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SUMMARY

Optimal recycling would demand zero extra-column band broadening con-
nections, but it can be shown that under realistic conditions, even far from the op-
timal, resolution is always increased if the cycle number is sufficiently large. How-
ever, this cycle number is limited by the condition that the first eluted peak should not
re-mix with the last one. For this reason, recycling of complex mixtures without frac-
tion collection is very limited, if not impossible, but the potential of recycling a mix-
ture of two closely eluted compounds is excellent.

In such a case, recycling shows well known advantages in pressure and column
length over one-cycle systems giving identical resolution and analysis time. It also
displays interesting advantages in analysis time and dilution over one-cycle systems
working at the same pressure. Experimental characteristics of recycling under
analytical conditions with a Waters M6000 pump and under preparative conditions
with an Orlita MS 15-7-7 pump are given and compared with calculated results.

INTRODUCTION

Recycling was originally suggested for use in gas chromatography?, where it
was never used in practice because of technical difficulties and lack of incentive. It
was introduced for the first time in liquid chromatography by Porath and Bennich in
19622 as a new principle for increasing the effective bed height without the use of ad-
ditional packing material. In this technique, the column eluent is re-pumped through
the column instead of mobile phase taken from the reservoir, and the sample is thus
analyzed several times on the same column, so that the resolution between its com-
ponents can be increased.

Since its introduction, the advantages of recycling have been widely used in gel
filtration and gel permeation chromatography. In this case, the span of retention is
very narrow and long columns are therefore necessary in order to achieve separa-
tions, but it is impossible io use long columns at relatively Iarge mobile phase veloci-
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ties because the gel packings cannot stand large pressure drops, even if the pressure
gradient is moderate. Thus recycling offers a practical solution. This technique has
also been found useful in high-pressure size-exclusion chromatographvs—“ and even
in high-pressure liquid-solid chromatography®-'s. -

Recycling has generally been used to achieve the large number of theoretical
plates required to obtain a satisfactory resolution of closely eluted components such
as diastereoisomers'2-*4. Today, however, the davelopment of efficient techniques for
packing columns with very small particles (5-20 gzm) makes possible the achieve-
ment, in a reasonable time, of large plate numbers (séveral tens of thousands or even
several hundred thousand plates'® while using relatively moderate pressure drops.
Hence, it is guestionable whether recycling is needed any longer in common practice.
One of the aims of this paper is o help to clarify this point.

Recycling is frequently applied to preparative chromatography?-5—7-11-13_ In
this instance, only a fraction of the sample of major interest is recycled while the other
fractions are collecied when they leave the column. It appears that this technique has
great flexibility and can be adapted for each different sample. The total performance
of a recycling separation will be affected by this succession of recycling and collection
operations. A mode: taking into account all of these possibilities would be too com-
plex, and therefore in this paper we consider only continuous recycling, fraction col-
lection being carried out only at the end of the recycling process. Such a model is
mainly applicable to analytical recycle chromatography, or to the preparative sepa-
ration of closely eiuted isomers. The essential differences between preparative and ana-
Iytical recycle chromatography will be indicated.

‘Before considering the application of recycling in liquid chromatography, we
shall discuss its main characteristics and describe two types of recycling techniques.

EXPERIMENTAL TECHNIQUES FOR RECYCLING CHROMATOGRAPHY

The simplest recycling technique?-3-!! consisis in connecting the detector out-
put with the pump inlet, as shown in Fig. 1. The sample, introduced in the injection
port, percolates through the column and the detector and is then recycled via the four-
port valve through the pump into the column. For recycle operation, the valve is in
the position of the dotted line and for collection in the position of the full line. The
scheme illustrated is very simple. Several other multi-port valves can be used for flush-
ing, disposal to waste and other purposes, but in these instances the basic principle
of recycling remains the same: it is the closed-loop pumping approach or the direct
pumping approach. -
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Fig. 1. Schematic diagram of a direct pumping {closed-loop) recycling apparatus.

Pump



- RECYCLING IN HPLC 19

Datector 2

Datecdtor 4
Column 2 Ccolumn 1
Pump
Solvent 1
Supply |

Fig. 2. Schematic diagram of an alternate pumping recycling apparatus.

The other method was presented by Biesenberger and co-workers® %, and adapt-
ed to high-performance liquid chromatography (HPLC) by Henry er «l.'>. Fig. 2
shows a2 schematic diagram of this version, termed ‘“‘alternate pumping” recycling.
In this configuration, two nearly identical columns, two detectors or one dual-cell
detector and one six-port, two-position valve are needed. In the actual full-line configu-
ration in Fig. 2. the sample flows from the injector to column 1, detector ! and through
the valve to column 2 and detector 2. When ali of the sample is in column 2, the valve
is switched so that column 2 becomes upstream of column 1 and the sample can re-
turn to column 1. To minimize the contribution of the injection to band broadening,
the injector can be set between the valve and the column, near the last one.

In recycle operation, the extra-column contribution to the peak broadening
must be kept low for eptimal performance. From this point of view, as the pump
contributes much more to band spreading than do connection tubes and valves'’,
alternate pumping recycling is interesting compared with closed-loop recycling as
the pump is not included in the sample circuit. It should be noted that for this reason,
all types of chromatographic pumps are compatible with alternate pumping recyang,
whereas in closed-loop recycling only alternative pumps with low chamber volumes
can be used because of their relatively small peak broadening contribution. On the
other band, ‘there are twe detector cells and longer tubing in alternate pumping re-
cycling. Furthermore, for identical performances, each of the iwo columns, should
be similar to that used in closed-loop recycling, hence the pressure is twice as large.

In the following, we discuss mainly closed-loop recycling, but the theoretical
considerations and conclusions can also be applied to aliernate pumping recycling
with only minor amendments.

CHARACTERISTICS OF RECYCLING

Reselution after n cycles -
The aim of recycling is to increase the resolution between the components of
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a sample and it is therefore interesting to calculate the variation of the resolution as
a function of the cycle number. For this purpose we shall consider a two component
system.

Let Vg, and Vp, be tne retentton volumes of peaks t and 2 aftera single pas-
sage through the column, i.e., the volumes of the mobile phase flowing through the
detector between sample injection and passage of the maxima of peaks 1 and 2 in
the detector, respectively; let 6%, and o7, be the volume variances of these peaks after
a single passage, i.e., the time variance multiplied by the flow-rate, which is assumed
to be constant throughout the analysis. The resolution, R, between peaks 1 and 2
after their first passage through the detector is®*-*

_ Ve —Vp
R =5 ton T 0. M

We shall neglect the contribution of injection to peak width and assume that
62, and o2, are the sums of the contributions of the column and detector only to the
peak variance. Let V, be the extra-column voiume, that is, the volume of liquid phas¢
m the apparatus between the outlet of the detector and the inlet of the column, and
2 the contribution of this extra-column part of the apparatus to the volume variance
of the peaks (it is the same for the two peaks). The retention volumes after » cycles,
i.e., after n passages through the column and » — 1 passages through the extra-
column volume, for peaks 1 and 2 are, respectively

Vl.n = nVRl + (’t — 1) VA (2)
VZ.n = ”Vm + (n —_— 1) VA . (3)

and the volume variances are

62, =nch +(@n—1) o 4)
03 = NG5 + (n — 1) 0} 3)

From eqgns. 2 and 3, the difference between the retention volumes of the two peaks
increases proportionally to the cycle number, as the two peaks spend the same fime
in the extra-column part of the apparatus. This is shown on a schematic illusiration
of a recycling chromatogram in Fig. 3, where it appears also that, because of the
increase in the peak widths, the maximum peak conceptration decreases as the cycle
number increases. -

The resolution R, affer n cycles is then

n(Vg:— Vi) ’ - ©)
2 (Vne?, + (n— 1) o + Ve, + (n—1) 63l

1: 1

Variation of resolution with n
Whether R, is greater than R, or not depends on the actual values of n, 62,

¢2,, ¢%,. One can show, however, that R4 is always greater than R,,, ptovzded thaf: n
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cycle n-2 cycte n.i cycle n

" Fig. 3. Schematic illustration of a recycling chromatogram.

is greater than 1. This means that although R, can be smaller than R;, the resolution
increases continpuously after the second cycle. Comparison of eqns. ! and 6 shows that
R, is greater than R; if the following condition is fulfilled:

1
0.;24_ < Z {("z - 1) (Gcl. + Gcz)z + 4‘3":1 O'cz] (7)

The derivation of this condition is lengthy but straightforward.

These results can be applied to alternate pumping recycling if n represents the
number of passages through any of the two columns assumed to be identical, and ¢
the contribution to the peak volume variance of the connecting tubes and the valve
tubings between the outlet of one detector and the inlet of the following column,
provided that the two circuits (from detector 1 to column 2 and from detector 2 to
column 1) are identical.

Egns. 1, 6 and 7 can be simplified if we assume that the contributions of the
column to the volume variance of the two peaks are identical, so that

Gy = Oy = O (8)
Then egns. 1 and 6 become, respectively:

VRZ b Vm
4G,

R, = )

Vez — Vi)

vn(
- T'c}
dal/ %

c

a0

If A is the ratio of the extra-column to column detector contributions to the volume
variance of the peaks:

(11)

]
LIS
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then R, is related to R, by the expression-

2: - Vl—‘/’;_—l_; . — (2
n
and the condition {(eqn. 7) to have R, greater than R, becomes
i<n ' a3

Fig. 4 shows the variation of R,/R, versus the cycle number n for different values
of the variance ratio 4. Obviously, 7 must bs a whole number.

The smaller A, the better is the efficiency of recycling. The best resulis are ob-
tained in the ideal case when 2 is zero; then R, /R, is proportional to 4/n and the reso-
lution is multiplied by 2 after 4 cycles and by 5 afier 25 cycles, as if the column length
were multiplied by the cycie number. When 4 is between 0 and 1, the resolution in-
creases continuously, but more slowly. When 4 is greater than 1, the resolution after
the second cycle is smaller than R,, but then it increases with the cycle number and
becomes larger than R, when 7 is greater than A. Hence Fig. 4 shows that even when
the extra-column sources of peak broadening are relatively important, the resolution
between two peaks can be improved by recycling.

Iy
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e
i
e Pl . - s s n(cyj:::s)h
o 10 20 30 <0 g -2

Fig. 4. Variation of the ratio of the resolution after z cycies (R.) to the moluﬁog after the first
cycle, R, versus the cycle number, n, for different values of the extra-column to column variance
ratio, A. The broken line relates the values in each case of the final to initial resolution ratio and of

the Himit cycle number. N, = 5000; R, = 0.25: x = V/N, (mixing chamber).
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Fig. 5. Direct pumping recycling of an anthracene-phenanthrene mixture. A. Pump: modified Orlita
MS 15-7-7 without damping device. Column: 50cm X 10.7mm; N, = 6200, &k, = 1.7; 0 =94
cm®/min; o, = 2.75cm?; ¥V, = 6.6cm>®; 2 = 4.6. B. Pump: Waters M6000. Column: 50 cm x
10.7mm; Ny = 6200; &', = 1.7; @ = 7.6 c®/min; o, = 1.70cm®; ¥V, = 2.0cm®; A = 1.75. C.
Pump: modified Orlita MS 15-7-7 without damping device. Column: 50cm X 32 mm; N, = 500;

2= 45,0 =9 cm¥min; e, = 41.3cm3; V, = 9.8 cm®; 4 = 0.31. The values next to each pair
of peaks give the resolution. The difference in o, between cases A and C results from the use of dif-
ferent tubings and fittings, and of largely different flow-rates.

The influence of the column and apparatus performances are illustrated in
Fig. 5, which shows three direct pumping recycling chromatograms of a sample of
anthracene and phenanthrene obtained under different conditions. This influence is
better understood if 2 is written as a function of the column parameters: the mean
piate number for the two peaks after the first passage in the detector, N,, the mean
capacity factor, k', the volume fraction of mobile phase in the column, &, the column
length, £, and the column internal diameter, d,.:

46% N,
— 4
Tead2L(1 + K7 (14)

Chromatogram A was obtained with a 50 cm long, I em L.D. column, using
a two-head Orlita pump modified so as to have 2 smaller chamber volume. After
three cycles the resolution is lower than after one, but better than after two cycles.
In this instance, 4 = 4.6. Chromatograim B shows the same separation on the same
column, but using a Waters M60CG0 pump at a slightly different flow-rate. Because of
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the improved exira-column characteristics, owing to the change-of the pump, 4 =
1.75 and the resolution is slightly improved after three cycles. With chromatogram
C, the separation was carried out using the modified Orlita pump and a preparative
column, 50 cm long and 3.2 cm 1.D. The plate number is smaller in this instance than
with chromatogram A, so that the initial resolution .is also smaller, although the
capacity factors are increased (different silica gel). Owing to the decrease in the plate
number and to the increase in the capacity factors and the internal diameter of the
column, the 2 ratio with chromatogram C is much smaller (4 = 0.31) than with A, so
that the resolution increases by a factor of 2 after five cycles.

The strong dependence of 4 on the internal diameter of the column explains
why recycling is particularly interesting in preparative chromatography. It should
be noted that the previous equations also appiy to preparative chromatography
provided that the column peak broadening is independent of the concentration of
the compounds.

Fig. 4 indicates that any given resolution could be achieved, even with very
poor apparatus, provided that the cycle number is suficiently large. Unfortunateiy,
it is not possible to increase the cycle number indefinitely.

Limit cycle number and final resolution -

In Fig. 3, one can see that the resolution between peak 2 at cycle n — 1 and
peak 1 at cycle n always decreases when the cycle number increases. This effect
occurs because the total volume of the system is limited and the first peak will eventu-
ally overtake the second. For instance, in Fig. 3, the resolution between peak 2 at
cycle n — 2 and peak I at cycle n — 1 is about 2, while this resolution after one
more cycle is only 1.25. Thus, re-mixing of the two peaks occurs after a given cycle
number. The corresponding resolution will be termed “re~-mixing resolution™.

We shall consider that it is not possible to recycle further the sample if the re-
mixing resolution becomes smaller than a given value, R.,. This defings the limit
cycle number. There are some other possible definitions of this number. For example,
we can consider that this limit is achieved when the sum of the volumes of the peak-

half widths and of the peak separation corrected for the retention of the solutes is
equal to the volume of the system?-12-'4, This definition is simiiar to the precedent for
the particular case where R.., — 1. Another possibility is to define the limit cycle
number by the condition that the re-mixing resolution becomes equal to the resolu-
tion of the two peaks in the same cycle®®. When this generally increases the limit cycle
number for difficult separations, it also leads to a large re-mixing, which is generally
not wanted.

Hence the limit cycle number is defined as the maximum cycle number for
which the following condition is fulfilled (¢f., egns. 2-5):

pvln Van P _
201+ 03 . 1) Tem -

(i3

If ¢ is the ratio of the extra-column volume of the apparatus, V, to the retention
volume of the second peak, Vpg,:

Vi

_ 16
E= (16)
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the inequality 15 can be written using egns. 2-5, 8, 9 and 11, so the limit cycle number
is the solution of

‘/’?W . 14;2}'+V(1 —{—7‘.)__::;.] - VSZEIR?,::) o Ril
an

If we assume that n is sufficiently large, so that [1 4 22]/In(1 + A)] is negligible com-
pared with 1, eqa. 17 can be solved and the limit cycle number, 7y, is given by

RZ RN, 1+
e =1y [ |14 BB 1

The final resolution, R,,,_. at the limit cycle number is calculated by using egns. 12
and I8: -

” - -
7 —l} (18)

From eqns. 18 and 19, the greater the value accepted for the re-mixing resolution,
the smaller are the limit cycle number and the final resolution. If all other things re-
main unchanged, ny;,, and the corresponding resoluticn are larger if the column
plate number is larger, if the initial resolution is smaller, if the extra-column to column
variance ratio is smaller and if the exira-column to column volume ratio is greater.
In other words, the smaller the contributions of the column and of the apparatus to
the whole sample peak width (not the width of the individual component peaks)
compared with the volume of the system, the greater is the limit cycle number and
hence the final resolution. It should be noted, however, that the column plate number,
the initial resolution and the ratios 4 and g are generally not independent of each
other. For instance, a change in the plate number of a column results in changes in
the initial resolution and A. For identical column characteristics, 4 and x are generally
not independent, as an increase in V4 often causes an increase in 63. In direct pumping
recycling, the main contribution to ¥, and 63 is due to the pump. The relationship
between V. and 63 is a function of the pump type; in our experiments, it was also
found to be a function of the flow-rate. Depending of the flow-rate, the pump can
behave better or worse than a complete mixing chamber for which6, = V. A similar
phenomenon occurs for connecting tubing!’.

However great the limit cycle number, the recycling will be efficient only if the
final resolution is greater than the initial resolution, that is, after egns. 12 and 19, if
the following condition is valid:

e o2 (R + Rew) @0)
1+24 ° uw;

In this instance, the limit cycle number is greater than A.
The dotted line in Fig. 4 joins the points corresponding to the final to initial
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resclution ratio and the limit cycle number, on the different curves (various values of
-'%), assuming an initial resolution of 0.25, a column pilate number of 5009 and that the
_extra-column part of the apparatus behaves like 2 mixing chamber. The final resolu-
tion varies from 1.66 to 0.52 and the Iimit cycle number from 44 to 25 when 2 increases
from 0 to 5. '

. Table f shows the values of n;;, and R, obtained for different vaiues of the
initial resolution, the column plate number and the accepted re-mixing resolution
in the ideal case where 4 and g are zero. These values were calcufated from egns. 18
and 19. Obviously, only whole number for n;;,, are meaningful and the condition 15
will be satisfied if the recycling is stopped after the whele numbers in Table I, ignoring
the decimal part. It should be noted that in all instances, even for the small values of
the limit cycle number, when the approximation made to solve eqn. 17 is not too
good, the values calculated using egn. 18 do not differ by more thar 0.3 from numer-
ical solutions of eqn. 17 and are always smaller. As only whole numbers for iy, are
expected, egn. 18 is satisfactory in all instances.

The values in TableI are larger than those achievable in real situations,
where 4 and g are different from zero. Table I gives the values obtained for two extra-
column systems representing well designed configurations for alternate pumping
(system A: 6, =0.05cm? ¥V, =0.1cm? and closed-loop recycling (system B:
s =0.5cm? V, = 2 cm®). The column dimensions are 50 cm X 4 mm, the total
porosity e, is 0.85, the initial resolution is 0.25 and the capacity factor of the second

peak is 2.

TABLE II

LIMIT CYCLE NUMBER AND FINAL RESOLUTION FOR REAL SYSTEMS
Ry = 0.25; Rcs = 1.5, Column: S0cm X 4 mm; &, = 0.85; &', = 2. System A: 6,4 = 0.05 cm;
V.=0.1cm’ System B: 64 = 0.5cm>; V, = 2cm®.

Ny Parameter System A System B
1000 Myym 11 9
Risn 0.83 8.55
10,000 My 54 21
Rtln 1.76 Q.35

System A behaves like an ideal system for a plate number of 1000 and similarly
for 10,000 plates. On the contrary, for system B, the limit cycle number and the final
resolution are much smaller than for an ideal system. It should be observed that the
value of the final resolution is smaller for the 10,000 than for the 1000-plate column,
although the limit cycle number is greater for the former column. This is because the
relative contribution of the apparatus to the peak broadening is much greater in the
10,000-plate column, in spite of the fact that the components to be separated are
more closely eluted on the column with the iargest plate number, as the initiaf resolu-
tion and the capacity factor of the second peak are assumed to be constant. The values of
Z and g for the two systems are given in Table HI for the instances discussed in Table IL.

For alternate pumping recycling, it is meaningless to speak of a re-mixing re-
solution, as the components cannot re-mix. When the total sample width becomes too
large, however, a fraction of the sample cannot be recycled and it has to be drained.
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TABLEHI o R

EXTRA-COLUMN TO COLUMN VARIANCE (4) AND VOLUME () RATIOS FOR REAL
SYSTEMS

The columns and extra-column systems are deseribed in Table I1.

N Pgrameter System A System B
1000 2 - 0.00974 0.974
o 4.00624 0.125
10,000 Y 0.0974 .74
& 0.00624 -0.125

Hence, if we wish to recycle all of the sample, the sum of the peak-half widths and of
the peak separation corrected for the retention of the solutes must be kept smaller than
a fraction of the half-volume of the total system. The smaller this fraction, the Iarger
the amount of sample recycled. Such a condition can be written in-terms very similar
to those of a re-mixing resolution. Th..lb, keeping this fact in mind, the previous equa-
tions can be applied to alternate pumping recychnc,.

In preparative chromatography, the situation is much better than that describ-
ed above for both direct pumping and alternate pumping recycling. When pure frac-
tions are collected at both ends of the mixture zone, the sample width is shortened and
the limit cycle number can be increased accordingly. The final resolution is brought to
a higher value, which is favourable. .

Minimum initial resolution

The aim of a recycling process is to bring the resolution between the two com-
ponents fo a given final value, Ry, without re-mixing the compounds. This is not
possible if, for a given plate number, the initial resolution is too small because the re-
mixing appears before the desired final resolution is reached. The values of the mini-
mum initial resolution, Ryn;,, is obtained after egn. 19:

R!‘in . 142

N 1t (Resa + Reer) Qn
b

R.lmin:—_’4

and the necessary cycle number, n..., which is the limit cycle number, is calculated
using eqns. 12 and 21 with the same previous approximation:

_ N, (L + g ‘ '
e = 16 Rem + Runy 11 4 , (22)

The minimum value of the relative retention, o, of the two components is calculated
using eqn. 21 and the Purnell equation for the resolution®:

= k- - (@23)

Zqin =
. 4 +F k) Rymin
&y —

s

v ¥
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F4 %BE;E—’EEE‘

MINIMUM VALUES OF THE INTTIAL RESOLUTION (Ri~,) AND RELATIVE RETENTION
{€mia) TO OBTAIN A GIVEN FINAL RESOLUTION (R} AFTER A NUMBER OF CYCLES
"EQUAL TO THE LIMIT NECESSARY CYCLE NUMBER (n,.) IN AN IDEAF CASE
E=p=0
The an;, valucs are tabulated for £% = 2.

Ny Parameter Rega =1 Rpyn =15
Rem =1 R = 15 R ,=15
500  Ryuen 0.358 0.447 0.805
o 2 1.106 1.136 1.276
Raec 7.8 5.0 3.5
1000 Rymin 0.253 0.316 0.569
Cezin 1.050 1.064 1.121
Poec 15.6 10.0 6.9
2300 Rymia 0.160 0.200 0.360
Conia 1.020 1.025 1.045
Pgee 39.1 25.0 174
5000 Rimin Q.113 0.141 0.255
Cain 1.0097 1012 1.022
Maec 78.1 50.0 34.7
10,000 Rimin 0.080 0.100 0.180
I 1.0048 1.0060 1.011
Rpec 156 100 693.4
25,000 Rimin 2.051 0.063 0.114
Znin 1.0019 1.0024 1.0043
Roce 391 250 174
50,009 B 0.036 0.045 0.020
Gt 1.0010 1.0012 1.0022
Nace 781 500 347

Typical results are given in Table IV in the ideal case (A = ¢ = 0) for different values
of the column plate number and of the final resolution. The & values ara tabulated for
a capacity factor of the second peak, &; equal to 2. Fig. 6 shows the variation of the
minimum value of the relative retention and of the initial resolution versus the column
plate number in the ideal case for Ry, and R, equal to 1. Very closely eluted com-
pounds can be separated if the plate number is sufficiently large, but the necessary
cycle number is also very large.

Higher minimum values of R, and « are generaﬂy obtamed in real sitvations,
as can be seen in Table V, which gives the minimum values of the initial resolution
and of the relative retention and the necessary cycle number using the same two sys-
tems A and B and the same column geometry as previously described (¢f., Tables IT
and ).

‘ The final resolution and the accepted re-mixing resolufion are equal to 1. The
values obtained with system A, designed for alternate pumping recycling, are very
similar to those obtained with an ideal system. With system B, designed for closed-loop
recycling, however, the values of ay, and Ry, are much larger, especially with the
10,000-plate column, as the limit cycle number is smaller.

Recycling and concentration
Ags the cycle number increases, the peak width increases and hence the maxi-



“e75T

2.25 ¢

o ) . i z s

0 = (03 PO 405 T N&

Fig. 6. Vanat!on of the misimum selectivity factor and initial rsollmon to obtain a ﬁnal resolution
of 1 with the column theoretical plate number in an 1deal case (A= =0). Rica = 1; k%3 = 2. The
crosses correspond toza cycle number of 2. . ‘

mum concentratlon of the peak decreases. After the first passage through the detector
: the maxunum concentratlon of the peak, Cpax; IS EIVEII by .-

oo G, \/275 ) B - - o -
if m is. the amount of this compound m_;ected After n cycles, thS concentratmn be-
comes _ ] 7 . S , ,

: ,f»o‘,, \/241,___7 o S co o '
TABLE V -

MINIMU M VALUES OF 'I'I-IE I\IITIAL RESOLU‘E"O\I (R,mz) AND RELATIVE RETENTEON
~(ﬂ'-_nm) TO OBTAIN A FINAL RESOLUTION OF 1 AFI'ER THE LIM_.T NFCESARY CY CLE-
NUMBER (71,.2) IN REAL CASES - .
The oy, valuss are tabulated for Es=2 Rm:‘, = l 5 The columns and extra-oo!amn systes:s are
descnbed in Table IL. . e o AR . '

N,L - Parameter ‘SystemA Syster;rzB :

“1000 - Rymia . 032 0.55

S g - 1.06° 7. 112

e 106

10,000 - Rime o Od1 - 095 -
- U @mig oo - 1007 7 106 -

C Bae 0,92 S §
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Fig. 7. Variation of the ratio of the peak maximum concentration after r cycles, Cmar.», to the
maximum concentration after the first cycle, Ca.-_;, with the cycle number r in the ideal case (A = 0).

The combination of egns. 4, 8, 24 and 25 gives

Cmaz.n _ i
Crax1 7 V" (l 4 "’n—l }.)

The Iarger Cpnax » values are obtained in the ideal case (2 = 0). The variation of the
ratio Cna; o/Cnax,y versus r in the ideal case are plotted in Fig. 7. This variation is
mainly important for the first cycles, as for the resolution.

~ In fact, the product of the resclution and the maximum concentration remains
constant.

(26)

Peak rmunber

The previous equations for the final resolution and the limit cycle number are
valid for two compounds. The situation is more difficult for a complex mixture with
p components, a, b, ..., p, of capacity factors k', &5, ..., K-

Fhe limit cycle number depends only on the behaviour of the extreme peaks,
a and p. In this instance, we shall no longer assume that the peak variances are equal
{cf., eqn. 8), but that the column plate numbers of these two peaks are the same, N,.
Let 3 be the velocity ratio of these two peaks in the column:

n- Vra 14k
and-let
2
2= A (28)
<z,
and
v, — 4 ‘ (29)
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where &2, and VR » are the column’ contnbutxon to the vanance and the retent:on’
vclume of the last peak, respectively. ’

With the slight approximation that 2,/(8* + ,,)n and (I + ﬂp)/(l + 2)n are
negligible compared with I, the limit cycle number is given by

R, “/ MA—B ()
'Ium——-m VB + 4, + VI + )%T R

2

— W+ /T F ;.,)] (30)

This expression is similar to eqn. 18 if one takes into account that for two peaks

R=YNa—p )

The final resolution for a pair of adiacents compounds is always given by egn. 12,
being the limit cycle number given by eqn. 30 and 4 being the extra-column to column
variance ratio for this pair of compounds. Hence, eqn. 14 shows that the A values for
the more retained compounds are smaller than the values for the firsi-cluted peaks.
Then the resolution of the more retained compounds increases slightly more rapidly
than the resolution of the first-eluted compounds.

Egn. 30 is complicated, but it shows that, at least in the ideal case (4, = g, =
0), the limit cycle number does not depend on the number of components, p, but only
on the characteristics of the extreme peaks. It also does not depend on the individual
capacity factors of these peaks, but only on their velocity ratio, 8. The smaller this
value, the smaller is the limit cycle number. In the ideal case, the minimum value of
this velocity ratio, which is necessary to recycle the sample n times while keeping a
re-mixing resolution of greater than R..., is calculated after egn. 30:

(n—1)- ZRNL + vVn—1
Bmin = — (32)
VN, v
n- 5R —_—

The consideration of two extreme cases can help to give a picture of the possibilities
of multi-component recycling. The first unrealistic case occurs if there is no resolu-
ticn between the first and the last peaks. The final resolution is, of course, zero and the
cycle number is limited by the re-mixing of the head of the peak with its tail.

This maximum cycle number is calculated by solving eqn. 17 with R, = 0:

_ R (MOl | sl a4
Noex = -N}, (1 -+ ‘up)_ I T Z'p) { 4 ‘ngm T (l T 32-;)] 4!‘.9(’- T /-p)}
(33}

This number is 28 in the ideal case (Ao =, = O) If the column plate number is 1000
and the accepted “e-mlxma resolution is 1.5.
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- ‘The other extreme case is that for which the first and the last peaks are com-
pletely re-mixed, so that their maxima occur at the same time and their re-mixing
resolution is therefore zero. The cycle number and the § value corresponding to this
case are given by the following expressions:

- 1+ pep
n= _1:__;;— (3%)
g = _”__ﬁni‘_‘l’_)_ (35

Hence, in the ideal case (g, = 0), if § = (# — 1)/n the first and last peaks are complete-
ly re-mixed after n cycles. For example, if f = 0.67 (maximum &’ range, & to k:
0to 0.5 0r 2 to 3.5 or 5 to 8 or 10 to 15.5), this cycle number is only 3; if § = 0.91,
this cycle number is 11 but the maximum &’ range is very small (0-0.1 or 2-2.3 or
5-5.6 or 10-11.1).

In practice, these cycle numbers are smaller, as one wants to keep a given re-
mixing resolution, R ., between the last and the first peaks. This picture shows that
the possibilities of continuous recycling chromatography for multicomponent samples
are very limited, because the limit cycle number rapidly becomes very small when the
k' range increases. As mentioned earlier, the situation is much better in preparative
chromatography, as it is possible to collect pure fractions when necessary, and to in-
crease the cycle number by reducing the sample width during the separation.

ADVANTAGES OF RECYCLING

When comparing the advantages and drawbacks of recycling systems over
those of one-cycle systems, one wishes to look at the relationship between resolu-
tion, analysis speed and pressure drop for these systems. For one-cycle systems, the
resolution is unambiguously related to the theoretical plate number by the Purncll
equation?’, when the « and &’ valuss are determined:

___\/ﬁ_a—l k;

R="72 "% 11k 39
and the required relationship is given by the following equation®:

te AP ' .

LN2_=—k'}¢,_(l+k)h- €2))

where AP is the pressure drop, 75 the analysis time (retention time of the last peak),
k’ the capacity factor of the last peak (second peak for a two-component system), 5
the viscosity of the mobile phase, &, the dimensionless permeability coefficient and /
the reduced plate height. The smallest and best value of 75 AP/N? is obtained for the
minimal value of 4. Thus, analyses carried out with systems working at the minimum
of the efficiency curve, H(u), are obtained with a minimum pressure drop®*.
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Recycle and one-cycle 'systems must therefore E:-e compared under optzrmzed
conditions, giving the same resolution for the same pair of components using the same
phase systems at the same temperature. Under these conditions, 7, k; and e are con- -
stant; kg, which depends on the packing structure and /i;;, (the minimum reduced
plate height), can reasonably be considered as constant.

In recycle systems, the relationship between the theoretical plate number and
the resolution is not as clear as egn. 36 for one-cycle systems, as the apparent & value
depends on the cycle number. Indeed, if ¥V, is the volume of mobile phase in the col-
umn, ¥, and ¥, , the retention volumes of the retained and inert peaks, respectively,
after n cycles, the apparent value of &’ (k) is related to the true value (k[..) in the
column by the following equation: )

. Kirue '
kapv - n—1 ) VA - ’ i (38)

1
T Th V.

A similar phenomenon can appear when coupling a Iarge-volume refractive index
(RI) detector after a UV detector. The theoretical number measured with the RI
detector can be greater than that measured with the UV detector, because the relative
ircrease of the elution time due to the addition of the second detector is greater than
the relative increase of the standard deviation of the peak. But of cousse, the reso-
lution is greater in the UV detector. Such a change in £’ and hence in the theoretical
plate number occurs in programming techniques?’.

One therefore has to use an efficiency value related to the resolution, inde-
pendent of the k’ value, such as the effective plate number. This number after onecycle,
N.¢¢.5, is related to the theoretical plate number and to the resolution by the following
equations:

v

. & )

Net‘f,l =N, (——“—1 N k') ) (39)
V' Nege —1 '

Ry = ——trk. O (40)

The relative retention, i.e., the ratio of the k&’ values of the two peaks, does not depend

on the cycle number.
The theoretical and effective plate numbers, N, and N ., obtained after n

cycles are:

N,=Nyn % (41)
(12—,
™ )
- n : o o : .
Neff.u= eff,l"—'_n——l__A : B t42)
1+ A -




RECYCLING INHPLC = . . © o35

’ From;eqrzs‘. 12 and 42 wé obtain -

VN o B ' @3

eff 1

Four systems are ccmpared: one recycling system and three different one-cycle sys-
tems. The first one (system A) is the direct pumping system, recycling the sample
through a column while working under optimized conditions so that, after = cycles,
Nege. effective plates are obtained in a time £,, with a pressure drop AP. The second
system (system B} is a2 one-cycle optimized system, giving the same effective plate
number in the same time; the third (system C) is 2lso an optimized one-cycle system
and gives the same effective plate number with the same pressure drop; and the fourth
is a one-cycle optimized system (D) and gives the same effective plate number using
particles of identical size. The analysis time, pressure drop, column length, particle
diameter, maximum concentration of the peak at the end of the analysis, flow-rate
(O) and volume V of mobile phase used during the analysis necessary fo obtain the
separation with the three last systems are compared with the values of the closed-loop
recycling system.
For this calculation the following relationships have been used?3:

AP — Cl‘ ;ff (44)
5]

L == Cz ‘/Neff tR (45)

1 / tg .

= ) 46

3 ! Net‘f ( )

Cone = C: I/ - “n

I

0 = Cs I/ Nete (48)
173

V=V.(1+k&) (49)

where C;—C; are the following proportionality constants:

1Kk
C = 20 (—l."'_ min (50)
b (1 1k
Ca = [/ bt g 22 ED (s
. ?apg ] ) k:z .
CS_Vkmin Dnz (i +k')3 (52)
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’E‘ABLE VI
COMPARATIVE PERFORMANC_S SP n-CYCLE AND ONE-CYCLE SYS’EEMS i
- «PRP&‘;&&&!‘ o . o S}sfem é System B :
Effective plate number or resolution | S -1 )
. T — i z ;‘
Theoretical plate number ( + ~————°gx)~ %
n
Analysis time i ] )
Pressure d ' 1 - ' - |
ure drop I > — i
(1+"=14) {1+ "L
n n
|
— § \1=2 — 2z
Particle diameter 1 (1 4 _.__I-j_) (1 + r I.‘u) |
n [ :
(l , n— 1 .#)112
Column iength 1 n 7

Maximum concentration at the end of the

. H - —
aralysis — i
Y (l " n l-‘u)
n
Fi te i ! :
ovv-ral
n=1 \1# n—1 \1#?
R L 2 (1 P
. )
)ia‘:
Volume of mobile phase used during the 1+ %k (I
analysis b1 2 N — 1 )uz
$ + -2
L+ 1+ & (1 n R
. 4m {/ ) 7 -
C, = n - . {53)
¢ Zend2V2m Rssin Voo D (1 + I")
h i
T Em 2 g s ’ - S
Cs = ""—Z_c V’zmin Vapt Dm'(__gcz—) - Gy

where 74y is the optimum reduced velocity, D, the diffusion coefiicient of the second
peek, m the injected mass of the component of interest, assumed coastant, &, the

e
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SRR SR T IO P SR T W NN e A et

tem System B - Svstemn E
1 1 i
1 1
i E> - 1 1
M —_ 2 — _ —
é+n 1-}.) (I+n l.#) (1+n 1_2){1+n l-y
N n n n n
| "
s E——— 2
:f (c+559)
2 n
:
e B 1 1
i+ )
: n
!
;
+n—1__)3'= (1_:_1'2 1;')
n n
£ ____i " 3/2 —
~+"n-d ﬁ+"n1@ 1
nlIZ
_— 172z
+”n{ﬂ 1 1
nl[! -
+ & B2 & n 1+ & O;H—RQ
ra — 32 ) —1 BT n
. _ & '(1+" 1-?.) 1e*_(;." -.2.) t+ K
1+ & r 1+ &\ r Pk

et}
,

total porosity and &, the column internal diameter, considered as constant. For closed
loop recycling, the analysis time, ¢,, is related to the elution time after the first cycle, ¢4,

using egn. 3:

o= (1+ 221y (55)

'I'hé results of this comparison obtained using eqns. 42, 4449 and 55 are reported

. in Table VI. Of course, the relative values depend on the ratios 1 and p.
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The results in Table VI also contain the performances of the alternate pumping
recycling (sysiem E), which are similar to those of direct pumping recycling {system
A), except for the pressure, which must be muitiplied by two owing to the presence of
two identical columns (neglecting the pressure drop in the connecting tubing and in
the vaive) and for the volume of mobile phase used, which in this instance is egual to
the retention volume of the second peak, that is after eqns. 3 and 16:

, n—1
V(al!emate pumplas) — 12 Ve (1 + k ) (l + n ',u) (56)

when this volume is only V. (1 -+ [£)/[1 + k'] for direct pumping recycling.

Note that for alternate pumping recycling, # is the number of passages of the
sample through either one or the other of the two columns.

The advantages of the recycling system A over system B are well known:
recycling the sample » times through a column can give an analysis with the same
resolution and in the same time, at least for an ideal system, as does a column »
times longer packed with the same particles but needing a pressure drop # times higher.
In this instance, recycling is advantageous mainly from the points of view of pressure
and packing material. System D is identical with system B for an ideal system and
these two systems differ only in real cases when 4 and g differ markedly from zero.

When comparing an r-cycle recycling system with a single column passage
giving the same resolution with the same pressure drop (systems A and C), it appears
that the ideal recycling uses a column 73/? shorter, packed with n'/? smaller particles.
Moreover, the analysis time by recycling is divided by r» and the maximum concen-
tration of the peaks at the end of the analysis is n'2 greater. These results are illustrated
in Fig. 8, which is a logarithmic plot of the effective plate number versus the analysis
time for different inlet pressures. For one-cycle chromatography, these curves are
straight lines with slopes of 0.5 because, afier eqn. 44, for 2 given pressure the analysis
time is proportional to the square of the plate number. Of course, achieved in 2 given
time, the higher the pressure drop, the greater is the plate number. These lines corre-
spond to typical values of the parameters in eqn. 50°* of &, = 8.46-107%, 5 = 0.4 cP,
k; = 2 and h;, = 3.15. If one recycles the sample through one columa for which
the elution time is, for example, 5 min, the efiective plaiec number achieved with an
ideal system increases in proportion of the cycle number (eqn. 42) or to the analysis
time (eqn. 55), as indicated by the full straight lines with slopes equal to 1. Of course,
these lines are limited by the limit cycle number, which depeads on the initial resolu-
tion and the imitial plate number.

In Fig. 8 is plotted in the ideal case, the limit cycle number obtained with an
initial resolution such that the final resolution be 1, while the re-mixing resolution is
1.5 (eqn. 22 with 4 = g = 0). This is the full straight line with 2 slope equal to 2.
From Fig. 8, 200,000 effective plates can be obtained with a pressure of 100 atm in
more than 3 days by one-cycle chromatcgraphy and in less than 3 h by ideal recycling
chromatography.

It should be noted that the reason for the difference in slope of the lines corre-
sponding to systems A and C is that in this last instance, the characteristics of the
column (d,, L) change while the number of plates achieved increases.

Du‘ect pumping recycling is also greatly advantageous in preparative chroma—
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Fig. 8. Comparison of the performances of recycle and one<cycle systems working under optimized
coaditions (at the minimum reduced plate height). Variation of the effective plate number with the
analysis time (or the cycle number for recycling). The straight lines with slope 0.5 represent the
performances of one-cycle systems for different available inlet pressures. The full straight lines with
slope 1 represent the performances of ideal recycling through a column for which the elution time is
5 min, with different inlet pressures. The full straight line with slope 2 corresponds in the ideal case
(A = g = 0) to the limit cycle number obtained with an initial resolution such that the final resolu-
tion is 1. The dotted lines represent real recycle systems; for the upper one, 2 = 0.1 and # = 0.0047;
for the lower one, A = 1and g = 0.0148. R.. = 1.5; ko =8.46-10%; 7 =04CP; k> = 2; Rpnyn =
3.15.

tography because, independent of the fact that preparative sysiems are nearly ideal,
the volume of mobile phase used during the recycling is much smaller than that used
in one-cycle systems (Table VI). Even for fraction collection, recycling is interesting
as the dilution is lower. Another possible advantage of recycling in preparative work
comes from the reduced flow-rate (¢f., Table VI).

Of course, the advantages of recycling are less for real systems, as shown by the
dotted lines on Fig. 8. The upper dotted line corresponds to an alternate pumping re-
cycling system with a 4 value of 0.1 and the lower dotted line to a ciosed-loop recycling
system with a A value of 1, with 2 pressure drop of 10 atm through both columns. The
two extra-column systems are assumed to act as mixing chambers (in this instance
A = N,z?). ¥t the first system is close to ideal, the second system: becomes better than
the one-cycle system oaly after about 10 cycles. The cross on the line for the second
system indicates the limit cycle number, as described above.

From this diagram, it is found that the smaller the elution time for the first
cycle, the shorter the time necessary to reach a given effective plate number with a
given pressure. However, this procedure cannot be extended to very small values of
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the first cycle time and very high cycle numbers, because on the one hand the Hmit
cycle number becomes small (for a given analysis time, the line with slope equal to 2
is displaced to higher effective plate numbers and, on the other hand, for a given
apparatus 4 and g would become relatively important. Hence a compromise exists
which depends on the particular case involved.

CONCLUSION

Recycling chromatography permits the achievement of high-performance anal-
yses more rapidly than with one-cycle chromatography and thus extends the ultimate
limits of liquid chromatography. We know that any effective plate number can be
achieved, at least theoretically, in one-cycle chromatography provided that sufficient
time is spent; recycling permits a marked decrease of this fime.

It is desirable, however, to design extra-column volumes that behave similarly
to ideal systems, with zero contributions to reiention and to peak broadening. Such
systems are feasible in alternate pumping recycling, although two identical columns
are needed, or in direct {closed-lcop) pumping recycling with low-volume aiternative
pumps, especially if columns of large internal diameter are used. Then the column
diameter is such that the maximum flow-rate delivered by the pump corresponds to
the optimum flow-rate. Although this study was carried out under linear elution con-
ditions, the general conclusions can also be applied in preparative chromatography,
in which case a net increase in productivity can be obtained.

Recycling could also be used successfully in trace analysis with possible col-
Iection of the major peaks, because firstly, as mentioned above, the time necessary to
separate the trace peak sufficiently is less than for a one-cycle system (¢f., Table VI)
and secondly, the dilution factor is smaller, so the detection limit of this compound
is decreased.

An example of recycling is shown in Fig. 8. It shows a separation of anthracene

e AL

7 s s < 3 2 o1 g

PigY Ag Pg” A1s
: . . . :
hour % 13 2 k3] Q.. ? 8

Fig. 9. Direct recycling chromatogram of an anthracene{A)-phenanthrene(P) mixture. Punip:modified
Orlita 15-7-7 without damping device. Loop-valve injection (716 zl). Column: 50cm X 0. Tmm, -
k', (anthracene) = 3.58; k"> = 383 ea=107; ¥V, =66ml; 0 = S‘Imfjm;n.
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and phenanthrene under conditions similar to those in Fig. 5A, but with a smaller
flow-rate. In spite of the tailing of the peaks, satisfactory resolution of the two peaks
can be obtained without significant re-mixing after 12 or 13 cycles.
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