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Abstract

Overloading a chromatographic column with a compound possessing low solubility in the mobile phase has been investigated. In order tc
increase the concentration of injection a strong solvent for dissolving the feed was used. The injection of such concentrated samples bring
the risk of triggering undesired crystallisation processes. A model system has been investigated with ethanol-water as the mobile phase al
pL-threonine as the sample dissolved in pure water. Under extreme overloaded conditions band splitting was observed. Measurements of tl
adsorption isotherms and systematic solubility studies were carried out. For the process analysis a simplified mathematical model was applie
The simulations of the band profiles were compared with the experimental data.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a solvent in which the sample has a higher solubility. The
elution strength of such solvents is usually larger than that of
In the last years chromatographic methods have been in-the mobile phases. The use of an extra-solvent to dissolve the
creasingly applied for the preparative separation of isomers,feed components is common in industrial practice for sys-
enantiomers, oligosaccharides and proteins. This is due totems with low solubility of the samples in the mobile phase

the improved availability of selective stationary phagHds [5]. Jandera and Guioch@) reported deformation and split-
the improved understanding of front migration phenomena ting of elution profiles at the column outlet for the example
in fixed beds under overloaded (nonlinear) conditifh8] of non-aqueous reversed-phase chromatography. Feng et al.

and the development of more sophisticated multicolumn pro- [7] observed similar phenomena for hydrophobic interaction
cesses allowing continuous operation in an industrial scalechromatography of proteins. An additional obstacle is that
[4]. The application of chromatography in a large scale re- the injection of very concentrated samples brings the risk
quires optimisation of operating conditions, which should of triggering undesired crystallisation effects, which may re-
assure minimal cost of the separation. Columns are usuallyduce the permeability of the chromatographic system due to
overloaded in preparative elution chromatography to achieve blocking phenomena.
that goal. It is well known that concentration overloading The aim of this work was to bring further insight in the
is superior to volume overloadi@]. Hereby a typical re-  application of a stronger solvent for injection than that for
striction is given by limited solubility of the samples in the the elution. The research has been performed in the following
mobile phase selected to achieve good separations. A possistages: (a) solubility measurements of the selected substance,
bility to increase the column load is to use for the injection which exhibits low solubility in the solvents typically used
as a mobile phase, (b) chromatographic experiments under

* Corresponding author. Tel.: +48 17 865 17 30; fax: +48 17 854 36 5.  Strongly overloaded conditions, (c) analysing the influence
E-mail address: dorotaantos@prz.rzeszow.pl (D. Antos). of the mobile phase composition on the adsorption equilib-
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rium of the component studied, (d) developing and validating imum concentrations of these experiments were close to the
a simplified mathematical model. Another goal of this work solubility limit of threonine in the mobile phase. These ex-
was to check if there exist such extreme conditions, where periments have been performed using the low-pressure gra-
precipitation within the chromatographic system occurs. In dient of the pump and were used also to calibrate the detector
order to study systematically the overloading effect a chro- at different water contents. The flow rate of all experiments
matographic system was chosen, which consisted of just onewas 1.97 ml/min and has been permanently verified with a
solute with reasonable retention in the mobile phase. flowmeter (Phase Separations, Deeside, U.K.).

2. Experimental procedures and chemicals 3. Results

A summary of the chromatographic system chosen for the 3.1. Solubility of DL-threonine in the mobile phases and
investigation is given iMable 1 Ethanol was of HPLC grade  in the injection media
(Merck, Darmstadt, Germany). Deionised water was used
and further purified using a Milli-Q-Gradient system (Milli- Fig. 1 shows the solubility obr-threonine at 20C for
pore, Billerica, MA, U.S.A.)bL-Threonine (>99%) was ob-  different water contents in the solution. The applied constant
tained from Merck (Darmstadt, Germany). Lichroprep NH injection concentration is also depicted. The solubility was
25-40um (Merck, Darmstadt, Germany) was used as the sta- approximated with an empirical function fitted to the experi-
tionary phase capable to retain threonine. The column wasmental data using a nonlinear curve fit (correlation coefficient
packed in our laboratory, by subsequent filling and compres- 2 = 0.998, se@able 2for details).
sion (due to slight thumping on the column) of dry stationary
phase. CspL = 0.77 exp(601yH,0) Q)

The solubility ofpbL-threonine in solvents of different wa- Csp. and yn,0 are the saturation concentration of-

ter contents was measured in our laboratory. In a series Ofthreonine in g/l and the volume fraction of water in the solu-
experiments, a surplus of -threonine was equilibrated with  tjon, respectively.

solvent at 20C for 24 h. The temperature of the stirred sus-
pension was controlledH0.1 K) with a Polystat CC3 thermo- 3.2. Elution profiles
stat (Peter Huber &temaschinenbau, Offenburg, Germany).
A sample of 10-20 ml of the liquid was taken after equilibra-
tion. The liquid was completely evaporated and the threonine
content was determined gravimetricaiB}. The mass of the
sample before and after evaporation was measdr@d(mg)

The mobile phase compositions of the overloaded elu-
tion experiments weren,o = 0.1, 0.2, 0.3 and 0.4 volume

with a microbalance AT261 by Mettler Toledo (Giessen, Ger- g 200

many). = - " H
For the elution experiments a conventional HPLC sys- é 150,._eetion concenration=143 /

tem was used, consisting of a Waters 600E quaternary low- 8 injections /

pressure gradient pump (Waters, Milford, MA, U.S.A.) and a £ 100

UV-detector (Knauer, Berlin, Germany). The detection was a /

done at 215 nm. The temperature of the column and the man- g’ 50

ual injection valve (integrated in the thermostat) was con- El .

trolled at 20°C (Jetstream Il, Knauer, Berlin, Germany). Only 8 ’/‘//

full loop injections were performed with sample loops of 10, % 0102 03 04 05 06 07 08 09 1

100, 1000 and 2000I. Each experiment was repeated at least volume fraction H,0

twice.
Frontal analysis experiments of consecutive break- Fig:- 1. Solubility ofpL-threonine at 20C in ethanol-water mixtures. Sym-

throughs (20 steps) were carried out at 9 different volume P0!S: &xperimental data points, line: empirical function (4. The arrows
indicate the water content of the mobile phases at which elution experiments

fractions of water in the mobile phase ('-e-! 0-2_1)- The max- were performed, while the horizontal line depicts the injection concentration.

Table 1 Table 2
. Solubility of prL-threonine in ethanol/water mixtures at 2D

Summary of the experimental system op -
Solute bL-Threonine H,O:EtOH, YH,0 CS,DL Csp,. calc. with Eq.(1)
Mobile phase Water—ethanol of various 20:80 0.20 2 26

compositions 40:60 0.40 18 85
Feed solvent Water 60:40 0.59 238 267
Stationary phase and column LiChroprep NB4—40um, 80:20 0.76 ® 742

0.46 cmx 25¢cm,e =0.792 100:0 0.89 165 1620
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fraction of water and the corresponding solubility (Ed)) phases and could, due to the mentioned deactivation, not be
in the mobile phase waSs,, = 1.4, 2.6, 4.6 and 8.5¢/l, re-  successfully used to determine the adsorption equilibria on
spectively. The injection solvent was water and the injection the stationary phase precisely. Nevertheless, frontal analysis
concentration was 143 g/l for all experiments. Note that the of consecutive breakthroughs was applied to get information
injection concentration was much higher than the solubil- of the shape of the isotherms at different water contents in
ity of pL-threonine in the mobile phase. However, precipi- the mobile phase.

tation or at least crystallisation of threonine large enoughto  The bi-Langmuir model has been used to correlate the con-
reduce the permeability of the column (thus increasing the centration of the sample in the mobile and the solid phase.
pressure drop) was not observed during these experimentsThe model assumes adsorption mechanism on the heteroge-
This was surprising, since injections were performed up to neous surface containing two energetically different adsorp-
60% of column fluid volume (3.29 ml). Due to the large sur- tion sites: site “1” with high adsorption energy accounted for
face area provided by the stationary phase, crystallisation carby high equilibrium constant and site “2” with a low adsorp-
be expected to occur instantaneously once a supersaturatiotion energy and a low equilibrium constant:

is present Wlt.h the system. Nevertheless, our'results are in . a1(y,0)CpL a2(y1,0)CpL
agreement with the observations reported earlier by Szanyagp; =

etal.[9] for the separation of two steroids, where the displace- 1+ b1(yH0)Cpr 1+ b2(yH,0)CoL
ment of the less adsorbed component by stronger adsorbedvhereCy, is the concentration of the sample in the mobile
component caused precipitation of the former one within the phasegy;; the concentration in the solid phase at equilibrium
column. However, for this system column blocking has not with Cy;, yH,0 the volume fraction of wateg; corresponds

(2a)

been reported either. to retention of the sample on site 1 or 2 d@ncbrresponds to
Fig. 2shows the evolution of the elution profiles of thre- the equilibrium constant for site 1 or 2.
onine with increased injection volume. At the chosen wave-  If the value of the equilibrium constant for the site “2” is

length the signal of threonine was independent of the water very low the bi-Langmuir equation can be simplified to the
content in the mobile phase. Blank injections of water (with- three parameter form, which was used in this work:
out threonine) resulted in negligible detector responses. The
- : : * a1(yH,0)CoL
retention of the sample increased with decreased amount ofgp;, = —————
the strong solvent water (evident especially for i0thjec- 1+ b(yH,0)CoL
tions,Fig. 2a—d, left plot). The sample elutes as a single peak For a multi-component mobile phase (here ethanol-water)
for 100pl injections. For larger injection volumes a part of the isotherm coefficients can be considered as apparent fac-
the sample travels faster with the injection media water result- tors lumping the contributions of all constituents of the mo-
ing in a peak splitting, which becomes more pronounced for bile phase to the adsorption equilibrium. These coefficients
decreased water contents in the mobile phaseRgp&a—d, are functions of the mobile phase composition, in our case
middle and right plots). Note that the enantiomerspof expressed as a function of the water contenb.
threonine are not separated in this achiral chromatographic  After accomplishing the frontal analysis the retention time
system. In this environment the enantiomers behave as a sinof small pulses of the sample were measured again for vari-
gle component. ous mobile phase compositions. Due to the adsorbent deacti-
This band splitting phenomenon is in agreement with the vation mentioned above, some differences in retention have
results reported by Jandera and Guiocl@fior non-aqueous  been found for the pulses recorded before and after frontal

+ a2(yH,0)CpL (2b)

reversed-phase chromatography and by Feng d7gafor analysis. Therefore, finally for evaluation of the isotherm co-
hydrophobic interaction chromatography of proteins. efficients a peak fitting method (e.g., James €l4l]) of the

chromatograms registered before the experiments of frontal
3.3. Determination of adsorption isotherm analysis was employed.

For peak fitting overloaded chromatograms registered at

To gain further insight in this phenomenon we determined different water contents were selected, for which solvent and
the adsorption isotherms of the sample at nine different watersample were well separated at the column outlet, i.e., in-
contents in the mobile phase. The mobile phase componenteractions between sample and solvent could be neglected.
water was found to deactivate progressively the adsorbentThe overloaded band profiles exhibited strong peak tailing
and to reduce the adsorption capacity of the polar adsorbent(see e.g.Figs. 2 and % characteristic for heterogeneous ad-
(although the manufacturer recommends water as a mobilesorption mechanism. Such a peak shape was not reproduced
phase for this stationary phase). Nevertheless, for the purpose&orrectly by the use of the Langmuir model, while the three
of our study this system was found to be a good example parameters bi-Lagmuir model (E@b)) was found to be suf-
for studying the crystallisation phenomenon because of high ficiently accurate.
solubility of the sample in water and reasonable time of its ~ The isotherm coefficients of Eq(2) were deter-
retention in the mobile phase containing ethanol-water. mined by the use of a standard optimisation tool; i.e.,

Frontal analysis required a number of experiments involv- Marquardt—Levenberg optimisation routine, for each volume
ing equilibration of the adsorbent with the water-rich mobile fraction of water in the mobile phase. The following empiri-
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Fig. 2. Evolution of experimental elution profiles of threonine with increasing injection voldipe«(143 g/l) and for decreasing water contents in the mobile
phase (a—d)Csy,. denotes the saturation concentratiompfthreonine in the applied mobile phase and was calculated witkifq.

cal functions were fitted to the obtained isotherm parameters3.4. Column model
of threonine.
The well-known equilibrium dispersive modg] has
a] = palyﬁggl +ra az= pazyﬁ;"c‘fz + Fay; been used to simulate the elution profiles of the sample as

b= ppYie + b ®)

The coefficients of these functions are showiTétle 3and
the resulting isotherms are depictedig. 3.

The loading of water could be neglected since pulse ex-
periments at different water contents in the mobile phases

investigated (i.e., 0.2-0.9) showed no retention. 0.4
=10 0.3 SiEEEEEs
10} g i 2 | g2
-volume fraction of HZO g 5
sl in mobile phase
Table 3 ; 5" 10
Coefficients of Eq(3) correlating the isotherm parameters of threonine (Eq. ol ) ) @ oM |
(2b)) with the water content in the solution 0 50 100 150 200
c, [g/l
Isotherm parameter (E(R)) P m r » [o/1]
ai 0.307 2.077 6.016 Fig. 3. Isotherms of threonine at 2Q as calculated (Eqg2b) and (3)
b (I/g) 0.002 2.954 0.614 from peak fitting method. Parameters as listedrable 3 Isotherms are

az 0.5 1.485 0 extrapolated up to the solubility limit in the mobile phase.
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Fig. 4. Experimental (symbols) and simulated (solid line) elution profile of threonine at the column outlet fdridjg@tions. Solubility of threonine (dashed
line) calculated with Eq(1) corresponding to the simulated elution profile of water (dotted line, right axis): (&),8t= 0.4 vol.-fr. in the mobile phase, (b)
atyn,o0 = 0.1 vol.-fr. in the mobile phase.

well as of the solvent water. 4. Discussion
3C; dgi _ IC; 9Ci _ . -
e +(1—8)§ tum— = Dappiﬁ The band profiles of threonine as well as the injec-
tion solvent water were calculated (numerical solution of
with  Dapp; = uL (4) Egs. (2)-(4) and are depicted for selected examples in
2N; Figs. 4 and 5Directly after injection the front part of thre-
whereDapp,; is an apparent dispersion coefficiantL, N;, 1, z onine travels with a velocity corresponding to the retention

ande are fluid velocity, column length, number of theoretical behaviour of threonine in water. Ifthe sample volume is large
plates of componeriftime, space coordinate and the overall €nough, that non-retained water and threonine do not sepa-
porosity of the column, respectively. The number of theoret- fate, then some amount of threonine elutes together with wa-
ical plates has been determined experimentally and was 250€r (se€Fig. 5). The rear part of the sample separates from the
for water and 90 for threonine. This model coupled with ade- injection solvent (as itis the case for small injection volumes,
guate initial and boundary conditions was discretized by the Fig. 4) and travels then with a lower velocity corresponding to
use of the method of orthogonal collocation on fixed elements the adsorption isotherm valid for the mobile phase composi-
and solved with the VODE procedure (procedure available in tion. These different travelling velocities cause the observed
http://www.netlib.org, which automatically chooses the time ~ band splitting (se€igs. 2 and

increment in order to guarantee the required accuracy of the ~ The agreement between the calculated and the experimen-
solution. The number of collocations points was high enough tal elution profiles is quite satisfactory, considering that the
to assure numerical convergence of the solution. Details of isotherm parameters reflectjusta‘snapshot’ of the mentioned
the discretization method of orthogonal collocation used in transient adsorption behaviour (due to the aforementioned

this work can be found elsewhefkl, 12} temporal degradation of the stationary phase). The agree-
200 1 200 : 1
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Fig. 5. Experimental (symbols) and simulated (solid line) elution profile of threonine at the column outlet fatl 2gj@0tions. Solubility of threonine (dashed
line) calculated with Eq(1) corresponding to the simulated elution profile of water (dotted line, right axis): (a),at= 0.4 vol.-fr. of water in the mobile
phase, (b) apn,0 = 0.1 vol.-fr. of water in the mobile phase.
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200 0 — ability of the column. On the other hand, the cross sectional
sec after injection N .
s 100 sec area of the tubing is much smaller than that of the column.
150 E/solubmty\__;" Precipitation in the tubing will therefore more likely resultin
3 ; ; blocking of the flow path.
G In order to predict crystallisation phenomena properly, one
£ 100 needs to determine in detail kinetics of nucleation, growth
§ and dissolution in presence of the heterogeneous surface
€ 5 provided by the stationary phase. Macro-kinetic isothermal
; growth/dissolution experiments in the presence of station-
T ary phase may be possible, but the determination of hetero-
% 0.2 0.4 0.6 0.8 1 geneous nucleation rates remains a challenging future task,
z=0 space coordinate in the column  z=L since the nuclei will contain just a few moleculgs]. Al-

though different theories exist to predict heterogeneous nu-

Fig. 6. Simulated concentration (solid lines) and solubility (dotted lines - X .
9 ( )  ( ) cleation rateq15-17] the authors did not feel confident

distribution of threonine in the column 50s (thick lines) and 100s (thin

lines) after injection f4,0 = 0.2 andViy; = 1000pl). enough to apply these methods here without experimental
proofs.
ment for 10Qul injections §ig. 4) is better than the agree- The 1000 and 200fl injections represent rather unreal-

ment for the larger injection volumes§if. 5), because the istic sample volumes for such a small column. Note, that by
100pl injections were taken also for the peak fitting method. applying water as a feed solvent rather than the mobile phase,
The applied mathematical strategy, already used for predic-the amount injected was increased by factors of about 17, 31,
tion of gradient elutiorj13,14]is capable to account for the 57 and 95 compared to the amount applicable in the mo-
band splitting observed for large injection volumes. In our bile phase (using the same injection volume). This states the
model precipitation was not taken into account, contrary to potential of applying a different solvent for the injection. Of
Jandera and Guiochd8], who used a similar model. These course some other aspects have to be accounted for. The injec-
authors reported qualitative agreement of the model predic-tion solvent must separate quickly from the sample, such that
tions with their experimentally determined elution profiles, band splitting is suppressed and the better separation proper-
once the model also accounted for precipitation (for details ties of the mobile phase can be exploited. For safety reasons
see[6]). This was not necessary in our case, where alreadythe concentration of band profiles at the column outlet should
the band profiles calculated with the fitted isotherm data and exceed the solubility limits only slightly.
without a limitation of a maximal fluid phase concentration
showed qualitative similar behaviour like the experimental
elution profiles.

Figs. 4 and Sshow, besides a comparison of the experi- 5. Summary
mental and the simulated elution profiles of threonine, also
the water content simulated at the column outlet and the cor-  The evolution of significantly overloaded elution profiles
responding solubility of threonine (calculated with Ety). of threonine, injected in water on an Mteolumn at a much
The solubility limit is not exceeded at the column outlet only higher concentration than the solubility limit in the mobile
for the 100wl injection with a mobile phase composition phase, has been illustrated for mobile phase compositions
yH,0 = 0.4 (Fig. 4a). The concentrations of threonine ex- containing 0.1-0.4 vol.-fr. of water. Significant band splitting
ceed to a large extent the solubility of threonine for all other was observed for large sample amounts. A simplified math-
experimentsKigs. 4b and b ematical model as it is often used to predict gradient elution

Fig. 6depicts an example of concentration profiles calcu- was applied. Measurements of the adsorption equilibria and
lated within the column and the local solubility (related to solubility measurements for mobile phases containing vary-
the local water concentration) for two different times after ing concentration of the feed solvent have been performed.
injection. The development of the band splitting is clearly The resulting adsorption data have been used to correlate the
visible, as well as the spreading of the sample over almostisotherm coefficients of the sample with the local concentra-
the entire length of the column. Concentrations of threonine tion of the strong solvent within the column. The solubility
above the local solubility limit indicate the danger of pre- measurements have been exploited for calculation of the lo-
cipitation in the columnKig. 6) and at the column outlet  cal solubility limits related to the local mobile phase com-
(Figs. 4b and 5a, )b Even though we observed no blocking position. These relationships have been included as model
of the column, threonine precipitated during one experiment parameters into the model of the column dynamics, which
(¥H,0 = 0.1, Vinj =2000p.l) in the tubing after the detector  allowed calculating concentration profiles for the sample as
(which actually caused a damage of the detector cell). A rea-well as for the strong solvent water. The model qualitatively
son could be, that even if crystals form in the column due to reproduced the change of peak shapes as an effect of the dif-
local supersaturation (as it seemed to be the cagg 9), ferences in the adsorption of the sample in the feed solvent
these could be too small to result in local reduction of perme- and in the solution.
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