This plateau is approached at a feed volume
of about five times the volume standard deviation of the column.

Fig. 4 shows the decrease in the resolution with increasing fead volume. Corre-
sponding to Fig. 2, it can be seen that the resolution starts to decrease at a feed volume
about equal to the volume standard deviation generated by the chromatographic
column. This observation is in agreement with egn. 4. Table I gives the maximum
values of the resolution that are achieved at low feed volumes.

Preparative exploitation of phase system selectivity

In the preparative chromatographic separation of a m!Ature, it is the aim to
find a column for which, according to egn. 6, the smaliest selectivity coefficient that
occurs is as large as possible. If the selectivity ceefiicients and the eapacity ratios
are large enough, a high sample volume can be used in a single run and egn. 8 2p-
plies. At a given resolution, by which the required purity is achieved, the Ioad capacxty
then depends on the difference of the capacity ratios.

-In order to increase the throughput, one can attempt tc wny out- the separa-
tion in two steps. In the first step, the sample is fractionated only partiaily, with the
intention of achieving a very high load capacity. Those groups of components-which
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Fig. 5. Chromatograms of 3-nitrophenacetin reaction mixture. (&) Column, 250 X 4.6 mm LD.;
stationary phase, LiChrosorb SI-100, 4, = 10um; mobile phase, z-hexane-dichloromethane—
acetonitrile—water (195:780:24:0.1); flow-rate, 2.5 mi/min. (b) Column, 250 X 4.6 mm LD.; station-
ary phase, LiChrosorb RP-8, 4, = 10 um; mobile phase, water-acetonitrile-triethylamine {870:124:6);
flow-rate, 2.5 ml/min. Temperature 22°, feed volume 159 £l and total sample concentration 2 mg/mt

© in both chromatograms.

TABLE I

CAPACITY RATIOS, SELECTIVITY FACTORS AND MAXIMUM VALUES OF RESOLU-
TION CORRESPONDING TO FIG. 5 FOR RELEVANT COMPONENTS

Column Compornent K e R
LiChrosorb SI-100 B ) 4.5 3.8 65
(Fig. 5a) C O 17.1 — —
LiChrosorb RP-8 B (i) 53 2.3 33
(Fig. 5b) A ) 122 - —
D @) 8.6 2.3 49
C O 194 — —

could not be separated sufficiently on the first column are collected in fractions and
separated on a second column that must have 2 high selectivity towards these com-
ponents. A
The potential for exploiting the phase system selectivity to increase the loa
capacity and throughput in preparative work was tested with a reaction mixture
encountered in synthetic experiments. The result of the search for phase systems with
high selectivity is shown in Fig. 5 and values of the parameters are given in Table II.
From Fig. S, it can be seen that the LiChrosorb RP-8 column is more suitable
than the LiChrosorb SI-100 cofumn for the preparative separation of the test mixture.
Its maximum feed volume is 2 ml and the separation with this feed volume takes
32 min. The LiChrosorb SE-108 column, on the other hand, is suitable for the sepa-
ration of the test mixture into two groups of compounds. The maximum feed volume
* for the separation intc groups of components is determined by the distance between
the last peak of one group and the first peak of the next group. In Fig. 5, the latter
“can be seen with peaks B and C, for the separation of which the maximum feed volume
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Fig. 6. Chromatograms of 3-nitrophenacetin reaction mxxtt_re Column conditions asin Fxg. Sa. F
volume: in analytical chromatogram, 150 ¢l; in preparative chromatogram- 37 mk Tota_ sample eaiz—
*. centration in both chromatograms, Zma/m!

is 37 ml, as can be seen from Fig. 6. It is recognizable that the sample is separated into
two groups of compounds. The chromatogram shows the superposition of two nearly
rectangular peaks in each group. Fractions of the column effluent corresponding to the
two grouaps of compounds were collected manually and transferred as samples to the
LiChrosorb RP-8 column after evaporating the first eluent under tiif_imgea and re-
dissolving the residue in the second eluent. A compiete separation of all four com-.

pounds is achieved in this manner with the initial feed volume of 37 ml, as can be
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» Fig. 7. Chromatograms of fraction 1 (cempounus A and B). Column condmons as in Fl"’ Sb Feeu
N volume in anaj_v'lm, cMmme, 150 y! in pre,.arahve chmmatogram ..0 mI : .
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Fig. 8. Chromatograms of fraction 2 (compounds C and D). Column conditions as in Fig. 5b. Feed
volumie: in analytical chromatogram, 150 ul; in preparative chromatogram, 30 ml.
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seen in Figs. 7 and 8. The total separation time for all three chromatographic sepa-
rations invelved is 108 min.

With regard to throughput, the successive separation of the test mixture on
two columns of different selectivity is only slightly better than repetitive separation
of the same sample volume on the LiChrosorb RP-8 column alone. For other types
of samples, there may be more advantage in preparative separation on more than one
type of column, especially if the mobile phase is the same and only the, stationary
phase differs. .

The fractions coniaining the separated components were extracied info chloro-
form, which was then evaporated partially under nitrogen. The concentrated fractions
were anatlyzed for the structure of the test compounds by NMR, IR and mass spec-
trometry. The final step in the identification was a comparison of the spectrai and
retention data with reference data for the presumed compounds. This procedure led
to- the following identities of the compounds: A = 3-nifro-4-ethoxyaniline; B =
4-cthoxyaniline; C = 3-nitrophenacetin; ) = phenacetin.

CONCLUSIONS

The use of highly selective columns has been shown to be of great value in
_preparative chromatography. In the separation of simple mixtures, a very high load
capacity and throughput can be achieved. Even with columns of small diameter, the
product output is sufficient to permit the use of a number of methods for structure
determination. With columns of Iarge diameter, 2 maximum feed volume of the order
of onel can be expected, which requires, however, the design of new sampling devices.
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