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SUMMARY 

The advent of highly efficient columns in high-performance liquid chromato- 
graphy (HPLC) requires careful design of extra-column components such as injec- 
tors, coupling tubing and detectors in order to minimize peak dispersion. A disper- 
sion effect which has not been treated in detail in the chromatographic literature is 
that of a radial thermal gradient at the column inlet generated by an imbalance 
between the inlet fluid and column temperature_ The significance of this effect and a 
means to reduce it in elevated temperature HPLC is demonstrated in this report. 

INTRODUCTION 

A potential limit to achieving the separation efficiency inherent to an high- 
performance liquid chromatographic (HPLC) column is the variance due to a mis- 
match of the temperature of the mobile phase entering the column and the column 
temperature. Typical HPLC solvents and packings such as silica and polystyrene are 
poor thermal conductors relative to stainless steel. Thus, the fluid se_ment entering 
the wall region of the column will come to the column set temperature before the fluid 
segment entering the center of the column. The resultant radial thermal gradient 
translates into a radial retention gradient and hence into solute band broadening_ 

THEORETICAL 

A detailed theoretical treatment of a radial thermal gradient in a column. 
generated by a mismatch of inlet fluid and column temperatures is given in Appendix 
I. The radia! thermal gradient, T,,,,,, - T, =,,, should be dependent on the difference 
between the inlet fluid and column temperature, the flow-rate and column bore and 
should be essentially independent of the mobile phase, the particle size of the packing 
and the solute. 

The theoretical treatment of Appendix I predicts that radial thermal gradients 
can be minimized by reducing the column bore (decreases with the second power of 
the column bore) and by heating the mobile phase to the column temperature prior to 
the column inlet. The success of the latter procedure is demonstrated later in this 
report. 
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The variance due to the presence of a radial thermal gradient in an HPLC 
column is a complex function of several factors. Since the temperature at the column 
center will be lower than that at the walls, the center fluid will have a higher viscosity, 
q, and thus center molecules will not only experience a higher capacity factor, k’, but a 
lower flow velocity, II, and different eddy diffusion and mass transfer plate heights 
than do wall molecules. These radial effects should lead to increased peak dispersion. 

The degree to which a centrally injected solute band diffuses out towards the 
column walls during its migration through the column will determine the degree to 
which it “sees” the radial thermal gradient. A centrally injected sample slug and a 
smaller particle size’ packing should decrease outward diffusion of the solute band 
and thus reduce the fhe variance observed for a given radial thermal gadient. 

One should also note that frictional heating of the mobile phase produces a 
radial thermal gradient opposite in direction to that of the inlet fluid/column tem- 
perature mismatch. The magnitude of this effect has been shown by Halasz et al.’ to 
increase linearly with operating pressure. 

Factors which determine the degree to which a radial thermal variance affects 
chromatographic performance are the column plate height and column length. Since 
radial thermal gradient and column plate heights are additive, the effect of a given 
radial thermal gradient variance on chromatographic performance will increase as 
column plate height is reduced. The fraction of the column in which the radial ther- 
mal gradient is significant increases as coiumn length decreases. The theoretical treat- 
ment of Appendix I predicts that the radial thermal gradient is significant over the 
initial 1.5-2.5 cm of a typical column. Thus, use of shorter columns such as 5-10 cm 
should increase the effects of radial thermal variances over those seen with 15-30 cm 
columns. 

EXPERIMENTAL 

Chromatography was performed using a Varian Model 5060 liquid chromato- 
graph and a Varian UV-50 variable-wavelength detector having an E-p1 flow cell and 
selectable time constants of 2, 1,0.5 sec. Injections (2 ~1) were made using a six-port 
Valco sample injection valve with a lo-$ loop. The 13% C moderate loading C,, 
reversed-phase columns used were Varian MicroPak MCH-10 (4 x 300 mm) and 
MicroPak MCH-5 (4 x 150 mm). The inlet mobile phase was pre-heated between the 
injector and column, using an aluminum bar in which two slots were milled, to hold a 
lo-cm loop of 0.23 mm I.D., 316 stainless-steel tubing. The bar was placed in the A 
side of the Model 5060 column heater, and connected via a 5 cm x 0.23 mm I.D. tube 

to the analytical column in the B side of the heater. The 5cm connector was insulated 
with a short piece of refrigeration tubing. 

RESULTS AND DISCUSSION 

Radial thermal gradients in reversed-phase chromatography (RPC) of non-polar so- 
lutes 

The chromatographic consequences of a radial thermal gradient are shown in 
the experimental plate height-temperature data of Fig. 1, obtained on 4 x 300 mm 
MCH-10 (IO-pm C& and 4 x 150 mm MCH-5 (5-pm C,,) columns_ Data was taken 
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Fig. 1. RPC of anthracene. Temperature dependence of plate height: A. theoretical prediction (see Ap- 
pendix III). B, experimental data, with inlet mobile phase heated to column T with preheater loop; C. 

experimental data, without pre-heating of inlet mobile phase. Lower section is data for 4 x 150 mm 
MicroPak MCH-5. Upper section is data for 4 x 300 mm MicroPak MCH-10. Mobile phase: 70”/;, 
acetonitrile in water; flow-rate I ml/min. 

with and without heating of the mobile phase to the column temperature prior to the 
column inlet. The “pre-heating” was achieved simply by fixing a IO-cm loop of 0.23 
mm I.D. tubing in an aluminum bar which was placed in one compartment of the 
Model 5060 dual column heater. Calculation of the tubing length necessary to pre- 
heat the mobile phase to a given temperature at a given flow-rate, is described in 
Appendix II. The heated loop was connected to the column, located in the second 
compartment of the column heater, via a 5 x 0.23 cm tubing length which was 
insulated with a short piece of refrigeration tubing. 

The lo-pm C,, traces of Fig. 1 represent a theoretical prediction of H(T), as 
described in Appendix III (Trace A); experimental N(T) data, using pi--heated 
mobile phase (Trace B); and experimental H(T) data, without pre-heating of the 
mobile phase (Trace C). 

The experimental data demonstrate the efficacy of the pre-heater loop in that 
its experimental H(T) curve matches the theoretical H(T) curve up to 50°C. the 

TABLE I 

RADIAL THERMAL GRADIENT PLATE HEIGHT CONTRIBUTIONS 

Non-polar solute: anthracene. Mobile phase: 707” acetonitrde in water; flow-rate I ml/min. Column: 
MicroPak MCH-IO (IO-pm C,,), 4 x 300 mm. 

Plure height term Contribution (pm) 

3O’C (k’ 4.9) JOO’C (k’ 3.7) 

Column 

HT, radial thermal 
gradient (uncorrected) 

Pre-heater loop for 
elimination of HT* 

47 42 

4.8 14.9 

0.41 0.46 

* Theoretical estimate based on treatment of ref. 3. 
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normal operating range of silica-based HPLC columns. The deviation between curves 
B and C at T > 50°C may indicate increased radial diffusion of the solute band rather 
than a radial thermal gradient effect. The reduction in plate height with temperature 
is due to dominance of the eddy diffusion and mobile phase diffusion terms which are 
proportional to Dm-o-33 and Dm-‘-’ respectively, where the mobile phase diffusion 
coefficient, D,, is proportional to T/q (q = viscosity). 

Curve C, representing N(T) without the pre-heater loop demonstrates the 
consequences of a radial thermal gradient. The plate height increase is significant 
above ~25°C. The difference between the B and C curves can be taken to be the 
radial thermal gradient plate height, HT. The data of Table I shows that at 30°C and 
50°C the thermal term Hr is highly significant. These experimental values are com- 
pared to theoretical estimates of variance due to laminar flow through the pre-heater 
loop (based on treatment of ref. 3). 

The data of Fig. 1 suggests that optimum operation of the lo-pm column for 
RPC of non-polar compounds would be at a temperature x 10°C above ambient in 
order to control column T and thus optimize retention reproducibility, and obtain 
z 10 ok lower plate height. Higher temperature does not significantly reduce the plate 
height. Thus, 3040°C operation with a pre-heated mobile phase is recommended for 
lo-pm RPC of non-polar compounds. 

The 5-pm Cl8 traces of Fig. 1 again demonstrate the efficacy of the pre-heater 
loop in that its experimental curve matches the theoretical prediction of H(T). The 
relatively flat il ver.sL(s T curve was predicted due to the fact that in reducing particle 
size to 5 pm, the mobile phase diffusion term loses relative significance and the eddy 
diffusion and longitudinal terms, which are proportional to D111-o*33 and &.,+‘*’ gain 
significance. , 

The C curve of the 5-pm data indicates that up to 40°C the thermal plate 
height HT is relatively small (Z 1.5 pm). This may be due to increased frictional 
heating of the mobile phase, which could balance the inlet fluid/column temperature 
thermal gradient and to the reduced degree of solute diffusion to the walls with the 5- 
pm particle bed. The 5 pm, 15 cm column operated at ~2.6 x the pressure of the 10 
pm, 30 cm column and thus should have a 2.6 fold greater degree of frictional heating. 

The HT term (B minus C curves) becomes significant above 4O”C, presumably 
due to the simultaneous decrease in frictional heating due to reduced operating pres- 

10 r 

Fig. 2. Variance due to radial thermal gradient, o$, as function of temperature for 4 x 150 mm MicroPak 
MCH-5 and 4 x 300 mm MicroPak MCH-10 colmnns. Details as in Fig. 1. Note: in absence of secondary 
effects, o$ would be equivalent for the columns. 
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TABLE II 

RADIAL THERMAL GRADIENT PLATE HEIGHT CONTRIBUTIONS 

Conditions as in Table I, except for MicrgPak MCH5 (5pm C,,), 4 x 150 mm. 

Plate height term Contribution (pm) 

30°C (IY 3.7) ioO”c (k’ 2.9) 

Column 
HT, radial thermal 

gradient (uncorrected) 
Pre-heater loop for 

elimination of HTf 

20 20 

1.5 11.5 

1.3 1.3 

* Theoretical estimate based on treatment of ref. 3. 

sure, the increase in solute band diffusion to the walls due to increased D, and the 
increasing radial thermal gradient_ However, the 5-pm ffT values are still significantly 
less than one would predict in the absence of the secondary effects of frictional 
heating and reduced radial diffusion. This fact is shown clearly in Fig. 2, a plot of 
radial thermal gradient variance, G’~, versus temperature for the IO-pm and 5-pm 
RPC columns. The Go,- values for the 5-pm column are 5-10 fold lower than those of 
the IO-pm column in the 25-50°C operating range. 

The data of Table II indicates that heating of the 5-pm column will not signifi- 
cantly reduce plate height, and that operation slightly above ambient (25-30°C) with a 
pre-heated mobile phase, in order to optimize retention reproducibility (due to 
column T curztro[) is optimum. The pre-heater loop can be reduced to less than 5 cm 
for this low T operation. 

Radial thermal gradients irl reversed-phase chrornatograply of ionic conlpomds 
Reversed-phase plate heights of ionic solutes are significantly larger than those 

observed for-non-polar solutes. The increased plate height of an ionic compound is 

20 30 40 

4x300mm 
MCH-10 

4x 150mm 
MCH -5 

Fig. 3. RPC of quinidine. Temperature dependence of plate height: A, experimental data. with inlet mobile 
phase heated to column T with pre-heater loop. B, experimental data, without pre-heating of inlet mobile 
phase. Mobile phase: 90% aqueous KH,PO, buffer (0.02 M, pH 2), IO:! acetonitrile, 0.02 M in tetrameth- 
ylammonium chloride (competing base); now-rate 1 ml/min. 



128 S. ABBOTT, P. ACHENER, R. SIMPSON, F. KLINK 

presumably due to slower mass transfer in the stationary and/or mobile phase. These 
processes are dependent on the 

% 

st power of the diffusion coefficient. Thus, the plate 
height of an ionic solute such as t b se quinidine should decrease more rapidly with 

“a an increase in column temperature t ~ does that of a non-polar solute such as 
anthracene. This effect is shown in the e % rimental data of Fig. 3. Again, one notes 
that the use of a pre-heated mobile phase provides a significant reduction in observed 
plate height. 

The data of Fig. 3 suggests that optimum ionic RPC operation should be at 
z 35-50°C to reduce plate height by 20-40 % for IO-pm and 10-20 0A for 5-w col- 
umns. Higher temperatures can result in a significant reduction in column life due to 
increased rate of silica dissolution by aqueous RPC buffers. As is the case for non- 
polar solutes, mobile phase pre-heating is recommended for elevated temperature 
RPC of ionic solutes. 

CONCLUSIONS 

An imbalance between the inlet fluid temperature and the column temperature 
should generate a radial thermal gradient in the initial 1.5-2.5 cm of a 4 mm I.D. 
reversed-phase column. Peak dispersion in RPC due to a radial thermal gradient has 
been shown to be significant for 4 mm x 15-30 cm columns and has been shown to be 
greater for the case of lo-pm particles than for 5-pm particles. The latter observation 
may be due to the action of secondary effects such as frictional heating, which creates 
a radial thermal gradient opposite in direction to that generated by an inlet fluid/col- 
umn temperature imbalance; and reduced radial diffusion of a centrally injected slug 
outwards to the walls with the smaller particles_ 

The use of a short “pre-heater” loop of 0.23 mm I.D. tubing in the column 
thermal block has been demonstrated to be effective in reducing the radial thermal 
gradient effect. A theoretical treatment of temperature gradients in packed columns 
(Appendix I) indicates an exponential decrease in the radial thermal gradient as 
column bore decreases, predicting that this dispersion effect should be significantly 
reduced with future microbore (e.g., 1 mm I.D.) packed columns. 

APPENDIX I 

Theoretical treatment of temperature gradients in packed colun~ns 
The mechanism of heat transfer in packed cylinders has been studied, both 

experimentally and theoretically, by a number of investigators. One of the most 
successful analyses was developed by Singer and Wilhelm4 who obtained an analyti- 
cal solution and applied it to the data of Leva’, Leva and Grummer6 and others. The 
result of these authors for the temperature distribution in a cylindrical geometry is 

where 
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Fig. A3. Fluid temperature I,, at a distance I from the tube inlet for a narrow bore tube, inside heater 
block. I, = Wall temperature = heater block temperature. Inlet fluid t = 2O’C. Mobile phases: I ml/min 
hexane (A): 2 mI/min hexane (B); 2 ml/min water (C). 
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previously described for hexane has been estimated using the following average prop- 
erties: C, = 1.0 Cal/g. “C; Q = 1.0 g/ml; q = 0.01 poise; K = 1.43 x 10B3 
Cal/cm - set - “C. The calculated profiles for water at 2 mI/min are shown plotted in 
Fig. A3C. It can be seen that in the worst case, that oft, = 7O”C, a length of only 7.5 

cm of tubing is required to raise the fluid temperature to within 1°C of the final 
temperature. 

APPENDIX III 

Theoretical estimate of H( T) for RPC of anthracene 
The theoretical values of Fig. Al were obtained using the Knox equation 

fr = Av”.33 t (B/v) + cv (A16) 

where 

h = reduced plate height = ff/Dp 
v = reduced velocity = rtd,/D, 
A = eddy diffusion constant 
B = longitudinal diffusion constant 
C = mass transfer term constant 

For example, the /z(v) plot of the columns studied was approximated by the Knox 
equation using values of 1.23, 2.8 and 0.04 for the A, B, C parameters of the IO-,nm 
column. 

The diffusion coefficient D,,, was estimated by assuming 0, z 1 x 10-j 
cm’/sec for anthracene at 20°C in the mobile phase (70”/: acetonitrile-30% water) 

and the relationship: 

D, oc t (from Wilke-Chang equation, Tin “K, r/ in poise) 

The relative viscosity at each temperature was obtained from the experimental data 
of column pressure as f( 7’). Thus, one calculates D,( T) and by insertion into eqn. A 16 
derives H(T) for the experimental condition of zt = 0.25 cm/set (1 ml/min on 4 x 300 
mm column). 
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