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SUMMARY 

The linear velocity of elcctro-osmosis in a capillary tube 30-90 cm x 30-200 
pm I.D. was measured_ The physical and _gometrical parameters of electro-osmosis 
and its use are discussed. The H value for an unretained solute in disodium hydrogen 
orthophosphate-water is about one thirtieth of that obtained under laminar flow 
conditions. Chromatographic separations of aromatics using an octadecyisilane cap- 
illary column of I.D. 30 pm are demonstrated. 

INTRODUCTION 

Electra-osmosis has been used to pump solvents in both thin-layer and liquid 
chromatography _ 1-s Pretorius et ~1.~ used electro-osmotic pumping for a packed 
column and an open tube (both 50 cm x 1 mm I.D.), and Jorgenson and Lukas’ for 
a narrow phcked column (68 cm x 0.17 mm I.D.). Electra-osmotic flow differs from 
laminar flow, and the former can have a sheared flow velocity only in the vicinity of 
the walls. In another words. the flow profile of electro-osmotic flow is much flatter 
than that of laminar flow3, so the band broading of the solute in the former is much 
less than that in the Iatter. 

Open-tubular capillary liquid chromatography has been in the development 
sta_ge in recent years-. Optimization of capillary columns from theoretical consider- 
ations shows that a capillarf column of I.D. between 2-5 and 10 pm mi&t be suitable 
if a laminar flow is used. There is the possibility that inner diameters of open-tubular 

columns that slightly greater than this range might become optimal if electro-osmotic 
flow in open-tubular liquid chromatography is used. 

EXPERIMENTAL 

Straight glass tubes (SO-90 cm x 30-200 m I.D.) were drawn from Pyrex and 

soda-lime glass using a glass-drawing machine (GDM-I; Shimadzu, Kyoto, Japan). 
The inside surface of the Pyres &s-s capillary was not modified and was used for the 
measurement of eIectro-osmotic flow. The inside surface of the soda-lime dass capil- 
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lary was treated with 0.3 N sodium hydroside solution for 2 days at room tempera- 
ture or overnight at 50Jc6. Then octadecylsilane (ODS) was chemically bonded on 
the surface as described earlier6.‘o_ 

Detection and apparatrrs 
A UV detector (mercury lamp . 2.54 nm, Type UVD-2; Shimadzu) was used. 

With the Pyres glass column, on-column detection was used, the column passing 
through the UV cell port_ The sensitivity was such that 10 ng of N-methyl-3- 
methylpyridinium iodide gave a peak height of 3 cm on the strip-chart recorder_ 

With the ODS capillary column, a quartz tube (0.1 mm I.D.) was coupled 
directly with the capillary column outlet using PTFE tubing6_ The length of the PTFE 
tubing between the column outlet and the quartz cell (the “ccl!” is the section of the 
quartz rube on which WV light fell after passin g through a slit) was 1 mm, and the 
volume of this section was S al_ The volume of the quxtz cell. 1 mm long, was also 8 
nl. 

A high-voltage d-c. power supply (Shimadzu) was operated in both constant- 
voltage and constant-current modes and delivered up to 25 kV_ Platinum-iridium 
tubing was used as the electrode_ 

Tubes were filled with solvent by applying pressure or by dipping one end of 
the tube, which was kept IO cm higher than the other end, in the solvent, After the 
capillary had been filled, both ends were dipped in small beakers. Sample introduc- 
tion was carried out by using electro-osmotic flo~‘-~ or by “downhill” flow in the 
same manner as for filling the capillary with solvent. The latter method could not 
used with the capillary column of 30 pm I.D. 

In the disodium hydrogen orthophosphate-water solvent system, the charge on 
the electrode after cutting off the high-voltage input was neggigible, but in the solvent 
system of lower conductivity, such as pure water and methanol, the charge on elec- 
trode was maintained for several minutes. For safety, most of the measurements of 
electro-osmotic flow were carried out in water containing an electrolyte as the solvent 
system- 

RESULTS AND DISCUSSION 

Efectro-osnloticfr 
The linear velocity, II, of a liquid under the influence of an applied electric field, 

E, is given by 

& ( > -E 
I’= 4nq 

where E. q and i are the dielectric constant. the viscosity of the liquid and the zeta 
potential respectively3*’ I-I z_ The zeta potential and the thickness ‘of the diffusion 
double layer, 6, hqve the following relationship1’-‘3. 
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6 z [3 - 10’ 1 Zl (P)1/2]-1 cm (3 

where e, Z and 3 are the amount of charge per unit surface area, the number of 
valence electrons and the concentration of the electrolyte in water, respectiv-ely. Eqn. 
3 is valid for aqueous solutions at room temperature_ Although eqn. 1 is strictly valid 
only if surface conduction is negligible larger than 6, these two restrictions might well 
be satisfied under the present experimental conditions_ Although the models of eqns. 
l-3 are different. they are assumed to be related to each other in the present paper_ 

From eqns. 1-3, the linear velocity of electro-osmosis is dependent on the 
physical parameters of the solvent and also on the concentration of the electrolyte 
present. The order of the velocities of acetonitrile, water and methanol is readily 
understood from the ratios of the dielectric constant to the viscosity of the solvent. 10. 
7 and 6, respectively_ In Table I lists the linear velocities of electro-osmosis of aqueous 
solutions. The effect of the concentration of disodium hydrogen orthophosphate in 
water on the flow velocity of electro-osmosis is also understandable from eqn. 3. 

TABLE I 

LIKUR FLOW \‘ELOCITY OF ELECTRO-OSXIOSIS AT 100 ViCm 

SOit-eIll 

Distilled water 0.061 1 
Methanol 0.034 1 
Acexonitrile 0.14 1 
0.05 9; hlethano!-rr-hesane 0.0006 I 
0.01 _\I Na,HPO,-water 0.13 2 
0.025 ,\I N+HPO,-water 0.093 z 
0.05 df Na,HPO,-water 0.057 1 
0.075 _\I Na,HPO,-water 0.077 7 
0.1 M Na,HPO&-water 0.057 1 
Methanol-benzene (1:9) 0.01 Ref. 1 

* Eqerimental conditions: (1) capillary column. Pyrex. 57.6 cm x 131 pm I.D.: solute. benzene or 
pyridine: power supply. constant-voltage mode. 13 kV: (2) capillary column. Pyres. 60 cm x 132 Itrn I.D.: 
solute. as above; power supply, constant-current mode, 200 pA (voltage per cm w;1s varied from 302 to 96). 

Although there is no geometrical parameter in eqns. l-3, such as the inner 
diameter of the capillary tube, it is important to establish the effects of geometrical 
parameter in the chromatographic process. Fig. 1 shows the relationship between flow 
velocity and electric current for three different capillary tubes. The values of electric 
current for tubes 2 and 3 in Fig. 1 were normalized by using the ratio of their cross- 
sectional area to that of a 60 pm I.D. tube. Fig_ 1 shows that flow velocity is propor- 
tional to the value of electric current per unit cross-sectional area, i.e., current density 
and also electric field as the specific resistance is constant_ There is no geometrical 
effect of the cross-sectionai area of the capillary tube on the electro-osmotic flow 
under the experimental conditions used when the current density remains constant_ E 
and u have a first-order relationship, as indicated by eqn. 1. 

Capillary columns of 85 p I.D. and lengths of 90, 60, 40 and 30 cm were 
tested. Under the same current conditions, the linear velocity of electro-osmotic flow 
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Fig. I. Flow v&city ofelectro-osmosis rs. electric current. Pyrex capillary tube. 60 cm long and (1) 60, (2) 
85 and (3) 200 F 1-D.; solvent. 0.05 42 Na,HPO,-HzO; solute, pyridine- The value of ekctric current of 
(2) and (3) means normalized value by using their current density_ 

and the height eauivalent to a theoretica plate, H, for pyridine were constant in the 
system 0.05 M disodium hydrogen orthophosphate-water. It is suggested that the 
present injection procedure worked well without affecting H, and that the length of 
the capilhxry column did not effect the flow velocity. 

ReIationship between H and u 
The relationship between H and u is shown in Fig_ 2_ As the total length of 

capillary tube in Fig_ 2 is 75 cm (60 cm from the inlet to the detector and 15 cm from 
the detector to the outlet), a voltage input of 200 V/cm means that 15 kV is input at 
the end of the capillary. 

The H values obtained are far less than the inner diameter of capi&ry column 

CQ_ 4_5%_ In capilhuy chromatography the minimum vaiue of H.is given by I/a 
times the column radius”_ The experimental value in Fig. 2 is about one sixth of the 
minimum value of H in which the flow profile in the tube is treated as laminar flow, 
although the linear flow velocity under experimental conditions is far &eater than 
that giving the minimum H value. 

If we calculate the vaIue of H for pyridine from iu/24D,,-using-ti = 0.09 
cm/set, column radius r = 61 p and-diffusion coefficient of pyridine in puti water 
0, = 9-2 - low6 cm2/sec_ which was estimated by the m&hod in reK 15;the H C&e 
for py-ridine is 152 ,u&_ This value is about‘29 times-greater thin- the tixperiniental 
value of 5-2 m_ 

. 

Ifwe assume that the flow profile in the capillary tube is plug fIo& &d mo- 
IecuIar diffusion aIone is responsible for zone broadening’*‘, Le.; axisil- difI%sion 
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Fi_e 2. Relationship between H and II. Pyrex capillary tube, 60 cm long and 132 pm I.D.; solvent, (0) 
0.025 di Na,HPO-Hz0 and (A) 0.1 .%I Na,HPO,-H20; solute, pyridine: input voltage. (1) 193; (2) 136. 
(3) 96 and (4) 96 Vkrn. 

model, the calculated value of H for pyridine by using above parameters is 2 pm. The 
experimental value, 5.2 pm, is 2.6 times treater than this value, so the assumption 
does not hold for species that have no valence electron. In other words, the band 
broadening for an unretained solute is-due not only to molecular diffusion but also 
to the flow profile of electro-osmosis in the capillary tube. 

These results correspond well with Pretorius et af.‘s results using column of 1 
mm I.D. and 50 cm lot&. They estimated that the H value was reduced 2%fold_ 
Therefore, the band broadenins in electro-osmotic fIow is assumed to be in a capillary 
tube with a radius of about one fifth of the actual size, if we compare it with laminar 
flow. These results provide further evidence that the flow pattern due to electro- 
osmosis is flatter than that of laminar flow and less flat than that of plug flow. 

In the range of linear flow velocities in FiS. 2, H seems to be independent of I( 
and of the input voltage. Hence it is not essential to input a high voltage in order to 
obtain good separations provided that the analysis time is not important. 

Chomatogram with ODS capiliary colmm of 30 pn I.D. 
As the ODS capillary column used had a very small inner diameter (30 pm), 

electro-osmotic flow as used for injection. As the effluent was kept in small beakers 
without covers, there was some possibility that the composition of the efIluent might 
have changed with an increased water content, during the chromatogaphic run. Fig. 
3 shows examples of typical chromatograms. The H values for benzene, pyrene and 
l-3,5-triphenylbenzene are 40, 54 and 120 pm, respectively, which are up to twenty 
times higher than that for pyridine in Fig- 2. The mass transfer tetm might contribute 
considerably to the N values for aromatics. If we use better ODS capillary columns, 
the mass transfer term in H will decrease. It should be emphasized that chromato- 
graphic separation was achieved by using a column that is relatively short. 

The potential for the use of electro-osmotic flow in capillary LC is great. A 
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Fig. 3_ .Separation of aromatics on ODS capilixy column (A) Column, 42 an x 30 m LD.: eflb~ent 
aceto&t.riI~water (4O:SO); voltage, 13 kV_ Sampk: (1) = benzene: 2 = naphtbalene; 3 = biphenyi; 4 = 
fluorene -z- anthracenq 5 = pterphenyl; 6 = chqsenq 7 = 1,3,S_triphenyl~ec (B) Efiluent. ac- 
etonitrile-water (30:70): sampk as in (A) except 5 = pyrene_ Otber condi_tjons as above. _ 

good ODS capillary column of 10 m I.D. under electro-osmotic flow would cor- 
respond to a column of 2 m I-D_ under laminar flow with respect -to the estima- 
tion of H values due to the mobile phase for an‘ _unretained solute.- In other words, 
we could achieve good separations without using a column with ah extremely small 
-~~-~~2~_ - - ;I.--- _. -:_ 

Attempts to make better.ODS columns and narrower co&nns are in progress. 

_ : We are gr&tly~indeb&d to Dr.-J; Akiyama, Shimati %isakusho ttd;, for the 
high-voltage supply and also to Dr. MI Yasuda for helpful discussions--This tiork v&s 
partly support@ by a grant-in-aid from the Toyota F@mda&on @lo; 8TTI-252& - ~: 
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