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SUMMARY 

The theoretical separation efficiency of open microcapillary liquid chromato- 
graphy (LC) columns, including peak-broadening effects resulting from interphase 
resistance to mass transfer, has been considered and an expression is derived for the 
plate height caused by interphase resistance. 

The use of such columns with internal diameters down to 10 pm is explored for 
LC separations. The columns were prepared from soft glass tubing and coated with 
polar and non-polar stationary phases. Several applications in straight phase as well 
as reversed-phase systems demonstrate the high separation speed (up to 50 effective 
plates per second). Relatively wide (30-50 pm) and short (l-5 m) columns allow rapid 
analyses within minutes. Smaller (10-30 pm) and longer (5-25 m) columns yield 
extremely high plate numbers (up to 5 - 106), permittin g very difficult separations in a 
reasonable time (2-5 h). The required pressure never exceeds the generally accepted 
value of 400 bar. Preliminary results obtained with fused silica columns are discussed_ 

Split-injection and addition of make-up mobile phase through the (UV) detec- 
tor have been applied. In order to avoid undesirable dilution of the sample zones by 
the make-up liquid, the microcapillaries were directly coupled to a mass spectrometer 
(in the chemical ionization mode). This technique has yielded promising results. 

INTRODUCTION 

Gas chromatography (GC) with capillary columns is a well-accepted method 
for gas analysis. This technique is becoming increasingly popular, as open tubular or 
capillary columns (with tube diameters of about 0.25 mm) offer more separation 
power than classical packed columns. In principle, the same applies to liquid chroma- 
tography (LC), but, in view of the much slower diffusion in liquids, much smaller 
column diameters are required (of the order of 10-50 pm)‘. The practical difficulties 
accompanying this microcapillary LC technique have prevented its successful appli- 
cation until very recently. Apart from the work done in our laboratory, studies of 
microcapillary LC in columns with diameters down to about 30 pm have recently 
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been reported - . 2 ’ In-the present work we describe the results obtained in columns 
with diameters down to 10 w. 

In earlier work we tried to enhance radial diffusion in open tubular columns by 
introduction of secondary flow effkcts8-10, which turned out to be successful in GC 
and in flow injection analysis (FIA) but not in LC. Here the only way to obtain 
satisfactory results is to apply drastic miniaturization. 

EXPERIMENTAL 

Apparatus 
Apart from the columns and their connections, only commercially available 

LC apparatus was used. The main pump was a Perkin-Elmer Series 2 liquid chroma- 
tography pump, a dual pump capable of delivering 60 ml/min at pressures up to 4000 
p.s_i_ A Tracer 950 pump, suitable for low flow-rates (< 1 ml/min), was used for 
delivering “make-up” or scavenger liquid to the detector. A Waters U6K injector was 
employed. 

The main detectors used were UV absorption detectors, of three types: fixed 
wavelength (254 nm), Waters Model 440; variable wavelength, Jasco Uvidec 100-11; 
variable wavelength, Spectra-Physics SP 8400. For all three detectors it was necessary 
to reduce dead volumes by circumventing the inlet connecting tubes. The most simple 
way to achieve this is by using the detector cell outlet as the inlet, which can be done 
with the Waters and the SP detectors without any problems. The result is that the 
column exit actually protrudes into the measuring cell, thus minimizing dead volumes 
to the cell volume itself. With the Jasco detector some modifications were required to 
reach the same goal. 

In this way the total dead volumes in the detectors were reduced to the order of 
2-8 ~1. This, however, is still too large’*’ for direct application of the detectors in 
microcapillary LC, where mobile phase flow-rates through the column of I-10 pl/min 
are common. When such how-rates enter the detector cell the time constant will be 
about 1 min, far too large for the detection of peaks which are only a few tens of 
seconds wide, at most. Reduction of cell volumes to around 1 ~1 has recently been 
described’*ii but even so scavenger (“make-up”) liquid has to be added to the detec- 
tor in order ;o reduce the time constant and peak broadening to acceptable levels. 
Using specially made T-pieces, each tailored to suit the particular column O-D., we 
added 0.3-I ml/min of make-up liquid to the column effluent (just before it entered 
the detector cell) in order to eliminate most of the peak broadening in the detector. 
The Jasco detector, although having the lowest cell volume, required a flow-rate of 
about 1 ml/min, probably due to an unfavourable cell geometry. 

The addition of make-up liquid to the column effluent has the major drawback 
that sample concentrations are diluted by at least a factor of 100. An alternative 
method of detection which avoids this dilution problem is chemical ionization mass 
spectrometry (CIMS), using the mobile phase as the ionizing reagent gas. As the 
column exit can be positioned directly into the ion source via a slightly modified 
hollow sample probe, no make-up liquid is necessary, thus ensuring far lower detec- 
tion limits than are possible with UV detectors. A Finnigan 4000 mass spectrometer 
was used in this work. 
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Sample introduction 
The split injection method was employed to introduce samples into the micro- 

capillary LC columns. Specially made splitting T-pieces were connected to the outlet 
of the Waters U6K injector, carefully avoiding any additional dead volumes. The 
inside diameter of each T-piece was adapted to the outside diameter of the particular 
column used, such that the dead volume inside the splitter was minimized_ Nonethe- 
less, splitting ratios of 1: 100 to 15000 had to be applied to avoid peak broadening 
from injection. The relatively large split llow (up to 30 ml/min) was recirculated to the 
mobile phase vessel, except for a short moment during injection, when this flow was 
directed to waste. 

Injection with the U6K turned out to be most efficient when the injector was 
switched into the injection position only for a very short time (say 0.2-l set). Switch- 
ing back into the “load” position ensures that the rear ends of samp!e zones are cut 
off. When this technique was used, especially the earlier peaks in the chromatograms 
were much more symmetrical and narrower than those found when the injector re- 

mains in the injection mode until the next injection. 
Injection of samples, either pure or dissolved in some solvent, invariably leads 

to increased peak widths, especially for the earlier peaks. Obviously, mixing of the 
sample with the mobile phase requires a finite time, which may affect the efficiency of 
separations. Therefore samples were dissolved in the mobile phase. 

With the aid of a modified Shimadzu GDMl Glass Drawing Machine, soft- 
glass (AR) microcapillaries with internal diameters in the range of 10-100 ,um (lengths 
up to 50 m) were drawn from either standard 6 x 0.3 mm glass tubing (different 
manufacturers) or thermometer glass capillaries. The fragile microcapillaries ob- 
tained in this way required very careful handling and mounting on a supporting 
frame onto which both splitting and make-up T-pieces were fastened. The ends of the 
columns were glued into these T-pieces using epoxy type resins; such connections can 
easily withstand pressures up to 600 bar. The low-pressure T-piece connection to the 
column exit can also be effected with a graphite ferrule. 

With samples of high molecular weight (MW > 250) and using a mass spec- 
trometer as the detector, enhanced transfer of the column effluent into the ion source 
is found when a liquid jet is produced at the column outlet. As for packed LC 
columns”, this requires that the column elhuent should leave the column exit 
through a very narrow orifice of about l-5 pm. This can be effected by melting the 
soft-glass column end and drawing out rapidly. Thus, a conically shaped tip is ob- 
tained as the column exit, which is polished to the required opening of a few ,um 
(microscopic inspection). 

Recently S-G-E. (Australia) kindly supplied us with fused silica microcapil- 
laries with internal diameters in the range 7-40 pm. Manual handling of these flexible 
columns is so convenient that no supporting frame is needed. 

Coating of the colurn~~s 
As in capillary GC, it has been possible to coat the inner wall of the column 

with a thin layer of some polar stationary liquid phase, using the dynamic coating 
techniquer3. As the shear forces in LC with a liquid mobile phase are appreciably 
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greater than in GC with a gaseous mobile phase, the shear stability of Blm coatings 
has to be enhanced by some surface-roughening technique. We used a modified al- 
kaline etching technique for the soft-glass column wall, originally proposed by 
Mohnke and Saffert14. Under somewhat milder conditions than proposed by these 
authors, viz., OS-l.5 N KOH at 100°C for 15-30 min, we produced a very thin but 
highly adsorptive siliceous layer on the column wall. Nota ef al.” and recently Tes- 
aiik and co-workers16*” have described analogous procedures. 

This porous and active layer can be used either as an adsorptive stationary 
phase or supplied with a liquid phase by the dynamic coating technique; even the 
possibility pf attaching a chemically bonded phase for reversed-phase LC has to be 
considered. The latter has been shown to be feasible2*3*7, but in this work we only 
applied physically adhering coatings_ 

We also tried to attach a porous adsorptike layer to the column wall, as de- 
scribed by Schwartz and co-workers18-z0 and Cramers et uLzl for GC capillaries. 
Recently Hibi et aLz2 applied the method to LC capillaries. In this method submicron 
silica particles are deposited onto the column wall from a stabilized suspension of the 
aerogel Cab-0-Sil (Cabot Corp., Boston, MA, U.S.A.) in water, again using the 
dynamic coating procedure. Like etched glass surfaces, Cab-0-Sil coatings can be 
used either as a stationary adsorbent or subsequently coated with a liquid phase. 

For straight-phase LC we used oxydipropionitrile (ODPN) as the stationary 
liquid on both types of roughened and activated glass surfaces. The mobile phase was 
isooctane saturated with ODPN. For reversed-phase LC we first determined which 
non-polar materials were stable against aqueous mobile phases without droplet for- 
mation after some time. Using microscope slides we found that many silicon liquid 
phases (OV-101, SE-30, silicone oils) produced neat layers at first, but when immersed 
in aqueous mobile phases these layers disintegrated into separate droplets, even if the 
mobile phases contained a surfactant to reduce surface tension. Only very viscous 
greases like Apiezon L, M or N were stable for long periods of time. Therefore, for 
reversed-phase separations we coated the microcapillaries with Apiezon L. 

We did not succeed in achieving any stable physically adhering coating on the 
fused silica columns. Probably, chemical bonding is to be preferred here as the coat- 
ing technique; examples have been described for GC”3-25 and recently also in LC’. 

Signals from the UV detectors were stored in digital form on a cassette tape, 
such that each peak was described by at least 100 data points. From these data the 
first statistical moment, p,, and the second central moment (variance), pr,, were care- 
fully obtained and used to calculate the plate height, H, from: . 

H = L p&.l: (1) 

As has been discussedz6,“, the commonly used plate height in chromatography, H = 

L(o;/t,)“, may differ appreciably from the moment-based plate height of eqn. 1 for 
asymmetrical peaks. The mobile phase linear velocity, II, is obtained from the resi- 
dence time, pr, of non-retained solutes: 

I1 = LJpl (2) 
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THEORETICAL 

Dispersion and separafion speed 
According to the theory of Golay2’ for capillary chromatography 
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in straight 
open tubular columns, the axial dispersion in terms of plate height, neglecting axial 
molecular diffusion, is given by: 

H = (Chf + C&l (3) 

The convective dispersion term, Ch,, represents the combined effect of velocity profile, 
radial diffusion and partitioning between mobile and stationary phase 

ch, = 

1 +6k+ Ilk’ R2 
.~ 

(1 + k)’ 24 Dh, 

and the stationary phase term, C,, represents the slowness of mass transfer 
sion in the liquid phase film: 

cs 2. k 5’ 

3 (1 + k)’ ‘D, 

(4) 

by diffu- 

(5) 

For sufficiently thin films (6 < 1 pm), Cs has values of 10m4 set or less, which are 
small in comparison with the C,, term, values of which are in the range of 10-‘-10-3 
sec. Therefore C, is negligible and eqn. 3 reduces to: 

H = C,,u = 
1 +6k+ Ilk2 R2u .~ 

(1 + k)’ 24 Dh, 

When comparing experimental plate heights reported in the literature (mainly 
GC) with the predicted values according to eqn. 6, one invariably finds that the theory 
underestimates the experimentally observed peak broadening_ An obvious reason for 
this is the additional peak broadening in extra-column parts of the apparatus (injec- 
tor, detector, connections)‘6. Even in carefully designed apparatus, however, ob- 
served plate heights are not in agreement with eqn. 69v’9. 

Several attempts have been made to correct the Golay equation for slow inter- 
phase mass transfer. Most notable are the theories by Aris3’e31, Khan32 and Petho33, 
where an additional C term in the plate height equation has been introduced, which 
contains a mass transfer coefficient, k,. This coefficient describes the mass flux in the 
mobile phase perpendicular to the phase boundary, i.e., the mass flux that is trans- 
ferred between the two phases. The plate height equation in all three theories is: 

H = C,,u + Ciu = 
1 +6k+ ilk’ R’n 

.- 
(1 + k)’ .24 D,, 

The physical meaning of k,, and its magnitude are still a matter of debate, how- 
ever2*34. 

On the basis of the analogy between heat and mass transfer and using relations 
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given by Giddings’ non-equilibrium theory for chromatographic dispersion34, we 
have been able to find (see Appendix) an approximate expression for kM which leads 
to a simple relationship between Ci and C,,: 

Ci = kC,,/(l + k) (8) 

Eqn. 8 is not exact, but gives an impression of the magnitude of the interphase 
resistance effect. Combining eqns. 7 and 8 leads to: 

,_1+2k - 1 -tk -c&i= 
(1 + 2k)(l + 6k + 11 k2) R2u .~ 

(1 + k)3 24 41 
(9) 

Eqn. 9 shows that observed plate heights can indeed be well in excess of the Golay 
estimation. depending upon the capacity factor k up to a factor of 2. in this work we 
investigate whether eqn. 9 is able to describe relative peak broadening in straight 
microcapillary columns for LC. 

Eqn. 9 can be used to find an expression for the speed of separation in micro- 
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Fig. 1. Separation speed in microcapillary liquid chromatography according to eqn. 10, as a function of 
relative retention_ The diffusion coefficient in eqn. 10 has been taken as 2.94. lo-’ cm*/sec (aniline in 
isooctane). 



MICROCAPILLARY LC IN OPEN TUBULAR COLUMNS 143 

capillary LC in terms of the number of effective plates generated per unit time. As H 
= LItI, LI = Llth,, t, = t&, (1 + k) and tteff = n(k/l + k)‘, we find that 

4ff 24 ohI k2 
-=_. 

fR RZ (I + 2k)(l + 6k + 11 k’) 

which is plotted as a function of k in Fig. 1, for different column radii, R. Differenti- 
ation of eqn. 10 with respect to k shows that the maximum separation speed is 
obtained at k = 0.72; this value is sqmewhat lower than in packed LC columns, 
where the optimum is found in the range k = 24 35 Fig. 1 clearly shows this maxi- _ 
mum: values of more than five effective plates per second, which are of practical 
interest, can only be obtained in very narrow capillaries with diameters less than 30 
pm. As the separation speed is inversely proportional to the square of the column 
diameter (eqn. lo), high separation speeds can be expected, especially in columns of 
diameter 10 pm or less. Fig. 1 shows that, e.g., at k = 1 a lo-pm microcapillafy yields 
about 50 effective plates per set, which is much more than can be obtained with 
modem packed high-performance liquid chromatography (HPLC) columns, even 
with the smallest (2-5 pm) particles. 

The high separation speed of microcapillary columns can be exploited in two 
ways: for rapid analyses of not too difficult separations (e.g., lo3 effective plates are 
available in about 20 set); or for a very high separation efficiency in the case of very 
difficult separations, at the cost of longer analysis times (of the order of > 1 h). For 
instance, in 1 h a IO-pm column at k = 1 yields 2 - 10’ effective plates (i.e., 7 - IO5 
theoretical plates). The number of plates obtained may be well *above 106, which 
indicates that very difficult separations which cannot be carried out in packed col- 
umns can potentially be performed. 

An estimation of the pressure drop required for the operation of microcapillary 
columns can be based on the Poiseuille equation 

11 = R’ApJ8qL (11) 

where the high permeability (R2/8) of open tubular columns is an important ad- 
vantage. The linear velocity, I(, in eqn. 11 equals L/t,, or L( 1 + k)/tR, where tR is the 
retention time required to obtain tzeff effective plates from eqn. 10; eliminating tR from 
eqns. 10 and 11 yields: 

192 L’ q Dh, 

Ap = RS’--’ 
k”(1 + k) 

tzcff (1 + 2k)(l + 6 k + 11 k’) 
(12) 

For the near-optimum case k = 1, the pressure drop has been plotted in Fig. 2 as a 
function of the number of effective plates, fzcff, D aenerated, for different column 
lengths, L, and for two retention times (tR = 1 min and 1 h). For example, a 10 m x 
20 pm column yields 3 - lo4 effective plates in 1 h, requiring a pressure drop of only 22 
bar. The same performance can be obtained in I min also in a 1 m x 2.5 pm column, 
requiring some 800 bar as the inlet pressure. Although Tesaiik et a1_36 claimed to have 
prepared columns with such small diameters (down to 3 pm), it seems questionable 
whether these columns can be operated in an efficient way in view of the extra-column 
broadening. With respect to more practical column diameters of 10 pm or more, Fig. 



144 R. TLISSEN er al. 

R (pm) 
. 50 20 IO 5 

II 1 I 1 11~11\~1’) 11 1 1 I 
’ 1 

I tR=lh 

IO 7654 3 ,” I mc 

I III I 1 
L=6Qsec /2xlb3 / ’ 

c a u.3 

I I / , 

‘COLUMN LENGTH km) 
FOR t$lmin I 

I _ 

30 

io 

IO . 

I 
c - 

Ll 
.- 

2 
x 

0-t-g 

o-2 

1 
I 

Fig. 2. Operational parameters for microcapillary LC for analysis times of 1 min ad 1 h- k = 1; D.u = 
2 - lo-’ cm2/sec; q = 5.1o-3 P. 

2 reveals that easy separations with several thousand effective plates can he per- 
formed within 1 min in columns of about 3 m in length, applying an inlet pressure of 
300-600 bar. The required pressure sharply drops with decreasing column length (cf-, 
eqn. 12: Ap is proportional to L’): a l-m column can be operated_ at the same 
performance as a 3-m column, but requires a tenth of the pressure. 
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The scope for optimization towards ever shorter columns is limited, however, 
for two reasons. First, the extra-column broadening should not become the major 
source of peak broadening, and secondly the length should be chosen such that the 
velocity II = L/t,, does not drop below the chromatographic “optimum’* velocity 
where axial diffusion becomes an important source of peak broadening (H = 2 D%,/u 
= B/u). As the optimum velocity is given1*‘3*3” by llopt = (B/C)*, we find with C = Ci 
+ C,, = (1 + 2k) C,,/(l + k) that: 

&I 48(1 +k)3 1 
+ I& = - R (1 + 6 k + 11 k2)(l + 2k) 

For I( 2 u,_,, with u = L/t,, = L(I + k)/tR we obtain: 

4 tR i 
La- 

4S(l + k) . 
R (1 + 6k + llk’)(l + 2x_) 1 

(13a) 

(13b) 

In the near-optimum case where k = 1. and for R = 10 pm and t < 10 h. we have L 
2 10 m, for example. For t = 1 h and r = I min the dashed lines in Fig. 2 indicate the 
condition set by eqn. 13b, in the case where k = 1. 

From Fig. 2 it may be concluded that rapid analysis by microcapillary LC 
should be performed in short (L < 3 m) and very narrow columns (R < 10 jtm). On 
the other hand, very difficult separation problems can be handled by wider (R = IO- 
20 pm) and longer (L = 2-20 m) columns. In neither case are the required inlet 
pressures unacceptable. 

Direct LC-MS coupling with jet formatiotl 
As stated above, the residence time and peak broadening in the commonly used 

LC detectors, with cell volumes in the range of I-10 ~1, should be kept within ac- 
ceptable limits by the use of a scavenger liquid flow of the order of 1 mI/min. This flow 
causes dilution by a factor of 100-1000, such that only major components of sample 
mixtures can be detected (contents > 0.01 %)_ 

A detector which avoids this severe dilution by accepting column elhuent flows 
up to 20 jtl/min is the mass spectrometer, when used in the chemical ionization (CI) 
mode. In fact, direct microcapillary LC flows of this magnitude ensure a nearly ideal 
compatibility with the requirement of ion source pressures of about 0.2-l Torr for the 
CI process. 

Interfacing of LC effluents from packed columns with MS in the CI mode has 
recently been studied intensively”*37.38. The main conclusion was that sufficiently 
rapid and effective vaporization of the column ellluent can be obtained only by using 
additional vaporization techniques such as rapid heating39, electrosprayingJO. laser 
irradiation3’*“‘*“” or jet formation I2 _ Especially for samples of high molecular weight 
( > 250), for high concentrations and for thermally unstable or solid materials, where 
blocking of the microcapillary column exit can be envisaged, it is worthwhile to 
consider the liquid jet formation technique in connection with (soft-glass) microcapil- 
lary LC. A liquid jet created at the column exit avoids deposition of sample material 
there by ejecting the whole of the column effluent rapidly into the ion source. For 
packed HPLC columns this jet interface has already shown promise” (with per- 
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Fig. 3. Schematic representation of the liquid jet forming tip at the column exit. 

forated membranes at the column outlet and an orifice of about 2-5 pm). Small 
diameters of that magnitude are necessary to create the high liquid velocities for jet 
formation. 

Notably with soft-glass microcapillaries, it is possible (although tedious) to 
produce a conical tip at the column exit with an outlet diameter near the required 
value of 1 pm. Fig. 3 shows a schematic representation. In practice, the tip length, 1, is 
typically 3 mm, and from this we can calculate the pressures needed for jet formation, 
on the basis of the viscous dissipation within the conical tip. 

According to the literature43*44, liquid jet formation occurs only above a cer- 
tain critical liquid velocity in the orifice: 

(14) 

For most liquids (r/e)* lies in the range 4-10 dyne - cm2 - g-‘, and for estimating 
purposes eqn. 14 can be written as: 

ujct = 10 rjc*-+ (15) 

For orifice radii smaller than 25 m this implies very high velocities, in excess of 200 
cm/set, increasing with decreasing diameter. These velocities are too high for chroma- 
tographic purposes and so it will never be possible to reach the ideal situation where 
the column itself constitutes the jet forming channel. Hence, jet formation in combi- 
nation with chromatographic separation implies that rjet < R in order to obtain 
sufficiently low column velocities for efficient separation as well as sufficiently high jet 
velocities_ 

As the flow-rate is the same in the column and in the jet, we have, with eqn. 15: 

u R’ = Uj,( rj,(’ = 10 rj,,3’4 (16) 
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At position s, where the local radius, W, of the conical tip may be approximated by 
the linear relation 

,=R[I -;(I A)] (17) 

(i.e., 9.9 = R at s = 0 and 5l? = rjel at s = 0, the continuity of flow requires that: 

rrR2 - 11 9’ - x (18) 

The average velocity, u,, at location s is now obtained from the Poiseuille equation 
ass5 

lx = -(;~/Z_Y) ( @/8 9) (19) 

i.e., the pressure gradient in the tip, taking eqn. 18 into account, is given by: 

If this is integrated over the tip length, I, using eqn. 17 for &?, we obtain the pressure 
drop, Ap, = p(s = 0) - p(s = I), as: 

API = j 
8.tP$ [1 + !$ + (!!y] (21) 

In eqn. 21 the terms in (r,,,/R) can be neglected with respect to the term 1 between 
brackets, as IJ=, < R. With the jet formation condition eqn. 16, we then find from eqn. 

21: 

Ap, = 7. t1 I 
‘jet 

312 R (32) 

As a typical example, Ap, for a 2-pm orifice at the end of a column of diameter 
20 pm and a tip length, 1, of 3 mm amounts to 80 bar. Such a high pressure differs 
considerably from the low pressures needed for pin hole jets in very thin membranes 
as discussed by Arpino et al.” for packed HPLC columns. The reason is that, in our 
case of a finite tip length, viscous dissipation dominates over kinetic energy losses, i.e., 
the Poiseuille equation rather than the Bernouilli equation is valid. 

The total pressure drop over the column of length, L(Ap, after eqn. 11) and the 
jet forming tip of length, I (Ap, after eqn. 22) now amounts to: 

(23) 

In Fig. 4, Ap has been plotted as a function of rjct for a specified column radius R = 
16 pm and various column lengths, L. It is seen that the minimum pressure drop can 
be obtained for a rather narrow range of jet radii (between 1 and 2 pm) only_ The 
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Fig. 4. Pressure drop in a microcapillary column (diameter 32 q) with jet formation, as a function of the 
jet radius. 

minimum pressure drop and accompanying jet radius are obtained from eqn. 23 by 
differentiation with respect to Tjc,: 

rjet.+ 

(24) 

(25) 

From this it follows that not too small column radii, R, should be used to keep Apmio 
within reasonable limits. As a typical example, for R = 10 pm, L = 1 m and 1 = 0.3 
cm, we obtain APmin = 100 bar and riet,oot = 1 m. 
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Now, the column radius, R, and length, L, are chosen such that a sufficient 
number of effective plates, tzcff, can be generated (eqn. 10 and Fig. 2). For the near- 
optimum case of k = 1 we obtain from eqn. 16 with 14 = L/t,, = L( 1 + k)/t, = 2 

2 L (R2&) = 

From eqn. 10 with k 
be derived : 

10 P2 (26) 

= 1 and D,, = 2 - lop5 cm2/sec the ratio RZ/tR in eqn. 26 can 

R2/t, = 10-‘/n,,, (27) 

So, combining eqns. 26 and 27 yields the required length for a microcapillary column 
which produces n,.., effective plates and forms a liquid jet as well: 

L = 5 x lo5 - 12,~~ - r312 (k = 1) 

R (pm) 
IcPE 

IO3 = 

k =I 

Q&= 2 x 10-S cIl?/5ec 

7 =10-2 POISE 
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1 =0.3cm 

in 

(28) 
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Fig. 5. Operating parameters for microcapillary LC with liquid jet formation. The data on the lines indicate 
the maximum allowable pressures (bar). 
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A standard jet radius of I pm then implies that: 

L = 9 neff (rjC, = 1 /im, k = I) (2W 

As eqn. 16 results in u = 10d5/RZ for rj,t = 1 pm, the required column radius, R, that 
produces tzeff = 2 L effective plates from the Poiseuille equation for U, provided that 
Ap, dominates over Ap, (i-e., rj,, is slightly larger than rj,,,,,,; cf-, Fig. 4): 

R = (4 9 - n,,,/Ap, - lo-+ 

For an allowed pressure drop 
lo-l5 - tz,f~, i.e., with eqn. 27: 

t, = 3 * 10-3 -?I&= 

Ap, = 400 bar, eqn. 29 yields approximately R4 = 

(30) 

The required operating parameters R, L and t, are plotted in Fig. 5 as a function of 
the required separation efficiency tzcff for Ap, = 400 and 100 bar. 

Lengths in excess of about 50 m are not practical, which implies that the 
microcapillary LC-MS combination with jet interfacing will at most yield about lo4 
effective plates (in about 1 h), a very useful number, although less than with conven- 
tional detection (cJ, Fig. 2). 

RESULTS AND DISCUSSION 

U V-detection and non-retained solutes 
Non-retained solutes were used to obtain the amount of extra-column broad- 

ening resulting from injection, column connections and detection. Ideally, peak 
broadening only occurs in the column itself by convective dispersion, producing plate 
heights which are expected to follow the predictions of the well-established theories of 
Taylor4648, Aris30*31 and Golay (for k = 0)“. From eqn. 3 with k = 0 it is seen that 
plate height depends on velocity as: 

H = R’ ~124 D, (31) 

We measured H vs. u relationships for columns with diameters ranging from 100 to 10 
pm and found little deviation from the theoretical relation eqn. 31, provided that 
make-up flows were in the range of 0.3-l ml/min and splitting ratios well below 150. 
The most sensitive test for extra-column broadening is to measure plate heights in 
columns of very small diameters, where column broadening is only slight. Fig. 6 
shows the H-u curve we obtained from two of the smallest columns available at 
present, a soft-glass column (diameter 14 pm) and a fused silica column with a 
diameter of 10 pm (diameters obtained from microscopic measurement). 

The peak shapes are nearly symmetrical, but the resulting plate heights deviate 
from the theoretical prediction, the more-so for smaller make-up flows. With these 
smaller flows a distinct tailing occurs, accompanied by an increase in plate height. 
This is shown in Fig. 7. 

The additional broadening observed for the best detector (Waters) can be 
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H = cc,, + c, + c&f WI 

C,, and Cs are the same as in the Golay theory (eqns. 4 and 5), while Ci in all three 
theories is expressed as: 

642) 

So far, a conclusive model for kM has not been presented and we propose that 
k, be found from the analogy of the mass transfer problem with the well-known 
solution to the heat transfer problem in tubular heat exchangers49*50. Earlier, Wong 
el aLz9 proposed the same, but they took an unrealistic extreme value for k,, not 
recognizing the important dependency of kM on the partition ratio, k. This will be 
illustrated in the following approximate derivation, where use is made of the results 
obtained by Giddings34 in his non-equilibrium theory. 

The mass transfer coefficient, k,, is defined as the proportionality constant 
between the mass flux, df’, at the phase boundary and the driving force for that flux 
(Le., concentration difference) in the mobile phase: 

$I’ = k, (ci - cbud 

By continuity, this flux at the interface i equals those in both phases 

643) 

&’ = 4; = 4; (A4) 

where both 4; and &’ can be expressed as diffusional fluxes by Fick’s first law. Using 
the appropriate expressions in the non-equilibrium theory34 for 4; and &‘, from eqn. 
A4 we arrive at an expression for khI: 

(A5) 

In all dispersion theories9*28-34, concentration differences in a cross-section of the 
column are so small that Chr,i may be replaced by the average concentration C, in eqn. 
A5. 

The concentration difference (G - c,,_,,,,) plays an important r61e in Gid- 
dings’ non-equilibrium theory34 as total plate height is determined by this difference: 

H =2(c,, - Chl.bulk (fm 

We know already that H 
A5 and A6: 

-R k 
k, z --- 

c,, 1 + k 

= Cu, where C z CM according to Golay, i.e., from eqns. 

(A7) 
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Hence, when k, is substituted in eqn. A2: 
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ci z kC,,l(l + k) (A8) 

The dimensionless Sherwood number Sh = 2 RkM/DhI and we find from eqn. A7 and 
eqn. 4 for C,, that 

Sh =2-i?__ = k k(l + k) 

DM CM 1 + k 4*-(1 + 6k + Ilk’) 
(A9) 

i.e., the Sherwood number is a constant, which we will call the Sherwood constant 
(with the theoretical value of 48), times a function that depends on the retention, k. 
For in&rite retention, k + co and Sh = 48/l 1, which is exactly the result reported for 
heat transferq9 as well as for mass transfer” in tubes. 

To test the usefulness of the present approximation for k,, we plotted 

2 R2 14 (1 + 6k + 11 k’)k 

DM (Ha, - C,, u) - (1 + k)3 

as a function of dimensionless velocity ReSc = 2 II R/D, in Fig. 19. The figure shows 
that the theoretical value of 48 is approached. Although the present derivation of 
eqns. A7-A9 is only approximate, these equations seem to describe experimentally 
observed dispersion data quite well. A more exact derivation of mass transfer effects 
is under study. 

NOMENCLATURE 

B 
c 

chl 

c S 

E 

Cbulk 

C 

ci 
ch‘ 

G 

Dh, 

4 

H 
k 

k, 
L 
1 

MW 
n 

‘bff 

2 Dh,, plate height term (cm’/sec) for axial diffusion 
Concentration (mole/cm3) 
Concentration of solute in the mobile phase (molejcm3) 
Concentration of solute in the stationary phase (mole/cm3) 
Average concentration 
Mean cup concentration, (l/u) - 1 c(r) - n(r) r d r d 4 
H/u, plate height term (set) 
H/u, plate height term (set) for interphase resistance 
H/u, plate height term (set) for convective dispersion in the mobile phase 
H/zl, plate height term (set) for diffusion in the stationary phase 
Diffusion coefficient (cm2/sec) in the mobile phase 
Diffusion coefficient (cm2/sec) in the stationary phase 
Plate height (cm), L p2/,q2 zz L (GJ~~) 
Capacity factor, (tR - f,,)/r,, 
Mass transfer coefficient (cm/set) 
Column length (cm) 
Length (cm) of the conical jet tip 
Molecular weight 
Number of plates, L/H 
Effective number of plates, tz (k/l + k)2 
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AP 

x 
ReSc 
w 
Sh 

thl 

tR 

11 

z 

Pressure drop (bar) 
Radial coordinate 
Column radius R = I.D./2 (cm) 
Dimensionless velocity, 2 u R/D,, 
Radius (cm) in the jet tip 
Dimensionless Sherwood number, 2 R khI/Dhf 
Retention time (set) of a non-retained solute = residence time of the mobile 
phase 
Retention time (set) of a retained solute, thr (1 + k) 
Average linear velocity (cm/set), L/p, z L/t,, 
longitudinal coordinate along the column (cm) 
Surface tension (dyne/cm) 
Film thickness (cm) of the stationary phase 
Dynamic viscosity (poise) 
First time moment (set), (l/c,) - j c(t) - t dt cz t, 

Second central moment @+x2), (l/c,) - 1 c (t - pl) - t2 dt z of 
Density (g/cm3) 
Variance (sec2) of symmetrical peaks 
Angle 
Mass flux (mol/cm’ - xc) 
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