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Abstract

When separations by reversed-phase liquid chromatography (RP-LC) are carried out at temperatures other than ambient,
resulting retention times and bandwidths can depend on the equipment used. As a result, an RP-LC separation that is
adequate when carried out on one LC system may prove inadequate when the separation is repeated on a second system. In
the present study, various temperature-related problems which can result in a failure of method transfer for non-ambient
RP-LC methods were examined. Means for correcting for such effects and thereby ensuring method transferability are

described. [0 2000 Elsevier Science BYV. All rights reserved.
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1. Introduction

Recent work [1-5] has shown that the simulta-
neous variation of temperature T and either gradient
time tg or isocratic %B is a convenient and effective
means of optimizing selectivity and maximizing
sample resolution in reversed-phase liquid chroma
tography (RP-LC). This approach to RP-LC method
development is applicable to samples of any type
(acid, base or neutral; large or small molecules), can
be used with low-UV detection (for acetonitrile as
B-solvent, phosphate as buffer), and avoids problems
in method robustness that are encountered with the
use of other variables for selectivity optimization
(pH, ion-pairing, tetrahydrofuran as B-solvent, etc,;

*Corresponding author.

see discussion in Refs. [6—8]). Only four experimen-
tal runs are required to optimize T and t; or %B, if
commercial software (DryLab”, version 2.0 or 3.0;
LC Resources) is used to determine optimum ex-
perimental conditions [3,4,9,10].

Apart from its value for controlling selectivity, the
use of elevated column temperatures in RP-LC has
also been advocated for other reasons [11]. However,
several studies summarized in Table 1 have drawn
attention to the difficulty of accurate temperature
control in liquid chromatography, especialy for
operation at higher temperatures. These various
phenomena associated with column temperature con-
trol can in turn give rise to greatly reduced column
efficiency and/or problems in method transferability.
This paper describes our attempt to better understand
and control column temperature, with the goa of
maintaining maximum column efficiency and im-

0021-9673/00/$ — see front matter [ 2000 Elsevier Science BV. All rights reserved.

Pll: S0021-9673(99)00894-8



212 R.G. Wolcott et al. / J. Chromatogr. A 869 (2000) 211-230

Table 1
Column temperature control problems in liquid chromatography

Problem Refs.

Comment

1. Temperature of column
oven (thermostat) [7

2. Cycling of oven
temperature [20]

3. Equipment differences [12,13]

4. Mobile phase preheating [7,24-16]

5. Frictional heating of
mobile phase

[17-19]

Oven set-point temperature may differ from
actual temperature by several degrees and
vary with position within the oven

Oven temperature may vary with time

Column temperature may differ from
oven temperature to a degree that depends
on the equipment

Mobile phase at column inlet is
not a oven temperature

Flow of mobile phase through column
generates heat, especially for a large
pressure drop across the column

proving method transferability during operation at
higher temperatures.

2. Theory and background

Under ideal conditions, the temperature within the
column will be the same at al points, constant over
time, and equal to the temperature selected for the
oven (unless noted otherwise, we will use ‘oven’ to
describe any column heater/thermostat module). For
many LC systems, the actual situation will be
different. The selected temperature may not equal the
oven temperature, which in turn may vary at differ-
ent locations within the oven and with time. Even
when the temperature is the same throughout the
oven, the temperature within the column can vary
both radially and axially, due to differences in
temperature of the incoming solvent vs. that of the
oven. The spatia and temporal temperature regime
within the column is thus a complex function of the
instrumental setup and conditions (column dimen-
sions, flow-rate, mobile phase composition) and can
therefore differ from one LC system to another. In
this paper we define the term ‘average column
temperature’ in terms of sample retention; if re-
tention times are the same for otherwise identical
separations carried out in two different HPLC sys-
tems, the average column temperature is then consid-
ered to be the same [12-19].

When the average column temperature differs

from the selected oven temperature (for whatever
reasons), significant changes in sample retention
(values of both k and «) can result. When a radial
temperature gradient exists within the column, mark-
ed increases in bandwidth (accompanied by band
distortion) are possible. It is widely appreciated that
these effects can result in poor performance and
questionable transferability of LC methods, especial-
ly those carried out at temperatures >40°C. Our
further discussion of column temperature effects will
follow the outline of Table 1.

2.1. Column oven temperature (#1-3 of Table 1)

Differences in set-point vs. actual oven tempera-
tures for commercial LC systems have been reported
[7]. Oven temperature can aso vary with time [20],
but thisis generally a less significant problem. When
operating at temperatures other than ambient, it is
advisable to measure the oven temperature and to
confirm that it is constant with time, as was done in
the present study. Finally, the temperature of the
column may differ from the nominal temperature of
the oven, due either to temperature gradients within
the oven or slow thermal equilibration of the column
under working (i.e. flow) conditions. LC ovens differ
with respect to (a) thermostatting mode (circulating
air, block heaters, water bath, etc), and (b) the
presence or effectiveness of preheating of the mobile
phase immediately prior to the column (i.e. after the
sample injection valve).
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2.2, Mobile phase preheating (#4 of Table 1)

If the mobile phase entering the column is at
column temperature, and if frictiona heating effects
are negligible, solvent velocity and the rate of band
migration through the column should be similar at
the column center and wall. This will result in
normal band broadening as illustrated in Fig. la
(thermally equilibrated column). As a result of
constant temperature conditions throughout the col-
umn (indicated by temperature values within the
column, 70°C in Fig. 1), the dependence of reduced
plate height h on reduced mobile phase velocity v
should be independent of temperature [21,22], and
plots of h vs. v for different temperatures should
overlap. This generalization can prove useful in
analyzing the effects of thermal non-ideality on band
width.

Thermally Equilibrated

213

The relationship of h and v can be expressed by
the Knox equation:

h=Alv+Br'*+Cp (1)
where the reduced plate height h is given by
h=H/d, (18
and the reduced velocity » is

v=ud,/D,, (1b)
Definitions of the conventional symbols d,, u and

D,, are given in the Definition list.

Fig. 1b illustrates the situation where the incoming
mobile phase temperature is lower than that of the
column. When the incoming solvent is colder, there
will be a radial temperature gradient because the
temperature at the column wall exceeds that at the

70°
(a) 70° ) 700 700 70°,
Cold incoming solvent
70°
. o (e}
(b) —é) 45° :: 650 G 700 — P
o (L7
Frictional heating
70°
(C) 70° ) ... 73° . 76° ".%.: 80°
: .t wect?i
Compensation 700
I 80°

(d)

75°

oot

Fig. 1. Band broadening due to thermal effects. (a) Ideal case, no thermal effects; (b) effect of incoming mobile phase that is at a lower
temperature than the column; (c) effect of frictional heating; (d) combined effects of cold incoming mobile phase and frictional heating. An
oven temperature of 70°C is assumed. Numbers shown inside column suggest plausible solvent temperatures at column center.
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column center. As the solvent moves through the
column, the temperature at the column center gradu-
aly approaches that of the wall. Likewise, the
solvent viscosity decreases from the column center to
the wall, and band migration will tend to be faster at
the wall vs. the center (especialy near the column
inlet). At any radial position within the column, band
broadening occurs as in Fig. 1a. Additionaly, due to
the radial temperature gradient near the column inlet,
there will be a ‘cone-ing’ of the band as shown in
Fig. 1b. This can in turn result in a significant
increase in band broadening and, in extreme cases, a
gross distortion of the band. Should the incoming
solvent temperature be greater than that of the oven,
similar band broadening effects will result as in Fig,
1b, except that the band will move faster at the
center of the column than near the wall.

2.3 Frictional heating (#5 of Table 1)

Flow of solvent through the column requires a
pressure drop AP across the column length. As a
result, work is done by the flowing solvent, equal to
APV, for each column-volume of mobile phase flow
through the column. This work is converted to heat,
which causes an increase in column temperature
from inlet to outlet. The consequences for band
broadening are illustrated in Fig. 1c. Now the
temperature is greater at the column center than near
the wall, so that band migration is faster at the
column center. The result is a cone-ing of the band
in a direction opposite to that in Fig. 1b, but
bandwidth increases in both cases. The effect of
frictional heating on band broadening and distortion
depends markedly on the type of oven; specifically,
bandwidth may be less affected by air-bath ovens
than by contact heaters or water baths when stainless
steel columns are used [18].

If the incoming solvent is not at column tempera-
ture (not preheated), and if frictional heating of the
solvent is significant, these two effects will tend to
cancel in terms of band broadening. This is illus-
trated in Fig. 1d, where the band initially cones
toward the inlet (cold solvent effect), but then
frictional heating gradually moves the center of the
band in the opposite direction. A net cancellation of
these effects is possible, as in Fig. 1d; it has been
shown possible to minimize increases in bandwidth

due to frictional heating by deliberate cooling of the
incoming solvent [17]. Frictional heating effects are
proportional to AP and therefore increase for longer
columns, higher flow-rates, smaller particle sizes and
more viscous (e.g. colder) solvent.

2.31. Sample retention vs. temperature
If temperature is the only parameter that is varied,
solute retention k (isocratic) can be described by:

logk=A—-B/T, (2)

where A and B are constants for a given solute and
T¢ is the column temperature in K. We define
‘average column temperature’ such that logk is
determined by this value of T,.

3. Experimental

3.1. Equipment

A schematic showing the locations of temperature
sensors in the column oven is shown in Fig. 2.

31.1. HPLC system

Two separate HPLC systems were used. ‘ System
A’ (used unless noted otherwise) consisted of a
SIL-10A controller, LC-10AD VP pump, SIL-10Ai
autosampler and SPD-10A VP detector set to 215 nm

Experimental Setup

T-controlled oven

column

A temperature sensor [ ] solvent preheater

Fig. 2. Schematic of oven used in the present study.
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(Shimadzu Corp., Columbia, MD). System A was
equipped with either a ‘Mistral’ forced air oven
(Spark Holland, Emmen, The Netherlands) or a
model CH-150 block heater oven (Eldex Laborator-
ies, Inc., Napa, CA). In the latter case the column
was attached to the heated base by a 7X3 cm
aluminum clamp supplied by the oven manufacturer.
‘System B’ (used to test method transferability)
consisted of Shimadzu equipment similar to that of
system A: SCL-10A controller, LC-10AD pump,
SIL-10Ai autosampler, and SPD-10A detector set to
215 nm. The column oven for System B was a
CTO-10-AS VP programmable unit (Shimadzu) with
Peltier block-heating of the solvent entering the
column (but no metal-to-metal contact with the
column).

31.2. Pre-heat tubing

Various lengths of stainless steel tubing were used
in system A as passive preheaters for incoming
solvent. These tubes had nominal outer diameters
(O.D.) of either 1/16” (0.16 cm; ‘conventional’) or
0.020” (0.008 cm; ‘thin-wall’), and internal diame-
ters (1.D.) ranging from 0.005" (0.002 cm) to 0.012"
(0.0047 cm). They were shaped to facilitate heat
transfer: loose coils for good air circulation in the
circulating-air oven; or flat loops for maximum
contact with the heated base of the block-heater
oven. When used in the latter configuration, tubes
were sandwiched between two pads of four layers of
auminum foil and clamped to the heated surface
over most of their length. Thermal insulating materi-
a between the clamp and upper foil layer minimized
heat loss from the tube to the overlying clamp. In
experiments designed to study the ability of tubing to
gain heat, the column was omitted, water was used
as mobile phase, and flow-rates were varied between
1 and 4 ml/min. In system B, a passive preheat tube
is incorporated into the heated oven block. The exact
dimensions of this tube could not be measured, but it
is at least 25 cm long and the equipment manual
reports its volume as 10 pl.

3.1.3. Temperature measurements

Temperatures were monitored using a Thermes
system and software (Physitemp Instruments Inc.,
Clifton, NJ). All thermocouples were type T copper—
constantan. Temperatures of flowing solvent just

before and after the column were measured using
needle probes mounted in thermally insulated PEEK
tees. Oven and column temperatures were measured
using electrically isolated thermocouples in the oven
air or firmly clamped on the column wall near its
inlet, midpoint and outlet. Column-mounted ther-
mocouples were overlaid with thermal insulation to
more accurately report the column wall temperature.
The positions of the various temperature probes are
shown in Fig. 2.

3.1.4. Temperature control

In experiments where incoming solvent was ac-
tively preheated, a custom, electrically-heated coil
(Rheodyne, Rohnert Park, CA) of 10 pl volume was
used. Temperature of solvent emerging from the
preheater module was regulated and measured by a
CAL 3300 temperature controller (CAL Controls
Inc., Libertyville, IL) using a type T needle ther-
mocouple in the flowing stream as the sensing probe.
The needle was in a PEEK tee which was wrapped in
thermal insulation to minimize heating or cooling
from the oven air.

3.2 Materials and procedures

321 Sample

The sample was a mixture of uracil (A), nitro-
ethane (B), phthalic acid (C), 3,5-dimethylaniline
(D), 4-chloroaniline (E), 3-cyanobenzoic acid (F),
and 1-nitrobutane (G) in 90:10 (v/v) water/acetoni-
trile. The sample was chosen to (8) comprise a
mixture of neutrals plus partially ionized acids and
bases under the conditions of separation, and (b)
provide marked changes in selectivity as a function
of temperature. See the example of Fig. 3.

3.2.2. Procedures

Separations were carried out at different tempera-
tures and flow-rates on a Zorbax 150X4.6 mm SB-
Ciey 5 pm d, column (Mac-Mod Analytical,
Chadd’s Ford, PA). Mobile phase was 90:10 (v/v) 50
mM potassium phosphate, pH 2.6/ acetonitrile.

3.2.3. Calculations
Plate numbers N were calculated from widths at
half-height, W, ., reported by the data system: N =
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Fig. 3. Separation of present sample at 54 and 75°C. Incoming solvent preheated to oven temperature; system A, circulating-air oven. Flow

rate is 2.0 ml/min; other conditions as in Experimental section.

5.54(t, /W, 5)°. Reduced velocities were calculated as
ud,/D,,, with u=L/t, and D, given by the Wilke—
Chang equation [23].

3.2.4. Computer simulations

Computer simulations were used in the present
study to conveniently correct for differences in
average column temperature between different LC
equipments. The software used was Drylab” for
Windows, Version 2.0 (LC Resources).

4. Results and discussion

4.1. Separations under ideal conditions of thermal
equilibration

The present study began with a comparison of
separations carried out under conditions of thermal
equilibration within the column, i.e. with preheating

of the mobile phase to oven temperature prior to the
column inlet. Flow rate was varied from 0.2 to 5
ml/min, at temperatures of 23, 34 and 54°C. Re-
sulting plots of logh vs. log v are shown in Fig. 4
for 1-nitrobutane. Similar plots were obtained for the
other six solutes, except that values of h tend to be
somewhat higher for early-eluting solutes (k<<3),
possibly as a result of extra-column effects (see Fig.
6).

Within experimental error, the data points of Fig.
4 appear to fall on a common curve, as expected for
a column that is thermally equilibrated both axially
and radially. If frictional heating were to affect
bandwidth for the separations of Fig. 4, bands should
be broader at higher flow-rates and lower tempera-
tures that involve more viscous mobile phase. Thisis
not the case in Fig. 4, which suggests that frictional
heating was unimportant in these experiments. This
was confirmed by direct measurements of tempera-
ture at the column inlet and outlet; for oven tempera-
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Log h

—B8—>54°C

tures of 23-75°C, temperatures at the column inlet
and outlet differed by no more than 0.3°C at a
flow-rate of 2.0 ml/min. Later, we will see that
much larger axial temperature gradients are required
for a significant effect on column plate number and
h. Frictional heating was therefore considered to be
insignificant in subsequent studies. However, this
might not be the case for other conditions (longer
columns, smaller particles, higher flow-rates, more
viscous solvents) than those used in the present
investigation.

4.2. Separations with incoming solvent at a
temperature different from that of the oven

Due to inadequate preheating, the incoming sol-
vent is often cooler than the oven when the oven
temperature is above ambient. As a result, the
average column temperature is lowered and (usually)
the retention times of al bands increase. An example
is shown in Fig. 5, with vertical dashed lines
marking the retention times of bands C, F and G in
run (@). In Fig. 5a, the separation was carried out
under ‘ideal’ isothermal conditions (forced-air oven
set to 56°C; incoming solvent actively preheated to
oven temperature). In Fig. 5b, the preheat module
was turned off, resulting in a drop of the incoming
solvent temperature to 39.3°C at the column inlet. As
a result, the average column temperature decreased
(an axia gradient in temperature as in Fig. 1b is

Log v
---:A----33°C  —X—23°C

Fig. 4. Reduced parameter plot for 1-nitrobutane (G). Conditions as in Experimental section (system A, circulating-air oven).

assumed), and retention times (measured after ther-
mal equilibration of the column for the new con-
dition) increased, as expected. This failure to match
the incoming solvent and oven temperatures in the
run of Fig. 5b also results in band broadening and
distortion, which is especially noticeable for bands F
and G of Fig. 5b.

4.2.1. Band broadening

Fig. 6 shows reduced plate heights as a function of
temperature mismatch of incoming solvent and oven
(oven temperature of 54°C, 2.0 ml/min). The data for
Fig. 6 were obtained using the forced air oven and
active pre-heater to produce the temperature mis-
matches shown (x-axis). Table 2 summarizes propor-
tional increases in reduced plate heights for a 6°C
temperature mismatch and oven temperatures of 33,
54 and 74°C. Any increase in band broadening for
early bands A-D is less pronounced, possibly be-
cause of larger values of h in the absence of
temperature mismatch. For later bands D-G, the
average increase in h for a =6°C difference between
incoming solvent and column is 8%, corresponding
to a 4% decrease in sample resolution. We conclude
that a temperature mismatch between solvent and
column of this magnitude is acceptable. That is, so
far as band widths are concerned, the incoming
solvent need only be matched within +6°C of the
oven temperature. Altered retention times are not
necessarily fully corrected by this adjustment of
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Fig. 5. Effect of the inlet solvent temperature on separation. Flow rate is 2.0 ml/min, incoming and oven temperatures shown in figure;
other conditions as in Experimental section (system A, circulating-air oven).
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Fig. 6. Effect of difference in temperatures of inlet solvent and oven on reduced plate height h. Flow rate is 2.0 ml/min, oven temperature is
54°C, 150X 4.6-mm Zorbax SB-C,, column packed with 5-um particles; other conditions as in Experimental section (system A,
circulating-air oven).
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Table 2
Effect on column efficiency of mismatch of temperatures between incoming solvent and oven®
Solute % increase in h at given offset from indicated oven temperature”

33°C (+6°C) 54°C (—6°C) 74°C (—6°C) Average % increase
A 2 1 -3 0
B 7 -2 -5 0
c - -3 —4 -4
D - 2 3 3
E 15 0 8 8
F 20 11 -5 9
G 6 10 5 7
Average for bands E-G° 14 7 3 8

*Flow rate is 2.0 ml/min, 150X 4.6 mm, 5-pm Zorbax SB-C,, column; other conditions as in Experimental section.
® Calculated as [100* (h — h,)/h,], where h=reduced plate height with incoming solvent at the given offset from column temperature, and
h,=reduced plate height when incoming solvent is at column temperature. Magnitude and direction of temperature offsets are in

parentheses.
° Data most accurate for later bands.

incoming solvent temperature, because the average
column temperature can still differ for reasons #1—
3, 5 of Table 1.

4.2.2. Changes in retention and selectivity

Values of k and a are temperature dependent, as
illustrated by the example of Fig. 3. An average
column temperature different from the intended
value may result from temperature gradients within
the oven, oven calibration error, or a mismatch of the
temperatures of incoming solvent and column. The
obvious remedy in these cases is to adjust oven
temperature so that the average column temperature
becomes equal to the intended value. For the case of
solvent/column mismatch that generates axial and
radial temperature gradients, can such an adjustment
replicate retention obtained under exact isothermal
conditions? If so, then as long as band widths are not
excessively broadened by solvent/column mismatch,
it should be possible to compensate for small differ-
ences in the temperatures of incoming solvent and
column by simply adjusting the oven temperature.
This in turn would allow a simpler adjustment of
temperature conditions when an LC method is to be
transferred from one system to another. That is, it
would not be necessary to exactly match the tem-
peratures of the two ovens, nor would it be necessary
that the temperature of incoming solvent be exactly
the same, in order to replicate separations on two
different LC systems (keeping in mind that band-

widths are relatively insensitive to column tempera-
ture gradients <6°C).

The question of whether retention can be repli-
cated with a different solvent/column temperature
mismatch but equal ‘average’ column temperature is
examined in Fig. 5. In the separation of Fig. 5a, there
is no solvent/column mismatch. When cold solvent
enters the column as in Fig. 5b, retention changes as
a result of the decrease in average column tempera-
ture. In the separation of Fig. 5¢c, the average column
temperature has been adjusted by raising the oven
temperature from 56 to 77°C (with the preheater still
off) to give the same retention time for the last band.
As a consequence, the inlet solvent temperature
changed to about 51°C. It is evident that retention
times for all components in Fig. 5a and ¢ are now
essentially the same, despite this large axial tempera-
ture gradient (77-51=26°C). Presumably, for small-
er differences in the temperatures of incoming
solvent and column (e.g. <6°), an adjustment of the
oven temperature can be used to create exactly the
same retention (and selectivity) for two LC systems
where solvent/column temperature mismatch is not
identical (as it need not be, so long as bandwidths
and resolution are the same within =4%).

We conclude that temperature discrepancies as in
Table 1 can create undesirable changes in both band
widths and retention times. Other conditions equal,
band width can be minimized by preheating the
incoming solvent to within =6°C of the column
temperature. Changes in retention and selectivity can
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be eliminated by adjustments in oven temperature
that achieve the same ‘average’ column temperature.

4.2.3. Temperature mismatch effects for different
flow-rates and columns of different internal
diameter, length or particle size

The preceding experiments were carried out with a
150X 4.6-mm column packed with 5-um particles, at
a flow-rate of 2 ml/min. A brief examination was
made of the effects of change in (a) flow-rate, (b)
column length or (c) internal diameter, and (d)
particle size on changes in band width due to cold
incoming solvent (Table 3). Increased band broaden-
ing due to inlet temperature mismatch is seen to be
greater for longer columns (#3 vs. 2, #5 vs. 4),
higher flow-rates (#1 vs. 3), smaler particles (#5
vs. 2) and wider columns (#6 vs. 7, where linear
solvent velocity is maintained constant by varying
flow-rate). There may also be an effect of the column
design; e.g. #6 (Waters) vs. #2 (H-P). These trends
for flow-rate, particle size and column ID can be
reconciled with a simple picture of what is happen-
ing within the column. Thus, higher flow-rates
should allow less time for thermal equilibration of
the incoming solvent, smaller particles provide nar-
rower bands which will be relatively more affected
by band coning, and narrower columns should allow
faster thermal equilibration of the solvent. A smple
reason for the trends in Table 3 with column length
is less obvious.

Table 3

4.3. Controlling the temperature of incoming
solvent

The use of LC systems which automatically adjust
the temperature of the incoming solvent to match
that of the column [24] is becoming more common.
However, LC systems without this provision are till
in widespread use, especially where autosamplers are
required. For the latter case, a simple expedient is to
add a length of narrow 1.D. tubing just before the
column (within the oven) in order to heat the
incoming solvent to the column temperature. This
raises two questions: (a) what tubing dimensions and
type are sufficient for different experimental con-
ditions (flow-rate, column dimensions, oven tem-
perature, etc.), and (b) what impact will the addition
of such tubing have on extra-column band broaden-
ing? We examined these two questions in order to
arrive at preliminary recommendations which can
help minimize problems due to cold incoming sol-
vent.

4.3.1. Solvent heating as a function of flow-rate
and pre-heat tube dimensions

Let the temperature of the incoming solvent prior
to the pre-heat tube be T,, the temperature of the
solvent leaving the pre-heat tube T,, and the oven
temperature T,. Define the fractional heating x in the
pre-heat tube as (T, — T,)/(T; — T,). The value of x
can be accurately predicted by the intuitive relation-
ship

Effect of column parameters on changes in reduced plate height caused by mismatch between temperatures of incoming solvent and column

(@l dimensions in mm; flow-rate in ml/min)

Column type Length Diameter Flow h (-5)* h (-10)*
#1 SB-C, 250 4.6 0.005 33 18 63
#2 SB-C 150 4.6 0.005 2 4 18
#3 SB-C,q 250 4.6 0.005 2 15 45
#4 SB-C,, 75 46 0.0035 2 -6 2
#5 SB-C,, 150 46 0.0035 2 1 41
#6 Symmetry C, o 150 4.6 0.005 2 -1 13
#7 Symmetry C,, 150 21 0.005 0.417° -2 -3

* Averages of % change in h for compounds E-G, computed as 100 X (h — h,)/h,. Offset of incoming solvent temperature from column

temperature is in parentheses.

® This flow-rate gives the same mobile-phase linear velocity in the 2.1-mm I.D. column as for the corresponding 4.6-mm 1.D. column

(#6).
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log(1—x) = — B(L/F) 3)

where B (in min/cm?) is a constant (see Appendix A
for a further analysis of solvent heating and Eg. (3)).
Typicaly, B~0.025 for a circulating-air oven and
1/16” O.D. stainless steel pre-heat tubing with
internal diameters (1.D.) of 0.005-0.012". This is
illustrated in Fig. 7 for flow-rates of 1-4 ml/min,
oven temperatures of 33—75°C, and tube lengths of
50-150 cm. Table 4 summarizes all plotted data of
Fig. 7, which are fitted to Eq. (3) in each case. Data
points for all tubes examined fall on the same line at
each temperature, suggesting that over this range of
tube dimensions there is no dependence of solvent
heating on tube I.D. Additionaly, the heating ef-
ficiency measured by the value of B is seen in Table
4 to be essentially independent of the oven tempera-
ture over the interval T,—T,. That B is not a
function of (T, —T,) may seem surprising at first.
However, the quantity x (which is used to define B;
Eq. (3)) isrelative to the temperature range T, — T,.
For example, assume x=0.9 and T,=25°C; then
T,=34°C when T,=35°C, but T,=70°C when T,=
75°C.

4.3.2. Solvent heating as a function of other
variables

Table 5 summarizes some preliminary information
on the performance of pre-heat tubes of different
construction or when used in a block heater instead
of an ar oven. We expected the heat transfer
efficiency of 1/16” O.D. PEEK tubing (I.D. 0.007";
0.0028 cm) to be lower than that of 1/16" O.D.
stainless,because polymer is a poorer heat conductor
than steel. Indeed, the B value was found to be only
70% of that of 1/16” O.D. stainless. Thin-wall
(0.020" O.D.) stainless steel tubing was initialy
expected to be more efficient than 1/16” O.D. steel
for temperature equilibration, i.e. a larger value of B
was expected. Instead, we found the value of B for
thin-wall tubing to be only 0.7 as great as that for
1/16" O.D. stedl tubing, nearly identical to that
found for the PEEK tubing.

We rationalize the lower value of B for thin-wall
tubing in terms of (8 the high thermal conductivity
of steel compared to air, and (b) the tubing surface
area over which heat is collected from its surround-
ings. Thus, the more efficient conduction of heat

through the thin-wall tubing is counteracted by the
larger diameter and greater surface area of conven-
tional (1/16" O.D.) tubing. Our observations suggest
that the surface area presented to the heated medium
in acirculating-air oven primarily determines the rate
of heat transfer; see aso the related discussion of
Ref. [25] for capillary electrophoresis.

Limited experiments with the block heater yielded
values of B that appear to vary with flow-rate. For
0.010" 1.D., 1/16" O.D. stainless tubing with lengths
of 10-50 cm, values of B were obtained as follows:
for F=1, B=0.05+0.025; for F=2, B=0.08+0.04;
for F=3, B=0.10+0.04; for F=4, B=0.12=0.04.
The relatively poor precision of values of B probably
reflects variation in the thermal contact between
heated block and tube. A further factor was the need
for unheated plumbing connections. In any case,
these values of B are larger than the values of Table
4 for a circulating-air oven by 2- to 5-fold. This is
understandable in terms of the more efficient conduc-
tion of heat from oven to solvent by metal-to-metal
contact in the block heater (vs. air-to-metal contact in
an air oven). The efficiency of heat transfer should
be strongly affected by how well the pre-heat coil
contacts the heated metal block; see aso the discus-
sion of Ref. [13].

4.3.3. Extra-column band broadening caused by
the solvent pre-heat tube

A good discussion of extra-column band broaden-
ing as a result of LC connecting tubing is provided
by Ref. [26]. The extra-column band broadening W,
is proportional to tube length L, and the fourth power
of tube internal diameter. For N=10000 and a
column dead-volume V, =15 ml (eg. for a 150X
4.6-mm column), a 3-cm length of 0.020"-1.D. tubing
should not significantly increase band widths [27].
For smaller-1.D. tubing, extra-column band broaden-
ing is much less significant; L, can be increased as
the inverse ratio of tube 1.D. to the fourth power. For
example, tube lengths of 7.5 m (0.005" 1.D.) and 50
cm (0.010” 1.D.) should be acceptable in terms of
extra-column effects. Experiments were carried out
with and without the addition of a 50-cm length
0.010" 1.D. tubing, to see if a measurable increase in
band width could be observed (2.0 ml/min, other
conditions as in Fig. 3. Within experimenta error,
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Fig. 7. Verification of Eq. (3) for thermal equilibration in a pre-heat tube. Conditions: system A, circulating-air oven, 1/16" O.D. stainless
steel tubing with internal diameters as shown in the legend; flow-rates of 1-4 ml/min, and tube lengths of 50—150 cm. (a) Incoming solvent
temperature T, =24°C, oven temperature T,=35°C; (b) T, =25°C, T,=55°C; (c) T, =24°C, T,=75°C. Units of (L/F) are min/ cm’.
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Table 4

Heat gain efficiency of 1/16” O.D. pre-heat tubes as a function of temperature differential in circulating air oven: summary of data of Fig. 7

Data source Incoming solvent (°C) Oven (°C) B (min/cm?) in Eq. (3)
Fig. 7a 24 35 0.026

Fig. 7b 25 55 0.025

Fig. 7c 24 75 0.025

Table 5

Comparison of heat gain efficiency of various preheating arrangements

Type of pre-heat tube/oven B/B,”
PEEK (1/16" O.D.)/circulating air oven 0.7
Thin-wall stainless (0.020” O.D.)/circulating air oven 0.7
Stainless (1/16” O.D.)/block heater oven 2-5°

B in Eq. (3) for indicated arrangement (e.g. PEEK tubing) divided by B = B, for 1/16” O.D. stainless steel tubing in circulating-air oven

(value from Table 4).

®B/B, varies with flow-rate: B/B, =2 for F = 1; B/B, =5 for F = 4.

the addition of this tubing length resulted in no
change in band width for the present sample.

4.34. Recommended pre-heating tube dimensions
for different conditions

Based on Eq. (3) with B=0.025, it is possible to
estimate minimum lengths of pre-heat tubing that
will avoid significant band broadening due to cold
incoming solvent (Table 6). In order to minimize
extra-column band broadening, the smallest possible
tube 1.D. is recommended (e.g. 0.005—-0.007"). It is

Table 6

Recommended lengths of 1/16” O.D. stainless steel pre-heat
tubing for various temperature differentials and flow-rates in a
circulating-air oven®

T,-T,(°C)° Recommended length of tubing (crm)®
F=1¢ F=2° F=4°
10 9(2) 18 (6) 36 (26)
30 28 (4) 56(14) 112 (56)
50 37 (3) 74(13) 147 (52)
70 43 (3) 86(12) 172 (50)

# Assumes connection to a 150X 4.6-mm column packed with
5-pum particles at 2 ml/min. Values for identical tubing in a block
heater are 0.2-0.5 as large. Tubing |.D. does not affect these
values, but small 1.D. values are preferred in order to minimize
extra-column band broadening (e.g. 0.005” 1.D.), while wider |.D.
tubing may be required at high flow-rates in order to avoid
excessive pressures.

® Oven temperature T, minus ambient temperature T,.

“Maximum tube pressure in atm (see text).

“ Flowrate in ml/min.

also advisable to use an in-line 0.5-pm porosity filter
to prevent blockage of narrow pre-heat tubes. Shorter
pre-heat tubes can be used for lower flow-rates (<2
ml/min), and shorter (<150 mm) or smaller-1.D.
(<4.6 mm) columns. Estimated maximum pressure
drop values (atm) for the pre-heat tubing of Table 6
are given in parentheses, based on the use of 50%
methanol /water as mobile phase and 0.005" 1.D.
tubing. For flow-rates >2 ml/min, it may be desir-
able to substitute 0.007"-1.D. tubing, which would
reduce these pressure drop values of Table 6 by
75%. Note that the tube lengths of Table 6 are very
likely affected by the design of the forced-air oven,
so that these values may change when ovens other
than the one used here are employed.

4.4. Minimizing problems in method transfer for
non-ambient oven temperatures

The preceding discussion and quantitative relation-
ships as regard solvent preheating apply mainly for a
restricted set of experimental conditions: circulating-
air oven, 10% acetonitrile/buffer, and a 150 4.6-
mm column of 5-pm particles. The use of other
conditions should not seriously affect our following
recommendations, however, if differences highlig-
hted in Tables 3 and 5 are kept in mind. An actual
transfer of a method between LC systems A and B
(see Experimental section) will serve as illustration.
In this example, we can assume adequate solvent
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preheating for both systems. Our target (Fig. 83 was
a separation run on system A at an oven setpoint of
40°C. After completion of the run the column was
moved to system B, where two separations were
made at oven setpoints of 40 and 50°C with all other
conditions identical to those for the target separation.
System A was supplemented with a 50-cm long
1/16" O.D.<0.007" I.D. preheat tube (16 pl volume)
clamped in its block oven. System B used the
Shimadzu oven, which has a built-in preheat tube (10
wl). Despite the use of the same nominal setpoint
temperature, differences in average column tempera-
ture for systems A and B were not unexpected,
because the two systems are of different construc-
tion. In system A, a significant fraction of the

(a) Target separation

System A, 40° C ‘J

column's metal exterior is clamped to the heated
surface. In system B, there is no significant metal-to-
metal contact between heated surface and column.
Here, most of the heat transfer occurs from the
warmed solvent as it passes through the column.

Fig. 8b shows that the separation at 40°C on B is
not adequate (nor was the separation at 50°C, not
shown). Computer simulation based on data from
these two runs on B (Fig. 8c) predicted an excellent
match to the target separation at a setpoint for oven
B of 44.5°C. A final run on B set to 44.5°C gave the
separation in the lower trace of Fig. 8d, which agrees
closely with both the smulation of Fig. 8c and the
origina separation on system A (Fig. 8a).

The present rules for temperature control should

(b) Same separation
System B, 40° C

1

(c) Simulation

44.5°C
(d) Achieved separation
System B, 44.5° C k
N
o 2 a4 8 10 12 14 16 18

Time (min)

Fig. 8. lllustration of successful transfer of a separation method between LC systems using computer simulation (see text for details). All
conditions nominally identical in both systems, except oven temperatures set as indicated. (Step in baseline of (b) at 12.3 min due to reset of

detector zero.)
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be kept in mind at the beginning of method devel op-
ment. If column temperature is to be varied during
method development, the first step is to ensure that
solvent entering the column is within =6°C of the
oven temperature for all temperatures under consid-
eration. This can be determined by comparing col-
umn plate numbers for operation at the lowest vs.
highest temperatures. If values of N are decreased by
more than 10% at the higher temperature (especially
if accompanied by increase peak asymmetry), addi-
tional solvent pre-heating is probably beneficial.
Tables 5 and 6 provide guidelines for the addition of
pre-heat tubing within the oven, if necessary. Fol-
lowing this step, final conditions of temperature and
other variables can be determined during method
development.

When a method is transferred to a second LC
system (system B), the first consideration is to match
solvent and column temperatures so as to avoid
excess band broadening or peak distortion. If it is not
known whether system B can adequately pre-heat the
solvent, it is simplest to carry out the separation with
the same (nominal) conditions as for the origina
method. If plate numbers for later-eluting sample
bands are <80% of corresponding values in the
origina separation, incomplete thermal equilibration
of incoming solvent is the likely cause. Tables 5 and
6 provide guidance for the correction of this prob-
lem. If unacceptable differences in retention (and
resolution) are observed at this point, a second run
should be carried out where only temperature is
changed. The two runs will establish the dependence
of retention on temperature, alowing an adjustment
of the oven temperature to provide the same re-
tention with both systems. Thus, two runs can be
carried out with system B, with temperatures that
bracket the value of T specified by the method for
system A. Eq. (2) can be assumed to be valid over a
narrow range in T, thus allowing k for a critical
band i to be calculated as a function of T. A
measured temperature for system B can then be
determined which will give the same value of k for
band i with system B as for system A. Eqg. (2) can
also be used to derive

loga = A’ +B'/T, (4)

which is of the same form as Eq. (2). If « for one
band-pair i/j varies markedly with T, a similar

procedure can be used to select a value of T for
system B that gives the same value of « for i/j with
both systems. The latter procedure might be pre-
ferred when sample resolution is strongly dependent
on T, and where other conditions (%B, pH, etc.) are
not closely controlled between systems A and B.
Computer simulation (e.g. DryLab) can aso be used
in a similar way to more conveniently match re-
tention times for all bands between the two systems.

5. Conclusions

Column thermostatting devices from different
manufacturers vary widely in their design. As a
result, LC separations carried out at temperatures
much different from ambient (e.g. T>40°C) can be
quite different when one LC system is used in place
of another — as during method transfer (Fig. 8ab
provide an example). When the use of elevated
column temperatures is planned during method de-
velopment, it is advisable that the mobile phase
entering the column be adjusted to within =6°C of
the oven temperature. This will minimize additional
band broadening which can result from radial tem-
perature gradients within the column. Unless pro-
vided for by the LC system, it is recommended that
incoming solvent be routed through a suitable length
of 0.005-0.012"-1.D. (0.002—0.005 cm), 1/16"-O.D.
(0.16 cm) stainless steel tubing that is connected to
the column inlet and placed within the oven.

The ability of a pre-heat tube of given outer
diameter (O.D.) and type (e.g. SS vs. PEEK) to
adjust solvent temperature appears to be similar for
different tube 1.D. values (0.005-0.012"). Since
extra-column band broadening increases as the fourth
power of tube I.D., the smallest possible tube I.D. is
recommended (0.005"), consistent with the pressure
drop across the tube. The heat transfer efficiency of a
stainless-steel (SS) pre-heat tube is two to five times
greater in a block heater (metal-to-metal contact)
than in a circulating-air oven (air-to-metal contact).
Recommended lengths of 1/16"-O.D. SS pre-heat
tubing for different flow-rates and (circulating-air)
oven temperatures are summarized in Table 6. It was
found that thin-wall (0.020" O.D.) SS tubing was less
effective than 1/16"-OD tubing for thermal transfer
to the mobile phase, presumably due to the more
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efficient heat collection by wider-diameter tubing
(having a greater surface area).

When a method is transferred to another LC
system, a similar provision for solvent pre-heating
must be made. Operating pressures>150 atm, as
when high flow-rates, small particles, or long col-
umns are used, may lead to further band broadening
as a result of frictional heating of the mobile phase.
In this case, it can be advantageous to lower the
temperature of the incoming solvent.

The average temperature of the column determines
retention and temperature-related selectivity, regard-
less of temperature gradients within the column.
Thus, the column does not need to be at complete
thermal equilibrium for repeatable retention when
using a different HPLC system (where thermal
equilibration may be less [or more] complete). As
long as excess band broadening due to cold incoming
solvent or frictional heating is minimized (by adjust-
ing the temperature of incoming solvent), adjustment
of the oven temperature to provide the same average
column temperature can ensure the same sample
retention when a method is transferred from one
HPLC equipment to another. This adjustment of
average column temperature can be simplified by the
use of appropriate computer simulation software.

6. Definition list

AB,C coefficients in Egs. (1)—(3)

A-G labels for compounds in present sample;
see Experimental section

d, column packing particle diameter (jum)

D, solute diffusion coefficient (cm?/s)

F flow-rate (ml/min)

h reduced plate height, equal to H/d,

H plate height, equal to L/N (cm)

I.D. internal diameter

k solute retention factor

L column length (cm)

L, pre-heat tube length (cm)

LC liquid chromatography

O.D. outside diameter

RP-LC reversed-phase liquid chromatography

SS stainless steel

to column dead-time (min)

T temperature (°C)

Ty temperature in K

T,,T,, T, temperature, respectively, for ambient
conditions, mobile phase leaving the
pre-heat tube, and oven (°C) (Eqg. (3));
also, different values of T

ts retention time (min)

u linear velocity of mobile phase within
the column, equal to L/t,

vV, volume of mobile phase within the
column

W, width of a band due to extra-column
effects; specifically, the width of a small
injected volume after passing through
the pre-heat tube (min)

W, 5 bandwidth at half height (min)

X fractional heating of mobile phase in the
pre-heat tube, equal to (T, — T,)/(T; —
T)

a separation factor

0 obstruction factor for reduction of D,,, by
column packing

AP pressure drop across the column (psi)

v reduced velocity, equal to ud,/D,,
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Appendix A. Heat transfer in a pre-heat tube

Symbols used in this section are defined within the
section and may differ from the symbols of the
Definition list.

A.1 Introduction

The heat transfer for a circular tube used as a
pre-column mobile phase heater is analyzed here,
using relationships from Ref. [28]; see Fig. 9. An
outer flow of hot air with a temperature of T, (K)
flows across a tube normal to the tube axis. Mobile
phase enters the tube with a mean inlet temperature
of T..;, picks up heat as it travels through the tube,
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v,

air

air velocity

T; mobile phase
inlet
temperature

1 mobile phase
mass flow rate or
F volume flow rate

T, mobile phase
outlet
temperature

(P = perimeter = nD)

D, inside diameter

kb tube wall thermal

conductivity

Fig. 9. Schematic representation of mobile phase heating in a pre-heat tube.

and exits with a mean outlet temperature, T, ,. We
wish to know how the outlet temperature depends on
the system variables: (i) the dimensions and material
of the tube, (ii) the inlet temperature, flow-rate, and
physical properties of the mobile phase, and (iii) the
temperature and flow-rate of the air.

A.2. Heat transfer inside a tube

The form of Newton's law of cooling that applies
to flow through a tube is:

q'= h(Ts - Tm) (A1)

where q” is the convective heat flux (W/m?) or rate
of heat transfer per unit area, and T, and T,,, refer to
surface and mean fluid temperatures, respectively.
The constant of proportionality h (W/m?-K) is the
convection heat transfer coefficient.

Applying the principal of conservation of energy
for any differential (infinitessimal) control volume
along the tube axis, the convective heat flux to the
fluid (i.e. mobile phase) must equal the rate at which
the fluid thermal energy increases, assuming no net
work is done in moving the fluid though the tube.
Thus the differential convective heat flux is:

dg’ = hne,dT,, (A.2)

where ¢, (J/kg-K) is the specific heat at constant
pressure, and m is the mass flow-rate (kg/s).

The mean temperature as a function of tube length
is:
dT,, q'P P

X e e h(T,— T,) (A.3)

where P is the inside perimeter of the tube. From this
we can determine the mean temperature, T, , as a
function of tube length.

Further analysis is related to the convective heat
transfer coefficient, h, which in turn depends on the
surface thermal conditions, i.e. whether the surface is
at constant surface heat flux or at constant surface
temperature. We will assume a constant surface
temperature of the tube wall, although these con-
ditions do not strictly exist in the present experimen-
tal system. Some parts of the pre-heat tubing were
exposed to air that had already passed over other
parts of the tubing. Air temperature around the
second-pass tubing was measured and found to be
lower than the incoming air from the heating coils.
The constant temperature case allows for a tractable
analysis that should provide at least a qualitative
interpretation of the experimental observations.

Define AT as T,—T,,, the difference between the
surface temperature and the mean fluid temperature.
By separating variables, integrating from tube inlet
to outlet, and using the definition of the average heat
transfer coefficient, h, Eqg. (A.3) leads to:

m?
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AT, Ts—To, PL —
AT T T - &P ~ e h (A4)
i s m,i p

A.3. Heat transfer for the complete system. air to
tube wall to fluid

Consider now the system at hand, in which the
heat must transfer not just from the internal surface
of the tube to the mobile phase, but also from
external air flowing normal to the tube axis. Next,
substitute for h in Eq. (A.4) an overall average heat
transfer coefficient, U, that is the sum of the three
individual heat transfer coefficients: convection from
air to tube outer surface, conduction through the tube
wall, and convection from tube inner surface to fluid.
Also, substitute the free-stream air temperature, T,
for the tube inner wall surface temperature, T..

AT, PL —
A—Ti_eXp _mC—pU (A.5)

We define this quotient as the temperature fractional
error x:

. ATO Tair - Tm,o
fractional error x = AT, " Ta =T,
B outlet error AG
" inlet error (A-6)

If the air temperature is the desired temperature for
the fluid, then AT, is the outlet fluid temperature

error, and AT, is the inlet fluid temperature error.
Rearranging, substituting, and using the volume
flow-rate, F, instead of the mass flow-rate;

PL — KPU\ /L
|nX=—ﬁU=—< c >(E> (A7)

p

Eqg. (A.7) appears to have a reasonable form, as it
predicts that the fractional error will become smaller
with increased length and decreased fluid flow-rate.
The outlet error as a fraction of the inlet error decays
exponentially with tube length, going from a quantity
of 1 at the inlet to O at the outlet of a tube that is
long enough to achieve therma equilibrium. The
longer the tube, the smaller the temperature differ-
ence between air and emerging fluid. This is illus-
trated in Fig. 10. Eq. (A.7) lets us plot Inx as a
function of the quotient L/F. But we must know the
expression for the average overal heat transfer
coefficient, U, which is the sum of three terms:
U =[air—tube convection term] +[tube wall conduc-
tion term] + [tube—fluid convection term]. Heat trans-
fer theory predicts that these terms have the follow-
ing form:

J:{[DD—E] | (z)ne ]+ [hi] }(;.8)

where D, is the outside diameter (m) of the tube, D,
is the inside diameter, h, is the average hest transfer

| ___airtemperature

T, air

% AT;=T,,-T;= inlet error
= |

b=

&,

=

()

=

AT,=T,,-T,= outlet error

-- T, fluid outlet
temperature
at length L

0 Tube Length

L

Fig. 10. Mean fluid temperature vs. length of the pre-heater tube (see Appendix A for details). The ratio AT, /AT, is defined as the fractional

error. It is 1 at the inlet and approaches O for long tubes.
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Fig. 11. Theoretical calculations vs. experimental results. The three theoretical plots are for the following conditions. All theoretical inside
diameters are 0.010 inches. Solid line=1 m/s air, 0.063-inches O.D. tube; long dashed line=0.01 m/s air, 0.063-inches O.D. tube; short
dashed line=1 m/s air, 0.020-inches O.D. tube. The experimental data, plotted as solid circles, was for tubing of 0.063-inches O.D. and I.D.
of 0.005 and 0.012 inches (there being no measurable difference between the inside diameters).

coefficient at the air—tube boundary, and h; is the
average hesat transfer coefficient in the fluid, and k,
is the thermal conductivity of water, assumed to be
the fluid in this analysis. Calculation of the tube wall
term is straightforward. The other two terms require
determining the heat transfer coefficients for both
boundaries. h, is determined using equations that
include the Nusselt numbers determined from em-
pirical engineering data for this type of system. h,
can also be found from equations. The calculations,
not shown here, are based on the equation of
Churchill and Bernstein ([28]; also p. 413 of Ref.
[29]).

A.4. Results of theoretical calculations

Fig. 11 plots experimental data and theoretical
calculations using a log form of Eg. (A.7). Compar-
ing the two sets of curves, and assuming the theory
applies, the experimental data implies an oven air
velocity of ~0.01 m/s. The air velocity was not
measured, but estimated to be at least 0.1 m/s. This

means that, as we have aready suggested, the
theoretical model is inadequate. At the very least, the
assumption of constant surface temperature is in-
appropriate. However, there is agreement between
theory and observation as to the general relationship
between the fractional error and the tube length and
mobile phase flow-rate. The form of the equation
found for the experimental data (Eg. (3)) agrees with
that of Eq. (A.7). Furthermore, calculations based on
Eg. (A.7) (not shown here) predict a significant
dependence of heating efficiency on tube O.D. This
is consistent with our experimental observations.
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