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SUMMARY 

Optimal recycling would demand zero extra-column band broadening con- 
nections, but it can be shown that under reahsric 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 Iast one. For this reason, recycling of complex mixtures without frac- 
tion colfection is very Limited, if not impossibie, but the potential of recycling a mix- 
ture of two closely eiuted 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-eycle systems 
w&king at the same pressure. Experimental eharaeteristi~ of recycling under 
analytical conditions with a Waters M6003 pump and under preparative conditions 
with an Ortim MS 15-5-i pump are given and compared with CalcuIated results. 

KN-FRODUCTION 

Recycling was originally suggested for use in gas chromatography’, where it 
was. never used in practice because of technicaf difficulties and lack of incentive. It 
was introduced for the first time in liquid chromato,mphy by Porath and Bennich in 
19622 its a new princi@e for increasing the effective bed height without the use of ad- 
ditionztl 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 ge! 
f&ration and gel permeation chromatography. In this case, the span of retention is 
very narrow and long cotumns are therefore necessary in order to achieve separa- 
tions, but it is impossible to use long columns at relatively large mobile phase veioci- 
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ties because the gel packings cannot stand large pressure drops;even ifthe pressure 
gradient is moderate. Thus recycling ofGerS a praditil sdution. This techiqu& has 
also been~found useful ia high-pressure size-exklusion chrornat~graph~~-~~, and even 
in high-pressure liquid-solid chromatographyY 

Recycling has generally been used to achieve the large number of thtioretical 
plates required to obtain a satisfactory resolution of closely eluted components such 
as diastereoisomers’“.‘“. Today, however, the development of efficient techniqu_es for 
packing columns with very small particles (5-2Opm) makes possible the achieve: 
ment, in a reasonable time, of large plate numbers (several tens of thousands or even 
several hundred thousand platesI while using relatively moderate pressure drops. 
Hence, it is questionable whether recycling is needed any longer in common practice. 
One of the aims of this paper is to help to clarify this point. 

Recycling is frequently applied to preparative e~omatography2*5-i-~1.13. fn 
this instance, only a fraction of the sample of major interest is recycled while the other 
fractions are collected 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 &&ted by this succession of recycling and collection 
operations. A mode: takin g into account 41 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 chromato,%phy, or to the preparative sepa- 
ration of closely eluted isomers. The essential diflYerenees between preparative and ana- 
lytical recycle chromato,mphy 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. 

EXFERIhfENTAL TECHNIQUES FOR RECYCLING CHROMAI-OGRAPHY 

The simplest recycling technique**3*11 consists in connecting the detector out- 
put with the pump inlet, as shown in Fi g. 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 cIosed-loop pumping approach or the direct 
pumping approach. 
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Fig. 2. Schematk diagram of an alternate pumping recycling appuatus. 

The other method was presented by Biesenbergerand co-workers8-L0, and adapt- 
ed to high-performance liquid chromatography /,HPLC) by Henry et &.‘5. Fig. 2 
shows a 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 1 and through 
the valve to column 2 and detector 2. When all 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 I_ 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. 

En recycle operation, the extra-column contribution to the peak broadening 
must be kept low for optimal performance. From this point of view, as the pump 
contributes much more to band spreadin, = than do connection tubes and valves”, 
alternate pumping recycling is interestin g compared with closed-loop recycling as 
the pump is not included in the sample circuit. Et should be noted that for this reason, 
all types of chromato,mphic pumps are compatible with alternate pumping recycling, 
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 hand,‘there are two detector cells and longer tubing in alternate pumping re- 
cycling. Furthermore, for identical performances, each of the two 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 alternate pumping recycling 
with only minor amendments. 

Resdurion ofleer pa cycles 
The aim of recycling is to increase the resolution between the components of 
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2 s2mple 2nd it is therefore interesting to calculate the variation resoktion as 
a function of tXe cycle number.~For this puQos$, we s&all cotiider a two comqonent 
sysrem. 

Let VR1 and V, be the retention voiumes of peaks f and 2 after a single pas- 
sage through the column, Le., the volumes of the mobiie phase &wing through the 
detector between sample injection and passage of the maxima of peaks 1 and 2 in 
the detector, respectively; let <I and 4, be the volume variances of these peaks after 
a single passage, i.e., the time variance multiplied by the Bow-rate, which is assumed 
to be constant throughout the analysis. The resoh~tibn, R,, between +ks 1 and 2 
after their fkst p-sage through the detector %s.~*~ 

(1) 

We shaI1 neglect the contribution of iujection to peak width and assume that 
CT& and CT& are the sums of the contributions of the column and detector only to t@e 
peak variance. Let VA be the extra-column volume, that is, the volume of liquid phase 
in the apparatus behveen the outlet of the detector and the inlet of the column, and 
ofi the contribution of this extra-column part of the apparatus to the volume vtistuce 
of the peaks (it is the same for the two peaks). The retention volumes after n cycles, 
z.e., after n passages through the column and n - 1 passages thrbugh the extra- 
column volume, for peaks 1 and 2 are, respectively 

VI_, = nvx; -I- (II - 1) v, 

V2.a = nV= i- (n - 1) VA 

and the volume variances are 

G;,, = P?f& + (TZ - 1) 0: 

G& = Pz$Z f (n - 1) 0: 

(2) 

(3) 

(4) 

(5) 

From eqns. 2 and 3, the difference between the retention volumes of ihe two pd~s 
increases proportionally to the cycle number, as the two peaks spend the same time 
in the extra-column part of the apparatus. This is shown on a schematic illustration 
of 2 recycling chromatogram in Fr,. ‘= 3, where it appears also that, because of the 
increase in the peak widths, the maximum peak conc&raeion decreases as the cycle 
number increases. 

The resolution R, after n cycles is then 

Variation of resolution with n 
W&e&et R, is greater than R, or not dspends on the a&~~4 X&ES of IL a:- 

Gfr. G&. One can show, however, that REel is always greater than R,, provided that n 
. .-- 
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Fig. 3. Schematic illustration of 2 recycling chromato~m. 

is greater than 1. This means that although R2 can be smaller than RI, the resolution 
increases continrrously after the second cyck. Comparison ofeqns. 1 and 6 shows that 
K, is greater than RI if the following condition is fulf%xi: 

The derivation of this condition is lengthy but straightforward. 
These results can be applied to afte_~ate pumping recycling if it represents the 

number of passages through any of the two columns assumed to be identical, and &A 
the contribution to the peak volume variance of the connecting tubes and the valve 
tubings between the out!et 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 identkal. 

Eqns. I, 6 and 7 can be simplifkd if we assume that the contributions of the 
column to the volume variance of the two pezks are identical, so that 

Then eqns. 1 and 6 become, respectively: 

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

L=g- 
c 

(1I) 



then R, is related to Rx by the expression 

and the condition (eqn. 7) to have R, greater than R, becomes 

A-en (13) 

Fig. 4 shows the variation of RJR, versus the cycle numbern fordifherent vahres 
of the variance ratio A. Obviously, n must be a whole number. 

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

Fig. 4. Variation of the ratio of the resolution after R w&s (R3 to the resolution afterthe fbt 
cycle, R,, ver.sus the cycle mm&r, I:, for dierent v&e-s of && extra-column to cobn~ variance 
ratio, A. The broken line dates the vdus in emA case of the fad to init&! resobztioti ratio ad of 

the limit cycle number. NL = XXIO; RL = 0.25;cr = d#m jmixhg chamber). 
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Fig. 5. Direct pumpir;g recycling of an anthracene-phenanthiene mixture. A. Pump: modified Otiita 
MS 15-7-7 without damping device_ Column: 50 cm x 10.7 mm; NI = 6200; Kz = 1.7; Q = 9.4 
cm~/m-in; rr, = 2.75 cm5; V. = 6.6cm3; I? = 4.6. B. Pump: Waters M6WO. Column: 5Ocm x 
IO.7 mm; Nl = 6200; k’2 = 1.7; Q = 7_6czrP/mh; cA = 1.7Ocm’; VA = 2.Ocm’; I. = 1.75. C. 
Pump: modified Oriita MS 15-7-7 without d-ping device. Column: 50 cm x 32 mm; N, = 500; 
k; = 4.5; Q = P7 cm3/min; r;, = 41.3 cm3; V_ = 9.X cm3; 1 = 0.31. The vakes next to each pair 
of peaks give the resolution. The difference in rrk 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 pumpirng recycling chromatograms of a sample of 
anthrzcene and phenanthrene obtained under different conditions. This influence is 
better understood if K is written as a function of the column parameters: the mean 
pkte number for the two peaks after the Krst pzssage in the detector, N,, the mean 
capacity factor, k’, the vohne fraction of mobile phase in the column, E,, the coEumn 
Iength, L, and the column interna! dizemeter, d,: 

Chromatogram A was obtained with a 50 cm long, I cm I.D. colu_mn, using 
a two-head Or&a pump modified so ss to have a smaller chamber volume. After 
three cycles the resolution is lower than after one, but better than after two cycles. 
In this instance, 2 = 4.6. Chromdo_~ B shows the same sepazfion on the same 
column, but using a Waters M6000 pump at a stightiy different ffow-rate. Because of 



the improved extra-column characteristics, owing to the. change-of the pump, A = 
1.75 and the resolution is slightly improved after three cycIes. With- chromatogram 
C, the separation was carried out using the modified Orlita pump and a preparative 
column, 50 cm long and 3.2 cm I.D. The plate number is smaller in this instance than 
w&h chromato_mm A, so that the initial resolution -is also~ smaller, although the 
capacity factors are increased (merent 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 j! ratio with chromatogram C is much smaller (;Z = 0.31) than with A, so 
that the resolution increases by a factor of 2 after 6ve cycIes. 

The strong dependence of ;t. on the internal diameter of the column explains 
why recycling is particularly interesting in preparative chromatography. It should 
be noted that the previous equations a!so appiy to preparative chromato_mphy 
provided that the column peak broadenin g 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 sufficiently large. Unfortunateiy, 
it is not possible to increase the cycle number indefinitely. 

Limit cycle number andjinaI resohfioon 
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 e&ct 
occurs because the total volume of the system is limited and the first peak will eventu- 
ally overtake the second. For instance, in Fi,. = 3, the resolution between peak 2 at 
cycle n - 2 and peak 1 at cycIe n - I is about 2, while this resolution after one 
more cycle is only 1.25. Thus, Fe-mixing of the two peaks occurs after a given cycle 
number. The corresponding resolution will be termed “remixing resolution”. 

We shah consider that it is not possibIe to recycIe further the sample if the re- 
mixing resolution becomes smaller than a given value, Rrern. This defines the Iimit 
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 3J2*14. This definition is similar to the precedent for 
the particular case where R,,, = 1. Another possibility is to define the Emit cycle 
number by the condition that the re-mixing resolution becomes equal to the resolu- 
tion of the two peaks in the same cycIer”. When this generally increases the limit cycle 
number for diEcult separations, it also leads to a large remixing, which is generahy 
not wanted. 

Hence the limit cycle nrm$ber is defined as the maximum cycle number for 
which the following condition is fulfilled (cf-, eqns, 2-5): 

If p is the ratio of the extra-coIumn volume of the apparatus, VA, to the retention 
volume of the second peak, V,,: 
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the inequahty 15 can be written using eqns. 2-5,8,9 and II, so the knit cycle number 
is the sohrtion of 

If we assume that n is sufkiently iarge, so that 11 + Z?]/[~r(f + I?)] is negligible com- 
pared with 1, eqn. 17 can be solved and the limit cycle number, nrim, is given by 

The final resolution, R,,,,, at the limit cycle number is calculated by using eqns. i2 
and 18: 

1 (l_t 
From eqns. 18 and 19, the greater the vdue accepted for the re-mixing resohrtion, 
the smaller are the limit cycle number and the final resohrtion. If all other things re- 
main unchanged, nlirn and the corresponding resolution 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 extra-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 pc’-ak width (not the width of the individual component peaks) 
compared with the volume of ffie system, the greater is the limit cycle number and 
hence the final resolution. It should be noted, however, that the coiumn plate number, 
the initial resolution and the ratios ;1 and ,Q are generally not independent of each 
other. For instance, a change in the plate number of a cohunn rest&s in changes in 
the initial resoiution and A. For identical column characteristics, A and ,G are generally 
not independent, as an increase in VA often causes an increase in 02. In direct pumping 
recycling, the main contribution to VA and ~2 is due to the pump. The relationship 
between V, and ~2 is a function of the pump type; in our experiments, it was also 
found to he a function of the flow-rate. Depending of the Bow-rate, the pump can 
behave better or worse than a complete mixing chamber for which cci = VA. A similar 
phenomenon occurs for connecting tubing’? 

However great the limit cycle number, the recycling will be efkient onIy if the 
final resolution is greater than the initial resohttion, that is, after eqns. 12 and 19, if 
the follotig condition is valid: 

In this instance, the knit cycle number is greater than A. 
The dotted line in Fig. 4 joins the points corresponding to the fmal to initial 
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resolution ratio and the timit cyde number, OIL fbe &Eereut curves (various v&es of 
-A), assuming an initial resotution of0.25,8 column plate number of 5ooO and that the 
extra-eohrmn @art of the apparatrus behaves Eke a mixing chamber. The final resolu- 
&on varies ftim 1.66 to 0.52 and the hmit-cycle number from 44 to 25 wben f. increases 
from 0 to 5. 

Table f shows the values of nlih. and Rnlrm obtained for different vaiues of the 
initial resolution, the column plate number and the accepted m-mixing resolution 
in the ideal case where 3, and p are zero. These values were c&x&ted from eqns. IS 
and 19. Obviously, only whole number for PI rim are mea&&i and the condition I.5 
will be satisfied if the recycling is stopped after the whoIe numbers in Table I, ignoring 
the deeimaf part. It should be noted that in dl instances, even for the small vahres of 
the limit cycle number, when the approximation made to solve eqn. 17 is not too 
good, the values calculated using eqn- 18 do not diger by more than 0.3 from Ltumer- 
ical solutions of eqn. 17 and are always smaller. As only whole numbers for nllm are 
expected, eqn. f 8 is satisfactory in alI instames. 

The values in TabIe I are larger than those achievable in real situations, 
where la and p are different from zero. Table II gives the values obtained for two extra- 
column systems representing well designed configurations for alternate pumping 
(system A: 0, = 0.05 cm3, V, = 0.1 cm”) and closed-loop recycling (system B: 
CT, = 0.5 cm’, 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 

LtMKT CYCLE NUMBER AND FINAL RESOLUTION FOR REAL SYSTEMS 

Rx = 02.5; R,,c = 1.5. Cohmn: 5Ocm ~4mm; &,=0X5; k‘z=2. System A: (TA=O.OSIXP; 
V, = 0.1 cm? System B: cA = 0.5 cm3; V, = 2 cm3. 

X Prrrometer System A System B 

loo0 n11, 11 9 
R ,ln 0.83 0.55 

10,000 nrrc 54 21 
R IlIz 1.76 0.35 

System A behaves like an ideal system for a plate number of iCl@I and similarly 
for 10,&X plates. On the co&rary~ for sysrem B, the limit cycle number and the Erral 
resoiction are much s-her than for an ideal system. It should be observed that the 
value of the 6naZ resolution is smaher for the IO,000 than for the IOOU-plate column, 
although the limit cycIe number is ,oreafer for the former cohuun. This is because the 
relative contribution of the apparatus to the peak broadening is much greater in the 
iO,tMQ-pLate column, in spite of the fact that the components to be separated are 
more cloSely eluted on the cohmm with the largest plate number, as the initial resofu- 
tioa and the capacity factorbfthe second peak are assumed to be constant. The values of 
A tid p for the two systems are given in Table HI for the instances discussed in Table 11. 

For dteruate pumping recycling, it is meaningless to s_pzak of 8 r-e-mixing re- 
soi~tion, as the components mot re-mix. When the total sample wi&h becomes too 
large, however, a fraction of the sample cannot be recycled aad it has to be dramed. 



Hence, if we wish to recycle al! of the sample, the sum of the peak-half widt&s and of 
the peak separation corrected for the retention of the splutes must be kept smaller than 
a fraction of the half-volume of the total system. The smaller this fi-action,~the larger 
the amount of sample recycled. Such a condition can be written in-terms very sidar 
to those of a re-mixing resolution. Thus, keeping this fact in mind, the previous equa- 
tions can be applied to alternate pumping recycling. 

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 arc coltectcd 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. 

im&?zum initial resolution 
The aim of a recycling process is to bring the resolution between the two com- 

ponents to a given final value, I&,, without re-mix&g the compounds. This is not 
possible if, for a given plate number, the initial resdution is too small because the re- 
mixing appears before the desired final resolution is rizxhti. The values of the mini- 
-mum initial resolution, RImIn, is obtained after eqn. 19: 

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

The mini_mum value of the relative retention, f_zmiB, of the two components is calculated 
using eqn. 21 and the Furneil equation for the resoZutiorP: 



0.358 0.447 02305 
l.lc6 1.136 1276 
7.8 5.0 3.5 
0.253 0.316 0.569 
1.050 LOS4 I.121 

15-6 to.0 6.9 
a.160 0.200 0.360 
I.020 I.025 I.045 

39.1 X.0 17.4 
0.113 0.14 0.255 
tm97 LOI2 1.022 
78.1 50.0 34.7 
0.080 0.100 0.180 
1.m mO60 l.OlL 

156 100 69.4 
0.05 I 0.063 0.114 
i.0019 1 m24 1.0043 

391 2.50 174 
0.036 O_O45 0.080 
1.0010 LcO12 I.0022 

%s 781 500 347 

Typlcd results are given in Table IV in the ideal case (A = p = 0) for diEkent values 

of the cohumn pl2te number 21~3 of the final resolrrtion. The cc vdu~ are tabulated for 

a capacity factor of the second peak, k;l equ21 to 2. Fig. 6 shows the variation of the 
rnitimum v&ue of the relative retention 2nd of the initial resolution ~er.su~ the cdumn 
plate number in the idet4 case for Rzin axed R,, equal to 1. Very closely eluted com- 
pounds can be separated if the plate number is su&iently large, but the necessary 

cycle number is 2ko very large. 

Higher minimrrm v2Iues of RI 2nd a we genera& obtained in resl situ&ions, 
as can be seen ira Table V, which gives the miaimum values of the initial resofution 

and of the relative retention and the necessary cycle number wing th% same two sys- 
tems + and B and the same column geometry as previously described (cf., Tables II 
and In). 

The final resolution and the accepted x-mixing resolution are equal to 1. The 
vaIires obtained with system A, designed for alternate pumping recycling, are very 

sidarto.thcsse obtained with an idea! system. With system B, designed for closed-loop 
recjcEng, however, the values of anrti 2nd RImin are mmh Kruger, especially with the 
1O,Wpl2k coknn, as the limit cycle number is sm&er_ 

Recycling 
_As the cycle number increases, the peak width Increases and hence the maxi- 



Fig. 6. V2ri2tion of the mkimom selectivity factor aad initial resolution to obtah a final resolut!oti 
of 1 with the cohmn theoretical plate number io as ideal cese (i. = p + 0). R,., = 1; k*; = 2. The 
crosses corkspOnd to a cycle number of 2. 

mum cimcentrdion of the peak decreases. After the fkst passage through the detector, 
themaximum concentration of the @e&, Cz3x_l is given by” 

if m is the amdunt of this compound injected. After n q&es, thiS concentration be- 
comes 
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Fig. 7. W&&ion of the ratio of the pezk nzximum cmxcentration zfter n cyc!es, C,,..., to the 
rn2x%mm cmcenttation 2&r the first cycle, CL,. I, with the cycle number ri in the ideal case (2. = 0). 

The combilmation of eqns. 4, 8, 24 aad 25 gives 

The bcw Cm,,, values are obtained in the ideal case (A = 0). The variation of the 
ratio Gl,,&Gn~x,l WI-SW n in the ideal case are plotted in Fig_ 7. This variation is 
mainly importzmt for the iirst cycles, as for the resolution. 

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

Peak number 
The previous equations for the &d resolution and the limit cycle number are 

valid for two compounds. The situation is more diEcult for a complex mixture with 
p components, a, b, .__, p, of czqacity factors k6, k6, . . . . X--6_ 

The limit cycle nnm’ber depends only on the behaviour of the extreme peaks, 
a atid p. En this instance, we shalt no longer assume that the peak variances are eqzal 
@$I, eqn. S), but that ‘he colurim plate numbers of these EWO peaks are the same, Nl. 
Let 8 be the vekity ratio of these two pees im the column : 

1 + k: 

I f k; 

and-let 

(27) 

w 
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where bf,, tid VR_P are the column contribution to -the variance and the retention 
volume of the last peak, respectively. 

-. 

Witb the slight approximation that $/(Bt + A& and (f f 2AJj(i + A&z are 
negligible compared with 1, the limit cycle number is gven by_ 

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

R,=*(l_p) (31) 
_ 

The final resolution for a pair of adjacents compounds is always given by eqn. 12, zz 
being the limit cycle number given by eqn. 30 and t being the extra-column to column 
variance ratio for this pair of compounds. Hence, eqn. 14 shows that the d values for 
the more retained compounds are smaller than the values for the &st-e!uted peaks. 
Then the resolution of ‘he more retained compounds increases slightly more rapidly 
than the resolution of the first-eluted compounds. 

Eqn. 30 is complicated, but it shows ‘&at, at least in f&e ideal case (& = &, = 
0), the limit cycle number does not depend on the numbef 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, #?. The smaller this 
value, the sma!Ier is the limit cycle number. In the ideal case, the minimum valne of 
this veIocity ratio, which is necessary to recycle the sample R times while keeping a 
n-mixing resolution of greater than R,,,, is calculated after eqn. 30: 

(32) 

The consideration of two extreme cases can help to give a picture of the possibi!ities 
of multi-component recyclin,. = The first unrealistic case occurs if there is no resolu- 
tion between the C-st 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 RI = 0: 

This number is 28 in the ideaf case (& = ,aP = 0) if the column plate number is 1000 
and the accepted m-mix&g resolution is 1.5. 

.~ 





Recycie and oue-cycle -systems mu& there&z bg ctimpamd under o&&zcd 
conditions, giving the same resolution for the same pair bfcomponenm using-the same 
phase systems at the same temperature_ Under these conditions, q, k; and a arc con- 
&ant; k,, which depends on the packing &-u&we aud- I&i, @he ininimUm reduced 
plate height), can reasonably be considered as constant. 

In recycle systems, the relationship between &e theoretical plate number and 
the resolution is not as clear as eqn. 36 for one-cycle systems, as the apparentk’ v&e 
depends on the cycle number. Indeed, if V, is the voIume of mobile phase in the co& 
umn, V, and YO,, the retention volumes of the-retained and inert peaks,_respectively, 
after n cycles, the apparent value of k’ (k&J is related to the true vrrEue fkk;,) in the 
column by the following equation: 

k;,, = 
k;me 

1 
n-l VA 

+--v, n 

(38) 

A similar phenomenon can appear when coupling a Izrze-volume refractive index 
(RI) detector after a UV detector. The theoretical number -measured with the RI 
detector can be greater ‘&an that measured with zhe W detector, because the relative 
increase 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 course, the reso- 
lution is greater in the TJV detector. Such a change in k’ and hence in the theoret& 
plate number occurs in programming techniquesz5. 

One therefore has to use an efkiency value related to the resolution, inde- 
pendent of the k’ vdue, such as the elective plate number. This number after one cycle, 

h;rr.r, fs related to the theoretical plate number and to the resolution by the following 
equations: 

7 

The relative retention, i.e., the ratio of the k’ values of the two peaks, daes not depend 
tin the cycle number. 

The theoretical and efktive plate numbers, N, and Nerf_n, obtained after n 
cycles are: 



Four systems q~ compsred: one recycling system and three different one-cycle sys- 
tems. The first pne (system A) is &&e direct pumping system, recycling the sample 
thron& a column while working under optimized conditions so that, after ts cycles, 
N cff.a &&ecGve plates are obtained in a time t,, with a pressure drop AP. The second 
system (system B) is a one-q&e optimized system, giving the same effective plate 
numb& in the same time; the third (system C) is z&o an optimized one-cycle system 
and gives the same efkctive plate number with the same presswe 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 tength, particle 
diameter, maximum concentration of the peak at the end of the analysis, flow-rate 
(Q) and vokme V of mobile phase used during the analysis necessary fo obtain the 
separation with the three last systems are compared with the vrrlues of theAclosed-loop 
recycling system. 

For this cakulation *Lhe foliowing relationships have been used=: 

dp = C, I!& 

(45) 

(W 

Q = c, 1/* (48) 

Y = V, (1 + k’) (49) 

where C,-C, are the following proportionality constants : 

(52) 
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total porosity and ~9, the coftmm internal diameter, considered zs constzm. For closed 
i 

I 

loop recycling~ the anafysis time, t,, is reMed to the elution time after tie first cycle, tI, 
t&n& eqn. 3 : 



The results in Table VI also contain the performances of the alternate pumping 
recycling (system E), which are simifar to those of direct pumping recycling (system 
A), except for the pressure, which must be rmultiplied 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 equal to 
the retention volume of the second peak, that is after eqns. 3 and 16: 

V (alternate pump!nj) = n v, (1 i_ k’) (1 f +‘a) 

when this volume is only V, (I f b]/[l + k’]) for direct pumping recycling. 
Note that for alternate pumping recycling, IZ 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 21-e well known: 

recycling the sample n 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 n 
times long& packed with the same particles but needing a pressure drop n 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 A and y differ markedly from zero. 

When comparing an scycle 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 $1’ shorter, packed with 19/~ smaller particles. 
Moreover, the analysis time by recycling is divided by R and the maximnm concen- 
tration of the peaks at the end of the analysis is n1/2 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 chromate-mphy, these curves are 
straight lines with slopes of 0.5 because, after eqn. 44, for a given pressure the analysis 
time is proportional to the square of the plate number. Of course, achieved in a 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. 502’ of k. = 8.46 - 10-4 q = 0.4 cI’, 
k; = 2 and ihi, = 3.15. If one recycles the sample through one column for which 
the elution time is, for example, 5 min, the effective plate 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 1.0f course, 
these lines -are limited by the limit cycle number, which de_pends on the initial resdu- 
tion and the initial plate number. 

In Fig. 8 is plotted in the ideal case, the limit cycle number obtained with an 
initial resolution such that the 51121 resolution be 1, whiie the re-mixing resolution is 
1.5 (eqn. 22 with ,l = p = 0). This is the full straight line with a slope equal to 2. 
From Fig. 8, 200,OOO ef&etive plates can be obtained with a pressure of 100 atm in 
more than 3 days by one-cycle chromato,aphy and in Less than 3 h by ideal recycling 
chromatography. 

It should be noted that the reason for ffie difIerence 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. 

Direct pumping recycling is also gxe2tly advantageous in prepaxtive chroma- 
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Fig. 8. Comparison of the performances of recycle and onecycle systems workiog under optimized 
conditions (at the minimum reduced plate height). Vtiztion 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 diEerent availab!e 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 miq with di&-ent inlet presxres. The full straight l&e with slope 2 corresponds in the ideal case 
(I. = p = 0) to the limit cycle number obtained with an initial resolution such that the f&al rcsolu- 
tion is 1. The dotted lines represent re& recycle systems: for the upper one, i! = 0.1 and ,u = O_OU47; 
for the lower one, d = 1 and ,u = 0.0148. R,, = 1.5; kr, = 8.46.10-5; 77 = 0.4 cP; k; = 2; hmln = 
3_15. 

to_=phy because, independent of rhe fact that preparative systems are neariy ideal, 
the volume of mobile phase used during tie recycling is much smaller than that used 
in one-cycle systems (Table Vi). Even for fraction collection, recycling is interesting 
as the hihrtion is lower. Another possible advantage of recycling in preparative work 
comes from the reduced flow-rate (~5, Table VI). 

Of course, the advantages of recycling are less for real systems, 2s shown by the 
darted lines on Fig. 8. The upper dotted line corresponds to an alternate pumping re- 
cycling system with a A value of 0.1 and the lower dotted line to a ciosed-loop recycling 
system with a A value of I, wirh a pressure drop of 10 atm through both columns. The 
wo extra-column systems arc assumed to act as mi?;ing chambers (in this instance 
1 = NI,& If fhe first system is close to ideal, the second system becomes betier than 
the one-cycle system on!y after about 10 cycles. The cross on the line for the second 
system indicates the Eimit cycle number, as described above. 

From this diagram, it is found that the smaller the d&ion time for the first 
cycle, the shorter the time necessary t,o reach a given e&cGve plate number with a 
given pressure. However, &is procedure annot be extended to very small values of 



Fhe iirst -cycle time and Very high cycle numbers, becatise on the one hand the litit 
cycle number becomes small (for a given analysis time, the Iine with slope equal to 2 
is dfspiaced to higher effective ph&e numbers and, on the other hand, for a given 
apparatus L and-p would become relatively important. Hence a compromise exists 
which depends on the pvticufar case InvoIved. 

CONCLUSfON 

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 cnn be 
achieved, at Ieast theoretically, in one-cycle chromatography provided that sufficient 
time is spent; recycling p~mits a marked decrease of this time. 

It is desirable, however, to design extra-column volumes that behave similarly 
to ideal systems, with zero contributions to retention and to peak broadening. Such 
systems are feasible in alternate pumping recyclin,, c although two identical columns 
are needed, or in direct (closed-loop) pumping recycling with low-volume alternative 
pumps, especially if columns of large internal diameter are used. Then the column 
diameter is such that the maximum Aow-rate delivered by the pump corresponds to 
the optimum flow-rate. Although Ftis 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 successf’y in trace analysis wiFh possible col- 
lection of the major peaks, because firstly, as mentioned above, the time necessary to 
separate the trace _oeak suf&iently is less than for a one-cycle system (~5, Table VI) 
and secondly, the dilution factor is smaller, so the detection limit of this compound 
is decreased. 

An CampIe of recycling is shown in Fig_ 9. Pt shows a separation of anthracene 



ad ~henanthrene under conditions similar to those in Fig. 5A, but with a smaller 
flow-rate. In spite of the taiiing of the pe.&s, satisfactory resolution of the two pdss 
aan be obtained without significant re-mixing &er 12 or 13 cycles. 
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