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1 INTRODUCTION 

The rapid development of biotechnology and the requirements placed on the 
purtty of biopharmaceutical products have drastically increased the importance of 
preparative and scaled-up column liquid chromatography in purification and isola- 
tion processes. The substances concerned include complex organic molecules, e.g., 
antibiotics, and proteins of a molecular mass above 10 kdaltons, e.g., enzymes and 
monoclonal antibodies of concentrations between 0.1 g dmm3 and 1 pg dmd3 in the 
starting mixture. Particular emphasis has been placed on the isolation of expensive 
materials with selling prices exceeding US $1000 kg-‘. 

In order to purify the product as cost-effectively as possible, methods are 
sought that provide a high specificity and a high recovery. One of the key aspects 
currently influencing the effectiveness of column liquid chromatographic techniques 
relates to the evaluation of improved and tailored support materials, capable of high- 
ly selective separations and flexible with respect to process optimtzation. Although 
the theoretical concepts of preparative chromatography provide clear directives re- 
garding the support properties, practical implications, e g., fouling, regeneration, sta- 
bility and purity, are equally important. 

This paper attempts to analyse the decisive features of supports that control 
the target quantities of the purification processes. It provides an up-to-date survey 
of the media applied in the various modes of column liquid chromatography and 
discusses general aspects concerning the choice of appropriate phase systems. 

2 ROLE OF PACKlNGS AND STATIONARY PHASES IN THE OPTIMIZATION OF LOADA- 

BILITY AND THROUGHPUT 

The established relationships between loadabihty, throughput, maximum 
product of resolution and sample input, and the chromatographic process parameters 
provide a rational basis for discussing the effects of the support and stationary phase 
properties. The performance (with respect to the specified purity and yield of a desired 
product) of an isolation process is determined by the loadability and the through- 
put1g2. Loadability, defined as the maximum sample input, Ql(max), corresponding 
to certain requirements with respect to resolution and peak shape, is given by 

Q(max) = 27rt A E, L (C,,m)max(l +k’,)N,-+ (1) 

where A is the column cross-section, E, the porosity of the chromatographic bed, L 
the column length, (C,,m)max the maximum&,, value of the elution profile at the 
column outlet, k’ the capacity factor of the solute L and N, the plate number of the 
column 

Eqn. 1 implies that the maximum sample mass to be injected depends on the 
maximum solute concentration in the mobile phase at the column outlet. (Cl,m)max 
was shown to be a primary function of the shape of the solute isotherm, and hence 
controlled by the type of phase system employed1,2. It is also evident from eqn. 1 
that Ql(max) increases with increasing solute capacity factor and with decreasing 
plate number of the column. Studies by De Jong and co-workers’ have demonstrated 
that the specific loadability of a given column, expressed as sample mass injected per 
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gram of packing, increases with decreasing plate number; a so-called loadability bor- 
derline was established where the column disperston played a negligible role and the 
elutlon profile was dictated by the isotherm non-linearity broadeningl. 

The throughput, T,, defined as the mass of product isolated per unit time at 
a desired purity, is given by 

T = Q,(max)ltR, (2) 

where tRr iS the retention time of Solute i 

When the mass of product isolated equals 95% of Qi(max), assummg a solute 
sampling interval of 40,~ seconds, eqn. 2 becomes 

1 + k: 
T, = f. . 2x” . 0.95 (Cl,m)max . ___ . I + k; iv-” 

where fv is the volume flow-rate, k’, and k’l are the capacity factors of solute i and 
the last eluting compound I and N, is the required plate number. 

On optimizmg the throughput [(Ci,,)“““], the solute capacity factor and the 
plate number of the column play decisive roles in addition to the eluent flow-rate. 
Columns packed with large particles and operated at high flow-rates appear to favour 
a high throughput. 

Whereas in analytical separations the aim is the optimum resolution of an 
extremely small feed volume, the main concern in preparative isolatron is to obtain 
a maximum of the product of the chromatographic resolution, RI,, and the sample 
input, QL3. 

The sample input, Q,, is equal to 

Qc = Ct’ vo (4) 

where C,O is the initial concentration of solute i and v. the feed volume. Assuming 

Vi 8 (1 + k’i)‘/(k’l N,) (5) 

the product R,, Ql approaches the limiting value 

lim R,, Ql = (k’j - k’,) V, . $ 

where k’, and k’j are the capacity factors of the solutes i and j (k’, being larger than 
k’,), v, is the volume of mobile phase in the column and \I/ is a factor characterizing 
the shape of the input peak. 

Eqn. 6 implies that where there is a large difference between the peak maxima 
of solutes i and J, the concentration of the sample can be increased at a large feed 
volume to maximize R,, Qc. The peak posittons of solutes i and j with column over- 
loading are again controlled by the shape of the isotherm. 
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In conclusion, highly selective phase systems are essential in preparative work 
in order to achieve a high loadability and throughput. 

3. CRITERIA FOR THE EFFICIENT OPERATION OF PACKINGS AND PHASE SYSTEMS IN 

PREPARATIVE CHROMATOGRAPHY 

The equations presented in the preceding section provide fundamental guide- 
lines for exploiting simple preparative separation schemes. In practice, sample mix- 
tures containing solutes at various concentration ratios have been applied in binary 
and ternary solvent systems in both isocratic and gradient elution modes. Thus, a 
reliable estimate of loadabihty should be based on data taken from isotherms of 
multlcomponent solutions rather than from isotherms of smgle solutes4. When the 
solutes to be purified differ m their polarity, the peak profiles at high loading can be 
disturbed by displacement phenomena; these might cause a loss or improvement in 
resolution at increased loadabllitys. Peak profiles have also been known to be affected 
by the mode of inlection, i.e., by the design of the inJectron device1+2q6,7. The suc- 
cessful application of packings in practice depends on a series of criteria that are not 
mcluded in the basic equattons and hence will be discussed below. 

3.1. Bed stability andflow remtance 

Bed stability is a necessary precondition for high-resolution separations. In 
preparative chromatography, the columns are longer and wider than in routme ana- 
lytical work, packed with larger particles and operated at higher flow-rates. The 
relationship between the linear eluent velocity, U, and the column pressure drop, dp, 
is given by 

_ APKO _ Ap42 
?L @L@ (7) 

where KO is the chromatographic permeability, q the eluent viscosity, L the column 
length, dp the particle diameter of the packing and @ the flow resistance factor*. As 
a result, a linear relationship holds between the eluent flow-rate and the column 
pressure drop. Semi-rigid and soft gels, however, deviate from the expected linearity 
owing to their compressibility. 

One way to overcome possible bed compression of semi-rigid gels is to use 
stacked columnsQ. Devices for adjusting the bed height of preparative columns have 
also been constructed. Shrinkage and/or swelling of the column bed may also occur 
with soft and semi-rigid orgamc gels, depending on the degree of cross-linking and 
on the eluent composition. With small-bore columns the bed is supported by the 
column walls, whereas with large-bore columns this stabilizing influence is negligible. 
Thus, distinctly different flow pressure characteristics are obtained for columns vary- 
mg m diameter, under otherwise constant conditions. By increasing the column length 
the weight of the packing is also increased, which concurrently raises the hydrostatic 
pressure. Therefore, when employing large bed heights the particles should possess 
sufficiently high mechanical stability. Another phenomenon that must be taken into 
account is the abrasive action of the flow on the particles; this generates fines which 
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then block the column outlet. In order to avoid all of these problems, spherical 
particles are to be preferred to irregularly shaped particles, as has been the practice 
in the operation of fixed-bed catalytic reactors and large-scale adsorption columns 
Spherical particles with adequate particle uniformity and acceptable size dlstrtbution 
provide the most dense and stable column bed. 

3.2. Chemical resistance and purity 

None of the packings in column liquid chromatography behaves in a totally 
inert manner towards the eluent and the solutes. Rather, they exhibit a limited life- 
time, associated with degradation by dissolutton, chemical surface reactions, ageing 
and other processes. On using bonded silicas, traces of organosilicon compounds 
might be released from the packing when the bonding reaction has not been carried 
out properly, or conditions might be chosen that favour a cleavage of bonded groups. 
Monomers mrght dissolve from polymer gels. All these phenomena will impair the 
purity of the products to be separated, presenting a serious problem in the tsolation 
of biopharmaceuttcal products. The elimmation of traces of impurities by subsequent 
purification procedures is extremely time consuming and costly. For this reason, the 
utmost care 1s advised when choosing the packing material. 

3.3. Solute accesslbdity 

This criterion 1s of lesser relevance in the separation of low-molecular-weight 
compounds; however, it is htghly important in the isolation of large molecules, par- 
ticularly proteins and enzymes. A series of studies (for comparison see ref. 10) demon- 
strated that a major part of the internal surface of a packing is not fully utilized for 
the separation of large molecules by interaction chromatography; this was attributed 
to limited surface access. In other words, the main concern 1s to achieve a surface 
that 1s fully accessible to a solute of defined size. This finding led to the development 
and propagation of so-called wide-pore materials for the separation of btopolymers 
by column liquid chromatography. It was also shown that even a sufficiently large 
external surface of small non-porous particles is adequate to achieve an excellent 
resolutton of biopolymers, e.g , by reversed-phase gradient HPLC’O. These concepts 
have found widespread applicatron m the continuing design of appropriate macro- 
porous packings. 

3.4. Mass recovery and bloactivity 

Because of the irreversible adsorption of solutes in chromatographlc operation, 
there is bound to be a certain loss of mass. Hence, a complete mass recovery of the 
solute in the preparative phase system m operation is required for the complete rso- 
lation of the product. There are various methods, and the application of a radlo- 
labelled solute is the most reliable for an assessment of mass recovery. In the isolation 
of biologtcally active solutes, the aim is to collect the product without any loss in its 
bioactivity, e.g., enzymatic activity. Partial unfolding or denaturation of a biopoly- 
mer in chromatographic processes is known to be attrtbutable to eluent-mediated 
and/or surface-induced dynamic effects ll. The extent of conformational changes of 
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a given solute, e.g , a protein or enzyme, is also observed to be a function of the 
residence time in a given column. Therefore, maintenance of the biological activity 
of a solute is specifically dependent on the phase system applied and on the operating 
conditions. 

3.5. Fouling 

Fouling is a well known phenomenon in the operation of heterogeneous in- 
dustrial catalysts It is understood to involve deposition of certain by-products or 
dust, impairing the catalytic actlvlty and/or selectivity. Coke formation on catalysts 
in cracking reactions of hydrocarbons is one example. Fouling is also caused by 
mlcroparticulate matter (fines introduced by the feed). In chromatographic terms, 
fouling of the surface might take place through preferential adsorption or reaction 
of active components of the sample mixture. Colloidal fines or particulates from 
hydrolysates might be deposited in the pores or between the interstices of the packing 
particles, mainly at the column top, and cause significant changes in column perme- 
ability. In the separation of biologically active substances, another type of fouling 1s 
microbial contamination, which can be prevented by mobile phase additives and 
other precautionary measures12 

3.6. Regeneratzon’* 

After a period of time, when the resolution or other parameters are observed 
to decline noticeably, the column should be regenerated to restore its quasi-original 
state. Regeneration is achieved by washing the column with a solution or solvent of 
high solvent strength relative to the packing. Often a series of solvents are applied, 
depending on the compatibility with the eluent. In this way, soluble deposits and 
impurities adsorbed by the packing are displaced, and the column is returned to a 
quasi-vlrgm state. For silicas and their bonded phases, polar or non-polar solvents 
are applied. Polymer gels are preferably washed with acidic or alkaline solutions. The 
time required to regenerate a column is dependent on the particle size and the pore 
size. Packings consisting of large particles have longer diffusion path lengths than 
microparticles, at constant pore size, eluent and given solute. At constant particle 
size, diffusion is also a function of the pore size. Packings with small pores require 
a more extensive period of regeneration than large pore packings. 

3.7. Cost 

Packings for use in large-scale chromatography should be available at an eco- 
nomical price. This price is determined by the particle shape, the particle size and 
size distribution, the degree of purity, the extent of surface modification, etc. Spher- 
ical particles are about five times more expensive than angular particles; this is due 
to the specific technology applied for beading. With decreasing average particle size, 
size classification processes are increasingly reflected by the cost. This 1s illustrated 
by the price difference (by a factor of 10) between lo- and lOO+m particles. Narrow 
cuts are more difficult to produce than those with a broad particle size distnbution. 
Specially purified chemicals must be employed for the manufacture of highly pure 
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packings, differing from the usual process with technical reagents. A high purity is 
seldom achieved by extraction of technical-grade packings. 

Chemical bonding of adsorbents and supports raises the price by a factor of 
two for common silanizatlon or other reactions. Specific bonding reagents, such as 
for the synthesis of chiral and affinity packings, further increase the price. 

4 RELEVANCE OF PHYSICAL AND CHEMICAL STRUCTURE PARAMETERS OF PACKINGS 

IN PREPARATIVE CHROMATOGRAPHY 

As chromatographers take no part in the manufacture of packings, they ought 
to be able to judge the suitability of a packmg for a given separation on the basis of 
the specrfications given by the manufacturer. We shall first discuss the physical struc- 
ture parameters as they are broadly applicable independent of the mode of LC, 
whereas chemical structure parameters are specific to the type of phase system applied 
and the solute to be purified. 

4.1. Physical structure parameters 

Table 1 lists the physrcal structure parameters of packings, together with their 
definitronsr3,r4. 

4.1.1 Particle shape 
Beaded packings of uniform shape are preferred to angular packings in order 

to achieve a highly dense and stable column bed, thereby avoiding the abrasion that 
causes fines, and helping to maintain a high mechanical stability in large columns. 
These merits must, however, be paid for by the higher price of the spherical packing. 

4.1.2. Particle size and size distribution 
The average particle drameter of packings in preparative and process chro- 

matography ranges from 20 to 200 pm. Packings with dp ~20 pm are essentially 
applicable m analytical HPLC and are employed when high plate numbers are re- 
quired Packings with dp between 40 and 60 pm provide a good compromise between 
column pressure drop, Ap, plate number, N, and analysis time, t,. For optrmization 
of resolution and efficiency in HPLC, see refs. 15 and 5. A narrow particle size 
distribution with a $,,/d,,, ratio of 1.5-2.0 of the cumulative distrrbution is adequate 
for the generation of a stable and efficient column. 

4.1.3. Specific pore volume, vp 
Except for the size exclusion mode, where vp determines the phase ratio VS/Vm 

of the column, and hence the resolutton, the specific pore volume of a packing is of 
minor importance. For silicas it ranges from 0.5 to 1.5 ml g-r. 

4.1.4. SpecifK surface area, a, 
The specific surface area of a packing controls the capacity and retention of 

solutes in all interactron modes in column liquid chromatography. This holds for 
both parent and bonded packings. As packings differ in their packing density, pp, 
from 0.2 to 0.8 g ml-‘, the specific surface area in m* g-r must be multiplied by the 



K K UNGER, R. JANZEN 234 

TABLE I 

PHYSICAL STRUCTURE PARAMETERS OF SUPPORTS AND PACKINGSI 

Term 

Particle shape 
Parttcle stze 

Average particle size 

Parttcle stze dtstrtbutton 

Spectfic pore volume 

Mrcropore volume 
Mesopore volume 
Macropore volume 

Specific surface area 

Pore shape 

Pore dtameter 
Mtcropores 

Mesopores 
Macropores 

Hydrauhc pore diameter 

Kelvm pore dtameter 

Washburn pore dtameter 

Interstmal column porostty 

Internal column porosity 

Total column porosity 
Average pore dtameter 

Pore dtameter distrtbutron 

Symbol 

v,(mtcro) 
rp(meso) 
rr(macr0) 

a, 

Pd 

Pd” 

PdK 
PW 
%I 

% 

s(total) 

Pd50 
P&l? 

Pdd 

Dejinztm 

Angular, spherical 
Parttcle diameter defined according to the method of deter- 
mination (see Table 4) 
Average parttcle diameter at 50% of the cumulattve distrt- 

button (medtan), dpsO or the most frequent average particle 
diameter of the relative distrtbutton (mode), dpm 
Number, volume, weight or surface area distrtbutton 

Uptake m ml of hqmd per umt mass or umt volume of pack- 
mg to fill the Internal pores 
rp of pores of pd i 2 nm 
rp of pores of 2 <pd < 50 nm 
vI, of pores of pd > 50 nm 
Internal and external surface area per unit mass or volume 

of packmg 

Assumed to be cylmdrtcal m most Instances 

Width of the pore of a gtven shape 

pd <2 nm 
2 <pd i50nm 

pd >50 nm 
Ratio of 4 times the specific pore volume dtvtded by the spe- 
cific surface area 

Pore diameter according to the Kelvm equatton 

Pore diameter according to the Washburn equation 

Ratto of mtraparticle column volume to total geometrtc col- 
umn volume 
Ratio of mterparttcle column volume to total geometrtc col- 
umn volume 
@total) = s0 + sp 

Average pore diameter at 50% of the cumulative drstnbution 

(medtan), PW or the most frequent average pore diameter 
of the relattve distribution (mode), pdm 
Dtstrtbution of v,, or a, as a functton of the average pore 
dtameter 

packing density m order to obtain the effective surface area per mlllilitre of column 
vo1ume16. a, values of lo-200 m2 ml-r are sufficient for improving retention. Larger 
surface areas, generated by pores ~4 nm in diameter, have a number of disadvan- 
tages such as slow kinetics, slow regeneration and easy foulmg. 

4.1.5. Pore diameter, pd 
A pore diameter of about 10 nm accounts for the majority of separations of 

solutes of A4 < 2 kdaltons. For larger molecules, pore diameters of ca. 30 nm and 
more are preferable m order to overcome the low dtffusivities. Another advantage of 
large-pore packings is attributed to the improved surface homogeneity compared 
with small-pore packings. They also permit more rapid and complete regeneration. 
The pore size drstributton usually spans one decade of pore diameter. As above, small 
pores of Pd i 4 nm should be absent. 
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Adjustment of the desired physical structure parameters of a packing through 
the manufacturing process creates fewer problems than the appropriate design of the 
surface chemistry in terms of retention, selectivity, stability, etc. 

4.2. Chemical structure parametersI 

Grouped according to their bulk composition, packings include Inorganic ma- 
terials and a variety of organic gels (see Table 2). In the last 5 years there have been 
successful attempts to manufacture packings with improved properties and higher 
batch-to-batch reproducibility. In general, the following criteria relate to retention 
and selectivity. type(s) of surface functional groups and their respective mteractions 

TABLE 2 

SURVEY OF TYPES OF PACKINGS IN PREPARATIVE AND PROCESS CHROMATOGRAPHY 

ACCORDING TO THEIR BULK COMPOSITION 

1 Inorganic materials 
Oxtdes 
Carbonates 

Sihcates 

(silica, alununa, magnesia) 
(magnesium carbonate) 
(magnesium skate, alumosihcates) 

Carbon 
Phosphates (znconmm phosphate, calctum phosphate) 

2 Orgamc gels 
Cellulose 
Agarose 
Dextran 

Polyacrylamide 

Polyamtde 
Poly(hydroxyethy1 methacrylate) 

Styrenedtvmylbenzene copolymers 

Poly(ethylene glycol dtmethacrylate) 

Poly(vmy1 alcohol) 
Poly(viny1 acetate) 

3 Chemacally bonded srlrcas 
Reversed-phase sihcas 

=SiR 

Polar bonded sthcas 
= St(R)R 

4 Comoorztes 

R = methyl 
ethyl 
n-butyl 
n-hexyl 
n-octyl 
n-octadecyl 
phenyl 

R’ = dial 
ammo 
mtro 

cyan0 
btospectfic hgands (low to htgh molecular wetght) 
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with solutes; density of functional groups at the surface; distribution of functional 
groups across the particle; accessibility of surface functional groups to solutes; and 
type of matrix. 

An inspection of the surface functionality of packings indicates a broad variety 
of groups from polar to non-polar, acidic and basic with graduated pK values, and 
with various polar functionality. A common feature is that packings often bear more 
than a single type of surface functional group, as is the case for chemically bonded 
phases. Depending on the type of parent matrix, either hydrophobic or hydrophilic 
interactions are observed to contribute to solute retention. The ligand density of 
bonded groups ranges from maximum, which is rarely achieved, to low densities. 
Functional groups bonded as a monolayer exhibit distinct changes in their structure, 
depending on solvation, with respect to cham length. As an alternative to the mono- 
layer type, bonding is performed in such a way that a multilayer is formed, with 
internal cross-linking. Specific functional groups are bonded at the outer layer in a 
diluted state, or spaced by extended hydrophilic or hydrophobic groups, in order to 
control solute accessibility. All the above cases reflect the current design of packings 
for bonded phase adsorption, ion-exchange and affinity chromatography. 

5 SURVEY OF COMMERCIAL PACKINGS IN PREPARATIVE AND PROCESS-SCALE CHRO- 

MATOGRAPHY 

This survey deals exclusively with packings with an average particle diameter 
dP >20 pm, as otherwise all analytical packings would also have to be listed. For 
information on analytical packings, see refs. 17 and 18. 

5.1 Adsorbents (see Table 3j 

Among inorganic adsorbents, silica-based materials, available in graduated 
particle sizes and size distributions, are the most widely usedlgJO. Most of the prod- 
ucts are of technical grades and were not specifically designed for high-quality pre- 
parative separations. The specific surface areas range from 300 to 500 m2 g-l. At 
packing densities of about 0 5 g mll’, a, values of 150-250 m2 per ml column volume 
are achieved. Some commercial products are of the macroporous type, with surface 
areas lower than 50 m* gg’. In order to improve the limited stability at high pH, 
attempts were made to dope silica with zirconia and alumina. However, all these 
manipulations remain fairly inefficient as long as the bulk structure is amorphous. 
In this context, it is worth mentioning that purely crystalline silica, e.g., silicahte I, 
or a crystalline sthca-rich pentasil type of zeohte with an Si02/A1203 ratio above 
100, are insoluble in strongly alkaline media * l_ Unfortunately they contain such small 
micropores that they cannot be applied in liquid chromatography. 

Bonded phases include n-octyl- and n-octadecyl-modified silicas for reversed- 
phase chromatography and a small number of the polar bonded silica types. 

There has been little progress in terms of purity, defined phase composition 
and pore size in the manufacture of aluminas and other materials for chromato- 
graphy. The traditional alumina% adjusted to a certain acidity and basicity, are still 
on the marketzO. 

The same situation is met with organic-based adsorbents. The classical ones, 
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such as cellulose, dextran, agarose and styrene-divinylbenzene copolymers, still dom- 
mate, while the pressure-stable, highly cross-linked polymers with large pore sizes 
have not yet been introduced as preparative packings. 

5.2. Size exchmon packings (see Table 4) 

A wide variety of organic-based gels of graduated exclusion limits are on the 
market, based on classical styrenedivinylbenzene copolymers, polyacrylamide and 
methacrylate copolymers with different rigidities. Porous silicas and porous glasses 
are available as inorganic SEC packings. They carry appropriate functional groups, 
depending on the application, for the SEC of synthetrc materials or biopolymers. 

5.3. Ion-exchange packwgs (see Table S) 

Basic organic and inorganic packings serve as starting materials for ion ex- 
changers, available as strong to weak cation and anion exchangers. The materials 
differ in their effective ion-exchange capacities and, relatedly, in the degree of cross- 
linking and pore size. 

Major emphasis is placed on ion exchangers for use in protein separations, i.e., 
mostly anion exchangers. For this purpose, calcium phosphate or hydroxyapatite are 
also employed. 

5 4. Afinzty packings (see Table 6) 

The largest number of packings, with an enormous diversity with regard to 
biospecific affinity, is found in affinity chromatography. Packings are categorized into 
activated packings and those ready-for-use, carrying group-specific ligands and more 
biospecific hgands. Activated affinity packings offer the choice of preparing the de- 
sired material for a given separation problem through a coupling reaction. Typical 
activator groups are N-hydroxysuccinimide ester, carboxyl and carboxymethyl 
groups, amino and oxirane groups, imidocarbonate and 2-pyridyldisulphide groups. 

6 KEY ASPECTS IN CHOOSING A PHASE SYSTEM FOR PREPARATIVE AND PROCESS 

CHROMATOGRAPHY 

Chromatographic separation techniques are commonly applied as a last step 
in purification processes. As is apparent from the preceding discussion, a high chro- 
matographic resolution is necessary in order to achieve the desired purity and yield 
at an economically acceptable cost, and hence this feature governs the choice of a 
suitable LC mode. The type(s) of phase system to be selected is primarily determined 
by the chemical structure properties of the desired product relative to those of the 
contaminants and by-products. Obviously, the LC modes differ in their selectivity, 
such as size and shape (size exclusion chromatography), charge (ion-exchange chro- 
matography), polarity and type of functional groups (adsorption chromatography), 
isoelectric point (chromatofocusing), hydrophobic character (reversed-phase and hy- 
drophobic Interaction chromatography), biological affinity (affinity chromato- 
graphy)22. It is often the case that a single-step procedure based on one LC mode 
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does not provide suffictent purity and thus a sequence of modes 1s applied in the 
appropriate manner. 

Resolution apart, LC phase systems have very different loadability character- 
istics. Again, therefore, the selection of an LC phase system is dictated by the max- 
imization of the chromatographic resolution times the maximum sample input, as 
shown in eqn. 6. 

The characteristics of LC phase systems, together with other relevant aspects, 
are briefly discussed below. 

6.1. Size exckslon chromatography (SEC) 23s24 

SEC has the lowest resolution of all LC modes, which can be attributed to the 
limited separation volume of SEC columns. Hence, SEC is suitable for the fraction- 
atton of sample mixtures according to molecular size and shape of solutes, and is the 
method of choice for desalting. It should be noted that SEC columns cannot be 
loaded with large feed volumes. The maximum feed volume while maintaining max- 
imum resolution under analytical conditions is about l-2% of the total column vol- 
ume24. One advantage of SEC 1s that the solutes are eluted m a short and predictable 
time interval. 

6.2. Adsorption chromatography 

Both normal- and reversed-phase chromatography (RPC) are methods for 
achieving high resolution. In comparison with RPC, normal-phase chromatography 
with native silica or other adsorbents offers several advantages, e.g., reasonably 
priced packings, application of a broad range of solvents as eluents, easy removal of 
solvents by evaporation after fractionation, high solubility of sample mixture com- 
ponents, application of high flow-rates owmg to the low viscosity of the eluents and 
analysis of fractions by thin-layer chromatography. Drawbacks are the relatively 
long calibration periods of normal-phase systemszO and surface fouling by strong, 
irreversible adsorption of polar contaminants. The latter can be prevented by em- 
ploymg a pre-column or by using adsorbents with moderate specific surface areas (a, 
N 100 m2 g-l). 

RPC 1s universally applicable to polar, hydrophobic and ionized solutes. Re- 
generation and equilibration of phase systems is faster than for plain silica. The use 
of aqueous or aqueous-organic eluents causes higher column pressure drops under 
comparable condttions than do the low-viscosity eluents m normal-phase chromato- 
graphy, making the isolatton of purified products more tedious. 

Reversed-phase gradient LC can also be applied for the isolation of peptides 
and polypeptides in acidic hydro-orgamc eluents of low ionic strengthz5. The solutes 
are separated accordmg to their hydrophobic or hydrophilic character. Problems 
often arise in the maintenance of the biological activity of btopolymers. 

Hydrophobic interaction chromatography is a more suitable method of protein 
isolatton with regard to the preservation of biological activity, applying a descending 
salt gradient at neutral pH26. 
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4.3. Ion-exchange chromatography (IEC) 

IEC offers a high selectivity and resolution when a pH or salt gradient is ap- 
plied. It has been found particularly efficient in the isolation of proteins27. Ion-ex- 
change columns have a high loadability and are preferentially employed during the 
initial purification stages when large amounts of sample mixtures are handled. The 
loadabihty is of the order of 100 mg/g of ton exchanger and is dependent on the 
surface area of the nacking. 

4.4. Ajinity chromatography (AC)28 

Compared with the other LC modes, AC possesses the highest selectivity and 
flexibility towards biospecific solutes. For example, immunoadsorbents with coupled 
monoclonal antibodies have an exceptionally high biospecific recognition29. The flex- 
ibility is based on the availability of activated affinity media for the purpose of bind- 
mg specific ligands; the specifictvity can be further controlled by the elutton condi- 
tions. 

7 FUTURE PROSPECTS 

With a few exceptions, the tailor-made manufacture of packings for prepara- 
tive and process chromatography has as yet received very little attention. This situa- 
tion, however, is bound to change radically in the near future as a result of the 
dramatic increase in chromatographic separation methods in the areas of biotech- 
nology and gene technology. Together with the improvements in biotechnological 
processes, research and development m packings will focus on three maJor topics: 

(i) the synthesis of better defined, more reproducible and biocompatible sup- 
ports that meet the required criteria, 

(ii) the bonding chemistry in the synthesis of a limited number of well char- 
acterized and stable packings that offer high flexibility by further modification to 
multi-mode chromatography; and 

(iii) the synthesis of highly biospecific packings for the selective recognition 
and isolation of biologtcally active solutes 

8 LIST OF SUPPLIERS 

Amicon Corporation, 17 Cherry Hill Drive, Danvers, MA 01923, U.S.A. 
J. T. Baker, 222 Red School Lane, Phillipsburg, NJ 08865, U.S.A. 
Baker Chemikahen, Postfach 1661, 6080 Gross-Gerau, F.R.G. 
Bio-Rad Laboratories, 2200 Wright Avenue, Richmond, CA 94804, U S.A. 
Bio-Rad Laboratories GmbH, Dachauer Str. 364 + 511, Box 50-0167,800O Munich, 
F.R.G. 
Grace Industrial Chemicals Inc., Amicon Europe, Av. de Montchotsi 35, CH-1001 
Lausanne, Switzerland 
Hamilton Co., Reno, NV, U.S A. 
Hamilton Deutschland GmbH, Otto-Riihm-Str. 74, 6100 Darmstadt, F.R.G. 
Reactifs IBF, Societe Chimique Pointet Guard, 35 Avenue Jean-Joures, F-92390 
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Villeneuve-La-Garenne, France 
ICN Biomedicals GmbH, Postfach 369, 2440 Eschwege, F.R.G. 
Kali Chemie AG, Hans-Bockler-Allee 20, 3000 Hannover 1, F.R.G. 
LKB Produkter AB, Box 305, S-16126 Bromma, Sweden 
LKB Instruments Inc., 9319 Gaither Road, Gaithersburg, MD 20877, U.S.A. 
Macherey-Nagel & Co., Neumann-Neander Str. 6-8, Postf. 307,516O Diiren, F.R.G. 
E. Merck, Frankfurter Strasse, 250, 6100 Darmstadt, F.R.G. 
E M. Science, 111 Woodcrest Rd., Cherry Hill, NJ 08034-0395, U.S.A. 
Millipore Waters Chromatography Div , 34 Maple Street, Milford, MA 01757, 
U.S.A. 
Millipore Water Chromatographie, Hauptstr 71-79, 7236 Eschborn, F.R.G. 

Pharmacia Fine Chemicals AB, S-75182 Uppsala, Sweden 
Pierce Chemical Co., P.O. Box 117, Rockford, IL 61105, U.S.A. 
The Separations Group, Inc , 17434 Mojave, P.O. Box 867, Hesperia, CA 92345, 
U.S.A. 
Synchrom Inc., P.O. Box 110, Linden, IN 47955, U.S.A. 
Toyo Soda Manufacturing Co., Ltd., l-7-7 Akasaka, Minato-ku, Tokyo, Japan 
Whatman Chemical Separation Inc., 9 Bridgewell Place, Clifton, NJ 07014, U.S.A. 
Whatman Chemical Separations Ltd., Sprmgfield Mill, Maidstone, Kent ME12 2LE, 
U.K. 

9 SUMMARY 

Although the theoretical treatment of chromatographtc processes on a pre- 
parative scale provides guidelines to the extent to which packing and stationary phase 
properties affect the target quantities such as sample input, throughput and resolution 
times sample input, a series of additional criteria were established to judge the quality 
of a packing m preparative column liquid chromatography. These include bed sta- 
bility and flow resistance, chemical resistance and purity, solute accessibility, mass 
and biological recovery, fouling, regeneration and cost. Applying these criteria, the 
relative importance of physical and chemical structure parameters of packings and 
stationary phases was assessed. Commercial packings with mean particle diameters 
G& > 20 pm were listed for adsorption, size exclusion, ion-exchange and affinity chro- 
matography. An analysis of the characteristic features of phase systems showed that 
adsorption media offer a high selectivity combined with adequate loadability, 
whereas ion exchangers and affinity media were best suited for biospecific solutes, 
particularly biopolymers, which can be attributed to their high selectivity and load- 

ability. 
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