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NOTE

Distillation vs. Chromatography: A Comparison
Based on the Purity Index

C. E. CLOETE and K. DE CLERK

CHROMATOGRAPHIC RESEARCH UNIT OF THE SOUTH AFRICAN
COUNCIL FOR SCIENTIFIC AND INDUSTRIAL RESEARCH
DEPARTMENT OF PHYSICAL AND THEORETICAL CHEMISTRY
UNIVERSITY OF PRETORIA

PRETORIA, REPUBLIC OF SOUTH AFRICA

Abstract

The ratio of the number of theoretical distillation plates to chromato-
graphic plates needed to achieve the same separation is shown to depend
on the proposed purity index I, the relative volatility e, and k,, the mass
distribution coefficient of component 1.

Rony (Z) recently compared distillation and chromatography in
terms of his extent of separation (2). A more general measure of separa-
tion, based on the entropy of separation, has since been proposed (3).
This measure, termed the purity index I, will be used in the present note
as the basis of a comparison of the analytical efficiencies of distillation
and chromatography, and it will be shown to differ significantly from
Rony’s results in that it shows a marked dependence on the mass dis-
tribution coefficient.

The purity index I is defined by

I = —0.25log nm2 (1)
where #; is the impurity ratio (4) for the ith component. Since (see
449
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Fic. 1. Ilustration of fraction separation in relation to cutpoint z..
Fig. 1)
m = na/nu (2)
and
2 = Tz/Nas (3)

the purity index I for a single binary equilibrium stage is obtained as

Ny e

I, = —0.25log (4)
T2 M1

= 0.25 log ks/ks (5)

= 0.25log (6)

where « is the relative volatility.

Consider the countercurrent multistage system shown in Fig. 2. The
stages are numbered in the direction of flow of Component 1; for dis-
tillation Component 1 will be the more volatile and Component 2 the
less volatile component.

Analogous to Rony’s use of Klinkenberg’s (§) procedure for obtaining
the conservation-of-mass equations, the material balances and equilib-
rium conditions yield the following expression for the general case of
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partial reflux

[k — 1) + (ru/Tupr) (k2 — k™) ]
L™ — 1) + (ro/Twsn) (b1 — F™) ]

(klm —_ kln-}—m) + (re/re-}-l) (k1n+m—l -_ klm)
(kg’” _— k2n+m) + (re/re+l) (k2n+m—l _— k2m)

The reflux ratios r for the extraction section and washing section
are defined by

Id partial reflux = —0.25 lOg

(M

re+1 _nu(n4m—1)

= 8
Te 7’L12(n + m) ( )
and
Tw + 1 n12(1)
=— 9
e i) ®
respectively.

At total reflux (r. = r, = 0) and equal numbers of washing and
extraction stages (n = m), Eq. (7) reduces to

I; total reflux = 025(2’ﬂ - 1) IOg o (10)
For no reflux (r, = 7, = 0) and n = m, I no rertux 1S Obtained as
14 no retlux = 0.256n log [/ (11)

The elution curve in linear chromatography is given by the Gaussian
distribution

Ci(z,t) = i exp [— (Z—_ZIX] (12)

(27)2q; 202

n. F

REGION I\ l

niy (0) N (nem-1)

4 \
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Fia. 2. Definition of terms for a countercurrent multistage system.
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where C; = concentration of ¢th component, z = axial distance co-
ordinate, z; = position of distribution mean of ith component, m; =
area of peak, and ¢; = standard deviation of the ith peak.

The impurity fractions #; and g, then follow as

mo[1 — erf (Z/v/2)]

™7l + erf (ZyA/2)] (13)
and
_mll = erf (Zyv/D)] (14)
™7 mll + erf (Z/v/2)]
where
z, =% ~ 4 (15)
and
Z, = 2" % (16)

It has not been possible to determine an analytical expression for the
cut point z, which would maximize the purity function 7, and a numerical
analysis appears to be indicated. For the present purpose, however, it is
deemed sufficient to determine z, from a simpler condition which promises
at least qualitative agreement with the above requirement, viz., that cut
point which yields equal impurity fractions for both regions, i.e.,

m=n (17)
The extent of separation I, can then be written as
{1 — erf [z, — 21/0(8)"]}
{1+ erf [22 — z1/0(8)12]} °

The dimensionless parameter (2 — 21)/a(8)!? can be written more
conveniently in terms of time units as (6)

I, = —0.5log (18)

22— 2 tb—1h
o (8)12 = o0y (8)12 (19)

where ¢, and I, are the retention times of the two components and o, the
standard deviation of component, measured in time units.
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From the relations

t; = 11 + ks) /u (20)
oy, = ai(1 + ki) /u, (21)
H, = o/l (22)
and
N, = UH, (23)
it follows that )

[1 — erf (No/8) ][ (e — Dk/(1 + k) ]

I,=—051 24
[ ¥ et (V/8) (e — Do/(L+ k)] )
For close separations, i.e., « close to unity,
. 1/2 — Dk G 12 _
erf (N—> (o= Dk L ~<]—V-> (___a DL (25)
8 1+ k) 27 14+ k)
since (7)
2
erf x -:» ()17 (26)

Equation (24) becomes

- - AN (a—l)kl}_ { (&)‘”(«r—lm}]
I = =05 [l"g{l <2w> TETSY A WA U Brern
@)

By using the approximation Inz ~z — 1 for z ~ 1, Eq. (27) re-
duces to

1 N \2 — Dk
= ——— (___> E__)_l (28)
2.303 \27 (14 k)
To the same approximation Egs. (11) and (10) become, respectively,
0.25
I no reflux = 7 . -1 2
d f1 2.303 n(a ) (29)
and
0.25
Id total reflux = (2n - 1) (a - 1) (30)

2.303
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Equations (28), (29), and (30) now make possible the comparison
of chromatography and distillation for the case where the purity index 1
is taken as a measure of the analytical efficiency. For analytical purposes,
yield is, per definition, of trivial importance, and the appropriate index
for distillation would therefore be the one which corresponds to maxi-
mum analytical efficiency, viz., I total reflux-

The ratio of the number of theoretical distillation plates N4 to chro-
matographic plates N, needed to effect a separation with the same
efficiency I is given by

&_2@—1)( 2 )2

= 1
N, 2303l \1+k (31)

forNg=2n(n=mn>1).

It is apparent from Eq. (31) that the ratio Na/N, depends on I, o,
and k;. An important difference from Rony’s results is noted in the
marked dependence of N4/N, on k;. This causes the ratio to vary by a
factor 4 as k, varies from k; = 1 to k; >> 1, and shows that large errors
can be incurred in the calculation of the number of theoretical chro-
matographic plates equivalent to a given number of distillation plates,
and vice versa, if this dependence is not taken into account.

SYMBOLS
o relative volatility
‘ concentration of 7th eomponent
7 impurity ratio for ¢th component
H, height equivalent to a theoretical plate in chromatography
I purity index
k; mass distribution coefficient of component 7
l column height in chromatography
m number of stages in extraction section
m; area of chromatographic peak of component 7
n number of stages in washing section
Nij number of moles of species ¢ in region

Ng plate number in distillation

N, plate number in chromatography
Te reflux ratio for extraction section
Tw reflux ratio for washing section
a; standard deviation of 7th peak
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o, standard deviation of component  in time units
i retention time of component, ¢
z axial distance coordinate
2, position of cutpoint
2 position of distribution mean of ¢th component
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