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SUMMARY

The general theory of serially coupled gas chromatographic columns pre-
viously offered by the authors is experimentally tested. It is shown to be entirely valid
and free of all assumption other than that of carrier gas ideality. The application of
the theory in practice is illustrated and shown to be simple and straightforward in
providing accurate values of capacity factors and relative retentions for coupled col-
umns from readily measured parameters for the individual columns. The main ob-
stacle to rapid development of practically useful serial column systems is thus re-
moved.

INTRODUCTION

One of the most interesting, and potentially important, developments of the
immediate past has been the revival of interest in the serial operation of gas chro-
matographic columns, in particular, of open tubes. Put in the simplest terms, this has
arisen as a result of a growing appreciation that little further improvement in column
efficiency (theoretical plate height) can now be envisaged and that, in consequence,
a search for higher selectivity offers a more effective route to improved analysis than
the use of ever longer columns.

Historically, work in this area can be traced to the outstanding innovative
studies of Hildebrand and Reilley?, essentially overlooked at the time. The only sub-
sequent contribution of note, until very recently, was that of Buys and Smuts?, al-
though, as we point out later, this work did not lead to advance. The recent revival
of practical interest starts with the work of Jennings and co-workers3* who, while
establishing the practical value of serial open tube column systems, were unable to
reconcile their results quantitatively with existing theory. We have, since, presented
assumption free general>® and approximate® (practical) theories of serial column
operation in gas chromatography. Most recently, Mayfield and Chesler'® have re-
ported a comprehensive attempt to test the value of theory in predicting retention in
coupled open tube columns. Their results allowed them to conclude no more than
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that they could be “cautiously optimistic that one or other of the three approaches
adopted could serve as a basis for coupled column optimisation”. Their caution is
reasonably based since each of the approaches they tested involve simplifying and
thus limiting, assumptions which preclude their-general applicability.

We present here experimental results that confirm the correctness of our own
approach, one that was not tested by Mayfield and Chesler!®. Further, we show the
practical simplicity of its use in predicting, from readily measured experimental data,
absolute capacity factors (k') and, hence, relative retention («), as a function of both
inlet pressure and column mode. This opens the route to quantitative and straight-
forward optimisation of column lengths in serially coupled systems.

THEORY

Only the practically important elements of our general theory>~7 are presented
here in order to facilitate understanding of the analysis of the experimental infor-
mation cited later.

The total retention of a given solute eluted through a serial pair of columns
of any type is the sum of the retentions (fg) in the individual sections, so for two
columns labelled front (F) and back (B),

tx = trrp + trg = tar (1 + k) + tag (1 + kp) 4y

where 14 represents dead time (k° = 0) and k' represents a capacity factor. It then
follows, as a perfectly general result, that

k' = (tarky + tapkp)/(tar + tas) 0)]

or, setting, t4r/tap = P,

Pky + ki
b = <_F_B) 3)
: P +1

This is true for binary serial systems of any kind of column and, being independent
of assumption is the most useful form of the basic equation for serial retention.

The dependence of k’, and thus of relative retention (x), on column sequence
(FB or BF) and on k¢ and kg is totally described by eqn. 3, and given that we know
k¥, ks and P, there is no problem in calculating either absolute or relative retentions
in serial systems. The determination of ki and kg is straightforward but that of P is
not, since we require to know not only the values of the inlet (p;) and outlet (p,)
pressures, but of the junction pressure (p), as shown below.

Hildebrand and Reilley! introduced the concept of a resistance to gas flow
function (Rf) defined in terms of average carrier velocity, #, by

Re = (p? — p})/pu @
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and it is a simple matter then to showS:? that ¢, is given by

ALRA[ PP — P}
fa = [ 3 F] [(;; - :3)2] ©

where L is column length. Both eqns. 4 and 5 are, again, perfectly general, applying
to both packed and open tube columns. Thus, for an open tube column (Poiscuille’s
law),

Ry = 32Ly/3r?

where r is the radius and # the carrier gas viscosity. For a packed column (D’Arcy’s
law), correspondingly’,

Rg = 2']8L/Bo

where ¢ is the total porosity of the column packing and B, is its specific permeability.
Rg is, thus, very readily measured experimentally for any column by deter-
mining ¢, as a function of p; and evaluating 2LRg/3 as the slope of a plot of ¢4 against
@ —pd) (w7 —pd)* .
Turning now to the situation where two columns are serially linked with pres-
sure drop p; — p in column F and of p — p, in column B, it is a straightforward
matter to show’ that, on account of conservation of mass,

P (b pt) = M

2 2
—— = — A 6
LeRer LoRey 7~ P9 ©

whence,

p? = {P.z - IFIP:2 — (VmsRe¥/ VMFRFB)Pg]} 0

1 — Il — (VmeRer/VurRrs)]
where Vyr and Vyp are the mobile phase (void) volumes of columns F and B and /
is the length fraction, Lg/(Ly + Lp), note also I + Iz = 1. Vyr and Vg are easily
measured directly via the usual relationship
VM = jFets
where j is the James—Martin compressibility correction and F, is the temperature

corrected column flow-rate. Hence, p is readily evaluated for any /& or pressures.
Eqns. 5 and 7 now allow us to calculate P since’

_ _ LpRyg @ 2 » - pY)
P farltan = (LFRFF) (Vm) [@3 - ps)] ®
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All the quantities needed to evaluate P can be determined experimentally. We can
subsequently, via eqn. 3, calculate k&’ for any column combination and any p; and p,
and, hence, « for solute pairs. ,

We have pointed out earlier’ that eqn. 8, again, is perfectly general, depending
for its validity only upon adherence of the carrier to the ideal gas laws, and that the
equations of Hildebrand and Reilley! and of Buys and Smuts? represent special cases
covered by eqn. 8. The equation derived by the former authors is valid only when
Vu/L is the same for both columns F and B, that is, the serial columns must have
equal r2¢. The equation presented by the latter authors is of even more limited validity
since it demands that, in addition, the columns involved must have equal &/B,, that
is, identical flow resistance per unit length (Rg/L). It is not, therefore, surprising that
recent attempts'® to correlate these earlier theoretical approaches with experiment
have failed; given ignorance of the constraints imposed by assumption in these early
theoretical derivations, failure of the equations in practice was almost inevitable.

In what follows, we present evidence to show that the several equations pre-
sented above describe real behaviour correctly. We have chosen to use packed col-
umns, each containing Chromosorb G supported squalane but differing in support
particle size and/or solvent—support ratio. Manipulation of eqn. 3 readily establishes
that relative retentions should remain constant in serial operation of the columns
containing similar packing but capacity factors, of course, will change. It is, intu-
itively obvious that relative retention cannot be changed by serial column operation
unless the relevant o values are different in the component parts. Thus, the experi-
mental test here involves accuracy of prediction of &k’ values, a sufficient objective
since, given that this is achieved, it will evidently be equally true where « values differ.

EXPERIMENTAL

Squalane and Chromosorb G (AW-DCMG) of both 60-80 and 100-120
ASTM mesh, were procured from Phase Separations. They were used as received.
Columns were fabricated in 3 m lengths of 1/8th in O.D. stainless steel, squalane
being coated on the support by standard methods. Column connexions were made
via Swagelock fittings, packing being added where necessary to minimise dead vol-
ume. Columns were always used with gas flow in the same direction in order to
eliminate any possible void creation during use.

The columns used were: (1) 0.5% (w/w) squalane on 100-120 mesh; (2) 3.5%
(w/w) squalane on 100-120 mesh; (3) 0.5% (w/w) squalane on 60-80 mesh; (4) 5.0%
(w/w) squalane on 60-80 mesh. This nomenclature is used throughout what follows.

The gas chromatograph comprised a Perkin-Elmer F.33 system, equipped with
flame ionization detection and modified to allow inclusion of precision pressure
gauges and a platinum resistance thermometer probe. The carrier gas was nitrogen
and all experiments were conducted at 90°C.

Dead volumes were measured by methane injection via a 100-ul syringe whilst
the four liquid test solutes, benzene, toluene, ethylbenzene and propylbenzene, were
injected singly in amounts in the range 0.01-0.10 ul. No sample size effect on retention
was detectable.
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RESULTS

Basic retention data for elution from individual columns at 90°C were as listed
in Table I; values of k' cited are the mean of numerous elutions.

The individual values of a are sufficiently close to the arithmetic means to
confirm that « is independent of solvent-support ratio and of support mesh size.

Plots of t4 against (p? — p2)/(p? — p?)? are shown in Figs. 1 and 2. The
linearity is clearly excellent and the derived values of Rgin Nsm™ (= 1.01 - 107 atm
s cm™1) are: columns, (1) 9.05 - 10°; (2) 8.56 - 109; (3) 3.60 - 10%; (4) 3.79 - 10%; the
agreement of the data for columns 1 and 2 (100-120 mesh) and of those for columns
3 and 4 (60-80 mesh) is as close as reasonable expectation could demand. The cor-
responding mobile phase volumes, Vy in ml were: 7.79; 7.71; 7.74; 7.91; values that
show, from a different point of view, the excellent reproducibility of the packing
procedures.

TABLE 1
k' AND « VALUES FOR TEST SOLUTES WITH INDIVIDUAL COLUMNS

Solute Column
1 2 3 4 Dgver
k' o k' -3 k' o k' ]
Benzene 0400 0209 279 0208 0432 0.19 38 0209 0.206
Toluene 0916  0.480 6.51 0486 1.08 0.491 9.03 0488 0.486
Ethylbenzene 1.91 1.00 134 1.00 2.20 1.00 18.5 1.00 1.00
Propylbenzene 3.77 1.97 26.8 2.00 4.23 1.92 36.7 1.98 1.97

In Tables II-V, we present values of K¢y, and kcac, for the four solutes eluted
from each of eight column combinations. Included also are the relevant values of p;,
p. and P since, in combination with the data presented earlier, all necessary calcu-
lations may be reproduced.

DISCUSSION

The data of Tables II-V illustrate a number of general features of serial column
operation. Consider the values of &’ listed. First, we see that for a given binary
column mode, the effect of increasing the inlet pressure is proportionately the same
for all solutes. Table VI lists the ratios of the values of k’ for each column mode over
the approximate range 25-105 p.s.i.

Over this substantial inlet pressure range we see that absolute k’ values vary
from around 2 to 14%, depending on the intrinsic &k’ of the individual columns. Since
the test columns involve pairs in which intrinsic k£’ varies by an order of magnitude,
it is unlikely that, in practice, greater variation will be commonly met with.
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Fig. 1. Plot of dead time (¢,) against (p? — p3)/(p? — p%)? for columns 1 and 2 (100-120 mesh). Carrier
gas, nitrogen; temperature, 90°C. Rg = 1.5 x slope/L (¢f. eqn. 5).
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Fig. 2. Plot of dead time (t,) against (p} — p3)/(p? — p?)? for columns 3 and 4 (60-80 mesh). Carrier gas,
nitrogen; temperature, 90°C. Rr = 1.5 x slope/L (c¢f. eqn. 5).
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TABLE 11

COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF k' FOR COMBINA-
TIONS OF COLUMNS 2 AND 3 OVER A RANGE OF p; AT 90°C

Pressures in p.s.i.; carrier gas, nitrogen.

Mode: F/IB = 2:3 Mode: F/|B = 3:2
D Do Y4 P k;xp énlc Di po P P k;xp k:'alc
Propylbenzene
24.7 147 182 130 169 17.0 24.5 145 220 120 148 14.5
34.7 146 225 153 179 179 34.6 146 302 133 140 13.9
54.6 146 321 181 186 18.8 54.7 147 466 145 136 134
74.6 146 423 194 187 19.1 74.8 148 633 150 130 13.3
94.6 146 528 202 188 19.3 94.8 148 800 152 13.0 13.2
104.6 146 58.1 205 189 19.4 104.9 149 884 153 127 13.1
Ethylbenzene
24.6 146 18.1 1.30 8.84 8.53 24.6 146 222 1.20 7.17 7.39
34.6 146 224 1.53 8.93 9.00 34.6 146 301 1.33 6.94 7.01
54.6 145 321 181 9.36 9.41 54.5 145 464 145 6.60 6.77
74.5 145 423 194 9.55 9.59 74.5 145 630 1.50 6.63 6.68
94.6 145 528 202 9.50 9.69 94.5 145 797 1.52 6.45 6.64
104.6 145 58.1 205 9.43 9.73 104.5 145 881 1.53 6.55 6.63
Toluene
24.6 146 181 1.30 4.26 4.15 244 144 219 1.20 3.59 3.55
34.6 146 224 1.53 4.43 4.36 344 144 299 1.33 342 341
54.6 146 321 181 4.63 4.58 54.4 144 463 145 3.37 3.30
74.6 146 423 194 4.70 4.67 74.5 145 631 1.50 3.23 3.25
94.6 146 528 2.02 4.68 4.71 94.5 145 79.7 1.52 3.16 3.23
104.7 147 582 205 4.63 4,72 104.5 145 881 1.53 3.20 3.23
Benzene
24.7 147 182 130 1.75 1.77 24.6 146 221 120 1.49 1.50
347 147 225 153 1.84 1.86 346 146 30.1 1.33 1.40 1.44
54.7 147 322 181 1.96 1.95 54.6 146 465 145 1.37 1.39
74.7 147 424 194 1.99 1.99 74.6 146 632 1.50 1.36 1.38
94.7 147 529 202 1.99 2.00 94.6 146 798 1.52 1.32 1.37
104.7 147 582 205 1.98 2.01 104.6 146 882 1.53 1.37 1.36

Turning to the effect of mode alone, again we see that the effect on k' is
proportionately the same for all solutes, but the effect of p; is now much more pro-
nounced, as Table VII shows.

The effect of inverting the column sequence is to induce changes in k' ranging
from 4 to 17% at the lower inlet pressure but of 10 to 65% at the higher pressure.
This effect, obviously, is greatest when the intrinsic &’ of the individual columns
comprising the pair are most different; self-evidently, if these were equal, k£’ would
not change at all. For the reason cited above, this again indicates the probable range
of variation likely to be met with in practice.

The foregoing observations provide, for the first time, theoretical and practical
insight into the extent of change of &’ to be anticipated as a function of both p; and



46 J. H. PURNELL, M. RODRIGUEZ, P. S. WILLIAMS

TABLE III

COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF k' FOR COMBINA-
TIONS OF COLUMNS 1 AND 4 OVER A RANGE OF p; AT 90°C

Pressures in p.s.i.; carrier gas, nitrogen.

Mode: FIB = 1:4 Mode: F/B = 4:1
bi Do 14 P k;xp k:ak Pi Po P P k;xp k:*alt
Propylbenzene
248 148 183 129 185 18.2 250 150 225 127 229 222
349 149 227 151 175 16.9 350 150 306 142 230 23.0
550 150 323 178 158 15.6 550 150 470 154 240 23.7
749 149 424 192 150 15.1 75.1 151 677 1.59 231 24.0
949 149 528 200 147 14.8 95.1 151 804 162 234 24.1
1049 149 580 202 1438 14.7 105.1 151 888 1.63 23.0 24.2
Ethylbenzene
246 146 18.1 129 ° 920 9.15 250 150 225 127 108 11.2
346 146 224 151 8.56 8.49 346 146 302 142 116 11.6
546 146 320 1.78 795 7.86 546 146 466 154 120 12.0
744 144 420 192 7.42 7.57 746 146 633 159 118 12.1
944 144 524 200 7.21 742 946 146 800 162 11.6 12.2
1044 144 577 202 7.03 7.39 1046 146 883 1.63 11.6 12.2
Toluene
244 144 179 129 4.50 4.46 247 147 222 1.27 5.48 5.46
344 144 222 151 422 4.14 346 146 301 142 5.78 5.68
544 144 318 1.78 3.93 3.82 546 146 466 1.54 5.82 5.84
744 144 420 192 3.78 3.69 746 146 632 159 5.88 5.90
948 148 527 200 3.59 3.62 945 145 799 1.62 5.82 593
1046 146 578 202 3.60 3.59 1045 145 883 1.63 5.86 5.94
Benzene
248 148 183 129 1.90 191 246 146 222 1.27 2.21 2.34
349 149 226 151 1.72 1.78 346 146 302 142 2.38 243
549 149 322 178 1.61 1.64 546 146 466 1.54 247 2.50
749 149 424 192 1.55 1.58 746 146 632 1.59 2.36 2.52
949 149 528 200 1.52 1.55 946 146 800 1.62 2.44 2.54

1049 149 58.1 2:02 1.51 1.54 1046 146 883 1.63 2.49 2.54

column sequence. But they provide also a background against which the extent of
agreement between the experimental observations and theoretical prediction may be
judged.

If we define the discrepancy function 4 as

A(%) = 100(k'exp - k::alc)/k::alc
we note, first, that the number of individual data having positive 4 is closely equal

to that of negative 4 and that there are no obvious trends. Secondly, that the extreme
deviations are + 6%, and such large deviations are few. Finally, listing the arithmetic
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TABLE IV

COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF &’ FOR COMBINA-
TIONS OF COLUMNS | AND 2 OVER A RANGE OF p; AT 90°C

Pressures in p.s.i.; carrier gas, nitrogen.

Mode: FIB = 1:2 Mode: FIB = 2:1
Di Do P P klexp :'alc Di Do p P k;xp k::nlc
Propylbenzene
24.8 148 204 129 143 13.8 24.8 148 206 127 156 16.6
349 149 266 147 137 13.1 348 148 269 143 16.2 17.3
54.9 149 398 1.65 127 12.5 54.7 147 405 1.60 169 179
74.9 149 534 173 125 12.2 74.8 148 544 168 174 18.2
94.9 149 672 178 123 12.1 94.7 147 685 172 173 18.3
114.9 149 81.0 1.80 122 12.0 104.8 148 756 1.73 172 18.4
Ethylbenzene
24.7 147 202 1.29 7.43 6.93 24.7 147 204 127 8.81 8.34
348 148 265 147 6.81 6.56 34.7 147 269 1.43 9.26 8.67
549 149 399 1.65 6.63 6.25 54.7 147 405 1.60 9.41 8.98
74.7 147 533 1.73 6.36 6.12 74.6 146 543 1.68 9.37 9.11
94.7 147 670 1.78 6.10 6.04 94.6 146 684 1.72 9.03 9.18
114.7 147 80.0 1.80 6.08 6.01 104.6 146 755 1.73 8.99 9.18
Toluene
24.7 147 202 129 3.51 3.35 24.7 147 204 1.27 4.08 4.05
34.7 147 264 147 3.45 3.18 34.7 147 268 143 443 4,21
54.7 147 396 1.65 3.13 3.03 54.7 147 404 1.60 4.42 4.36
74.7 147 533 1.73 3.03 2.97 74.7 147 544 1.68 4.48 4.42
94.7 147 670 1.78 3.00 2,93 94.8 148 685 1.72 4.45 445
104.8 148 741 1.80 2.96 2.92 104.8 148 756 1.73 4.49 4.46
Benzene
24.7 147 202 1.29 1.43 1.44 24.5 148 205 1.27 1.68 1.73
34.6 146 263 147 1.41 1.37 349 149 270 143 1.83 1.81
54.5 145 395 1.65 1.32 1.30 54.9 149 406 1.60 1.85 1.87
74.5 145 531 173 1.29 1.27 74.9 149 545 1.68 1.90 1.90
94.5 145 669 178 1.26 1.26 94.9 149 686 1.72 1.91 1.91
114.5 145 80.7 1.80 1.27 1.25 104.9 149 757 173 1.90 191

mean of all calculated values of 4, as in Table VIII, we see that agreement of exper-
imental and calculated k' is good to ca. 2%, a figure very substantially less than the
variations of k’ with p; and mode illustrated in Tables VI and VII. Bearing in mind
that at 90°C, (a) temperature variation of + 1°C can induce a change of +3% in the
observed value of k£, (b) that at long retention temporal flow variation can be around
+ 1%, and (c) that the use of methane as a dead time marker must induce some small
error, agreement to better than about that observed is hardly to be expected.

The data thus confirm the theory remarkably well and provide a secure base
for binary column optimisation via prediction of « as a function of mode and pres-
sures.
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TABLE V

COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF k’ FOR COMBINA-
TIONS OF COLUMNS 2 AND 4 OVER A RANGE OF p, at 90°C

Pressures in p.s.i.; carrier gas, nitrogen.

Mode: F/B = 2:4 Mode: F/IB = 4:2
Pi Do P P k;xp Zalc Di Do 14 p k;xp 2nlc
Propylbenzene
24.5 145 18.1 127 321 312 24.7 147 222 129 344 324
34.3 143 223 1.50 320 30.8 34.8 148 302 143 34.1 326
54.3 143 321 176 312 304 54.7 147 464 156 335 328
746 146 427 1.89 310 30.2 74.7 147 630 1.62 324 329
94.6 146 534 196 298 30.1 94.8 148 797 1.64 326 33.0
104.7 147 588 199 299 30.1 104.8 148 88.0 1.65 324 33.0
Ethylbenzene
24.2 142 178 127 163 15.6 24.7 147 222 129 169 16.3
349 149 229 150 16.1 15.5 34.7 147 301 143 170 16.4
54.7 147 325 176 165 153 54.5 145 463 156 16.7 16.5
74.7 147 429 189 152 15.2 74.3 143 626 1.62 165 16.5
94.7 147 535 196 151 15.1 946 146 795 164 166 16.6
104.7 147 588 199 151 15.1 104.8 148 879 165 165 16.6
Toluene
24.7 147 183 1.27 7.78 7.62 24.7 147 222 129 8.48 7.93
34.6 146 226 1.50 7.73 7.52 34.7 147 301 143 8.29 7.99
546 146 324 176 7.63 7.42 54.7 147 464 1.56 8.14 8.05
746 146 428 1.89 7.49 7.38 747 147 629 1.62 8.13 8.07
946 146 534 196 7.43 7.36 94.8 148 79.6 1.64 8.10 8.08
104.7 147 588 199 7.30 7.35 104.9 148 88.0 1.65 8.08 8.08
Benzene
247 147 183 1.27 323 3.26 24.8 148 223 1.29 346 3.39
34.7 147 227 150 3.34 3.22 34.8 148 302 1.43 3.57 3.42
54.7 147 324 176 3.26 3.18 54.8 148 465 1.56 348 3.44
74.7 147 428 1.89 3.19 3.16 74.8 148 630 1.62 3.45 3.45
94.6 146 534 196 3.20 3.15 94.9 149 790 1.64 342 3.45
104.6 146 58.7 199 3.15 3.15 104.9 149 881 1.65 3.38 3.46

Finally it will be observed in Tables II-V that, as p; increases, the change in
k’ diminishes progressively to the point where k' becomes effectively pressure inde-
pendent. We illustrate this in Fig. 3 where the data for all four solutes eluted at
various p; in column modes 2:3 and 3:2 are illustrated. These are typical, and we see
plateaux reached at around 50 p.s.i. This behaviour is theoretically predictable.
When p; > p,, eqn. 7 reduces to

— lgp 12
P { ' : }
1 — I§[l1 — (VmeRrr/VurRrs))
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TABLE VI

VARIATION (RATIO) OF k' FOR ANY SOLUTE WITH p; (25-105 p.s.i.) FOR A GIVEN BINARY
COLUMN AND MODE

Column mode k' ratio
(F/B) (pil05/p:i25)
32 0.907
2:3 1.14
1:4 0.808
4:1 1.09
1:2 0.870
2:1 1.10
2:4 0.966
4:2 1.02
TABLE VII

CHANGE OF k'’ FOR ANY SOLUTE WITH CHANGE OF COLUMN MODE

Inlet pressure (p;) k' ratio
(p.s.i.)
2:3 > 3:2 4:1 - 1:4 2:1 - 12 4:2 - 24
25 1.17 1.22 1.20 1.04
105 1.48 1.65 1.53 1.10
TABLE VHI

ARITHMETIC MEANS OF 4(%) FOR ALL COLUMN MODES, ALL SOLUTES AND ALL INLET
PRESSURES

Mode Mean 4(%)
2:3 +1.3
3:2 +1.7
1:4 +1.7
4:1 +24
1:2 +2.8
2:1 +3.0
2:4 +1.8
4:2 +2.0
that is,
1 _ IF 1/2
>p|— 9
P p,[l_w_c)] )

where C = (VusRrr/VurRyp). Substituting this value for p in eqn. 8 for P then yields
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Fig. 3. Plots of £’ against p; for serial combinations of columns 2 and 3. Circles, ke full lines, kgaj-
Upper curves, column mode F/B = 2:3; lower curves, column mode F/B = 3:2. Elution of (a) propyl-
benzene, (b) ethylbenzene, (c) toluene and (d) benzene, by nitrogen at 90°C.

TABLE IX

COMPARISON OF CALCULATED AND EXPERIMENTAL HIGH PRESSURE LIMITING VAL-
UES OF &’

Column mode (F|B) Solute koar: (lim) kexp (>100 p.s.i.)
32 Ethylbenzene 6.42 6.63

2:2 Ethylbenzene 9.88 9.73

2:1 Benzene 1.94 . 1.91

1:2 Benzene 1.24 1.25

4:2 Ethylbenzene 16.6 16.6

2:4 Ethylbenzene 15.0 15.1

4:1 Toluene 599 5.94

1:4 Toluene 3.48 3.59

2
Pim = (E’_@) (V_MF_> {[Mjl _ 1} (10)
LrRgr/ \Vus 1 — Ik
in other words, P — constant.
The above provides a route to a final test of the theory since Py, can be
calculated for any column combination from the data provided earlier and, in turn,
provide values of ki, via eqn. 3, for any chosen solute, for comparison with the

values observed at the highest pressures employed. Table IX shows, for a few ex-
amples that are typical, the excellence of the agreement achieved.
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These last observations are also of practical importance. The plateaux start,
to all intents and purposes, at about the inlet pressure level above which fastest
analysis is achieved®. Thus, whatever optimisation theory is employed is simplified
since we are relieved of the need to allow for inlet pressure dependence of k' in serial
systems operated in fastest analysis conditions.

The experimental evidence presented leaves no doubt of the validity of our
theory and rapid practical progress should now be anticipated since the main obstacle
to successful serial column operation in gas chromatography has been removed.
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