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With the advent of column materials that can be used effectively at
temperatures well over 100 °C, high temperature liquid
chromatography (HTLC) separations have gained more attention in the
last few years. Advantages of HTLC include fast analysis time, better
selectivity, improved column efficiency, and minimization of the use of
organic solvents involved in the mobile phase. With the rapid heat
transfer of packed capillary and open tubular columns, the use of
temperature programming can supplement the use of gradient elution.
Separation using high-temperature water as the sole eluent has shown
a great potential as an alternative reversed-phase LC technique with
the effect of having a “greener” mobile phase system. In this paper,
silica-based, metal oxide-based, polymer, monolithic, and temperature-
responsive stationary phases have been reviewed. A recently
developed high performance LC chip and other noteworthy aspects of
HTLC also have been included in this review.

or decades, chromatographers have
been focusing on optimizing
parameters such as the composi-

tion, pH, and ionic strength of the mobile
phase; the type and particle–pore size of the
stationary phase; and column dimension to
achieve better high performance liquid
chromatography (HPLC) separations.
Compared with these parameters, temper-
ature has received less attention in the opti-
mization of LC separations. The reasons
for the lack of interest in high-temperature
LC (HTLC) are obvious: The thermal sta-
bility of both the stationary phase and the
analytes limit the application of HPLC
methods at elevated temperatures. While
the degradation of solutes might not be a
major problem because analytes are
exposed to high temperatures for only a
short period of time during the separation
process and normally survive, the thermal
stability of the packing material continually
exposed to elevated temperature can be an
obstacle to successful HTLC separations.
Elevated column temperature is normally
employed in gel permeation–size exclusion
chromatography (GPC–SEC) to increase
the solubility of polymers in halogenated
mobile phases. This review will mainly
focus on applications of HTLC for the sep-
aration of smaller analytes.

It is well known that the viscosity of the
mobile phase decreases with increasing tem-

perature. Therefore, the diffusivity and
mass transfer of solutes are enhanced and
better separations can be achieved at ele-
vated temperature. In addition, the reduced
viscosity of the mobile phase results in a
lower backpressure of the separation sys-
tem, which allows the use of sequential
columns or a longer column to enhance
separation efficiency. The low viscosity also
allows a much higher flow rate with reason-
able backpressure to achieve faster analysis.
Additionally, columns can be employed
with much smaller packing particles to fur-
ther facilitate mass transfer, thereby improv-
ing column efficiency. Because the dielectric
constant and surface tension of the mobile
phase also decrease with increasing temper-
ature, retention is significantly reduced for
reversed-phase separations performed at ele-
vated temperature, again shortening the
analysis time. Because the reduction in
retention does not always follow the van’t
Hoff equation (nonlinear van’t Hoff plots)
for each individual solute, separation selec-
tivity can be changed by varying the tem-
perature. The use of packed narrow-bore or
capillary columns as well as open tubular
columns makes it possible for temperature-
programmed elution to achieve optimized
separation because of faster thermal equili-
bration with the thinner-walled columns.
Another advantage of performing HTLC is
the minimization of organic solvents used
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in the mobile phase, or even elimination of
these hazardous solvents when high-tem-
perature water is used as the sole eluent. All
of these positive impacts have promoted an
increased interest in conducting LC separa-
tions at elevated temperature. The 2005
Eastern Analytical Symposium held a suc-
cessful session on HTLC separation, indi-
cating an increased interest in the field.
HTLC using all types of packing materials
has been reviewed (1–3). The more ther-
mally stable zirconia-based columns have
also been reviewed (4–6). The chemical and
thermal stability of stationary phases used
for reversed-phase LC also was discussed
recently (7). 

In this article, the use of all types of sta-
tionary phases at elevated temperatures is
reviewed. Most modern HPLC instru-
ments with ovens have the capability to
raise and control column temperature to at
least 100 °C. A commercially available sys-
tem developed by Selerity Technologies
(Salt Lake City, Utah) allows temperature-
programmed HPLC separations as high as
200 °C. Among the reports on LC separa-
tions at elevated temperature, the tempera-
ture normally did not exceed 100 °C for sil-
ica-based columns. The recently developed
zirconia-based materials offer better thermal
stability, and separations on these columns
can be performed at much higher tempera-
tures, as high as 200 °C. Carbon- and other
metal oxide–based columns also can pro-
vide better stability for high-temperature
LC separation. Polymer columns tradition-
ally have been used in GPC–SEC at high
temperature; therefore these stationary
phases display a good thermal stability for a
long period of time. Besides the standard
HPLC columns (for example, 4.6 mm i.d.),
application of packed capillary and open
tubular columns in HTLC also is reviewed
briefly. While the mobile phase in most of
the applications discussed in the first five
sections of this review involves organic sol-
vents, high-temperature water chromatog-
raphy is reviewed separately in the sixth sec-
tion of this paper. Please note that you can
find one particular type of packing material
(for example, silica-based packing) under
two or more separate sections in this review. 

Application of Stationary Phases
in HTLC
Silica-Based Columns: Because hydrolysis
of silica-based packings is a major concern
at elevated temperatures, especially with

mobile phases involving water, the tem-
perature applied to most of the separa-
tions on silica-based columns has been rel-
atively low. For example, superficially
porous silica was used for fast separation
of peptides, proteins, and nucleic acids at
temperatures as high as 80 °C (8). “Steri-
cally protected” Zorbax (Agilent Tech-
nologies, Wilmington, Delaware) C8 and
C18 stationary phases were used for sepa-
ration of peptide and protein samples
using organic solvent-water as the mobile
phase at elevated temperatures (9,10).
Separation of proteins also was tested
using the silica-based pellicular stationary
phase at temperatures as high as 120 °C
(11). A Zorbax CN column (Agilent
Technologies) was used to separate anti-
bodies at 75 °C (12). The temperature
effect on retention, peak shape, efficiency,
selectivity, and peak capacity has been
investigated using monomeric C18-
bonded silica (13,14), NovaPak C18
(Waters, Milford, Massachusetts) (15),
Inertsil ODS-3V (GL Sciences, Torrance,
California) (16), Partisil ODS2 (What-
man, Maidstone Kent, UK) (17),
Poroshell 300 SB-C18 (Agilent Technolo-
gies) (18), Betasil ODS (Thermo Hyper-
sil-Keystone, Bellefonte, Pennsylvania)
(19), Zorbax ODS (Agilent Technologies)
(20), Zorbax 300 SB-C18 (Agilent Tech-
nologies) (18), Zorbax SB-C18 (Agilent
Technologies) (19), Zorbax Extended
C18 (Agilent Technologies) (19), and
Zorbax 300 SB-C8 (Agilent Technolo-
gies) (21) columns. 

Even though the traditional silica-based
packings are not thermally stable, the use of
silica-based columns is desirable over poly-
mer columns because better peak shape and
column efficiency are usually observed with
silica-based packings. A variety of silica- and
silica-hybrid–based stationary phases that
offer some resistance to hydrolysis at ele-
vated pH have become available, and these
new packing materials also can offer
enhanced stability at elevated temperature.
The recently developed Selerity Blaze C8
polydentate silica phase (Selerity Technolo-
gies) has shown to be stable under temper-
ature-programmed conditions at tempera-
tures as high as 100 °C using an isocratic
acetonitrile–water (50:50) mobile phase
and under acidic conditions (0.1% trifluo-
roacetic acid added to give pH ;2) (22).

While the application of silica-based
columns was conducted at temperatures

mostly below 100 °C as described previ-
ously, much higher temperatures have
been applied for separations using the
newly developed hypercrosslinked silica
particles, especially hypercrosslinked C8
packings (23,24). It has been reported that
this hypercrosslinked C8 packing to be
stable at temperatures as high as 150 °C
and under acidic conditions. Hypercarb
columns (Thermo Electron Corporation,
Cheshire, UK) recently have been tested
for separations at temperatures ranging
from 180 °C to 200 °C (25–27). 

Metal oxide-based columns: While the
chemical and thermal stability of silica-
based columns is limited, metal
oxide–based columns have shown great
potential. The surface properties and
chemistry of alumina, titania, and zirconia
recently have been reviewed (5,6). These
oxides are all expected to be thermally sta-
ble, but there are few HTLC applications
within the literature for alumina- and tita-
nia-based columns. This can be attributed
to the solubility of alumina at low pH and
the unavailability of chromatographic-
grade titania-based packing. In addition,
little was known about the surface proper-
ties of alumina and titania. However, it
should be noted that the anatase form of
titania has shown to be stable at tempera-
tures as high as 800 °C. 

Zirconia-based stationary phases appear
to offer better stability for separations at
higher temperatures (4,28–30). The appli-
cation of zirconia-based columns for
extreme separations has been reviewed (4).
The most popular zirconia-based packing is
ZirChrom-PBD (polybutadiene-coated zir-
conia) (ZirChrom, Anoka, Minnesota)
(25,28,29,31–35). Separation of polycyclic
aromatic hydrocarbons was achieved using
a polybutadiene-coated zirconia column at
temperatures as high as 200 °C (28). The
study also showed that this polybutadiene-
coated zirconia column was stable for at
least 1300 column volumes at 200 °C. It is
worth to note that the column efficiency
was significantly improved after the column
was exposed to high temperature (for exam-
ple, 150 and 200 °C) for more than 1300
column volumes. For example, the plate
number for separation at 40 °C after the
exposure to high temperature for 1300 col-
umn volumes was increased by approxi-
mately 300% compared with the value
before being subjected to the thermal stress
(28). Fast separation also was achieved
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using this column. Figure 1 shows the chro-
matograms of a test mixture obtained by
this ZirChrom-PBD column using acetoni-
trile–water at two temperatures and flow
rates. The analysis time was about 11 min
for separation at 30 °C and 1 mL/min as
shown in Figure 1a. However, the analysis
time was reduced to approximately 0.8 min
when the separation conditions were
changed to 100 °C and 5 mL/min (Figure
1b) A reduction in analysis time of one
order of magnitude was realized under the
fast separation conditions (28). There are
numerous articles reporting other zirconia-
based stationary phases including poly-
styrene-coated, carbon-clad, phosphate-
coated, and polyethyleneimine-coated
zirconia (4). Most of these stationary phases
were reported to be thermally stable (4). 

A recent study on column bleeding at
200 °C indicated that a prototype TiO2
Carb (Zirchrom-Sachtleben, Anoka, Min-
nesota) stationary phase gave the least col-
umn bleeding, followed by Thermo Hyper-
carb (Thermo Electron Corporation),
ZirChrom Carb (ZirChrom Separations),
PLRP-S (Polymer Laboratories, Shropshire,
UK). As expected, the silica-based Luna
C18 (Phenomenex, Torrance, California)
experienced the worst bleeding (27).
Because of the better stability and robust-
ness of the zirconia-based columns, they are
a good choice for HTLC with pure water as
the mobile phase, which will be discussed
separately later in this review.

Polymer, monolithic, and other pack-
ings: It is well known that polymer-based
stationary phases exhibit much better ther-
mal stability over other packing materials.
Poly(styrene–divinylbenzene) is the most
popular polymer used as packing material
for separation at elevated temperatures.
Major brands for polymer columns based
upon poly(styrene–divinylbenzene) include
PRP-1 (Hamilton, Reno, Nevada) (22) and
PLRP-S/PS-DVB (Polymer Laboratories)
(25,27). The typical temperatures used with
these polymer columns are 100–200 °C
without major column bleeding.

Due to their low flow resistance and flat
van Deemter plots, monolithic columns
offer fast separation with minimized loss
of column efficiency compared with most
traditional LC columns. Thus, monolithic
packings gradually have gained increased
attention in the last decade. The
methacrylate-based, poly(styrene–divinyl-
benzene)-based, and chiral monolithic
columns have been reported in the past
few years (36–38). The elevated tempera-
tures used for these monolithic columns
ranged from 50 °C to 80 °C.

A Carbonex (Biotech Research, Saitama,
Japan) carbon column was used to separate
peptides and amino acids at temperatures as
high as 160 °C (39). An acetonitrile–water
mobile phase was used in this work. The
carbon column was found to be stable at
elevated temperature for approximately 100
cycles. Bare silica and alumina were tested
for reversed-phase separations at tempera-
tures of 50–200 °C (40,41).

Temperature-responsive packings and
HPLC chips: An interesting type of packing
material, the temperature-responsive sta-
tionary phase, has been reported over the
last few years (42,43). When pure water is

used as the mobile phase, the properties of
this type of stationary phases can be altered
from hydrophilic to hydrophobic and from
charged to noncharged by changing tem-
perature and pH. Thus, the interactions
between the solutes and the stationary
phase (for example, retention time) can eas-
ily be controlled by temperature and pH.
Because the temperature used with these
stationary phases is in the range of 5–50 °C,
this new type of packing material is
expected to be applicable to the separation
of pharmaceuticals and biomolecules, such
as peptides, proteins, and nucleic acids. 

A so-called “on-chip temperature gradi-
ent interaction chromatography” recently
has been reported (44). This integrated
microelectromechanical system (MEMS)
LC chip consists of specially designed
microcolumn, an electrochemical sensor,
and a resistive heater that is capable of per-
forming temperature-programmed chro-
matographic separation. The dimensions
of the microcolumn used in this LC chip
were 8 mm 3 100 mm 3 25 mm (length
3 width 3 height). The column was
packed with 5-mm C18 modified silica.
Separation of amino acids was achieved
using a temperature program of 25–65 °C
with a rate of 3.6 °C/min.

Packed capillary and open tubular
columns: Most of the columns discussed
previously have standard internal diameters
(for example, 4.6 mm). However, columns
with these dimensions have a fairly long
thermal equilibration time at elevated tem-
perature because of the thickness of these
columns. On the other hand, packed capil-
lary and open tubular columns have a much
shorter thermal equilibration time, which
allows effective temperature-programmed
elution to occur. Hypersil ODS (Thermo
Hypersil-Keystone) or Kromasil C18 (Eka
Chemicals, Bohus, Sweden) was packed
into fused-silica capillaries with dimensions
of either 43.5 cm 3 0.32 mm or 23 cm 3
0.32 mm (45). These columns were used to
separate organolead and organotin at tem-
peratures as high as 200 °C. Hindered
amine stabilizers were separated on a capil-
lary column (0.32-mm i.d.) packed with
Hypersil ODS using programmed temper-
ature as high as 120–130 °C (46,47) as
shown in Figure 2. Determination of
retinoids was carried out by capillary LC
(column dimension: 25 cm 3 0.32 mm)
packed with Suplex pKb-100 (Supelco,
Bellefonte, Pennsylvania) (48). In this

400 

300 

200 

100 

0

500 

400 

300 

200 

100 

0

A
b

so
rb

an
ce

 (
M

A
U

)

(a)

(b)

Time (min)

0           3          6           9         12        15

1

1
2

3

4

5

2

3
4

5

Figure 1: Chromatograms obtained by a
ZirChrom-PBD column (a) at 100 °C with a 5-
mL/min flow rate and (b) at 30 °C with a 1-
mL/min flow rate. Peaks: 1 5 uracil, 2 5 p-
nitroaniline, 3 5 methyl benzoate, 4 5
phenetole, 5 5 toluene. (Reprinted with per-
mission from reference 28.)
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obtained using a capillary column packed with
Hypersil ODS with programmed temperature:
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study, temperature programming was used
with the final temperature of 70 °C. Non-
porous 1-mm C6 modified silica (Kovasil
MS-H, Chemie Uetikon, Uetikon, Switzer-
land) was packed into a 15 cm 3 50 mm
capillary column to separate parabens, her-
bicides, and barbitals at 80 °C (49). 

Fused-silica capillaries with an internal
diameter of 0.18 mm were used to pack
either polybutadiene-coated zirconia or
C18-modified titania and fast separation of
alkylbenzene derivatives was achieved using
an acetonitrile–water mixture at 200 °C
(50). Polybutadiene-coated nonporous zir-
conia also was used in ultrahigh-pressure
LC for the separation of herbicides at tem-
peratures as high as 90 °C (51). In another
report (32), mesoporous polybutadiene-
coated zirconia particles were packed in a
capillary column (10 cm 3 0.5 mm) that
was used for separations at temperatures as
high as 150 °C. A plate number of about
90,000/m was achieved for toluene. 

An open tubular column was prepared
using approximately 2-m fused-silica capil-
lary (50 mm i.d.) (52). By extensive
crosslinking of the octylpolymethylsiloxane
stationary phase, the column lifetime could
be several hundreds of hours. However,
inadequate crosslinking resulted in shorter
column life perhaps due to the hydrolysis of
the stationary phase polymer (52). An SB-
Methyl-100 column (Agilent Technologies,
Santa Clara, California) (20 m 3 51 mm)
was used for separation at 200 °C. The plate
number was reported to be 1 3 106 for
benzene (53).

Recently, the thermal stability of capillary
columns packed with particulate and
monolithic poly(styrene–divinylbenzene)
was evaluated (54). Monolithics were syn-
thesized in situ within the capillary, thereby
eliminating intraparticle volume and
enhancing mass transfer of solutes by con-

vection through the porous continuous
polymer. A monolithic column was used to
separate a mixture of oligonucleotides at 50
°C by isocratic elution yielding 11,500 the-
oretical plates for a 6-cm column (55). In
another study, capillaries packed with 5-mm
PLRP-S (300 Å, Polymer Laboratories,
Church Stretton, Shropshire, UK) were
found to be stable at 100 °C after passing
7500 void volumes of effluent through the
column, while a similar dimension capillary
packed with poly(styrene–divinylbenzene)
was found to be stable at 130 °C (54). The
thermal stability of both columns was based
upon changes in apparent retention factors
and retention time–peak width factors for a
mixture of proteins using an
acetonitrile–water–trifluoroacetic acid
mobile phase. 

Separation using high-temperature
water: Because increasing the water tem-
perature from 25 °C to 250 °C causes sim-
ilar changes in solvent polarity, surface ten-
sion, and viscosity as those achieved by
conventional mixing of methanol or ace-
tonitrile with ambient water as shown in
Figure 3 (56), high-temperature water has
a good potential to mimic organic solvent
programming to achieve reversed-phase
separation. Please note that other termi-
nologies such as subcritical water, super-
heated water, and pressurized hot water
also are used in the literature to refer to liq-
uid water under elevated temperature and
moderate pressure. 

Advantages of high-temperature water
chromatography include the elimination or
minimization of hazardous organic solvents
and the compatibility with both LC and gas
chromatography detectors. For example,
because the flame ionization detector does
not respond to water, it can be used as a sen-
sitive and “universal” detector in high-tem-
perature water chromatography. 

Because the eluent strength of water is
weak for most analytes, much higher
temperatures are required to allow high-
temperature water separations to occur.
Therefore, the temperature used in high-
temperature water chromatography
mostly ranged from 100 °C to 200 °C. It
is obvious that the thermal and chemical
stability of the stationary phases becomes
a major issue under theses temperature
and mobile phase conditions. 

Most of the high-temperature water
chromatographic separations were con-
ducted on silica-based columns

(41,57–60). The temperature range was
typically 50–150 °C but the use of temper-
atures as high as 300 °C was reported (57).
The stationary phases employed in high-
temperature water chromatography
included C18 hybrid (Waters) (61), BDS-
Hypersil (Thermo Hypersil-Keystone)
(58,59), Zorbax RX-C8 (Agilent Tech-
nologies) (59), Nucleosil C18 AB
(Macherey-Nagel, Düren, Germany)
(41,59), Xterra (Waters) (58), Chrompack
ODS (Varian, Palo Alto, California) (60),
NovaPak C18 (Waters) (62), LiChrosorb
(Merck KGaA, Darmstadt, Germany)
(57), and Kovasil MS-H (Chemie
Uetikon) (57). The long-term thermal sta-
bility of the silica-based stationary phases
was not evaluated in most of these studies.
However, it was reported that the BDS-
Hypersil only lasted two days after it was
exposed to temperatures as high as 160 °C
(58). Interestingly, an independent study
showed that the thermal stability of the
BDS-Hypersil column was stable at 100
°C for more than 1000 column volumes
based upon retention, but the efficiency
dropped significantly after approximately
400 column volumes (59). Based upon the
reproducibility of both retention factor and
plate number, the same study also proved
that the Zorbax RX-C8 (Agilent Technolo-
gies) and Nucleosil C18 AB (Thermo
Hypersil-Keystone) columns were stable at
100 °C for over 6000 and 8000 column
volumes, respectively (59). These results are
rather more encouraging than most chro-
matographers normally thought. 

Compared with silica-based stationary
phases, zirconia-based columns proved to
be more resistant to elevated temperature
when organic solvent–water mixtures were
used as the mobile phase as discussed ear-
lier. Therefore, they become an alternate
choice for high-temperature water separa-
tion with competitive separation efficiency.
The zirconia-based stationary phases tested
for high-temperature water chromatogra-
phy included ZirChrom-PBD (58,63–65),
ZirChrom-PS (59,63), and ZirChrom-
CARB (58,64) (all from ZirChrom Separa-
tions). While the separation temperature
with zirconia-based columns normally
ranged from 100–200 °C, the highest tem-
perature tested was 370 °C (64). It was
reported that the ZirChrom-PS column
was stable for at least 7600 column vol-
umes at 100 °C based upon the evaluation
of retention and efficiency (59). 
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As stated earlier, polymer columns long
have been used in size exclusion chro-
matography at elevated temperatures, and,
thus, they are expected to be the most sta-
ble columns under high-temperature water
conditions. PRP-1 (Hamilton, Bonaduz,
Switzerland) (60,66–69), PLRP-S (PS-
DVB) (Polymer Laboratories) (58,70), and
Oasis (Waters) (58) have been used in
high-temperature water separations at tem-
peratures of 100–200 °C. The long-term
stability of a PRP-1 column (Hamilton)
was evaluated in two steps in a study (59).
The column was initially used at 100 °C
for more than 11,000 column volumes and
found to be stable. The same column was
then heated at 150 °C for another 9000
column volumes and both the retention
and efficiency still did not decrease, indi-
cating the excellent stability of the packing
material under these temperature condi-
tions (59). The PRP-1 packing material

also was reported to be resistant at temper-
atures as high as 225 °C in a separate study
(60). Very recently, separation of carbohy-
drates was achieved on a column packed
with strong cation-exchange poly(styrene-
co-divinylbenzene) resin in the Na1 form
using pure water at temperatures as high as
150 °C (71). 

The use of porous graphitic carbon for
high-temperature water chromatography
also has been investigated in the hope of
its potential thermal stability (58,60). A
Hypercarb column (Thermo Hypersil-
Keystone) was used to separate several
polar solutes at temperatures as high as
225 °C. However, the column was still
very retentive for some analytes under
this extreme temperature condition (58). 

Other noteworthy aspects associated
with HTLC: While the thermal stability of
the stationary phases is the major obstacle
for HTLC separations, the analyte stability
under HTLC conditions is the other con-
cern. Fortunately, most of the analytes are
stable at elevated temperatures on the time
scale of the chromatographic run. Because
the viscosity of the mobile phase is dramat-
ically decreased with increasing tempera-
tures, the low back pressure allows HTLC
separations to be performed with much
higher flow rate. The combined high tem-
perature and faster flow rate greatly reduces
the separation time. Thus, fast HTLC sep-
aration shortens the analyte exposure time
to high temperature and in turn minimizes
analyte degradation. It was reported that
even pharmaceuticals can withstand super-
ambient temperatures on the time scale of
fast separation (35). As the analyte reten-
tion time on hot column decreases, the
extent of on-column reaction decreases for
those analytes that do react (35). 

As we all know, selectivity is an important
issue in liquid chromatography and it is dif-
ficult to adjust because it depends upon the
property of the stationary phase and the
mobile phase, pH, and temperature. While
it is common to continuously adjust mobile
phase composition, pH, and temperature to
achieve more selective separation, continu-
ously adjusting the stationary phase is more
difficult and less common. However, a ther-
mally tuned tandem column approach
allows continuously adjustment of the sta-
tionary phase, the mobile phase, pH, and
temperature (19). In this system, two
columns with distinctly different chromato-
graphic selectivities were serially connected

and independent temperature control was
used for the columns (19). Figure 4 shows
the chromatograms for separation of barbi-
turates using a C18 column at 30 °C, a car-
bon-coated zirconia column (ZirChrom
Separations) at 30 °C, and a thermally tuned
tandem column set with a C18 column at
80 °C and a carbon-coated zirconia column
at 40 °C. The better selectivity offered by the
thermally tuned tandem column approach
is clearly seen. The thermally tuned tandem
column system enables convenient and fast
method development. Only minor modifi-
cations to commercial HPLC instruments
are necessary to perform the thermally
tuned tandem column separation. Most
importantly, thermally tuned tandem col-
umn separations can be superior to those
obtained by a single column technique
where only the conventional variables (for
example, eluent composition, pH, and tem-
perature) can be tuned.

According to the statistical model of
overlap theory, the resolving power of
one-dimensional HPLC is insufficient,
especially for bioanalytical applications.
Thus, two-dimensional HPLC is desired
for peptide and protein separations. How-
ever, two-dimensional HPLC separations
require very long analysis time per run.
Recently, high temperature has been
applied to two-dimensional HPLC sepa-
rations (72). The application of high tem-
perature greatly reduced the two-dimen-
sional HPLC run time, thus, providing
fast and comprehensive bioanalysis. 

Conclusions
The thermal and chemical stability of
newly developed LC stationary phases are
improved compared with those of the tra-
ditional reversed-phase packing materials.
The long-term studies on the stability of
several silica- and zirconia-based columns
revealed that some organic-bonded silica
stationary phases might be stable at or
greater than 100 °C, while some zirconia-
based columns can survive temperatures as
high as 200 °C for several thousands of col-
umn volumes. Even though the efficiency
of polymer columns is poorer than that of
silica- and zirconia-based columns, the
excellent thermal stability of the polymer
packings makes them a good choice for
high-temperature LC separations. With
continuing efforts of developing more sta-
ble and robust packing materials, liquid
chromatographic separations at elevated
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Figure 4: Chromatograms showing the sep-
aration of barbiturates on (a) a C18 column
at 30 °C and a 1-mL/min flow rate, (b) a car-
bon-coated zirconia column at 30 °C and a 1-
mL/min flow rate, and (c) a thermally tuned
tandem column set with a C18 column at 80
°C and a carbon-coated zirconia column at
40 °C and a 3-mL/min flow rate. Mobile
phase: 20:80 acetonitrile–water; detection
wavelength: 220 nm. Peaks: 1 5 barbital, 2 5
metharbital, 3 5 aprobarbital, 4 5 butabar-
bital, 5 5 butethal, 6 5 butalbital, 7 5 hexo-
barbital, 8 5 pentobarbital, 9 5 mephobar-
bital, 10 5 secobarbital. (Reprinted with
permission from reference 19.)
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temperature will become a useful and pow-
erful technique that can offer fast to ultra
fast analysis, improved selectivity and reso-
lution, better column efficiency, and mini-
mization or even elimination of the usage
of hazardous organic solvents involved in
the mobile phase if high-temperature pure
water is employed as the eluent.
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