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We report upon the experimental investigation of the heat transfer in low thermal mass LC (LTMLC)
systems, used under temperature gradient conditions. The influence of the temperature ramp, the cap-
illary dimensions, the material selection and the chromatographic conditions on the radial temperature
gradients formed when applying a temperature ramp were investigated by a numerical model and veri-
fied with experimental temperature measurements. It was found that the radial temperature gradients
scale linearly with the heating rate, quadratically with the radius of the capillary and inversely to the
thermal diffusivity. Because of the thermal radial gradients in the liquid zone inside the capillary lead to
radial viscosity and velocity gradients, they form an additional source of dispersion for the solutes. For a
temperature ramp of 1 K/s and a strong temperature dependence of the retention of small molecules, the
model predicts that narrow-bore columns (i.d. 2.1 mm) can be used. For a temperature ramp of 10K/s,
the maximal inner diameter is of the order of 1 mm before a substantial increase in dispersion occurs.
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1. Introduction

All current trends in LC aim at obtaining faster separations and
higher resolutions. The evolution in LC equipment and techniques
includes the use of smaller particles [1,2] and the consequent use of
higher pressures [3], the reduction of extra-column band broaden-
ing [4] and the use of high temperature-LC (HTLC) [5-8]. The latter
has been introduced because both the mobile phase viscosity and
theretention decrease with increasing temperature, allowing faster
separations and the enhancement of diffusion at higher tempera-
tures leads to an increase in efficiency in the high linear velocity
range.

The use of higher temperatures however also has some dis-
advantages. Stationary phases such as the traditional C;g coated
Si-particles are not thermally stable at high temperatures and a
significant decrease of performance over time can be noted. The
development of new stationary phases is in full progress and sta-
ble packing materials for temperatures up to 200°C have been
reported [9,10]. Also the thermal environment of the column is of
major importance and has a large influence on the column effi-
ciency. The mobile phase has to be pre-heated in order to avoid
thermal mismatch between the entering liquid and the column
temperature. This would induce thermal gradients and leads to

* Corresponding author. Tel.: +32 02 629 32 51; fax: +32 02 629 32 48.
E-mail address: gedesmet@vub.ac.be (G. Desmet).

0021-9673/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2011.02.023

radial trans-column viscosity and velocity gradients, enhancing the
dispersion of solutes [11,12]. Wolcott et al. reported that a thermal
mismatch larger than 6 °C will lead to an excessive contribution to
band broadening for a 4.6 mm i.d. column [13]. Besides the mobile
phase pre-heating issue, the thermal boundary conditions of the
column also play an important role. When the column wall is kept
isothermal (e.g., in a water bath), radial temperature gradients will
be formed when the column is not in thermal equilibrium with its
environment, leading to the development of a radial trans-column
velocity profile, in turn introducing a drastic drop in column effi-
ciency [11,14,15]. When the column is operated adiabatically (e.g.,
insulated column wall), mainly axial temperature gradients will
be formed and only a minor decrease in column efficiency will be
observed [16,17]. The higher temperatures at the end of the col-
umn however might result in some loss of retention capacity. In
practice, still- or forced-air ovens are used and the thermal state of
the column lies between the isothermal and adiabatic case [16].

Another well-known way to improve the separation resolution
in chromatography is the use of gradient elutions, such as gradient
elution in LC and temperature programming in GC. In reversed-
phase LC, the retention and selectivity are modulated with a solvent
gradient which starts with a weak solvent after which the retention
of the solutes is decreased by gradually adding more organic mod-
ifier to obtain a stronger solvent [18]. Equivalently, temperature
programming in GC is obtained by increasing the column tem-
perature during the analysis run and the retention will drastically
decrease with increasing temperature.
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In the early days of LC, temperature programming was scarcely
investigated because the retention and selectivity are less tem-
perature sensitive in the liquid phase compared to the gas phase
[19]. Additionally, columns of conventional wide- and normal-
bore dimensions have a high thermal mass and rapid temperature
changes will lead to radial thermal gradients, in turn known to
reduce the column efficiency. In the mid 1990s, Chen and Horvath
implemented temperature programming in LC, using a 180 wm i.d.
fused-silica capillary packed with 6 wm Cyg-silica particles to inves-
tigate the effect of temperature programming in a separation of
alkylbenzenes and in a separation of proteins [20]. The two modes
of anisocratic elution were compared and it was found that temper-
ature programming is only a weak alternative for gradient elution
because 50°C change in temperature only corresponded to 10%
change in acetonitrile (alkylbenzenes, range: 30-80°C). Guillarme
etal.showed similar results, showing that the shift in retention time
induced by an increase of temperature of 30-50°C can already be
achieved by a modest 10% increase of organic fraction [6]. How-
ever, Chen and Horvath proposed that the use of temperature
programming in combination with gradient elution could be used
to fine-tune the retention and increase the resolution of closely
related macromolecules such as the proteins.

A recent example by Vanhoenacker and Sandra showed that a
mixture of ten triazine and ten phenylurea pesticides could only
be baseline separated with the use of temperature programming
supplementary to gradient elution [10]; other examples of the use
of temperature programming can be found in [21-24]. The advan-
tages of the combined use of gradient elution and temperature
programming were also pointed out by Djordjevic and co-workers
[25] and by the group of Nikitas and Pappa-Louisi who discussed
the simultaneous optimization of the elution gradient and the tem-
perature program [26-28]. Applications in diverse domains such as
the separation of polymers, pharmaceuticals, environmental anal-
yses, structural isomers, peptides, proteins and nucleotides have
been demonstrated by numerous groups [29-34].

In practice, most setups use a GC or LC oven for temperature
programming [21], but other instrumentation can be found in lit-
erature, such as the Polaratherm™ oven [35] or the HT-HPLC 200
Column Oven™ [36], circulating baths, block-heating ovens or
heating tapes [35-39]. The custom built LC-programmable oven
from Spark Holland is equipped with Peltier elements for negative
temperature programming, but a poor cooling capacity is reported
[40]. The main drawback of these different ovens and setups is
that they are limited to temperature ramps of 30°C/min [35,36]
because the degree of heating depends on how fast the air/liquid
canbe heated in a GCoven/heating bath, or on the quality of thermal
contact with the column in a heating block oven.

A novel design of a GC heating module was recently introduced
where a nickel wire is wounded around the GC capillary column for
resistive heating [41,42]. The low thermal mass of the setup and the
principle of resistive wire heating were able to deliver temperature
ramps up to 1800°C/min with a high accuracy, as well as cooling
rates up to 400 °C/min for a capillary of 100 pum i.d. and 2 m length.
Additionally, low power consumption and a very good repeatabil-
ity (retention time precision and area count) were reported. This
technique was extended and implemented for LC where the fused
silica capillary column is inserted into an aluminium tube that is
resistively heated and controlled by a Low Thermal Mass (LTM)
assembly [23]. To facilitate the heat transport through the cap-
illary column, no polymer or metal capillaries were considered
due to their low thermal conductivity and/or high thermal mass.
For a packed silica capillary column with an inner diameter of
500 wm, temperature ramps up to 1800 °C/min and cooling rates
of 100-200 °C/min were obtained. This setup also allows different
columns to be changed very rapidly (in contrast to the LTMGC mod-
ule), as long as the inner diameter of the aluminium heating sleeve

exceeds the outer diameter of the silica column. The potential of the
Low-Thermal Mass-LC (LTMLC) technology for fast and ultra-fast
separations has been shown in [23] for a number of analyte classes.

The aim of the present study is to study the heat transfer in the
current LTMLC setup and to investigate whether it can be improved.
To fully understand the effects of different parameters such as
the geometry, temperature ramp, flow rate, mobile phase pre-
heating and material selection, the heat transfer equations were
numerically solved and the results were validated by experimen-
tal measurements of the temperature of the liquid at the capillary’s
outlet. The present contribution also discusses the scaling-up of the
system and investigates the influence of the capillary’s inner diam-
eter, mobile phase solvent and the temperature ramp on the radial
temperature profiles in the column and their contribution to the
extra band broadening.

2. Theoretical framework

2.1. Analytical temperature distribution in an infinitely long
cylinder with heated outer wall

The most simplified model one can conceive of to represent
the LTMLC-system consists of an infinitely long cylinder with uni-
form properties and a heated outer wall (schematically represented
in Fig. 1a). In this crude approximation of the true annular layer
structure of the LTMLC-system (see Fig. 1b for a more detailed cross-
section), the heat conduction properties of the different material
layers are lumped into one single “black box” material. In addition,
the cylinder model also neglects the axial flow through the system.
Nevertheless, as will become clear in Section 4, the infinitely long
cylinder model provides a good first principles insight into the real
problem. The main advantage of the model is that it is amenable to
an analytical solution for the radial temperature distribution one
can expect as a response to a process wherein the outer cylinder
wall is heated at a constant temperature ramp S (K/s). This solution

is given by [43]:
R —rz 70()\2 ]o(r)nn)
) Z A3 J1(Rhn) W

wherein A, = {n /R and &, is the nth root of Jo(£r) =0, which can be
calculated with standard numerical methods or found in [44,45]. o
(m?/s)is the thermal diffusivity of the material, which is the ratio of
the thermal conductivity coefficient A (W/m K) to the thermal mass
Cpy (J/m3K). Tg is the uniform initial temperature of the cylinder
with outer radius R. Eq. (1) is only valid for a cylinder in which the
axial flow can be neglected.

T(r)=To+p <t

2.2. Band broadening due to thermal effects

The heating of the capillary’s wall imposes a radial temperature
gradient in the liquid which leads to a radial viscosity gradient,
which in turn leads to a radial velocity gradient and thus to an addi-
tional source of band broadening [11,14,15,46,47]. In the present
study, the viscosity profile was calculated from the known temper-
ature profile using the empirical Vogel equation [48-50]:

n(r) = n(T(r))

wherein 5 is the viscosity in Pas. For water, the coefficients A,
B and C equal 2.414 x 10~ Pas, 247.8K and 140K respectively
[51]. For methanol and acetonitrile, the coefficients are obtained
from the fitted data in [52]. For methanol, the coefficients equal
7.463 x 104 Pas, 547.3 Kand 4.4 K respectively and for acetonitrile,
the coefficients equal 1.120 x 103 Pa's, 528.8 Kand —59.5 K respec-
tively. Assuming a linear inverse relationship between viscosity

— A10(B/(T(1)-C)) (2)
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Fig. 1. (a) Schematic drawing of infinitely long cylinder model (simplified model). (b) Schematic layout consisting of the detailed three layer-model ((1) air/thermal paste;
(2) silica; (3) open tube/packed column) with finite length. The arrows indicate how the heat is transferred by convection (blue arrows, axial) and by conduction (red arrows,
axial and radial). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

and velocity, the unretained velocity profile ug(r) can be directly
calculated from the known viscosity profile [53]:

Nwall
n(r)

uo(r) = Uo,wall (3)
wherein ug ) is the unretained velocity near the wall of the liquid
and 7y, is the viscosity corresponding to Ty .-

The dependency of the retention coefficient on temperature is
given by the Van't Hoff equation [5,6]:

SR, 2% 1)

Ln(k(r) = R+ T

(4)

wherein k is the retention coefficient, AHg and ASg are the reten-
tion enthalpy and entropy, ¢ is the mobile phase fraction and Rg is
the universal gas constant. Considering the retention entropy inde-
pendent of temperature, Eq. (4) can be rewritten and the velocity
profile of a retained component ug can be calculated:

K(T(r)) = Ky exp (ARI:R (% - Tla“)) )
up(r)
U1 = T30 ”

kw is the retention factor at the capillary’s wall (T = Ty, ). Substitut-
ing Egs. (3)and (5) into Eq. (6), the velocity profile is known and the
long-time limit plate height contribution Hextra can be calculated

using the Aris-Taylor method [14,46,54]:
Moo = 2 (Bugm)® TG
xR URw — AUrm Drag

(7)

wherein Augy, is the difference between the mean velocity tgm,

and the velocity near the column wall ugy (Augm = fO][uR(y) -
Urw] 2y dy and y=r/riq), k is the geometrical Aris constant, D,q
is the radial diffusion coefficient (in the present study the value
10-'9m2/s was used) and riq is the inner radius of the cap-
illary/column. We refer the reader to [14,54] for a detailed
explanation on the calculation of Augy and «.

3. Experimental and numerical methods
3.1. Experimental methods and materials

Measurements were made with two fused silica capillaries
(purchased from Optronis GmbH, Kehl, Germany) with an inter-
nal diameter of 300 and 530 wm and an outer diameter of 665
and 680 m, respectively. The length of these capillaries was
20cm and thereby exceeding the length of the aluminium heat-
ing sleeve such that external tubing could easily be connected
to the capillary. Measurements were both made with open tube
capillaries and packed capillaries, which were slurry packed with
fully porous 10 pm Si-particles (Merck LiChrosorb, purchased from
Merck KGaA, Darmstadt, Germany). The particles were suspended
in a 50/50vol.% chloroform/iso-propanol solution and packed at
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Table 1
Physical and thermal properties of the materials and solvents used in the LTMLC-setup [55,56,65]. The calculations of the packed bed properties are described in Section
4.1.4.
o (kg/m?3) Gy (J/kgK) A (W/mK) Cpw (x 1073 J/m3 K) a (x 107 m?/s)
Fused Si 2196 703 1.48 1544 9.59
Air 1.164 1007 0.026 1.172 221.81
Thermal paste 2600 1530 10.0 3978 25.14
Open tube
H,0 997.0 4180 0.606 4167 1.45
ACN 785.7 2229 0.188 1751 1.07
MeOH 791.4 2531 0.202 2003 1.01
Packed bed, D=0.263, £ =0.40, dp =10 um, upg = 5.68 x 10~4m?/s
H,0 1917 1511 0.874 2897 3.02
ACN 1924 997 0.467 1918 2.44
MeOH 1924 1057 0.483 2034 2.38

a pressure of 300bars. The capillaries were mounted in an alu-
minium sleeve which could be resistively heated. The temperature
ramp of the sleeve was controlled by the capillary column tem-
perature control module LTM A68 (RVM Scientific, Santa Barbara,
CA). More details and specifications on this module can be found
in [23,41,42]. The aluminium sleeve itself was insulated from the
environment with thermal insulation fiber. The heating sleeve had
a length of 15cm and an inner diameter of 790 wm, leading to
an air gap between the inner surface of the heating sleeve and
the outer surface of the capillary. To study the enhancement in
the heat transfer across this air gap, it was filled up with ther-
mal grease Keratherm® KP92 (Kerafol, Eschenbach, Germany). The
thermal paste had a thermal conductivity of 10.0 W/mK, a density
of 2600 kg/m3 and a heat capacity of 1530]/kg K was reported for
silicon-based thermal paste [55,56].

An Agilent Capillary LC 1100 system (Agilent Technologies,
Waldbronn, Germany) was used to pump HPLC grade water, pre-
pared using a Milli-Q gradient (Millipore, Bedfast, MA, USA) water
purification system and stored at room temperature. Flow rates
were ranging between 1 and 20 p.l/min.

Temperatures were measured with  sub-miniature
chromel/alumel thermocouples with a diameter of 250 wm (type
K, part no. B200, ThermoElectric, Waddinxveen, The Netherlands).
The average liquid temperature inside the capillary was measured
by inserting the thermocouple in the capillary, far enough to
ensure that the thermocouple was positioned in a region where
the heating sleeve surrounded the capillary and where the effects
of the end zone of the heating sleeve were negligible. The tem-
perature of the aluminium sleeve was measured by placing a
thermocouple between the aluminium sleeve and the thermal
insulation. The thermocouples were connected to a 24-bit NI 9211
thermocouple input module (National Instruments, Zaventem,
Belgium) and the temperature signals were read-out using NI
LabVIEW SignalExpress at a frequency of 2 Hz. The thermocouples
were calibrated at 25, 50, 75 and 100 °C using a GC-oven (Agilent
Technologies, Waldbronn, Germany).

All programmed temperature profiles applied by the LTM heat-
ing module consisted of the following subsequent segments: an
isothermal segment of 1 min at 30°C, heatingup at 1, 2,5 or 10K/s
up to 90°C. The setup is then kept isothermal at 90°C for 5min
and cooled down to 30 °C by natural convection. This temperature
profile has been repeated three times per measurement. The mea-
sured data from these individual repeats was shifted in time to
align the starting points so that a maximal correlation between all
three repeats is obtained, after which the three repeats were aver-
aged out. The measured temperatures from the three repeats had
an average RSD « 1% and the three measurements had a maximal
RSD during the heating segment of 1% for low temperature ramps
(1K/s) and 10% for high temperature ramps (10K/s), showing the
more delicate heating control at high temperature ramps.

3.2. Numerical model and validation of the employed numerical
solution methods

To account for the effects that may be missed by the infinitely
long cylinder model presented in Fig. 1a and Section 2.1, a more
detailed model of the current LTMLC-setup has been built and
numerical calculation procedures have been used to investigate its
heat transfer properties. The model is shown in Fig. 1b and still
constitutes a simplification of the reality, for example because the
air layer surrounding the capillary is assumed to be axi-symmetric,
whereas this is clearly not the case in reality. The model has how-
ever been kept axi-symmetric to keep the computational effort
within practically reasonable limits. Fig. 1b, also showing the
adopted discretization scheme, represents the LTMLC-setup as an
axi-symmetrical annular structure, consisting of three layers: an
air layer between the heating sleeve and the capillary, the wall of
the capillary (silica layer) and the liquid layer (open tube or packed
bed) inside the capillary. The aluminium heating sleeve is reduced
to only one row of cells (merely used to impose the applied tem-
perature ramp), because the outer surface of the aluminium sleeve
is resistively heated and it is reasonable to assume that only very
small temperature gradients will be formed between the outer and
inner surface of the heating sleeve. Also the heat loss to the envi-
ronment is minimized by insulating the outer surface of the heating
sleeve.

The heat transfer equation given by Egs. (8) and (9), shows the
different contributions of heat storage, heat convection and axial
and radial heat conduction in an infinitesimal thin cylinder layer:

(8)

oT T Aax BT  Apad <32T 18T)

a MRt e e T ol \aE Trar

or in the discretized form, using the same indexing as in Fig. 1b:

dTif Aax Aax Aax (T i— 2T+ T j)
J_ T Toy 2% Aax , , .
dt u(r)( i-1,j Hl’])vcell + Cow Veel dx
Arad Arad (Ti-j—1 — ZTiJ + Ti.j+1) 9)
Co.v Veenl dr

wherein u(r) is the trans-column velocity profile (parabolic for a
flow through an open tube and flat for a flow through a packed col-
umn). In the air and silica layer no flow occurs, and the convection
term can be discarded there. A;x and A;,q are the axial and radial
surfaces of the cell with a cell volume V). Gy is the volumetric
heat capacity of the material in question (air, silica or liquid) and
Aax and A,,q are the heat conduction coefficients of the material in
the axial and radial direction. In the present study, all media were
assumed to be isotropic. The values of the physical parameters used
in the simulations can be found in Table 1.



2256 M. Verstraeten et al. / J. Chromatogr. A 1218 (2011) 2252-2263

< 325
<
=
© 3201
[}
Qo
£
8
3154
3104
- T(r = rid,ave)
305 P 4 temperature measurement
""""""""" three layer-model (full line)
infinitely long cylinder model (dotted line)
300 1 1 1 1 1 ]
0 2 4 6 8 10 12
time(s)

Fig.2. Experimentally measured thermal response of the LTMLC-system ata heating
rate of 1.7 K/s, capillary i.d. 300 wm, o.d. 665 pum and water as solvent at a flow rate
of 3 wL/min. In overlay, the data from the infinitely long cylinder model (dotted line)
and the detailed three layer-model (full line) are plotted.

The following boundary conditions were employed:

-0 (10)
r=0

. . . T
Axi-symmetrical axis : %r

Adiabatic walls at the beginning and the end of the capillary:

ar =0 and ar =0 (11)
ox ax

x=0 X=Lcap
Non pre-heated mobile phase temperature : T = Ty (12)
Pre-heated mobile phase temperature : T = Ty + St (13)

The discretized heat transfer equations were numerically solved
using a 4th order Runge-Kutta scheme [45]. The cells have a length
dx of 20 wm (axial size) and a height dr of 5 wm for the liquid and
silica layer and a height dr of 10 um for the air layer (radial size).
The finite time step dt was taken 2 x 10~7 s. The number of cells
in the axial direction is 101 and the number of cells in the radial
direction corresponds with the capillary’s geometry (69 and 71 cells
for the capillary with outer diameter 665 and 680 p.m respectively).
The average temperature of the outflowing liquid was determined
using the following equation:

2 Tid

Tliq,ave = ﬁ/ T(r)rdr (14)
id /0

where ri4 is the radius of the liquid layer (the inner radius of the

capillary).

The analytical solution (Section 2.1) was used to validate the
results from the numerical model. For this purpose, a cylinder of
silica (radius of 250 wm, =1K/s, no flow) was simulated with
the above numerical model. A maximal error on T(,—g) - T{1=gy Of
2% existed between the analytical and the numerical result. This
error is acceptable, given the large degree of simplification in the
numerical model compared to the real LTMLC-setup.

4. Results and discussion

4.1. Heat transfer in the LTMLC-system: temperature
measurements and simulations

The thermal response of the LTMLC-system is shown in Fig. 2
for an open-tubular fused-silica capillary (i.d. 300 wm and o.d.
665 pm), taking water as the mobile phase (F=3 pL/min) and for
a temperature ramp of 8=1.7K/s. The figure shows the differ-
ence between the measured temperature of the heating sleeve
(indicated by T(R)) and the measured average liquid temperature

(indicated by T(r=riqave)), as well as the analytical solution of the
temperature distribution discussed in Section 2.1 (dotted line) and
the numerical results from the more detailed model discussed in
Section 3.2 (full line).

Fig. 2 shows that there is a certain delay (indicated by
tgelay-arrow) at the start of the temperature ramp between the tem-
perature increase of the liquid layer and the imposed temperature
increase at the heating sleeve. During this transient regime, the
setup is heated up but insufficient heat is transferred to the lig-
uid layer, leading to a continuously increasing difference between
the liquid temperature and the temperature of the heating sleeve.
After a certain time (further referred to as the lag time tj,g), the
thermal steady-state regime takes place wherein the whole LTMLC
setup including the liquid inside the capillary is heated up at the
same temperature ramp () as the heating sleeve, but with a given
temperature offset ATss as indicated by the arrow on Fig. 2. The
analytical expression of ATss can be derived from Eq. (1), because
this reduces in the long-time limit to:

R2 _ T2
4o
Subsequently integrating this difference across the cross-
sectional area accessible to the liquid (because the thermocouple
measures the average liquid temperature), the following expres-
sion is obtained for the temperature difference between the heated
outer wall and the liquid in the interior of the capillary:
2 2
R? —1/2r%

40 ymped

lim AT(r) = ATss(r) = (To + ft) — im T(r) = 8 (15)

t—o0

ATss = ,3 (16)

This expression shows that, according to the simplified infinitely
long cylinder model, the constant temperature offset can be
expected to depend linearly on the temperature ramp, quadrat-
ically on the cylinder’s radius and inversely on the thermal
diffusivity . The expressions also shows that a high heat conductiv-
ity and a low thermal mass increase the thermal diffusivity and will
thus decrease ATss(r). In the following sections, these predictions
will be compared with the experimental measurements.

To magnify the view on the temperature difference, the exper-
imentally obtained temperature responses are represented as the
temperature difference between the heating sleeve and the liquid,
rather than as the absolute temperature as was done in Fig. 2. Fig. 3
shows such a temperature difference plots for different tempera-
ture ramps. The reader will note that the 8=1.7 K/s-curve shown
in Fig. 3a is the AT-representation of the liquid phase temperature
curve already shown in Fig. 2. In all represented cases in Fig. 3, both
the measured and the simulated temperature responses display
a clear transient range, followed by a steady-state thermal offset
range. As can be noted, the steady-state thermal offset regime is
in the presently considered set-up always reached after approx-
imately 7s, independently of the heating rate (see tj,g-indication
on Fig. 3a). The simplified infinitely long cylinder model provides
an analytical expression for this lag time, defined here as the time
needed to reach, e.g., 99% of the thermal offset value ATs;s. Starting
from Eq. (1), and making the approximation that the second and
higher terms of the summation in Eq. (1) can be discarded (valid
since g“gh (&2) > {fh (£1)), the following expression for the lag time
is obtained:

2
f1ag(99% of ATss) = 1-”(0701)1?2 (17)
—a(2.405)
wherein 2.405 = {1, the 1st root of Jo({1)=0. Eq. (17) shows that the
time needed to reach the thermal steady state is only dependent
on the geometry of the setup (via R) and on the total ‘lumped’ heat
transfer parameter «, but is independent of the heating rate. The
latter is in agreement with the observation that can be made from
the experiments shown in Fig. 3.
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Fig. 3. Experimentally measured (red line) and simulated (blue line) temperature
difference between the heated wall and the liquid for heating rates of (a) 1.7 K/s and
2.7K/s and (b) 7.1K/s and 10.2 K/s respectively. Capillary i.d. 300 pm, o.d. 665 pm.
The capillary is used as open tube, the solvent is water at a flow rate of 3 wL/min. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Also in agreement with the theoretical expectations based on
Egs.(15)and (16), is that the temperature offset scales linearly with
the heating rate. This was qualitatively confirmed by the measure-
ments: ATss respectively increases with a factor 2.1 and 4.5 when
B increases with a factor 1.6 and 4.2. For very high temperature
ramps, the steady-state regime is not reached (see for example the
case shown in Fig. 3b), because the end-temperature of the cycle
(90°C in the present study) was already reached in about 6s at
10.2K/s, falling within the time to reach the steady-state thermal
offset regime. At the end of the applied temperature ramp, thus
when the end-temperature is reached and the heating sleeve is
kept isothermal, the temperature difference between the heating
sleeve and the liquid tends to zero again and the temperature of
the liquid shows a thermal response that is inverse to the transient
response at the start of the temperature ramp (data not shown).

Fig. 2 also shows good overlap between the measured ther-
mal response and the simulated or calculated temperature data.
Whereas the analytical expression is only a very simplified model
of the LTMLC-system and uses a ‘lumped’ heat transfer coefficient,
the more detailed numerical model employs the thermal properties
of the three material layers present in the LTMLC-system and can
be used to investigate the impact of these three layers in the setup.
In the numerical scheme shown in Fig. 1b, the setup was assumed
to be axi-symmetrical but in practice, the heating sleeve rests on
the capillary, making contact with the top side of the capillary and
leaving a larger gap at the bottom side. To account for this issue, the
thickness of the air gap was reduced to 25 pm (instead of 62.5 pum)
such that the numerical results corresponded well to the measured
average temperature for the four different considered heating rates.

Considering that the infinitely long cylinder solution is a model
wherein no axial temperature gradients occur, and considering that
this model already provides a good approximation to the mea-
sured temperature response (cf. Fig. 2), it can be concluded that the
LTMLC-system displays no significant axial temperature gradients.
This might seem in contradiction with the fact that the experi-
ments were conducted without mobile phase pre-heater, so that
one would expect the formation of an axial temperature gradient at
the capillary inlet (thermal inlet region) where the incoming liquid
is heated up by the first section of the heated silica capillary. How-
ever, it can be calculated that this inlet length is relatively small
compared to the total capillary length, so that the axial gradient
in the inlet region can indeed be neglected. Using the procedures
described in [6,57], it can be calculated that for a capillary with
the same dimensions as used in the present study (i.d. 300 and
530 wm; o.d. 665 and 680 p.m respectively), the length needed to
heat up the incoming liquid from 30 to 89.9°C (1% offset from
Tmax =90°C)is smaller than 1 mm for conventional capillary LC flow
rates (1-5 pL/min) and thus showing that the thermal impact of not
pre-heating the mobile phase is negligible for the common capillary
LC columns and conditions. In the numerical simulations conducted
with the finite, three-layer model shown in Fig. 1b, the entrance can
no longer be neglected (since the numerical model was only 2 mm
long) and the boundary condition of a pre-heated mobile phase was
used in the numerical model (cf. Eq. (13)).

Fig. 3 also shows that the measured temperature signal displays
a strong, periodic fluctuation. These are due to the non-perfect con-
trolling of the temperature ramp. The amplitude of the fluctuations
varies according to the heating rate, and where the fluctuations
are only 1K in amplitude for the measurement at 8=1.7K/s, they
increase up to 10K for a heating rate of 8=10.2K/s. The thermal
offset values are thus given by AT, =3.64+0.5 and 22.4+5°C for
heating rates of 8=1.7 and 10.2 K/s, showing that the contribution
of the fluctuations to the thermal offset is a moderate but acceptable
20%.

4.1.1. Effect of the capillary dimensions and mobile phase

Comparable results are shown in Fig. 4 for a wider capillary, i.e.,
one with ani.d. of 530 wm and an o.d. of 680 wm. The same conclu-
sions can be drawn as in Fig. 3: the transient thermal response,
being independent on the heating rate, is again followed by a
thermal steady-state which scales linearly with the heating rate.
Comparing with the results from Fig. 3, it can be noted that the
transient lag time is longer (9 s vs. 7 s) and that the thermal offset is
higher (5.5K vs. 3.6 K, 8=1.8K/s). Due to the larger inner diameter
of the capillary, the ratio H,O/Si of the setup is increased, leading
to a decrease of the ‘lumped’ thermal conductivity and an increase
in total thermal mass, which results in an overall increase of the
total resistance to heat transfer for the capillary dimensions used
in Fig. 4 compared to Fig. 3.

In addition to this, the mobile phase has a lower velocity (Fig. 4
vs. Fig. 3) since the flow rate in both capillaries was kept constant,
leading to a slight reduction of the heat transfer. However, in Sec-
tion 4.1.2, it is shown that this only marginally contributes to the
larger thermal offset.

Similar temperature profiles would be measured for methanol
or acetonitrile as solvent. Both the thermal conductivity and the
thermal mass of methanol and acetonitrile are lower compared to
water (see Table 1 for the physical and thermal properties of the
common LC solvents), leading to more or less comparable ther-
mal diffusivity: oo =1.45, 1.01 and 1.07 x 10~7 m?/s for respectively
water, methanol and acetonitrile. Numerical calculations with the
three-layer model predict for a temperature ramp of 1.7 K/s a tem-
perature offset of 3.8 K for a capillary with an i.d. 300 wm and o.d.
665 pum and 4.5K for the capillary with an i.d. 530 wm and o.d.
680 pm for the case of methanol. For acetonitrile, the temperature
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Fig. 4. Experimentally measured (red line) and simulated (blue line) temperature
difference between the heated wall and the liquid for heating rates of (a) 1.8 K/s and
2.8K/s and (b) 8.7 K/s and 11.6 K/s respectively. Capillary i.d. 530 wm, o.d. 680 pm.
The capillary is used as open tube, the solvent is water at a flow rate of 3 pL/min. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

offset is 3.7 K and 4.4 K respectively. Since the thermal conductiv-
ity, the density and the heat capacity of binary liquid mixtures can
be approximated by the average of the properties of its single com-
ponents (average weighted by the mass fractions), no big change
in thermal diffusivity can be expected during a methanol/water or
acetonitrile/water mobile phase gradient and one can hence expect
only a slightly increasing value of the thermal offset ATss during the
gradient, depending on the inner diameter of the capillary.

4.1.2. Effect of the mobile phase velocity

The temperature response in Figs. 3 and 4 was measured for a
flow rate of 3 wL/min. The heat transfer can be improved by increas-
ing the flow rate as shown in Fig. 5 (capillary i.d. 530 wm and o.d.
680 wm). For a flow rate of 20 p.L/min, a steady-state thermal offset
value of 3.2 K was measured and a corresponding lag time of 6.5s,
which is an improvement of 40% compared to the data shown in
Fig. 4 for a temperature ramp of 1.8 K/s (F=3 pL/min: ATss=5.5K
and tj,g=95s). For flow rates between 1 and 5 pL/min, which are
conventional flow rates for the capillary dimensions used in the
present study, the difference in thermal offset value AT isonly 1K,
falling within the amplitude of the fluctuations which are caused
by the non-perfect controlling of the temperature at low tempera-
ture ramps. Fig. 5 also shows that for no flow of the mobile phase
(dashed curve onFig.5),as is the case in the analytical solution elab-
orated in Section 2.1, the highest thermal offset can be expected.
Simulation results show a thermal offset value of ATss=5.8 Kand a
corresponding lag time of tj,; =9.55s, lying closely to the measured
thermal offset and lag time for a flow rate of 3 pL/min (ATss=5.5K
and tj,4 =9 s). Because of the higher mobile phase velocity, the heat
transfer by axial convection in the liquid layer increases (see Fig. 1b

M. Verstraeten et al. / . Chromatogr. A 1218 (2011) 2252-2263

g il 0 pL/min
g 1-5 pl/mi
g5 pL/min
: ) 10 pl/min
g ’ 20 pL/min
'_

2
1
(0] — ) ) ) Mlag,zopl.‘/min ¢t:as,3uumin . .
0 2 4 6 8 10 12 14 16
time(s)

Fig. 5. Experimentally measured (red line) and simulated (blue line) temperature
difference between the heated wall and the liquid for flow rates of 1, 3, 5, 10 and
20 pL/min (ordered in descending thermal offset). Capillary i.d. 530 pwm, 0.d. 680 pm.
The capillary is used as open tube with water as solvent. The temperature ramp is
1.8 K/s for the flow rates between 1 and 5 pL/min and 1.6 K/s for 10 and 20 p.L/min.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

and Egs. (8) and (9)), leading to an overall decrease of the heat
transfer resistance.

4.1.3. Effect of the air gap and the use of thermal paste

Due to the construction of the LTMLC-system, where a capillary
is slid in a heating sleeve, an air gap is inevitably formed between
the outer surface of the capillary and the inner surface of the heating
sleeve. The impact of the thickness of the air layer on the thermal
performance of the LTMLC-system is shown in Fig. 6a, where the
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Fig. 6. Temperature difference between wall and out flowing liquid, showing (a) the
influence of the thickness of the air layer and (b) the influence of thermal paste (blue:
air layer; red: thermal paste layer). Conditions: capillary i.d. 300 pwm, o.d. 665 pm,
B=1.7K|s, F=3 pL/min. The dashed line indicates the average steady state thermal
offset. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)



M. Verstraeten et al. / J. Chromatogr. A 1218 (2011) 2252-2263 2259

simulated temperature profiles are shown for various values of the
air layer thickness, ranging between 20 and 60 pm (same condi-
tions and capillary dimensions as in Fig. 3). As can be noted both
the steady-state thermal offset and the lag time increase strongly
with increasing air layer thickness. For an air layer thickness of
40 pm, the lag time is tj,; ~ 10's, much larger than the lag time of
7 s measured for an air layer of 25 um and equivalently the thermal
offset of ATss =5.0K for a thickness of 40 wm is larger than the 3.6 K
measured for a thickness of 25 pum.

Fig. 6a shows how sensitive the thermal response of the LTMLC-
systemis to the air gap between the capillary and the heating sleeve.
In the ideal situation, when no air layer exists, as is the case when
the outer diameter of the capillary equals the inner diameter of
the heating sleeve, a thermal offset value of ATss=0.2 K would be
obtained in a lag time of tj,; =0.4s. Even a slight air gap (20 wm,
Fig. 6a), which is in practice anyhow difficult to avoid, already
decreases the thermal performance of the LTMLC-setup. A possi-
ble way to circumvent the problematic heat transfer across the
air layer is to fill up the air gap with thermal paste which has a
very high thermal conductivity, but also a higher thermal mass.
The measured temperature profile is shown in Fig. 6b for a capil-
lary with and without thermal paste. An improvement of 1 K can be
noted (ATssp=2.5K and AT, = 3.6 K), but the minimal thermal
offset value (in the case of no air layer) is not reached because it
is difficult to apply the thermal paste homogeneously and without
the formation of air voids which lead to a reduced heat transfer.
More importantly, the thermal paste also induces a small but non-
negligible resistance to heat transfer and because the thermal paste
surrounds the capillary completely, the distance from the capil-
lary’s outer surface to the inner surface of the heating sleeve is
62.5 wm on both sides, whereas for the case of the air layer, the
capillary rests on the heating sleeve and an equivalent air layer
thickness of 25 wm was found.

The disadvantage of the thermal paste is its high thermal mass.
For fast temperature cycles or temperature pulses, it is hence more
advisable to minimize the thermal mass as much as possible and use
the setup with the air layer instead of the thermal paste. On the con-
trary, when a good temperature control of the liquid temperature
is wanted, the thermal paste should be inserted to minimize the
thermal offset and the lag time. Another advantage of the thermal
paste is the smaller amplitude of the fluctuations in the measured
temperature signal, as can clearly be noted from Fig. 6b. The smaller
sensitivity to temperature fluctuations of the thermal paste system
is due to its higher thermal mass.

Additionally, the thermal lag time might also be undesired when
a good temperature control of the liquid is wanted, because during
the lag time, the mobile phase is heated up at a lower temperature
ramp than the heating sleeve (cf. Fig. 2). When the lag time is not
excessive (small capillaries) and when only low temperature ramps
are applied, the thermal time lag can be circumvented by a delayed
injection. Instead of synchronising the injection and the start of
the temperature ramp, which goes, e.g., from 30°C to 90°C at a
temperature ramp of 1 K/s, the injection is now made 10 s later than
the start of temperature program which runs from 20°C to 90°C.
The injected molecules will still perceive the original temperature
program but the thermal time lag has been omitted (assuming that
tlag <10s) and the same temperature ramp as the heating sleeve is
already observed in the liquid layer at the moment of injection.

4.1.4. Effect of packing

Whereas the data shown in Figs. 2-6 only relate to open-tubular
columns, most capillary LC applications use packed capillaries,
filled with either particles or monoliths [58]. Fig. 7 compares the
temperature response between a capillary packed with 10 um bare
silica particles with that of an open-tubular capillary. Both capillar-
ieshad ani.d. of 530 wm and an o.d. of 680 pum and in both cases, the

(o)}
1

Open tube

Tsleeve - Tqu,ave (K)
w

3 L
27 Packed capillary
‘I L
0 tlag,PB\L l,tlag,OT
0 5 10 15 20 25 30
time (s)

Fig. 7. Measured temperature difference between wall and out flowing liquid for
an open tube (red) and a capillary packed with 10 wm silica particles (green). Con-
ditions: capillary i.d. 530 wm, o.d. 680 wm, thermal grease, f=1.8 K/s, F=3 pL/min.
The dashed line indicates the average steady state thermal offset. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

air gap was filled with thermal paste. As can be noted, the presence
of the silica particles reduces the thermal offset value from 4.3 K to
2.7K, while also the lag time reduces from 7 to 6.

The main reason for the improved thermal response of the
packed capillary is to be found in the increased thermal conduc-
tivity of the medium filling the capillary. The effective thermal
conductivity of a heterogeneous packed bed (Apg) composed of
porous particles impregnated with the mobile phase, can be
described with a two-component system as was proposed by
Zarichnyak and Novikov under no-flow conditions [59]:

Asi AH,0

—_ 18
Asi + AH,0 (18)

hpp(utpg = 0) = £2As; + (1 — &) hu,0 + 4(1 — €)

For a porosity of £ =0.40 and water as mobile phase liquid, the
packed bed has a thermal conductivity of 0.868 W/m K, which is an
increase of 43% compared to the pure mobile phase for an open
tube capillary under no-flow conditions. Similar results can be
obtained for acetonitrile or methanol as mobile phase. However,
for a packed bed, the velocity profile is not parabolic but is macro-
scopically described as a plug flow, i.e., a constant average velocity
over almost the complete cross-section of the capillary, but steeply
decreasing to zero at the inner surface of the capillary to preserve
the no-slip condition. When investigating the flow in a packed bed
on a microscopic scale, Eddy dispersion will be observed due to the
heterogeneous character of the packing structure and the local mix-
ing of different flow paths will increase the radial heat convection
(similar to radial dispersion in packed beds). The effective ther-
mal conductivity of the packed bed with a non-zero mobile phase
velocity can be calculated by [60]:

App = App(upp = 0) + DuppdpCp H,0 (19)

D is a constant related to the radial dispersion coefficient (Dupgdp)
and depends on the particle diameter. Extrapolating the measure-
ments from both Knox and Tallarek (D =0.064 for 64 wm particles
and D=0.3 for 5 wm particles [61,62]), a value of 0.263 was esti-
mated for the case of 10 wm particles, assuming a linear relation
between log(D) and dp [60]. An effective thermal conductivity of
0.874 W/m K was calculated for water as mobile phase, 10 um par-
ticles, a flow rate of 3 wL/min (upg=5.68 x 10~4m/s) and a bed
porosity of € =0.40. Comparing the static and dynamic thermal con-
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ductivity of the packed bed, it can be noted that the contribution of
the radial dispersion is very small (<1%) for the system under inves-
tigation. Table 1 shows similar results for acetonitrile and methanol
as mobile phase. Also the density and heat capacity of the packed
bed is shown in Table 1, calculated by the averaged properties of
the pure mobile phase liquid and silica (weighted by the mass frac-
tions). The thermal mass of the packed bed is also lower than that
of the corresponding liquid in an open tube, resulting in an over-
all decrease of the thermal diffusivity and (mainly) explaining the
improved heat transfer shown in Fig. 7.

4.2. Band broadening in the LTMLC-system

Because the temperature implied on the heating sleeve of
the LTMLC-system (Tjeeve = To + Bt) is higher than the tempera-
ture inside the setup, radial temperature gradients exist across
the LTMLC-setup and thus across the liquid layer resulting in the
dispersion of species.InSection 4.1, it was shown that after the ther-
mal lag time of the LTMLC-system, the same temperature ramp is
applied to the whole system but with a certain steady-state thermal
offset between the wall and the interior of the capillary. It was also
shown that the shape and the amplitude of the temperature gra-
dients across each layer of the LTMLC-setup will remain constant
in the steady-state regime, even though the temperature inside
the liquid layer constantly changes (cf. Fig. 2). As a consequence,
the temperature gradients across the different layers will not influ-
ence each other and the infinitely long cylinder model will provide
a good estimate for the steady-state radial temperature gradient
in the liquid layer. Doing so, it should be remarked that Eq. (15)
should be modified such that only the temperature gradient across
the liquid zone (open tube or packed bed) is taken into account:

r2
ATliq[ = Twall,liq — laxis,liq = ﬁ (20)

Fig. 8a shows the maximal radial temperature difference val-
ues ATy, calculated via Eq. (20) for a packed bed capillary filled
with either water (full lines), acetonitrile (dash-dotted lines) or
methanol (dotted lines) and for different temperature ramps
(employed properties of the packed bed are given in Table 1). As can
be noted, the ATjjq-values obtained for acetonitrile lie close to those
obtained for methanol because both solvents have approximately
the same thermal diffusivity and therefore the same temperature
gradients are formed in the liquid layer. In full agreement with
Eq. (20), all represented ATjjq-values show a quadratic depen-
dency on the inner diameter and are linearly proportional with
the temperature ramp f. Fig. 8a for example shows that (for the
case of water as solvent) a radial temperature difference of 0.9 K is
obtained for a narrow-bore column of 2.1 mm for 8=1K/s, whereas
the same ATjq=0.9K is already achieved with a column diame-
ter of about 660 wm when the temperature ramp is increased to
B=10K/s (maximal column diameter scales according to square
root of R, corresponding to a factor ~/10 in the present case). Simi-
larly, a gradient of ATj;q =0.2 Kis found for 8=1K/s in a micro-bore
column of 1 mm, whereas a ATj;q=2.1Kis found when a tempera-
ture ramp of 8=10K/s would be for the same column (ATj;q scales
linearly with 8 according to Eq. (15)).

Subsequently taking the ATj;q-values and using them in Egs.
(2)-(7) to calculate the accompanying expected additional band
broadening (represented as an additional plate height contribution
Hextra), the values shown in Fig. 8b—d are obtained. Fig. 8b compares
the case of a packed bed filled with water (full lines) with one filled
with methanol (dotted lines). Fig. 8c compares the expected band
broadening in water (full lines) with that in acetonitrile (dotted
lines).In Fig. 8b and c, the data were calculated for the case of a small
molecule with a strong retention enthalpy (AHg = —15 kJ/mol). The
effect of the retention enthalpy is represented in Fig. 8d.

The thus obtained relations between Hexira and the capillary
diameter all display the same trend: for small inner diameters, the
expected band broadening is very small and increases only very
slowly with r;3, whereas the Hexira-values steeply increase when a
certain critical inner diameter is exceeded. More or less arbitrarily
defining the critical inner diameter as the value for which Hexra
starts to exceed ~0.3 um, it can be noted, first from Fig. 8b, that the
critical inner diameter depends heavily on the applied temperature
ramp f. At high temperature ramps, the critical inner diameter is
much smaller compared to lower temperature ramps, as a direct
consequence of the increased radial temperature gradients shown
in Fig. 8a. Rewriting Eq. (2) shows the influence of ATjq on the
maximal viscosity difference in the liquid layer:

B B
lo ( Nmax ) _ _ 91
E10 Nmin Twaltliq =€ Twanliq — ATiig — C (21)

For a large temperature gradient ATiiq, Which is the case when
high temperature ramps are applied or large capillary inner diam-
eters are used, the ratio of the maximal to minimal viscosity will
be larger, resulting into a larger contribution to band broadening.

The critical capillary inner diameter also depends on the
employed mobile phase. The poorer heat transfer in methanol or
acetonitrile compared to water (cf. Table 1) leads to some slightly
larger radial temperature gradients, as is shown in Fig. 8a. This is
partially compensated by the fact that the viscosity of methanol
(and also acetonitrile) is less dependent on the temperature com-
pared to water. Although, the coefficient Bin the Vogel-equation (cf.
Egs. (2) and (21)) is larger for methanol and acetonitrile compared
to water, the coefficient Cis much smaller, leading to a lower depen-
dency of the viscosity on the temperature for the organic solvents
under consideration.

For methanol (Fig. 8b), the impact of the increased temperature
gradient ATy in the liquid layer dominates, leading to a slightly
larger band broadening. For the case of acetonitrile (Fig. 8c), the
impact of the low dependency of the viscosity on temperature dom-
inates at low temperature ramps (8=1K/s) and the contribution
to band broadening will be smaller for acetonitrile compared to
water. However, at higher temperature ramps (8 =10K/s), the dif-
ference in maximal temperature gradient in the liquid layer for
water and acetonitrile becomes very larger and dominates, result-
ing in a higher contribution to band broadening for acetonitrile as
mobile phase. At intermediate temperature ramps (8=2K/s), both
the water and acetonitrile curve coincide. During a methanol/water
gradient, and equivalently an acetonitrile/water gradient, the plate
height contribution will vary between the two extreme curves of
the pure liquids.

At high temperature ramps (8=10K/s), the critical diameter
is around 900-1000 pm. At low temperature ramps (8=1K]/s),
narrow-bore packed bed columns (i.d.=2.1 um) can be used. This
is in agreement with the work of Molander et al. [63], who found
no negative influence on the separation efficiency for a 4.6 mm i.d.
column, a 50/50 vol.% acetonitrile/water mobile phase when apply-
ing a weak temperature ramp of only 20°C/min (0.33 K/s). Also in
previous studies, it was pointed out that the band broadening for
higher temperature ramps was reasonable when using columns
with micro-scale dimensions [23].

Also the temperature dependence of the retention of molecules
is an important parameter in the contribution to the plate height.
Fig. 8d shows the plate height increase associated with these radial
temperature gradients, for the case of a packed bed column with
pure water and considering both a strong and weak dependence of
the retention of small molecules on temperature (AHg =—15 and
—5KkJ/mol respectively for the full line and the dotted line curve,
cf. Egs. (4) and (5) and Ref. [14]). Obviously, the effect is stronger
for molecules with a high retention-temperature dependency (full
lines), where a stronger band broadening can be expected because
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respectively, packed bed, no flow, water).

the radial velocity gradient of the retained species will be larger
compared to species with a lower retention-temperature depen-
dency (dotted lines). For macromolecules, even higher retention
enthalpies can be expected (absolute values) resulting in an even
higher contribution to band broadening [14,64].

A few comments on the above calculated plate height contri-
butions have to be made. First of all, the band broadening will not
be constant during the heating segment of the temperature pro-
gram. In the transient regime (cf. Fig. 2), the temperature gradients
in the liquid layer will be smaller than the ATjjq-values shown in
Fig. 8a. Consequently, the plate height contribution will be lower
in during the thermal time lag at the beginning of the tempera-
ture ramp. In addition, because of the increasing liquid temperature
during the temperature program, and because the viscosity is less
dependent on temperature at high temperatures, the (retained)
velocity gradients will be smaller at higher temperatures (at the
end of the temperature ramp). This will further lower the expected
band broadening. Comparing for a wall temperature Ty, jig 0f 90 °C
instead of 30°C as was used in Fig. 8b-d, the Hexra Values were 82
and 62% smaller for temperature ramps of 1 and 10K/s, respec-
tively.

A second comment is that when the inner diameter is increased
(e.g., to 2.1 mm, which is acceptable for a temperature ramp of
B=1K]s), it has to be taken into account that for mechanical pur-
poses, a thicker column wall is needed and that the thermal mass of
the LTMLC-system will largely increase, resulting in a much larger
steady-state thermal offset value ATss and lag time blag-

5. Conclusions

The heat transfer in the LTMLC-system is investigated with
an analytical model (infinitely long cylinder model) which uses
a lumped heat transfer parameter, but also with a numerical

model (three-layer model) to investigate the contribution of each
layer (liquid layer, capillary wall and air layer). Both models were
validated by experimental temperature measurements made by
placing miniature thermocouples in the LTMLC-system.

It was found that when a certain temperature ramp is applied
to the LTMLC-system, that firstly a transient temperature regime
is noted during which the heat is transferred from the aluminium
heating sleeve to the liquid layer. After this lag time, the entire
setup including the liquid layer is then heated up at the same tem-
perature ramp, but with a certain temperature offset between the
liquid layer and the temperature of the aluminium heating sleeve.
For an open tubular capillary column with an i.d. of 300 wm and
an o.d. of 665 wm, a lag time of 7s and a steady state offset tem-
perature of 3.6 K was found (water, 8=1.8 K/s, F=3 pL/min). When
increasing the capillary inner diameter to 530 wm (and the same
o.d. and conditions), the thermal lag time and thermal offset value
increased to 9s and 5.5K, due to the increased mobile phase/silica
ratio. The infinitely long cylinder model gives some simple correla-
tions between the thermal lag time and steady state thermal offset
value and the system dimensions and thermal properties. When an
appropriate value for « is known, these correlations are sufficiently
accurate to predict the main thermal behaviour of the system. These
correlations predict that both the thermal lag time and the steady
state thermal offset value scale quadratically with the dimensions
of the setup (R [m?]) and are inversely proportional to the ‘lumped’
thermal diffusivity (o [m2/s]). The thermal offset also scales linearly
with the applied temperature ramp (8 [K/s]), whereas the thermal
lag time is independent of the temperature ramp.

Upon increasing the flow rate, the thermal lag time and the
steady state thermal offset decreased. In the flow rate range typical
for the capillaries used in the present work (1-5 pL/min), the gain
is about 1K. Comparing a packed bed with an open tubular col-
umn, again a decrease in lag time and steady state thermal offset



2262 M. Verstraeten et al. / J. Chromatogr. A 1218 (2011) 2252-2263

was noted, attributed to the increased heat transfer across the lig-
uid layer. The same conclusions can be made for other LC solvents
such as acetonitrile and methanol compared to water (used in the
present study).

The air gap between the inner surface of the aluminium heating
sleeve and the outer surface of the capillary was found to be the
rate determining step of the heat transfer, as the thickness of the
air layer largely affects the thermal lag time and the steady state
thermal offset value. When filling the air gap with thermal paste, an
enhancement of the heat transfer was noted, leading to a reduction
of the steady state thermal offset value of 1K.

The band broadening caused by the radial temperature gradi-
ents inside the liquid layer was calculated from the temperature
profiles derived with the infinitely long cylinder model (analyt-
ical model) applied to the liquid zone only. It was found that
for a given temperature ramp, the expected contribution to band
broadening is negligible for capillaries with a sufficiently small
inner diameter, but increases steeply at a given critical diame-
ter. This ‘critical’ diameter depends on the applied temperature
ramp, but also on the mobile phase solvent and the retention
enthalpy of the molecules. For a temperature ramp of 1K/s, 2.1 mm
narrow-bore columns can still be used (solvents water, acetonitrile
and methanol), but for a temperature ramp of 10K/s, the column
inner diameter should not exceed 900-1000 pm (acetonitrile and
methanol) or 1100-1200 wm (water) in order to avoid excessive
band broadening (calculated values for a packed bed and aretention
enthalpy of —15 kJ/mol). For more temperature sensitive molecules
such as macromolecules, the contribution to band broadening will
even be larger and capillaries with smaller inner diameters should
be used.

Symbol list

Aax axial surface of numerical simulation cell [m?]
Arad radial surface of numerical simulation cell [m?]
G heat capacity [J/kgK]

Cpw thermal mass [J/m3 K]

dp particle diameter [m]

D radial dispersion coefficient

Drad radial diffusion coefficient [m?/s]

F flow rate [pl/min]

Hextra contribution to the plate height [m]

Hpin plate height at the optimal velocity [m]
AHgR retention enthalpy [J/mol]

id. inner diameter [m]

Jn nth order Bessel function

o.d. outer diameter [m]

r radius [m]

Tid inner radius of capillary [m]

Tod outer radius of capillary [m]

R radius of total setup [m]

Rg universal gas constant

t time [s]

tdelay delay time [s]

tlag lag time [s]

T temperature [K]

To initial temperature [K]

Taxisjiq temperature of the liquid at the middle of the capillary
(K]

Twailiq temperature of the liquid at the inner surface of the cap-
illary [K]

Tiiqave average temperature of liquid [K]

Tgeeve  temperature of heating sleeve [K]

AT steady state temperature offset [K]

ATmaxliq maximal temperature gradient in liquid [K]
u mobile phase velocity [m/s]

Uom mean velocity of unretained species [m/s]

Ugwan  Vvelocity of unretained species near column wall [m/s]
URm mean velocity of retained species [m/s]

URw velocity of retained species near column wall [m/s]
Veenl volume of numerical simulation cell [m3]

Greek symbols

a thermal diffusivity [m?2/s]

B temperature ramp [K/s]

e porosity

n viscosity [Pas]

K geometrical Aris constant

A thermal conductivity [W/mK]

0 density [kg/m?3]

Subscripts

TP thermal paste layer

air air layer

oT open-tubular column

PB packed bed column
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