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SUMMARY

This paper addresses the questions: (a) Should one use volume or concentra-
tion overloading or both to achieve maximum throughput in preparative liquid chro-
matography? {(b) Is the plate height concept valid for overloaded columns? (c) What
are the main factors limiting throughput? (d) What column lengths, L, and particle
diameters, d,, provide maximum throughput?

We conclude (a) that concentration overloading will always provide the great-
est throughput but that the injected sample volume may be a substantial fraction of
the volume of the eluted peak, (b) that peak widths increase as the square root of the
distance migrated under concentration overload and that the plate height concept
can be used in optimisation calculations, (c) that the major restriction on throughput
is the minimum number of theoretical plates, N*, required to achieve adequate reso-
lution of solutes being isolated, (d) that maximum throughput is achieved for a spe-
cific ratio d,2/L determined by N* and other operating parameters.

In practice for N* values between 2000 and 50 we are likely to use columns
200-2000 mm long packed with 1060 pm diameter particles giving throughputs
between 0.1 and 20 g/h per cm? of column cross section at a capacity ratio of 4.

INTRODUCTION

Preparative liquid chromatography (PLC) is distinguished from high-perform-
ance liquid chromatography (HPLC) not so much by its scale as by its purpose. PLC
may be defined as LC carried out for the purpose of isolating purified chemical
substances, whereas analytical LC or HPLC is carried out for the purpose of iden-
tifying and quantifying the components of mixtures. The scale of PLC is normally
larger than that of HPLC but per run may nonetheless range from micrograms to
grams. Production liquid chromatography, for which we shall also use the acronym
PLC, can be defined as LC carried out for the purpose of commercial production
and differs from preparative LC in that the cost element now becomes all-important.
Its scale will normally be within the range of milligrams to kilograms per run.
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In nearly all practical cases PLC will also be associated with column over-
loading since a maximum throughput within stated limits of purity and yield is always
desired. It is with PLC in this form that the present paper is primarily concerned.

A column is said to be overloaded when the sample injected is so large that
the eluted peak is significantly wider than that resulting from the injection of an
infinitesimal or analytical sample. “Significantly wider” in this context might mean
10-20% wider, indicating an increase of 20-50% in the height equivalent to a the-
oretical plate (HETP).

Optimisation of performance in analytical LC implies seeking conditions which
combine maximum plate efficiency and minimum elution time, under the restriction
of a limited pressure drop. The theory of such optimisation has been widely dis-
cussed! ™% and leads to the specification of the optimum column dimensions, in par-
ticular optimum particle size, d,, and column length, L, for a specified plate number,
N.

Optimisation of performance in preparative LC implies seeking conditions
which provide the maximum injection rate or collection rate (throughput) of material
with specified purity and at specified yield, but again under the restriction of a limited
pressure drop across the length of the column. Any theory of optimisation must lead
to the prediction of the combinations of column length and particle diameter which
lead to maximum throughput.

In what follows we shall assume that the throughput for any type of column
(given length and particle size) will be proportional to its cross sectional area. Ac-
cordingly our task is to optimise the throughput per unit cross sectional area of
column. We note that Hupe and Lauer’? have considered in detail the trade-off be-
tween increasing the column length and cross section for solutes which are just re-
solved. We shall in general consider only the case where there is already sufficient
resolution at the analytical level to allow some degree of column overloading before
adequate resolution is lost.

Optimisation of performance in production LC implies minimizing the cost of
production per unit volume of product with specified purity. Pressure drop and yield
are no longer restrictions but can be chosen to minimize cost. This optimisation
exercise is much more complex than for preparative LC as it has to include consider-
ations of capital cost of equipment, cost of solvents and packings, cost of recycling
solvents etc. Such matters will only be considered in passing.

Before embarking on the theory of optimisation of PLC, we take it as self
evident that the initial step in developing any practical preparative separation will be
to find the elution conditions which, under analytical loading, give the best possible
o values (relative values of retention ratios) for the solutes of interest. As in optim-
isation of HPLC, the larger the relevant « values, the faster can a separation with
given resolution be achieved, and so the greater the throughput.

PEAK MIGRATION AND RESOLUTION UNDER CONDITIONS OF OVERLOAD

There are two ways in which a column may be technically “overloaded™. First,
the volume of the injected sample may be so large that eluted peaks are significantly
wider than those from analytical samples, although the solute concentration is low
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Fig. 1. Development of peak profiles during migration along a column for analytical and overload samples.

and still remains within the range of the linear part of the partition isotherm. We
term such overloading “pure volume overloading”.

Second, the concentration or quantity of solute injected may be so large that,
even with a very small injection volume, the resulting peak is wider than that from
an analytical sample. In this case the solute concentration no longer falls within the
range of the linear part of the partition isotherm. Such overloading is termed “con-
centration overloading”. Volume and concentration overloading may, of course, be
combined. In such a case the width of the eluted peak may be reduced either by
reducing the injected volume or by reducing the injected quantity.

Under conditions of pure volume overloading, when the injected volume is
sufficiently large, eluted peaks will be flat topped, but symmetrical. Under conditions
of concentration overloading peaks will generally be asymmetric, normally showing
sharp fronts and extended tails.

The way in which the peak of a single solute migrates along a column under
analytical and overload conditions is shown schematically in Fig. I which plots solute
concentration against distance from the injection point at different stages in elution.

The peak concentration—distance profile for an analytical injection follows the
well known Gaussian equation

2 exp [— 4z%/2Hoz] ()

C =
\/ 2nHyz

where C is the total concentration of solute within the column at a distance z from
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the column inlet measured as quantity per unit volume of the packed bed, Q the
quantity of solute injected per unit area of column, Hy the plate height for an infin-
itesimal sample, z the distance migrated by peak maximum and 4z the distance mea-
sured from peak maximum.

When a similar low concentration of solute is injected but the injection volume
is large, the peak profile is represented by® 1

. Q { [ Az ] l:Az — zindj|}
C = f — erf | To— find 2
2zm U LY 2Hoz « V2Hoz @

where z;,; is the width of solute band within the column (assumed rectangular in
profile) immediately following its injection. The error function is defined as

erf [%] = \/%Jx exp [— 262—2] dx 3

Zin; is Telated to the volume of sample injected, Vi, by

zinj = Vinj/Am (1 + k) (4)

where A,, is the cross section of eluent phase within the column bed and k& the column
capacity ratio of solute (note: £ will be used in place of k' in order to simplify the
writing of equations). The total concentration within the column immediately after
injection, C,, is given by

Co = Q/Zinj )]

When z;;; — 0 eqn. 2 reduces to eqn. 1.
With an analytical sample the maximum solute concentration in the band is

Ciax = Q/\/ 2nHz and falls in proportion to 1 /\/ z as the band migrates whereas in
the volume overload situation if z,,; is sufficiently large, say greater than eight stan-

dard deviations (i.e. 8/\/ Hz), the peak is flat-topped and the maximum concentration
remains at C.

Under conditions of concentration overload the situation is much more com-
plex due to the combined effects of kinetic and thermodynamic dispersion!2. How-
ever, when kinetic dispersion is negligible a straightforward result is obtained!3-15,
When the partition isotherm is concave to the C,, axis (Cy, is the concentration in
eluent) the peak has a sharp front and extended tail. The column capacity ratio
corresponding to the migration of an element with a specified mobile phase concen-
tration C,, in the tail of the peak is given by

_dc,

» dCn ©

C,
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where C; and C, are the concentrations per unit volume of the column bed for solute
in the stationary and mobile phases respectively, so that the total concentration
within the column beéd, C, is given by

C=Cnt+ C (N
The column capacity ratio for the front on the other hand follows the equation
kfront = Cs/ Cm (8)

These equations are illustrated in Fig. 2.

The very complex sitnation which arises when band dispersion arises from
both kinetic and thermodynamic effects (i.e. those due to non-linearity of isotherm)
has been examined by Haarhoff and Van der Linde!2. They were able to obtain an
explicit mathematical expression only for the case where the partition isotherm could
be written in the simple form

G = koCn (1 — aC) ®

As shown later this approximates to the Langmuir isotherm at low Cy, values. Their
closed solution has been tested experimentally by Cretier and Roccal® and using
computer simulation by Poppe and Kraak!”.

While the equations of Haarhoff and Van der Linde'? are undoubtedly realistic
they are somewhat complex and do not readily give guidance to the general practi-
tioner who wishes to derive optimised conditions for a particular PLC separation.
Nevertheless an important conclusion arises from their work, which has also been
used by De Jong er al.'®, namely that if the apparent HETP is defined as the second
moment of the peak divided by the column length, it is possible to a good approxi-
mation to separate the total HETP into two contributions:



6 J. H. KNUX, H. M. PYPER
Htota] = HO + ch (10)

H, is the kinetic contribution to the plate height for an infinitesimal sample and Hy,,
is the thermodynamic contribution arising from the non-linearity of the isotherm.

Fig. 3 illustrates the problem of peak resolution under analytical and overload
conditions, and re-emphasises the importance, when optimising PLC, of initially ob-
taining the highest possible resolution of solutes on the analytical scale. Under pure
volume overload, adequate resolution of the two solutes 1 and 2 will be maintained
until the peak first eluted occupies the entire space between the two peaks. The max-
imum volume which can be injected before significant overlap occurs is given ap-
proximately by

Vieg = Vra — Vay) — 21 (04 + 03) (11)

where Vg, and Vy, are the retention volumes of solutes 1 and 2, and ¢, and o, are
the standard deviations of peaks for analytical injection of solutes I and 2.

If sample cutting is employed overlap may be allowed and the optimum overlap
for specified restrictive conditions of purity and yield may be obtained?-1°.

With increasing concentration overload while using small injected volumes,
the fronts of the overloaded peaks elute progressively earlier until the front of peak
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Fig. 3. Resolution of solutes 1 and 2 under analytical and overload conditions.
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Fig. 4. Practical illustration of volume overload from Eisenbeiss et al.2%. Solutes, pentylbenzene (1) and
octylbenzene (2); injection, 200 ul containing 2.5 ug each solute (lower), 4000 ul containing 50 pg each
solute (upper); column, 250 x 4 mm L.D.; packing, 7 ym LiChrosorb RP-R; eluent, acetonitrile—water
(75:25, v/v); flow-rate, 1.5 ml min™?; detector, UV, 254 nm, 0.04 a.u.f.s. (Reproduced by permission of the
authors and of Chromatographia.)
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Fig. 5. Practical illustration of concentration overload from Eisenbeiss et a/.29. Solute, diethylphthalate;
injections, 30 ! of solutions containing 1, 80, 200 and 400 g/I; column, 250 x 4 mm 1.D.; packing, 5 um
LiChrosorb SI60; eluent, heptane—ethylacetate (90:10, v/v); flow-rate, 3 ml min™; detector, refractive index
with scavenging flow for overload samples. (Reproduced by permission of the authors and of Chroma-
tographia.). - -
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2 elutes at the tail of peak 1. Thereafter overlap occurs and resolution deteriorates.
The optimisation of the overload when peak cutting is used can again in principle be
carried out. Experimental justification of the above conclusions is provided by Ei-
senbeiss ef al.2? and is illustrated by Figs. 4 and 5 taken from their publication.

The simple picture presented in Fig. 3 shows that a higher load can always be
resolved under concentration overload conditions than under pure volume overload
conditions. However, the question arises as to whether a judicious combination of
volume and concentration overload might not produce higher loading and through-
put than concentration overload alone.

Fig. 6 addresses this question. To simplify the analysis we assume that kinetic
dispersion is small and can be neglected to a first approximation. Accordingly a low
concentration injection of a finite volume (pure volume overload conditions) will
migrate down the column with an unchanging rectangular concentration-distance
profile. A small volume injection of high-concentration solution (concentration
overload situation) will migrate along the column as a tailing peak having a sharp
front. For convenience we take the peak shape to be triangular as indicated by the
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Fig. 6. Development of peak profiles for concentration overload when peak profile is triangular, and for
combined volume—concentration overload showing that volume overload can be absorbed by concentra-
tion overload.
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broken lines in Fig. 3. The peak shape reflects the partition isotherm as given by eqgn.
6.

Since the element of eluate containing a given concentration C,, will migrate
at the uniform rate given by eqn. 6, the peak shape remains constant during migration
except in so far as it becomes wider in proportion to the distance migrated and at
the same time is truncated on the high concentration side so that the peak area
remains constant. In the case of the triangular peak shown in Fig. 6, dC,/dz is
proportional to 1/z.

Consider now the migration of an initially rectangular concentration plug
where maximum concentration lies in the overload region. Such a plug will maintain
a sharp front but will develop a sloping tail as shown by the full lines in Fig. 6. This
tail will coincide with the lower part of the tail of the concentration-overloaded peak
containing the same quantity of solute. As the plug migrates the length of the plateau
region declines. This is clearly necessary if the peak area is to remain constant but
is also required by eqns. 6 and 7 and Fig. 2. They show that the migration rate of
the front must be slower than the migration rate of the element in the tail having the
same concentration where the isotherm is concave to the C,, axis. Eventually, as
shown in Fig. 6E, the plateau disappears and the peak arising from the plug-injection
has exactly the same profile as the peak arising from the small volume injection. This
result is not restricted to a triangular peak as has been demonstrated by Smit ez al.2!.
However, with a triangular peak, whose validity is justified later, the peak width at
stage E is exactly twice that of the initial injection. At this stage the volume overload
may be said to be absorbed into the concentration overload.

From this elementary analysis of the situation the following conclusions may
be reached.

(1) The final eluted peak profile under concentration overload conditions for
a given quantity of solute is independent of the sample volume up to a critical volume
V*.

(2) V* is approximately half of the volume of the peak arising from a small
volume injection, the exact proportion depends upon the shape of the isotherm.

(3) In PLC the injected volume Vj,; may be any volume up to F* without
affecting the peak width.

(4) In determining the maximum quantity which can be injected in practice,
volumes of around V* of progressively more concentrated solutions should be in-
jected until resolution deteriorates to the minimum acceptable value.

(5) Combination of concentration and volume overload does not increase the
load which can be placed upon a column. For injection volumes up to V* the load
for a stated resolution will be independent of the injected volume. For larger injection
volumes it will be less.

The main conclusion that injection volumes up to ¥* have no effect on peak
shape or peak width raises the question of whether one should inject small concen-
trated samples (Vip; — 0) or a larger more dilute sample (Vi,; — V*). There seem to
us to be several arguments in favour of using relatively large volumes close to V*.

(1) The key to optimising sample injection in PLC is the uniform distribution
of sample over the column cross section. In this way, particularly under concentration
overload conditions, the overload is uniform over the column section and the mi-
grating band therefore has the same profile along any line parallel to the axis of the
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column., A number of studies of how this can best be achieved have been pub-
lished®:22:23,

(2) Often large samples will contain minor contaminants which are perma-
nently adsorbed at the inlet end of the column. If these are not uniformly distributed
over the column section variations in the retentive power and possibly flow resistance
over the top layers of the column will develop leading to deterioration in column
performance with use.

(3) In general with current injection devices, uniform distribution of sample
will be achieved most reliably with the largest permissible sample volume.

(4) The viscosity of a concentrated solution will normally differ significantly
from that of eluent. If the viscosity of the injected sample exceeds that of the eluent
and if the sample is not uniformly distributed it will form a viscous plug at the head
of the column which will only slowly be absorbed into the main eluent stream. This
will lead to a severely tailed elution peak. On the other hand if the injected sample
is less viscous than eluent, fingering will occur again leading to peak distortion and
unnecessary broadening.

We have examined the effects of volume and concentration overloading using
a specially designed PLC injector and column system as described elsewhere?#. The
results confirm the above conclusions.

DISTRIBUTION ISOTHERMS AND PEAK SHAPES

In developing guidelines for optimising throughput in PLC it is particularly
helpful if peaks can be approximated by triangles. In practice this is often the case
when columns are overloaded!7:2%:2% and a good illustration is shown by Fig. 5. It
is, however, important to establish that partition isotherms which correspond to
triangular peaks are in fact realistic.

The simplest isotherm which takes account of concentration overloading is the
Langmuir isotherm which was originally conceived to handle adsorption on to ener-
getically homogeneous surfaces from a liquid or gas. In chromatography, and par-
ticularly in liquid chromatography, great stress is laid on the achievement of ener-
getically homogeneous adsorbents since such adsorbents exhibit a substantial range
of concentration over which the isotherm is linear. Accordingly they give symmetrical
elution peaks up to a relatively high sample loading, Since the absolute concentration
of retained solute in the stationary phase is nearly always much greater than that in
the mobile phase (since V, € V,, and k normally exceeds unity) molecular overcrowd-
ing as solute concentration increases, first occurs in the stationary phase. The Lang-
muir isotherm must therefore describe the most favourable situation which can arise
in practice under overload conditions. In many cases the isotherm curvature and the
change in curvature will be more severe.

Our first task is then to state the form of the Langmuir isotherm and the forms
of the two idealized peaks; these are the triangular Ry pcak in which the plot of
concentration C,, against distance migrated is a straight line and the triangular &
peak where the plot of concentration against retention time is a straight line. We use
the symbols L, RA, and kA to refer to these three cases. They are shown diagramat-
ically in Fig. 7 and are represented by eqns. 12-14.
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Fig. 7. Formal illustration of three possible types of distribution under overload conditions. The Langmuir
distribution isotherm, the triangular Rg peak profile and the triangular k peak profile.

L Isotherm
c - koCo (12)
1+ aCy
RA Peak
Re = R {1+2(ﬁ—)ac} (13)
F Fo 1+ ko) ™
kA Peak
k = ko(1 — 20Cy) (14)

Isotherms corresponding to the R4 and kA peak shapes are obtained using eqn. 15
which is the integral form of eqn. 6 along with eqn. 16 as required.

C, = mekdcm (15)
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Fig. 8. Isotherms corresponding to the three cases illustrated in Fig. 7, when ko = 4and a = 1.
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The peak shape corresponding to the Langmuir isotherm is obtained by eqn. 6
coupled with eqn. 16 as required. The mathematical manipulations are straightfor-
ward and the final results are most usefully expressed in the form of power series
which enable direct comparisons to be made. The equations for the three isotherms,
peak profiles on an Ry basis, and peak profiles on a & basis are given by eqns. 17-25
and illustrated in Figs. 8 and 9.

Tsotherms
L: G = koCa {1 — (aC) + (@C)* — (@Cu)® + ....} (17)
RA: C, = koCm {1 — (@Cw) + gtﬁ(aCm)z — 22aC)® + .. .. } (18)
kA: C, = koCm {1 — (@Cm)} (exact) (19)

Peak shapes on k basis

L: k=ko{l — 2aCy) + 3(aCn)* — 4@Cr)* + ...} (20)
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RA: k = ko {1 — 2aCp) + 4(xCr)? — 8Y2@Cp)® + ... .} 1)
kA: k = ko {1 — 2aCa)}  (exact) ' 2
Peak shapes on Ry basis
L: Ry = Rg, {1 + 2(YaCn) + (k 0o =3 ) (WoCr) + (23)
(k"k: 1) WaCn)® + . .. }
RA: Ry = Rp, {1 + 2(paCn)}  (exact) (24)
kA: Ry = Ry, {1 + 20paCa) + 4(aCu)® + 8aCa)® + ...} (25)

where ¥ = ko/(1 + ko) and Rr, = 1/(1 + ko).

It may be noted that all three isotherms (Fig. 8) show the same initial gradient,
kg, and initial curvature a. They differ only in the third and later terms in the brack-
etted polynomials. It is noteworthy that the L and RA isotherms have identical third
terms when ky = 3 and that, for all practical LC purposes, they are identical. The
kA isotherm deviates significantly from the other two at values of aC,, above 0.2.
Similar conclusions, of course, apply to the various peak shapes (Fig. 9). Those for
L and RA are almost indistinguishable while those for kA4 deviate significantly as aC,,
increases.

It is important to note that marked deviation from the ideal peak shape is
observed for quite low values of «C,, and relatively small deviations of the isotherm
from linearity. Unless we are prepared to see peaks excessively widened by isotherm
non-linearity, «Cy, values at the column outlet must not exceed about 0.2 which
corresponds, roughly speaking, to peaks spread over about one third of their elution
time and so to N values of around 150. Greater peak asymmetry will, of course,
occur at the start of the column. It must be noted that the maximum values of «C,,
for the R4 and kA peak profiles are limited since Ry cannot exceed unity and &
cannot become negative. For the L isotherm 2C,, may have any value since when
2Cp = 0, Rp = 1 and k = 0. Such extreme values of 2 Cy, are not, of course, realistic
in practice and the unrealistic features of the proposed expressions need not be of
concern.

RELEVANCE OF THE PLATE CONCEPT FOR OVERLOADED COLUMNS

It is often suggested that the plate concept cannot apply when eluted peaks are
asymmetric or if they are broadened either by volume or concentration overload.
This is incorrect. It is always possible to state that a particular column is “equivalent
to a certain number, N, of theoretical plates”, and we can define this number by

L 2
N = {—} 26)
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where L is the column length and ¢,? the second moment of peak measured in dis-
tance units within the column taken about the mean. In the same way it is possible
to define the HETP by

Htotal = af/L 7 ) (27)

What is not legitimate is to interpret H in terms of purely kinetic phenomena. How-
ever, if the dispersions arising from both kinetic and thermodynamic effects are in-
dependent eqn. 10 can be applied. For this approach to be useful in optimisation it
is desirable that both H, and H,;, are more or less independent of column length.
Only then can optimum column parameters be readily derived.

We must therefore examine how the peak variance or second moment arising
from isotherm non-linearity develops as a peak migrates along a column.

A simplified approach is illustrated in Fig. 10 where a triangular peak (R4
peak profile) migrates along a column. The quantity of solute in the mobile phase is
taken as proportional to the peak area. Since the quantity in any peak as it migrates
along the column is constant the area must remain constant while the peak broadens
and becomes lower. The range of the isotherm which is embraced by the peak thus
decreases as it migrates so the relative peak width declines. It is readily seen from the
geometry of the figure that the width increases as the square root of the distance, z,,
migrated by the low concentration edge of the peak. Thus if N is measured as

N = q(zo/w:)* (28)

N will increase linearly with z,. When the distance migrated, z, is taken as other
clution distances (e.g. that of the centre of mass of the peak or its maximum, z., or
Zmax) the plots of N versus z deviate slightly from the straight line plot of N versus z,

as illustrated in Fig. 10.
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Fig. 10. Peak development with distance migrated for R4 profile. Peak maximum concentrations shown
on each peak. Lines are plots of N versus distance migrated calculated according to the formulae 16(z0/w.)?,
line 1; 16(zcm/w, ), line 2; 16(zpmee/W,), line 3, where w, = base width, Note that line 1 is straight.
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This analysis unfortunately ignores the content of solute in the stationary
phase. Since the isotherm is non-linear the quantity of solute in the stationary phase
is not exactly proportional to that in the mobile phase. Accordingly the peak width
does not increase exactly in proportion to /zo.

_ The total quantity of solute in the R4 peak is obtained as follows: eqn. 17 is
first recast as

Cn 4
C=z {!/f - (BCm) + g(BCm)2 — 2(BCw)* . .. } (29)
Fo
where § = ya. The total concentration within the peak at any cross section is
C=C,+ C (30)

and the quantity within the peak is
0= |Cdz 31

The distance z is given by

z=2z%Re = z°Rp, (1 + 28Ca) = zo(l + 2BCu) (32)

Where z¥is the distance moved by the unretained solute or solvent front. Insertion
of eqn. 32 into eqn. 31 gives

Om
Q=2 f (Cm + C)) 2° Rp B dCr (33)

o}

where C;, is the maximum concentration in the mobile phase at the front of the peak.
Insertion of eqn. 29 for C; followed by integration yields

z% 2 2 4
Q=F(ﬁcm)2 {1 —g(ﬁC}‘n) +§(ﬁC¥n)2—g(ﬁC’m3+ } (34)
As z%¥increases the peak migrates along the column and z,, the distance moved by
the low concentration tail, increases in proportion.

Since Q is constant C}, decreases as 2 increases and can be found from eqn.
34 by iteration as a function of z€or z,. The peak width from eqn. 32 is 28Cizo. N
is then obtained finally as

z 2
V= (mc:..zo) (35)

Again 7 in egn. 35 may be chosen as z,, the position of the low concentration tail,
Z.m» the position of the centre of mass of the peak, or z,, the position of the peak
maximum. For a Gaussian peak the multiplier ¢ is 16, for a triangle g is close to 18.
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Fig. 11. Relevant parameters from eqn. 34 as a function of SChp,.

In reality peaks will show broadening partly from kinetic effects and partly from
thermodynamic effects and we shall therefore use the approximation ¢ = 16 through-
out.

Fig. 11 shows plots relevant to eqn. 34. Fig. 12 revises Fig. 10 to accommodate
the solute in the stationary phase. Fig. 12 shows that the initial curvatures of the
upper lines of Fig. 10 are now reduced and that the plot of N versus z., has become
an almost perfect straight line.

It may therefore be concluded that for peaks with an RA profile the plate count

1500
3
1000} 2
1
N
500
1 4 9 16 25 36

distance migrated, Z

Fig. 12. As for Fig. 10 except that quantity of solute in stationary phase taken into account assuming kg
= 4 and o = 1. Note that line 2 is now straight.
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Fig. 13. Effect of load Q (arbitrary units) on number of theoretical plates to which column is equivalent.

for thermodynamic broadening is proportional to column length and that the HETP
for this kind of dispersion is a constant independent of the column length.

EFFECT OF QUANTITY INJECTED ON THE NUMBER OF THEORETICAL PLATES FOR R4
PEAK PROFILES

At the column outlet, if reasonable resolution of a solute peak is maintained,
BC: at the outlet will not exceed 0.2. For C;, = 0.2, the polynomial within the
brackets in eqn. 34 has the value of 0.89 (see Fig. 11). Accordingly, within this limit,
the peak width 28Chz, is proportional to Q* with a maximum error of 54%. The
contribution to H from sample load according to eqn. 26 is thus proportional to Q
being given using the approximate form of eqn. 34 by

1 (2BChzo)? 1(2z0)* {BR
Hom L o)=16 o [BRe),
¥4 zZ 4] (36)
|
= 2 (BRr)Q (making the approximation z = Zo)
104 |-
Nos .-
10° |-
102 | i ] I | 1 | 1 1
1 10 102 10° 104

ug load /g packing

Fig. 14. Practical illustration of effect of load on plate number after de Jong ez al.!*. Solute, 2,4-dimeth-
yiphenol (k; = 3). Columns and linear velocities: @, 100 x 10.8 mm 1.D., 5.8 um, 2.1 mm/s; O, A,
{J, 1000 x 10 mm L.D., 20-25 um, 1.8, 5.5 and 8.4 mmy/s respectively. Packing, LiChrosorb SI60; eluent,
dichloromethane. Plate height measured using width at 60% of peak height.
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The thermodynamic plate height is then determined only by the isotherm cur-
vature parameter o or §, which amounts to the same thing, the retention ratio of the
zero concentration sample, Rr , and the sample quantity Q.

The plate number is then given by

L L

N Htotal - &
e+ (557 2

IHustrative plots of log N against log Q are shown in Fig. 13. These plots may
be compared with those obtained experimentally by de Jong et @l.'*22, an example
of which is shown in Fig. 14. The striking similarity of the plots in the two figures
gives encouraging support to the theory proposed here.

N

(37

MAXIMISATION OF THROUGHPUT FOR PEAKS WITH R4 PROFILE UNDER PRESSURE
LIMITED OPERATION: OPTIMUM COLUMN CONFIGURATIONS

The first practical step in any optimisation procedure is to achieve maximum
resolution at the analytical level for those solutes which one requires to isolate. It is
then possible to calculate the minimum number of theoretical plates required to
provide adequate resolution at the preparative level when the spaces between such
solutes are fully closed by overload (see Fig. 3). We denote this number by N*.

We now assume that preparative packings are available with a range of particle
sizes having the same retentive characteristics as the packing used for the test ana-
Iytical separation. The concept of the isochronic column set is now introduced (see
ref. 26). Isochronic columns possess the same reduced length 4 = L/d, and give the
same elution times, £, for an unretained solute when using the same pressure drop,
Ap, the same eluent (viscosity, n) and the same packing density (described by the
column resistance factor ¢). This elution time, 7y, is

tm= g2 (38)
Ap
We define the throughput of any column as
T =Q/tn (39)

The practical throughput is defined as
PT = Qfteyae (40)
where fy.. i the cycle time for repeated injections. Often fy;. Will be expressed as
teyre = tm (1 + ki) 41)

where k; is the capacity factor for the termination of the cycle. Since the cycle time
will normally have to be decided by separate considerations we consider first opti-
misation of T.
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For convenience we express the kinetic plate height as
Ho = d, h(v) (42)
where h(v) is the reduced piate height at a reduced velocity v. The reduced velocity
is defined as
L d,

Ll (43)

where Dy, is the diffusion coefficient of solute in eluent and L/t,, = u, the linear eluent
velocity. Replacing ¢, by its value from egn. 38 gives

AP 4y “
D 1A “9
We simplify eqn. 36 to
R
Ho=10; =" . (43)
Giving from eqn. 10 “s
Hia = dy H(v) + 70 (46)
whence using eqn. 39 and Hiy. = L/N*
A d,
YT = {ﬁ; - h(")} - (47
elimination of ¢, between eqns. 47 and 38 gives
A dpAp
T=<—>—h 48
Y {N,, (V)} Pon (48)

Eqn. 48 shows, in broad terms, that if kinetic dispersion can be ignored, the larger
d, the greater the throughput when 1 is kept constant. However, as d, is increased
at constant A the linear elution velocity increases as d, and the reduced velocity as
d,?. Since A(v) depends upon v according to the widely accepted eqn. 49 (ref. 27)

B
h = S + Avi3 + Cy 49
(where typical values for 4, B and C are 1, 2 and 0.1 respectively) 4 will increase
strongly for the isochronic set as d, increases. A stage must then be reached when
the A(v} term in eqn. 48 begins to dominate the throughput and eventually reduces
it as d, is increased. This will normally occur when v is large and we can approximate

h(v) by

h=0Cv withC =0l (50)
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Inserting eqns. 44 and 50 into eqn. 48 gives

1 CApd?) 4pd
T = {_ _ %}i_’l (51)
N*  Dnoni) on i

Differentiating y7 with respect to (d,/4) and setting the differential to zero gives the
value of d,/A for maximum throughput

q dy,? D, %
(). () et @
l opt L opt 3N*CAP
Insertion of this value for d,/4 into eqn. 51 gives
2 4p D, * '
YTom = oz {—L—} (53)
IN* (3 on N*C

Under these conditions it is readily shown that the kinetic dispersion is one half of
the thermodynamic dispersion.

The reduced velocity at which the optimum throughput is obtained is found
by substituting eqn. 52 into eqn. 44 to eliminate d, giving

1y 2
Vopt = 3(-N*—C) (54)

Under typical conditions 2 might be 20000 and N* between 50 and 2000; taking
C = 0.1, v, will then lie between 33 and 1333. We can now check on the validity
of approximation 50 by first expressing the reduced plate height given by eqn. 49 in
the alternative forms

0-0 I | I | i 00
10 20 50 100 200 500 1000 2000
v

Fig. 15. Dependence of C’, n and G (eqns. 55 and 56) upon reduced velocity, v.
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h=Cv (55)
h= Gv (56)

where ', G and n are now weak functions of v. Values of C’, G and » as functions
of v are shown in Fig. 15. Typical values of C" are 0.20 at v = 33 and 0.108 at v =
1333. It is thus clear that the approximation C = 0.1, eqn. 50, is poor at low values
of v. The use of eqn. 55 with the correct value of C' provides a much closer approx-
imation to the true optimum conditions but C' can only be found by successive
approximation using eqns. 52 and 54 for specified values of 4 and N*, Iteration is
initiated by taking C = 0.1 as the first value. Alternatively the better approximation
(egn. 56) can be used but eqns. 32-54 must now be replaced by

dy _ A s [Dagpnlt
A {(2n+l)N*} {GApi} 57
- { 2n }{ A } {Apnm}% s
Pt T2+ DN S 12nt DN*S | Goma 8)
_1 {__L_} 5
Yo T G \@nt DN* (59
4

Again iteration is required starting with initial values of G = 0.1 and n = 1
corresponding to approximation 50.

The three methods of estimating optimum conditions are compared in Figs.
16 and 17 for columns with a fixed reduced length A = 20000.

Method a is based upon eqns. 52-54 with C = 0.1; method b is based upon
eqns. 52-54 using values of ' found by iteration and method c is based upon eqns.
57-59 using values of G and » found by iteration.

The other operating parameters are assumed to have the values: Ap = 2 - 107
Nm™2(200bar), D, = 1.0-107°m?s™, ¢ = 1.0-103andn = 1.0- 1073 N sm™2, Plate
height eqn. 49 with B = 2, 4 = 1 and C = 0.1, values of C’, G and » as shown in
Fig. 14.

Figs. 16 and 17 confirm that there is good agreement between the calculations
for methods b and ¢ but show that even method a gives reasonable approximations
to d, and Topi

An important feature of eqn. 53 is that the optimum throughput does not
apparently depend upon either 4 or d,,. These parameters only enter into the optimal
conditions through eqn. 52 which specifies the ratio dp/A for optimum throughput.
It thus appears that the optimum throughput can be achieved with a wide range of
geometrical configurations. This conclusion is slightly modified when we recognise
that C is not a true constant and ought to be replaced by ', or alternatively that the
more precise eqn. 58 should be used. In this equation T is seen to be proportional
to A1+"/2"_ Since 7 is close to unity, T depends rather weakly upon 4 in the sense
that larger 4 gives higher 7 until 1 is so large that in the limit # becomes unity, Thus
A does have to have a large enough value for near maximum 7 to be obtained.



J. H. KNOX, H. M. PYPER

22

o 01 91 001 0§10 69 00¥1 501 " #1 08 8L1°0 8 01 o-01 0T 01 05€0  S9  TE  000C
o 01" LY OVl 8E10 & 086 901 " ¥v 06 1S1°0 6 €I 001 -6'€ SE 9610 OFl 89  000]
s01-€1  $0T 6210 6¢ 089 01 €1 091 SETO € 9l 01 €T 06 010 061 S6 005
s01°6S  €€E 1T ¥T 08P 01" SS 08¢ wro AN 4 01" §S 0.7 $TI0  0ZE 91 00T
+01-91 08¢ O9ITD JAGEN 32 »-01°91 009 21K1) 0T st +01 91T 08§ pII'0 08F VT 001
+01-9F 069 €110 AR 4 +01 " L% 0p0L 601°0 AN +01 "9y OpTl 8010 00,  SE 0%

(watie ) (.5 w) (wrt) (18 w) (wu)  (wm)

(5w} 4 a D o00rly T I 4 D000l p I 4 o) 7 %
wr g7 = “p w5 = 7 0000 =¥  «N

W) =40 = Y10 + ¢t + 4T = Y0001 = e WSN 0l [ = Uis

W 0101 =“0 . WN 01T

= 18Q 07 = df :ssewered pounssy

D1d ¥0d SNOILIANOD WNNWILLIO SOOTEVA

1374vVL



MAXIMIZING THROUGHFPUT IN FREFARATIVE LU 23

2000}
1300 A = 20000
500 |-
N*
200}
100 \
50| |
| |
0 10 20 30 40
d_/um
1 | P | | i |
0 200 400 600D 800
L/mm

Fig. 16. Dependence of particle diameter, d,, and column length, L, upon ¥* for cases a, b and ¢ (see
text), with 4 = 20000.

Nevertheless there is still wide flexibility in the choice of optimum conditions
for PLC. Thus if A is fixed, 4, will have optimum values for different N*; if column
length L is fixed, d, will have a different set of optimum values, and if d, is fixed, 1
or L will take optimum values. The values of T and of other parameters for the
restrictions 4 = 20000, L = 500 mm and 4, = 20 ym are compared in Table I. The
values are calculated using C” values in place of C in eqns. 52-54. It is clear that the
throughput is relatively insensitive to the nature of the restriction imposed and de-
pends primarily upon N*. The throughput is given in the three cases to a good
approximation by

1

T,
logso {; s_m} = —1.58 log;o N* — 0.64 (62)

2000
1000

500

N*
200

100
50

i §

108 1078 1074 103

vT/m s
[

i 1
1 10 100 1000
T/umol ecm2 s-1
Fig. 17. Dependence of throughput, T, upon N* for methods a, b and ¢ (see text) with 1 = 20000.
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100

2 I 1 i L L | 1 L
00 200 500 1000 2000 5000 10000

L/mm

Fig. 18. Optimum combinations of particle size, d,,, and column length, L, for different values of N* given
on lines. Operating parameters as given in Table 1.

The slope — 1.58 is slightly steeper than the value of — 1.5 predicted using constant
C (eqn. 54).

Eqns. 53 and 58 for optimised throughput confirm that, as in analytical HPLC,
performance can always be improved by (a) increasing pressure drop, 4dp; (b) increas-
ing diffusion rate of solute in eluent, D,,; () decreasing eluent viscosity, #, and (d)
decreasing the column flow resistance factor, ¢.

In practice it will be desirable to have available a range of both column lengths
and particle diameters so that appropriate optimal combination can be selected for
particular preparative applications.

The range of choice of L, 1 and 4, for optimum conditions with different N*
requirements is summarised in Fig. 18. The calculations use method b with values of
C’ found by iteration for particular 4 and N* values. For each N* the appropriate
T is given to a good approximation by eqn. 62. Since there is little dependence of
throughput upon any parameter other than N* one is free to choose the most ap-
propriate combination of L and d, consistent with the desired N* value. The choice
may well be determined by a desire to avoid columns which are short and wide and
will present problems of distribution of sample to the column cross section. Other
considerations in practice may be the relative costs of say 5- and 20-um materials or
the available lengths of preparative scale columns. It is also likely that as the scale
of the preparation increases there will be a tendency to use altogether larger systems,
that is wider and longer columns packed with larger particles but keeping the d,/4
ratio at the appropriate value for maximum throughput.

NUMERICAL ESTIMATION OF OPTIMUM PRACTICAL THROUGHPUT

In order to estimate the throughput (see eqns. 39 and 40) which might be
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achieved in practice it is necessary first to evaluate y = fRy /4 which occurs as the
multiple of throughput in eqns. 54 and 5%. Rewriting in terms of k, we obtain

_1{_’5«;} 63
LR Tl 63)

We now require to estimate o, the curvature of the isotherm. Assuming that a Lang-
muir isotherm applies, elementary adsorption theory given for the fractional coverage
of an adsorbent surface, 8,

KC,

= _ 64

1+ KC,, 64)
where K is the ratio of the adsorption to desorption rate constants. # may be ex-
pressed as C,/CP where C° is the saturation monolayer coverage of the adsorbent.

Thus

KCP Cy
Co= (65)
1+ KCp

Identifying with the Langmuir isotherm as expressed by eqn. 12 we obtain

ko = KCP, a=K and ko/ao = C& (66)
whence
o = ko/CE (67)

Substituting for « into eqn. 63 then gives

_1{ ko }2 1 )
P 4 Utke C®

The final requirement is to estimate C¢°. Most HPLC bonded materials show cov-
erages of bonded phase in the region of ca. 3 umol m~? and a typical silica gel will
have a specific surface area of around 200 m? g1 with a packed bed density of about
0.7 g cm 3. The content of bonded phase is thus around 400 gmol cm~3. It would not
be unreasonable to take a value of this order for C°. Taking ko = 4 and C® = 400
umol cm™2 gives y = 4 - 107+ ymol™! cm3® = 4 - 107* mol™! m3,

Eqn. 62 with appropriate change of units then takes the form:

T,
10g1o{ e — ;1} = 6.54 — 1.58 log N* (69)
umol cm ™ * min

Supposing finally that the solute has molecular weight of 200 g mol !, the practical
throughput, PT (eqn. 40) taking k; = ko + 1, is then given by
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1 { PTop = 3.84 — 1.58 log N* 70
0g10 gem 2 h-1 = J.04 — Los log (70)

Typical values of PT are then 0.13 gcm™2 h™! at N* = 1000 and 14 gcm™ h™! at
N* = 50.

Eqn. 38 gives ¢, for a set of isochronic columns with 4 = 20000 as 20 s. The
run time is therefore 6 x 20 s = 2 min. Thus using the isochronic set it would be
necessary to carry out 30 injections per hour. If N* were 1000 then each injection
would be of about 4 mg whereas with N* = 50 then 0.5 g per run for each cm? of
column section.

A major factor in any chromatographic separation is sample dilution. This is
particularly relevant in PLC where it will be necessary in most cases to isolate the
separated materials from eluent. It is a straightforward matter to calculate the mean
sample concentration in collected eluent for the various cases considered in Table I.
The results are shown in Table II which gives the concentrations of sample eluted at
with ko = 4 when collection is taken over the base peak width. The insensitivity of
the collected concentration to the exact geometry of the column is again most notable.
Surprisingly there is rather little loss of concentration when long columns with rel-
atively large particles are used for quite high efficiency separations (last entry Table
IT). Nevertheless Table IT emphasises that the maximum concentrations which can
be expected in PLC at the column outlet range from some 0.3 to 3 g/l as N* decreases
from 2000 to 50.

On the broad subject of cost of separating materials by PLC, it is clear that
both column packing materials and eluents must be of the highest quality. A given
weight of packing material will process between 1-10% of its own weight of solute
per hour; and a given yield of purified solute will require between 5000 and 300 times
its own weight or volume of eluent for elution. Thus only materials with a value of
say 1000-10000 times that of common bulk organic chemcials can be candidates for
production LC. Minimum production costs in PLC are thus likely to be in the range
of $1 to $10 per gram, similar to those of high-grade chromatographic packing ma-
terials even if the capital cost of the equipment is discounted.

CONCLUSIONS AND LIMITATIONS

(1) For many sorbent—eluent combinations the distribution of a solute follows
a Langmuir type isotherm up to concentrations where deviation from linearity is
around 20%. Under these circumstances the peak profile is very close to triangular.

(2) Under these conditions there will inevitably be some interference between
competing solutes. Such interferences cannot be predicted or dealt with simply and
have been ignored in our treatment. Their effect is likely to be secondary especially
if solutes are fairly well separated (large a values).

(3) With triangular peak profiles the peak base width, in the absence of kinetic
dispersion, increases with the square root of the distance migrated. Accordingly op-
timisation can be carried out using similar procedures to those employed in optim-
ising kinetic performance.

(4) Optimisation for maximum throughput under conditions of restricted pres-
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sure drop requires a balancing of kinetic and thermodynamic dispersion. The theo-
retical analysis shows that maximum throughput occurs when the kinetic dispersion
is half the thermodynamic dispersion.

(5) The maximum throughput, T, is determined almost exclusively by the
minimum number of theoretical plates which provides acceptable resolution of the
components of interest N*. It also depends upon the operating parameters: pressure
drop, solute diffusion coefficient, eluent viscosity and column resistance parameter.

(6) For typical values of operating parameters, assuming a Langmuir isotherm
and a molecular weight of 200 g mol™, it is found that the maximum practical
throughput, defined as injected quantity/elution time of solute with k, = 5 is given
by

PT
logio {—ﬁ} = 3.84 — 1.58 log N*
gem “h

{7) Optimum throughput is obtained for a specific ratio of 4,2/L which depends
upon N* and the operating parameters. For a given N* there is a wide range of 4,
and L which give the same N*.

(8) The optimum throughput for a given N* is obtained for a specific ratio of
d,2/L and is almost independent of the actual values of 4, and L.

(9) Likewise sample dilution for optimum conditions for a given N* is inde-
pendent of the actual values of d, and L.

(10) It is recognised that the whole of the above treatment makes major as-
sumptions about the nature of the partition isotherm of a typical solute and ignores
interferences of solutes which could produce distortion of isotherms. We do, however,
claim that the broad results provide a useful and realistic framework for optimising
throughput in preparative liquid chromatography.

GLOSSARY OF SYMBOLS

A constant in plate height eqn. 49, value 1

Am cross sectional area of eluent in column

B constant in plate height eqn. 49, value 2

C constant in plate height eqn. 49, value 0.1

o constant in modified plate height eqn. 55

C concentration: total amount of solute per unit volume of column bed

Cm, Cs  concentrations: amount of solute in eluent phase, and stationary phase per
unit volume of column bed

Co initial concentration of solute in column immediately following injection

C maximum concentration of solute in mobile phase in a chromatographic
band

ce concentration of solute in stationary phase corresponding to monolayer
coverage on adsorbent per unit volume of column bed

D, diffusion coefficient of solute in eluent

d, mean particle diameter

G constant in modified plate height eqn. 56

H plate height



MAXIMIZING THROUGHFPUL IN PREFARKALLIVE LU Yy

N*

n

Ap

PT, PT,,
o

q

Ry, R,
T, Topt

Im

tcycle

U

Viaj

VR 1, VRZ

2 DN <= TR

-

Vopt

=S

kinetic contribution to plate height corresponding to an analytical sample
thermodynamic contribution to plate height

total plate height

reduced plate height, value of A at specified reduced velocity
column capacity ratio

column capacity ratio at zero concentrations of solute

column capacity ratio for a concentration C,, in tail of a peak
column capacity ratio for a front

column-capacity ratio corresponding to end of cycle in a series of repetitive
PLC runs

equilibrium distribution coefficient for an adsorbent

column length

plate number

minimum number of plates required to provide adequate resolution in a
preparative run

constant in modified plate height eqn. 56

pressure drop

practical throughput, optimum practical throughput

quantity injected

configurational factor (in eqn. 35)

retention ratio, and retention ratio at zero concentration of solute
throughput and optimum throughput

elution time of unretained solute

cycle time in PLC

eluent linear velocity

volume of injected sample

retention volumes of solutes 1 and 2

volume of eluent phase in column

volume of stationary phase in column

base peak width measured as a distance within the column
dummy variables

distance from start of column

distance measured from centre of mass of peak

distance migrated by low concentration side of peak

distance migrated by unretained solute or solvent front

distance migrated by centre of mass of peak

distance migrated by maximum concentration in peak

length of column occupied by peak immediately following injection
parameter in Langmuir isotherm, relative retention ratio
parameter given by ako/(1+ ko)

constant relating plate height to @

cluent viscosity

fractional surface coverage

reduced column length, L/d,

reduced eluent velocity, optimum reduced velocity

column flow resistance factor

constant ko/(1+ ko)
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g, 0, standard deviation of peak measured as elution volume and as distance in
column
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