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ABSTRACT

Capillary chromatography using an untreated open tubular capillary tube and a ternary solvent mixture consisting of
water-hydrophilic/hydrophobic organic solvent as a carrier solution has been developed. The system is called tube radi-
cal distribution chromatography (TRDC). Separation performance of the TRDC system using a fused-silica capillary
tube was examined through the phase diagram for the ternary water-acetonitrile-ethyl acetate solvent mixture. The
TRDC system required homogeneous carrier solutions with solvent component ratios around the boundary curve be-
tween homogeneous and heterogeneous solution in the phase diagram. The data obtained using the fused-silica capillary

tube were compared with those obtained using a polytetrafluoroethylene capillary tube in our previous study.

Keywords: Open Tubular Capillary Chromatography; Phase Diagram; Fused-Silica Capillary Tube;
Water-Acetonitrile-Ethyl Acetate Mixture; Tube Radial Distribution Phenomenon (TRDP)

1. Introduction

Capillary tubes with inner diameters less than several hun-
dred micrometers that provide micro-flow are known to
exhibit interesting and useful physical or hydrodynamic
phenomena, such as electro-osmotic flow and laminar flow.
The electro-osmotic flow in a capillary tube promotes
capillary electrophoresis [1,2] and capillary electrochro-
matography [3], while laminar flow conditions enable
hydrodynamic chromatography [4,5]. Recently, our group
reported the tube radial distribution phenomenon of car-
rier solvents in a micro-flow [6-8], which we call the
tube radial distribution phenomenon (TRDP).

The TRDP can be phenomenologically described as
follows. When the ternary mixed solvents of water-hy-
drophilic/hydrophobic organic solvent mixtures are deliv-
ered into a micro-space, such as a micro-channel or a
capillary tube under laminar flow conditions, the solvent
molecules are radially distributed in the micro-space,
generating inner and outer phases. The TRDP creates a
phase interface or kinetic aqueous-organic interface in
the micro-space. That is, in a water-rich solution we
would observe a water-rich major inner phase and or-
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ganic solvent-rich minor outer phase, while in an organic
solvent-rich solution we would observe an organic sol-
vent-rich major inner phase and water-rich minor outer
phase in micro-flow under certain conditions [6,8].

An untreated open tubular capillary chromatography
system where the outer phase functions as a pseudo-sta-
tionary phase under laminar flow conditions has been
developed based on the TRDP, which we call tube radial
distribution chromatography (TRDC) [9-11]. According
to the inner and outer phase formation based on the
TRDP, with a water-rich carrier solution, the hydrophilic
analyte, which is dispersed in the water-rich major phase
(around the middle of the capillary tube), is eluted with
almost average linear velocity. The hydrophobic analyte,
which is dispersed in the organic solvent-rich minor
phase near the inner wall of the tube (pseudo-stationary
phase), is eluted with a smaller velocity than the average
linear velocity. In contrast, with an organic solvent-rich
carrier solution, the hydrophobic analyte dispersed in the
organic solvent-rich major phase is eluted with almost
average linear velocity. The hydrophilic analyte dispersed
in the water-rich minor phase near the inner wall of the
tube is eluted with a lower velocity. Therefore, the elu-
tion times of the analytes can be reversed by altering the
component ratio of the solvents in the carrier solution.
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Separation performance in the TRDC system was ex-
amined from the viewpoint of pressure in a capillary tube
under laminar flow conditions [8] and the phase diagram
of the ternary mixed solvents of water-acetonitrile-ethyl
acetate mixture [7]. The component ratios of the solvents
that were positioned near the boundary between homo-
geneous and heterogeneous solution in the diagram were
required for TRDC separation. The data suggested that
the phase transformation from homogeneous to hetero-
geneous solution in the capillary tube under pressure in
micro-flow was important for TRDP and TRDC [7,8].
That is, experiments and considerations based on the phase
diagram are useful for TRDP or TRPC study.

In our previous study [7], when using polytetrafluoro-
ethylene (PTFE) capillary tubes, with the water-rich car-
rier solution, hydrophilic 2,6-naphthalenedisulfonic acid
and hydrophobic 1-naphthal as model analytes were
separated in this order, while with the organic solvent-
rich carrier solution, the reverse elution order was ob-
served—i.e., 1-naphthol was first detected, followed by
2,6-naphthalenesulfonic acid—although they showed split-
separation. The observed elution orders were reasonable
because of the inner and outer phase formation based on
the TRDP. In this study, separation performance of the
analytes was examined by the TRDC in a similar way to
the previous study through phase diagrams [7], but using
a fused-silica capillary tube instead of a PTFE capillary
tube.

2. Experimental
2.1. Reagents and Capillary Tubes

Water was purified with an Elix 3 UV system (Millipore
Co., Billerica, MA). All reagents used were commercially
available and of analytical grade. 1-Naphthol, 2,6-naphtha-
lenedisulfonic acid, acetonitrile, and ethyl acetate were
purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Fused-silica capillary tubes with an inner
diameter of 50 um were purchased from Yasaka Indus-
tries, Inc. (Tokyo, Japan).

2.2. Apparatus and Procedures

A schematic diagram of the present TRDC system com-
prised of a fused-silica capillary tube (120 cm total length
and 100 cm effective length), micro-syringe pump (MF-
9090; Bioanalytical Systems, Inc., West Lafayette, IN),
and absorption detector (modified SPD-10AV spectro-
photometric detector; Shimadzu Co., Kyoto, Japan) is
shown in Figure 1. The tube temperature was controlled
by dipping the capillary tube (ca. 60 cm) in water main-
tained at a definite temperature (0°C or 20°C) in a beaker
with stirring. The ternary mixed solvents of water-hy-
drophilic/hydrophobic organic solvent mixture (water-ace-
tonitrile-ethyl acetate) solutions with various volume ra-
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tios were used as carrier solutions. Analyte solutions
containing 1-naphthol and 2,6-naphthalenedisulfonic acid
(1 mM each) as models were prepared with the carrier
solutions.

The analyte solution was introduced directly into the
capillary inlet side by the gravity method (20 cm height
for 30 s). After analyte injection, the capillary inlet was
connected through a joint to a micro-syringe. The syringe
was placed on the micro-syringe pump. The carrier solu-
tion was fed into the capillary tube at 0.2 pL-min"' flow
rate under laminar flow conditions. On-capillary absorp-
tion detection (254 nm) was performed with the detector.

3. Results and Discussion

3.1. Phase Diagram for Water-Acetonitrile-Ethyl
Acetate Mixture

The phase diagram for the ternary mixed solvents of wa-
ter-acetonitrile (hydrophilic organic solvent)-ethyl ace-
tate (hydrophobic organic solvent) in a vessel at a tem-
perature of 20°C was constructed. The obtained phase
diagram is shown in Figure 2. The dotted curve in the

Absorption detector

Joint Capillary To waste

m —)

Microsyringe pump

Temperature control

Figure 1. Schematic diagram of the present TRDC system.
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Figure 2. Phase diagram for water-acetonitrile-ethyl acetate
mixture (20°C) and the component ratios of the solvents for
the chromatograms obtained by the TRDC system with
tube temperature 20°C. The component ratios of the carrier
solutions a-e related to the experiments shown in Figure 3
as well as the carrier solutions f-t related to the experiments
in Figure 4 are plotted in the diagram with the symbols o, A,
and X, indicting baseline-separation, split-separation, and
non-separation, respectively, for the analytes.
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diagram indicates the boundary between homogeneous
and heterogeneous phases. The phase diagram showed
that each component ratio of the solvents formed a ho-
mogeneous (one homogeneous phase) or heterogeneous
(two homogeneous phases) solution. The solutions with
component ratios of a-t were used as carrier solutions in
the TRDC system in the following sections. The com-
ponent ratios of the solvents or the carrier solutions a-t
are plotted in the diagram based on separation perform-
ance of analytes described below, where circles (o), tri-
angles (A), and crosses (X) indicated baseline-separation,
split-separation (not baseline-separation), and non-sepa-
ration for the analytes on the chromatograms, respec-
tively.

3.2. Chromatograms Obtained at Various
Component Ratios of
Water-Acetonitrile-Ethyl Acetate Mixture
Carrier Solution

To a solution with a constant water-ethyl acetate volume
ratio of 5:7 was added acetonitrile in a vessel at a tem-
perature of 20°C to prepare carrier solutions (organic
solvent-rich carrier solutions) with the following compo-
sitions: a) water-acetonitrile-ethyl acetate 5:13:7 volume
ratio; b) 5:15:7 volume ratio; ¢) 5:17:7 volume ratio; d)
5:19:7 volume ratio; and e) 5:20:7 volume ratio. The five
carrier solutions a)-e¢) were all homogeneous solutions.
The analyte mixtures of 1-naphthol and 2,6-naphthalene-
disulfonic acid were examined with the present TRDC
system using carrier solutions a)-e).

The obtained chromatograms are shown in Figure 3.
Carrier solutions a)-c) could separate the analytes in the
mixture. 1-Naphthol (hydrophobic) was eluted first with
near the average linear velocity in the capillary tube un-
der laminar flow conditions and 2,6-naphthalenedisulfo-
nic acid (hydrophilic) was eluted second with lower ve-
locity than the average linear velocity. The elution order
was reasonable in the TRDC system with the organic
solvent-rich carrier solution as mentioned in the Intro-
duction. The other homogeneous carrier solutions d) and
e) of water-acetonitrile-ethyl acetate showed split-sepa-
ration and non-separation of the analytes, respectively,
under the present analytical conditions. The separation
performances obtained with carrier solutions a)-¢) are
plotted with the following symbols: circles (o), triangles
(A), and crosses (X) in the phase diagram in Figure 2.
The separation performance decreased from carrier solu-
tion a) to ¢) as shown in Figure 3. However, even carrier
solutions b) and c) in which the compositions were a
little far from the boundary in the diagram also showed
baseline-separation for the analytes. TRDP must occur
with such allowance for the solvents compositions around
the boundary in this area of the diagram.
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Figure 3. Chromatograms of a mixture of 1-naphthol and
2,6-naphthalenedisulfonic acid by the TRDC system using
various component ratios of water-acetonitrile-ethyl acetate
mixture as carrier solutions. Tube temperature 20°C. (1) 1-
Naphthol and (2) 2,6-naphthalenedisulfonic acid were eluted
in this order with carrier solutions a)-d).

The chromatograms of the analytes, the mixture of 1-
naphthol and 2,6-naphthalenedisulfonic acid, were exam-
ined with the homogeneous carrier solutions f)-t). The
compositions for the solutions f)-t) were positioned near
the boundary in the phase diagram; f) water-acetoni-
trile-ethyl acetate of 0.25:0:10 volume ratio, g) 0.4:1:9
volume ratio, h) 0.55:2:8 volume ratio, i) 0.8:3:7 volume
ratio, j) 1.1:4:6 volume ratio, k) 1.5:5:5 volume ratio, 1)
2.05:6:4 volume ratio, m) 14:30:15 volume ratio, n)
4:6:2.4 volume ratio, o) 5:5:1.75 volume ratio, p) 6:4:1.3
volume ratio, q) 7:3:1.1 volume ratio, r) 8:2:0.95 volume
ratio, s) 9:1:0.95 volume ratio, and t) 10:0:0.9 volume
ratio. The carrier solutions f)-i) and p)-t) showed no
separation behavior and presented just single peaks on
the chromatograms with near the average linear velocity
(data not shown). The carrier solutions j)-o) showed
separation behavior as indicated in Figure 4. The com-
ponent ratios of the solvents for solutions f)-t) were plot-
ted in the phase diagram in Figure 2 with the symbols
based on the chromatographic data.

As shown in Figure 2, the TRDC system was used
with several homogeneous carrier solutions with compo-
nent ratios of the solvents around the boundary curve in
the phase diagram. Such specific carrier solutions caused
tube radial distribution of the carrier solvents in the cap-
illary tube under laminar flow conditions, i.e., the TRDP.
The pressure imposed on the carrier solution in the cap-
illary tube under laminar flow conditions might alter the
carrier solution from homogeneous in the batch vessel to
heterogeneous in the tube, affecting the tube radial dis-
tribution of the solvents in the capillary tube.
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Figure 4. Chromatograms of a mixture of 1-naphthol and
2,6-naphthalenedisulfonic acid by the TRDC system using
various component ratios of water-acetonitrile-ethyl acetate
mixture as carrier solutions that were positioned near the
boundary curve in the phase diagram. Tube temperature
20°C. (1) 1-Naphthol and (2) 2,6-naphthalenedisulfonic acid
were eluted in this order with the carrier solutions j)-o).

3.3. Optimization of the Component Ratio of
Solvents for Separation

As shown in Figure 4, high resolutions of the analytes in
the TRDC system were observed around the carrier solu-
tions of 1) and m) in the phase diagram. The chromate-
grams were examined in more detail with carrier solu-
tions u)-w) that had compositions between solutions 1)
and m) along the boundary curve in the phase diagram
(Figure 2). They were u) water-acetonitrile-ethyl acetate
with 5:14.5:8.5 volume ratio, v) 5:13:7 volume ratio, and
W) 6:13.5:6.5 volume ratio. The obtained chromatograms
are shown in Figure 5 together with their resolutions
(Rs). Carrier solutions v) and w) showed the best resolu-
tions, ca. 14, under the present analytical conditions.

3.4. Reversing of the Elution Order of the
Analytes

As characteristic separation behavior of the TRDC sys-
tem using the PTFE capillary tube, we reported previ-
ously that a water-rich carrier solution elutes the more
hydrophilic analyte first and an organic solvent-rich car-

rier solution elutes the more hydrophobic analyte first [7].

However, the reverse elution behavior of the analytes
was not observed in Figure 4 under these analytical con-
ditions. The analytical conditions, such as tube tempera-
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ture, tube length, and flow rate, were significant and criti-
cal for separation performance in the TRDC system. Ten-
tatively, the chromatograms were examined by the TRDC
system using carrier solutions f)-t) where the capillary
tube was dipped in the beaker controlled at 0°C instead of
20°C. The separation performance with solutions f)-t)
were plotted with the symbols in the diagram in Figure 6.
The chromatograms obtained with carrier solutions 1)-q)
that show separation are presented in Figure 7. Wa-
ter-rich carrier solutions p) and q) gave the reverse elu-
tion order, 2,6-naphthalenedisulfonic acid first and then
1-naphthol second, although they showed splitseparation.

Furthermore, the analyte solutions were subjected to
the TRDC system with the water-rich carrier solution of
water-acetonitrile-ethyl acetate in a 15:3:2 volume ratio
(water-rich carrier solution) under the analytical condi-
tions of tube temperature 0°C instead of 20°C, tube effec-
tive length of 200 cm instead of 100 cm, and flow rate of
0.8 uL-min ' instead of 0.2 pL-min'. The obtained chro-
matogram is shown in Figure 8. 2,6-Naphthalenedisulfonic
acid and 1-naphthol were eluted in this order with base-
line-separation. The individual peaks were identified with
the chromatogram of each analyte.

3.5. Consideration of the Influence of the Tube
Materials on Separation

Almost the same elution behavior or elution order in the
TRDC system with the fused-silica capillary tube was
observed as that with the PTFE capillary tube reported in
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Figure 5. Chromatograms of a mixture of 1-naphthol and
2,6-naphthalenedisulfonic acid by the TRDC system using
various component ratios of water-acetonitrile-ethyl acetate
mixture as carrier solutions that were positioned between
solutions 1) and m) in Figure 4 and the resolutions (Rs) for
the analyte peaks. Tube temperature 20°C. (1) 1-Naphthol
and (2) 2,6-naphthalenedisulfonic acid were eluted in this
order with carrier solutions 1)-m).
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Figure 6. Phase diagram for water-acetonitrile-ethyl acetate
mixture (20°C) and the component ratios of the solvents for
the chromatograms obtained by the TRDC system with
tube temperature 0°C. The component ratios of the carrier
solvents f)-t) are plotted in the diagram with the symbols (o,
A, and X). 1-Naphthol and 2,6-naphthalenedisulfonic acid
were eluted in this order with carrier solutions 1)-n), while
they were eluted in the reverse order with the carrier solu-
tions p) and q).
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Figure 7. Chromatograms of a mixture of 1-naphthol and
2,6-naphthalenedisulfonic acid by the TRDC system using
various component ratios of water-acetonitrile-ethyl acetate
mixture as carrier solutions that were positioned near the
boundary curve in the phase diagram. Tube temperature
0°C. (1) 1-Naphthol and (2) 2,6-naphthalenedisulfonic acid
were eluted in this order with carrier solutions 1)-n), while
they were eluted in the reverse order with carrier solutions
p) and q). The component ratios of carrier solutions 1)-p)
used for the chromatograms are plotted in the phase diagram
of Figure 6.
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Figure 8. Chromatograms of a mixture of (1) 1-naphthol
and (2) 2,6-naphthalenedisulfonic acid by the TRDC system.
Capillary effective length, 200 cm (total length 220 cm); car-
rier, water-acetonitrile-ethyl acetate of 15:3:2 volume ratio;
tube temperature, 0°C; and flow rate, 0.8 pL-min~".

our previous work [7]. However, there were also differ-
ences in separation behavior between them. In the fused-
silica capillary tube, the resolutions obtained with the
organic solvent-rich carrier solution were better than
those of the water-rich carrier solution. On the other hand,
in the PTFE capillary tube, the resolutions obtained with
the water-rich carrier solution were better than those of
the organic solvent-rich carrier solutions as reported pre-
viously [7]. The interaction between the outer phase of
water-rich and fused-silica inner wall as well as the outer
phase of organic solvent-rich and PTFE (polymer mate-
rial) inner wall may give prior conditions for making the
outer phase (pseudo-stationary phase) in the capillary
tube, while the interaction between the outer phase of
water-rich and polymer material inner wall as well as the
outer phase of organic solvent-rich and fused-silica inner
wall may result in conditions inconvenient for forming
the outer phase in the capillary tube.

4. Conclusion

Chromatograms of model analytes were examined by the
TRDC system using a fused-silica capillary tube from the
viewpoint of the phase diagram of ternary mixed solvents.
The separation performances of the analytes were similar
to those obtained with a PTFE capillary tube described in
our previous work [7]. With the organic solvent-rich car-
rier solution, model analytes, hydrophobic 1-naphthol
and hydrophilic 2,6-naphthalenedisuflonic acid, were sepa-
rated in this order, while they were cluted in the inverse
order with the water-rich carrier solution, 2,6-naphtha-
lenedisuflonic acid was detected first, followed by 1-
naphthol detection. However, in the fused-silica capillary
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tube resolutions obtained with the organic solvent-rich
carrier solution were better than those of the water-rich
carrier solution. The interaction between the outer phase
of water-rich and fused-silica surface may provide better
conditions than that between the outer phase of organic
solvent-rich and fused-silica surface for forming the outer
phase in the fused-silica capillary tube.
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