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SUMMARY 

A temperature control system for high-performance capillary electrophoresis is 
described utilizing Peltier thermoelectric devices. The thermoelectric devices heat or 
cool an alumina block which has a high thermal conductivity for efficient heat remov- 
al from the external capillary column wall. The heat dissipation characteristics of this 
device are compared to natural convection and fan cooling by observing the stability 
of current with time and the dependence of current on applied field. A linear relation- 
ship of electroosmotic flow velocity with increasing field is found, indicative of a 
constant temperature at the inside wall of the capillary. Also, the change in peak 
shape of horse heart myoglobin as a function of increasing temperature is shown to 
demonstrate the importance of temperature control in obtaining optimum efficiency. 

INTRODUCTION 

There is, at present, significant interest in high-performance capillary electro- 
phoresis (HPCE)ls3. HPCE can be characterized as a rapid and powerful separation 
method which is fully complementary to high-performance liquid chromatography 
(HPLC). The method requires the use of high electric fields (100-300 V/cm) for rapid 
separations at high efficiencies. Although high fields can result in Joule heating, with 
the use of narrow-bore capillaries, heat generation and heat dissipation become less 
problematic. 

Thermal effects in HPCE have been recognized,‘especially in terms of their 
influence on column efficiency. It has been suggested that for large-bore capillaries 
(> 100 pm) Joule heating can be responsible for an increase in the height equivalent to 
a theoretical plate (HETP) at high fields due to a temperature difference between the 
center of the column and the wall 1s4-12 Therefore, separations in narrow-bore col- . 
umns have been recommended to reduce the radial temperature effect within the 
column bore4,6,‘2. It has also been shown that the overall column temperature can 
rise to over 70°C even with narrow-bore columns without proper cooling5. 

’ Present address: Analytical Research, Ciba-Geigy, Basel, Switzerland. 
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In order to realize more fully the advantages inherent in HPCE separations, 
further experimental investigation is needed on the removal of Joule heat from the 
outer column surface. This heat influences column temperature which affects, among 
other things, the sample stability, buffer viscosity, chemical equilibria, pH and the 
resulting migration time for a given species. In short, column temperature influences 
most of the important physical and chemical parameters involved in HPCE. The 
temperature at which a separation is performed is determined by both the ambient 
level (or set temperature of the temperature control system) and the temperature 
generated by the Joule heating from the applied power. Given the influences that 
temperature has on a separation, it is important that the column temperature be 
maintained accurately and precisely for good reproducibility within and between 
laboratories. 

Although thermal effects can be reduced by the use of narrow-bore columns 
with low conductivity or low concentration buffers, such approaches can have other 
consequences. For example, buffers of low concentration limit sample loading and a 
decreased column radius increases the column surface area-to-volume ratio, 

which can enhance the potential for adsorption effects’. In addition, the concentra- 
tion sensitivity and signal-to-noise for optical detectors will suffer with decreasing 
column diameter, Many workers would prefer to use columns in the 50 to 100 pm 
diameter range for improved detectability, ease of handling and column loading’j. 
Furthermore, there is a trend toward higher conductivity solutions (e.g. micelles, 
metals, salts) for optimum resolution 5,13-15. These highly conductive additives can 
have a profound effect on the current, and thus upon the applied power and heat 
generated by a particular set of separation conditions. 

In this work we describe a solid-state temperature control system that utilizes 
Peltier thermoelectric modules. These thermoelectric devices have been previously 
used in conventional slab gel electrophoresis to control temperature’6,‘7. In the pres- 
ent system the devices were employed to maintain the temperature of an alumina 
column support which had a high thermal conductivity and low electrical conductiv- 
ity. Various column diameters up to 200 pm, and column lengths up to 1 m were 
examined. The ability of this system to remove heat generated on the column was 
characterized by studying the dependence of current on applied voltage5. The rate of 
heat removal for the temperature control system was also compared to natural and 
forced air convection. On the basis of these results, it can be concluded that a temper- 
ature control system such as a Peltier device is important to sustain operation at 
high applied powers and to maintain in a reproducible manner the column temper- 
ature at that which is optimum for a given separation. 

EXPERIMENTAL 

The basic instrumental configuration is shown in Fig. 1. A 60 kV, 500 PA power 
supply, Model No. PS/MK60P00.5X66 (Glassman High Voltage, Whitehouse Sta- 
tion, NJ, U.S.A.) was used for all experiments. Panel meters were installed which 
provide digital resolution of 10 V and 0.1 ,uA. A Model 783A programmable absor- 
bance detector (Applied Biosystems, Foster City, CA, U.S.A.) was used for all tem- 
perature studies. The detector was modified to accept fiber optics that were then 
connected to the machined alumina block (Ceramics Grinding Co., Waltham, MA, 
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C 

Fig. 1. Diagram of the HPCE instrument: A = Power supply; B = thermoelectric temperature controller; 
C = black plexiglass light-tight box; D = Eppendorf micro test tubes; E = thermoelectric cooling system 
support (see Fig. 2); F = fan cooling for thermoelectric devices; G = fiber optics; H = UV source 
connection for lOO-pm fiber optics; I = detector head for fiber optics; J = variable-wavelength UV 

absorbance detector. Commercial suppliers are listed in the Experimental section. 

U.S.A.) that thermostated the capillary. The alumina was 99.5% AlzOj with a ther- 
mal conductivity of 36 W m-l K-i. 

A fused-silica lens (Oriel Corp., Stamford, CT, U.S.A.) was positioned to focus 
the UV source radiation onto a 600~pm fused-silica fiber optic (Polymicro Tech- 
nologies, Phoenix, AZ, U.S.A.), which was termed the source fiber optic. Another 
600~pm detection fiber optic was press-fitted into the upper side of the alumina holder 
in order to direct the signal to the photodiode of the detector and js termed the 
detection fiber optic. The reference fiber optic was a 200~pm fiber that was used 
without the need of a lens and was connected directly to the reference photodiode. All 
the fibers were polished (Ealing Electra-optics, Holliston, MA, U.S.A.) and press- 
fitted into a PTFE tube which was then press-fitted into the cooling system block. At 
220 nm, the light loss on a polished fiber optic was about 1 decibel/m, which corre- 
sponded to about 80% transmittance I8 The fiber optics illuminated a detection aper- . 
ture or slit of 50 pm wide by 200 pm long, or about 900 pl for a 75 pm I.D. capillary. 

Samples and running buffers were contained in 0.5-ml polypropylene Eppen- 
dorf micro test tubes (Brinkman Instruments, Westbury, NY, U.S.A.). The micro test 
tubes were mounted on l/8-in. nylon rods that swung into position around the capil- 
lary ends leaving about 0.5 cm of exposed column at each buffer. Platinum wires were 
positioned on the nylon rod so that when the micro test tube was in place, the 
electrode was automatically in the buffer solution. 

Electronic temperature control was performed with an LDT-5910 thermoelec- 
tric temperature controller (ILX Lightwave Corp., Bozeman, MT, U.S.A.) which 
contained a lo-kQ thermistor for temperature feedback. Thermal contact of the 
thermistor and thermoelectric devices to the alumina block was aided with the use of 
a high temperature thermally conductive paste (Omega Engineering, Stamford, CT, 
U.S.A.). The paste had a thermal conductivity of 0.7 W m-l K-‘. Ethylene glycol, 
with a thermal conductivity of 0.26 W m-l K-i, was used to enhance the thermal 
contact of the column to the alumina support. The thermistor calibration was 
checked for accuracy with a type K thermocouple. Two thermoelectric modules 
(Cambion, Tampa, FL, U.S.A.) were held on the alumina block by the heat sink 
which was cooled or warmed with either tap water or forced air convection, depend- 
ing on the set temperature of the cooling system relative to ambient. 

Natural air convection was accomplished with the column suspended between 
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two buffer reservoirs containing the running buffer. For forced air convection, a 3-in. 
fan was located 30 cm perpendicular to the column. The air velocity was measured to 
be 1.5 m/s with a thermo-anemometer (Alnor, Niles, IL, U.S.A.). 

The running buffer used for most of the experiments was 100 mM Tris, 250 mM 
boric acid and 7 M urea at pH 7.6. Also, a 100 mM Tris, 25 mM boric acid, pH 8.6 
buffer was utilized. The buffers were carefully filtered and degassed prior to use. When 
the sample was dissolved in water, the use of urea and Tris resulted in the detection of a 
water peak, which was confirmed during the injection of a blank sample. This water 
peak was used to calculate the electroosmotic velocity in these experiments. This 
technique was also verified by spiking 1 ~1 of mesityl oxide in about 1 ml of water, and 
the resulting absorbance during a run coincided with the injection front. Horse heart 
myoglobin (Sigma, St. Louis, MO, U.S.A.) was used as supplied and diluted with 
HPLC grade water to 1 mg/ml, then filtered and degassed. 

THEORY 

It is important to understand the nature of heat generation as it affects column 
temperature in HPCE so that an effective temperature control system can be des- 
igned, constructed and characterized. The magnitude of the column temperature, as 
well as the temperature gradients, are proportional to the heat generation rate or 
power density Q (W/cm”): 

Q = l’I/(w:L) = EZ/(nr:) (1) 

where T/ is the applied voltage, Z is the current in amperes, E is the applied field ( V/L), 
r1 is the internal bore radius of the capillary in centimeters and L is the overall length 
in centimetersi2. Values for the heat generation rate can reach 1500 W/cm3 or high- 
er’, although typical operation is around 300 W/cm3 (ref. 6). 

As a consequence of heat generation, the temperature gradient from the center 
of the column to the inside of the fused-silica capillary wall can be calculated as6,i2: 

AT, = Qrtl(4d (2) 

where Kb is the thermal conductivity of the buffer medium in W cm-’ K-i. Since it 
has been estimated that a temperature gradient of less than 1 K across the column 
bore should not appreciably affect the efficiency of the separation12, eqns. 1 and 2 can 
be combined to obtain a practical relationship between AT, and the power per unit 
length as 

EI G (4ATcmcb) G 7.6 W/m (3) 

where AT, = 1 K and r& = 0.605 W m-i K- ’ (thermal conductivity of water). Since 
at a given field the resulting current is a function of the electrical conductivity of the 
buffer and the radius of the column, eqn. 3 will hold for any set of column conditions. 
The important aspect of working with narrow-bore capillaries is that at constant 
field, the current is lower when the column internal radius is decreased. Consequently, 
in most applications involving columns of 100 pm I.D. or less, 7.6 W/m is rarely 



COLUMN TEMPERATURE CONTROL IN HPCE 115 

attained. Furthermore, without a cooling system it has been suggested that operation 
below 1 W/m results in optimum separation efficiency”, and therefore AT, is not 
generally a concern in HPCE, as has been noted previously4.‘j3i2. 

While it can be assumed that a small AT, within the capillary bore will have 
only a slight effect on efficiency, the actual temperature at the inside wall of the 
column, T,, and thus the temperature of the buffer must be considered 

T, = TA + AT, (4) 

where AT, is the temperature difference between the inside wall of the capillary and 
the environment surrounding the capillary, and TA is the ambient temperature. AT, is 
given by” 

AT, = Qrf [(1/24nWrd + (1/2k-dWdrd + (lPdllh)l (5) 

where x1 and x2 are the thermal conductivities of the media (e.g. fused silica, poly- 
imide) through which the heat is transferred, and r 1, r2, r3 are the capillary inside 
radius, the outer radius of the fused silica, and the outer radius of the polyimide, 
respectively. Since AT, is proportional to Qr2, which has units of W/m, these units 
will be used as an indication of the heat generation rate in the remainder of the paper. 

The thermal transfer coefficient h is indicative of the heat dissipation rate from 
the outside surface of the capillary to the environment and is in units of W m 2 K - i. 
For the solid-state cooling system the term containing h can be substituted for the 
materials contained in the cooling system and approximated by 

(1/2r3)(l/h) 25 (1/21c3)1n(r4/r3) + (1/2k-4Mr5/r4) (f-5) 

where ICY and ICY are the thermal conductivities of the ethylene glycol and the alumina, 
and r4 and r5 are the outer radii of the ethylene glycol and alumina, respectively. 
Table I contains the appropriate thermal conductivities and the individual A T, coeffi- 

cients for the components involved in the present cooling system. 
The third column in Table I shows the individual AT, coefficients and the sum 

of the AT, coefficients for inside diameters of 50, 100 and 200 pm. The A T, coefficients 
times the power density term (W/m) approximates the temperature drop across the 
material in question, i.e. eqn. 5. Since the outside diameters of the fused silica and 
polyimide are nearly constant for the Polymicro Technologies tubing, the coefficients 
for the temperature drop across the polyimide, ethylene glycol and the cooling sys- 
tem did not vary with column internal diameter. Consequently, the sum of the tem- 
perature coefficients decrease from 2.6 to 1.7 with increasing internal diameter be- 
cause of the reduced fused-silica wall thickness. However, this decrease is more than 
offset by the factor of 8 increase in the quantity of heat generated (at constant E) as a 
result of the increased diameter of the tubing. When the outer diameter of the capil- 
lary is held constant and the internal diameter is increased, the heat is more easily 
transferred through the capillary wall (which is becoming thinner) but a much greater 
amount of heat is being generated. Hence, a greater AT, exists due to the increasing 
generated heat. 

In contrast, it can be seen from eqn. 5 that if the internal radius rl, the poly- 
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TABLE I 

THERMAL CONDUCTIVITIES AND d T, COEFFICIENTS FOR TEMPERATURE CONTROL 
SYSTEM MATERIALS 

NA = Not applicable. The temperature coefficient times the power level in W/m equals the temperature 
drop across the particular material (see eqn. 5). 

Medium Variable Wm-’ K-’ 0.5 (l/ic)ln(rii/ri) 

Water r% 0.61 NA 
Fused-silica Kl 1.5 0.65”, 0.40*, 0.18’ 

Polyimide K? 0.16 0.27 
Ethylene glycol K3 0.26 o.13d 

Alumina K4 36 0.048” 

Total l.l”, 0.89, 0.63’ 

’ Coefficient for column diameter of 50 pm I.D. x 375 pm O.D. 
b Coefficient for column diameter of 100 pm I.D. x 375 pm O.D. 
’ Coefficient for column diameter of 200 pm I.D. x 375 pm O.D. 
d Calculated outside radius for the ethylene glycol of 200 pm from eqn. 6. 
e Calculated using 6.35-mm radius for the alumina. 

imide coating thickness (Ye - Y& and the thermal transfer coefficient h are held 
constant, increasing the fused-silica wall thickness results in a lower temperature drop 
from the inside column wall to the environment (i.e. AT,). In short, it is better to use a 
50-,um column with a 375~pm outside diameter than one with a 150~pm outside diam- 
eter, all else being equal. This improvement is due to a reduction in the insulating 
intluence of the polyimide and an enhancement in thermal transfer to the environ- 
ment by the increased external surface area. This effect can influence A 7’, by several 
degrees if h is small and the power density is large. Therefore, it can be concluded that 
fused-silica capillaries of narrow inside diameter should be coupled with a large out- 
side diameter for minimal heat generation and improved heat dissipation to the envi- 
ronment. 

RESULTS AND DISCUSSION 

Cooling system design 
The thermoelectric cooling system was designed to incorporate certain features 

that would be advantageous in a variety of separation conditions. One of these fea- 
tures was the use of fiber optics to decouple the cooling system from the detector’8*20- 
22 The importance of decoupling is to eliminate any thermal contact of the device 
with the flow cell support. Operation below ambient temperature with configura- 
tions that were not decoupled resulted in baseline fluctuations. In addition, the de- 
coupling offered flexibility in handling, as well as the potential to couple the device 
readily to an autosampler or fraction collector. 

For micropreparative applications, it is desirable that the column support have 
a minimum distance from the detection region to the collection point, and this region 
should have similar temperature characteristics to the separation region prior to the 
detection cell. These two factors reduce any error in predicting the elution of the 
species of interest from the column. With this in mind, the fiberoptic detection region 
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of the column support was located 1 cm from the end of the column support and 
about 2 or 3 cm from the column end. When the device was assembled and the buffer 
reservoirs were in place, less than 1 cm at each end of the column were external to the 
cooling system or a buffer reservoir. This design minimized the length of uncooled 

column external to the temperature control system. 
The column support material, alumina, was chosen not only for its high ther- 

mal conductivity, but also for its lack of electrical conductivity. Electrically conduc- 
tive support materials in contact with the fused silica are problematical when oper- 
ating above 10 kV, as grounded conductors must be isolated from the high-voltage 
reservoir by several inches in order to avoid high-voltage arcing. The alumina column 
support was contained in a plastic holder, which insulated the support from ambient. 
The surface area of the holder in contact with the alumina was also reduced in order 
to decrease the heat capacity of the system so that the set temperature could be 
attained more rapidly. 

The alumina was machined to obtain good thermal contact of the support to 
the column without sacrificing operating flexibility. The lower plate had two grooves 
and a well to support columns of variable length in the cooling system, as indicated in 
Fig. 2. The outside diameter of the fused-silica tubing (Polymicro Technologies) had 
an adequate tolerance such that internal diameters could be selected with a consistent 
outside diameter that fit the alumina support grooves. The internal diameters were 
selectable up to 200 pm with an average outside diameter of 357 pm f 1.5% relative 
standard deviation (n = 8 lots). 

The column was coiled in the well, and by varying the number of coils, the 
column length could be changed in increments of 15 cm. To utilize variable column 
lengths, a small tolerance in the fit of the column to the top half of the device was 
required for assembly of the support halves. The grooves in the support held the 
fused-silica tubing snugly at both ends of the column. When the column was coiled in 
the well, the tension forced the column against the outside wall of the well resulting in 
a good thermal contact at that point. To further enhance the thermal contact of the 
device to the column, thermal paste or ethylene glycol has been tested. The thermal 
paste, however, contained granules that can score the capillary and increase its fragil- 
ity, and therefore, ethylene glycol was used in these studies. 

The cooling system was contained in a black plexiglass box for three reasons. 
First, the box insulated the high voltage from the operator and the detector. Second, it 

Fig. 2. Expanded view of the thermoelectric cooling system column support: A = black plexiglass holder; 
B = fused-silica capillary ends; C = IOO-pm source fiber optic; D = position of lOO-pm reference fiber 
optic; E = heat sink for thermoelectric devices; F = reference cell 600.pm fiber optic; G = sample cell 
600~pm fiber optic; H = alumina plates; I = lower plate with well for column loops; J = upper plate with 
extension to fit well; K = thermoelectric devices sandwiched between heat sink and alumina plate; L = 
lo-kS2 thermistor. 
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limited stray light and third, served as a support for the holder, buffer reservoirs and 
connections to the electronics. 

Cooling system characterization 
In order to characterize and compare the efficiencies of heat removal from the 

column under different cooling conditions, the Ohm’s law relationship between ap- 
plied field and current was studied. For an ideal resistor (where resistance is indepen- 
dent of temperature) the dependence of current on voltage would be linear. However, 
since the column conductivity will change with temperature, increases in the applied 
power could cause a deviation in the linear relationship between applied voltage and 
current. Likewise, if the heat is not efficiently removed from the outer column surface, 
the temperature buildup within the column bore could result in further deviations 
from Ohm’s law. 

The object of a cooling system is to minimize the change in column resistance 
with the applied electric field by minimizing any change in the outside capillary wall 
temperature. The cooling system must rapidly remove the generated heat from the 
outside surface of the capillary. Consequently, with good temperature control the 
major source of deviation from Ohm’s law would be due to the temperature gradient 
from the column center to the outer surface of the capillary wall coating which, as 
previously noted, is relatively small under most HPCE operating conditions6,‘2. 
Since the primary consequence of inefficient cooling at the outer surface of the capil- 
lary is the rise of temperature in the entire column, the Ohm’s law relationship was 
used to characterize different methods of cooling by examining the dependence of 
current on applied field. 

In this work, the thermoelectric temperature control system was compared to 
two other methods of heat removal: natural and forced air convection. Natural con- 
vection was studied on a column suspended between two buffer reservoirs with no 
forced air movement. Suspended in this way, only the air convection caused by the 
hot column and any small air currents normally present in the laboratory would affect 
the column resistance. For this experiment the room air conditioning was turned off 
as it had a significant influence on the linearity of the natural convection plots (e.g. 
Fig. 3 below). 

Forced air convection was accomplished with the use of a fan located 30 cm 
from the same suspended column. The fan was measured to deliver approximately 1.5 
m/s of air over the column surface. Although it has been shown that 10 m/s or greater 
of air velocity would provide improved heat dissipation6, 1.5 m/s is typical for the 
fans conveniently available for forced air convection in a general HPCE separation. 
The columns in these experiments had no detector attached, and therefore, the nat- 
ural and forced air convection cooling results were more efficient than with an in-line 
UV detector. If a detector were present, and only the separation portion of the 
column were cooled, there would not be constant column resistance over the length of 
the column, and greater deviations from Ohm’s law would be expected to occur. In 
effect, any deviation from Ohm’s law could result in inaccurate or irreproducible 
mobility measurements due to the error in estimation of the viscosity present in the 
separation portion of the column. Likewise, for accurate collection of a given species 
in micropreparative applications, as noted above, the length of uncooled column 
before and after the detector should be minimized. 
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Current stability 

At constant field, the method of cooling can have a significant effect on the 
stability of the system. Fig. 3 shows the current stability for the three methods of 
column cooling with a lOO-pm column at 500 V/cm with the 100 mM Tris, 250 mA4 
boric acid, 7 h4 urea buffer. For the three columns, the resulting applied powers were 
2.7, 1.9 and 1.3 W/m for natural convection, forced air convection and solid-state 
cooling, respectively. These applied powers vary because of the different column 
temperatures resulting from the changes in the thermal transfer rates. The set temper- 
ature of the solid-state cooling system was the same as the room air temperature of 
23°C. These plots demonstrate the stability of column resistance under constant volt- 
age conditions over the duration of a typical run. The solid state cooled column, trace 
C, had the least deviation in current of the three methods of cooling. Likewise, trace B 
(fan cooled) exhibited a lower peak to peak deviation in the current level than trace A. 
Clearly, the better the control of column temperature, the lower the deviation in 
current during a run. The principal reason for the stability of the thermoelectric 
cooling system was that the temperature regulation was under proportional current 
control, i.e. the thermoelectric devices were always on and the applied current to the 
devices changed in response to the temperature feedback. Less expensive on/off type 
control units can result in detector baseline fluctuations and conductivity changes. 
Fig. 3 highlights the need to efficiently remove heat in order to control column condi- 
tions. 

Another important aspect of Fig. 3 is the change in current when the room air 
conditioning was started. The change in temperature and air convection in the imme- 
diate environment around the capillary was responsible for the deviations in the 
baseline of trace A. Trace B, on the other hand, is affected less than trace A by the air 
conditioner. This is because the air convection associated with the air conditioner is 
much less than that resulting from the fan. Therefore, only the temperature change in 
the room is responsible for the baseline change in trace B. It should be emphasized 
that this figure shows the importance of both the effect of efficient heat removal, as 
well as column temperature regulation for maintaining constant column resistance. In 
short, the column should be isolated from changes in the laboratory environment. 

0 5 10 15 20 

MINUTES 

Fig. 3. The stability of current with time. The current is monitored at 500 V/cm for (A) natural air 
convection, (B) forced air convection, and (C) solid state thermoelectric cooling. Buffer: 0.1 MTris, 0.25 M 
boric acid, 7 M urea. pH 7.6. Column: 180 mm x 100 pm. The differences in current levels are the result of 
the variances in the efficiencies of heat removal (see text). A/C = Air conditioning. 
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This latter point is most important when operating at constant field. If a cooling 
system is not available, constant current operation can result in a somewhat self- 
compensating effect of decreasing voltage with increasing column temperature8,23. 
However, a system operating without temperature control, even under constant 
current control, may not be adequately defined for accurately assigning mobilities. 

The column temperature can be deduced from Fig. 3 and from the Ohm’s law 
plots (Figs. 4-6) for a 100 pm I.D. column under the same buffer conditions. It can be 
assumed that there are no temperature effects when very low power levels are applied 
to the system (e.g. 0.025 W/m)‘. From current generated at low power levels, Ohm’s 
law was used to predict the current level at 500 V/cm. The actual current was slightly 
less than a 2% deviation from the predicted value indicating that the column temper- 
ature was less than 1°C higher than the set temperature of the cooling system, or 
about 24°C. It was also calculated from Fig. 3 that the temperature of the natural 
convection was 33°C higher than the column temperature in the solid-state cooling 
system or an actual temperature of about 57°C. Furthermore, the difference in tem- 
perature between the forced air cooling and the solid state cooling was about 9°C or a 
column temperature of roughly 33°C. These temperature levels compare well with 
that which was predicted or measured previouslys,6. 

The reason for these different column temperatures as a function of the method 
of cooling (at constant field) are the variations in the ability of the system to remove 
the heat from the outer surface of the capillary, i.e. differences in the thermal transfer 
coefficients h. The values of h are determined, as described in the Theory section, from 
the temperature increases AT, in Fig. 3 with eqn. 5. Table II shows the h and AT, 
values for the three cooling systems at increasing applied powers. Included are typical 
fields, currents and applied powers. It may be noted again that powers less than 1.0 
W/m have been recommended for minimizing Joule heating effectsi’. 

Interestingly, Table II shows that for fan cooling and natural convection at 1 

TABLE II 

DEPENDENCE OF AT ON COOLING SYSTEM METHOD AND APPLIED POWER 

h = Thermal transfer coefficient; AT, = temperature difference between the inside wall of the capillary and 
the environment around the capillary. 

Cooling method h (Wm-’ “C-‘) Power (W/m) 

Natural convection 70 0.5 (30 kV/m)(lh PA) 
I.0 (30 kV/m)(33 PA) 
2.5 (30 kV/m)(83 PA) 
5.0 (30 kV/m)(l67 PA) 

Forced air convection 180 0.5 
I.0 
2.5 
5.0 

Solid-state cooling 2600 0.5 
1 .o 
2.5 
5.0 

y Example of field and current that results in particular power level. 

A T, 

6.2 

12.4 
31.2 
62.5 

2.5 
5.0 

12.5 
25.0 

0.3 
0.6 
1.5 
3.0 
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W/m the column temperature can be 5°C or 12°C above ambient, respectively. The 
differences in electrophoretic mobility from ambient would then be estimated to be 
25% and lo%, respectively, assuming 2%/“C variation in mobility*. On the other 
hand, at the same applied power the AT, is only 0.6”C with the Peltier device for a 
mobility difference of roughly 1%. Thus, even at the limit of 1 W/m, active and 
efficient cooling is required. In addition, at higher powers of 2.5 and 5 W/m which can 
be found in a variety of applications, very large increases in column temperature can 
be realized. In these situations, an effective cooling device is mandatory. 

Without the use of an efficient cooling system there is concern that the species of 
interest may thermally degrade. Column temperatures under some natural and forced 
air convection conditions may be sufficient to denature some proteins. Similarly, if 
the analytical accuracy for migration times performed in different laboratories is to be 
within certain limits, for example & 2%, reproducibility of absolute temperature must 
be better than f l”C, since, as noted, mobilities vary by about 2o/o/“C. In recording 
laboratory data, it is recommended that a record of the applied field, current level, 
cooling method and set temperature, be included with the usual experimental condi- 
tions. 

Ok’s law plots 

The three modes of heat removal were further compared by studying the 
dependence of current on applied voltage (E-Z plots), and the results are shown in 
Figs. 4-6. A positive deviation from linearity due to the column temperature increase 
is observed at high fields. This behavior can be best described in terms of a second or 
third order polynomial rather than with a linear regression line. These plots show the 
effect of varying the column diameter on the dependence of current on applied volt- 
age. 

Fig. 4 shows the E-Z plots for 50, 100 and 200 pm column diameters with 
natural air convection. In each case there was a significant curvature due to the 
decreasing column resistance with increasing field. In the 200-ym column the current 
became unstable above 200 ,uA and 200 V/cm (4 W/m), probably due to excessive 
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Fig. 4. Ohm’s law plot of current VS. electric field for natural convection on a 180-mm capillary column 
length with internal diameters of (A) 200 pm; (B) 100 pm; (C) 50 pm. The buffer was the same as in Fig. 3. 
The rapid rise in current at high voltage indicates the point of thermal breakdown where the rate of heat 
generation is greater than heat removal. 
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Fig. 5. Ohm’s law plot for forced air cooling on a 180-mm capillary column length with internal diameters 

of (A) 200 pm; (B) 100 pm; (C) 50 pm. The buffer was the same as in Fig. 3. 

temperatures which resulted in air or vapor bubble formation in the column. The 
highest voltage point for the 50-pm and the lOO-pm columns in Fig, 4 was also not a 
stable current reading, but simply the last current recorded before the power supply 
was shut off. At this point, the column was no longer capable of removing the heat 
generated by the applied power, and thermal breakdown occurred. The solution 
increased in temperature as the resistance fell (i.e. temperature feedback) until the 
circuit was broken. Under these conditions, a 50-pm column was able to handle fields 
up to 1300 V/cm or about 7 W/m. Although this figure shows that narrow-bore 
columns are more linear than the wider bore columns, the 50-pm column still shows 
curvature, as seen in Fig. 7. 

Fig. 5 presents the results of a similar experiment with a forced air fan cooled 
column. The useful range of applied field was increased relative to Fig. 4 as no 
thermal breakdown was observed. Also, the linearity (or constancy of column resis- 
tance) was improved for each of the column diameters. The 200~pm column was still 
unstable above about 200 ,uA, but this current level was not reached until 440 V/cm 
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Fig. 6. Ohm’s law plot for Peltier thermoelectric cooling at 2o”C, 180-mm capillary column length and 
internal diameters of (A) 200 pm; (B) 100 pm; (C) 50 pm. The buffer was the same as in Fig. 3. . 
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(110 V/cm higher than with natural air convection). For operation with these column 
diameters, fan cooling was a definite improvement over natural convection. 

Ohm’s law plots for the thermoelectrically cooled columns of different diame- 
ters which were thermostated at 20°C are shown in Fig. 6. In the case of the 200~pm 
column, the applied field at 200 FA was over 600 V/cm. Also, the linearity of each of 
the plots was enhanced by using the solid-state temperature control system as com- 
pared to natural or forced air convection. Furthermore, there was no indication of 
thermal breakdown as in Fig. 4. 

In order to compare the three cooling methods according to their abilities to 
remove heat, a plot of the residuals of current vs. field for the 50-pm capillary was 
constructed as shown in Fig. 7. A residual is the deviation of a data point from the 
linear least squares best fit line of the data. The three data sets were fitted to a line 
over the same range of applied fields so that a valid comparison could be made. 
Under these conditions, a residuals plot is a good indication of whether the deviation 
of the data from the best fit line is random or non-random. This method has been 
used previously to indicate non-linear behavior of calibration plots in HPLCz4. 

Fig. 7 shows that even for the 50-pm column there was significant non-random 
deviation from the line when the column was cooled by natural or forced air convec- 
tion. On the other hand, the non-linearity was only a few tenths of a microampere for 
the thermoelectrically cooled system. From these results, the major deviation from 
Ohm’s law was inefficient heat removal from the outside wall of the capillary to the 
environment, as noted earlier’. The residual plots for the lOO-pm and 200-pm col- 
umns were similar but the residuals were greater, indicating that the temperature 
effects were even more severe. 

Variable column temperature 
The ability to vary column temperature is as important as the ability to main- 

tain constant temperature. The importance of column temperature variation, for 
example, is seen in being able to manipulate chemical equilibria such as metal chela- 
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Fig. 7. Plot of the residuals of current VS. field for 50-pm columns under (A) natural air convection, (B) 
forced air convection and (C) thermoelectric cooling from experiments shown in Figs. 4-6. A residual is the 
deviation of an individual E-I data point from the linear best fit line of all the data. The plots provide a 
comparison of the Ohm’s law deviations for the three cooling methods employed. 
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tion and micelle partitioning 4g13 Moreover, separations below ambient temperature . 
have been shown to be useful in avoiding proteolysis or sample decomposition25. On 
the other hand, oligonucleotide separations have been altered by injecting at 60°C 
where the species adopt a random coil configuration2’j. 

Fig. 8 shows the relationship of varying column temperature on the E-Z plots 
for a 50-pm capillary. The plots support the expected relationship of about 2% in- 
crease in conductivity per degree centigrade (e.g. the field that produced 10 PA at 
30°C produced 12 PA at 40°C for a 20% increase with a 10°C change). At 10°C the 
field could only be extended to 700 V/cm or about 12 kV because of condensation on 
the alumina block. Since the detector was decoupled from the cooling system, it 
should be possible to reduce the humidity of the environment in the housing and 
extend the usable temperature to lower values. It should also be noted that the oper- 
ation of the thermoelectric device at lower temperatures resulted in lower power 
dissipation for a given field and buffer concentration, and therefore, a lower AT,. 

Of additional significance in Fig. 8 was that the current level for the 50-pm 
column at 30°C and 330 V/cm was the same as that experienced for a given field in the 
forced air convection experiment from Fig. 5, run at ambient temperature of 23°C. 
Likewise, the current level at 33 V/cm and 40°C was roughly that of the current level 
at the same field with natural air convection of Fig. 4. This result further supports the 
conclusion that, in general, a 50 pm I.D. column will not sufficiently minimize Joule 
heating without the incorporation of an efficient cooling system. 

A further consequence of changing column temperature with increasing field is 
that the electroosmotic flow will not be linearly dependent on the field27,28. This 
non-linearity is due to the dependence of the electroosmotic flow on the viscosity in 
the double layer near the wa118. Fig. 9 shows the relationship of electroosmotic veloc- 
ity vs. field up to 800 V/cm for the solid state cooling system at 20°C. The velocity of a 
water injected peak was measured in the same Trissboric aciddurea buffer as in Fig. 3. 
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Fig. 8. Ohm’s law plots for Peltier thermoelectric temperature control on a 180 mm x 50 nm capillary 
column. (A) 40°C; (B) 30°C; (C) 20°C; (D) 10°C. The buffer was the same as in Fig. 3. 

Fig. 9. Plot of electroosmotic velocity vs. applied field at 20°C. The buffer was the same as in Fig. 3. The 
plot is linear (i.e. did not show large non-random deviations) with a correlation coefficient of greater than 
0.995, indicating control of the double layer temperature. 
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Fig. 10. The dependence of horse heart myoglobin peak shape on column temperature. Column conditions 
were total length 340 mm, effective length 320 mm, 75 pm I.D. capillary column. Operation was under 
constant current at 9.5 pA with applied fields of 500, 430, 390 and 320 V/cm at 20, 30, 40 and 50°C. 

respectively. The buffer was 0.1 M Tris and 0.025 M boric acid pH 8.6, with detection at 220 nm. 

The plot, passing through zero, was quite linear with a correlation coefficient of 
greater than 0.995, indicating that the temperature of the inside wall of the capillary 
was nearly constant over the range of applied voltage. Although operating under 
constant control compensates for temperature changes in the double layeP, it is 
preferable to operate under constant voltage with temperature control so that electro- 
phoretic mobilities can be accurately assigned. 

As already noted, another consequence of inefficient column temperature regu- 
lation is that the overall temperature of the column, as a result of Joule heating, could 
cause enhanced peak broadening. As an example of this behavior, Fig. 10 shows a 
sample of horse heart myoglobin which was injected at different column temperatures 
(controlled by the solid state cooling system). The separation was run at constant 
current of 9.5 PA in order to minimize the effect of changing temperature on the 
migration time8. In this experiment the applied power was 0.5 W/m at 20°C and 
decreased to 0.3 W/m at 50°C. The observed decrease in peak height and the increase 
in peak width in Fig. 10 with increasing temperature may be due to sample dena- 
turation at the higher temperatures. It should also be noted that the potential temper- 
atures with high conductivity buffers on an inefficiently cooled column could easily 
reach the elevated temperatures demonstrated in this experiment, inadvertently caus- 
ing a similar loss in efficiency (see Table II). 
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CONCLUSIONS 

The incorporation of a temperature control system with a high thermal transfer 
coefficient is important for maintaining constant column resistance, optimizing sep- 
aration efficiency, reducing sample decomposition, or maintaining a desired chemical 
equilibria. Efficient removal of heat at high fields can minimize a number of detri- 
mental effects on column performance such as current instability, convection, defor- 
mation of electrophoretic zone profile, or diffusion. 

It is important to consider temperature control not only in terms of efficient 
heat removal, but also as a column thermostat for manipulation of column temper- 
ature. Although the use of smaller column diameters will reduce the effects of Joule 
heating on separations, the control of temperature is still important in maintaining 
chemical equilibria and, therefore, reproducibility of interlaboratory results. In addi- 
tion, the ability to vary the column temperature permits the manipulation of sep- 
aration selectivity through the control of chemical equilibria. Furthermore, since 
electrophoretic mobilities change 2%/C, acceptable reproducibility between labora- 
tories could be difficult without accurate control of the desired column temperature 
during the separation. For this reason, it is important that the record of separation 
conditions contain the method of cooling, the field, and the current that resulted in a 
given separation in order to provide an indication of the level of thermal effects that 
might be present. 
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