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Abstract

In this part of the review authors discuss methods used for modification of metal oxide surfaces. On the basis of literature data it is shown, that
silanization of the surfaces do not form stable supports for chromatography. On the other hand, the success of polymer modified surfaces such
as polybutadiene (PBD) and polystyrene (PS) is emphasized. Permanent modification of metal oxide surfaces with Lewis bases is also widely
discussed. Chromatographic properties of polymer modified surfaces of zirconia are discussed in details. The perspectives of carbon-coated
metal oxide surfaces in HPLC and high temperature separations are described.
© 2003 Elsevier B.V. All rights reserved.
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1. Modified surfaces of metal oxides

Since unmodified metal oxides (zirconia, titania, etc.)
have more complex surface chemistry than silica there have
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been many attempts to make a modified, reversed-phase sur-
face. As pointed out in our previous review[1] there are
three classes of surface modifications:

• dynamic, chemical modification—carried out by putting
a strongly interacting compound in the mobile phase,

• “permanent” covalent chemical modification—e.g. silyla-
tion of the surface, or some form of direct bonding,

• physical screening—e.g. deposition of a polymer on an
oxide or cladding the oxide with a carbon layer.

1.1. Dynamic modification

Dynamic modification of the surface can be used for two
purposes:

• suppression of the undesired sites on the surface,
• generation of a “temporarily bonded phase on the support

surface”.

Dynamic, chemical modification had been used for years
for ameliorating the undesired silanophilic interactions
between silica-based packings and organic bases. This was
usually achieved by addition of an amine or quaternary
ammonium salt to the mobile phase[2]. Since some metal
oxides (titania and zirconia) can be used at much higher
pH than silica there is no need to add such amine blocking
agents to mobile phase. However, a form of dynamic modi-
fication of the surface is used for blocking Lewis acid sites
on metal oxides. This is done by adding a hard Lewis base,
e.g. inorganic phosphates, fluoride, or strong complexing
agents such as EDTA, to the eluent. The dynamic modifi-
cation by Lewis bases addition was examined extensively
on zirconia (or modified zirconia) packings using fluoride
[3,4], phosphate[5] and carboxylates[1,6–8].

The concept of the formation of a “temporary bonded
phase” was invented by Hansen et al.[9] for modifying silica
by using a quaternary ammonium salt in the mobile phase.
Rigney attempted to do so by adding alkylphosphonates to
the eluent; however, they are readily displaced by addition
of other salts to the eluent[10].

1.2. Permanent covalent modification

1.2.1. Alkyl-bonded phases
There has been continued interest in forming a reversed

phase on metal oxides. If a truly permanent reversed phase
could be prepared on alumina, titania or zirconia that would
totally sequester the Lewis sites it is likely that they would
displace silica-based phases from the market. Commercially
available reversed-phase zirconias and aluminas arenot
based on silanization of the surfaces. There are several con-
cepts concerning how a permanent, stable reversed phase
on a metal oxide surface can be prepared.

1.2.1.1. Silanization. Despite the fact that Schindler and
Schmidbaur[11] firmly established the fact that the order of

hydrolytic stability of silicon oxide bonds is: Si–O–Si–R�
Zr–O–Si–R> Ti–O–Si–R� Al–O–Si–R there have been
many attempts to modify metal oxide surfaces by silaniza-
tion. This is not surprising since silanization chemistry as
applied to silica is so well known in theory and practice. Ac-
cording to the above stability sequence the silanized zirconia,
titania and alumina should be more susceptible to hydrolysis
than modified silica supports. There are some results in the
literature that confirm these expectations and there are oth-
ers that seem to contradict this expectation. Not only does
the instability of the Si–O–Zr bond limit the practical de-
velopment of silanized zirconia surface but the structure of
the hydroxyls on zirconia’s surface and their basicity[1,12]
disfavor the simple silanization approach to preparing a per-
manent modification.

It is important to understand that most of the hydroxyls
on zirconia’s surface exist in a bridged form, a form which
is entirely absent from silica’s surface, and bridged hydrox-
yls cannot undergo silanization[1]. Alumina, zirconia and
titania hydroxyls are much more basic than silica silanols
[1,12]. The many attempts to silanize metal oxides began in
the mid-1970s:

• Knox and Pride[13] were first to describe the surface
modification of alumina by a standard silanization reac-
tion. The efficiency of the modified alumina was reported
to be comparable to that of silica. The stability of the alu-
mina packing was not tested.

• Laurent et al.[14] found that chlorosilanes were inactive
towards alumina surfaces. However, hexamethyldisilazane
strongly adsorbed on the surface but subsequently when
water was added to the eluent the adsorbed layer was
easily displaced. Thus, Laurent et al.[14,15] advocated
the use of unmodified alumina in an ion-exchange mode.

• The first, attempt to bind mono-and trifunctional silanes
to zirconia surface was done by Rigney[10]. Although,
coverages of up to several micromoles per square meter
could be obtained the phases were unstable at high pH
and rapidly lost the bonded layer.

• Later Trüdinger et al.[17] reported on the successful
modification of zirconia surface withn-octadecyltrimeth-
oxysilane. They used amorphous zirconia with micro-
porous/mezoporous pore structure; however, the details of
the modification procedure were not given. The resulting
phase was said to be stable—withstanding 500 h at pH 12;
however, no systematic stability studies were presented.
The surface concentration of the C18 ligands was only
1.2–1.4�mol/m2 [17]. This group[17] has not presented
any additional work on alkyl-bonded zirconia and subse-
quent papers on zirconia were devoted to chromatography
on polymer-coated oxides[18–20].

• Yu and El Rassi[6,21]modified a non-porous zirconia sur-
face with monochlorooctadecylsilane and trichlorooctade-
cylsilane to obtain monomeric and polymeric C18 phases,
respectively. A great deal of the initial retention of xylene
on the monomeric phase was rapidly lost at high pH but
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retention stabilized at about 20% of the initial value after
some 4000 column volumes of mobile phase were passed
through the column. The polymeric phase lost about 40%
of its initial retentivity. In a second paper, the same group
described the synthesis of a range of anion-exchangers on
the same non-porous zirconia[22].

• According to Tani and Suzuki[24] an attempt to modify
titania with chlorosilanes failed, while with octadecyltri-
ethoxy silane a reversed phase containing 6.16% C (w/w)
was obtained. No stability tests were performed.

• Pesek and co-workers[23,25–27] modified the metal
oxide surfaces with triethoxysilane to deposit a reactive
silane hydride. The resulting hydride was hydrosilylated
with alkenes in the presence of a chloroplatinic acid cat-
alyst. Titania [23,25,26], alumina [25,27] and zirconia
[25] were modified. The resulting phases were not stud-
ied chromatographically. In particular, no stability tests
were carried out. The chromatographic results presented
in the papers did not allow estimation of the performance
or the stability of the packings.

• Another approach to the reversed zirconia phase was pre-
sented in a paper by Wirth et al.[28]. They modified zirco-
nia with octadecyldimethylchlorosilane using imidazole
as a catalyst. According to these authors excellent stabil-
ity of the packing was observed particularly under high
pH conditions. The support could withstand purging with
at least 1000 column volumes of mobile phase (with no
organic modifier) at pH 13 without affecting chromato-
graphic resolution.

• Silane chemistry was also used by the Hearn and co-
worker [29] to modify zirconia with 3-glycidoxypropyl-
silane group and then attach an imidodiacetic acid group.
In addition, they bonded an isothiocyanatopropylsilane
group and then reacted it with the protein concanavalin-A.
The stability of the phases were not tested.

• Also according to Arenas and Foley[30] a chromato-
graphically useful silanized alumina is not feasible due to
the low stability of Al–O–Si bonds under acid conditions.

In summary, the existence of a stable silanized zirconia
or metal oxide is very controversial.

1.2.1.2. Other methods.
• Bien-Vogelsang et al.[31] physically coated aluminas

with polystyrene–divinylbenezene (PS–DVB), polybuta-
diene (PBD) and polyoctadecylsilane. The materials had
excellent pH stability but rather poor chromatographic ef-
ficiency,

• Haky et al.[32–34] took advantage of the strong inter-
actions between alumina and organic phosphonic acids.
The method led to=Al–O–P–R linkages at the surface.
The octadecyl phase was obtained at 3.4�mol/m2 and
used in basic solvents for a separation of basic solutes.
In a subsequent paper, the C18 alumina phase was used
for separation of proteins and petides[32]. Also Xiang
and Blackwell used similar approach to obtain zirconia

reversed phase[35]. The same idea was used to prepare
perfluoroalkyl-bonded alumina phases[36]. The disad-
vantage of this synthesis route is that one must avoid us-
ing phosphate or any strong hard Lewis base in the eluent.
The stability of the phase has not been examined system-
atically. Rigney reported that alkylphosphonated phases
prepared by adsorption were not stable[10].

• According to Gao et al.[16] dense, highly ordered
monolayers can be prepared by the adsorption of octade-
cylphosphonic acid onto non-porous zirconia, titania and
zirconized silica powders. The degree of order of the
monolayers is comparable to self-assembled monolayers
on planar surfaces. The materials made in this work were
not intended for use in chromatography so their stability
was not studied.

• Pesek and Lin[37] tried other modification reactions in-
volving Grignard reagents as well as organolithium and
organoaluminium compounds. Only the organolithium
route could effectively bind some carbon to the surface.
No significant chromatographic testing was reported.

• Another approach to obtain a reversed phase on alumina is
the polymerization of 2-octadecyl-1,3-butadiene. Alumina
modified in this way is commecially available from Bio-
tage under the trade name of Unisphere Al-C18 [38,39].

• Mao and Fung[40,41] synthesized an anchored polymer
coating on alumina by a reaction of maleic acid and then
further modifying the surface by copolymerization with
octadecene. Subsequently a cross-linking agent, such as
divinylbenzene was added during the polymerization pro-
cess to increase the stability of the polymer. The result-
ing reversed phase was stable at both high (0.1 N NaOH)
and low pH (0.1 N HCl). However, stability was exam-
ined only under static conditions which can be grossly
deceptive. The chromatographic performance of the pack-
ing was poor but only a low quality alumina was used for
coating[42].

• Hu et al. [43] used stearic acid to modify ceria-zirconia
composite particles. The resulting reversed phase was not
stable at extreme pHs.

• Ceria-zirconia spherules modified with alkylphosphonic
acid appeared to very stable at both pH 2 and 10[44].

• Alkylphosphonic acid modified ceria-zirconia and
magnesia-zirconia were stable at pH 10[45].

To summarize: there has been a great deal of interest in the
literature to make a hydrophobically modified metal oxide
surfaces. The following conclusions can be drawn:

• Most attempts with monofunctional silanizing reagents
were unsuccessful. That confirms the earlier work of
Schindler and Schmidbaur[11] as well as that of Arenas
and Foley[30], and Laurent et al.[14].

• There are some results claiming that relatively stable
phases were obtained based on trifunctional silanes. Some
of these[25,27]were not confirmed chromatographically.
Successful modification of metal oxide surface with tri-
functional silanes does not necessarily contradict the



34 J. Nawrocki et al. / J. Chromatogr. A 1028 (2004) 31–62

statements of Schindler and Schmidbaur[11] or Laurent
et al. [14]. It has been well known that the silanes may
form so-called horizontal polymers on the surfaces. It is
then possible that even unintended surface polymeriza-
tion could lead to at least some patchy covering of the
surfaces. There is only one attempt reported in literature
to produce self-assembled monolayers C30 silanes on
titania and zirconia surfaces[46]. Water coordinatively
bonded to the metal oxide surface was said to promote the
horizontal polymerization process[47–51]. The mono-
layers on titania and zirconia surfaces were characterized
by higher chain order than found on amorpous substrates
This results in higher molecular shape recognition. There
is, however, no report on the stability of self-assembled
monolayer zirconia and titania based phases.

• An additional factor has to be taken into account; when
trifunctional silanes are used for metal oxide modification
as the formation of Me–O–Si–OH is possible. Such hy-
droxyl groups will be strongly acidic when Me is Al, Zr
or Ti [52,53]. This will generate additional surface het-
erogeneity.

• Polybutadiene-coated metal oxides are quite well-known.
Unisphere C18 alumina case is an example of how a
stable C18 reversed phase can be made on the oxide
surface. The phase is made by a polymerization of
2-octadecyl-1,3-butadiene[38]. Unisphere Al-C18 has
been shown to be very stable under acidic and basic
conditions[39]. Also they were shown to have be very
uniform in particle size. The backpressure required to ob-
tain the same flow was much lower for 8�m Unisphere
particles than for 10�m spherical silica[39].

• A similar approach was taken by Jia et al.[54]; they syn-
thesized a C18 zirconia by copolymerization of PBD and
1-octadecene on the surface of porous microspheres.

• Another option that provides a chemically stable (pH
1–14) reversed phase is the commercial DiamonBond
C18 phase. This is a chemically modified (bonded)
carbon-coated zirconia-based phase (seeSection 1.4.).

The purpose of modifying metal oxide surface is to ob-
tain a support having a hydrophobicity and chemical selec-
tivity similar to that of conventional reversed-phase silicas.
If we consider only non-electrolyte analytes that goal has
been achieved by, e.g. coating PBD on the various oxides
(alumina, zirconia[30,38,55–57], see alsoFig. 3). These
phases interact withnon-ionizablesolutes exclusively by
reversed-phase mechanism. However, for ionizable solutes
whatever surface modification is used “mixed-mode” reten-
tion mechanisms be the Lewis acid-base (ligand exchange)
or Coulombic (ion-exchange) processes in addition to the
reversed-phase process must be anticipated. Once the chro-
matographer understands the mixed-mode interaction pro-
cess it can be fruitfully exploited for otherwise difficult sep-
arations because metal oxides offer much better chemical
and thermal stability than silica-based supports. A number
of examples of such separations are presented in this review.

1.2.2. Other permanent coatings
The strong interactions of hard Lewis acid sites on metal

oxides’ surfaces with Lewis bases can be used to generate
some unique and useful stationary phases. These phases can
be very stable under many eluent conditions but in strongly
alkaline solutions the adsorptively coated Lewis base will
be displaced by the strongest Lewis base on zirconia namely
hydroxide. Phosphate and fluoride were the first hard Lewis
bases used to make novel stationary phases on bare zirconia.
These bases have been used to block the accessible Lewis
acid sites on polymer-coated zirconia phases[58]. The suc-
cess of phosphate and fluoride phases led to the examination
of other Lewis bases. One very useful phase uses a phos-
phonate analog of EDTA (see below), which, while still an
anion-exchange phase, had rather different selectivity than
other conventional ion-exchange phases[59] most likely due
to some ligand exchange contribution to retention. Funda-
mentally, the same idea was used by Mao and Fung[40–42]
for the synthesis of a bonded phase prepared by a reaction
of maleic acid with the surface of alumina.

1.2.2.1. Phosphates.The strong interaction of phosphates
with zirconia surface can be used to improve chromato-
graphic performance. The phosphate can be used in two
ways: as an eluent component and as a surface modifier,
i.e. zirconia’s surface is aggressively treated with phospho-
ric acid and a deposit of zirconium phosphate is generated
[60]. Depending on the vigorousness of the treatment (pH,
concentration, temperature and time), the extent of the mod-
ification can be controlled. A nearly permanent surface mod-
ification involves refluxing the particles in dilute phosphoric
acid. This results in the conversion of several layers of zir-
conia to zirconium phosphate. Overly aggressive treatment
completely converts the oxide to the phosphate which has
a layered structure whose solid is mechanically weak and
useless for HPLC. At neutral pH the column can be exposed
to continuous flushing with thousands of column volumes
of the phosphate free mobile phase[61]. This material is a
cation-exchanger, which has been used for the separation of
cationic proteins and of immunoglobulins from fermenta-
tion broths[61]. The phosphated zirconia was also used for
separation of aminoacids[62].

When the phosphate treatment is sufficiently extensive,
it completely counteracts the effect of the hard Lewis acid
sites, allowing for good chromatographic separations of hard
Lewis bases. This phase is also quite stable. No change in
retention or selectivity is observed up to pH 10. However,
above this pH and in the absence of phosphate in the eluent,
the surface phosphate groups begin to desorb, changing the
properties of the material. This can be partly reversed by
flushing the column with a phosphate solution at elevated
temperatures. Phosphate coated zirconia which was loaded
with copper ions was used to separate aminoacids and pro-
teins by ligand exchange chromatography[63].

Polybutadiene-coated zirconia can also be modified by
phosphate for the separation of peptides[58] and proteins



J. Nawrocki et al. / J. Chromatogr. A 1028 (2004) 31–62 35

[64]. However, while some separations are possible this ma-
terial does not function at all well or nearly as well as
silica-based phases for the reversed-phase separation of pep-
tides and proteins. The combination of the reversed phase,
cation-exchange and residual ligand exchange is chromato-
graphically too complex for large, charged bioamines. A
polyphosphate-modified zirconia was found to be useful
as affinity packing for immobilization and purification of
biomacromolecules[65].

1.2.2.2. Fluoride. At first glance the zirconia-fluoride
(F-ZrO2) phase appears to be similar to the zirconia-phos-
phate phase, but F-ZrO2 behaves very differently. First, in
order to prepare F-ZrO2, one need only flush a solution of
fluoride ion through the column[3]. This phase is excellent
for the separation of proteins; it possesses unique selectivity
compared to other zirconia-based ion-exchange phases. Ap-
parently, this material acts as a ligand exchange (or metal
affinity) material analogous to calcium hydroxyapatite[4].
Fluoride modified zirconia was shown to have an excep-
tionally high capacity for proteins[4] thus it was examined
for preparative protein purification[66,67]. Washing the
column with fluoride solution easily regenerates it. If reten-
tion decreases, flushing the column with sodium hydroxide
solution to remove any strongly adsorbed materials (e.g.
proteins) and then re-equilibrating the column with a fluo-
ride buffer fully regenerates the phase. This phase cannot
be used at low pH due to the formation of hydrofluoric
acid, which is detrimental to the liquid chromatograph and
the detector’s windows.

1.2.2.3. Phosphonate EDTA analog.The utility of the
phosphate and fluoride phases led to the search for other
hard Lewis bases that might provide different selectivi-
ties. The treatment of zirconia with a phosphonate analog
of EDTA, ethelenediammine-N,N′-tetramethylphosphonic
acid (EDTPA) resulted in a very useful stationary phase
[59,68]. Refluxing zirconia particles in a dilute solution of
EDTPA gives a cation-exchange material that has unique
selectivity. It is capable of separating highly basic pro-
teins. Proteins with pIs less than 6.8 are unretained on
the support. Biocompatibility of the phase results in high
mass recoveries for proteins. The support is commercially
available (ZirChrom-PEZ). The strong Lewis acid sites on
the zirconia surface are effectively blocked, producing a
biocompatible stationary phase. Due to the presence of
the aliphatic segment in EDTPA, EDTPA-ZrO2 is able to
separate proteins and other solutes that phosphate-zirconia
cannot. This phase has been successfully used to achieve
highly purified monoclonal antibodies from a cell culture
supernatant with excellent recovery of biological activity
[59]. In the following paper from the same group modi-
fied spray-dried zirconia microspheres with EDTPA were
used for semipreparative separations of monoclonal anti-
bodies from cell culture protein contaminants[69]. Also
PBD-zirconia has been modified with EDTPA and is com-

mercially available as ZirChrom-EZ. ZirChrom-EZ presents
an alternative to conventional zirconia-based reversed-phase
supports for applications requiring volatile mobile phase ad-
ditives. The deactivation of Lewis acid sites on the zirconia
surface allows the chromatography of Lewis base analytes
such as carboxylates, sulfates, and phosphates using volatile
mobile phase additives such as acetate or formate which are
compatible with MS detection throughout the pH range of
1–10[214].

1.3. Introduction to polymer coating

The lack of chemical and pH stability of silica and
silica-based bonded phases[70,71] has been the driving
force behind the search for alternative supports[1,72].
Polymer-coated stationary phases that combine the me-
chanical properties of porous metal oxides, such as silica,
alumina, zirconia and titania, with the versatility of organic
polymers has been the major focus of this search[73–76].
Such composite materials show great potential, as ideal
chromatographic supports that are mechanically and chem-
ically stable, possess minimal non-specific adsorptivity and
allow the flexible tailoring of chromatographic selectivity.
The first polymer-coated material for LC was reported by
Horvath et al.[77] in the 1960s. They coated a non-porous
glass with polystyrene cross-linked with divinylbenzene.
For chemically unstable silica, polymer coatings were de-
posited to shield the silica from interactions with aggressive
eluents and to prevent undesirable silanophilic interactions.
For the chemically more stable metal oxides, such as alu-
mina, zirconia and titania, polymer coatings are used to
mimic the different bonded-phase silane coatings used to
make silica-based phases; additionally the polymer coating
acts to lessen access to Lewis acid sites on the metal oxides.
For example, polybutadiene resembles octyl or octadecyl
groups while polystyrene possesses similar functionality to
phenyl bonded silicas. Therefore, these two polymers are
the most commonly used as deposits inside metal oxides
[20,31,78–85]. In addition to polymers with hydrocarbon
backbones (such as polybutadiene, polyacrylamides, etc.),
polyethers, polysaccharides, polyamines, polynucleotides,
polyamides, polypeptides and proteins, and polysiloxanes
have also been immobilized on metal oxides. A survey
by Petro and Berek[76] indicates that about one hundred
polymers have been used for the modification of silica
for liquid chromatography including all chromatographic
modes (reversed phase, ion-exchange, chiral, normal phase,
size exclusion, affinity, and hydrophobic interaction chro-
matography).

Depending on the availability of anchoring groups on the
metal oxide surface these materials can be prepared either
with or without covalent bonding of the polymer to the sur-
face. Pre-synthesized polymers can be deposited directly or
polymerization of monomers can be initiated and propagated
on the surface[76]. Further cross-linking the chemically re-
active groups in the polymer is highly desirable so as to
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decrease the polymers solubility in the mobile phase and
thereby enhance stability. Based on the chemical nature of
metal oxide and the functionality of the polymer used, the
synthetic approach is usually designed to achieve the fol-
lowing idealized properties:

(1) A thin film thatdoes not block the poresor restrict pore
throats so as to maintain the overall pore structure and
connectivity and thus give good mass transfer in the
pores and in the polymer film.

(2) A uniform coating to completely cover undesired
non-specific interaction sites (such as silanol groups on
silica, or Lewis acid sites on metal oxide surface).

However, polymer deposition/adsorption is a complex
process governed by a very subtle balance between ener-
getic and entropic factors[86]; in our opinionthe resulting
coating is invariably patchy and unevento a greater or
lesser extent. To adsorb the polymer on a metal oxide, we
must first introduce the polymer, dissolved in a good sol-
vent, into the pores. Polymers in good solvents configure
themselves into a “Gaussian coil”—the segments expand
and the polymer is swollen by the solvent. Fleer et al.[202]
have shown that even after a polymer adsorbs onto a sur-
face, the resulting coating remains significantly swollen by
the solvent. The polymer segments are expanded roughly
as far away from the surface as might be expect based on
the polymers radius of gyration.

Even this simplified idea from polymer physics has
far-reaching implications for chromatographic materials.
First, the swollen polymer may not be able to enter pores
whose throats are too small. Second, adsorption onto the
surface may be much more hindered than one might first
imagine—as long as good solvent is present, the segments
still have a strong entropic driving force to extend into the
solvent, and the still-swollen state of the adsorbed poly-
mer layer can greatly limit the gain in enthalpy given by
adsorption on the surface. While it is true that the good

Table 1
Influence of polymer load on some physical characteristic of modified supports

Reference Data Load, pore volume or surface area

[89] g PBD/g SiO2 0 0.047 0.098 0.156 0.187 0.302
Pore volume (cm3/g SiO2) 0.996 0.912 0.877 0.750 0.624 0.478
Surface area (m2/g SiO2) 111 103 97 87 75 60

[88] g PBD/g SiO2 0 0.045 0.089 0.135 0.158 0.232
Pore volume (cm3/g SiO2) 1.00 0.87 0.80 0.65 0.53 0.37
Surface area (m2/g SiO2) 111 99 88 75 63 46

[90] g PMOS/g SiO2 0 0.0095 0.0301 0.117 0.254 0.440
Surface area (m2/g SiO2) 389 372 347 273 197 71.6

[91] PBD/ZrO2 (%C) 0 2.2 4.1 6.1
Pore volume (cm3/g ZrO2) 0.174 0.153 0.126 0.099
Surface area (m2/g ZrO2) 34.1 25.9 20.5 15.0

[92] PBD/ZrO2 (%C) 0 1.53 2.68 3.91 5.59
Pore volume (cm3/g ZrO2) 0.17 0.15 0.13 0.13 0.094
Surface area (m2/g ZrO2) 34.3 28.1 23.1 20.6 14.7

solvent is usually removed (e.g., replaced by air or vacuum
when drying), the amount of polymer that can remain at the
surface may be limited by the amount that could be estab-
lished while the good solvent was present. Fourth, as the
good solvent is removed (e.g., by drying) the polymer can
flow with the solvent and can diffuse while still wet—one
cannot simply assume that the polymer will stay put in a
perfectly uniform layer.

Some groups have shown that loading with increasing
amounts with different amounts of polymer[75,87]increases
retentivity. However, higher polymer loads lead to thicker
films which ultimately block pores and lead to substantial
decreases in column efficiency. Neimark et al.[88] have
shown by fractal analysis that PBD does not cover the sur-
face of silica particles with a uniform film but rather it oc-
cupies the pore space. An increase in polymer load leads
to a proportional decrease of the total pore volume and
specific surface area. According to these authors[88] the
polymer forms unconnected (non-continuous) inclusions (or
“ganglia”) which only partially fill some pores but blocks
access to others. These polymer inclusions are randomly
distributed throughout the pore network. An increase in
polymer content leads to a decrease in the permeability of
the pore network because the inclusions disrupt the pore
connectivity.

It has been shown that increasing the amount of polymer
(PBD/silica[89], poly(methyloctylsiloxane) (PMOS) on sil-
ica [90] as well as PBD on zirconia[91,92]) decreases the
surface area and pore volume. This is shown inTable 1.

Collins et al. [90] have shown that the deposition of a
liquid polymer on silica’s surface proceeds in agreement
with a linear distribution model as suggested by Hanson
et al. [89] for PBD coating of a wide pore silica.

According to Collins et al. this does not mean that the
distribution of the polymer on the surface is uniform. Due
to the small pores in HPLC packings liquid polymers exist
in pores as “plugs” or “drops”[90].
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Reeder et al.[93] have considered three possible models
for the deposition of polymer (PBD) on zirconia’s surface:

• The uniform, smooth coating model—where the polymer
uniformly covers the whole surface. The thickness of the
polymer layer is assumed to be uniform over the entire
surface regardless of the size of the pore presenting that
surface. This model assumes that the polymer has the op-
portunity to adsorb on any surface, and that characteristics
of the adsorption isotherm (e.g., osmotic pressure gradi-
ents arising from concentration of segments at the surface)
cause the adsorbed thickness to self-regulate to be fairly
uniform.

• Volume proportional loading, smooth coating—where the
thickness of the polymer layer is assumed to be a fixed
fraction of the diameter of the pore presenting that surface
since a larger pore can house a larger volume of poly-
mer solution. This model assumes again that the poly-
mer has the opportunity to adsorb on any surface, but this
model now assumes that adsorption is very favorable and
so the thickness is limited only by the local mass of poly-
mer available to adsorb. A wider pore will contain more
polymer solution, perhaps enabling a thicker coating to
develop. thickness of the polymer is not uniform. The
volume fraction in the pore is uniform.

• Polymer does not form a uniform layer on the pore surface,
rather it forms a plug. This model assumes that adsorption
is unfavorable, but as the meniscus of the solvent retreat
from large pores, most of the polymer leaves the large
pores. The solvent departs last from the smallest pores, and
so it is assumed that the bulk of the polymer finally comes
out of solution (either adsorbed or simply precipitated) in
the smallest pores. decreasing the pore volume without
changing the diameter.
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Fig. 1. Blockage of the silica and zirconia pores of by PBD (PBD volume is normalized by the initial pore volume).

According to these results: at low loadings PBD deposits
in thin layers on the surface with no preference for filling
either large or small pores. At higher loadings PBD deposits
preferentially in small pores. All available porosimetric data
[20,56,93,94]confirms this mechanism. The data available
for PBD-coated silica[88] and zirconia[92] show that there
are some differences between the two.Fig. 1 presents the
influence of the relative volume of PBD (to pore volume of
the support) on the blockage of pores. The slope for zirconia
is roughly equal to 1 while that for silica is 2.6. That means
that PBD on zirconia only removes that volume which it
occupies itself and it does not block access to unoccupied
pore space. In stark contrast, the same quantity of PBD on
silica blocks 2.6 times more pore volume than that needed
by the mass of the polymer and the polymers bulk density.

Since the amount of pore volume on silica that is blocked
by a given amount of PBD is much greater than on zirco-
nia, we infer that PBD breaks down the pore connectivity
to a much greater extent on silica than on zirconia. The de-
pendence of pore diameter and surface area on blocked pore
volume shown inFig. 2 confirms the above statement.

For silica a slow and gradual decrease of both pore diam-
eter and surface area is observed with the increase of pore
blockage. Zirconia data are different: deposition of PBD re-
sults in an increase in pore diameter. This means that PBD
mainly occupies the smaller pores. Specific surface area
of PBD-coated zirconia versus amount of PBD decreases
faster than that on PBD-silica. On PBD-zirconia the poly-
mer occupies the smallest pores that become inaccessible.
Thus, the average diameter of pores apparently increases (as
small pores are not counted in the average). On PBD-silica
the polymer blocks also some unfilled pores (with perhaps
higher diameters) by disrupting the pore connectivity. Thus,
a slow decrease in mean pore diameter is observed upon
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Influence of PBD coating on pore diameter and surface
area
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Fig. 2. Influence of PBD coating on pore diameter and surface area for silica and zirconia.

increasing the amount of PBD. Many studies have demon-
strated that polymer-coated metal oxides exhibit excellent
column performance with respect to column efficiency (plate
count), pH stability/column life, peak symmetry for trou-
blesome analytes and chromatographic selectivity. In stark
contrast to totally polymeric phases most polymer-coated
metal oxides show column efficiency comparable to sil-
ica bonded phases[74,80,87,92,95,96]. Polymer-coated alu-
mina [20,42,74]and zirconia[20,28,80,81]have the high
chemical stability of the base material while polymer-coated
silica phases[87] show better pH stability than do the con-
ventional silica bonded phases. Polymer-coated zirconia is
very attractive for the separation of basic compounds owing
to its excellent stability at extremely high pH and the ab-
sence of silanophilic interactions Good shielding of silanol
groups by polymers also makes polymer-coated silicas more
suitable for the separation of basic solutes, peptides and pro-
teins[20,75,87,97].

Despite the progress made in this area and the advan-
tages pointed out above, the adoption of polymer-coated

Table 2
Commercially available polymer modified aluminas and zirconia[38,55,78,98]

Alumina Manufacturer Particle diameter (�m) (%C) Pore size (nm) Surface area (m2/g)

Aluspher RP-select B Merck 5 10 170
Unisphere PBD Biotage 10 5.1 22.1 37
Milipore PBD Milipore 5 7.2 9.2 110
GammaBondTM Alumina RP-1 (PBD) ES Industries 5 8
GammaBondTM Alumina RP-8a ES Industries 5 8
ZirChrom-PBD ZirChrom 3 or 5 30 30
ZirChrom-PS ZirChrom 3 or 5 30 30

a Alumina coated with polysiloxane polymer containingn-octyl groups.

metal oxides by practicing chromatographers has been slow.
More research is needed to optimize the polymer coating
processes and to fully understand the complex retention
characteristics on polymer-coated metal oxides. However,
commercial polymer-coated zirconias and aluminas are
available. ZirChrom-PBD is a zirconia-based support while
Aluspher RP-select B (Merck), Millipore PBD, and Uni-
sphere Al-PBD (Biotage) are aluminas coated with polybu-
tadiene; ZirChrom-PS is a polystyrene-like-coated zirconia.
The properties of polybutadiene packings are described in
the next section. Commercially available polymer-coated
aluminas and zirconia are compared InTable 2.

1.3.1. Polybutadiene-coated metal oxides
Coating silica gels with polybutadiene has been used

as a method for improving silica’s stability at higher pH
or for deactivation of silanophilic interactions[99]. There
have been numerous studies on the use of PBD-coated
oxides as reversed-phase materials[20,30,38,39,55,56,58,
64,74–76,78,80,85,88,89,91–93,95,100–110]. In addition,
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polyethylene (PE)-modified titania has been described by
Zaharescu et al.[111]. The properties of the PBD-silica
and its use in chromatographic separations were reviewed
[74–76,85]. Until recently, the focus of these studies was
on the silica particles, however, many of the conclusions
including the physical state (loading) of the polymer within
the particle pores and their properties as a RPLC stationary
phases should also apply to zirconia-based PBD phases. The
preparation of PBD-alumina and zirconia are very similar
to that of silica; by and large the procedure of Schomburg
et al. [95] has been followed. Considerable work has been
done on PBD-aluminas. Schomburg proposed the use PBD
for the modification of alumina and found that the modified
phases could be used with aggressive mobile phases even
at pH 13. Excellent separation efficiency of PBD-alumina
was found[74]. In a series of papers Arenas and Foley
[30,38,55]described the reversed-phase properties of PBD
modified aluminas using commercially available packings.

Simple non-electrolytes are retained on PBD-ZrO2 ex-
clusively by a reversed-phase mechanism. The extent of
Lewis acid-base interactions on PBD zirconia for simple
non-electrolytes was estimated for 26 different solutes by
examining retention for mobile phases with and without flu-
oride. Of the 26 solutes onlyp-chlorophenol was shown to
interact with the Lewis acid sites[106]. Fig. 3 illustrates
similar example for 22 compounds, normalized selectivity
is compared for siliceous bonded phase (Luna), polymeric
packing (PLRP) and ZirChrom-PBD.

PBD modified oxides offer high pH and thermal stability:
Alumina covered with hydrophobic polymer shows stabil-
ity in 3 < pH < 12 [112,113], while PBD-zirconia is stable
in 1 < pH < 14 [58,64]. PBD modified zirconia shows ex-
ceptionally high stability in alkaline conditions; there was
no evidence for degradation of the support even after expo-
sure to 1 M NaOH or at 100◦C [81,107]and then at 200◦C

Normalized Selectivity Comparison:  Luna, ZirChrom-PBD, 
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Fig. 3. Normalized selectivity comparison: Luna, ZirChrom-PBD, PLRP. LC conditions: mobile phase, 40/60 ACN–water; flow rate, 1.0 ml/min; temperature,
30◦C; injection volume, 5�l; detection at 254 nm.

[103] even during prolonged use. According to Wu et al.
[114,115]PBD zirconia is stable up to 320◦C under solvat-
ing gas chromatography conditions with carbon dioxide as
the mobile phase. Thus, the high thermal stability of PBD
zirconia paves the road for using the packing at much higher
temperatures than usually applied in HPLC. Higher temper-
ature improves the column efficiency mainly by increasing
the diffusional rate in the stationary phase. Since the in-
creased temperature decreases the “C-term” in the Knox or
van Deemter plots it enables the use of higher mobile phase
flow rate. This, in turn, speeds up analysis time[107] (see
also aSection 2). It has also been noted that the selectivity
of PBD/zirconia changes upon increasing the column tem-
perature[88,107,108,116].

1.3.1.1. RPLC properties of PBD-coated zirconia.The
reversed-phase properties of PBD-coated zirconias have
been extensively and systematically evaluated[20,56,91,92,
106] and compared to conventional bonded RPLC phases
such as C18- and C8-silica phases. It is generally concluded
that the PBD phases have essentially the same properties
as conventional phases When the probe solutes do not in-
teract appreciably with the surface of zirconia or silica,
the retention and selectivity characteristics of PBD phases
are expected to be very similar to that of the conven-
tional bonded phases and this is indeed the case for simple
non-electrolyte solutes. However, it is generally found that
charged or ionizable solutes behave quite differently on
PBD-coated zirconia and conventional bonded phase silicas
(see, e.g. Fig. 14 in Part I). A brief discussion on the RPLC
properties of the PBD phases follows.

1.3.1.2. ln k′ versusnCH2. It has been repeatedly demon-
strated that the lnk′ in RPLC is linearly related to the num-
ber of methylene groups of a homologous series of solutes,
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Fig. 4. Dependence of lnk′ on the number of methylene groups for a homologous series of alkylbenzenes at different ACN–water mobile phase
compositions. The carbon load is 1.53%. The mobile phase concentration from top to bottom: 20–50% ACN. The solutes are benzene, toluene,
ethylbenzene, propylbenzene, and butylbenzene (from left to right).

and obviously retention should increase as the number of
methylene groups increases[57,117]. In order to examine
the reversed-phase nature of PBD phases, retention data for
a homologous series of alkylbenzenes have been obtained
under different carbon loads and mobile phase compositions
with both ACN and MeOH modifiers[56]. Fig. 4 shows
an example of the data obtained by plotting lnk′ against
the number of methylene groups (nCH2). This rather typical
data set shows that there is a very good linear relation-
ship between lnk′ andnCH2 at each mobile phase composi-
tion. This conclusion has been obtained for different carbon
loads and different types of modifiers[56]. Furthermore, the
slopes of the plots inFig. 4 are not dependent on the car-
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Fig. 5. Dependence of lnk′ on the number of methylene groups for a homologous series of alkylbenzenes at 40% ACN–water mobile phase.

bon load (see below). Accordingly, the retention behavior
observed strongly suggests that the PBD-coated zirconia is
truly a reversed-phase-like material[57]. Fig. 5 shows the
methylene selectivity data for zirconia, alumina, and silica.
Although the packings varied rather substantially in their
carbon content the methylene selectivity observed for alu-
mina and zirconia are similar while that for C18-silica is
only slightly higher. We note in passing the similarity in
slopes supports the concept of a partition like model of
bonded phase chromatography, that is, the view that the so-
lute molecules in the stationary phase penetrate or “dissolve”
into the bonded phase and do not just contact the inter-
face between the bonded phase and the mobile phase fluid
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[118–121]. This argument is based on the concept that PBD
coatings are very disordered and liquid-like in density. The
similarity of the slopes of conventional bonded phases, PBD
coatings and of distribution from aqueous–organic mixtures
into bulk n-hexadecane suggests a very similar retention
mechanism.

1.3.1.3. ln k′ versus % ACN and MeOH.Another impor-
tant aspect of PBD-coated zirconia phases as related to their
use in RPLC is the effect of mobile phase composition on
retention. This is particularly important in HPLC method
development because varying the eluent composition is the
principal means of optimizing the separation[56]. It is gen-
erally observed for conventional bonded phases that the re-
tention of non-ionic species decrease monotonically as the
amount of organic modifier in the mobile phase is increased.
The decrease in lnk′ is quasi-linear with the volume fraction
of organic modifier at least over a narrow range in solvent
composition[122–126].

Fig. 6 shows the dependence of lnk′ of benzene and
toluene for the PBD phase on mobile phase composition.
First, a very good linear relationship between lnk′ and the
volume fraction of the organic modifiers exists from 100
to about 35% methanol. As the fraction of methanol de-
creases below 35%, the relationship is less linear and a
change in the amount of methanol has a smaller effect on
solute retention. Second, the relationship between lnk′ and
the percent organic for acetonitrile (ACN)–water mobile
phase is approximately linear from 20 to 50% and 50 to
90% (v/v), but overall the relationship is not precisely lin-
ear.Figs. 7 and 8present related data for PBD-alumina and
PBD-zirconia.
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Fig. 6. Plot of logarithm of capacity factor vs. the volume fraction of organic modifiers (methanol and acetonitrile). The polymer load of the PBD phase
was 5.6% carbon. The solutes are benzene and toluene. The capacity factors of both solutes at 100 and 90% organic modifiers were extrapolated by the
linear relationship between lnk′ and the number of methylene groups. Square symbols denote benzene, circle symbols represent toluene. Open symbols
denote methanol–water mobile phase; while filled symbols denote acetonitrile–water mobile phase. Reprinted from[56].

The dependence of lnk′ on PBD-alumina is parallel to
that of PBD-zirconia. It is interesting to note that lnk′ values
for PBD-zirconia are higher than those of PBD-alumina de-
spite the fact that the carbon loading for Millipore alumina
is considerably higher. Millipore PBD-alumina has a much
higher specific surface area than zirconia. Although the lnk′
versus ACN or MeOH plots for PBD-alumina are available
only over a much shorter range of concentrations the plots
seem to have similar non-linearity as for zirconia.

To examine the mobile phase effect in more detail, the
relative mobile phase sensitivity of the PBD phase to that of
the ODS phase for a methylene group is also compared[56].
Fig. 9 shows the dependence of the selectivity lnαCH2 of a
methylene unit on the volume fraction of organic modifier.

The relationship between lnαCH2 and percent organic is
approximately linear over the whole concentration range of
methanol for methanol–water mobile phase, whereas this is
true only from 0 to 40% (v/v) of acetonitrile. These results
are very consistent with those obtained for ODS phases by
Karger et al.[127], and the mobile phase sensitivity of the
PBD phase is essentially the same as the conventional ODS
phase. This conclusion is also supported by the results ob-
tained for many ODS columns and solutes[56]. This is also
shown inFig. 10.

It is evident from the above that for non-electrolytes (but
not for carboxylic acids or cationic solutes) PBD-zirconia is
a true reversed-phase material and behaves very similarly to
conventional C18-silica phases[205–208].

1.3.1.4. Effect of PBD loading on k′. Absolute retention
as measured byk′ should increase as more PBD is loaded on
the support.Fig. 11shows the absolute retention of benzene
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Dependence of lnk' for toluene on PBD alumina (Unisphere and Millipore ) [55] and zirconia [92]
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Fig. 7. Dependence of lnk′ for toluene on PBD-alumina (Unisphere and Millipore)[55] and zirconia[92] for methanol–water mobile phase.

as a function of the amount of carbon on the PBD phase in
two binary mobile phases[56]. It was further demonstrated
[56] that the increase in the absolute retention with the car-
bon load can be attributed almost completely to an increase
in the phase ratio and not to any change in the energetics of
retention. It can be clearly seen inFig. 11that the absolute
retention essentially increases linearly with the amount of
PBD on zirconia. Berendsen and de Galan[128] have ob-
served similar trends for the conventional RP bonded phases.

Similar properties of PBD on silica were also observed
[75,85]. The retention of alkylbenzenes increased linearly
with the PBD loading up to 4% (w/w), and then showed
an upward swing to higher retention at much higher loads
(8%). The dramatic increase in retention was explained by

Ln k' for toluene on PBD alumina (Unisphere and Millipore)  [55] and 
zirconia [92] 
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Fig. 8. Dependence of lnk′ for toluene on PBD-alumina (Unisphere and Millipore)[55] and zirconia[92] for acetonitrile–water mobile phase.

the formation of bulky polymer clusters. It is noted that there
is a slight upward trend inFig. 11at about 3% carbon load.

1.3.1.5. Effect of amount of PBD on HETP.The kinetic
properties of PBD-coated zirconia have been thoroughly
studied[92]. It was concluded that the PBD loading signif-
icantly affects the plate count. As predicted by the kinetic
theory of chromatography and exhibited by conventional
bonded ODS phases, the column efficiency is dependent on
the absolute retention (k′). However, the most significant
difference of the PBD phase from the conventional bonded
phases is the dependence ofC coefficients of the Knox equa-
tion on the PBD loading[92]. Fig. 12shows the dependence
of reduced plate height on the reduced velocity[56].



J. Nawrocki et al. / J. Chromatogr. A 1028 (2004) 31–62 43

0 20 40 60 80 100
0.0

0.3

0.6

0.9

1.2

1.5

S
e

le
c
ti
v
it
y
, 

L
n

(α
C

H
2

)

Fraction of Organic Modifier (%v/v)

Fig. 9. Plot of the methylene group selectivity vs. the volume fraction of organic modifiers on PBD zirconia. All conditions are the same as inFig. 6. The
methylene group selectivity was computed by the slope of lnk′ vs. nCH2 plot. Open square and filled square denote methanol–water and acetonitrile–water
mobile phases, respectively. Reprinted from[56].

The slopes of the curves at higher velocity are essentially
theC coefficients. It is quite evident inFig. 12that the slope
for the polymer load at 5.6% (weight of carbon/weight of
zirconia) is significantly larger than the slopes observed at
lower polymer loads. Furthermore, for a 5.6% polymer load,
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the C coefficient on average is about 0.2 for solutes with
k′ ranging from 2 to 8. TypicalC coefficients for excellent
bonded phase columns are 0.03–0.05. The largeC coeffi-
cient obtained with heavily loaded PBD-ZrO2 reflects the
relatively large mass transfer resistances. It was suggested
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that this is due to slow diffusion inside the particles due
to the polymer restriction of the pores or to the high den-
sity of the polymer (see below). The decrease in separation
efficiency at very high carbon load was also observed for
silica-based PBD phases[85]. It is also evident inFig. 12
that the minimum reduced plate height is about 4, which is
somewhat higher than the typical value of 2–3 obtained for
the conventional bonded phases[56]. This maybe related to
the particle density of zirconia particles that causes difficulty
in column packing. However, it should be noted that these
results were obtained with early non-commercial columns.
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Fig. 12. Plots of the reduced plate height against the reduced velocity for column on three different carbon loads. The retention of the solutes is
similar. SeeTable 2 of [92] for conditions. Symbols: filled square, 5.6% carbon (k′ = 2.1 for phenyloctane); filled circle 2.68% carbon (k′ = 2.3 for
1-phenylundecane); filled upper triangle, 1.53% carbon (k′ = 1.9 for 1-phenylundecane). Replotted from the data[92].

Current commercial zirconia-based PBD columns packed
with 5�m particles have plate counts in excess of 100,000
plates per meter and are as efficient as the best silica-based
columns packed with the same size particles[92]. Fig. 13
shows a comparison of averaged efficiency for six solutes
for several zirconia, alumina, silica and polymeric columns.

1.3.1.6. Effect of PBD load on LSER Coefficients.The
similarly of retention of non-ionizable compounds on
PBD-ZrO2, ODS (Luna) and a polymeric type reversed-
phase support (PLRP) is shown inFig. 3. The figure shows
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that retention of non-electrolytes on PBD-coated zirconia is
purely reversed phase.

The characterization of PBD-coated zirconia phases in
terms of LSERs has been thoroughly performed[106]. It
was concluded that, as is the case with conventional bonded
phases, the solute’s size and hydrogen-bond (HB) acceptor
basicity are the predominant retention determining factors,
and on the whole PBD-zirconia phases closely resemble
conventional chemically bonded reversed-phase materials.
Interestingly, an increase in the solute’s basicity decreases
retention more than on conventional bonded phases, so rel-
ative to their behavior on conventional phases, strong hy-
drogen bases and highly dipolar analytes, when compared
to non-polar solutes, are slightly less strongly retained on
PBD-zirconia than on conventional phases. PBD-zirconia
and conventional phases are so similar that there should be
little difficulty in transferring separation methods between
phases[106]. The relative retention data for 27 solutes on
PBD-ZrO2 and ODS phase also confirm the similarity of
these phases[101].

The LSER fitting coefficients other than lnk′
0 (the inter-

cept of the LSER fit which depends on phase ratio) are found
to be independent of the polymer load[106]. LSER fits were
also carried out for polyethylene-coated alumina, zirconia
and silica[129].

1.3.1.7. Effect of PBD deposition methods on properties.
The amount of PBD loaded on zirconia affects their chro-
matographic properties (both kinetic and thermodynamic).
The PBD-coated zirconia particles described above were
prepared following a procedure published by Schomburg
et al. [95]. That is, they were prepared by evaporatively de-
positing and cross-linking PBD on microparticulate porous
zirconia [20,56,90,92,106]. It has been shown that the

amount of polymer deposited is nearly linearly proportional
to the amount of PBD offered to zirconia over the range
0–8% (w/w) (Fig. 14) [56].

The slope of this plot is 0.7, indicating that about 70% of
the polymer offered to the zirconia is permanently incorpo-
rated. The linear relationship inFig. 14also suggests that the
pore space is not completely filled at even the highest amount
of polymer studied. This conclusion is also supported by
the calculated fraction of the interior volume occupied by
the polymer, by elemental analysis, BET, and phosphate ad-
sorption data[56]. Similar results were also obtained for
silica-based PBD phase[85], and about 80% of the PBD
offered was permanently deposited on the silica.

The physical state of PBD within particle pores (both sil-
ica and zirconia) was the subject of many intensive studies
[20,56,75,85,88,89,91]. It was concluded that PBD coating
of porous particles does not result in a uniform film of poly-
mer but rather in an inhomogeneous loading wherein the
bulk polymer is not so much on the surface but rather patches
or clumps of PBD occupying the pore volume[75,85,88,89].
Upon increasing the PBD loading the pores become increas-
ingly filled but the film does not become thicker. Further-
more, Kurganov et al.[20] concluded that the PBD layer
within the porous particles should have a gel-like structure
that contains a lot of small pores. Although our understand-
ing of the physical state of the PBD phase within the pores
is far from complete, it is clear that the polymer layers are
quite thin at low loads although small pores and small pore
necks become increasingly restricted at high loads. The large
mass transfer resistance, that is the high C-term observed at
high polymer loads is probably related to these pore neck
restrictions. This is shown inFig. 15.

The effect of the conditions for the deposition of poly-
mers in the preparation of polybutadiene-coated porous
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Fig. 14. Plot of the carbon load vs. the amount of PBD offered to zirconia. Both axes are denoted by weight percent relative to zirconia. The solid line
is the linear regression fit with a slope of 0.7. Reprinted from[56].

Fig. 15. Depiction of proposed mechanism for PBD deposition in porous
zirconia. As the solvent is evaporated, leaving first from larger pores which
are connected to the outer surface of the particle, the meniscus withdraws
into smaller pores. As the meniscus withdraws polymer deposits on the
surfaceup to some critical amount (a). The excess polymer, which is not
deposited, is with the receding meniscus into smaller pores. As solvent
evaporates from the smallest pores in a cluster, the polymer has nowhere
to go and is deposited there (b).

zirconia particles for reversed-phase chromatography has
also been evaluated[91]. Chromatographic performance is
significantly degraded when the solvent is removed very
slowly during the deposition process. No improvement
results when the particles were loaded by using a series
of small sequential loads of polymer. However, chromato-
graphic performance improved when the particle surface
is pre-coated with elemental carbon by a chemical vapor
deposition (CVD) process. It is hypothesized that the poly-
mer deposition process is controlled by the rate at which
the solvent meniscus recedes during solvent evaporation,
by the affinity of the polymer for the zirconia surface, and
by polymer-solvent and polymer–polymer interactions.

1.3.1.8. Comparison of mixed-mode retention mechanism of
organic bases on PBD-ZrO2 and alkyl-bonded silica phases.
As indicated above strong, hard Lewis bases adsorb tena-
ciously to the surface of zirconia. A significant fraction of
the surface of PBD-coated zirconia remains quite accessible
for interaction with Lewis base analytes and Lewis base con-
stitutents of buffers. The adsorption isotherm of inorganic
phosphate, a very common buffer species in reversed-phase
HPLC, becomes almost saturated at a surface coverage of
1.5–1.7�mol/m2 and independent of the adsorbate con-
centration of only 5 mM (ammonium phosphate) in 50/50
(v/v) acetonitrile–water on a typical commercial PBD-ZrO2
phase[203]. It follows that the surface of this phase will
have a very high negative charge over a wide pH range.
In fact, such surfaces are negatively charged even at pH
2 and act as mixed-mode cation-exchange-reversed-phase
media. Thus, polymer-coated zirconia phases in Lewis base
buffers, at least superficially mimic, the mixed-mode reten-
tion of alkyl-bonded silicas wherein ionization of surface
silanol groups provides the negative charge sites.
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However, there are vast quantitative and qualitative differ-
ences in the retention processes as exhibited in the following
cases:

• The fact that organic bases frequently have much larger
k′ values on polymer-coated zirconia[204] than on
alkyl-bonded silica despite the much lower retention of
purely hydrophobic species on polymer-coated zirconia
due to the lower surface areas of zirconia-based phases
compared to silica-based phases (seeTables 1 and 2).

• Very significant differences in band spacing and even elu-
tion sequence of organic bases on zirconia and silica-based
phases[204,205,207]are commonly observed.

• The very strong effect of buffer type[205] on retention
sequence of organic bases on PBD-ZrO2 is commonly
seen.

• The effect of buffer concentration on retention of organic
bases on zirconia versus silica-based reversed phases
[204,205] is much stronger. The slope of plots of lnk′
versus log[NH4+], where ammonium is the displacing
cation are much larger on PBD-ZrO2 versus ODS-SiO2.

• The exquisite sensitivity of retention of organic bases
to the degree of substitution of (1◦, 2◦, 3◦ versus 4◦)
of the charged nitrogen site on PBD-ZrO2 compared to
alkyl-bonded silicas.

• The very strong dependence of the retention and selec-
tivity of organic bases on polymer-coated zirconia on the
degree of substitution and hydrophobicity of the cationic
displacing agents[208].

Qualitatively all of the above argue strongly for a more
substantial role of cation exchange versus reversed-phase
processes for retention of organic bases on zirconia-based
reversed phases in comparison to alkyl-bonded silica type
phases. This hypothesis was validated by Yang et al.[206]
in a quantitative study of the retention of a homologue se-
ries of p-alkyl benzyl amines as a function of the concen-
tration of ammonium ion in the eluent. They postulated the
existence of independent purely reversed phase and a “hy-
drophobically assisted” ion-exchange sites which lead to the
following equation for the dependence of retention factor on
displacer concentration for a univalent analyte:

k′ = k′
rp + Kiex

[NH4
+]

(1)

Based onEq. (1), which fits all compounds studied from
a concentration of ammonium ion of 5 mM and upwards
it, was shown that frequently less than 20% of the reten-
tion of organic bases is due to the pure reversed-phase site
on the PBD-ZrO2 whereas more than 90% of the retention
was due to pure reversed-phase interactions on the most
silanophilic of the type B silica phases tested. This is illus-
trated inFig. 16.

To summarize:

• PBD coating on zirconia is highly reproducible.
• PBD-coated oxides are chemically and thermally stable.
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Fig. 16. Effect of counterion concentration on retention of charged
species on silica-based packings and on PBD-zirconia. Conditions: 55/45
MeOH–ammonium phosphate buffer; pH= 6.0; T = 35◦C; solute:
p-butylbenzylamine.

• PBD-coated zirconia and alumina show reversed-phase
like selectivity similar to ODS-silica for non-ionizable
solutes.

• Ligand exchange interactions cause low efficiency and
poor peak shape for acid analytes unless an additive (a
hard Lewis base) is present in the eluent.

• Reversed phase/cation-exchange mixed-mode retention is
observed for basic solutes and it has a great impact on
the chromatographic retention and selectivity relative to
silica-based reversed phases.

1.3.2. Polystyrene coated metal oxides
While Carr and co-workers have most intensively studied

PBD type zirconia-based phases they have also developed
a novel family of polystyrene-coated zirconia (PS-ZrO2)
[80,130,131]. Sharygin et al. first reported PS-ZrO2 in
1991 [132]. PS-ZrO2 will serve as a useful alternative
to PBD-ZrO2 for analytes that cannot be resolved on
PBD-ZrO2 because the aromatic functionality of PS-ZrO2
leads to different selectivity toward aromatic compounds.
In addition, PS-coated oxide is readily modified with amine
or sulfonate groups to generate ion-exchangers[130,133].
This section will briefly review the different approaches to
the synthesis of PS-coated metal oxides and compare the
chromatographic properties of PS-ZrO2, PBD-ZrO2, and
other commercial RPLC supports.

1.3.2.1. Synthesis and characterization of PS-ZrO2. As
summarized inTable 3, there are basically four synthetic
approaches to the preparation of PS-coated metal oxides. In
Methods A and C, the copolymerization of two monomers
takes place on the surface of metal oxides. Itabashi and
co-workers have reported a number of polymer-coated
silica sorbents by Method C, where divinylbenzene and
chloromethylstyrene[134,135] or 4-vinylpyridine [136]
formed a cross-linked network covering the surface of
silica. Such polystyrene-coated silica gel can be further
functionalized with triethylenetetramine[134] or diethyl
iminodiacetate[135]. As opposed to Method C where
there is no chemical bonding between the monomers and
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Table 3
Comparion of synthetic approaches for preparing PS-coated metal oxides

Type Starting material Deposition mechanism Synthesis scheme Reference

A Monomer (styrene and vinylsilane) Chemical bonding (Si–O–M) [79,137]

B Pre-synthesized copolymer of styrene
and vinylsilane

Chemical bonding (Si–O–M) [20,80,82]

C Monomer (styrene–divinylbenzene) Physical adsorption [134–136]

D Polystyrene or analogs Physical adsorption [20]

the metal oxide surface, Method A applies styrene or
its analog and another monomer, which can chemically
react with the metal oxide; usually, a vinyl-substituted
silane is used[79,137–139]. The chemical bonding to
the surface enhances the stability and uniformity of the
coated polymer on the oxide surface. The copolymer-
ization can be achieved by either chemical initiation or
�-ray irradiation[137]. The common feature of Methods
B and D is the use of a prepolymer. Kurganov et al.[20]
studied both covalently bonded and adsorbed polymer
coatings using polychloromethylstyrene–vinylsilane and
polychloromethylstyrene, respectively.

Chromatographic separations of amine compounds with
minimal tailing were achieved with both types of PS-coated
supports. Lecourtier et al.[82] prepared PS-coated silica
by the reaction of chlorinated silica with a living anionic
polystyrene approach. However, this method results in
polystyrene chains that are mainly outside the silica pores.
Ghaemi and Wall[140] modified Kurganov’s procedure for
the synthesis of PS-ZrO2. They hoped to prepare a uniform,
thin layer of polymer on the metal oxide surface to achieve
good column efficiency and complete hindrance of unde-

sired secondary interactions between the analytes and the
metal oxide. However, there is no such ideal support. Some
blockage of pores by the polymer is unavoidable due to
the repulsive forces present when non-polar polymers are
adsorbed or grafted onto highly polar metal oxide surfaces.
Unfortunately, there is not enough data in the literature to
allow a critical comparison of the pore structure and chro-
matographic performance of PS-coated oxides as prepared
by the various synthetic methods.

1.3.2.2. Overview of chromatographic properties of
PS-ZrO2. Zhao and Carr [80] extensively compared
the chromatographic properties of PS-ZrO2 to those of
PBD-ZrO2. Because PBD-ZrO2 [81] was prepared by
Method D and PS-ZrO2 by Method C, significant differ-
ences in the pore structure on the same base zirconia par-
ticles were observed between these two stationary phases.
As shown inFig. 17, the major difference between the two
phases is the change in surface area in the small pore di-
ameter region (<100 Å). Some micropores (<20 Å) seem
to form on PS-ZrO2. They may result from a presumably
higher degree of cross-linking of the copolymer.
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Fig. 17. Comparison of pore size distributions of PS-ZrO2 and PBD-ZrO2. (A) Pore volume distribution; (B) specific surface area distribution. The solid
line is for bare zirconia while filled circle is for PS-ZrO2 and open circle for PBD-ZrO2. The carbon loadings for PS-ZrO2 and PBD-ZrO2 are 3.2 and
2.7%, respectively.

Also Kurganov et al.[20], who coated alumina supports
with PS (Aluspher 100, Alusorb N200, and Alox T), found
a significant increase in surface area. This too is probably
related to the formation of micropores. The discrepancy be-
tween porosities as measured by N2 sorbtometry (i.e. BET
studies) and by inverse SEC studies indicates the possibil-
ity of swelling of the deposited polymer layer. Conversely,
on PBD-ZrO2, polymer seems to fill small pores, causing a
substantial decrease in surface area. Micropores are usually
undesirable because molecular diffusion and mass transfer
within small pores is slow. However, flow studies (HETP
versus velocity) on PS-ZrO2 indicate minimal resistance to
interphase mass transfer in the polymer coating[80]. TheC
coefficient in the Knox equation for a PS-ZrO2 column was
reported to be only 0.003. Moreover, band broadening due
to slow mass transfer between mobile and stationary phases
is more significant on PBD-ZrO2 than on PS-ZrO2 (The C
coefficient for PBD-ZrO2 was 0.07.) This suggests that a
thinner more uniform film of PS is formed as compared to
PBD or that fewer pore necks are plugged in PS-ZrO2 than
PBD-ZrO2.

Chromatographic stability is a very important issue when
a new polymer-coated metal oxide stationary phase is
evaluated,. In the work of Kurganov et al.[20], PS-ZrO2
showed excellent separations and peak symmetry at both
extremely acidic (0.1 M HNO3) and basic (0.13 M NaOH)
conditions.. Zhao and Carr thoroughly investigated the sta-
bility of PS-ZrO2 at pH 1 and 13 and at high temperatures
(80, 120 and 160◦C) and observed no degradation of the
polymer coating after flushing with thousands of column
volumes of harsh mobile phases[80]. Kurganov et al. also
emphasized the excellent stability of the coated oxides
against the aggressive media[20]; however, the stability of
their columns were not examined systematically.

1.3.2.3. Retention characteristics and chromatographic
selectivity of PS-ZrO2. Zhao and Carr have shown that
PS-ZrO2 is substantially different from PBD-ZrO2 and

other RPLC phases even phenyl silica phases based on both
the linear solvation energy relationship (LSER) approach
[131] and a great number of practical separations of a vari-
ety of environmental and pharmaceutical analytes[130]. A
comparison of the ratios of LSER coefficients for PS-ZrO2
and PBD-ZrO2 is shown inFig. 18.

These two stationary phases are quite similar in all LSER
coefficient ratios except the “r/v” ratio which is considerably
larger for the PS phase compared to the PBD phase. The “
r/v” ratio quantity is a measure of molecular polarizablity
contributions to retention. PS-ZrO2 possesses a much greater
r/v ratio than does PBD-ZrO2, indicating that the� electrons
of the support are involved in the retention process. This is
further supported by comparing the free energy of retention
per � bond (�G◦

�) with the free energy of retention per
methylene group(�G◦

CH2
). As shown inTable 4, the ratio

of �G◦
�/�G◦

CH2
for PS-ZrO2 is almost twice a large as that

for PBD-ZrO2. As a result, dramatic changes in the retention
order of alkylbenzenes and polyaromatic hydrocarbons were
observed on PS-ZrO2 and PBD-ZrO2 (seeFig. 19).

Table 4
Comparison of free energy of retention per� bond (�G◦

�) vs. per
methylene group(�G◦

CH2
)a

Stationary phase (�G◦
�)b (�G◦

CH2
)c �G◦

�/(�G◦
CH2

)

PS-ZrO2 −299 ± 8 −140 ± 2 2.1
PBD-ZrO2 −248 ± 10 −232.6± 0.4 1.1
C18-SiO2 −209 ± 8 −242 ± 2 0.9
Phenyl-SiO2 −133 ± 4 −128 ± 1 1.0

a The free energy of retention of a� bond is denoted as(�G◦
�) and

is calculated from−RTln(k′
n+1/k′

n) whereR is the gas constant,T is the
temperature andn is the number of� bond in a PAH molecule. On the
other hand, the free energy of retention of a methylene group is denoted
as �G◦

CH2
and is calculated the above equation wheren is now defined

as the number of methylene group.
b Based on the data of naphthalene, anthracene, naphthacene and

dibenz[a,h]anthracene in 50/50 acetonitrile–water at 30◦C [130].
c Based on the data of ethylbenzene, butylbenzene, hexylbenzene and

octylbenzene in 50/50 acetonitrile–water at 30◦C [130].
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0 + vV2 + sπ∗
2 + a

∑
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2, a

∑
αH

2 ,
∑

βH
2 and R2 are solute’s molecular volume,

dipolarity/polarizability, overall hydrogen-bond acidity, overall hydrogen-bond basicity, and excess molar refraction, respectively.

Zhao and Carr[130] show many examples of separations
which indicate that the greater polarizability interactions on
PS-ZrO2 as compared PBD-ZrO2 result in substantial dif-
ferences in chromatographic selectivity for non-polar so-
lutes. For example, PS-ZrO2 shows much greater selectivity

Fig. 19. Selectivity of alkylbenzenes and polyaromatic hydrocarbons on (A) PS-ZrO2 and (B) PBD-ZrO2. Conditions: 50/50 acetonitrile–water;T = 30◦C.
Normalized retention time is calculated by the ratio of retention time to the dead time. Analytes: 1, ethylbenzene; 2, butylbenzene; 3, hexylbenzene, 4,
octylbenzene; I, naphthalene; II, anthracene; III, naphthacene; IV, dibenz[a,h]anthracene.

than does PBD-ZrO2 for the separation of structural isomers
(phenyl toluenes, terphenyls and stilbenes) that differ in the
position of phenyl groups[130]. PS-ZrO2 was also compared
to other aromatic stationary phases, such as phenyl bonded
silica (phenyl-SiO2) and polystyrene–divinylbenzene resin
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(PRP-1) [130,131]. It was found that PS-ZrO2 is similar
to PRP-1 in terms of the enhanced molecular polarizabil-
ity as reflected in the LSER “r” coefficient. (Ther/v ra-
tios for PS-ZrO2 and PRP-1 in 50/50 acetonitrile–water are
0.31±0.12 and 0.36±0.06, respectively.) The advantage of
using PS-ZrO2 is reflected in its effectiveness with regard to
the different chromatographic selectivity and greatly reduced
analysis time. In conclusion, PS-ZrO2 will serve as an ex-
cellent candidate for difficult separation when PBD-ZrO2 or
conventional silica-bonded phases fail. Kurganov et al.[19]
have also demonstrated the stability of PS-titania; however,
no systematic studies on the packing stability were carried
out.

1.3.3. Polyethyleneimine-coated zirconia anion-exchangers
Ion-exchange liquid chromatography is a powerful tech-

nique for the separation of both small inorganic and or-
ganic charged molecules[141–144], as well as larger
bio-molecules such as: peptides, proteins and nucleic acids.
Polyethyleneimine has been widely used[145–149] as
a polymer coating for a variety of substrates[150–153]
including silica, titania, alumina, zirconia clad-silica and
porous polystyrene–divinylbenzene beads to produce
ion-exchangers. However, each of these substrate materials
suffers from serious operational deficiencies. For instance,
polyethylene-imine (PEI) modified silica[145,149,150]
suffers from poor chemical stability due to the accessi-
bility of the underlying silica support to attack in base.
Recent advances in silane chemistry have led to the devel-
opment of more stable silica-based phases; however, these
advances have been applied primarily to the production
of reversed-phase materials[154,155]and not silica-based
anion-exchangers. Polymeric ion-exchangers such as PEI
coupled to polystyrene–divinylbenzene are much more
chemically stable and have been reported to withstand pHs
in the range of 4–12[156]. Chemical stability is extremely
important in the purification of bio-pharmaceuticals, as
strongly alkali conditions are necessary for the cleaning and
sterilization of columns. Polymer supports are chemically
stable, but are not fully mechanically stable due to swelling
or shrinking in organic solvents, at pH extremes or upon
changes in mobile phase ionic strength[157]. The over-
riding goal of investigating the coating polyethyleneimine
onto porous zirconia was to produce a more stable, high
efficiency anion-exchanger.

1.3.3.1. Weak anion-exchanger (WAX).Initially two
methods for coating polyethyleneimine onto porous zirco-
nia were investigated: evaporative and adsorptive methods
[158]. It was found that the type of cross-linker used to
fix the polyethyleneimine to zirconia’s surface had a large
effect on the hydrophobicity of the stationary phase and
on its chemical and thermal stability. The use of 1,4 bu-
tanedioldiglycidylether (BUDGE) as a cross-linker[158]
produced a weak anion-exchanger that was only stable from
pH 3 to 9 and useful for the separation of bio-molecules

such as proteins and nucleotides; however, this stationary
phase was not stable at higher pHs[159].

The elution of some inorganic anions on BUDGE
cross-linked polyethylene-coated zirconia was similar
(bromate < nitrite < nitrate < iodide) to that previ-
ously reported for a typical silica-based anion-exchanger
[158]. Both types of coating methods produce efficient
anion-exchangers, with the adsorptive coating method hav-
ing somewhat better column efficiency than the evaporative
method. The evaporative coating method has the advantage
that it is easy to control the amount of stationary phase
deposited on zirconia, and in general higher stationary
phase loadings are achieved in comparison to the adsorp-
tive method. A separation of a mixture of organic acids and
inorganic anions is shown inFig. 20 using commercially
adsorptively coated zirconia.

The weak anion-exchange zirconia-based material can
also be used to separate sugars using similar chromato-
graphic conditions to those typically used on silica-based
aminopropyl columns. However, the silica-based columns
are known to be unstable[212,213], whereas the PEI-coated
zirconia should be much more stable (Fig. 21).

1.3.3.2. Strong anion-exchangers (SAX).A chemically
and thermally stable strong anion-exchanger based on zir-
conia has been produced using two types of cross-linkers
that differ in hydrophobicity, namely: 1,10-diiododecane
and 1,2-bis-(2-iodoethoxy) ethane; the second is much less
hydrophobic than the first. The ionization state of these two
stationary phases does not vary with pH as both are ex-
tensively quaternized. The more hydrophobic cross-linker,
1,10-diiododecane has been used for the separation of
oligonucleotides and oligodeoxynucleotides[159] that dif-
fer in length by only a single nucleotide; it also is able to
separate RNAs of the same length but differ by only one
deoxynucleotide. In addition to being very selective, this
phase was also found to be thermally and chemically sta-
ble up to column temperatures of 100◦C, and over the pH
range of 1–13[160]. The separation of the oligonucleotides
resulting from the hydrolysis of Poly (G) at 100◦C is shown
in Fig. 22.

The hydrophobicity of 1-10-diiododecane cross-linked
PEI zirconia was found to be similar to that of a typical
ODS phase[160]. Its retention was dominated by three
main mechanisms, namely electrostatic, hydrophobic and
Lewis acid-base interactions. The ability to run at ele-
vated temperatures had a beneficial effect on the efficiency
of ion-exchange separations and in general decreased the
analysis time, primarily due to a decrease in the hydropho-
bic contribution to overall retention. As shown inFig. 23,
the highly hydrophobic nature of the 1,10-diiododecane
cross-linked PEI-coated zirconia has been used to sepa-
rate highly polarizable anions such as iodide from nitrate
in the trace analysis of iodide in highly nitrate contam-
inated (2 M) water even at a level of 1 ppm using UV
detection.
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Fig. 20. Separation of a mixture of organic and inorganic anions on the adsorptively coated zirconia. Column, ZirChromTM-WAX, 150 mm× 4.6 mm
i.d.; mobile phase, 45 mM ammonium phosphate dibasic at pH 8.2; flow rate, 1.0 ml/min; 240 nm detection, column temperature= 40◦C; solutes: 1,
bromate; 2, nitrite; 3, benzoic acid; 4, nitrate; 5,p-chlorobenzoic acid; 6,p-bromobenzoic acid; 7, iodide; 8,p-fluorobenzoic acid; 9,p-iodobenzoic acid.

The 1,2-bis-(2-iodoethoxy) ethane cross-linker was found
to be much less hydrophobic than the 1,10-diiododecane;
this is beneficial in the separation of large bio-molecules
such as proteins. The other primary virtue of this material
is its chemical stability under alkali conditions (up to pH
13). An example of how this material could be used, which
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Fig. 21. Separation of sugars on weak anion-exchange column. Col-
umn, ZirChrom®-WAX, 150 mm × 4.6 mm i.d.; mobile phase, 85/15
acetonitrile–water; flow rate, 2.0 ml/min; detector, ELSD; column
temperature= ambient; solutes: 1, xylose; 2, glucose; 3, sucrose; 4, lac-
tose; 5, maltose.

capitalizes on the combination of both the cross-linked PEI
stationary phase and the underlying zirconia substrate was
shown in the a purification protocol developed for the effi-
cient removal ofE. coli 0111:B4 lipopolysaccharides (LPS)
from bovine insulin samples[161]. An endotoxin clearance
rate of up to 1.3 × 108 was attained, and endotoxin levels
were reduced to less than 5 endotoxin units/ml even at initial
contamination levels as high as 5.0×106 endotoxin units/ml.
Furthermore, endotoxin adsorbed to the porous zirconia col-
umn was easily removed (that is, the column could be de-
pyrogenated) using alkali for repeated purification cycles.
This separation of LPS from insulin is the highest clear-
ance rate ever published despite the extremely high initial
level of LPS contamination. Both the 1,10-diiododecane and
the 1,2-bis-(2-iodoethoxy) ethane cross-linked materials are
commercially available.

1.4. Carbon-coated metal oxides

Carbon adsorbents for chromatography have been very
widely studied. Several reviews describe the application of
carbon in liquid and gas chromatography[162–164]. Le-
boda et al.[165,166] reviewed carbon–mineral adsorbents
in a two-part paper which covers the preparation of compos-
ite adsorbents as well as the surface properties and modifi-
cation methods. The most common method for deposition
of carbon on a surface is via the pyrolysis of a carbona-
ceous precursor at 700–1100 K. During the process carbon
deposits (also known as coke) become localized on various
parts of the adsorbent’s surface; it can be homogeneously
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Fig. 22. The separation of the oligonucleotides resulting from the hydrolysis of Poly (G) at 100◦C. Column, ZirChrom®-SAX, 50 mm× 4.6 mm i.d.;
mobile phase, A= 0.02 M potassium phosphate dibasic and 0.04 M NaCl at pH 8.5, B= 0.20 M potassium phosphate dibasic and 1.0 M NaCl at pH 8.5;
gradient, 5–95% B over 90 min; flow rate, 1.0 ml/min; 254 nm detection, column temperature= 100◦C; solute: Poly (G) hydrolysate; injection size, 25�l.

dispersed or deposited in micropores and it can block meso-
pores[167]. Thus, there are many studies of the carbon de-
position mechanism(s). The interested reader is advised to
see[168] and the references therein. Despite the wealth of
the research on carbon modified mineral surfaces most of the
published papers are devoted to gas–solid interfaces while
this review is aimed at liquid–solid interfaces and their ap-
plications in HPLC. Carbon surfaces useful for HPLC may
be obtained in several ways:

Fig. 23. Separation of highly polarizable anions: iodide from nitrate in the trace analysis of iodide in highly nitrate contaminated (2 M) water. Column,
ZirChrom®-SAX, 50 mm× 4.6 mm i.d.; flow rate, 1.0 ml/min; mobile phase, 25 mM ammonium phosphate, 275 mM NaCl at pH 8.0; detector, 226 nm;
column temperature= 30◦C; solutes: 2 M nitrate sample matrix, iodide; injection volume, 5�l.

• polymer infiltration of porous silica particles (acting as a
template), followed by firing at approximately 1000◦C,
followed by an alkaline treatment to remove the silica
(leaving porous amorphous carbon) and finally high tem-
perature firing at 2500–3000◦C to fully graphitize the re-
maining porous particle[169],

• deposition of a pyrocarbon layer on porous silica by pass-
ing organic vapors over particles heated to 400–700◦C
[170],
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• deposition of pyrocarbon layer on carbon black particles
[171],

• electrochemical reduction of polytetrafluoroethylene in a
lithium amalgam and thermal graphitization of the carbon
particles[172],

• deposition of pyrocarbon catalyzed by nickel and other
metal salts deposited on the surface[173].

The concept of coupling of metal oxides and carbon
evolves from a number of useful properties shared by the
materials[174]:

• both can resist the chemical attack of bases, acids and
organic solvents,

• they are mechanically stable,
• they possess different and useful chromatographic selec-

tivity.

Of the metal oxides only zirconia has been modified by
carbon deposition for HPLC purposes. Thus, this part of
the review will deal exclusively with zirconia-based ma-
terials. Zirconia is an ideal material to be covered with
pyrogenic carbon. Pre-sintered zirconia can be heated to
700◦C without any change in pore structure[102]. More-
over zirconium(IV) sites catalyze the cracking of organic
substances to carbon[174,175]. The process of chemical va-
por deposition of carbon on zirconia is simple and highly
reproducible; it consists of passing an organic vapor over
porous zirconia particles at temperatures of∼700◦C typ-
ically at reduced pressure (∼5–10 Torr) [176]. It is possi-
ble to cover upto about 97% of zirconia’s surface with car-
bon [176]. Low-temperature glassy carbon was coated on
non-chromatographic zirconia by Rittenhouse and Olesik
[209]. Various organic compounds can be used as the source
of carbon; the best results, in terms of chromatographic peak
shape and efficiency were noted when alkanes were used for
the CVD. The poorest results were observed when unsatu-
rated hydrocarbons were used[102,176]. Another advantage
of the CVD carbon-clad zirconia column is its mechanical
stability of the packing compared to other types of carbon
supports.

Fig. 24. Modification of carbon-coated zirconia.

The retention mechanism is thought to be exclusively by
adsorption on the rigid carbon surface. Such an adsorption
process is very sensitive to the solute’s shape and thus car-
bon surfaces are much more selective for the separation of
geometrical isomers than are typical bonded phases with
alkyl chains or polymer-coated metal oxides[176]. We-
ber and Carr[177] have shown numerous separations of
geometrical isomers on C/ZrO2 column evidencing the dif-
ferent selectivity of the column compared to conventional
C18 phases. The ability of C/ZrO2 to separate isomers was
further examined by applying them to the analysis of di-
astereoisomers; excellent resolving power for a wide range
of analytes was found[178]. Shalliker and co-workers have
shown an application of commercially available carbon-clad
zirconia packings for separations of diastereoisomers of
polystyrene oligomers with higher degree of resolution than
reported previously[179]. The work was continued and in
the next papers[180,181] the exceptional resolving power
of carbon-clad zirconia for diastereoisomers was confirmed.
However, the authors noted some variability in reproducib-
lity of commercially available packing. In additional work
a two-dimensional C18/C-ZrO2 system was used for the
separation of closely related isomers[182].

Carbon-clad zirconia differs from alkyl-bonded phases in
three ways[183]:

• it is much more selective for the separation of both polar
and non-polar geometrical isomers,

• it is more hydrophobic,
• in contrast to alkyl-boded phases polar solutes are also

retained through electronic (�–�) interactions.

Recently, carbon-clad zirconia was chemically modified
via diazonium salt chemistry to give extraordinarily stable
reversed-phase packing. The reactions are shown inFig. 24.

The structure of the resulting phase is shown inFig. 25.
The phase is stable from pH 0.3 to 14 at∼40◦C. The

packing is also thermally stable to at least 200◦C at neu-
tral pH (seeFig. 26). This new phase is commercially
available.
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Fig. 25. Chemistry of DiamondBond C18 surface.

2. High temperature separations

The high thermal and chemical stabilities of zirconia-
based supports for HPLC have enabled the development
of ultra-fast liquid chromatography which is based on the
use of temperatures typically much higher than can be
tolerated by conventional silica-based phases. The advan-
tages of high temperature to speed-up HPLC have been
theoretically demonstrated by Anita and Horvath[184].
They clearly showed that the use of elevated temperatures
ought to greatly improve analysis speed by decreasing the
viscosity and increasing the rate of equilibration between
phases. Further, they showed that the resulting lower res-
idence time of the analyte in the hot column could, in
many cases, compensate for the increase in the rate of
potential on-column analyte degradation by hydrolysis,
oxidation or isomerisation reactions. However, this ap-
proach to speeding up HPLC is severely limited by the all
too short useful lifetimes of bonded silica-based phases
even in neutral pHs (see Fig. 6 in Part I) at temperatures
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Fig. 26. High temperature separation of non-steroidal anti-inflammatories. LC conditions: column, 50 mm× 4.6 mm DiamondBondTM-C18; mobile phase,
25/75 ACN/40 mM phosphoric acid; pH at 2.3; flow rate, 5.5 ml/min;T = 150◦C; injection volume, 1�l; detection at 254 nm; solute concentration,
0.15 mg/ml; solutes: 1, acetaminophen; 2, ketoprofen; 3, naproxen; 4, ibuprofen; 5, oxaprofen.

only 30–40◦C above room temperature (see Table 2 in
Part I).

Temperature substantially influences the retention, effi-
ciency and selectivity of the separation of large molecules
and to lesser extent small molecules[184–186]; however,
there are not many examples of the application of high tem-
perature HPLC. Hancock et al.[210,211]studied the selec-
tivity of peptides and proteins on “sterically protected” C8
and C18 phases. They found that using temperature along
with the best gradient can greatly improve band spacing.
Horvath and co-workers[184,187,188]used pellicular sta-
tionary phases to separate proteins at 120◦C. Smith and
Burges[189,190]used pure water as the eluent at 200◦C
for the separation of phenols and barbiturates on PS–DVB
phase. Ingelse et al.[191] used water as the eluent for
the separation of alcohols on an ODS column. Accord-
ing to Yang et al.[192] the polarity of subcritical water
(200–250◦C) is similar to that of pure methanol. Therefore,
pure, subcritical water can be used as the eluent for RP sep-
arations.

High temperature ultra-fast liquid chromatography re-
quires use of an HPLC system with special attention paid
to heat transfer issues as well as to extra-column effects
[193–196]. An increase in column temperature from 25 to
150◦C allows considerable increases in linear velocity and
as a result some separations can be done nearly 50 times
faster than at ambient temperatures. The advantages of high
temperature separations are illustrated inFig. 27.

Use of high temperature greatly reduces the consump-
tion of organic solvents; some reversed-phase separations
can even be done with pure water as the mobile phase.
Fields et al.[195] studied the retention of testosterone on
PBD-ZrO2 using only superheated water as the eluent.
The column provided performance similar to conventional
HPLC. PBD-zirconia columns were stable even when sub-
jected to 200 atm and 150◦C for 200 h. The retention factor
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Fig. 27. Fast separation of antihistamines. LC conditions: column, 100 mm × 4.6, ZirChrom-PBD; solutes: 1, doxylamine; 2, methapyrilene; 3, chlor-
pheniramine; 4, triprolidine; 5, meclizine. (A) Mobile phase; 29/71 ACN/50 mM tetramethylammonium hydroxide; pH at 12.2; flow rate, 1.35 ml/min;
injection volume, 0.5 �l; 254 nm detection; column temperature = 21 ◦C; pressure drop = 195 bar. (B) Same as (A), except mobile phase, 26.5/73.5
ACN/50 mM tetramethylammonium hydroxide; pH at 12.2; flow rate, 3.00 ml/min; column temperature = 80 ◦C; pressure drop = 195 bar.

of the test solute remains almost constant in chromatograms
obtained before and after this treatment [115]. The col-
umn was also stable at a column inlet pressure of 200 atm
and 260 ◦C. In the following paper [114] from the same
group PBD-ZrO2 was found to have substantially higher
efficiency than conventional C18 packed columns in sol-
vating gas chromatography conditions with carbon dioxide
as the mobile phase. The PBD modified zirconia column
was used up to 320 ◦C without any diminution in effi-
ciency. Wilson [197] found PBD-zirconia to be useful for
the separation of pharmaceuticals using water as the eluent.
Carbon-clad zirconia columns were much more retentive
than PBD-ZrO2. Wilson also noted the differences in the
selectivity of the two columns. Kephart and Dasgupta used
PBD and carbon-clad zirconia columns in a capillary scale
reverse phase liquid chromatography system with super-
heated water as a mobile phase at temperatures as high as
370 ◦C and pressures exceeding 10,000 psi [198].

Because PBD-zirconia phases have been repeatedly
shown to be stable during long-term use at both 100 ◦C
[107] and then 200 ◦C [103], they were used to study the
effect of temperature on selectivity. The temperature effect
on selectivity depends very much on the type of solute. For
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Fig. 28. Plot of ln k′ on C-ZrO2 vs. ln k′ on PBD-ZrO2 for 22 selected
solutes in 50/50 acetonitrile–water mixture at 30◦C. Solid line denotes
the least square line and a, b, c, d denote four different solutes (�) (from
[116]).
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solutes with similar structure or functional groups temper-
ature has almost no effect. However, for solutes with very
different functional groups chromatographic selectivity can
vary substantially with temperature [108]. It has also been
shown that high temperature can improve the column effi-
ciency by ∼30% mainly by increasing the diffusional rate
in the stationary phase [107]. The use of increased flow
rate considerably decreases the analysis time. There are
many examples of substantially shorter analysis at higher
temperatures with the same or better resolution [103,107].
Also aromatic phases coated on zirconia are stable at high
temperatures [94].

As a variety of zirconia-based phases has been obtained,
selectivity among them differs considerably. For exam-
ple, although PBD-ZrO2 and carbon-clad zirconia are both
reversed-phase supports they have substantially different
selectivities. This is shown in Fig. 28 [116].
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Fig. 29. Chromatograms showing the separation of aromatic compounds
on (A) PBD-ZrO2 at 30 ◦C; (B) C-ZrO2 at 30 ◦C and (C) T3C with
both columns at 30 ◦C. Experimental conditions: mobile phase, 40/60
acetonitrile–water; flow rate, 1 ml/min; solutes: 1, benzonitrile; 2, anisole;
3, methylbenzoate; 4, ethylbenzene; 5, p-xylene; 6, n-propylbenzene.

A minimal correlation between retention on C-ZrO2 and
PBD-ZrO2 was found. This means that these two station-
ary phases possess very different selectivities. Solutes a
and b are on nearly a vertical line—i.e. their separation on
PBD-zirconia is impossible. However, they are easily sep-
arated on carbon-coated zirconia. And conversely solutes c
and d are easily separated on PBD-ZrO2 but they coelute on
C-ZrO2. Thus, a combination of these two reversed-phase
columns can have a profound effect on the separation ability
of the chromatographic system.

These facts allowed the development of another applica-
tion of zirconia-based phases to the new “ thermally tuned
tandem” column concept (T3C concept). The concept as-
sumes the use of two tandem columns each in an indepen-
dently controllable temperature zone. These columns must
differ in selectivity. Selectivity of the system is “ tuned” by
adjusting the individual column temperatures [116]. Fig. 29
shows the effect of combining a C-ZrO2 and PBD-ZrO2 col-
umn on the separation of a mixture of aromatics. PBD-ZrO2
does not separate ethylbenzene from p-xylene while ben-
zonitrile and anisol coelute on the C-ZrO2 column. The com-
bination of two columns (i.e. two selectivities) allows the
separation of both critical pairs.

The T3C concept was further developed and used for the
separation of barbiturates, PTH amino acids on ODS and
C-ZrO2 columns [199], triazines and carbamate mixtures
[200] and the resolution of some basic pharmaceuticals on
ODS and PBD-ZrO2 [201].

3. Conclusions

The basic thesis of this review is that metal oxide-based
stationary phases are not only viable alternatives to
silica-based stationary phases but in many instances and
for some purposes are superior to them. In this review,
we focused on the properties of metal oxides, which are
most relevant to their chromatographic performance. In
contrast, in our earlier review [1] we centered our interest
on the general physical and chemical properties of zirco-
nium dioxide. Since that time a great deal of additional
research has appeared. It is now evident that metal oxides
especially zirconia allows one to do a number of forms
of HPLC at both extremely low and extremely high pH
under conditions where silica-based phases are utterly un-
stable. In addition, metal oxide-based phases can be used
at temperatures well above those which can be tolerated
by silica-based phases due to the dissolution of the silica
in aqueous media or to the loss of silane bonded phases.
In contradistinction to stationary phases based on syn-
thetic organic polymers these significant improvements in
chromatographically relevant properties are not obtained
at the price of decreased efficiency (plate count) or in-
creases in column operating back pressure or slow response
to changes in solvent due to local or global shrinking or
swelling.
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A number of important advantages accrue from improving
the stability of the stationary phase. Perhaps the most impor-
tant of these is a simplification in method development in that
one stationary phase can be used over the entire pH range.
This is especially important in the field of reversed-phase
liquid chromatography wherein a number (3–4) different
silica-based phases are offered by a single manufacturer to
cover the narrow pH range from 2 to 12 and most phases
cannot be used much above ambient temperature The ex-
tremely wide pH range accessible to metal oxide supports
facilitates the development of new separation methods for
complex mixtures by allowing the selectivity of the ioniz-
able compounds to be adjusted at will by the chromatog-
rapher to achieve the desired degree of resolution. Another
major advantage of high stability–durability in the context
of chromatographic method development is that the column
can be used at higher temperatures. The use of high tem-
perature decreases the eluent’s viscosity and increases the
analyte’s diffusion coefficient to such an extent that it is fre-
quent possible to decrease analysis time by a factor of 2–10
by operating the column at a higher linear velocity. In ad-
dition, high temperatures enable the new technology of sta-
tionary phase selectivity adjustment by the thermally tuned
tandem column concept. Finally, the use of high temperature
can sometimes completely circumvent the need for organic
solvent in reversed-phase chromatography. This in turn al-
lows the use of far UV spectroscopy (<210 nm) for detec-
tion of compounds, which do not have good chromophores
at long wavelengths; and it has allowed the development of
the classical gas chromatographic flame ionization detector
(FID) as a detector in HPLC with pure aqueous eluents.

In this review, we described various synthetic procedures
for forming metal oxides into particles useful for chro-
matographic separations. This included a discussion of the
so-called PICA process, as well as the oil-emulsion and
spray drying processes. It should be clear that under ap-
propriate circumstances all of these processes can be used
to manufacture particles with quite acceptable chromato-
graphic properties. That is, particles of the correct overall
diameter as well as the proper internal pore space and geom-
etry to allow rapid mass transfer even when particles, which
are impregnated with cross-linked polymers, are used as the
stationary phase.

One of the major limitations of metal oxide particles is
the fact that they cannot be chemically modified using clas-
sical silane chemistry or by adsorption of carboxylates or
phosphonates to form coatings, which are adequately stable,
so as to extend the pH range and temperature range accessi-
ble on silica-based phases. The recent disclosure of methods
for forming carbon-carbon bonds to carbon-clad zirconia is
a most promising development.

The significant advantages of metal oxide supports in
comparison to silica-based supports are not purchased at no
cost to do the end-user. It is a fact that the Lewis acid chem-
istry of metal oxides must be taken into consideration when
developing new separations on such supports. Although even

the highest purity silica does contain some metal and there
is no question that metals in the silica are accessible to
certain analytes. Furthermore the metal components of the
HPLC column especially the column, fittings and frits can
cause problems the total amount of accessible metal is much
lower than in any metal oxide-based stationary phase. In the
case of zirconium dioxide and aluminum oxide stationary
phases, one must recognize that there is a very high pop-
ulation (more than 3–4 �mol/m2) of hard Lewis acid sites
accessible to small analytes. When the analytes is itself a
hard Lewis base (for example, the anion of a carboxylic
or phosphonic acid but not amines) one will observe badly
tailed peaks. This tailing is due to the sluggishness of disso-
ciation of the coordinate covalent bond formed between the
analyte and the metal center. In contrast to the presence of
the small amounts of metals in silica, which are very highly
variable and hard to control from batch-to-batch, the high
concentration of metal sites inherent in metal oxides is quite
reproducible. This situation is akin to the presence of the
traces of n and p doping agents in silicon based semicon-
ductors. Small changes for dopant have huge relative effects
on the behavior of the nearly perfectly pure semiconductor.
Similarly on silica-based phases extremely small amounts
of metals have a great effect on the chromatography of all
those analytes, which are sensitive to, metals. In particular, it
well known that the presence of a metal in silica has a huge
impact on silica’s Bronsted acidity. In contrast, the presence
of minor amounts of foreign metals in a metal oxide sup-
port has almost no effect compared to the constituent metal
oxide per se.

The Lewis acid chemistry of metal oxide surfaces creates
a very significant opportunity for the chromatographer for
adjusting the selectivity of the separation of cationic species
(for example, amines which are positively charged at pHs
below their pKa values). By addition of an appropriate buffer
comprised of an anionic Lewis base (for example, one con-
taining any of a number of carboxylic acids, phosphate or
organic phosphonates) the amount of negative charge on the
surface of the metal oxide can be manipulated according to
the desires of the chromatographer. The negative charge in
turn has a large impact on the retention of positively charged
species. It is thus possible and in fact common to be able
to adjust the band spacing of neutral and positively charge
species whose retentions vary quite differently in response
to changes in ionic strength.

3.1. Future

Given that the use of silica in chromatography has had a
very long history, it should be clear that the future of metal
oxides as stationary phases should be equally rich. There
are many interesting avenues to explore. Among the various
paths which need to be followed in the near future we envi-
sion the development of metal oxide-based monolithic sta-
tionary phases, metal oxide particles which have controlled
pore sizes (there is a particular need for metal oxides with
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smaller pores and higher surface areas to be used in prepar-
ative scale separations), and the exploration of metal oxide
stationary phases in LC–MS. A major avenue of exploration
is the development of coatings for metal oxide surfaces to
fully sequester the Lewis chemistry to make the metal ox-
ide more closely resemble silica without compromising the
stability of the metal oxide. The development of chemical
derivatization methods for carbon-coated on zirconia sur-
faces is a major step in this direction. Additional interesting
avenues to explore included development of amino phases,
cyano phases and diol phases to emulate the related materi-
als on silica-based bonded phases.

At this date, a metal oxide phase that is useful for
reversed-phase separations of proteins and large peptides is
not available. Given the importance of bio-separations this
is a major opportunity.

Finally, the stability of metal oxide phases is so great that
the stationary phase is no longer the Achilles heel of the
chromatographic system. In fact, the weakest link is now
the column hardware. PEEK tubing and fittings cannot tol-
erate the high temperatures which metal oxide-based sta-
tionary phases can endure; and the metal components of the
HPLC system cannot tolerate the extremely corrosive envi-
ronments (hydrochloric acid, sodium hydroxide) which are
readily tolerated by zirconium dioxide particles. New col-
umn hardware is needed to exploit all of the advantages in-
herent in metal oxide phases.

Less obvious but still very important advantages result
from the ability to run separations at high temperatures. Until

Table 5
Advantages and disadvantages os silica and metal oxide-based packings for HPLC

Advantages Disadvantages

Silica Available in the widest selection of particle size, pore
diameter and surface area

Poor stability at high and low pHs

Wide selection of types of reversed phases (C18, C8,
phenyl, CN, polar embeded, fluoro) available

Poor thermal stability

Relatively familiar surface and modifier chemistry Sensitivity to inorganic buffers even at neutral pH
Many suppliers Sensitivity to water-rich mobile phases

Highly variable population of silanol groups
Many amines show tailed peaks on many silica phases
Does not allow for a development of high temperature,
organicless mobile phase, fast HPLC

Metal oxides Extremely high thermal stability Available in limited selection of surface areas and pore sizes
High stability at all pHs Very different surface chemistry than that of silica

especially Lewis acid interactions
Reversed phases commercially available (with different to
siliceous supports chemistry)

Alumina and titania—relatively unexplored for HPLC

Well understood chemistry of zirconia’s surface (surface
chemistry of alumina and titania seems to be similar)

Lack of commercially available reversed phase for titania

Similar (PBD-modified oxides vs. ODS silica) selectivity
for non-electrolytes

Must have hard Lewis in eluent to separate carboxylics
acids or else get no elution or extreme tailing

Allow for a development of high temperature, organicless
mobile phase, fast HPLC

Few manufacturers

Selectivity tunable by choice of buffer type Effective use requires “unlearning” much knoweldge
based on silica chemistry

Very different selectivity compared to silica for basic and
acidic compounds

recently, few chromatographers conscientiously optimized
temperature in HPLC. Anita and Horvath closely examined
the effect of temperature on separation speed [184]. They
found that increasing the temperature affects two major pa-
rameters that influence column dynamics:

• mobile phase viscosity, and
• analyte diffusivity.

The decrease in eluent viscosity with increasing temper-
ature (estimated at a 5–10-fold decrease for methanol on
going from 20 to 200 ◦C) results in a tremendous reduction
in column backpressure. This allows separations to be done
at higher flow rates, which in turn decreases the analysis
time. For example, when the same analytes are run at 30 and
100 ◦C, the separation at 30 ◦C can be run at a reasonable
pressure at a flow rate of 1.0 ml/min and takes 11 min. When
the same separation is run at 100 ◦C, the separation can be
completed in less than 1 min using a flow rate of 5.0 ml/min
with almost the same backpressure.

Another advantage results from the increase in analyte
diffusivity with temperature. At normal operating temper-
atures, increasing the flow rate decreases efficiency due to
slow inter-phase mass transfer. However, when the temper-
ature is increased diffusion coefficients also increase and as
a result, column efficiency remains reasonably high even at
higher flow rates. It has been shown by Yen et al. [194] that
on polystyrene coated zirconia column C-term for acetophe-
none decreases from 1.2 × 10−4 to 0.27 × 10−4 cm2/s with
temperature increase from 25 to 150 ◦C. Therefore, at ele-
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vated temperature a separation can be run at high velocity
without serious loss in efficiency or at the cost of prohibitive
backpressures [194]. Of course, even when the column can
withstand elevated temperature and extremes in pH, analyte
instability can be a limiting consideration [184].

The advantages and disadvantages of siliceous and metal
oxide packings are summarized in Table 5.
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