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ABSTRACT

The relative velocity difference (4U/U,,) of two zones, separated by capillary
zone electrophoresis, increased with increasing buffer concentration, but remained
constant for a given concentration regardless of electric field strength. For diffusion-
limited band broadening, the increase in 4U/U,, offset a decrease in migration veloc-
ity to provide slightly better resolution. In practice, however, additional dispersion
occurred as a result of Joule heating, especially when concentrated buffers, high
electric field strengths and/or capillaries with large internal diameters were employed.
To improve efficiency, under such conditions, forced air convection was investigated
as a means for dissipating some of the Joule heat generated. In 100-um capillaries,
forced convection increased efficiency from 190 000 £ 3.1% relative standard devia-
tion (R.S.D.) to 226 000 + 3.3% R.S.D. theoretical plates. For comparison, 264 000
theoretical plates were observed in 50-um capillaries under similar operating condi-
tions. In the latter case the improved efficiency is, however, obtained at the expense of
sample capacity.

INTRODUCTION

By Giddings' definition, the resolution (R,) between two species migrating at
different linear velocities is given as:

N2 AU
4 U, M

R =

where N is the number of theoretical plates, and AU/U,, the relative velocity difference
between the two components. This relative velocity difference may, for capillary zone
electrophoresis (CZE), be expressed? as:

Vel.1 — Ver2
4U/U,, = 21—"e2
U/U Velav + Veo (2)
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where v,,; and v, ; are the electrophoretic velocities of the two species being separated,
Veray their average electrophoretic velocity and v,, the velocity resulting from
electroosmosis; v, and v, may be further defined as:

Ver = ”elE and Veo = ”eoE (3)

where E is the electric field strength, p the electrophoretic mobility and p., the
coefficient of electroosmotic flow. Combination of eqns. 1-3 yields:

R = N'Z pe 1 — Perz
* 4 Hel.av + Heo

@

which predicts that optimization of resolution is contingent on controlling the
parameters that control p., and .
Expressions for p., and u,; may be given as®:

Heo = 8(/47"’ (5)

and
Mo = ze[6mnr (6)

where ¢ is the dielectric constant of the buffer employed, { the zeta potential at the
buffer—capillary interface, n the buffer viscosity, z the charge of the analyte, e the
charge of an electron and r the analyte’s hydrodynamic radius.

As seen from eqns. 4 and 5, resolution in CZE may be optimized by changing the
zeta potential. This may be achieved by varying the buffer pH*>, by coating the
capillary®’, by means of buffer additives®® or, as will be discussed in this paper, by
changing the buffer concentration®.

It should be noted from eqn. 4 however, that for resolution to be optimized, the
procedure employed to control ., must not significantly reduce N. Due to the flat flow
profile provided by electroosmotic flow'?, N may, in the absence of Joule heating and
extra-column band broadening, be expressed as?:

N = (ﬂea + #el)V/ZD (7)

where V is the applied voltage used to effect the separation and D the molecular
diffusion coefficient of the analyte.

In the presence of Joule heating however, a radial viscosity gradient is
established inside the capillary and as a result N may be decreased considerably?:!1—14,
Temperature additionally affects p.;, 1o and D, and as such the degree of Joule heating
becomes an important parameter in determining resolution. The Joule heat generated
increases as capillary I.D., or electric-ficld strength is increased. To provide a viable
comparison of resolution for different buffer concentrations, the influence of these
parameters must therefore also be examined.

This work focuses on determining the influence of buffer concentration on
resolution and characterizes forced air convection as a method for controlling Joule
heating.
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Fig. 1. Schematic of the apparatus for CZE employing forced convection.

EXPERIMENTAL

CZE was performed in 1 m x 100 ym [.D. (Chrompack, Raritan, NJ, U.S.A))
and 1 m x 50 um L.D. (Polymicro, Phoenix, AZ, U.S.A.) fused-silica capillaries, using
0.01, 0.02 and 0.05 M Na,HPO,, pH 7.00. To determine the influence of electric field
strength on electroosmotic flow, phenol was dissolved in each operating buffer,
introduced into the capillaries electrokinetically (+ 3 kV/5 s) and analyzed at operating
voltages of +10-+25 kV. In experiments where electrophoretic mobilities were
additionally required, sodium toluenesulfonate (STS) was added to the above samples.

Voltages required for sample introduction and electrokinetic migration were
provided by a Spellman Model RHR 30 high-voltage power supply (Spellman,
Plainview, NY, U.S.A.). On capillary UV detection at 254 nm was effected 80 cm from
the point of sample introduction, using an ISCO Model CV4 capillary electrophoresis
absorbance detector (ISCO, Lincoln, NE, U.S.A.). To evaluate the effect of forced air
convection, the capillary was inserted into a 50 cm x 8 mm L.D. glass tube and air
introduced through a sidearm in the tube at 3.5 |/min (Fig. 1).

RESULTS AND DISCUSSION

Due to the dependence of resolution on each of the operating parameters in
CZE, optimization of resolution must be discussed with respect to all the variables.
Consequently, to determine the influence of buffer concentration on resolution, the
influence of capillary internal diameter and electric field strength must be evaluated.
As shown by Bo&ek ez al.'3, the relationship between Joule heating and p., may be
determined for a given capillary diameter by measuring p., as a function of electric
field strength.

In this study, u., was determined from the migration times (¢g) of phenol, using
the equation'>:

Heo = L/tR(phenol)E (8)

where L is the distance along the capillary from the point of sample introduction to the
detector (80 cm). The use of phenol as a u., marker has been documented previously*.
Phenol has a pX, of 10.0 at 25°C, and may thus be considered neutral at a pH of 7.00.

The influence of buffer concentration and electric field strength on ., in a 50 um
capillary is shown in Fig. 2. The use of more concentrated Na,HPO, buffers decreased
Ueo (refs. 7 and 9). Additionally, as indicated by the increase in ., with increasing
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Fig. 2. Influence of buffer concentration and electric field strength (E) on the coefficient of electroosmotic
flow (uto) in 50-um capillaries'. Na,HPO, concentrations: a = 0.01 M; b = 0.02 M;c = 0.05 M.

electric field strength, Joule heating of the buffers occurred, which is in agreement with
the results reported by Bodek et al.!®. In 100-um capillaries (Fig. 3) the same
relationship between buffer concentration and y., was observed at lower electric field
strengths. However, as expected, Joule heating was more pronounced in the larger
capillary, especially when concentrated buffers were employed; as a result y., increased
markedly with electric field strength.
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Fig. 3. Influence of buffer concentration and electric field strength (E) on the coefficient of electroosmotic
flow (i10) in 100-zm capillaries'®. Na,;HPO, concentrations: a = 0.01 M; b = 0.02 M; ¢ = 0.05 M.
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As can be seen from eqns. 4 and 7, the effects observed in Figs. 2 and 3 make it
difficult to determine the optimum experimental conditions for CZE. From eqn. 4, y.,
is seen to be an important parameter in determining the relative velocity difference.
From eqn. 7, the increase in both the applied voltage and u., is predicted to have
a favorable influence on N. The improvement in diffusion-limited efficiency is,
however, potentially offset by the greater degree of Joule heating.

To better understand the influence of u ., and Joule heating on resolution, the
various operating parameters were evaluated with respect to separation efficiency and
the relative velocity difference. The relative velocity difference (ue.; — Her2)/
(Herav + Heo) Was determined from the separation of phenol and STS. By virtue of its
negative charge, toluenesulfonate eluted after phenol and its electrophoretic mobility
was designated g, ;; per.1 corresponds to the electrophoretic mobility of phenol and
was assumed to be zero. Since the total linear velocity (v) of STS is governed by both
electrophoresis and electroosmosis, its migration time is given as:

iR = L/v = LI(—pea + e E ®

which, on rearrangement, gives ., in terms of experimentally measurable parameters
as:

Hel = Heo — L/IRE (10)
As shown in Fig. 4, the expression (te.; — Her.2)/(Herav + Heo) Was constant for a given

buffer concentration, regardless of electric field strength. This was observed not only
fora 0.01 M buffer in a 50-um capillary, where Joule heating was minimal, but also for
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Fig. 4. Influence of buffer concentration and electric field strength (E) on the relative velocity difference

(Het.1 — Her.2)/(Merav + Meo)- Conditions: a = 0.02 M buffer/100-um capillary; b = 0.01 M buffer/50-um
capillary.
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0.02 M Na,HPO, in a 100-um capillary where appreciable Joule heating was observed
at high electric field strengths. The independence of the relative velocity difference with
Joule heating is presumably attributable to the both p and g., having the same
viscosity dependence (eqns. 5 and 6)°.

The average values of the relative velocity difference were 0.576 and 0.661 in the
0.01 and 0.02 M buffers, respectively. Thus, on the basis of the relative velocity
difference alone, resolution was improved in 0.02 vs. 0.01 M buffer, by a factor of 1.15.
The influence of efficiency must, however, also be explored.

If it is assumed that no Joule heating occurs, as is presumably the case when
50-um capillaries and low electric field strengths are employed, eqn. 7 may be rewritten
to express resolution as a function of efficiency as:

R, = f(v/2D)'7? an

If it can, additionally, be assumed that diffusion coefficients are the same in each
buffer, resolution as a function of efficiency, in 0.02 vs. 0.01 M buffer, can be shown to
be decreased by the ratio (vo.02/v0.01)*/2, Where v o2 and vg o, are the linear velocities
in 0.02 and 0.01 M buffer, respectively. At low electric field strengths (100 V/cm), the
linear velocities of phenol were determined to be 4.96 - 1072 (0.02 M) and 5.96 -
1072 cm/s (0.01 M). Accordingly, the resolution as a function of efficiency ratio was
0.912.

Multiplication of the relative velocity difference and efficiency ratios yielded
a value of 1.05. It is thus seen that the more concentrated buffer did not provide
a significant improvement in resolution, Additionally, as higher electric field strengths
or larger internal diameter capillaries were used, the degree of Joule heating increased
to a greater extent in the 0.02 M buffer (Fig. 3). As shown in Fig. 5, Joule heating
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Fig. 5. Influence of electric field strength (E) on the efficiency (N) of STS. Conditions: buffer: 0.02 M
Na,HPOy; capillary: 100 pm.
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actually decreased efficiency at high electric field strengths, when the separation was
performed in a 100-um capillary using 0.02 M buffer. When appreciable Joule heating
occurs, the resolution as a function of efficiency ratio will, consequently, be reduced
with respect to the ratio calculated in the diffusion-limited case and resolution is
predicted to be improved in the less concentrated buffer.

By comparing Figs. 2 and 3, it can be seen that Joule heating was much less
appreciable in 50- vs. 100-um capillaries. To maximize resolution, the capillary internal
diameter should, therefore, be minimized regardless of the buffer concentration used.

It may, however, be undesirable to use 50-um capillaries in applications where
detectability is a problem. Defining N as:

N=- (12)

where o2, the total variance, is the summation of independent sources of zone
dispersion; it is seen that each source of variance should be minimized. The variance
contribution from sample volume, 02, may be expressed as’®:

«
[

!
|

121 8]

(13)

—
[\

where 1, the sampling time, is related to the sample volume, S, introduced. For
a cylindrical capillary of internal diameter, d., the relationship is:

S
= 14
va(d[2) (9
Combination of eqns. 13 and 14 allows for a2 to be expressed as:
SZ
2 (15)

% = 122"

which predicts that 16 times the sample volume may be introduced in 100- vs. 50-um
capillaries to yield the same 62. Thus while the zone concentration in 50-um capillaries
is four times that obtained in 100-um capillaries (assuming equal efficiencies and
migration times), concentration detection limits are predicted to be improved in the
larger capillaries by virtue of the larger sample volume allowed.

The latter prediction is, additionally, influenced by the specific design of the
detector employed and the experimental values of N and ¢, obtained in 50- and 100-um
capillaries. However, its validity can readily be shown to be upheld. For on-capillary
UV detection, generating the same noise level for 50- and 100-um capillaries, the
detection limits are improved for the larger capillary as the result of a longer
pathlength (the specific improvement is governed by the detector slit width and the
capillary position in the light path).

The influence of 7z and N on the detection limit may be evaluated from the peak
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area (A4) of an eluting analyte. The area of a Gaussian peak may be described by the
expression!é:

A = 2.51ch (16)

where 4 is the height at the peak apex. Eqn. 16 may be combined with eqn. 12 and
rearranged to yield:

ANY?
= 251,

17

Thus, for the same peak area, a larger peak height (signal) will result in the higher
efficiency case. In practice however, the efficiency enhancement observed in 50- vs.
100-um capillaries is minimal (as will be shown) and as a result does not offset the
sample-size advantage obtained in the larger capillaries. Furthermore, as illustrated in
Figs. 2 and 3, the decrease in efficiency resulting from Joule heating is countered by
a smaller fg value by virtue of increased electroosmotic flow.

From the foregoing, it may be concluded that improved concentration detection
limits are obtained in 100-um capillaries. This improvement is, however, accompanied
by a decrease in efficiency which may be required to effect the separation. To achieve
a compromise between detectability and resolution, it is therefore desirable to find
amethod of reducing Joule heating. The theoretical work of Knox!? has predicted that
the Joule heat generated may be dissipated by forced convection. This prediction is
supported by the experimental work of Bo&ek et al.'® and Nelson et al.!” and by these
results, as shown in Fig. 6. When forced air convection at 3.5 I/min was applied to
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Fig. 6. Influence of forced convection on the coefficient of electroosmotic flow (,,) in 0.05 M Na,HPO,!3.

Capillaries: a = 100 um; b = 100 um with convection; ¢ = 50 unm.
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50 cm of the 100-um capillary (Fig. 1), u., as a function of electric field strength was
reduced in comparison to the same capillary in the absence of forced convection.

As a result of the reduction in Joule heating, efficiency was improved. Initial
results showed the efficiency for phenol in 0.05 M Na,HPO, at 18 kV/m to increase
from 112 000 to 117 000 theoretical plates when forced convection was employed’®. In
these initial studies however, high concentrations of phenol were employed and
consequently an additional source of band broadening was incurred*!3-1°. When the
analyses were repeated at 22.7 kV/m and a 2 - 10~ M phenol solution used as the
sample, efficiencies were improved from 191 000 + 3.1% relative standard deviation
(R.S.D.) to 226 000 + 3.3% R.S.D. theoretical plates (based on 4 determinations).
For comparison, the efficiency obtained in 50-um capillaries, under similar operating
conditions, was approximately 264 000 theoretical plates.

As can be seen from Fig. 6, more effective forced convection is required to reduce
leo to approach the level observed in 50-um capillaries. Work to achieve this via
changes in the air flow-rate, changes in the chemical nature of the dissipant and
convection along the entire length of the capillary, is currently ongoing.
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