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Effect of temperature in reversed phase liquid chromatography
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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
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inetic aspect was studied at various temperatures ranging from ambient temperature to high temperature (typically from about 30◦C)
y fitting the experimental data with the Knox equation and it was shown that the efficiency is improved significantly when the tem

s increased. In this paper, we also discussed the problem of temperature control for thermostating columns which may represent
ource of peak broadening: by taking into account the three main parameters such as heat transfer, pressure drop and band broade
rom the preheating tube, suitable rules are set up for a judicious choice of the column internal diameter.
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. Introduction

HPLC analysis are usually carried out at ambient or just
bove ambient temperature. By working at higher tempera-

ures, it is possible to improve the analysis conditions because
ome physical parameters playing an important role in HPLC,
uch as viscosity, mobile phase polarity or diffusivity depend
trongly on the temperature. Some years ago, some authors
tudied the influence of temperature on chromatographic sep-
rations, but the temperature range of interest was usually

rom ambient temperature up to 60◦C: only a few studies
ere devoted to very high temperatures[1–5]. Nowadays,
igh temperature liquid chromatography (HTLC) is known

o provide very attractive improvements compared to classi-
al HPLC[6]: it allows a reduction of the organic content in
he mobile phase and provides faster separations without loss

∗ Corresponding author. Tel.: +33 4 72 44 82 17; fax: +33 4 72 43 10 78.
E-mail address:heinisch@univ-lyon1.fr (S. Heinisch).

of efficiency. Furthermore, the use of temperature as se
tion parameter in order to improve selectivity can be u
very successfully[7–9]. The major drawback of the colum
high temperature is the risk of stationary phase degrad
and consequently classical bonded silicas which are la
thermally unstable have to be used very carefully. Deve
ment of new generation of silica based columns[10,11] as
well as nonsilica based ones, much more thermally st
will offer the possibility to carry out high temperature exp
iments without major damage of column packing.

HTLC analysis requires efficient equipment in orde
heat the column at the required temperature without r
temperature gradients inside the column[12,13], as they ar
known to involve excessive band broadenings. In order to
vent them, mobile phase preheating is of main importa
The heat exchanger is placed in an oven either prior to or
the injection valve. In the first case, the injection valve
to resist to high temperatures, meanwhile in the second
additional band broadening has often a significant effec
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the separation quality. A new technology[14] has been re-
cently developed. It consists in heating the tubing walls by
applying a voltage under microprocessor control, resulting in
a significant reduction of the required tubing length. In most
cases, mobile phase preheating is performed by plunging the
preheating tube into the column bath which may represent an
important limitation to HTLC especially when an air circula-
tion oven is used. It was shown[15] that peak efficiencies with
water or oil baths are much higher than with an air bath since
heat transfers into a liquid are much better and band broad-
enings reduced. However, it is obvious that an air system
is much more functional than an oil bath for many reasons:
firstly, temperature variations are dramatically faster with an
air system, secondly, one of the great interests of HTLC is
the possible coupling with a flame ionization detector which
is easy with the oven of the classical GC-FID system and
thirdly, temperature programming is very difficult with an oil
bath. Yet, temperature programming may represent an inter-
esting alternative technique to gradient elution for micro or
nano columns since it eliminates the problem of the delay
volume. A recent study[16] showed that it was possible to
use an air system at low flow-rates (1 ml min−1) only, pro-
vided that the eluent was heated up to 80◦C. In fact, the
preheater tubing must be long enough to avoid thermal mis-
match broadening and short enough to avoid extra-column
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stationary phases, various mobile phases within a large inter-
val of temperatures in order first to obtain a global overview
of the effect of temperature and then to compare the behavior
of conventional stationary phases such as new silica based
materials to new generations of stationary phases such as
polymeric, graphitic carbon or zirconia based materials.

2. Theoretical

2.1. Dependence of column efficiency on temperature

The column efficiency is commonly given by the plate
number,N, which is related to the plate height,H, by N =
Lcol/H, Lcol being the column length.H varies with the lin-
ear velocity of mobile phase,u, and its variation may be
expressed by the Van Deemter equation[26].

By using reduced parametersh andν defined byh = H/dp
andν = udp/Dm, dp being the average particle diameter and
Dm the molecular diffusion coefficient of the solute in the mo-
bile phase, Knox developed the following well-known equa-
tion [27]:

h = Aν1/3 + B

ν
+ Cν (1)
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roadening. By comparing the tubing lengths required fo
fficient preheating of the mobile phase at high flow-r
nd/or at high temperatures[16] when air bath or silicon
ath were used, it was concluded that air bath would

o excessive extra-column broadenings with a tubing le
even-fold longer. In contrast, other authors found[17] that
1.5 m long preheater tubing is appropriate at 200◦C with

ow-rates up to 3 ml min−1. Recently[16], it was shown tha
ith an oil bath, narrow bore columns (2.1 mm i.d.) g
etter thermal equilibration of the eluent compared to w
ore columns (4.6 mm i.d.). But it seems that no system
tudy has been performed to identify exactly the limita
f the air system, according to both column diameter

emperature. Furthermore, some authors[18–20]worked a
igh temperature without any preheating of the mobile ph

n this work we studied the possibilities of the air system
TLC taking into account the only three relevant parame

equired length of tubing, pressure drop into the tubing
eak band broadening due to the solute dispersion int
reheating tube.

The knowledge of the chromatographic behavior of
utes at high temperatures is essential to develop metho
TLC. Various studies have contributed to prove the g
dvantages of using high temperatures and many int

ng applications especially with hot water as mobile ph
21–23] have been shown; a few studies[9,24,25]have in-
estigated the kinetic and thermodynamic aspects of HT
nfortunately, these studies were generally performed
nique type of stationary phase and/or within a limited ra
f temperature and/or with a unique type of mobile phase
oal of the present work is to study the behavior of var
heA term depends on both the quality of the column pac
nd the contribution of slow mass transfer across the mo
tream. TheB term accounts for longitudinal diffusion. T
term expresses the effect of mass transfer resistanc

oth stagnant mobile phases and stationary phases. In
f low ν values, the second contribution (B/ν) of the Knox
quation is predominant whereas the third termCν become
redominant in case of highν values. Theoretically, for term
–C invariant with the temperature, there should be only
loth versusν, independent on the temperature. In fact, b
andC terms depend on solute retention[27] and conse

uently, for a given solute and a given mobile phase,
hould depend on temperature since the retention dec
hen the temperature increases. While theB term is usually
aid to be roughly independent on the temperature[24], the
ariation of bothA andC terms with temperature is large
iscussed. It has been found that the reduced plate h
opt, at the optimum reduced velocity (νopt) decreased wit
emperature[24,28–30], increased with temperature[31,32]
r was roughly invariant with temperature[3,33,34]. A de-
rease of column efficiency (increase inhopt) with temper-
ture was often attributed to extra-column band broade
hich of course has a higher effect on low solute reten
orresponding to high temperatures. It was also attribut
he negative impact of temperature due to thermal grad
hat may exist inside the column when the eluent temper
t the column inlet is different from the temperature of
olumn walls. Both problems can easily be overcome
rst one by minimizing the importance of extra-column d
ersion (lower extra-column variance value, higherk value),

he second one by using an efficient preheating of the m
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phase (see next section). On the other hand, some authors
have noted an increase of column efficiency (decrease inhopt)
with temperature[33]. This phenomenon was attributed to
slow kinetic systems where an increase in temperature may
improve the mass transfer resistance and consequently de-
crease theC term. Furthermore, the kinetics of secondary
interactions, which are often responsible of peak tailings are
probably accelerated at elevated temperature, eliminating the
tailing.

The plot ofh versusν requires the estimation of the dif-
fusion coefficients which is not a simple task. This estima-
tion may be obtained either from experimental measures of
the peak standard deviation of a solute placed into a long
tube filled with the desired solvent at the desired temperature
[35,36]or from empirical equations such as the widely used
Wilke–Chang equation[37]. This equation is given by:

DA,B = 7.4 × 10−8 (ΦBMB)1/2T

ηBV
0.6
A

(2)

whereDA,B is the diffusion coefficient of solute A at very
low concentration in solvent B (cm2 s−1), MB the molecu-
lar weight of solvent B (g mol−1), T the absolute temper-
ature (K),ηB the viscosity of solvent B (cP) atT, VA the
molar volume of solute A at its normal boiling temperature
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Thompson et al.[16] used the convenient following equa-
tion based on theoretical considerations to calculateLtube:

Ltube = ṁCpR
′
th ln

(
Tin − Toven

Tout − Toven

)
(4)

whereṁ is the mass flow-rate of the mobile phase,CP, its
mean specific heat,Toven, the oven temperature.Tin andTout
are the eluent temperature at the preheating tube inlet and
outlet, respectively,R

′
th represents the total resistance to heat

transfer. It has been shown[16], in case of an air bath, that
this term depends essentially on the resistance to convective
heat transfer from the air bath to the outer wall of the preheat-
ing tube. As a result, it depends both on the convective heat
transfer coefficient of the forced air which varies according to
the convection rate and on the outer diameter of the tube. The
higher the heat transfer coefficient and/or the outer diameter,
the smaller the resistance to transfer. According to[3,13,15],
even whenToven differed fromTout of 5◦C, no significant
thermal broadenings were observed. Since ˙m = ρF , F being
the mobile phase flow-rate andρ, its density,Eq. (4)can be
changed in:

Ltube = ρFCpR
′
th ln

(
Tin − Toven

Tout − Toven

)
(5)

F being given by

F
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cm g mol ) andφB, is the association factor of solve
(dimensionless). Wilke and Chang recommended a v

fφ at 2.6 when the solvent was water, at 1.9 when the so
as methanol and at 1.0 when the solvents are unasso

for example, acetonitrile). It was later found that the p
ictions were more accurate if the value ofφ was reduce

o 2.26 for organic solutes diffusing into water[38]. Some
uthors[36] found up to 30% differences when compar

he diffusion coefficients computed from the Wilke–Ch
quation and their experimental values. For the diffu
oefficient of a solute in an homogeneous mixed solv
q. (2)can be used with the association parameter rede
s[38]:

M =
∑n

j=1
xjΦjMj (3)

herexj is the mole fraction of solventj, φj , its associatio
arameter andMj , its molecular weight.

.2. Temperature control in HTLC with an air
irculation oven

Three parameters are relevant to evaluate the possib
f a preheating system: the required tube length,Ltube, the
ontribution of the preheating tube to peak dispersion,σ2

tube
partial peak variance) and the pressure drop into the
Ptube, the preheating performance being hardly affecte

he tube diameter[3], provided that the tube wall is thin a
he thermal resistance to heat transfer through the tube
s small.
= ucolεπd
2
col

4
(6)

hereucol is the linear velocity of the mobile phase throu
he column,dcol the column diameter andε is the total column
orosity. As shown byEqs. (5) and (6), Ltube is proportiona

o F and then proportional tod2
col.

The pressure drop into the tubing, with the requiredLtube,
an be expressed by the Poiseuille–Hagen expression
ated to a laminar flow system:

Ptube = 128
ηLtubeF

πd4
tube

(7)

For a given temperatureToven, with a desired differenc
etweenToven andTout (for example, 5◦C), a given colum
nd a given mobile phase,ucol (optimum linear velocity fo
xample),Cp, η, ε andρ are fixed. Furthermore,R

′
th is fixed

or a given preheating system (for example, forced air) a
iven outer diameter tubing. By replacing inEq. (7)FandLcol
y the relationships given inEqs. (5) and (6), respectively, th
ressure drop inside the tubing becomes directly proport

o (dcol/dtube)4 as follows:

Ptube = K1
d4

col

d4
tube

(8)

1 being the proportionality constant given by

1 = 8ηρε2πCpR
′
thu

2
col ln

(
Tin − Toven

Tout − Toven

)
(9)
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The maximum acceptable pressure drop inside the tubing,
�Ptube,max (for example, 20–30 bars representing 10% of the
maximum pressure of the solvent delivery system), will then
fix the minimum value ford4

tube according to:

K1
d4

col

�Ptube,max
≤ d4

tube (10)

The peak varianceσ2
peak, is the sum of variances due to

external (σ2
ext) and internal (σ2

col) contributions, respectively.
Usually, the external variance is expected to be less than 10%
of the internal one in order to loose less than 9% of the column
efficiency. If all the external variances (detector and injector
contributions) have been minimized except the tubing vari-
ance (σ2

tube), the following relationship should be applied:

σ2
tube

σ2
col

≤ 0.1 (11)

σ2
tube [39] andσ2

col, are respectively given by:

σ2
tube = d4

tubeLtubeF

122Dm
(12)

and

σ2 = V 2
r = L2

colπ
2ε2(1 + k)2 × d4 (13)
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2.3. Effect of temperature on retention properties

The influence of temperature on solute retention factor,
k, is a function of the free energy changes in the interaction
between the solute and the stationary phase according to the
following expression (Van’t Hoff equation):

logk = − �H0

2.3RT
+ �S0

2.3R
+ logΦ (18)

where�H0 and�S0 are the system enthalpy and entropy,T
the absolute temperature,R the universal gas constant andΦ
is the phase ratio of the system. For neutral solutes, the plot of
logk versus 1/T, also called Van’t Hoff plot, is usually linear
with a slope of−�H0/2.3R and an intercept of�S0/2.3R+
logΦ provided that�H0 and�S0 are invariant with temper-
ature[40,41]. Many authors[24,42] observed linear Van’t
Hoff plots with hydro organic mobile phases for tempera-
ture ranges of about 90◦C. Some small deviations from lin-
earity were observed[43–46]and attributed to the so-called
“phase transition” phenomenon. That is the consequence of
a change in the molecular structure of the stationary phase
which appears in the 20–50◦C range for C18 silica based
stationary phases. This phenomenon is quite independent on
the nature of both solute and eluent. However, it was shown
that these deviations were relevant only for stationary phases
with high bonding density[45,46](bonding densities higher
t
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hereN is the column plate number andk, the solute retentio
actor.

As previously discussed, for given conditions of tem
ture, column, mobile phase, solutes and preheating sy
col,Cp, ε,Dm, ρ,R

′
th,Lcol,Nandkare fixed. By replacing i

q. (12)F andLtubeby the relationships given inEqs. (5) and
6), respectively and by consideringEq. (13), it appears tha
2
tube/σ

2
col becomes directly proportional tod4

tube according
o:

σ2
tube

σ2
col

= K2d
4
tube (14)

2 being the proportionality constant given by

2 = ρCpR
′
thNu

2
col

122DmL
2
col

(15)

q. (11)becomes

4
tube ≤ 0.1

K2
(16)

ConsideringEqs. (8) and (16), it appears that the prehe
ng can be achieved under acceptable conditions of pre
nd extra-column band broadenings when:

4
col ≤ 0.1 × K1

K2
×�Ptube,max (17)

According toEq. (17), it is obvious that column miniatu
zation is the most reliable way to overcome all problem
reheating.
,

han 4.0�mol/m2).
Curvilinear Van’t Hoff plots were more rarely observ

47]. However, Hearn and Zhao[48] studied the dependen
f ln k onT for several polypeptides with acetonitrile–wa
ixtures and methanol–water mixtures on an-butyl silica sta

ionary phase and found nonlinear Van’t Hoff plots for te
eratures ranging from 278 to 358 K, with acetonitrile–w
ixtures. They related the classical linear Van’t Hoff beh

or to a change in the heat capacity of the system indepe
nT (case of methanol–water mixtures) and the nonclas
an’t Hoff behavior to a change in the heat capacity de
ent on T (case of acetonitrile–water mixtures). In this c
oth�H0 and�S0 vary with T according to the followin
elationships:

n k = b0 + b1

T
+ b2

T 2
+ ln Φ (19)

ith

H = −R
(
b1 + 2b2

T

)
(20)

nd

S = R

(
b0 − b2

T 2

)
(21)

hereb0, b1 andb2 are the coefficients to be determined
Another expression was given to express lnk versus 1/T

n case of nonlinear Van’t Hoff curves[49] as follows:

n k = A+ B

T
+ C ln T (22)

hereA–Care the coefficients to be determined.
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It was shown in the case of proteins[50], that the change
in the system pressure induced by a change in the column
temperature can mask or alter the true temperature influence
on k. In fact, this problem can be easily overcome only if
experimental data are acquired at constant pressure in place
of at constant flow-rate.

Until now, as most silica based phases are thermally un-
stable and can only be used at temperatures not higher than
60–80◦C, just a few investigations have been performed
within a wide temperature range (from ambient up to 200◦C).
A study of logk versus 1/Twithin such a range and with var-
ious mobile and stationary phases has not been reported yet.

3. Experimental

3.1. Instrument

The HTLC system (Fig. 1) consisted in two Shimadzu
LC10AD pumps, a Perkin-Elmer auto system GC oven
equipped with a temperature controller, a Shimadzu SPD6A
spectrophotometer detector set at 254 nm with either a 8�L
high pressure cell (case of classical 4.6 mm i.d. columns) fol-
lowed by a Jasco 880-81 system maintained at a constant
back pressure of 50 bars or a 0.5�l cell with a fused sil-
i ec-
t mm
i et at
0 tion
v
c heo-
d be
w d the
c -rate
a and
d u-
o void
c ously
c luent
e pre-

F obile
p , GC
o m
1

heating tube with a type T copper–constantan thermocouple.
It was assumed that the temperature of the eluent was equal
to the surface temperature at the outside of the tube. This as-
sumption is justified by the low resistance to conductive heat
transfer throughout a thin metallic tube. About five centime-
ters of the thermocouple sonde were tied with the end of the
preheating tube and overlaid with thermal insulation in order
to insulate it against the oven temperature.

The acquisition data were processed with the Azur acqui-
sition software (Datalys, France). The acquisition frequency
was set at 10 or 20 Hz depending on the flow-rate.

3.2. Viscosity measurements

The viscosities of aqueous acetonitrile or methanol mix-
tures as a function of T were obtained from the experimen-
tal data of the total backpressure using a Zirchrom-DB-C18
column, thermally stable. The pressure measurements were
performed using the chromatographic instrument previously
described. The eluent mixtures were prepared in the range
0–100% (v/v) by hand mixing. The eluent was pumped at
2ml min−1 through a 50 mm× 4.6 mm column packed with
3�m particles, placed into the oven, followed by a 100�m
i.d. fused silica capillary at room temperature with an ade-
quate length to maintain a column outlet pressure higher than
t to the
c ssure
d

3

1

2

3 -

4 -

5 -

6

7

8

enta-
t om
p ined
b sur-
f y
c zir-
c 18
ca capillary (50�m i.d. columns) placed before the det
or to maintain the mobile phase in the liquid state (1
.d. columns). The time constant of the detector was s
.1 s. In case of classical 4.6 mm i.d columns, the injec
alve was a Rheodyne model 7125 (3�l sample loop), in
ase of 1 mm i.d columns, the injection valve was a R
yne model 7520 (0.5�l sample loop). A preheating tu
as placed into the oven between the injection valve an
olumn. The length has been adapted to both the flow
nd the temperature according to the results obtained
iscussed into theSection 4. The mobile phase was contin
usly degassed with nitrogen for oxygen elimination to a
orrosion problems. The oven temperature was continu
ontrolled with a thermometer. The temperature of the e
ntering into the column was measured at the end of the

ig. 1. Scheme of the HTLC system: 1, nitrogen for purging the m
hase; 2, pumps; 3, injection valve; 4, preheating coil; 5, column; 6
ven; 7, cooling bath; 8, UV detector; 9, tube for back pressure 18 c×
00�m; 10 computerized data acquisition system.
he vapor pressure of the solvent. The pressure drop in
apillary was measured and deduced from the total pre
rop of the system.

.3. Analytical columns

Different stationary phases were studied:

Zirchrom-PBD (3�m, 50 mm × 4.6 mm i.d.) from
Zirchrom separations (Anoka, USA).
Zirchrom-DB-C18 (3�m, 50 mm × 4.6 mm i.d.) from
Zirchrom separations (Anoka, USA).
PLRP-S (5�m, 150 mm×4.6 mm i.d.) from Polymer Lab
oratories (Church Stretton, UK).
MS-Xterra-C18 (5�m, 150 mm× 4.6 mm i.d.) from Wa
ters (Milford, USA).
RP-Xterra-C18 (5�m, 150 mm× 4.6 mm i.d.) from Wa
ters (Milford, USA).
Nucleodur-C18 (3�m, 70 mm × 4.6 mm i.d.) from
Macherey Nagel (France).
Kromasil-C18 (5�m, 150 mm × 4.6 mm i.d.) from
Thermo electron (France).
Hypercarb (5�m, 100 mm× 4.6 mm i.d.) and (5�m,
100 mm× 1 mm i.d.), both from Hypersil (France).

Columns were selected in order to have a wide repres
ion of the different thermally stable packings: both Zirchr
acking are zirconia based. The Zirchrom-PDB is obta
y deposition and cross-linking of polybutadiene on the

ace of zirconia[51]. The Zirchrom-DB-C18 is obtained b
hemical vapor deposition of hydrocarbons on porous
onia[52]. The Nucleodur-C18 and Kromasil-C18 are C
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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′′ (1.59 mm) and internal diameter of 0.005′′
(0.127 mm). Zirchrom-DB-C18 as column and water as elu-
e var-
i to
2 clas-
s ture
w e be-
f tures
w nces
a ing
l e pre-
h
2 s
w
l steel
t

F the in-
c gth for
d
3
2

Fig. 3. Chromatograms showing the effect of an efficient (a) and ineffi-
cient (b) preheating on the peak shape, solutes: benzene, toluene, ethylben-
zene, propylbenzene, butylbenzene, pentylbenzene, column Zirchrom-DB-
C18 4.6 mm i.d. 50 mm length, flow-rate 4 ml min−1, temperature 150◦C,
i.d preheating tube 127 mm, length preheating tube 2 m (a) and 1 m (b).

previously, these lengths are dependent on the total resistance
to heat transfer (R

′
th) which varies according to the air con-

vection rate and differs from oven to oven.Fig. 3shows the
effect of an inadequate preheating on the separation of alkyl-
benzenes at 150◦C with a flow-rate of 4 ml min−1. One meter
of tubing is definitely inappropriate meanwhile 2 m provide
good peak shapes.

As the required length is directly proportional toF
(Eq. (5)), it is possible, from our results, to calculate the
required length for any column diameter (Eq. (6)) using a
linear velocity adapted to the temperature. It can be pointed
out that the tubing length also depends onR

′
th and this term

is roughly inversely proportional to the outer diameter of the
tube[3] when the heat transfer coefficient is 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 (0.375 mm o.d.). For a given flow-rateF and a given
tube outer diameterdo,tube (expressed in mm), the required
tube length is then given by:

Ltube = Ltube,ref
F

Fref

1.6

do,tube
(23)
nt were used in these experiments. Flow-rates were
ed from 1 to 10 ml min−1 and the temperature from 100
00◦C. These conditions of flow-rates were adapted to
ical column diameters (4.6 mm i.d.). The outlet tempera
as measured with the thermocouple at the end of the tub

ore the eluent enters into the column. Measured tempera
ere compared to the oven temperature and the differe
re reported inFig. 2. In most cases, one or two meter tub

engths have been proved to be long enough for a suitabl
eating (a differenceToven− Tout value lower than 5◦C). At
00◦C with flow-rates higher than 5 ml min−1, longer tube
ere required. With a 10 ml min−1 flow-rate, a tube of 4 m

ong was required. Our determined lengths of stainless
ubings are higher than those calculated in[16] but as said

ig. 2. Experimental measured differences in temperature between
oming eluent and the oven as a function of the stainless steel tube len
ifferent oven temperatures and mobile phase flow-rates: (♦): 100◦C and
ml min−1; (�): 150◦C and 4 ml min−1; (©): 200◦C and 5 ml min−1; (
):
00◦C and 10 ml min−1.
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Table 1
Calculated�Ptube andσ2

tube/σ
2
col for four column internal diameters at 100 and 200◦C in water

Temperature
(◦C)

Viscositya

(cP)
Dm

(×10−5 cm2 s−1)
u
(mm s−1)

Column i.d. (mm) 4.6 2.1 1 0.32
Preheating tube i.d. (�m) 127 100 75 50
Preheating tube o.d. (mm) 1.6 0.375 0.375 0.375

σ2
col (�l2) (Eq. (13)) 1082 47 2 0.025

30 1 1 1 F (�l min−1) (Eq. (6)) 700 145 33 3

100 0.30 4.1 4 F (�l min−1) (Eq. (6)) 2863 597 135 14
Ltube(cm) 100b 90 18 0.4
σ2

tube (�l2) (Eq. (12)) 10∗ 0.7 0.01∗ 0.000004
(σ2

tube/σ
2
col) × 100 1 1.5 0.4 0.0

�Ptube (bars) (Eq. (7)) 22∗ 11 2∗ 0.02

200 0.15 10.4 10 F (�l min−1) (Eq. (6)) 7260 1513 343 35
Ltube(cm) 400b 360 70 1.5
σ2

tube (�l2) (Eq. (12)) 103∗ 7 0.1∗ 0.00004
(σ2

tube/σ
2
col) ×100 10 16 4.5 0.2

�Ptube (bars) (Eq. (7)) 114∗ 55 10∗ 0.1

Calculations were obtained fromEqs. (5)–(7), (12) and 13using the following values:Lcol = 100 mm,N = 5000 plates,ε = 0.7,k = 1,Dm = 1 × 10−5 cm2 s−1

at 30◦C in water anduoptimum = 1 mm s−1 at 30◦C. See text for more explanations.
a From ref.[38].
b Experimental values given byFig. 2.

whereLtube,ref is the tube length reported onFig. 2 for the
flow-rate,Fref, leading to a differenceToven−Tout lower than
5◦C. UsingEqs. (7), (12) and (13), it is possible to calculate
�Ptube, σ2

tubeandσ2
col, assuming thatη andDm keep constant

values all along the total length of the heating tube, and corre-
sponding to values obtained atTout. This assumption is con-
sistent as the eluent temperature increases exponentially with
the distance from the tube inlet and as a result the viscosity
decreases exponentially.Table 1lists the values calculated at
100 and 200◦C for four different usual column diameters, 4.6,
2.1, 1 and 0.320 mm. Tube length values for 4.6 mm i.d. col-
umn are those reported onFig. 2. The internal diameters of the
preheating tubes were chosen among the commercially avail-
able tubes in order to provide the best compromise between a
low�Ptubevalue and a lowσ2

tube/σ
2
col value. Viscosities val-

ues were found in the Perry’s[38] for water as solvent. The
diffusion coefficientsDm were estimated by assumingDm ≈
1 × 10−5 cm2 s−1 for acetone at 30◦C in water and the re-
lationshipDm ∝ T/η (from Wilke–Chang equationEq. (2).
The linear velocities,u, were estimated by assuminguoptimum
≈ 1 mm s−1 at 30◦C and the relationshipuoptimum ∝ Dm.

Some experimental measurements of�Ptube and σ2
tube

were carried out with acetone as solute and they were found
to be close to the calculated ones (within 30%) (asterisked
in Table 1). It appears that at 200◦C, with column diameters
o
a ues
( sible
t val-
u any
p ndi-
t e
a hase
p tudy

brings us to the conclusion that an air system is fully adapted
to HTLC up to 200◦C. This technique can be applied to classi-
cal column (4.6–2.1 mm i.d.) with temperatures up to 150◦C
and flow-rates lower than 4 ml min−1. In contrast, we found
no limitation for the utilization of an air system when using
micro columns (1 mm i.d. or less) at higher temperatures.

4.2. Effect of temperature on column efficiency

Up to now, very few datas are available on viscosity of
mixed binary eluents. Existing data often concern either tem-
peratures ranging from low temperatures up to 60◦C [53], or
pure solvents at temperatures up to 200◦C [38]. However,
Chen and Horvath[54] established the following empirical
relationship to determine the viscosity of aqueous acetoni-
trile mixtures at various temperatures ranging from ambient
up to 120◦C:

ηΦ,T = exp

[
Φ

(
−3.476+ 726

T

)

+ (1 −Φ)

(
−5.414+ 1566

T

)

+Φ(1 −Φ)

(
−1.762+ 929

T

)]
(24)

p t
t

s for
a y us-
i . The
m pera-
t t
f 4.6 and 2.1 mm, at optimum linear velocities, both�Ptube
ndσ2

tube/σ
2
col are higher than the maximum allowed val

30 bars and 10%, respectively). It means that it is impos
o find an internal diameter of tube providing acceptable
es of both�Ptubeandσ2

tube/σ
2
col, and as a consequence,

reheating conditions are unsatisfactory. For all other co
ions, both�Ptube andσ2

tube/σ
2
col values are lower than th

llowed values and there is even no need for mobile p
reheating when using a 0.32 mm internal column. This s
When comparing calculated values usingEq. (24)and ex-
erimental values, Thompson and Carr[55] concluded tha

his correlation was good to within±20% from 100 to 200◦C.
We also made an attempt to determine viscosity value

queous methanol and aqueous acetonitrile mixtures, b
ng the method described into the experimental section

easured pressure drops were obtained at different tem
ures,T, varying from 25 to 200◦C and with different eluen
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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

25a 0.89 1.4 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

a From reference[53].

compositionsφ ranging from 0 to 100% of organic solvent.
These values allow an evaluation of the viscosityηT ,� by
means of the Darcy’s law according to:

ηT,Φ = �PT,Φ

�P25◦C,Φ
× η25◦C,Φ (25)

where�PT ,� and∆P25◦C,� are the measured pressure drops
with the eluent compositionφ and at temperaturesT and
25◦C, respectively;η25◦C,� is the eluent viscosity at 25◦C
determined by Colin et al.[53]. It was assumed of course
that the specific permeability is independent on the temper-
ature. At the end of such experiments, pressure drops were
measured once more time at 25◦C in order to verify that the
specific permeability did not vary all along the different ex-
periments. Our viscosity values (Table 2) obtained with this
method were correlated using a polynomial regression. The
following relationships were obtained:

ηΦ,T = 10(−2.429+(0.714/T )−1.859Φ+(0.9117Φ/T )+1.8586Φ2−0.9681(Φ2/T )) (26)

for aqueous methanol mixtures and

ηΦ,T = 10(−2.063+(0.6019/T )+0.0709Φ+(0.062Φ/T )+0.5043Φ2−0.3458(Φ2/T )) (27)

for aqueous acetonitrile mixtures.
val-

u d val-
u d to
v with
t s
m x-
t ace-
t
a d
u

t y
u the
W tal
v

D

Experimental values of the diffusion coefficients at 30◦C
were taken from[36] for alkylbenzenes and[35] for other
solutes.

Reduced plate heights (h) versus reduced linear velocity
(ν) were plotted for four different stationary phases at differ-
ent temperatures (Figs. 4–7). Experimental values were fitted
with the Knox equation (Eq. (1)). For the Hypercarb, PLRP-
S and Zirchrom-DB-C18 stationary phases, all experiments
have been performed with the samekvalue by decreasing the
organic modifier content in the mobile phase while increasing
temperature. As shown in the previous section, it is better to
use micro columns (1 or 0.32 mm i.d.) at very high tempera-
tures but it was more convenient for this study to use classical
ones (4.6 mm i.d.). In all cases, preheating tube lengths were
calculated in order to provide adequate preheating of the mo-
bile phase according toFig. 2, despite high pressure drops
or high external variances. However, in order to account for

the extra-column dispersion, column plate numbers N were
c

N

F tures,
c ase
w

Both equations provide a good fitting of the viscosity
es with a difference between determined and calculate
es within±10%. Our calculated values were compare
iscosity values given in the literature. The differences
hose given by[53] at 60◦C were within±10% for aqueou
ethanol mixtures and±20% for aqueous acetonitrile mi

ures. Furthermore, the calculated values for aqueous
onitrile mixtures were compared to those given byEq. (24),
nd the differences were within±5% at low temperature an
p to 25% at 180◦C.

The diffusion coefficients of a solute A,DA,�,T , at a
emperature,T, into a given solvent,φ, were estimated b
sing the following convenient equation, derived from
ilke–Chang equation (Eq. (2)) and based on experimen

alues of the diffusion coefficient at 30◦C into a solvent B.

A,Φ,T = (ΦM)1/2Φ T

ηΦ,T
× ηB,30◦C

(ΦM)1/2B × 303
×DA,B,30◦C

(28)
alculated according to the following relationship:

= (tr − text)2

(σ2
total − σ2

ext)
(29)

ig. 4. Reduced plate height vs. linear velocity at various tempera
olumn Nucleodur 75 mm× 4.6 mm, solute propylbenzene, mobile ph
ater–acetonitrile 35:65 v/v; (�) 30◦C (k = 5); (�) 90◦C (k = 2.3).
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Fig. 5. Reduced plate hight vs. linear velocity at various temperatures, col-
umn PLRP-S 150 mm× 4.6 mm, solute methyl parahydroxybenzoate (k =
1), (�) 30◦C, water–acetonitrile 50:50 v/v; (�) 90◦C, water–acetonitrile
65:35 v/v; (�) 200◦C, water–acetonitrile, 90:10 v/v.

where tr is the solute retention time,text the external time
spent by the solute in the preheating tube that is negligible
in most cases,σ2

total andσ2
ext is the total peak variance and

the external variance, respectively, expressed in time units.
σ2

ext was obtained from the calculation of statistical moment
(order 2) of a peak produced without column;σ2

total was cal-
culated from the measurement of the peak width at half peak
height, all the chosen solutes providing symmetrical peaks
(asymmetry factor lower than 1.2 and higher than 0.9).

The plots ofh versusν show that the optimum reduced
linear velocity (νopt) is totally independent on the tempera-
ture for all the studied stationary phase. Consequently, the
optimum linear velocity (uopt) 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/η. It may be concluded that HTLC im-
proves drastically analysis speed (5–15-fold from ambient
up to 200◦C depending on the increase inη). According to
the Darcy’s law, the column backpressure at the optimum lin-
ear velocity will then vary proportionally toT (for example,
for a given mobile phase, the column backpressure at 200◦C
will be 1.6 times higher (ratio 473/293) than at 20◦C). Thus,
as it is not commonly expected, HTLC is not appropriate for

F pera-
t
m l
3

Fig. 7. Reduced plate height vs. linear velocity at various temperatures,
column Zircone DB-C1850 mm× 4.6 mm, solute propylbenzene (k =
10); (�) 30◦C, water–acetonitrile 50:50 v/v; (�) 180◦C, water–acetonitrile
90:10 v/v.

reducing column backpressures (at the optimum linear ve-
locity) and therefore it does not make the use of particle size
smaller than the conventional ones (5–3�m) easier.

It is very interesting to note that the optimum reduced plate
height (hopt) decreased with temperature for all studied sta-
tionary phases, and particularly for PLRP-S stationary phase.
It can be assumed that this reduction is coming from the re-
duction of the mass transfer resistance which is often more
relevant in the case of polymeric materials. No concomi-
tant significant change in theC term has been highlighted
but our exploredν range was obviously not large enough at
high temperature to discussC variations with temperature.
On the other hand, significant improvements in some peak
shapes have been found at high temperatures as shown in the
chromatograms ofFigs. 8 and 9which 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 great improvement in analysis speed when us-
ing high temperatures. The dead time, indeed, is reduced to
only 6 s onFig. 9b. Since the calculated plate number is about
7000, it appears that the plate number per time unit (N/tm)
reaches a very high value, close to 1200 plates/s, which is im-
possible to get at ambient temperature even with monolithic
c read
o e val-
u
d ing
t

4

r
t ction
w tes.
F ots
w tion
c . In
t

ig. 6. Reduced plate height vs. linear velocity at various tem
ures,column Hypercarb 100 mm× 4.6 mm, solute fenuron, (�) 25◦C,
ethanol,k = 4.5; (�) 60◦C, methanol,k = 3; (�) 100◦C, water–methano
0:70 v/v,k = 3.
olumns. In addition, the corresponding backpressures
n the pump system are given on figure captions. Thes
es were obviously very high with classical columns (Fig. 8)
ue to the significant required tubing length, thus confirm

he beneficial effect of small i.d. columns in HTLC (Fig. 9).

.3. Dependence of the retention on temperature

The variations of logkas a function of 1/Twere studied fo
he different columns described into the experimental se
ith different mobile phases and for various neutral solu
igs. 10–13show the resulting Van’t Hoff plots. These pl
ere fitted either with a linear model (resultant correla
oefficientr2 higher than 0.995) or with a quadratic model
his case, all the fitting curves were obtained withr2 > 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; 5,�-hydroxy-ethyl-
theophilline), column Zirchrom-DB-C18 4.6 mm i.d. 50 mm length, 254nm
UV detection, 300 ng injected, (a) 25◦C, 1 ml min−1, water–methanol
60:40 v/v, backpressure resulting from tubing and column 40 bars (b) 150◦C,
7 ml min−1, water, 2 m× 0.127 mm preheating tube, backpressure resulting
from tubing and column 300 bars.

It is interesting to note that for all the Van’t Hoff plots with all
types of stationary phases, the data can be considered as linear
within a narrow temperature range 25–80◦C. Within a larger
range of temperature, a quadratic model is often required.
We have observed that this behavior is totally independent
on the nature of the solute but is dependent on both types of
stationary and mobile phases.

Linear relationships of logk versus 1/T for the different
studied silica based columns are given onFig. 10. The linear-
ity of the curves concerns all types of, aqueous–acetonitrile
and aqueous–methanol mobile phases. However, the studied
range of temperature was not very wide (20–100◦C) due to
the thermal instability of silica based columns. We can con-
clude that within this range of temperature, the classical linear
relationship can be applied with a very good approximation
in a view to method development. OnFig. 11are shown the
plots of logkversus 1/T for the Hypercarb column. Although
the range of temperature is much wider (20–180◦C), the lin-
ear relationship provides a very good fit of the experimental
data, suggesting that with the Hypercarb column�H and�S
are essentially temperature-independent over the entire ex-
amined temperature range, whatever the mobile phase com-
position is, even with pure water. In contrast, for the PLRP-S

Fig. 9. Effect of temperature on the separation of caffeine derivatives (same
solutes as Fig. 8 column Hypercarb 1 mm i.d. 100 mm length, 254 nm UV de-
tection, 50 ng injected, (a) 100◦C, 200�l min−1, acetonitrile, 1 m× 100�m
preheating tube, backpressure resulting from tubing and column 90 bars, (b)
180◦C, 500�l min−1, water–acetonitrile 70:30 v/v, 1 m× 100�m preheat-
ing tube, backpressure resulting from tubing and column 180 bars.

(Fig. 12a and b), when using aqueous–acetonitrile mixtures,
it appears that the shapes of the Van’t Hoff plots are quite
different from those obtained with aqueous methanol mix-
tures. With the first eluents, the curves are clearly quadratic
whereas they are quite linear with the second eluents. Linear
Van’t Hoff plots are usually reported with some rare excep-
tions [49] for low molecular weight organic compounds. In

Fig. 10. Plot of logkvs. 1/T for silica based stationary phases; (�) Kromasil
C18 with methanol–water 55–45 v/v, solute benzene; (�) MS-Xterra C18
with acetonitrile–water 30–70 v/v, solute propylparaben; (�) RP-Xterra C18
with acetonitrile–water 60-40 v/v, solute propylbenzene; (�) Nucleodur C18
Gravity with acetonitrile–water 5–95 v/v, solute phenol.
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Fig. 11. Plot of logk vs. 1/T for Hypercarb column, (�) with methanol,
solute fenuron; (�) with methanol–water 70–30 v/v, solute fenuron; (�)
with acetonitrile–water 30–70 v/v, solute benzene as solute; (�) with water,
solute benzene; (
) with water, solute hexanol.

contrast, curvilinear Van’t Hoff plots were observed by Hearn
and Zhao[48] for high molecular weight solutes (polypep-
tides) onn-butylsilica over a range ofT 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
the nonclassical behavior was influenced by the nature of the
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, as it is seen

F nol
m
e
b
p

Fig. 13. Plot of logk vs. 1/T for zirconia based stationary phases. (a)
Zirchrom-DB-C18 solute benzene; (�) with water–acetonitrile 80–20 v/v;
(�) with water; (�) with water–methanol 60–40 v/v, (b) Zirchrom-
PDB with water–acetonitrile 80–20 v/v; (�) solute benzene; (�) so-
lute ethylbenzene; (�) solute butylbednzene; (�) RP-Xterra C18 with
water–acetonitrile 40–60 v/v, solute propylbenzene; (�) Nucleodur C18
gravity with water–acetonitrile 95–5 v/v, solute phenol.

on logkversus 1/Tcurves ofFig. 13a 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. It is 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 authors[50], 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 dependence ofk. We
have therefore compared the Van’t Hoff curves ofFig. 13a
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 110 bars, 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
ig. 12. Plot of logkvs. 1/T for the PLRP-S column, (a) with water–metha

obile phases; (�) 50–50 v/v, solute m-toluidine; (�) 50–50 v/v, solute

thylparaben; (�) 60–40 v/v, solute benzene, (b) with water–acetonitrile mo-
ile phases; (�) 80–20 v/v, solute m-toluidine; (�) 80–20 v/v, solute ethyl-
araben; (�) 60–40 v/v, solute benzene.

being unlikely with Hypercarb due to its perfect regularity
and rigidity. In contrast, it may be more likely on PLRP-S
a m-
s this material is well known to swell as a function of te
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perature and as a function of the type and percent of organic
solvent.

Anyway, for neutral solutes, existing in an unique form,
nonlinear Van’t Hoff behavior is probably resulting from a
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–methanol used as mobile phase rather than with
water–acetonitrile, and on the second hand with hypercarb
and bonded silicas rather than with organic polymer and zir-
conia. For retention prediction with a view to method devel-
opment, it is undoubtedly better to use the quadratic model in
all cases when the range of temperature is larger than 100◦C.
Considering the slopes of the Van’t Hoff curves, it appears
thatk decreases about 1–3% every◦C depending on the so-
lute, on the stationary phase and on the mobile phase. It means
that an increase of 30–50◦C plays quite the same effect on
retention as an increase of 10% of organic modifier in binary
hydroorganic mobile phases at ambient temperature. The use
of high temperatures greatly reduces the percent of organic
solvent in the mobile phase as shown by the separation of
caffeine derivatives (Figs. 8 and 9). In both Figs. 8 and 9
(Zirchrom-DB-C18) and (Hypercarb), the eluent strength of
the mobile phase is quite the same (same range of k values)
f anic
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Therefore, for retention predictions in the view to method
development, it is undoubtedly better to use a quadratic rela-
tionship to express logk as a function of 1/Tmainly for wide
range of temperature higher than 100◦C.
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