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Abstract

The high temperature liquid chromatography (HTLC) reveals interesting chromatographic properties but even now, it misses some theoretical
aspects concerning the influence of high temperature on thermodynamic and kinetic aspects of chromatography: such a knowledge is very
essential for method development. In this work, the effect of temperature on solute behavior has been studied using various stationary phases
which are representative of the available thermally stable materials present on the market. The thermodynamic properties were evaluated by
using different mobile phases: acetonitrile—water, methanol-water and pure water. The obtained results were discussed on the basis of both
type of mobile phases and type of stationary phases. Type of mobile phase was found to play an important role on the retention of solutes. The
kinetic aspect was studied at various temperatures ranging from ambient temperature to high temperature (typically from about30 to 200
by fitting the experimental data with the Knox equation and it was shown that the efficiency is improved significantly when the temperature
is increased. In this paper, we also discussed the problem of temperature control for thermostating columns which may represent a significant
source of peak broadening: by taking into account the three main parameters such as heat transfer, pressure drop and band broadening resultir
from the preheating tube, suitable rules are set up for a judicious choice of the column internal diameter.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of efficiency. Furthermore, the use of temperature as separa-
tion parameter in order to improve selectivity can be used
HPLC analysis are usually carried out at ambient or just very successfull§7—9]. The major drawback of the column
above ambient temperature. By working at higher tempera- high temperature is the risk of stationary phase degradation
tures, itis possible to improve the analysis conditions becauseand consequently classical bonded silicas which are largely
some physical parameters playing animportantrole in HPLC, thermally unstable have to be used very carefully. Develop-
such as viscosity, mobile phase polarity or diffusivity depend ment of new generation of silica based colunfit@,11] as
strongly on the temperature. Some years ago, some authorsvell as nonsilica based ones, much more thermally stable,
studied the influence of temperature on chromatographic sep-will offer the possibility to carry out high temperature exper-
arations, but the temperature range of interest was usuallyiments without major damage of column packing.
from ambient temperature up to 60: only a few studies HTLC analysis requires efficient equipment in order to
were devoted to very high temperatu@s-5]. Nowadays, heat the column at the required temperature without radial
high temperature liquid chromatography (HTLC) is known temperature gradients inside the colufhB,13] as they are
to provide very attractive improvements compared to classi- known to involve excessive band broadenings. In order to pre-
cal HPLC[6]: it allows a reduction of the organic contentin vent them, mobile phase preheating is of main importance.
the mobile phase and provides faster separations without lossThe heat exchanger is placed in an oven either prior to or after
the injection valve. In the first case, the injection valve has
* Corresponding author. Tel.: +33 4 72 44 82 17; fax: +33 4 72 43 10 78. tO resist to high temperatures, meanwhile in the second case,
E-mail addressheinisch@univ-lyonZ.fr (S. Heinisch). additional band broadening has often a significant effect on
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the separation quality. A new technolofiyd] has been re-  stationary phases, various mobile phases within a large inter-
cently developed. It consists in heating the tubing walls by val of temperatures in order first to obtain a global overview
applying a voltage under microprocessor control, resulting in of the effect of temperature and then to compare the behavior
a significant reduction of the required tubing length. In most of conventional stationary phases such as new silica based
cases, mobile phase preheating is performed by plunging thematerials to new generations of stationary phases such as
preheating tube into the column bath which may represent anpolymeric, graphitic carbon or zirconia based materials.
important limitation to HTLC especially when an air circula-

tion ovenis used. Itwas shotb] that peak efficiencies with

water or oil baths are much higher than with an air bath since 2. Theoretical

heat transfers into a liquid are much better and band broad-

enings reduced. However, it is obvious that an air system 2.1. Dependence of column efficiency on temperature

is much more functional than an oil bath for many reasons:

firstly, temperature variations are dramatically faster withan  The column efficiency is commonly given by the plate
air system, secondly, one of the great interests of HTLC is number,N, which is related to the plate height, by N =

the possible coupling with a flame ionization detector which Lgq/H, Lco being the column length varies with the lin-

is easy with the oven of the classical GC-FID system and ear velocity of mobile phasey, and its variation may be
thirdly, temperature programming is very difficult with an oil  expressed by the Van Deemter equaf@i.

bath. Yet, temperature programming may represent an inter- By using reduced parametdrsindv defined byh = H/dp
esting alternative technique to gradient elution for micro or andv = udy/Dm, dp being the average particle diameter and
nano columns since it eliminates the problem of the delay Dy, the molecular diffusion coefficient of the solute in the mo-
volume. A recent studjy16] showed that it was possible to  bile phase, Knox developed the following well-known equa-

use an air system at low flow-rates (1 mlmif only, pro- tion [27]:

vided that the eluent was heated up to°80 In fact, the

preheater tubing must be long enough to avoid thermal mis- = AvY/3 4+ = _|_ Cv (1)
match broadening and short enough to avoid extra-column v

broadening. By comparing the tubing lengths required for an TheAterm depends on both the quality of the column packing
efficient preheating of the mobile phase at high flow-rates and the contribution of slow mass transfer across the moving
and/or at high temperaturg¢$6] when air bath or silicone  stream. TheéB term accounts for longitudinal diffusion. The
bath were used, it was concluded that air bath would lead C term expresses the effect of mass transfer resistances in
to excessive extra-column broadenings with a tubing length both stagnant mobile phases and stationary phases. In case
seven-fold longer. In contrast, other authors fo{thd] that of low v values, the second contributioB/¢) of the Knox

a 1.5m long preheater tubing is appropriate at 2DQvith equation is predominant whereas the third t&wbecomes
flow-rates up to 3 mlmin'. Recently[16], it was shown that  predominantin case of highvalues. Theoretically, for terms
with an oil bath, narrow bore columns (2.1 mm i.d.) gave A-Cinvariant with the temperature, there should be only one
better thermal equilibration of the eluent compared to wider plothversusy, independent on the temperature. In fact, both
bore columns (4.6 mm i.d.). But it seems that no systematic B and C terms depend on solute retentif#¥] and conse-
study has been performed to identify exactly the limitation quently, for a given solute and a given mobile phase, they
of the air system, according to both column diameter and should depend on temperature since the retention decreases
temperature. Furthermore, some autla&-20] worked at when the temperature increases. WhileBrterm is usually

high temperature without any preheating of the mobile phase.said to be roughly independent on the temperai24é the

In this work we studied the possibilities of the air system in variation of bothA andC terms with temperature is largely
HTLC taking into account the only three relevant parameters: discussed. It has been found that the reduced plate height,
required length of tubing, pressure drop into the tubing and hept, at the optimum reduced velocitydy) decreased with
peak band broadening due to the solute dispersion into thetemperaturg24,28—30] increased with temperatufgl,32]
preheating tube. or was roughly invariant with temperatuf&,33,34] A de-

The knowledge of the chromatographic behavior of so- crease of column efficiency (increasehighy) with temper-
lutes at high temperatures is essential to develop methods inature was often attributed to extra-column band broadening
HTLC. Various studies have contributed to prove the great which of course has a higher effect on low solute retentions
advantages of using high temperatures and many interestcorresponding to high temperatures. It was also attributed to
ing applications especially with hot water as mobile phase the negative impact of temperature due to thermal gradients
[21-23] have been shown; a few studigs24,25]have in- that may exist inside the column when the eluent temperature
vestigated the kinetic and thermodynamic aspects of HTLC. at the column inlet is different from the temperature of the
Unfortunately, these studies were generally performed on acolumn walls. Both problems can easily be overcome: the
unique type of stationary phase and/or within a limited range first one by minimizing the importance of extra-column dis-
of temperature and/or with a unique type of mobile phase. The persion (lower extra-column variance value, higkgalue),
goal of the present work is to study the behavior of various the second one by using an efficient preheating of the mobile
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phase (see next section). On the other hand, some authors Thompson et al16] used the convenient following equa-
have noted an increase of column efficiency (decreasgin tion based on theoretical considerations to calculatg:

with temperaturg33]. This phenomenon was attributed to

slow kinetic systems where an increase in temperature mayy , . = mCpRy I (M) (4)
improve the mass transfer resistance and consequently de- out — Toven

crease _theC term. Furthermore, the !(inetics of set_:pndary whereni is the mass flow-rate of the mobile pha@s, its
interactions, which are often responsible of peak_ ta_llmgs are mean specific heaTgyen the oven temperatur@i, andTout
probably accelerated at elevated temperature, ehmmatmgtheare the eluent temperature at the preheating tube inlet and

tailing. ) L ) outlet, respectivelyR;h represents the total resistance to heat
The plot ofh versusw requires the estimation of the dif- 5 sfer |t has been showib6], in case of an air bath, that
fusion coefficients which is not a simple task. This estima- s term depends essentially on the resistance to convective
tion may be obtained either from experimental measures of o ¢ transfer from the air bath to the outer wall of the preheat-
the peak standard deviation of a solute placed into a longjn ype. As a result, it depends both on the convective heat
tbe filled with the d_e_swed solvgnt atthe desired temperature»nsfer coefficient of the forced air which varies according to
[35,36] or from empirical equations such as the widely used the convection rate and on the outer diameter of the tube. The
Wilke-Chang equatiof87]. This equation is given by: higher the heat transfer coefficient and/or the outer diameter,
the smaller the resistance to transfer. Accordin@@f3,15]
(P Ms)'/*T : nifi
8—06 2) even whenTgyen differed from Toy: of 5°C, no significant
neVa thermal broadenings were observed. Simce pF, F being

] - o the mobile phase flow-rate andlits density,Eq. (4)can be
whereDa g is the diffusion coefficient of solute A at very  changed in:

low concentration in solvent B (chs 1), Mg the molecu-

Dap =74x 10"

lar weight of solvent B (g moll), T the absolute temper- Lot — pFCaRo I Tin — Toven 5
ature (K), ns the viscosity of solvent B (cP) &, Va the tube = PP out — Toven ©)
molar volume of solute A at its normal boiling temperature . .

(cm® g~ mol-1) andgg, is the association factor of solvent T~ P€ing given by

B (dimensionless). Wilke and Chang recommended a value Ueoled?

of ¢ at 2.6 when the solvent was water, at 1.9 when the solvent F = % (6)

was methanol and at 1.0 when the solvents are unassociated
(for example, acetonitrile). It was later found that the pre- whereug is the linear velocity of the mobile phase through
dictions were more accurate if the valuegfvas reduced the columngdcg the column diameter ands the total column

to 2.26 for organic solutes diffusing into wat@8]. Some porosity. As shown b¥gs. (5) and (6)Ltube is proportional
authors[36] found up to 30% differences when comparing to F and then proportional tdgol

the diffusion coefficients computed from the Wilke—Chang The pressure drop into the tubing, with the requirgde,
equation and their experimental values. For the diffusion can be expressed by the Poiseuille-Hagen expression dedi-
coefficient of a solute in an homogeneous mixed solvents, cated to a laminar flow system:

Eq. (2)can be used with the association parameter redefined
nLiypeF

a5[38]: A Pyype = 1287[—4 (7)
tube
n
oM = ijle(prf ©) For a given temperaturéyen, With a desired difference

betweenTgen andToyt (for example, 5C), a given column
wherex; is the mole fraction of solverjt ¢;, its association  and a given mobile phasggo (optimum linear velocity for
parameter anW;, its molecular weight. example)Cp, 7, £ andp are fixed. Furthermoreg,, is fixed
for a given preheating system (for example, forced air) and a
given outer diameter tubing. By replacindig. (7)F andLco
by the relationships given i&gs. (5) and (§yespectively, the
pressure drop inside the tubing becomes directly proportional
0 (deor/diube)* as follows:

2.2. Temperature control in HTLC with an air
circulation oven

Three parameters are relevant to evaluate the possibilitiest

of a preheating system: the required tube lenbtfie the d4
contribution of the preheating tube to peak dispersigf, A Pube= K1 dffOI (8)
(partial peak variance) and the pressure drop into the tube, tube

APupe, the preheating performance being hardly affected by i ; peing the proportionality constant given by
the tube diametg8], provided that the tube wall is thin and
Tin - Toven)

the thermal resistance to heat transfer through the tube wall
is small. out — Toven

Ky = 8np82nCpR;hugo| In ( (9)
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The maximum acceptable pressure drop inside the tubing,2.3. Effect of temperature on retention properties
APyybemax (for example, 20—-30 bars representing 10% of the
maximum pressure of the solvent delivery system), willthen  The influence of temperature on solute retention factor,

fix the minimum value fod{hbe according to: k, is a function of the free energy changes in the interaction
4 between the solute and the stationary phase according to the
< el < dt4b (10) following expression (Van't Hoff equation):
APybemax ~ ¢
AHp ASo
logk = — +-——+log® (18)

The peak varianceseak is the sum of variances due to 23RT 23R
2

external (;gxt) and internal ¢Z,) contributions, respectively. ~ whereAHp andAS are the system enthalpy and entropy,
Usually, the external variance is expected to be less than 10%the absolute temperatufi@ the universal gas constant agéd
ofthe internal one in order to loose less than 9% of the column is the phase ratio of the system. For neutral solutes, the plot of
efficiency. If all the external variances (detector and injector logk versus 1T, also called Van't Hoff plot, is usually linear
contributions) have been minimized except the tubing vari- with a slope of— AH/2.3R and an intercept oA $/2.3R +

ance (thube)' the following relationship should be applied: log @ provided thatAHp and A Sy are invariant with temper-

) ature[40,41) Many authorg24,42] observed linear Van't
Ot;be <01 (11) Hoff plots with hydro organic mobile phases for tempera-
lopalt ture ranges of about 9€. Some small deviations from lin-

earity were observef3—46]and attributed to the so-called
“phase transition” phenomenon. That is the consequence of
a4 LiubeF a change in the molecular structure of the stationary phase

02he = t‘fT (12) which appears in the 20-8C range for C18 silica based
m stationary phases. This phenomenon is quite independent on

o2 pe[39] andoZ |, are respectively given by:

and the nature of both solute and eluent. However, it was shown
) Vr2 Lgolnzsz(l 1 k)2 . th_at th_ese devigtions were relevant on_Iy for stat_ipnar)_/ phases
Ogol = — = ———————— X dgg (13) with high bonding densit{45,46] (bonding densities higher
N 16N
_ . than 4.Qumol/n?).
whereNis the column plate number akghe solute retention Curvilinear Van't Hoff plots were more rarely observed
factor. [47]. However, Hearn and Zhd48] studied the dependency

As previously discussed, for given conditions of temper- of |nk on T for several polypeptides with acetonitrile—water
ature, column, mobile phase, solutes and preheating systeMpixtures and methanol—water mixtures anbuty! silica sta-
Ucol, Cp, £, Dm, o, Ryp, Leol, Nandk are fixed. By replacingin  tionary phase and found nonlinear Van't Hoff plots for tem-
Eq. (12)F andLpe by the relationships givenigs. (5)and  peratures ranging from 278 to 358 K, with acetonitrile—water
(6), respectively and by considerifig). (13) it appears that  mixtures. They related the classical linear Van't Hoff behav-

T/ 901 DECOMES directly proportional . according  jortoa change in the heat capacity of the system independent
to: onT (case of methanol-water mixtures) and the nonclassical
Ot2ube . Van't Hoff behavior to a change in the heat capacity depen-
o2 = Kodype (14) denton T (case of acetonitrile—water mixtures). In this case,
col both AHy and AS) vary with T according to the following
K2 being the proportionality constant given by relationships:
P pCpRthNLfm (15) In k = b + b—Tl + % +lno (19)
122DmLE,, with
Eq. (11)becomes 2by
AH=—R|b1+ == (20)
. oL ()
dtube = K_ (16)
2 and
Consideringegs. (8) and (16)it appears that the preheat- AS — R <b B Q) (21)
ing can be achieved under acceptable conditions of pressure”~ — 0~ 72

and extra-column band broadenings when: wherebg, b; andb, are the coefficients to be determined.

K Another expression was given to expresk irersus 1T
4 LSt p g p

deor = 0.1 x Ko X A Pupe, max 17 in case of nonlinear Van't Hoff curvdg49] as follows:

_ Accqrding toEq. (1_7) itis obvious that column miniatur- |, + — 4 + B +CIh T (22)
ization is the most reliable way to overcome all problems of T

preheating. whereA—Care the coefficients to be determined.
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It was shown in the case of proteif)], that the change  heating tube with a type T copper—constantan thermocouple.
in the system pressure induced by a change in the columnit was assumed that the temperature of the eluent was equal
temperature can mask or alter the true temperature influenceo the surface temperature at the outside of the tube. This as-
on k. In fact, this problem can be easily overcome only if sumption is justified by the low resistance to conductive heat
experimental data are acquired at constant pressure in placéransfer throughout a thin metallic tube. About five centime-
of at constant flow-rate. ters of the thermocouple sonde were tied with the end of the

Until now, as most silica based phases are thermally un- preheating tube and overlaid with thermal insulation in order
stable and can only be used at temperatures not higher tharto insulate it against the oven temperature.
60-80°C, just a few investigations have been performed  The acquisition data were processed with the Azur acqui-
within a wide temperature range (from ambient up to 20 sition software (Datalys, France). The acquisition frequency
A study of logk versus 1T within such a range and with var-  was set at 10 or 20 Hz depending on the flow-rate.
ious mobile and stationary phases has not been reported yet.

3.2. Viscosity measurements

3. Experimental The viscosities of aqueous acetonitrile or methanol mix-
tures as a function of T were obtained from the experimen-
3.1. Instrument tal data of the total backpressure using a Zirchrom-DB-C18

column, thermally stable. The pressure measurements were

The HTLC system Fig. 1) consisted in two Shimadzu Performed using the chromatographic instrument previously
LC10AD pumps, a Perkin-Elmer auto system GC oven described. The eluent mixtures were prepared in the range
equipped with a temperature controller, a Shimadzu SPD6A 0-100% (v/v) by hand mixing. The eluent was pumped at
spectrophotometer detector set at 254 nm with eithepa 8~ 2mImin~* through a 50 mmx 4.6 mm column packed with
high pressure cell (case of classical 4.6 mmi.d. columns) fol- 3m particles, placed into the oven, followed by a 140
lowed by a Jasco 880-81 system maintained at a constant.d. fused silica capillary at room temperature with an ade-
back pressure of 50 bars or a Q.5cell with a fused sil- quate length to maintain a column outlet pressure higher than
ica capillary (5Q.m i.d. columns) placed before the detec- the vapor pressure of the solvent. The pressure drop into the
tor to maintain the mobile phase in the liquid state (1 mm capillary was measured and deduced from the total pressure
i.d. columns). The time constant of the detector was set atdrop of the system.
0.1s. In case of classical 4.6 mm i.d columns, the injection
valve was a Rheodyne model 7125u(Bsample loop), in ~ 3.3. Analytical columns
case of 1 mm i.d columns, the injection valve was a Rheo-
dyne model 7520 (0.5l sample loop). A preheating tube Different stationary phases were studied:
was placed into the oven between the injection valve and the | 7irchrom-PBD (3um, 50mm x 4.6mm id.) from
column. The length has been adapted to both the flow-rate  zi.chrom separations (Anoka, USA).

and the temperature according to the results obtained and2 Zirchrom-DB-C18 (3:m, 50mm x 4.6 mm i.d.) from
discussed into th8ection 4 The mobile phase was continu- Zirchrom separations (A’noka USA).

ously degassed with nitrogen for oxygen elimination to avoid 3 p| Rp-s (52m, 150 mmx 4.6 mmi.d.) from Polymer Lab-
corrosion problems. The oven temperature was continuously 5 atories (ChL,jrCh Stretton, UK).

controlled with a thermometer. The temperature of the eluent4 MS-Xterra-C18 (5um, 150 mmx 4.6 mm i.d.) from Wa-

entering into the column was measured at the end of the pre- ¢, (Milford, USA).

5 RP-Xterra-C18 (p.m, 150 mmx 4.6 mm i.d.) from Wa-
ters (Milford, USA).

6 Nucleodur-C18 (gm, 70mm x 4.6mm i.d.) from
Macherey Nagel (France).

7 Kromasil-C18 (fum, 150mm x 4.6mm i.d.) from
Thermo electron (France).

8 Hypercarb (jum, 100mmx 4.6mm i.d.) and (p.m,
100 mmx 1 mmi.d.), both from Hypersil (France).

Columns were selected in order to have a wide representa-
tion of the different thermally stable packings: both Zirchrom
packing are zirconia based. The Zirchrom-PDB is obtained

. . . . by deposition and cross-linking of polybutadiene on the sur-
Fig. 1. Scheme of the HTLC system: 1, nitrogen for purging the mobile face of zirconia{51] The Zirchrom-DB-C18 is obtained b
phase; 2, pumps; 3, injection valve; 4, preheating coil; 5, column; 6, GC : Yy

oven; 7, cooling bath; 8, UV detector; 9, tube for back pressure 1&cm  chemical vapor deposition of hydrocarbons on porous zir-
100pm; 10 computerized data acquisition system. conia[52]. The Nucleodur-C18 and Kromasil-C18 are C18
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bonded silicas while the MS-Xterra C18 and RP-Xterra C18
are hybrid C18 bonded silicas. The Hypercarb is made of
porous graphitic carbon and the PLRP-S is an organic poly-
mer (polystyrene divinylbenzene type).

3.4. Materials and reagents

Water was distilled and deionised. Acetonitrile (MeCN)
and methanol (MeOH) were of HPLC grade from SDS
(Peypin, France). All the solutes used in this study were of
high purity from Sigma—Aldrich (France).

4. Results and discussion
4.1. Temperature control using an air circulation oven

A comprehensive experimental study has been performed
to determine the required length as a function of both tem-
perature and flow-rate using an air circulation oven. Var-
ious lengths of stainless steel tubings ranging from 1 to
5.50 m were tested as preheaters for the incoming solvent,
in our air circulation oven. These tubes had outer diam-
eter of 1/16 (1.59mm) and internal diameter of 0.005
(0.127 mm). Zirchrom-DB-C18 as column and water as elu-
ent were used in these experiments. Flow-rates were var-
ied from 1 to 10 mImin! and the temperature from 100 to
200°C. These conditions of flow-rates were adapted to clas-
sical column diameters (4.6 mm i.d.). The outlet temperature
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Fig. 3. Chromatograms showing the effect of an efficient (a) and ineffi-

was measured with the thermocouple at the end of the tube becient (b) preheating on the peak shape, solutes: benzene, toluene, ethylben-

fore the eluent enters into the column. Measured temperature

ene, propylbenzene, butylbenzene, pentylbenzene, column Zirchrom-DB-
18 4.6 mm i.d. 50 mm length, flow-rate 4 mlmih temperature 150C,

were compared to the oven temperature and the diﬁerences.d preheating tube 127 mm, length preheating tube 2m (a) and 1 m (b).

are reported ifrig. 2 In most cases, one or two meter tubing

lengths have been proved to be long enough for a suitable pre-

heating (a differenc&gyven — Tout Value lower than 5C). At
200°C with flow-rates higher than 5 ml mirt, longer tubes
were required. With a 10 mImirt flow-rate, a tube of 4m
long was required. Our determined lengths of stainless steel
tubings are higher than those calculatedlifi] but as said

\\

25

n
o

\
\
N

—
[&)]

—_
o

Toven- Tout (OC)

(6]

Tube length (m)

Fig. 2. Experimental measured differences in temperature between the in-

previously, these lengths are dependent on the total resistance
to heat transferl{{h) which varies according to the air con-
vection rate and differs from oven to ovefig. 3shows the
effect of an inadequate preheating on the separation of alkyl-
benzenes at 15 with a flow-rate of 4 mI mif'. One meter
of tubing is definitely inappropriate meanwhile 2 m provide
good peak shapes.

As the required length is directly proportional
(Eg. (5), it is possible, from our results, to calculate the
required length for any column diametdfd. (6) using a
linear velocity adapted to the temperature. It can be pointed
out that the tubing length also dependsR.iQ and this term
is roughly inversely proportional to the outer diameter of the
tube[3] when the heat transfer coefficientis assumed to be in-
dependent on the outer diameter. The outer diameter depends
on whether the tube is stainless steel (1.6 mm o.d.) or fused
silica (0.375mm o.d.). For a given flow-raffeand a given
tube outer diametetl, tube (€Xpressed in mm), the required
tube length is then given by:

coming eluent and the oven as a function of the stainless steel tube length for

different oven temperatures and mobile phase flow-ratgs:100°C and
3mimin~1; (0): 150°C and 4 mlmirr?; (O): 200°C and 5 mimirL; (A):
200°C and 10 mImirr®,

F 16

Ltube = Ltube,ref_
Fret

23
do,tube ( )
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Table 1

CalculatedAPyype a”d"tzube/%zm for four column internal diameters at 100 and 2@0in water

Temperature  Viscosity? Dm u Column i.d. (mm) 4.6 a 1 032

(°C) (cP) (x10~%cmPs1) (mms1) Preheating tube i.dpm) 127 100 75 50
Preheating tube o.d. (mm) 1.6 .05 Q375 Q375
o2, (wl?) (Eq. (13) 1082 47 2 0025

30 1 1 1 F (wmin—1) (Eq. (6) 700 145 33 3

100 Q30 41 4 F (wImin—1) (Eq. (6) 2863 597 135 14
Lube(cm) 100 90 18 04
o2pe (112) (Eq. (12) 10¢ 0.7 0.01* 0.000004
(021e/02)) x 100 1 15 0.4 0.0
APype (bars) Eq. (7) 22 11 Ve 0.02

200 Q15 104 10 F (nlmin—1) (Eq. (6) 7260 1513 343 35
Liube(cm) 400 360 70 15
0216 (11?) (Eq. (12) 103 7 0.1* 0.00004
(02 pe/ 92) X100 10 16 %5 0.2
APybe (bars) Eq. (7) 114 55 10 0.1

Calculations were obtained froBys. (5)—(7), (12) and 18sing the following valued: ¢ = 100 mm,N = 5000 platess = 0.7,k=1,Dy =1 x 10 °cn? st
at 30°C in water andoptimum = 1 mm s1at30°C. See text for more explanations.

a From ref.[38].

b Experimental values given big. 2

whereLwperef is the tube length reported dfig. 2 for the brings us to the conclusion that an air system is fully adapted
flow-rate Fyet, leading to a differenc@yen — Toutlower than toHTLCupto200°C. Thistechnique can be appliedto classi-
5°C. UsingEgs. (7), (12) and (13}t is possible to calculate  cal column (4.6—2.1 mm i.d.) with temperatures up to 160
APybe, 02 peaNda?2,, assuming thag andDpm, keep constant  and flow-rates lower than 4 ml ni. In contrast, we found
values all along the total length of the heating tube, and corre- no limitation for the utilization of an air system when using
sponding to values obtained Bjy;. This assumption is con-  micro columns (1 mm i.d. or less) at higher temperatures.
sistent as the eluent temperature increases exponentially with

the distance from the tube inlet and as a result the viscosity4.2. Effect of temperature on column efficiency

decreases exponentialljable 1lists the values calculated at

100 and 200C for four different usual column diameters, 4.6, Up to now, very few datas are available on viscosity of
2.1, 1 and 0.320 mm. Tube length values for 4.6 mm i.d. col- mixed binary eluents. Existing data often concern either tem-
umn are those reported &ig. 2 The internal diameters of the peratures ranging from low temperatures up t66{63], or
preheating tubes were chosen among the commercially ava”-pure solvents at temperatures up to 20(138] However,
able tubes in order to provide the best compromise between aChen and Horvatli54] established the following empirical

low APypevalue and a loveZ /o2, value. Viscosities val-  relationship to determine the viscosity of aqueous acetoni-
ues were found in the Perry{88] for water as solvent. The  trile mixtures at various temperatures ranging from ambient
diffusion coefficientD, were estimated by assumibyg, ~ up to 120°C:

1 x 10~°cnm?s~1 for acetone at 30C in water and the re-

lationship Dy, o< T/7n (from Wilke—Chang equatiokq. (2) no.T = exp |:¢, (—3.476+ 7_26>
The linear velocities), were estimated by assumioghtimum ’ T

~ 1mms?at30°C and the relationshipoptimum o< Dm.

1566
Some experimental measurementsAPupe and o2, +(1-9) <—5~414+ T)
were carried out with acetone as solute and they were found
fro be close to the calculated ones (Within 30%)_ (asterisked + (- D) (—1.762+ @)] (24)
in Table J). It appears that at 20@, with column diameters T

of 4.6 and 2.1 mm, at optimum linear velocities, batRype

ando? /o2 are higher than the maximum allowed values ~ When comparing calculated values usigy (24)and ex-

(30 bars and 10%, respectively). It means that it is impossible perimental values, Thompson and CHi%] concluded that

to find an internal diameter of tube providing acceptable val- this correlation was good to withia20% from 100 to 200C.

ues of bothAPype andotzube/oczol, and as a consequence, any We also made an attempt to determine viscosity values for
preheating conditions are unsatisfactory. For all other condi- aqueous methanol and aqueous acetonitrile mixtures, by us-
tions, bothAPype and Gtzube/agol values are lower than the ing the method described into the experimental section. The
allowed values and there is even no need for mobile phasemeasured pressure drops were obtained at different tempera-
preheating when using a 0.32 mm internal column. This study tures,T, varying from 25 to 200C and with different eluent
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Table 2
Values of viscosity (cP) obtained according to method described in experimental section and used to calculate the correlations 26 and 27
T(°C) Methanol in mobile phase (%) Acetonitrile in mobile phase (%)
0 20 40 60 80 100 0 20 40 60 80 100
252 0.89 14 1.62 1.54 1.12 0.56 0.89 0.98 0.89 0.72 0.52 0.35
60 0.53 0.68 0.74 0.72 0.60 0.35 0.53 0.59 0.55 0.52 0.43 0.31
90 0.38 0.44 0.45 0.47 0.42 0.26 0.39 0.40 0.39 0.38 0.34 0.24
140 0.21 0.23 0.25 0.22 0.18 0.13 0.26 0.26 0.24 0.24 0.24 0.18
180 0.3 0.13 0.14 0.13 0.13 0.10 0.19 0.21 0.21 0.21 0.20 0.15

@ From referenc¢s3].

compositionsp ranging from 0 to 100% of organic solvent. Experimental values of the diffusion coefficients at°80
These values allow an evaluation of the viscosity ¢, by were taken fron{36] for alkylbenzenes an{B5] for other

means of the Darcy’s law according to: solutes.
Reduced plate heights)(versus reduced linear velocity
NT.e = _APre X 125°C. ¢ (25) (v) were plotted for four different stationary phases at differ-
' APosoco '

enttemperature$(gs. 4—7J. Experimental values were fitted
with the Knox equationKq. (1). For the Hypercarb, PLRP-
S and Zirchrom-DB-C18 stationary phases, all experiments
have been performed with the sakwalue by decreasing the
, 4 organic modifier content in the mobile phase while increasing
determined by Colin et a!:'ss]j It, was assumed of course temperature. As shown in the previous section, it is better to
that the specific permeability is independent on the temper- use micro columns (1 or 0.32 mm i.d.) at very high tempera-

ature. At the end of such experiments, pressure drops Wer€,res byt it was more convenient for this study to use classical
measured once more time atZ5in order to verify thatthe  gnaq 4 6mm i.d.). In all cases, preheating tube lengths were

specific permeability did not vary all along the different ex- - 5|0jjated in order to provide adequate preheating of the mo-

periments. Our viscosity va.lueﬁe(ble 2 obtgined With.this bile phase according thig. 2, despite high pressure drops
method were correlated using a polynomial regression. The o high external variances. However, in order to account for
following relationships were obtained:

whereAP 4 andAP2s-c ¢ are the measured pressure drops
with the eluent compositiow and at temperatures and
25°C, respectivelypasoc ¢ is the eluent viscosity at 2%

NoT = 10(—2-429+(0.714/ T)~1.8590+(0.91170/ T)+1.85860%~0.9681(2/ T))

(26)
for agueous methanol mixtures and

N = 10(—2.063+(0.6019/T)+04070915+(0.062d>/T)+O.5043¢2—0.3458@2/T)) 27)

for aqueous acetonitrile mixtures. the extra-column _dispersion, colu_mn plat_e numbers N were
Both equations provide a good fitting of the viscosity val- calculated according to the following relationship:
ues with a difference between determined and calculated val- (t — text)2
ues within£10%. Our calculated values were compared to
viscosity values given in the literature. The differences with
those given by53] at 60°C were within+=10% for aqueous
methanol mixtures andt20% for aqueous acetonitrile mix-
tures. Furthermore, the calculated values for aqueous ace- ']
tonitrile mixtures were compared to those giverHy. (24)
and the differences were within5% at low temperature and
up to 25% at 180C. < 6
The diffusion coefficients of a solute Aa ¢, 7, at a
temperatureT, into a given solventy, were estimated by
using the following convenient equation, derived from the
Wilke—Chang equatiorEg. (2) and based on experimental
values of the diffusion coefficient at 3C into a solvent B. T 1 3 5 & § & 7 &

_ e (29)
(Utzotal - ngt)

12

I
1

n
|

1/2
(‘PM)qb/ T 8 1B,30°C

DA,QT = 12 X DA,B,30°C Fig. 4. Reduced plate height vs. linear velocity at various temperatures,
Ne,T (oM)g~ x 303 column Nucleodur 75 mnx 4.6 mm, solute propylbenzene, mobile phase

(28) water—acetonitrile 35:65 v/v#) 30°C (k = 5); (o) 90°C (k= 2.3).
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Fig. 7. Reduced plate height vs. linear velocity at various temperatures,
column Zircone DB-C1850 mmx 4.6 mm, solute propylbenzend &

10); (#) 30°C, water—acetonitrile 50:50 v/vil) 180°C, water—acetonitrile
90:10 v/v.

Fig. 5. Reduced plate hight vs. linear velocity at various temperatures, col-
umn PLRP-S 150 mnx 4.6 mm, solute methyl parahydroxybenzodte (
1), (#) 30°C, water—acetonitrile 50:50 v/vA() 90°C, water—acetonitrile

65:35v/v; @) 200°C, water—acetonitrile, 90:10 v/v. ) ) )
reducing column backpressures (at the optimum linear ve-

wheret, is the solute retention timegy the external time  locity) and therefore it does not make the use of particle size
spent by the solute in the preheating tube that is negligible Smaller than the conventional ones (3+#8) easier.

in most cases;t% o @nd o2, is the total peak variance and _It is very interesting to note thatthe optimum reducgd plate

the external variance, respectively, expressed in time units.n€ight fopt) decreased with temperature for all studied sta-

o2, was obtained from the calculation of statistical moment tionary phases, and particularly for PLRP-S stationary phase.
(order 2) of a peak produced without CO'“”“t%tm was cal- It can be assumed that this redu_ctlon is coming from the re-
culated from the measurement of the peak width at half peakduction of the mass transfer resistance which is often more
height, all the chosen solutes providing symmetrical peaks relevant in the case of polymeric materials. No concomi-

(asymmetry factor lower than 1.2 and higher than 0.9).
The plots ofh versusv show that the optimum reduced
linear velocity {opt) is totally independent on the tempera-

tant significant change in th@ term has been highlighted
but our explored> range was obviously not large enough at
high temperature to discus variations with temperature.

ture for all the studied stationary phase. Consequently, the©On the other hand, significant improvements in some peak

optimum linear velocity opy) Will always increase propor-
tionally to the solute diffusion coefficient and as a result,
according to the Wilke—Chang relationship, it will increase
proportionally toT/5. It may be concluded that HTLC im-
proves drastically analysis speed (5—-15-fold from ambient
up to 200°C depending on the increasesnh According to

the Darcy’s law, the column backpressure at the optimum lin-
ear velocity will then vary proportionally td (for example,

for a given mobile phase, the column backpressure at@00
will be 1.6 times higher (ratio 473/293) than atZT). Thus,

as it is not commonly expected, HTLC is not appropriate for

12

10

|

Fig. 6. Reduced plate height vs. linear velocity at various tempera-
tures,column Hypercarb 100 mm 4.6 mm, solute fenuron,4) 25°C,
methanolk = 4.5; (o) 60°C, methanolk = 3; (l) 100°C, water—methanol
30:70v/v,k=3.

shapes have been found at high temperatures as shown in the
chromatograms dfigs. 8 and hich represent the separa-
tion of caffeine derivatives on a zirchrom-DB18 column and
a Hypercarb column, respectively. Peak tailings can result
from secondary interactions the sorption/desorption kinetics
of which being increased with temperature. These separa-
tions show the greatimprovement in analysis speed when us-
ing high temperatures. The dead time, indeed, is reduced to
only 6 s onFig. 9. Since the calculated plate number is about
7000, it appears that the plate number per time ut,{)
reaches avery high value, close to 1200 plates/s, which is im-
possible to get at ambient temperature even with monolithic
columns. In addition, the corresponding backpressures read
on the pump system are given on figure captions. These val-
ues were obviously very high with classical columRy( 8)

due to the significant required tubing length, thus confirming
the beneficial effect of small i.d. columns in HTLEIg. 9).

4.3. Dependence of the retention on temperature

The variations of lodcas a function of If were studied for
the different columns described into the experimental section
with different mobile phases and for various neutral solutes.
Figs. 10—-13how the resulting Van't Hoff plots. These plots
were fitted either with a linear model (resultant correlation
coefficientr? higher than 0.995) or with a quadratic model. In
this case, all the fitting curves were obtained witt» 0.998.
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Fig. 8. Effect of temperature on the separation of caffeine derivatives (1, hy-
poxantine; 2, theobromine; 3, theophilline; 4, caffeine$ydroxy-ethyl-
theophilline), column Zirchrom-DB-C18 4.6 mm i.d. 50 mm length, 254nm
UV detection, 300ng injected, (a) 26, 1mimirr?, water-methanol tection, 50 ng injected, (a) 10, 200l min—1, acetonitrile, 1 mx 100pum

60:40 viv, backpressure resulting from tubing and column 40 bars (5)3.50  preheating tube, backpressure resulting from tubing and column 90 bars, (b)
7 mimin—2, water, 2 mx 0.127 mm preheating tube, backpressure resulting 180°C, 500l min—?, water—acetonitrile 70:30 v/v, 1 m 100m preheat-

from tubing and column 300 bars. ing tube, backpressure resulting from tubing and column 180 bars.

Fig. 9. Effect of temperature on the separation of caffeine derivatives (same
solutes as Fig. 8 column Hypercarb 1 mmi.d. 100 mmlength, 254 nm UV de-

Itis interesting to note that for all the Van't Hoff plots with all  (Fig. 12a and b), when using aqueous—acetonitrile mixtures,
types of stationary phases, the data can be considered as linear appears that the shapes of the Van't Hoff plots are quite
within a narrow temperature range 2580 Within alarger  different from those obtained with aqueous methanol mix-
range of temperature, a quadratic model is often required.tures. With the first eluents, the curves are clearly quadratic
We have observed that this behavior is totally independentwhereas they are quite linear with the second eluents. Linear
on the nature of the solute but is dependent on both types ofvan't Hoff plots are usually reported with some rare excep-

stationary and mobile phases. tions [49] for low molecular weight organic compounds. In
Linear relationships of log versus 1T for the different

studied silica based columns are giverfam 10 The linear- 1.5

ity of the curves concerns all types of, aqueous—acetonitrile /
and aqueous—methanol mobile phases. However, the studiec 4 | el
range of temperature was not very wide (20-10Ddue to A -~ .

the thermal instability of silica based columns. We can con- = . / — o
clude that within this range of temperature, the classical linear /"/j)/"’
relationship can be applied with a very good approximation - ‘ ‘ i 1/T x 1000
in a view to method development. @iig. 11are shown the Y58 BB  @f B LR @8 2 &E Wi
plots of logk versus 1T for the Hypercarb column. Although o s o o “ w 56

the range of temperature is much wider (20-18Y) the lin- I s L L }
ear relationship provides a very good fit of the experimental
data, suggesting thatwith the Hypercarb col andAS C18 with methanol-water 55-45 v/v, solute benzel®; N1S-Xterra C18

are essentla”y temperature- mdependent over the entire ex; with acetonitrile—water 30—70 v/v, solute propylparabét);RP-Xterra C18
amined temperature range, whatever the mobile phase comuyiith acetonitrile—water 60-40 viv, solute propylbenzemd:Nucleodur C18
position is, even with pure water. In contrast, for the PLRP-S Gravity with acetonitrile—-water 5-95 v/v, solute phenol.

Fig. 10. Plotoflogvs. 11T for silica based stationary phase®)Kromasil
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Fig. 11. Plot of log vs. 1T for Hypercarb column,®) with methanol,
solute fenuron; M) with methanol-water 70-30 v/v, solute fenurofj) (
with acetonitrile—water 30—70 v/v, solute benzene as soludewith water,
solute benzeneX) with water, solute hexanol.

contrast, curvilinear Van't Hoff plots were observed by Hearn
and Zhaq[48] for high molecular weight solutes (polypep-
tides) onn-butylsilica over a range of from 278 to 358 K:

this behavior was also reported with acetonitrile—water and
not with methanol-water eluents. Explanations were given as
difference in molecular organization between the two organic
solvents, hydrogen bonding interactions being more efficient
with methanol than with acetonitrile. It was concluded that
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Fig. 13. Plot of log vs. 1T for zirconia based stationary phases. (a)

the nonclassical behavior was influenced by the nature of thezirchrom-DB-C18 solute benzendl( with water—acetonitrile 80-20 v/v;

organic solvent in solvent—water mixtures. From the above
results, it is obvious that the nature of the stationary phase
also influences the Van't Hoff plot characteristics, asitis seen
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Fig.12. Plotoflogkvs. 11T forthe PLRP-S column, (a) with water—-methanol
mobile phases; &) 50-50v/v, solute m-toluidine;®) 50-50v/v, solute
ethylparaben ;) 60—40 v/v, solute benzene, (b) with water—acetonitrile mo-
bile phases; &) 80-20 v/v, solute m-toluidine &) 80—20 v/v, solute ethyl-
paraben; ) 60—40 v/v, solute benzene.

() with water; @) with water—-methanol 60-40v/v, (b) Zirchrom-
PDB with water—acetonitrile 80-20v/v;l) solute benzene;®) so-
lute ethylbenzene;A) solute butylbednzene[l) RP-Xterra C18 with
water—acetonitrile 40-60v/v, solute propylbenzeng) Nucleodur C18
gravity with water—acetonitrile 95-5 v/v, solute phenol.

onlogkversus 1T curves ofrig. 13 and b. Hence curvilinear
Van't Hoff plots arise with acetonitrile—water eluents for all
studied solutes and for both zirconia based stationary phases.
On the other hand, the Van't Hoff plots are always linear
with methanol-water eluents. Itis also interesting to note the
curvilinear Van't Hoff plot with pure water, despite the hy-
drogen bonding interaction behavior of such a solvent, and
the contradiction with the explanations previously given.

As pointed out by some authofs0], this nonclassical
Van't Hoff behavior might be attributed to changes in the
system backpressure with temperature which should result
in an alteration of the true temperature dependende \ble
have therefore compared the Van't Hoff curvesrid. 13
obtained at constant flow-rate, resulting in a change of back-
pressure as a function of temperature with curves obtained
in the same conditions of mobile phase but at constant back-
pressure of 110bars, resulting in a change in flow-rate. In
fact, quite identical quadratic curves were observed, prov-
ing that the quadratic profile was not resulting from pressure
variations.

Another explanation could be that the surface of the sta-
tionary phase is more or less modified by the temperature in
the presence of the solvent, this modification of the surface
being unlikely with Hypercarb due to its perfect regularity
and rigidity. In contrast, it may be more likely on PLRP-S
as this material is well known to swell as a function of tem-
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perature and as a function of the type and percent of organicTherefore, for retention predictions in the view to method
solvent. development, it is undoubtedly better to use a quadratic rela-
Anyway, for neutral solutes, existing in an unique form, tionship to express logas a function of I¥ mainly for wide

nonlinear Van't Hoff behavior is probably resulting from a range of temperature higher than T@
change in the mechanism of retention. From a practical point
of view, it was noticed that a linear model is no more valid as
soon as the studied range of temperature is too wide (wider
than 100°C): it is clearly observed, on the first one hand
with Water—m(_ethanol used as mobile phase rat.her than with [1] 1.D. Wilson, Chromatographia 52 (2000) 28.
water—acetonitrile, and on the second hand with hypercarb 2] r.m. smith, R.J. Burgess, Anal. Commun. 33 (1996) 327.
and bonded silicas rather than with organic polymer and zir- [3] B. Yang, J. Zhao, J.S. Brown, J. Blackwell, P.W. Carr, Anal. Chem.
conia. For retention prediction with a view to method devel- 72 (2000) 1253.
opment, it is undoubtedly better to use the quadratic model in [#! Y- Yang, A.D. Jones, C.D. Eaton, Anal. Chem. 71 (1999) 3808.

. [5] S.B. Hawthorne, Y. Yang, D.J. Miller, Anal. Chem. 66 (1994) 2912.
all cases when the range of temperature is larger thaf@00

Ses\ ; J [6] B. Ooms, LC GC Int. 9 (1996) 574.
Considering the slopes of the Van't Hoff curves, it appears [7] p.L. zhu, J.w. Dolan, L.R. Snyder, J. Chromatogr. A 756b (1996)
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