
SUMMARY 

In the application of chromatography in preparative work, the sample load 
and the resoWion are the most importzmt characteristics. An equation describing both 
the sample Ioad and the chrom~to~aphic resolution as a function of the other process 
variables is derived. The in&xence of the selectivity coe&ient is discussed on the basis 
of this equation. 

The exploitation of the selectivity of the phase system in preparerative work was 
investigated 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 mzximum allowable sample lozd increases 
with increasiag sektctivity coez@icient. 

It is demonstrated that the maximum sample load for simple mixtures can be 
very large if it highly selective column is chosen, and can be further increased by two- 
c6lrrmn operation. 

At present, the primary application of chromatography is in analytical chem- 
istry and preparative chromatography is used to only a minor extent. Among chro- 
matographic methods, column liquid chromatography is the most suitable for pre- 
parative z2ppEcztion. 

In preparative chromatography, two limiting cases can be d&inguished. Oa 
the one h&d, ffie aim may be to separate very similar compounds, requiring high 
coI_ etficiencies, and only a, small sampfe ioad on the column is allowed. On the 
other hznd, #3x& problem may be to separate relatively dissimilar compounds, requiring 
otily low column efliciencies, and-a iarge sample toad on the column can be used. 
The fatter application is often s&able in synthetic work where relatively simple 
mixtures -are fortied. 

l?r@ousl+~, column liquid cbromafograptiy has been applied in preparative 
work wif&orrt zt @rtifotmd systetiatic investigation of the basic methodolo_gy. In this 



gmer, 2n 2ttempt is made to discuss the n&n n&hodologic2l aspects in thci prepa- 
r&e separation of simple mixtures of dissimilar compounds. 

TKEORETiCAL 

The outline of a general theory for preparative chromatography is given in 
the following. The e43kctivenes.s ofchromatographic sepaktions in anz&tiaE andpre- 
parative applications is determined by the chromatographic resolution and the quan- 
titative proporGons of the substances to be separated: 

Rif = vRJ - vRi 
G’yt 

(V,, > VRf), where Rji = resolution of components j and i; V, VR, = retention 
volunes of components j and i, respectively; G yL = volume standard deviation of the 
output function of the chromatographic column for component i; and 

ct,, - QJ 
Qf 

(2) 

where a,* = quantitative proportion of components j and i; Qi, Q, = amounts of 
components j and i, respectively. 

For example, the resolution necessary to achieve a certain purity and yield 
of a compound is lower if that compound has to be separated 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 main factors characterizing a preparative separation are illustrated in Fig. 
1. The characteristics with respect to the product are output, purity and yield, while 
“he process characteristics determining ‘the product characteristics are resolution, 
quantitative proportion and peak shagxs of the components. 

The szmple input to 2 chromatographic column is determined by the feed vol- 
ume and the feed concentration, both of which i&rence the resolution. An increase 

i.kij?uf 



in ‘,he f&-vohzme increass the pezk width and chztnges the peak shape, resulting in 
a red-&on-.& tie res@u@on. An increase in the feed concentration increases the peak 
width and chan&s the peak shape, resul&g in asymm&ric concentration pro&s and 
a reduced resofuion. Befow ce&in limits, however, changes in the feed volume and 
feed concentration have o@y negligible influence on the resoWion_ In this paper, the 
influence of the feet! vohtme on the preparative results iS discussed_ 

The volume variance of t&e output function is determined by the volume 
variances of the input function and the chromatographic proces~~-~r 

where & = volume variance of the distriiution function of the component at the 
end of the column (ooutput function); &,, = volume variance of the distribution func- 
tion of the component at the beginning of the column (in_out function); & = vol- 
ume variance generated by the chromatographic process. This equation describes 
the influence of the feed volume OQ the peak width, as +O depends on the feed volume. 

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 
cbromatorrr;lph$ and more recentIy adsorption chromatographp. 

An expression2*5 for the dependence of the resolution on the feed volume can 
be derived by combining eqns. I and 3, assuming proportionality between avo and 
Y. and inserting G& = Y&/NE: 

(4) 

where V, = feed volume; up = esVo/Vo = proportionality factor depending on the 
mix&g at the sampling; if one assumes that no mixing due to the sampling occurs, 
then a rectangular input function resuIts for which v = 1/d/12; Nz = theoretic& 
plate height of the column for component i; RzT = (VW - V&rvCi = maximum 
value of the resolution caused by the chromatographic process only. 

The maximum resolution is achieved at a negligibIy small feed volume and can 
be expressed by the cbromatographic process variabbs’*2: 

where rJz = KJQ = selectivity coefficient of the phase system with respect to com- 
ponents j and i; K,,, K~ = capacity ratios of components j and i, respectively. 

In order to optitie a preparative chromatographic separation, the product 
of the resolution and the sample input has to be made a maximum. Considering 



where Ql = sample input for component i; c’: = initial concentration of component 
i in the sampfe; V, = volume of mobile phase in the column. 

Two limiting cases are possible for eqn. 6. Firstly, for Vg K (1 + K#/~N~ 

and secondly, for V,2 >> (1 f K$/K~N~ 

Eqn. 7 app’lies 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 
which y = l/d/12, and the feed volume should be &eased as far as the peats meet. 

The product output obtained with a given sample input depends 011 the purity 
of the product required, the resolution achieved in the chromatographic separation 
and the shapes of the output peaks. The yield for a given component at a given prod- 
uct putity 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 loO%, then the sample 
input and the product output are about equal. The maximum sample input corre- 
sponding to certain rguirements with respect to the resolution and the peak shapes 
is called the Ioad capacity. 

1x1 general, dilution of the sample occurs in the elution chromatographic 
process under isocratic conditions. The maximum of the output fug&on of a cam- 
gonent depends on the load of the component and the width and shape of the output 
concentration peak: 

where (c~& = maximum concentration of the component i in the .mobife phase, 
m, at the end (L) of the cohnnn; +rt = vohrme s-mmdard deviation of the output peak .- .- 



of component i; & = f&or depending on the shape of the output peak, being between 
IlO -%z WC.(gaussl’an shape) and &/I2 M 0.29 (reetau&ar shape). 

&+nirrg e&s.~!F and 3 arid taking tit0 account S& = (yFOF and a& = 
9*5 F&/N,; an expression for the dilution of the sample in the cohmm anii its dependence 

on the feed voitie is obtainedi 

This equation indicates that two limiting cases exist for the dependence of the diiution 
OQ the feed volume; for Vg B V&/N, 

and for Vg < Vi,fN, 

fn the first limiting case, the dilution Is independent of the chromatographic process 
and approaches a value of unity, as q+ becomes equal to v 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- 
_=phic parametess. 

The reaction extract of 34trophenacetin as weI1 as the testsubstance 3-nitro- 
44hoxyanaEne was obtained froaz Sandoz Ltd. (Basic, Switzerland). The test sub: 
stances (phenol, anisote, benzophenone, benzyl aIcoho1, 5phenyl-1-pentamol, 4-eth- 
oxyanaline and phenacetin) were of analytical-reagent grade (Fluka, Buchs, Switzer- 
Iand and Merck, Dznnstadt, G.F.R.). The solvents used for the preparation of the 
mobile phases were of am&&al-reagent grade (Fhtka) and the stationary phases were 
LiChrosorb SE-100 and LiChrosorb RF8 of particle size 10pm (Merck). 

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

~ments. 

it chromatograph of our own construction6 was used. The pressure was gen- 
erated by an air-driven f&rid pump (Haskei, Burbank, Calif_, U.S.A.; Type 26 98040, 



nominal ratio 46:1), and was measured with a manometer (Wika, Khngenberg, 
G.F.R. ; T’ype 111.63.600). The feeding of the sample soiutions to the cohmms was 
effected with 2 high-pressure syringe-loading sample injector (Rheodyne, Model 7105) 
fitted to a 4%ml sample loop constructed from stainkss-&el tubing dflength 12.7 m, 
O.D. 3.2 mm and I.D. 2.0 mm. 

The column tubing was made of stainless steel, length 250 mm and I.D. 4.6 
mm (6.4 mm O.D.). It was packed for hydrophilic adsorption chromatography with 
EiChrosorb SI-100 and for hydrophobic adsorptien chromatography with LiChro- 
sorb RR-S. 

The columns were filled by the slurry technique at 2 pressure of 250 bar. A 
IS-cm s’kinless-steel tube of I.D. 35 mm and 0-D. 50 mm was used as 2 container 
for the slurry. The slurry solvent for both LiChrosorb SI-LOO and RR-8 was tetra- 
hydrofuran-water (1 :l, v/v). The slurry (5 %, w/w), was degassed in am ukmsonic 
generatar and was pumped into the column at constant flow-rates of 8 and 16 ml/min 
for LiChrosorb RR-8 and SI-100, respectively. A pressure-regulated Haskel pump 
was used for this purpose. 

A W-visible photometer-detector with a cell volume of 8 ~1 was used (I?erkin- 
Elmer, Norwalk, Corm., U.S.A. ; Model EC 55) and operated at wavelengths at which 
110 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 to have a high 
load capacity. It was decided to study primarily the maximum allowable feed volume; 
*he influence of the feed concentration wiil 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 2t this fever! so as to achieve maximum sample 
input within the linear range of the distribution isotherm. Under these conditions, 
the column contribution, G& in eqn. 3, is independent of the sample load. 

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

_hf?zience of feed volmi-ze 

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 2 

normahzed form in Fig. 2. This pfot can be theoretieaby explained by eqn. 3, taking 
into account that the input standard deviation increases with #he feed votume. We 
recognize that the peak width remains constant up to a f& volume about equd-to 
tie volume standard deviation caused by the cdumn. With increasing fked volumes, 
the shape of the output peak changes from gaussian tom rectangtuar, making the de- 
termination of the peak variance more CompIicated. fn order to simplify the experi- 
mentaf work, an approximate method was chosen for this determination. The inter- 
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Fig. 2 Intluesce of the feed volume on pe& brozdening. 0, Phenol; @, anisole; @, benzophenone 
(stationary phase, LiChrosorb RF-8; mob&z phase, acetonitrile-~2~r_triethyi9mine, 447:547:6): 
A, bezxzylakohol;~, 5-pl1enyl-l-pentar101;~, bezophenone(stationary pEzse, LiCbrosorb RP-8; 
mobile phase, ace~onl~e-water-triethylar;line, 348:646:6); q , 3-nitrozdhie: q . 3aitrophenacetin 
(stationary phase, LiChrosorb SI-100; mobile phue, dkhloromethase-meA&.anoLvater, 989:lO:L). 

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 a true gaussian peak, but the inaccuracy is small for the peaks 
involved in this work. The volume base width, wgPL, of the output peak varies from 
the value valid for a gaussian shape towards the value valid for a rectangular shape, 
depending on the feed volume. These two values are nearly identical: gaussian peak, - 
wyg - - &CL; rectangtdar peak, l+L = - fl/l2)ayl = 3.5 crL. 

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 that 
the height of the output peak reaches a plateau, the concentration of which is equal 

Fig. 3. kzfluence ofthe feed vohune on the maximum concentration of the peak. Symbols as in Fig. 2. 



Fig; 4. Influence of the feed volume on the resolution. 0, Phenol-anisole; @ = .&sole-benzo- 
phe~one; A, bemyl alcohol-5-phenyl-1-pentanol; e, S-phenyl-1-pec~ol-~~~oph~~o~e; q , 3- 
nitmaniiine-3-nitrophe~~t~_ Coiumns i?s in Fig. 2. 

TABLE I 

MAXIMUM VALUES OF RESOLUTION IN FIG. 4 

i i 

Arkob PhezoI 63 
Benzophenone Anisde 17 
5-Pheenyl-l-pen*%nol Bepnzyl alcohol 43 
Benzophenone S-Fheny!-1-pen*%mol 17 
3-Nitrophenaceti 3-Nitm&Kie 55 

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

. Fig. 4 shows the decrease in the resolution with increasing feed volume. Corre- 
sponding to Fig. 2, it can be seen that the resolution starts to decrease at a feed v&me 
about equal to the volume standard deviation generated by the chromatographic 
column. This observation is in agreement with eq n. 4. Table I gives &e ma,uimum 
vdues of the resolution that are achieved at low feed volumes. 

Preparative exp!oitation of phase system selectivity 
In the preparative chrom2tographic separation of a mixture, it is the aim to 

find a column for which, according to eqn. 6, the smaikst sekctivity coefkient that 
ours is as large as possr%le. If the sdectivity coefiicients and the capacity ratios 
are large enough, a high sample voiume can be used in a single run and equ. 8 ap- 
plies. At a given resolution, by which the required purity is achieved, the zoad capacity 
then depends on the difiereace of the capacity ratios, 

In order to increase the throughput, oae can attempt to cc& o&he &para- 
tion in two steps. In the first step*- the sample is fmction8ted only pa&k&y, with the 
intention of achieving a very high load capakity. Those groups of ComgOnentsWhich 

.- 
_~ 
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Fig. 5. Chromatog&ms of 3-nitropheaacetin reaction mixture. (a) Column, 250 x 4.6 mm I.D.; 
stationary phzse, LiChrosorb SI-100, ci, = IOpm; mobile phase, n-hexane-dichloromethan~ 
acetoaitrile-water (195:780:24:O_L); flow-rate, 2.5 mt/min. (b) Column, 250 x 4.6 mz~ I.D.; stztion- 
ary@ase,LiChrosorb RP-S,d, = IOpm; mobile p~,water~tonit~yi~ne(S70:~24:~: 
flow-rate, 2.5 mljmin. Temperature 22”, feed vohme ISOp and total sample concentration 2 mg/ml 
in both chmmatograms. 

TABLE IE 

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

cbiu+ Componenf ice rrt ET 

LiCbrosorb SI-100 B (i) 4.5 3.8 65 
(Fig. 52) c 0’) 17.1 - - 

LiChmsorb RF-8 F3 ti) 5.3 2.3 33 
(Fig. SW A W 12.2 

D W 8.6 :3 49 
c 0) 19.4 - - 

could not be separated sufEcientiy on the first column are collected in fractions and 
separated on a second coiumn that must have a high sekctivity towards these CO~I- 1% 
ponents. 

The potential for expIoititing the phase system selectivity to increase the load 
capacity and throughput in preparative work was tested with a reaction mixture 
encountered in synthetik experiments. The result of the search for phase systems with 
high.sektivity is shown in Fig. 5 and values of the parameters are given in Table 16. 

From Fig. 5, it cxm be seen that the LiChrosorb RP-8 column is more suitable 
than the LiCbrosdFb SE-I@0 cohmm for the preparative separation of the test mkture. 
Its maximum feed volume is 3 ml and the separation with this feed volt&me ties 
32 mk The LiChrosorb SE-K?0 column, on the other hand, is suitable for the sepa- 
ration of -the test mixture into two groups ofcompoqnds. The maximum feed volume 
for the se&ration i&c groups of components is determined by the distance between 
the last peak of one grouti and the first peak of the next group. En Fig. 5, the latter 

-&n be seen with peaks B and-C, for the separation of which the maximum f& volume 



Fig. 6. Chromatograms of 34tropbeenacetin reaction mixture_ Cohmn conditions as in Fig. 5.~ Fe+ 
volume: in analytical chroixatognm, 15Opl; in prepzrztive chromatogram, 37 rnI. Tota! sample &I- 
centratiori ix~ bo’rh chromatogiams, 2 mg,bi. 

is 37 ml, as can be seen from Fig. 6. It is recognizabIe that the sample is separated into 
two groups of compounds. The chromatogrsm shows the.superposition of two nearly 
rectangular peaks in each group. Fractions of the cohunn eBuent corresponding to the 
two groups of compounds were collected manually and transferr&as samptes &the 
LiChrosorb RP-8 column after evaporating the t&t eluent under nitrogen &d re- 
dissolving the residue in the second eluent. A complete separation of all fourcom- 
pounds .is achieved in this manner with the initial feed volume of 37 -ml, as can be 
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Fig. 8. Chromatograms offmction 2 (compourxds C aad D). CXumn conditions .zs in Fig. Sb. Feed 
vohune: ir? zi@ticzl chromatogram, 1.50$; in preparative chromatogram, 30 ml. 

seen in Figs. 7 and 8. The total separation time for all three chromafographic sepa- 
rations involved 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 W-8 column alone. For other tlpes 
of samples, there may be more advantage in preparative separation on more than one 
Q&e of cohnnn, especially if the moblie phase-is the same and only the, stationary 
phase differs. 

The fractions containing the separated components were extracted into chloro- 
form, which was then evaporated partially under nitrogen. The concentrated fractions 
were an&jzed for the structure of the test compounds by NMR, LR and mass spec- 
trometry. The final step in the identification was a comparison of the spectral and 
retention data with reference data for the presr?med compounds. This procedue led 
to- the following identities of the compounds: A = 3-nitro4ethoxyaniline; B = 
4-etkoxyaniline; C = 3-nitropkenacetin; D = phenacetin. 

CONC!LUSIONS 

The nse of kigkly selective columns kas been shown to be of great value in 
.preparative_chromatography. In the sepai;ztion 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 ISIP OF 2 number of methods for strzrcture 
determination. W&k co~~rn~~s.of large diameter, a maximum feed volume of tke order 
bforre f can beexpecxed, which requires, however, the design of new sampling devices. 
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