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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 ang.i00D. capillaries at field strengths of 1000-2000 VémThe
results suggest that the band broadening associated with abrupt voltage application is of thermal origin and probably related to thermal volume
expansion of the sample and background electrolyte solutions. The plate numbers calculated with a plate height model were in good agreement
with the experimental values when a sufficiently long voltage ramp was employed. The dispersion due to axial temperature gradients was
found to be very small under the experimental conditions used.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction gradient, which willintroduce additional dispersion due to the
unfavorable flow profile of hydrodynamic flow. Axial varia-
Temperature affects nearly all parameters involved in cap- tions in EOF velocities are caused by variations in zeta po-
illary electrophoresis (CE). The fluid-filled separation capil- tential along the capillary, for example, due to only partial
lary inevitably heats up due to the friction assosiated with coating of the capillary8] or to partial capillary exposure to
the movement of ionic species during the separation. As aan external radial electric fiel@®]. Another source of axial
check on this, most CE instruments have active temperaturevariations in EOF is variations in viscosity due to axial tem-
control systems. Joule heatifip-3] generates a radial tem-  perature differences in the capillajy2—14]} Typically in a
perature gradient, which is the best-known thermal dispersivemodern CE instrument, the middle region of the capillary is
effect. It has nevertheless been shd@2#6] that, under most  well thermostatted, whereas the inlet and outlet regions lack
conditions, radial temperature gradients are a fairly insignifi- temperature control. Relatively strong axial variations in tem-
cant source of dispersion in CE. Radial temperature gradientsperature are thus common in CE. It should be added that, in
(often referred to as Joule heating when band broadening ismost cases, the unthermostatted inlet and outlet regions rep-
discussed) are thus sometimes blamed for low efficienciesresent large percentages of the total length of the capillary.
though the cause of the dispersion lies elsewhere. Axial vari-  Recently, Xuang and I[12] derived an analytical equation
ations in the electroosmotic flow (EOFj-11] are another  for the part of the plate height that is due to both axial and
source of dispersion. These occur when EOF velocities vary radial temperature gradientd<):
in the different regions of the capillary setting up a pressure
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Herer is the internal radius of the capillary ahge; is be below a critical (maximum) valud.ddt:
the capillary length to the detector. The subsdrigpresents siotRa
the different regions of the capillary: (1) is for the inlet dU TyapT

(7)

unthermostatted region, (2) is for the middle thermostatted dr S17 SATlet
region and (3) is for the outlet unthermostatted regigge

is the velocity contributing to the band broadening and
D; andt; represent the average diffusion coefficient and
residence time in regianrespectively. In the case of charged
analytesy; pq 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

whereU is voltage and time, uiot is the total mobility of

the last migrating analyte ion arig, is the resistance per
unit length of the capillary filled with BGE solutiow, apr,

ands represent the coefficient of expansion of the BGE solu-
tion, the power—temperature coefficient and the temperature
coefficient of viscosity, respectivelATinjet is the capillary
core temperature increase relative to the temperature of the
surroundings at the inlet side of the capillary, which can be

radient:
g expressed as:
—M;AP; 1
Vipd = ———— + —Cl)j,bbj,epE,' (2) EI 1 1 rw 1 n 1
L; 2 ATpet=— | —+-—IN—4+—In—+ — 8
! inlet 27T 2kb + ks e + kp Iw + I’llrp ( )

whereM;, APj, uijep andE represent the “hydrodynamic
conductivity” (see below), pressure difference and elec-
trophoretic mobility of the analyte and the electric field
strength in regioni, respectively[12]. L; is the length of
regioni and

whereEl is the heating power per unit length obtained di-
rectly from E and the measured currenj {(n the capillary
andky, ks andkp are the thermal conductivities of the BGE
solution, the fused silica wall and the outer polymer coat-
ing [4]. ry andrp are the external radius of the silica tube
ATic 3) and the external radius of the whole capillary (outer polymer
Ti%v coating included), respectively, whilg is the surface heat
transfer coefficient at the inlet of the capillary. Note that the
whereB is a constant representing the exponential temper- value ofh; tends to be rather low because the inlet part of
ature dependency of viscosity andTic is the difference  the capillary is not thermostatted and heat dissipation is gov-

w,-:B

between the temperature of the capillary inner waiiy) erned mainly by free convection to still air, which results to
and temperature at the centre of the capillary in regidfm elevated temperaturgs6].
in Eg. (2) can be expressed as: This study is a continuation of our previous work on sep-
1 2 aration efficiencies at high field strengths in non-aqueous CE
M; = (1 + —CUi) "c (4) [17-19] Most recenthy19], we found that the observed sep-
3 8niw aration efficiencies (measured as plate numbers) of anionic

model analytes in 7am I.D. capillaries at 60 kV were con-
siderably lower that the values predicted by an analytical
fplate height model. With lower field strengths and narrower
capillaries, however, agreement between the observed and
predicted values was fairly good. The prediction showed that
the contribution of Joule heating (via radial temperature gra-

wherenjy is the viscosity of the solution near the capillary
wall in regioni [12]. Pressure differences are obtained by
calculating the EOF induced pressures at the interfaces o
the thermostatted and unthermostatted regjb@k

M2,e0E2 - Ml,eoEl

b= My My (1+ g) ©) dients) to total plate height was insignificant (<5%) in all
Ly © L2 Ly cases, but the increase of dispersion vitandr indicated
Ls that the dispersion could be of thermal origin. In this study
Py=—-P— (6) we attempt to clarify the reasons for the deviation between

predicted and experimental values at higher field strengths in

where i eo is the velocity of the EOF aftiy. The electric 75um 1.D. capillaries.

field strengths in the different regions can be calculated from

the current continuity conditior;E; =x2E2 =«3E3, where

ki is the electrical conductivity of the background electrolyte 2. Materials and methods

(BGE) solution k1>«x2 becauseTyjw>T2jw). Note that

for neutral analytes.j ep=0 and thusHr is affected only 2.1. Chemicals, BGEs and sample solutions

by axial temperature gradients (Eq¢$) and (2). For more

details, see Refl12]. All chemicals were used as received and were of
Knox and McCormacK15] have suggested that sample analytical-reagent grade unless otherwise stated. 2,6-

loss can occur in CE due to the initial self-heating and re- dichlorobenzoic acid and 2,4-dinitrobenzoic acid were from

sulting volume expansion. As a precaution they recommend Aldrich (Milwaukee, W1, USA). 3,5-Dinitrobenzoic acid was

that the rate of increase of voltage during switch-on should from Fluka (Buchs, Switzerland) and 2,4-dinitrophenol was
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from Eastman Organic Chemicals (Rochester, NY, USA). widths, are compared with those obtained with no initial
Ethanol (EtOH) was from Primalco (Rajaki, Finland) and ramp.
HPLC-grade methanol (MeOH) was from J.T. Baker (Deven-

ter, The Netherlands). . 3.1.1. Initial voltage ramp and time addition
Equimolar amounts of sodium acetate (NaAc, from E. compensation

Merck, Darmstadt, Germany) and acetic acid (HAC, from  The njtial voltage ramp had a pronounced effect on the
Riedel-de Han, Seelze, Germany) were added to EtOH 10 geparation efficiency with 75m 1.D. capillaries at 60 kV.
achieve a buffered BGE. Sample solution consisting of ben- the plate numbers were only about 90,000 when no initial
zoic acids and a phenolic compound was prepared in MeOHgjtage ramp was used but increased more or less linearly

(10pg/mL each). with increasing initial ramp timetgmg) up to about 300,000
) attramp=45 s. These plate numbers calculated from the mea-
2.2. CE instrument and related parameters sured migration time and peak width are, however, not di-

) rectly comparable with our previous resufi®] since the
The CE instrument was a laboratory-constructed model gjectric field strength was not constant during the run and

[20] capable of performing separations with 60KV poten- ;s the migration times were affected. Likewise, the results
tial differences (for details, see Refll7-20). Negative  gptained with the different ramps cannot easily be compared
polarity was used throughout the study. The capillaries 5 each other. For example, relative to the no ramp condition,
were of fused silica (Composite Metal Services, Hal- apjpitial voltage ramp time of 30 s resulted in 25% increase in
low, United ngdom) with 1.Ds. of 50, 75 or 1Qdm. the migration time of the fastest analyte (2,4-dinitrophenol) at
O.D. of the capillaries was always 3 and the total  go kv, which in turn led to overestimated separation efficien-
length was 30cm, while length to the detector window cies in plate number calculation. Fortunately, this problem
was 28.5cm. As in our previous wor9], (o SUppress  can pe avoided by focusing on the peak widffig(1A). As

the EOF poly(glycidylmethacrylate-dg-vinylpyrrolidone)  can pe seen frorfig. 1A, an introduction of a voltage ramp
[poly(GMA-co-NVP)] coating was applied to all capillaries.  ingeed provides narrower peaks. To allow better comparison

Injections were performed by siphoning with a 20mm level \yith our previous resulti 9], we calculated “corrected plate

I.D. capillaries, respectively. Analytes were detected at

214nm. Capillary thermostatting was done with air flow fmigr,no ramp 2
cooling at 23C and the electric current ranged from 5 to Neorr = 16 —wb camp 9)
51pA. ’

wheretmigr,norampiS the average migration time of the ana-

lyte in the case of no initial voltage ramp ang rampis the
3. Results and discussion peak width of the analyte at the baseline level with an ini-

tial voltage ramp. “Correcting” in our case thus means that

In an attempt to discover the cause of lowered separa-when calculating plate numbers we always use the average

tion efficiencies in 7um I.D. capillaries with 15 mM acetate  migration time of the analyte with no initial ramp, but in-
BGE at high field strengths, we conducted investigations with sert the peak width obtained with a specific initial ramp. Our
the same BGE solution and model compounds as previouslyapproach is similar to that of Williams and Viga1], who
[19]. The results obtained with various voltage ramps and corrected migration times in the calculation of analyte mobil-
capillaries of different 1.D. are considered first, and then the ities. Migration times were prolonged due to the initial linear
effect of ionic strength of the BGE solution onthe band broad- voltage ramp, but they achieved the correction mathemati-
ening is discussed. Finally, heating powers and critichtitl cally simply by subtracting a factor of 0:6tramp from the
values, as well as plate height increase due to the combinedneasured migration time. Unlike them, however, we have ac-
effect of axial and radial temperature gradients, are calcu- cess to true average migration times without the ramp(®q.
lated and discussed in relation to the observed dispersionhas the disadvantage that the peak width that is used includes

trends. contributions from all time-dependent dispersion effects, like
the diffusion, that occur during the extra time (e.g. 20 s), that
3.1. Effect of initial voltage ramp the analyte spends in the capillary due to the voltage ramp.

Migration time in Eq(9) does notinclude that extratime. The
We suspected at the time of our earlier work that the corrected efficiency calculated from H®), however, gives

thermal conditions at the unthermostatted inlet of the cap- a reasonable low-end approximation for the separation effi-
illary were causing some dispersion of the analyte zones.ciency. The calculated corrected plate numbers are presented
In view of this, we decided to apply somewhat lower volt- in Fig. 1B and, as can be seen, the ramp clearly improves
ages at first and then to increase the separation potentiathe efficiencies. There seems to be a maximum in the effi-
with various voltage ramps. Linear ramps were used through- ciency with initial voltage ramp time of about 30 s, but good
out the study. The measured separation efficiencies, or pealefficiencies 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 timeimp) with 75um I.D. poly(GMA-co-NVP)
coated capillaries at 60kV (2000V cr). BGE: 15mM NaAc +15mM
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, 10p.g/ml each; air flow thermostatting, 2&; number of repetitions,

6. Symbols: ¢) 2,4-dinitrophenol; @) 3,5-dinitrobenzoic acid; A) 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
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Fig. 2. Corrected plate numbers (symbols) obtained experimentally using
75pm |.D. coated capillary with 30's initial voltage ramp and calculated
plate numbers (solid lines) obtained using the plate height nja8el9] at
various separation voltages. Abbreviations: 2,4diNO2Ph, 2,4-dinitrophenol;
3,56diNO2B, 3,5-dinitrobenzoic acid; 2,4diNO2B, 2,4-dinitrobenzoic acid,;
2,6diCIB, 2,6-dichlorobenzoic acid. For other parametersFagel

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

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

Since 30 s initial voltage ramp was found be beneficial at
60kV, this was selected as ramp time in all following ex-
perimentsFig. 2 shows the effect of separation voltage on
Ncorr With the 30 s ramp time, as well as the calculated values
obtained earlief19] 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
Eg. (9) and the discussion on corrected plate numbers). The
severe broadening observed in our previous wilo(ly
about 50,000-90,000 at 60 K¥9]), 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 experimentddy,r values obtained us-
inga30 sramptime and 50m |.D. capillary with efficiencies
obtained from the plate height mod#&B]. The agreement of
the predicted and observed values is generally very good.
Comparison with our earlier findindd9] under the same

the corrected plate numbers at 30kV separation voltage experimental conditions but without the initial voltage ramp

(1000Vcntl) and in contrast to the results obtained at

reveals that the values with and without the ramp are close to

60 kV, the corrected plate numbers tended to slightly decreaseeach other (data not shown). Thus the ramp does not provide

with increasing ramp time (approximately from 190,000 at
tramp: Osto 170,000 am‘amp:45 S). This Suggests that the
use of initial voltage ramp is not beneficial at lower field

significantly better efficiencies with the pln I.D. capillary
in our case.
To investigate the influence of the capillary diameter on

strengths and that the dispersive effect associated with initialthe peak widths with and without the initial voltage ramp, we
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270000 ) 3.2. Influence of BGE ionic strength
3,5diNO2B

2,6diCIB
2,4diNO2B 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

250000
230000

$ 210000 ]

z of different acetate concentrations, namely 5, 15 and 25 mM
190000 (acetic acid concentration is the same). The results obtained
/. with two configurations: (i) 5mM acetate solution with the
1700001 /’—\ 2,4diNO2Ph 100pm I.D. capillary and (ii) 25 mM acetate solution with
v the 50um I.D. capillary were compared with results obtained
150000 _— with the 15 mM acetate solution with a 1080 or 50pum 1.D.
30 -35 -40 -45 -50 -55 -60 capillary, respectively.

Voltage [kV] Reducing the acetate concentration from 15 to 5 mM (case

Fig. 3. Corrected plate numbers (symbols) obtained experimentally using l),ShOUId decreas_? the d',SperS|.on if heatlng effepts arerespon-
50,.m I.D. coated capillary with 30 s initial voltage ramp and calculated plate  Sible for the f_‘»ldd_'tmnal dispersion Obse_rve_d with the 15 mM
numbers (solid lines) at various separation voltages. For other parametersacetate solution in 75 and 1Q@n 1.D. capillaries. Indeed, the

seeFigs. 1 and 2 peak widths obtained at 30 kV with the 5mM acetate BGE
solution in 10Qum I.D. capillaries were approximately the

ies. The results for the 1Q0m 1.D. capillaries are presented i turn, slightly narrower (5-17%) peaks were obtained with
in Fig. 4 for 30 and 45KkV. As can be seen, the 30s initial the 30's voltage ramp than without the ramp. The difference
voltage ramp has a substantial reducing effect on the peakWas, however, not as large as with the 15mM acetate BGE
widths, especially at 45 kV, but the effect is fairly strong even (Fig. 4). It is thus clear that decreasing the ionic strength of
at 30kV. We note that we could not apply voltages above the BGE solution reduces the harmful influence of abrupt
45 kV with the 10Q.m 1.D. capillaries because above 45kv  Voltage application on the peak widths.

the BGE solution tended to boil at the capillary inlet. With ~ No additional dispersion relative to the no ramp condi-
the 75um 1.D. capillaries at 45kV, the 30's voltage ramp tions was observed with the $0n I.D. capillary at 15 mM
yielded about 8-15% narrower peaks relative to the case of (Section3.1.4, and at 25mM (case ii) the situation turned
no ramp (data not shown). This is less than the corresponding@Ut to be very similar as can be seerfig. 5. Only slightly
decrease of 35-50% with the 1@6n I.D. capillaries. These ~ Proader peaks were obtained at 60kV when no ramp was
results demonstrate that the initial abrupt voltage application Used compared to the case of 30's ramp. At 30kV, however,
results in pronounced dispersion only when wide capillaries the usage of the ramp did not offer any advantage. These ob-
are used at high field strengths. In all three capillaries, the ini- S€rvations (especially, case i) suggest that heating effects are
tial voltage ramp had less effect on peak areas than on pea|,\responsible for the dispersion arising from the abrupt voltage

width. application.
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Fig. 4. Analyte peak widths obtained in 1@én I.D. coated capillary using

15mM acetate BGE with and without 30 s initial voltage ramp. Number of Fig. 5. Analyte peak widths obtained with 25 mM acetate BGE solution in
repetitions was 11. The height of the error bar is twice the standard deviation. 50um 1.D. coated capillary with and without 30 s initial voltage ramp. For
For other parameters, sEa. 1 other parameters, séégs. 1 and 4
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Table 1
Peak widths of 2,6-dichlorobenzoic acid, calculated heating powers and temperature differences anddtiwaluks for various capillaries, voltages and
BGE concentrations

Capillary I.D. @zm) U (kV) ¢ (BGE) (MM} tramp (S) wp, (2,6diCIB) (sP El (W/m) ATintet CC)° (dU/dt)erie (KV/s)d

50 30 15 0 B4 06 4 92
50 30 15 30 27 (98%) 06 4 92
50 60 15 0 139 25 18 65
50 60 15 30 136 (98%) 25 18 65
50 30 25 0 44 Q7 5 75
50 30 25 30 414 (100%) 07 5 75
50 60 25 0 185 31 22 50
50 60 25 30 166 (90%) 31 22 50
75 30 15 0 21 11 8 43
75 30 15 30 28 (102%) 1 8 43
75 60 15 0 20 53 38 23
75 60 15 30 132 (60%) 53 38 23
100 30 15 0 82 32 23 12
100 30 15 30 314 (80%) 32 23 12
100 45 15 0 a7 77 55 Qa8
100 45 15 30 22 (67%) e 55 a8
100 30 5 0 25 09 6 58
100 30 5 30 52 (107%) (02] 6 58
100 45 5 0 165 21 15 46
100 45 5 30 141 (85%) 21 15 46

@ This value is for added concentration of NaAc; same amount of HAc was added.

b Values in parenthesis were calculated from(30 s rampybp (0's ramp)x 100%.

¢ kp=0.174WnT1 K2, ks=1.380 W nT1 K1, ky=0.155 W nT 1 K1, ry, = 172.5um, rp = 187.5um, Tambien= 23°C, hy =130 W Tt K~ [4,6].

d R, was calculated fronE=Rg| for each combination of BGE concentration, capillary I.D. and voltagesgicis=—7.5x 1072 m2V~1s1 [19],
apT=12KmW-1[16],§=0.023K L, y (25°C) =1.09x 103 K~1 [28].

3.3. Heating power and voltage ramp tion were best with the 30 s ramp up time. This corresponds
to 2kV s~ dU/dt, which is close to the calculated value of

As shown above, the dispersion resulting from abrupt volt- 2.3kV s~ for critical dU/dt (Table 1. Note, however, that
age application is very likely associated with thermal ef- the critical dJ/dt values were calculated on the assumption
fects. It was of interest, therefore, to investigate the thermal that no sample escapes from the capillary and are not exactly
conditions in the capillary furtheiTable 1lists the calcu- related to dispersion effects. The temperature dependency of
lated heating powers, temperature differences at the capil-y in the case of EtOH is small (<9%; 10-80) [22] and thus
lary inlet (compared with ambient temperature) and critical we used the value at 25C in calculating critical &/dt and
dU/dt values (Eq.(7)) for the various capillaries, voltages ignored the temperature dependency pivhich resulted in
and BGE concentrations used in this study. Peak widths of slightly overestimated criticalld/dt values.
2,6-dichlorobenzoic acid are also listed. It can be seen that The critical dU/dt values {able J) calculated for low volt-
at El above 2-3W/m, the initial abrupt voltage application ages or with the 50.m I.D. capillaries would suggest that
has a significant effect on the peak widths and thus on theuse of a voltage ramp of a few seconds is beneficial. Our
corresponding separation efficiencies. experimental findings (Sectiolds1.2 and 3. in turn, indi-

The calculated temperature differences listedable 1 cate that the voltage ramp does not offer significantly better
are reasonable, especially when it is considered that, withseparation efficiencies under these conditions. Most of this
the 100um 1.D. capillary above 45kV, boiling of the BGE  discrepancy can probably be explained by two things: (i) a
solution (EtOH boils at 78.2C) was observed atthe capillary  section about 1.5cm long at the beginning of the capillary
inlet, and that the calculated temperature at the capillary inletis immersed in the BGE solution, which provides better heat
is about 78C at 45 kV (Table J). The closeness of these two  dissipation than still air and (ii) the temperature increase in-
values also suggests that the value 130 W1 [6,13] side the capillary is time dependd@B8-25] Because of im-
used for the inlet surface heat transfer coefficient is quite mersion in the BGE solution the local power—temperature
appropriate in our case. Note, however, that @jtends to coefficient in the first part of the capillary would in reality be
slightly overestimate the temperature difference because thesmaller than was assumed, and this would increase the calcu-
field strengthE; in the unthermostatted region is lower than lated critical dJ/dt values. Likewise, the time dependency of
the nominal field strengthl/(L1+L2+L3)]. the temperature increase inside the capillary would increase

As noted in SectioB.1.], separation efficiencies at 60kV  the critical dJ/dt value because the time scale of the ana-
with the 75um I.D. capillary and 15mM BGE concentra- lyte acceleration is much faster (1 s[26]) than that of the
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temperature increase (order of [P4]). This means that an-
alytes would advance a short distance in the capillary before
the capillary temperature (and thaginet) reaches its max-
imum value. These considerations could also explain why
15s ramp times (d/dt =4 kV/s) in the 75.m |.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 d/dt values and the experimentally
obtainedwy, 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, 9.
could give rough estimates of criticalUddt 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 separatiof27] 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
highery values of most organic solvents used in CE com-
pared to the corresponding value of water (2.60 4K 1
at 25°C) [28]. The application of a sufficient initial voltage
ramp is thus of particularimportance when non-aqueous BGE
solutions are used at high heating powers.

3.4. Axial temperature gradients

As noted in Sectior3.1.3 with the 75um 1.D. capillary
the efficiencies obtained experimentally are slightly worse
than those predicted with the theoretical plate height model.
This deviation from theory can probably be attributed to
approximations made in the calculations. Dispersion due
to axial temperature gradienf4¢2,13] was not, however,
considered in the theoretical model used, which could also
explain the deviation. To assess the importance of the contri-
bution of axial temperature gradients to the total plate height
we used Eq(1) to calculateHy. Table 2shows the results
for 2,4-dinitrophenol with 15 mM NaAc + 15 mM HAc BGE
in EtOH at 60 kV. Note that constant heat transfer conditions
in each region were assumed. Thus, neither the influence
of capillary insertion to the BGE solution in regions 1 and
3 nor the influence of the plastic fittings at the interfaces
of the different regions was considered. The value for the
surface heat transfer coefficient in the thermostatted region
(h, =500 W nT2K~1) was calculated as described [20]
(measured air flow velocity 7.7 m$). Ht is about 0.jum
for 2,4-dinitrophenolTable 2, and less than this for the other
analytes. This means that the combined contribution of axial
and radial temperature gradients to the total plate heightisin
our case less than 8% even at high field strengths. In addition,

Table 2

Calculated plate heighof 2,4-dinitrophenol induced by both axial and radial temperature gradients and the parameters needed for the calculation

(nm)
0.014
0.076

D (m?s 1) Hrt

Vpd (ms‘l)d

t(s)

P (Pa)

M (m2Palsl) teo (MV-1s1)

n (Pas)

ATc (°C) K (Smiye E(Vcm1)

Tw
(oc)b
58

L (cm)

1.05E-09
6.50E- 10
1.05E-09

7.35E-05
5.72E- 05
3.80E- 05

129
734

—6.44E-10 -3.12

2.85E- 07
1.92E-07
2.85E- 07

6.24E- 04
9.29E- 04
6.24E- 04

—1730

—2082
—1730

0.0288
0.0240
0.0288

20
23
20

125

—4.33E-10

33

23

0.001
0.091

52

—6.44E-10

58

Total

500 W nT2K~1,

b T,y was calculated from Eq8) by ignoring the term describing the temperature did in the capillary core (i.e. teri2k, was set to zero) and using eitteror hy.

¢ Conductivities afl, were estimated from experimental data reportefd .

d i epWas calculated using the Stokes equatjoisp

130Wnm2K-1[13], hy

60KV, Liot =30 cm,Lget=28.5cmB=1630K[19], hy =hz =

a8 15mM NaAc + 15 mM HAc in EtOH, 7m 1.D. capillary,U

6.4x 10710m,

(z&/67ron;), to account for the temperature dependencedgfand thusipg; ro
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