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" SUMMARY

Some theoretlcal work has been cart'ed out in order to evaluate the potentiali-
ties of rectangular capillary columns for gas chromatography. A flattening device for
capillaries is described and experience in preparing rectangular columns with this de-
vice is discussed. Preliminary results showed an improvement in the column per-
formance of a macrocapillary after flattening to a wall-to-wall distance of 0.2 mm.

INTRODUCTION

) In gas chromatography, capillary columns with inner diameters of 0.2-0.3 mm
have the great separaticn power that is usually required combined with the disad-
vantage of lIow loads. The latter effect results in poor overall sensitivity. Several pro-
posals have been made for -increasing the limits of detection in order to permit
the use of capillaries for trace analyses. SCOT and PLOT columns!+? and irregularly
packed capillaries® increase the amount of stationary phase, and trapping technigues®
and splitless injection® enrich the components in question. All these methods are
Iaborious, cither in preparing the columns or in applying them. Hence Golay’s pro-
posal‘ made in 1938, to use rectangular capiilaries was reconsidered. It should result
in" high-capacity columns with the separation efficiency of microcapillaries (i.e.,
capillaries with 1.D. 0.25-0.30 mm, in contrast to macroczpillaries with L.D. 0.5-1.0
mm) if sufiiciently fiat capillaries could be made. .

~ Three.reasons were decisive in formulatmg the experiments:
. (1) By means of a “micro-mangle” {see Experimental), the preparation of such
capiliaries is technically feasible.
(2) Inhis paper, Golay derived equations for rectangular capillaries and proved
. f.haL for separation efficiency, the smaller wall-to-wall distance corresponds to the
dxametet of circular capillaries. v
- ~ (3) Whereasthe gasflow throughnormaicaplﬂanes is proportxonalto the fourth
" ‘power of the radius (r¥), that of rectangular tubes is proportional to the third power
-of half the smaler Wa.ﬁ-to-wall distance times the Iarger (z35). Hence a capillary of
- LD. 0. 25 mm has about the same permeability as a rectangular capillary measuring -
~0:;10°% . Smm The con:&spondmg cross-secﬁona[ areas are 0.05 and 0.15 mm?

-respecmeiy -
Ttns mvmgatlon was camed out in order to show mat, according te theory,



In thxs work we have assumed that Golay s equa.twns‘s a.re vahd a.s they are
generally. aceepted’ We first present some calculations that have been made with
- these equations and conclusions derived from them, and then we chscuss some advan— -
‘ tages and dxsadvantages based on a more pracmzl approach RIERERE

'Conclusxons denved’ fron- G‘olay S eguatzons ) ' o
: Golay® derived equations for both cu'cular and rectangulat capxﬂanes, the' A
latter bemg valid only for a large ratio of width to thxckness o . )

D 1-r6k—'-11k-- Ur., 2 Ur?

o

Heircatar = 257 U + 240 +k* D 6(1«'—1:)z CZDL A
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rectans. = <7 105 (1 + kP » D '3 ( "'r‘ kY 2 Dp .

where , o ’
H = eﬁ‘ectwe hexght eqmvalent to a theoretxml plate
U = average velocity of carrier gas;
D = diffusion coefficient of sample in gas phase, .
D, = diffusion coefficient of sample in liquid phase; -
k = ratio of fixed to moving capacity. for component of sample
= partition coefficient; , N

ro'—radmsofcxrculartube o T T .

'z = half inside thickness of flat tube. = :

A companson of these two equations shows a sxmllar pattem, using for cir-
cular columns the radius, r,, and for rectangular columns half the smallet wdl-to-
wall dxstance, Z,. The scalar factors differ, however, with the effect thatas k mcreases
Hm!_.mg increases more rapxdly than H j cuja- At first sight, the apparent lack of the

- film thickness looks astonishing, but this is accounted for by the k values: the capacity .
ratio, for a gﬁen capillary and at constant partltlon coeﬁcxent, depends on the ﬁlm’
~thxckness only. : :

' Calculatxon of the equatxons for c:rcular and rectangular columns mth squa- 'i

lane as stationary phase for n-heptane is illustrated in Table T and Fig: L. ‘Assuming
the vaixdlty of both eqaauons Wlthm the caleu!ated range, one ean draw the followmg— -
‘conciuswns. R -

‘(1) His smaLe: for arcul& cclumns than far rectangular cohmms w1t!1 equai :

: wall—to-wall dlstance: (r0 = 40) Thzs d:ﬁ'erence mczeasee w;th mcreasmg ﬁlm thxck-'_‘.

: ness. - -

(2) The hexght eq_mvalent to a theorenmi p!ate decreases w1th decreasmg ro or
Zg and the dependence on film ttnckne;s bee.omes smaﬂer. Thxs ﬁrct term, whic _
 for the velocity~and henee time-determined gas diffusion, influerices the H of macro-

olds =
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ok EPENDENCE OF EFFECI'I.VE I—EEIGHT EQUIVALENT TO A THEORETICAL PLATE

P (H’) ON. RADIUS (oY OR HALF “THE S\iALLER WALL-TO-WALL DISTANCE (zo) FOR

CIRCULAR AND RECTANGULAR CAPELLARIES RSPECTIVELY )

. ~The mlculat:on was, mde for sqwa.‘la‘:x‘a a.s sta.herary phase n-heptane as solute and mtrogen as car-
.. rier gas; w:tﬁ anaverage linear velocity of @ = 20 cw/sec. The gas d.tﬁuszon -coefficient Dy ss0c =
- Duéé-cm‘/sec. the liquid diffusion coeﬂicxent Dp i5:¢ =1 {0-16-% cm?/sec. The variation of & was
z mIcuIated via thz film thickness; “variation of stat:onary phase film thickness d, = 0.02-5 um.

'. rg(mm} zo(mm) “Hfemj.
~ - k= 0.5 - k-——IO k= 20 k 40 k—IOO

TS 0.108 0167 0256 0.389 0.701
LT 08 0.176 0.320 0574 1013 2183
Q25 - . 0. 00834 0048 0971 0.104 0.182

025 - 0051 - 0.086 0.150 0359  0.552

Ued25 . .. .0.013 0017 0.024 - 0033 0052

20125 0 0017 0026 0044 . 0071 0.145:
o 00625 »0009 T 0012 0616 = 0.024 - 0043
. 003125 - 0.007 9.008 0.099 0011 . 0.015
~0.0156 0.067 .. 0.007 0.007 0.008 0.00%

K az Zoft O3 [mml

c. Fig. 1. Dependence of p!ate hexght (&) on radius (rp) or half the smaller wali-to-wall distance (z;)
~ for ciwcular (solid fine) and rectangular (broken line) capillaries, respectively, with squa!ane as sta-
tlonary pha.se and n—heptanﬁ as solute (for further demﬂs ‘see Table I).

caplllanes only shghﬂ) (a few per cent), but becomes the govermng factor for wall-
. to-wall distances of less than 0.03 mm. '
: - (3) Asthe mpacxty ratio is shified in favour of the sta.tmnary phase by ﬁattenmg
, the capﬂlary (the gas volume decreases whereas the volume of stationary phase re-
mains constant), at first 2. ‘decrease in resolutxon occurs (Flg. 2) For smaller wall-to- ,
waii_ dxstances, however, the molutxon mcreases :

thlékxiaes can be predxcted for. rectangular mpﬂianes mth Zo < 0 02 mm If this holds
-truein practxce the possxbﬂity arises of preparing capillaries with high resolution and -

“good capacity.
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Fig. 2. Variation of the effective height equivalent to a theoretical plate during flattening of a macro-
capillary of 1 mm I.D. (for further details, see Table I).

All of these conclusions lead to the assumption that, according to egn. 2,
tectangular columns with very small wali-to-wall distances should have distinct ad-
vantages in comparison with microcapillaries.

General consideration of rectangular columns

A general discussion of the potentialities and limitations of rectangular col-
umns must take into account the following aspects.

Distortion of velocity profile. An important point, which could make the whole
concept questionable, is the actual shape of the cross-sectional velocity distribution.
A column design with plane-parallel walls and semicircular sides provides optimal
fow conditions, but nevertheless the wall effects are much greater than with circular
columns and hence there is a larger amount of gas phase with a zero or very small
linear velocity. Correspondingly, the gas velocity of the centre part of the capillary
must be higher, which causes a more distorted velocity profile than in circular columns.
The separating power depends on the actual shape of this profile and the H versus U
graph should be much steeper than with circular columns.

Uneven cross-section along the column. The flattening must be performed with
high uniformity. Buckling of the tube will result in very small deviations from the mean
wall-to-wall distance, but an alteration of that distance by only -+ 0.01 mm pro-
duces a variation in the free cross-section of -+ 209, and hence a change in the per-
meability of 4 73 to — 499,. The overall result would be an uneven velocity distri-
bution and perhaps a greater pressure drop.

Short gas paths that reduce peak broadening. A shorter wall-to-wall distance
causes shorter times between the sorption steps, and therefore more sorption/desorp-
tion steps occur per unit time than in a microcapillary. This in turn results in a better
statistical distribution of the total sorption times of the individual molecules of one
component and consequently in a reduction in peak broadening. This holds true also,
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if greater film thicknesses are used to increase the capacity. Under this aspect the di-
minished influence of the film-thickness predicted by equation (2) is understandable.

Optimum column profile. The “‘rectangular column™, owing to the manner of
manufacture, is not exactly rectangular (see Fig. 3). Although the condition of two
plane-parallel walls is achieved, the smaller sides have semicircular profiles of radius
Zg. That is the ideal shape for rectangular columns, as it permits the most uniform
coating and effects an optimum velocity profile under these circumstances (see
above). As the column is coated before flattening the film thickness is uniform, even
in places of greater curvature. For a ratio of half the smaller side to the film thickness
(Zo/dy) of more than 100:1, no redistribution should occur on flattening. However,
if a true rectangular column were coated, then of necessity patches of stationary
phase would be formed in the corners.

Fig. 3. Microphotographs of the cross-sections of the initial capillary (a) and of two fiattened capil-
laries (b and ).

A critical assessment of all considerations regarding rectangular cclumns with
relatively small wall-to-wall distances indicates a good performance for this type of
column. The distorted velocity profile with the increased proportion of “stationary™
gas phase should not be too harmful for separation, as this phenomenon is inkerent
in all packed columns with porous supports. Also, the unevenness of the wall-to-wall
distance seems to be negligible as judged by the good agreement between calculated
and measured gas flows. The predicted good properties should therefore more than
compensate for the possible drawbacks.

EXPERIMENTAL

Theory predicts thai the favourable effects of rectangular capillaries will be
greatest with the smallest possible small-side distances and the greatest feasible
widths. Therefore, one should flatten columns of large internal diameter to be as



After cleamng, we coatedr tlns macrocaplllary in the usual manner. The sab-f'
sequen* ﬁatteumg was carried out thh a device (Fig. 9). developed in‘our:laboratory
~ to produce by-pass. capiﬂanes of 3 minimum dead: volume with ‘high reptodhclbihtyj;

- for the INTEX Standard proposed by ‘Rohrschieider. and. Ia&echkes ‘This deviece;-
‘which we call a"*“micro-mangle”, consists essentially-of two. ‘rollers made of tempered

steel; the dbtance between which can be: adjusted very precxsely and reproducnbly"
-with a precision screw. Both' copper and steel capillaries were flattened with the FHCTo-
-mangle. ‘After sawing off and. careful filing they. showed proﬁles of. the desxred type_
“(Fig. 3), w1th p]ane—parallel mxddie sectmns and semlcxrcular SIdes = oo

Fig; 4Flattemngdevxee- or .‘fmiero-niangle;’. :

) The evohmon of heat dunug ﬁattemng gave more trouble than expwted The
“heat evolved with copper, and even more with steel capillaries was so- great that the
ccating (squalane) was completely destroyed in the first trials. Air cooling was apphed
in further flattening trials. As this precautxon was inadequate, the air stream directed
at the rollers was pre-cooled with-liquid nitrogen. Moreover, the flattening was per-,
formed slowly and gradually and, in addition, we used a more thetmostabte statnonary
pnase (silicone oil). “These precautions gave successful results.

" The connection of flattened columns to the splitter and detector was a fu:thet
problem. In order to ma.ke chromatogta.ms after each ﬁattemng step, pxeoes of 0.25-
mm ID. capillaries were. inserted in the ends of the macrompxﬂaty, the pleces bemgi :
cennected with the splitter and detector in the usual manner. In order to minimize the -

_dead volume, we' tried to apply the flattening as near as possible to the ends. Unfor-
:tunately, this resulted in‘a senes of over-flattened mpx!!anes, S0 that we’ had to.ob- ;
serve a “eafety distance” of 1cm from the ‘ends. This ‘in’ turn increased the dead '
-vclum ‘which:is a dlsadvantace, especxally at h:cher pmsures {ca.5 atm) .

In order to circumvent these difficulties and minimize dead’ volumes, the capil-_’- E
la'y was. soldeted dlrecﬂy to the splitier T-pxece and the’ mai(eqlp gas. T—pxece after
ﬁattemng to a mlmmal small—sxde chstance. By means of thxs procedure deaé volumes
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o were,avo:ded, Abut the statxonary phase was desttoyed m the soldeted a:ea, a probiem.
1",7;',“h1ch ‘has not yet been overcome. T

S In spite of the. precision- and. reptoducxbzhty avaxlable w1th the zmcro—mangle,

e the inner dlstance cannot be estxmated from the outer dlameter owmg to the relative

"';;thxckness of:the wall. It can be calculated; however, by consndermg the differences
" between the. k values of mdxvzdual components ‘and those of the ordinary caplllary _

The: smaﬁ-sxde distance as weil as the widih can easily be calculated from the remaining
. gas volume -under the’ assumptxon that the cueumference of the cnpillary does not
change on ﬁattemng. ,

- The ‘necessary carrier gas pressures increase mpxdiy on approachmg the desxred
'-"mner dlstance of 0.05 mm, in spite of the relatively large open cross-section. The
- permeablhty of a circular capillary of 0.25 mm L.D. corresponds to that of a rectan-
- gular capillary measuring 0.1 X 1.5 mm, but, in order to obtain the same linear carrier
- gas velocity, the volume velocity must be three times that e a circular caplllary of
-0.25 mm LD., since the cross-secticnal area of the rectangular caplllary is three times

as great ©. 15 mm2 versus 0.05 mmz) Consequently, the pressu:e drop is also three-
~fold.

~ .7 The: pe:meabillty of a rectangular capillary, measuring O. 05 X 1.5 mm,

decreases to ca. 109 of that of a 0.25-mm ED. circular capillary. In order to obtain

- equal linear gas velocities, the inlet pressure must be fifteen tlmes greater than that
~ for the 0.25-mm LD. circular capillary.

7 The high pressure drop and the shape of the H versus U curves, whxch have a

rmmmum at relatively small carrier gas velocities, suggest rather short columns. Thus

" the separation times will be as usual and the necessary inlet pressures will remain

w1thm reasonable limits. The number of plates attainable, however, is therefore limited.

RFJ;ULTS

. Asweare eneaged in routine industrial analyses, we possess nelther the equip-
_ment nor the time available to research organizations. Our practical work was there-
. fore intended more o show preliminary results in order to stimulate other workers
- to establish the best conditions and procedures or to prove that there is something
. wrong with our proposals.
’ ~At ﬁrst, we obtained promlsmg muits by using a. column coated with silicone
oil: When we used wall-to-wall distances of 0.3 and 6:2 mm, the H value for n-heptane
. decreased from 1.6 to 0.6 and 0.4 cm, showing an overall improvement of 75 ;. How-
'~ ever, the increase in the k value from 0.33 to 0.69 and 1.0, respectively, would itself
. cause, with no change in separatién efficiency, a decrease in H from 1.6 t0 0.7 and 0.5
-cm, respectively. Hence the real gain was small but it encouraged us to present this
"paper and to perform further work.
' “‘Unfortunately the column was ﬂattened to destruction when we tried to reduce
: ‘the small—sxde distance ‘to about z, == 0.05 mm, and it was therefore impossible to
o obtam further chromatograms with this column and to determine its loadability.
' Since then we have obtained discouraging results, mainly we believe owing to the dead
: -;volume at both ends of the columms. In attempting to eliminate this problem, we
" have' destroyed many columns-by. flattening them to zero permeabhility, and we there-
o fore tned to. solder a ﬂattened column into the T—pleees of the sphtter and of the de— '
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tectmg system However, the heaung of the coiumn Whﬂe soldeung most I&ety de- N
stroyed the stationary phase and our Eatest resu}ts did not show any mgtcvement. T
- - In'spitz of our meagre’experimental results, theory SUpports our optimism in .-
fcontmmng our work-on rectangular cap;!lanes, an:mng ‘at. exceﬁent re;oiutxon and
_E:Lu loadablhty . B . .
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