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Abstract

This paper describes the effect of sample volume on some basic chromato-
graphic parameters for linear preparative chromatography: apparent plate
height, base width, resolution, and purity. The expressions derived here are
based upon the moment representation and the properties of linear systems.
The commonly used definition for analytical resolution is shown to lead to
several distinctive relationships of preparative resolution according to the value
of the sample volume ¥, and the analytical profile standard deviations o, and o,
for the two compounds. For each case the expression of the sample volume cor-
responding to a preparative resolution of one is then derived. This paper gives
the way to calculate the purity and recovery ratios of each fraction when the
analytical profiles are Gaussian. It is worth keeping in mind that in analytical
chromatography the purity of a fraction is related to the resolution and the
sample concentration ratio only, whereas in preparative chromatography,
purity is also dependent on sample volume and analytical profile standard
deviations. This is why resolution is not a concept as useful for preparative
purposes as for analytical ones.

INTRODUCTION

Recently a number of theoretical studies have appeared on the effect
of sample volume in preparative liquid chromatography. Generally, all
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the given relationships implicitly assume the linearity of the chromato-
graphic process. Furthermore, the preparative concepts are sometimes
erroneously defined and the simplifying assumptions often not clearly
understood. However, the topic was rigorously broached for preparative
gas chromatography as early as 1961 by Pretorius et al. (/) and then by
Reilley et al. (2, 3).

Our present purpose is to discuss the useful results concerning the
effect of sample volume on the main chromatographic parameters (base
width, apparent plate height, resolution, and purity) in linear preparative
chromatography. At first glance, one more paper on the subject could be
considered as uninteresting. We feel that the parameter definitions and
the validity of the relationships should be set more clearly. It must be
noted that the rigorous relationships are not more intricate than the
commonly used simplified ones.

APPARENT PLATE HEIGHT

If the chromatographic process is linear, the output profiles can be
advantageously described by their first two moments, defined in Ref. 4.
By means of the moments, the analytical peak (impulse response charac-
terizing the intrinsic behavior of the process) is defined by the retention
volume Vi (Vg = M,: first-order moment) and the standard deviation
o (6 = /M,; M,: second-order centered moment). The plate number N
and the height equivalent to a theoretical plate H are in turn defined by

VR2 (M1)2 o’ _ M,
N_a'z— M, "’ H-LVRZ_L(Ml)Z

. The first two moments of a ¥, width pulse-shaped injection profile
(process input) are respectively V,/2 and V,?/12.

As long as the chromatographic process behavior is linear, the moments
of the column output profile (pulse injection response) can be derived from
the preceding ones by mere addition (5):

2

V,
P B
Mz--cr+12

Vi
M1’=VR+§9’

The apparent plate number N’ and the apparent plate height H’ are
defined by
(M)’

MZ’
N' =-——+ and H =L—=
M, (M/)?
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H' (or N') can be rigorously calculated in terms of H (or N), V, o, and
Vo:
H N Vi® o + V12

H N~ 6% (Vg + Vol2)

If V, is small with regard to V%, a simple relationship is obtained:

H N Vo2/12 Vo
ﬁ‘ﬁ-(” P )(I“VR )
In particular, in analytical chromatography, if a loss of % in ef-

ficiency can be tolerated, a volume V; equal to /0.1200 = \/0.12a(Vg//N)
can be injected. If « is equal to 109, V, is close to o.

BASE WIDTH

The chromatographic parameters can be estimated from experimental
profiles numerically or graphically. In the case of such a graphic calcula-
tion, the chromatographer often uses the base width W defined as the
distance between the intersection points of the inflection tangents and the
base line. W appears in the internationally accepted definition for resolu-
tion (6):

e - Ar2 = Var)
g = W2 = Vo)
W, + W,

From now on, the analytical peaks are supposed to be Gaussian. Then
W = 4g. The shape of a pulse response profile is dependent on the value
of V, in comparison with g, as is clearly shown in Ref. 7:

If V, is larger than 40, the output profile exhibits a plateau related to the
injected concentration C,.

If V, is smaller than 40, the output profile does not show a plateau any
more and its apex concentration is less than C,. Consequently, if W’ denotes
the base width of a pulse response profile, the expression of W' in terms
of V, depends on whether V, is larger than 4o or not.

If V, is larger than 4o, W’ can be derived according to Fig. 1: the inflection
tangent slope, given by the Gauss function, is equal to 1//2na. Hence

W =V, + 0/2n )

If V, is smaller than 4o, Relation (2) is no longer valid. In that case, W’
can be numerically calculated. An expression obtained by least squares
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FiG. 1. Gaussian impulse response and the corresponding step response.

can be proposed:
Vot
W' = 4c¢| 1 + 004-0-:2— 3)

Reference 7 gives the following formula for this case:
W'=4c + V, C))

This formula leads to a 309 error for V, around 2.5¢. As a consequence,
the relation between H' and H proposed in Ref. 7 is

H w' 2

7= (77
which has been derived from (4), and is a poor approximation. Moreover,
the authors have put H' = LW'?/16V 2, which is not rigorous since the
output profile, equal to the difference between two shifted Gauss function
integrals, is not Gaussian. So the exact (and very simple) relationships
to keep in mind are (1), (2), and (3).

RESOLUTION

With the help of Formulas (2) and (3), the effect of ¥V, upon resolution
can now be studied. In the following, three cases are considered with
regard to the standard deviations o, and g, of both compounds. o, is
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assumed to be larger than (or equal to) o, which is almost always the case.
In our opinion, the following discussion has never been clearly developed
up to now.

For V, < 4o,:

VR2 - Vm

V02 (5)
2(0; + az)(l + 0.04 0_10_2>

Rs' =

When V, goes down to zero, Expression (5) becomes the classical resolu-
tion formula between two Gaussian analytical peaks:

=VR2“VR1
2o, + 03)
For 40, < V, < 4o0,:
Ve = V,
L YN
20'1+ o, + 2+ 082

Equation (6) is numerically more difficult to use. Furthermore, this case has
a less wide scope, since o, and o, are of the same order of magnitude. This
is why it will not be developed further here.

For ¥V, > 4o,

VRZ - VRI

Rs' = o
Vo +\/5(a, + o)

M

MAXIMUM SAMPLE VOLUME

The maximum sample volume V,  , that can be injected in linear pre-
parative chromatography, can be calculated by putting Rs’ = 1. This
leads to the following.

If Vo, <doy:

Voun = 5\/0'10'2(RS -1 (®)

in which Rs is the analytical resolution.
If vy, = 40,:

Voua = V2 = Vi _\/g(al + 63) = 2y + 02)<Rs —\/7-;) )
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In practice, the conditions V,,, < 40, and V,,, > 40, are not con-
venient to use, since they can be met only after calculating V;, by means
of (8) and also of (9). They can be replaced by conditions on the analytical
resolution Rs. Numerical calculations have shown that for a ratio ¢,/0,
less than 2, the choice between relationships (8) and (9) can be taken
according to the Rs value only. These calculations have also shown that
relationships (8) and (9) allow ¥, to be obtained with a precision better
than 39, even in the case 40, < V,,, < 40,. Finally V,,_is given by the
following.

Forl < Rs < 1.3:

Vo = 5J0,0,(Rs — 1) ®)
For Rs > 1.3:
Vou. = 2(a, + a,)(Rs — 0.63) 9)

Most often, these two cases are not distinguished in the literature (8, 9),
where the following single expression is to be seen:

Volln = Vg2 — Vg1 — 20061 + 03) = 2(0; + 0)(Rs — 1) (10)

We personally used this expression in (4), (10), and (11). However, Coq
et al. (9) are right to mention that the term (¢, + 6,) may become neg-
ligible in certain cases. The better known relationships (10) can therefore
be kept, but it is worth keeping in mind that it comes from a different
and stricter definition for resolution:

VR2 — VRI

RS = 26, + o)

PURITY

In the case of a binary mixture separated into two fractions 1 and 2
(let V. be the elution volume at which the effluent is cut between the two
fractions), the impurity ratios 77, and 77, can be defined as Pretorius et
al. (1) properly did:

Q2 Ti Ql
A L=="""7
Qo, — & Qo, — 2;
where Q,, and Q,, denote the injected amounts of each compound. @,
is the amount of Compound | contained in Fraction 2, and Q, is the
amount of Compound 2 contained in Fraction 1 (Fig. 2). For more
convenience, Ti; and 7i, can be rewritten in terms of n; = Q,/Q,, and

Ti1=
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FiG. 2. Definition of impurity ratios Ti; and Ti; for two partially overlapped
peaks separated into two fractions:

o Qs . (o)
Th=e-0 ™~ g,-0,
N2 = Q2/Qo,:
, Co M2 . Co Ny
Ti, = 2 —"—, Ti, = = —— 11
! Co, I — 1, ? Cozl—ﬂz (n

ny and 5, are convenient intermediate variables since they are also con-
cerned with the expression of recovery ratio Tr (10), defined as the ratio
of the recovered quantity Qr to the injected quantity Q, of a compound.
So we obtain

Tri=1-n;y, Try=1-n,

With Gaussian analytical peaks for both compounds, 77, and 7%, can
be numerically calculated from knowledge of the second integral of the
Gauss function:

1~
= —z%/2
S(x) = J_wj‘_we dz dy

x is a normalized and centered variable. We have tabulated the values
of S(x) for x ranging from —4 to 0 (Table 1). #, and #, are expressed with
the function S(x) by

_ 0y Vei + Vo — V. Vei — Ve
= Vo{s( ! ) S( gy (12)

<Y
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TABLE 1

0= L[

X S(x) x S(x)
—4 0.000007 —-2.0 0.008491
—3.9 0.000011 —1.9 0.011055
—3.8 0.000017 —1.8 0.014276
-3.7 0.000026 —-1.7 0.018288
—3.6 0.000039 —1.6 0.023242
—3.5 0.000058 —1.5 0.029307
—34 0.000087 —1.4 0.036668
—3.3 0.000127 —-1.3 0.045528
—32 0.000185 —1.2 0.056103
-3.1 0.000267 —1.1 0.068620
-3 0.000382 —1.0 0.083315
—-2.9 0.000542 —0.9 0.100431
—2.8 0.000761 —0.8 0.120207
-2.7 0.001060 —0.7 0.142879
—2.6 0.001464 —0.6 0.168672
—2.5 0.002004 —-0.5 0.197796
—2.4 0.002721 —0.4 0.230438
23 0.003662 —0.3 0.266761
—2.2 0.004887 —0.2 0.306894
—2.1 0.006468 —0.1 0.350935

0 0.398942

02' ]c ]RZ Ic ]0 ]RZ
N, =<+ S{ —=} - §| ——————== 12
2 Vo ( Gy ) ( a, ( )

When V¥, is larger than 40,, the second term between the brackets is
negligible. Relationships (11) and (12) are very important in practice since
they allow the numerical computations of the impurity ratios very easily
from the analytical and V, data only.

As a practical example, the case of ¥, equal to V,,, (Rs" = 1) will now
be dealt with. In that case, the inflection tangents intersect each other on
the base line at the elution volume:

V w; Vo W)
R R S S

It is convenient to take this elution volume for V,. The values of Ti,
and 7i, have been calculated in terms of ¥, and the g,/ ratio, for an
equimolar mixture (Cy, = C,,). The results are given in Fig. 3. This figure
shows us that the impurity ratio decreases as V,, increases, although the
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FiG. 3. Variations of the impurity ratios (77, and 7i,) with the sample volume

Vou defined by Rs’ = 1. Binary mixture separated into two fractions, 1 and

2. Gaussian impulse responses (standard deviations: o, and o;). Pulse-shaped

injections: C,, = Co,. With the choice of the reduced variable ¥,,,,/72, the
dashed curve also depicts Ti; whatever the o,/0, ratio.
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preparative resolution Rs’ remains equal to unity. For the lowest V,
Ti, and Ti, go up to the well-known Gaussian impurity ratio (2.3 for
Co, = Co,)- For the largest V,,, (V,,, > 40, or even Rs > 1.3) expres-
sions, Ti; and Ti, reduce to

. Gy, 0, E . Gy, 0y T
Ti; = Co. Vo S( \/2> and Ti, = CO; -I;; ~\3
s(—\/g) = S(~1.25) = 0.05

It results from this figure that, for a given resolution, the purity is
always better in preparative than in analytical chromatography. This fact
makes it feasible to get material of high purity even in the case of poor
preparative resolution.

In the Appendix the reader will find an illustrative example of impurity
and recovery ratio calculations using the foregoing relationships.

Finally the fact that, in preparative chromatography, the impurity ratio
varies with both resolution and sample volume has to be underlined
again. In other words, for a given resolution, the impurity ratio is not con-
stant as in analytical chromatography (see the initial horizontal slope of
the curves in Fig. 3). As a matter of fact, and in agreement with Conder
(12) and Guiochon (/3), it appears that resolution is not the most suitable
concept to define the purity constraint in preparative chromatography.

APPENDIX: EXAMPLE OF IMPURITY AND
RECOVERY RATIO CALCULATIONS

The numerical chromatographic data for this example are based on the
following actual experimental separation conditions.

Solute 1: resorcinol (C,, = 1072 M)

Solute 2: phenol (Co, = 5 x 1073 M)

Column: 25cm x 7.6 mm (3/8 in. 0.d.)

Stationary phase: Lichroprep RP 8 25-40 um (Merck, Darmstadt-
RFA)

Mobile phase: methanol-water (65:35 v/v)

An analytical injection gives
Ve = 9.1 mL, o, = 0.34 mL
Vg = 11.7mL, o, = 0.44 mL
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Analytical resolution:

VRZ - VRI

Rs = 2o, + 03)

=167 (Rs>13)

Sample volume corresponding to Rs’ = 1:

Vo, = 20, + 02)<Rs - \/’—é) = 1.62mL

Resorcinol base width resulting from a ¥y, injection:
W{ = V,,. + 0,21 = 2.47mL

Cut volume:

’

v, w
V,= Ve, +—92&+T‘= 11.15mL

Intermediate ratios n, and #,:

_ 01 Vei + Vo, — Ve _ Ver — Ve
= VO[S< 51 S oy

= ‘;’71 [S(—1.25) — S(—6.03)]
0

_ 02 Ve — Vg2 V. - Volln — Vra
= VO[S< 0, ) S( o2

- ‘I’_}[s(_ 1.25) — S(—4.93))

Table 1 shows that S(—6.03) and S(—4.93) are negligibly small, so

= 2L §(~1.25) = 1.05 x 10~2
Vo

N, = 725(—1 25) = 1.36 x 1072

Impurity ratios:

, Coz N2
T = Co, 1 = my

C01 ’1
= 2.19
Coz 1 -1, %

= 0.7%

Ti, =
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Recovery ratios:

Try =1 — 5, = 99.0%
Tr2 = 1 - 112 = 98.6%

Acknowledgments

The authors would like to acknowledge Professors G. Fournet and
R. Rosset and Dr. M. Caude (E.S.P.C.1., Paris) for interest taken in this
work and helpful discussions.

REFERENCES

P. C. Haarhoff, P. C. Van Berge, and V. Pretorius, Trans. Faraday Soc., 57, 1838
(1961).

C. N. Reilley, G. P. Hildebrand, and J. W. Ashley, Jr., Anal. Chem., 34, 1198
(1962).

J. W. Ashley, Jr., G. P. Hildebrand, and C. N. Reilley, Ibid., 36, 1369 (1964),
P. Gareil, L. Personnaz, J. P. Feraud, and M. Caude, J. Chromatogr., 192, 53
(1980).

K. Yamaoka and T. Nakagawa, Anal. Chem., 47, 2050 (1975).

A. S. Said, Sep. Sci. Technol., 13, 647 (1978).

R. A. Barford, R. McGraw, and H. L. Rothbart, J. Chromatogr., 166, 365 (1978).
R. P. W. Scott and P. Kucera, lbid., 119, 467 (1976).

B. Coq, G. Cretier, C. Gonnet, and J. L. Rocca, Chromatographia, 12, 139 (1979).
P. Gareil, L. Personnaz, and M. Caude, Analusis, 7, 401 (1979).

P. Gareil, G. Salinier, M. Caude, and R. Rosset, J. Chromatogr., To Be Published.
J. R. Conder and M. K. Shingari, J. Chromatogr. Sci., 11, 525 (1973).

B. Roz, R. Bonmati, G. Hagenbach, P. Valentin, and G. Guiochon, Ibid., 14,
367 (1976).

Received by editor June 11, 1980



