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Effect of initial voltage ramp on separation efficiency in non-aqueous
capillary electrophoresis with ethanol as background electrolyte solvent
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Laboratory of Analytical Chemistry, Department of Chemistry, P.O. Box 55, FI-00014 University of Helsinki, Helsinki, Finland

Abstract

Band broadening at high electric field strengths in capillary electrophoresis (CE), especially in wide capillaries, is often attributed to radial
temperature gradients in the interior of the capillary caused by Joule heating. In some cases, however, a major cause of the lower separation
efficiency could be the abrupt application of high electric field strength. We show that, with ethanol as background electrolyte solvent, initial
abrupt voltage application introduces band broadening, which is especially pronounced in wider capillaries at high electric field and ionic
strengths. With an appropriate initial voltage ramp this effect can be avoided. The effect of different voltage ramp up times on the separation
efficiency of some anionic analytes was investigated with 50, 75 and 100�m I.D. capillaries at field strengths of 1000–2000 V cm−1. The
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esults suggest that the band broadening associated with abrupt voltage application is of thermal origin and probably related to ther
xpansion of the sample and background electrolyte solutions. The plate numbers calculated with a plate height model were in goo
ith the experimental values when a sufficiently long voltage ramp was employed. The dispersion due to axial temperature gra

ound to be very small under the experimental conditions used.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Temperature affects nearly all parameters involved in cap-
llary electrophoresis (CE). The fluid-filled separation capil-
ary inevitably heats up due to the friction assosiated with
he movement of ionic species during the separation. As a
heck on this, most CE instruments have active temperature
ontrol systems. Joule heating[1–3] generates a radial tem-
erature gradient, which is the best-known thermal dispersive
ffect. It has nevertheless been shown[2–6] that, under most
onditions, radial temperature gradients are a fairly insignifi-
ant source of dispersion in CE. Radial temperature gradients
often referred to as Joule heating when band broadening is
iscussed) are thus sometimes blamed for low efficiencies

hough the cause of the dispersion lies elsewhere. Axial vari-
tions in the electroosmotic flow (EOF)[7–11] are another
ource of dispersion. These occur when EOF velocities vary
n the different regions of the capillary setting up a pressure
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gradient, which will introduce additional dispersion due to
unfavorable flow profile of hydrodynamic flow. Axial var
tions in EOF velocities are caused by variations in zeta
tential along the capillary, for example, due to only pa
coating of the capillary[8] or to partial capillary exposure
an external radial electric field[9]. Another source of axia
variations in EOF is variations in viscosity due to axial te
perature differences in the capillary[12–14]. Typically in a
modern CE instrument, the middle region of the capillar
well thermostatted, whereas the inlet and outlet regions
temperature control. Relatively strong axial variations in t
perature are thus common in CE. It should be added th
most cases, the unthermostatted inlet and outlet region
resent large percentages of the total length of the capill

Recently, Xuang and Li[12] derived an analytical equatio
for the part of the plate height that is due to both axial
radial temperature gradients (HT):

HT = r2c

24Ldet

3∑
i=1

v2
i,pdti

Di
(1)
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Hererc is the internal radius of the capillary andLdet is
the capillary length to the detector. The subscripti represents
the different regions of the capillary: (1) is for the inlet
unthermostatted region, (2) is for the middle thermostatted
region and (3) is for the outlet unthermostatted region.vi,pd
is the velocity contributing to the band broadening and
Di and ti represent the average diffusion coefficient and
residence time in regioni, respectively. In the case of charged
analytesvi,pd consists of two contributions that are coupled,
namely the pressure induced velocity due to the axial
temperature gradients and the velocity related to the elec-
trophoretic mass flow distortion due to the radial temperature
gradient:

vi,pd = −Mi
Pi

Li
+ 1

2
ωiµi,epEi (2)

whereMi , 
Pi , µi,ep andEi represent the “hydrodynamic
conductivity” (see below), pressure difference and elec-
trophoretic mobility of the analyte and the electric field
strength in regioni, respectively[12]. Li is the length of
regioni and

ωi = B

Tic

T 2
iw

(3)

whereB is a constant representing the exponential temper-
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dU

dt
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µtotRΩ
γαPT

1 + δ
Tinlet
(7)

whereU is voltage andt time,µtot is the total mobility of
the last migrating analyte ion andR� is the resistance per
unit length of the capillary filled with BGE solution.γ, αPT,
andδ represent the coefficient of expansion of the BGE solu-
tion, the power–temperature coefficient and the temperature
coefficient of viscosity, respectively.
Tinlet is the capillary
core temperature increase relative to the temperature of the
surroundings at the inlet side of the capillary, which can be
expressed as:


Tinlet = EI

2π

(
1

2kb
+ 1

ks
In
rw

rc
+ 1

kp
In
rp

rw
+ 1

h1rp

)
(8)

whereEI is the heating power per unit length obtained di-
rectly fromE and the measured current (I) in the capillary
andkb, ks andkp are the thermal conductivities of the BGE
solution, the fused silica wall and the outer polymer coat-
ing [4]. rw and rp are the external radius of the silica tube
and the external radius of the whole capillary (outer polymer
coating included), respectively, whileh1 is the surface heat
transfer coefficient at the inlet of the capillary. Note that the
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ture dependency of viscosity and
Tic is the difference
etween the temperature of the capillary inner wall (Tiw)
nd temperature at the centre of the capillary in regioni. Mi

n Eq.(2) can be expressed as:

i =
(

1 + 1

3
ωi

)
r2c

8ηiw
(4)

hereηiw is the viscosity of the solution near the capill
all in region i [12]. Pressure differences are obtained
alculating the EOF induced pressures at the interfac
he thermostatted and unthermostatted regions[12]:

1 = µ2,eoE2 − µ1,eoE1

M1
L1

+ M2
L2

(
1 + L3

L1

) (5)

2 = −P1
L3

L1
(6)

hereµi,eo is the velocity of the EOF atTiw. The electric
eld strengths in the different regions can be calculated
he current continuity conditionκ1E1 =κ2E2 =κ3E3, where
i is the electrical conductivity of the background electro
BGE) solution (κ1 >κ2 becauseT1,iw >T2,iw). Note tha
or neutral analytesµi,ep= 0 and thusHT is affected only
y axial temperature gradients (Eqs.(1) and (2)). For more
etails, see Ref.[12].

Knox and McCormack[15] have suggested that sam
oss can occur in CE due to the initial self-heating and
ulting volume expansion. As a precaution they recomm
hat the rate of increase of voltage during switch-on sh
alue ofh1 tends to be rather low because the inlet pa
he capillary is not thermostatted and heat dissipation is
rned mainly by free convection to still air, which result
levated temperatures[16].

This study is a continuation of our previous work on s
ration efficiencies at high field strengths in non-aqueou

17–19]. Most recently[19], we found that the observed se
ration efficiencies (measured as plate numbers) of an
odel analytes in 75µm I.D. capillaries at 60 kV were co

iderably lower that the values predicted by an analy
late height model. With lower field strengths and narro
apillaries, however, agreement between the observe
redicted values was fairly good. The prediction showed

he contribution of Joule heating (via radial temperature
ients) to total plate height was insignificant (<5%) in
ases, but the increase of dispersion withE andrc indicated
hat the dispersion could be of thermal origin. In this st
e attempt to clarify the reasons for the deviation betw
redicted and experimental values at higher field streng
5µm I.D. capillaries.

. Materials and methods

.1. Chemicals, BGEs and sample solutions

All chemicals were used as received and were
nalytical-reagent grade unless otherwise stated.
ichlorobenzoic acid and 2,4-dinitrobenzoic acid were f
ldrich (Milwaukee, WI, USA). 3,5-Dinitrobenzoic acid w

rom Fluka (Buchs, Switzerland) and 2,4-dinitrophenol
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from Eastman Organic Chemicals (Rochester, NY, USA).
Ethanol (EtOH) was from Primalco (Rajamäki, Finland) and
HPLC-grade methanol (MeOH) was from J.T. Baker (Deven-
ter, The Netherlands).

Equimolar amounts of sodium acetate (NaAc, from E.
Merck, Darmstadt, Germany) and acetic acid (HAc, from
Riedel-de Häen, Seelze, Germany) were added to EtOH to
achieve a buffered BGE. Sample solution consisting of ben-
zoic acids and a phenolic compound was prepared in MeOH
(10�g/mL each).

2.2. CE instrument and related parameters

The CE instrument was a laboratory-constructed model
[20] capable of performing separations with 60 kV poten-
tial differences (for details, see Refs.[17–20]). Negative
polarity was used throughout the study. The capillaries
were of fused silica (Composite Metal Services, Hal-
low, United Kingdom) with I.Ds. of 50, 75 or 100�m.
O.D. of the capillaries was always 375�m and the total
length was 30 cm, while length to the detector window
was 28.5 cm. As in our previous work[19], to suppress
the EOF poly(glycidylmethacrylate-co-N-vinylpyrrolidone)
[poly(GMA-co-NVP)] coating was applied to all capillaries.
Injections were performed by siphoning with a 20 mm level
d
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widths, are compared with those obtained with no initial
ramp.

3.1.1. Initial voltage ramp and time addition
compensation

The initial voltage ramp had a pronounced effect on the
separation efficiency with 75�m I.D. capillaries at 60 kV.
The plate numbers were only about 90,000 when no initial
voltage ramp was used but increased more or less linearly
with increasing initial ramp time (tramp) up to about 300,000
at tramp= 45 s. These plate numbers calculated from the mea-
sured migration time and peak width are, however, not di-
rectly comparable with our previous results[19] since the
electric field strength was not constant during the run and
thus the migration times were affected. Likewise, the results
obtained with the different ramps cannot easily be compared
to each other. For example, relative to the no ramp condition,
an initial voltage ramp time of 30 s resulted in 25% increase in
the migration time of the fastest analyte (2,4-dinitrophenol) at
60 kV, which in turn led to overestimated separation efficien-
cies in plate number calculation. Fortunately, this problem
can be avoided by focusing on the peak widths (Fig. 1A). As
can be seen fromFig. 1A, an introduction of a voltage ramp
indeed provides narrower peaks. To allow better comparison
with our previous results[19], we calculated “corrected plate
n
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ifference for 45, 20 and 12 s for the 50, 75, and 100�m
.D. capillaries, respectively. Analytes were detected
14 nm. Capillary thermostatting was done with air fl
ooling at 23◦C and the electric current ranged from 5
1�A.

. Results and discussion

In an attempt to discover the cause of lowered sep
ion efficiencies in 75�m I.D. capillaries with 15 mM aceta
GE at high field strengths, we conducted investigations

he same BGE solution and model compounds as previ
19]. The results obtained with various voltage ramps
apillaries of different I.D. are considered first, and then
ffect of ionic strength of the BGE solution on the band bro
ning is discussed. Finally, heating powers and critical dU/dt
alues, as well as plate height increase due to the com
ffect of axial and radial temperature gradients, are c

ated and discussed in relation to the observed dispe
rends.

.1. Effect of initial voltage ramp

We suspected at the time of our earlier work that
hermal conditions at the unthermostatted inlet of the
llary were causing some dispersion of the analyte zo
n view of this, we decided to apply somewhat lower v
ges at first and then to increase the separation pot
ith various voltage ramps. Linear ramps were used thro
ut the study. The measured separation efficiencies, or
umbers”,Ncorr, with the following equation:

corr = 16

(
tmigr,no ramp

wb,ramp

)2

(9)

heretmigr,no rampis the average migration time of the a
yte in the case of no initial voltage ramp andwb,rampis the
eak width of the analyte at the baseline level with an

ial voltage ramp. “Correcting” in our case thus means
hen calculating plate numbers we always use the ave
igration time of the analyte with no initial ramp, but

ert the peak width obtained with a specific initial ramp.
pproach is similar to that of Williams and Vigh[21], who
orrected migration times in the calculation of analyte mo
ties. Migration times were prolonged due to the initial lin
oltage ramp, but they achieved the correction mathem
ally simply by subtracting a factor of 0.5× tramp from the
easured migration time. Unlike them, however, we hav

ess to true average migration times without the ramp. E(9)
as the disadvantage that the peak width that is used inc
ontributions from all time-dependent dispersion effects,
he diffusion, that occur during the extra time (e.g. 20 s),
he analyte spends in the capillary due to the voltage r
igration time in Eq.(9)does not include that extra time. T

orrected efficiency calculated from Eq.(9), however, give
reasonable low-end approximation for the separation

iency. The calculated corrected plate numbers are pres
n Fig. 1B and, as can be seen, the ramp clearly impr
he efficiencies. There seems to be a maximum in the
iency with initial voltage ramp time of about 30 s, but go
fficiencies are achieved even with a 15 s ramp.
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Fig. 1. Dependence of (A) peak width and (B) corrected plate number on
the initial voltage ramp up time (tramp) with 75�m I.D. poly(GMA-co-NVP)
coated capillaries at 60 kV (2000 V cm−1). BGE: 15 mM NaAc + 15 mM
HAc in EtOH. Capillary, 30 cm total length, 28.5 cm to detector; detection,
UV 214 nm; hydrodynamic injection, 20 mm for 20 s; analyte concentra-
tion, 10�g/ml each; air flow thermostatting, 23◦C; number of repetitions,
6. Symbols: (�) 2,4-dinitrophenol; (�) 3,5-dinitrobenzoic acid; (
) 2,4-
dinitrobenzoic acid; (×) 2,6-dichlorobenzoic acid.

3.1.2. Initial voltage ramp and final separation voltage
The initial voltage ramp had only a little effect on

the corrected plate numbers at 30 kV separation voltage
(1000 V cm−1) and in contrast to the results obtained at
60 kV, the corrected plate numbers tended to slightly decrease
with increasing ramp time (approximately from 190,000 at
tramp= 0 s to 170,000 attramp= 45 s). This suggests that the
use of initial voltage ramp is not beneficial at lower field
strengths and that the dispersive effect associated with initial

Fig. 2. Corrected plate numbers (symbols) obtained experimentally using
75�m I.D. coated capillary with 30 s initial voltage ramp and calculated
plate numbers (solid lines) obtained using the plate height model[18,19]at
various separation voltages. Abbreviations: 2,4diNO2Ph, 2,4-dinitrophenol;
3,5diNO2B, 3,5-dinitrobenzoic acid; 2,4diNO2B, 2,4-dinitrobenzoic acid;
2,6diClB, 2,6-dichlorobenzoic acid. For other parameters, seeFig. 1.

abrupt voltage application is dependent on the final separa-
tion voltage.

3.1.3. Comparison with theory: 30 s initial voltage ramp
with 75�m I.D. capillaries

Since 30 s initial voltage ramp was found be beneficial at
60 kV, this was selected as ramp time in all following ex-
periments.Fig. 2 shows the effect of separation voltage on
Ncorr with the 30 s ramp time, as well as the calculated values
obtained earlier[19] from the plate height model. The val-
ues agree fairly well, though the experimental values are still
somewhat lower than the values calculated with the model.
Note, however, that the average RSD of the corrected sep-
aration efficiencies was about 9% and that the corrected ef-
ficiencies should be viewed as low-end approximations (see
Eq. (9) and the discussion on corrected plate numbers). The
severe broadening observed in our previous work (N only
about 50,000–90,000 at 60 kV[19]), was not evident in the
new experiments with 30 s initial voltage ramp and thus we
conclude that the additional broadening observed previously
was mainly due to the initial abrupt voltage application.

3.1.4. Initial voltage ramp and capillary diameter
Fig. 3compares the experimentalNcorr values obtained us-

ing a 30 s ramp time and 50�m I.D. capillary with efficiencies
o f
t ood.
C e
e mp
r se to
e ovide
s
i

r on
t we
btained from the plate height model[19]. The agreement o
he predicted and observed values is generally very g
omparison with our earlier findings[19] under the sam
xperimental conditions but without the initial voltage ra
eveals that the values with and without the ramp are clo
ach other (data not shown). Thus the ramp does not pr
ignificantly better efficiencies with the 50�m I.D. capillary
n our case.

To investigate the influence of the capillary diamete
he peak widths with and without the initial voltage ramp,
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Fig. 3. Corrected plate numbers (symbols) obtained experimentally using
50�m I.D. coated capillary with 30 s initial voltage ramp and calculated plate
numbers (solid lines) at various separation voltages. For other parameters,
seeFigs. 1 and 2.

carried out additional runs in 100 and 75�m I.D. capillar-
ies. The results for the 100�m I.D. capillaries are presented
in Fig. 4 for 30 and 45 kV. As can be seen, the 30 s initial
voltage ramp has a substantial reducing effect on the peak
widths, especially at 45 kV, but the effect is fairly strong even
at 30 kV. We note that we could not apply voltages above
45 kV with the 100�m I.D. capillaries because above 45 kV
the BGE solution tended to boil at the capillary inlet. With
the 75�m I.D. capillaries at 45 kV, the 30 s voltage ramp
yielded about 8-15% narrower peaks relative to the case of
no ramp (data not shown). This is less than the corresponding
decrease of 35–50% with the 100�m I.D. capillaries. These
results demonstrate that the initial abrupt voltage application
results in pronounced dispersion only when wide capillaries
are used at high field strengths. In all three capillaries, the ini-
tial voltage ramp had less effect on peak areas than on peak
width.

F g
1 er of
r iation.
F

3.2. Influence of BGE ionic strength

To determine if heating effects were responsible for the
lowered efficiency associated with the initial abrupt voltage
application, the effect of ionic strength of the BGE solution on
the peak widths was investigated by applying BGE solutions
of different acetate concentrations, namely 5, 15 and 25 mM
(acetic acid concentration is the same). The results obtained
with two configurations: (i) 5 mM acetate solution with the
100�m I.D. capillary and (ii) 25 mM acetate solution with
the 50�m I.D. capillary were compared with results obtained
with the 15 mM acetate solution with a 100�m or 50�m I.D.
capillary, respectively.

Reducing the acetate concentration from 15 to 5 mM (case
i) should decrease the dispersion if heating effects are respon-
sible for the additional dispersion observed with the 15 mM
acetate solution in 75 and 100�m I.D. capillaries. Indeed, the
peak widths obtained at 30 kV with the 5 mM acetate BGE
solution in 100�m I.D. capillaries were approximately the
same with and without the 30 s initial voltage ramp. At 45 kV,
in turn, slightly narrower (5–17%) peaks were obtained with
the 30 s voltage ramp than without the ramp. The difference
was, however, not as large as with the 15 mM acetate BGE
(Fig. 4). It is thus clear that decreasing the ionic strength of
the BGE solution reduces the harmful influence of abrupt
v

ndi-
t
( ed
o
b was
u ever,
t e ob-
s ts are
r tage
a

F n in
5 For
o

ig. 4. Analyte peak widths obtained in 100�m I.D. coated capillary usin
5 mM acetate BGE with and without 30 s initial voltage ramp. Numb
epetitions was 11. The height of the error bar is twice the standard dev
or other parameters, seeFig. 1.
oltage application on the peak widths.
No additional dispersion relative to the no ramp co

ions was observed with the 50�m I.D. capillary at 15 mM
Section3.1.4), and at 25 mM (case ii) the situation turn
ut to be very similar as can be seen inFig. 5. Only slightly
roader peaks were obtained at 60 kV when no ramp
sed compared to the case of 30 s ramp. At 30 kV, how

he usage of the ramp did not offer any advantage. Thes
ervations (especially, case i) suggest that heating effec
esponsible for the dispersion arising from the abrupt vol
pplication.

ig. 5. Analyte peak widths obtained with 25 mM acetate BGE solutio
0�m I.D. coated capillary with and without 30 s initial voltage ramp.
ther parameters, seeFigs. 1 and 4.
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Table 1
Peak widths of 2,6-dichlorobenzoic acid, calculated heating powers and temperature differences and critical dU/dt values for various capillaries, voltages and
BGE concentrations

Capillary I.D. (�m) U (kV) c (BGE) (mM)a tramp (s) wb (2,6diCIB) (s)b EI (W/m) 
Tinlet (◦C)c (dU/dt)crit (kV/s)d

50 30 15 0 3.34 0.6 4 9.2
50 30 15 30 3.27 (98%) 0.6 4 9.2
50 60 15 0 1.39 2.5 18 6.5
50 60 15 30 1.36 (98%) 2.5 18 6.5
50 30 25 0 4.14 0.7 5 7.5
50 30 25 30 4.14 (100%) 0.7 5 7.5
50 60 25 0 1.85 3.1 22 5.0
50 60 25 30 1.66 (90%) 3.1 22 5.0
75 30 15 0 3.21 1.1 8 4.3
75 30 15 30 3.28 (102%) 1.1 8 4.3
75 60 15 0 2.20 5.3 38 2.3
75 60 15 30 1.32 (60%) 5.3 38 2.3

100 30 15 0 4.32 3.2 23 1.2
100 30 15 30 3.44 (80%) 3.2 23 1.2
100 45 15 0 3.17 7.7 55 0.8
100 45 15 30 2.12 (67%) 7.7 55 0.8
100 30 5 0 2.35 0.9 6 5.8
100 30 5 30 2.52 (107%) 0.9 6 5.8
100 45 5 0 1.65 2.1 15 4.6
100 45 5 30 1.41 (85%) 2.1 15 4.6

a This value is for added concentration of NaAc; same amount of HAc was added.
b Values in parenthesis were calculated fromwb (30 s ramp)/wb (0 s ramp)× 100%.
c kb = 0.174 W m−1 K−1, ks = 1.380 W m−1 K−1, kp = 0.155 W m−1 K−1, rw = 172.5�m, rp = 187.5�m,Tambien= 23◦C, h1 = 130 W m−1 K−1 [4,6].
d RΩ was calculated fromE=RΩI for each combination of BGE concentration, capillary I.D. and voltage.µ2,6diCIB =−7.5× 10−9 m2 V−1 s−1 [19],
αPT = 12 K m W−1 [16], δ= 0.023 K−1, γ (25◦C) = 1.09× 10−3 K−1 [28].

3.3. Heating power and voltage ramp

As shown above, the dispersion resulting from abrupt volt-
age application is very likely associated with thermal ef-
fects. It was of interest, therefore, to investigate the thermal
conditions in the capillary further.Table 1lists the calcu-
lated heating powers, temperature differences at the capil-
lary inlet (compared with ambient temperature) and critical
dU/dt values (Eq.(7)) for the various capillaries, voltages
and BGE concentrations used in this study. Peak widths of
2,6-dichlorobenzoic acid are also listed. It can be seen that
at EI above 2–3 W/m, the initial abrupt voltage application
has a significant effect on the peak widths and thus on the
corresponding separation efficiencies.

The calculated temperature differences listed inTable 1
are reasonable, especially when it is considered that, with
the 100�m I.D. capillary above 45 kV, boiling of the BGE
solution (EtOH boils at 78.2◦C) was observed at the capillary
inlet, and that the calculated temperature at the capillary inlet
is about 78◦C at 45 kV (Table 1). The closeness of these two
values also suggests that the value 130 W m−2 K−1 [6,13]
used for the inlet surface heat transfer coefficient is quite
appropriate in our case. Note, however, that Eq.(8) tends to
slightly overestimate the temperature difference because the
field strengthE1 in the unthermostatted region is lower than
t

V
w a-

tion were best with the 30 s ramp up time. This corresponds
to 2 kV s−1 dU/dt, which is close to the calculated value of
2.3 kV s−1 for critical dU/dt (Table 1). Note, however, that
the critical dU/dt values were calculated on the assumption
that no sample escapes from the capillary and are not exactly
related to dispersion effects. The temperature dependency of
γ in the case of EtOH is small (<9%; 10–60◦C) [22] and thus
we used theγ value at 25◦C in calculating critical dU/dt and
ignored the temperature dependency ofγ, which resulted in
slightly overestimated critical dU/dt values.

The critical dU/dt values (Table 1) calculated for low volt-
ages or with the 50�m I.D. capillaries would suggest that
use of a voltage ramp of a few seconds is beneficial. Our
experimental findings (Sections3.1.2 and 3.2), in turn, indi-
cate that the voltage ramp does not offer significantly better
separation efficiencies under these conditions. Most of this
discrepancy can probably be explained by two things: (i) a
section about 1.5 cm long at the beginning of the capillary
is immersed in the BGE solution, which provides better heat
dissipation than still air and (ii) the temperature increase in-
side the capillary is time dependent[23–25]. Because of im-
mersion in the BGE solution the local power–temperature
coefficient in the first part of the capillary would in reality be
smaller than was assumed, and this would increase the calcu-
lated critical dU/dt values. Likewise, the time dependency of
t ease
t na-
l

he nominal field strength [U/(L1+L2+L3)].
As noted in Section3.1.1, separation efficiencies at 60 k

ith the 75�m I.D. capillary and 15 mM BGE concentr
he temperature increase inside the capillary would incr
he critical dU/dt value because the time scale of the a
yte acceleration is much faster (10−12 s[26]) than that of the
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temperature increase (order of 1 s[24]). This means that an-
alytes would advance a short distance in the capillary before
the capillary temperature (and thus
Tinlet) reaches its max-
imum value. These considerations could also explain why
15 s ramp times (dU/dt= 4 kV/s) in the 75�m I.D. capillary
provided nearly as good separation efficiencies as 30 s ramp
times (Fig. 1B)

There seems to be, however, slight correlation between
the calculated critical dU/dt values and the experimentally
obtainedwb values (Table 1), which suggests that thermal
volume expansion could be the phenomenon underlying the
dispersion related to the initial abrupt voltage application.
Evidently, when it comes to separation efficiencies, Eq.(7)
could give rough estimates of critical dU/dt values, which
could help to evaluate if a voltage ramp is needed to avoid
additional dispersion related to the abrupt voltage application.
Note that even considerable high voltage variations (high
dU/dt) have very little effect on the total band broadening
during the separation[27] once analytes move beyond the
vicinity of the capillary inlet.

When the temperature conditions and the capillary resis-
tance are the same, the thermal volume expansion is more pro-
nounced with non-aqueous than aqueous BGEs for analytes
of identical overall mobility in the two solvent systems (Eq.
(7)). The difference is for the most part due to about four times
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igherγ values of most organic solvents used in CE c
ared to the corresponding value of water (2.6× 10−4 K−1

t 25◦C) [28]. The application of a sufficient initial voltag
amp is thus of particular importance when non-aqueous
olutions are used at high heating powers.

.4. Axial temperature gradients

As noted in Section3.1.3, with the 75�m I.D. capillary
he efficiencies obtained experimentally are slightly wo
han those predicted with the theoretical plate height m
his deviation from theory can probably be attributed
pproximations made in the calculations. Dispersion

o axial temperature gradients[12,13] was not, howeve
onsidered in the theoretical model used, which could
xplain the deviation. To assess the importance of the c
ution of axial temperature gradients to the total plate he
e used Eq.(1) to calculateHT. Table 2shows the resul

or 2,4-dinitrophenol with 15 mM NaAc + 15 mM HAc BG
n EtOH at 60 kV. Note that constant heat transfer condit
n each region were assumed. Thus, neither the influ
f capillary insertion to the BGE solution in regions 1 a
nor the influence of the plastic fittings at the interfa

f the different regions was considered. The value for
urface heat transfer coefficient in the thermostatted re
h2 = 500 W m−2 K−1) was calculated as described in[29]
measured air flow velocity 7.7 ms−1). HT is about 0.1�m
or 2,4-dinitrophenol (Table 2), and less than this for the oth
nalytes. This means that the combined contribution of
nd radial temperature gradients to the total plate heigh
ur case less than 8% even at high field strengths. In add
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radial temperature gradients (the second term on the right in
Eq. (2)) contribute tovpd (and thus toHT) more than axial
temperature gradients under our experimental conditions.
The effect of axial temperature gradients on the separation
efficiencies in our case is thus much smaller than suggested
in Ref. [12]. The reason for the previously observed dis-
crepancy[19] of the measured and predicted values was
instead mainly the abrupt voltage application as discussed in
Section3.1.3.

We incorporated the dispersion arising from the combined
effect of the axial and radial temperature gradients (Eq.(1))
in our previous model[19] and recalculated the separation
efficiencies for our analytes at different field strengths. The
results were practically identical to the results shown in
Fig. 2. The very low dispersion due to axial temperature
gradients in our case is due to the suppressed EOF, which
will not induce strong pressure gradients (Eqs.(5) and (6))
even though axial temperature gradients in the capillary
are marked (Table 2). At conditions of high heat generation
(highE, rc, κ) and with the presence of strong EOF,HT can
be quite large if the capillary is unevenly thermostatted in
axial direction[12]. At such conditions the contribution of
HT should be included in the plate height model used for
improved accuracy of the predictions.
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