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duce a porous gel of greater than 70% by volume poros
ity.
Commonly-assigned U.S. patent application Ser. No.

CARBON-CLADZRCONUMOXDE PARTICLES

Matter enclosed in heavy brackets
appears in the
original patent but forms no part of this reissue specifica
tion; matter printed in italics indicates the additions made

07/420,150, filed Oct. 11, 1989, now U.S. Pat. No.

5,015,373, discloses a support material adapted for use
as the stationary phase in liquid chromatography (LC),
which comprises ZrO2 spherules preferably having a

by reissue.

FIELD OF THE INVENTION

The present invention provides carbon-clad inor
ganic oxide particles which are useful as a chromato
graphic support material. The invention also provides a
method for forming a chromatographic support mate
rial, by depositing a cladding of carbon on inorganic
oxide particles by a chemical vapor deposition (CVD)
process carried out at low pressure.

10

preferred embodiment of the invention disclosed in the
b 150 application is directed to a chromatographic
support material comprising ZrO2 spherules having a
cross-linked polymeric coating thereon, wherein the

15

from about 20-500A and an average diameter of about
0.5-500 p.
B. Carbon-Based Chromatographic Support Materials
Carbon particles, such as those referred to as 'acti
vated carbon,” are employed in sorbent applications
due to their relatively high specific sorption capacity.

BACKGROUND OF THE INVENTION

A. Inorganic Oxide-Based Chromatographic Supports
Currently known inorganic chromatography sup
ports comprising particulate silica (SiO2) or alumina
(Al2O3) are stable over pH ranges of about 1-8 and
3-12, respectively. The solubilization of SiO2 and
Al2O3 at pHs outside of these ranges results in the dete
rioration of these supports, and in contamination of the 25
resultant chromatographed and separated products
with silicon- or aluminum-containing species. Methods
of improving the alkaline stability of particulate SiO2 by
cladding the surface with a more base-stable metal 30
oxide such as zirconium oxide (ZrO2) have been dis

closed in U.S. Pat. Nos. 4,648,975 and 4,600,646. This
cladding is disclosed to increase the upper pH limit at

diameter of about 0.5-200 p., a surface area of about
1-200 m2/g, and pore diameters of about 20-500 A. A

coated spherules are hydrophobic, have a pore size

This capacity is at least partially due to carbon's low

density and the fact that it can be made highly porous.
Carbon has also been employed in chromatographic
applications because it offers a hydrophobic and hydro
philic selectivity which is different than that of the silica
supports commonly utilized in reversed-phase HPLC.

See, e.g., K. Unger, Analytical Chemistry, 55, 361-375

(1983) at page 372, column 3. Carbon's selectivity to
polar compounds also varies from the selectivities of

conventional HPLC packing materials. These differ
ences in selectivity can be advantageously exploited.
which these supports, also referred to as packings, can
further advantage of carbon-based supports is their
be used to 11 and 9.5, respectively. However, these 35 pHAstability.
stability allows separations to be per
packings still lack adequate stability to allow them to be formed at theThis
optimal
pH, and also permits cleaning and
sterilized and cleaned in, for example, 0.1N aqueous sterilizing of the column
with, for example, strong base.
sodium hydroxide (NaOH, pH=13).
Packing
materials
for
high pressure liquid chroma
Use of porous spherical ZrO2 particles on a thin layer tography (HPLC) have also
been based on carbon. For
chromatography plate is disclosed in U.S. Pat. No.
carbon-based supports useful for HPLC appli
4,138,336; a process for the preparation of porous ZrO2 example,
have included the following: graphitized carbon
microspheres is taught in U.S. Pat. No. 4,010,242; and cations(GCB),
pyrocarbon reinforced GCB, and more
chromatographic use of these particles is taught in U.S. black
recently,
a
porous
graphitic carbon (PGC). PGC is
Pat. No. 3,782,075. The microspheres are prepared by a
by filling the pores of a silica gel with a poly
process in which colloidal metal oxide particles are prepared
mer comprising carbon, thermolyzing the polymer to
mixed with a polymerizable organic material and coa 45 produce
a silica/carbon composite, dissolving out the
cervated into spherical particles by initiating polymeri
zation of the organic material. This is a time consuming, silica to produce a porous carbon, and subjecting the
batch process which requires the addition of organic porous carbon to graphitizing conditions.
For example, U.K. Patent Application No. 2,035,282
material which is later pyrolized and hence lost.
U.S. Pat. No. 3,862,908 discloses microspheres of 50 discloses a method for producing a porous carbon mate
urania and other metal oxides; however, these particles rial suitable for chromatography or use as a catalyst
are fired to near full density, have reduced surface areas support, which involves depositing carbon in the pores
and therefore, would not be desirable for chromato of a porous inorganic template material such as silica
gel, porous glass, alumina or other porous refractory
graphic uses.
U.S. Pat. No. 3,892,580 discloses a process for prepar 55 oxides having a surface area of at least 1 m2/g, and
ing porous bodies of ZrO2. This process requires the use thereafter removing the template material. O. Chiantore
of a binder to react with the oxide particles during et al., Analytical Chemistry, 60, 638-642 (1988), dis
preparation. This binder is subsequently decomposed by close carbon sorbents which were prepared by pyroly
pyrolysis and therefore lost. The bodies produced by sis of either phenol formaldehyde resin or saccharose on
this process are not spherical, would pack unevenly, spheroidal silica gels coated with these materials. The
may cause increased column pressure, and are therefore pyrolysis is performed at 600 C. for one hour in an inert
not preferred for chromatographic uses.
atmosphere, and the silica is subsequently removed by
U.S. Pat. No. 4,389,385 teaches the preparation of boiling the material in an excess of a 10% NaOH solu
porous gels and ceramic materials by dispersing solid tion for 30 minutes. Chiantore et al. conclude that, at the
particles of an inorganic substance produced by a vapor 65 temperatures employed in their work, the carbonaceous
phase condensation method in a liquid to form a sol. polymer network that was formed still maintained some
The sol contains colloidal particles which are aggre of the chemical features of the starting material (page
gates of the primary particles. The sol is dried to pro 641, column 2). To obtain carbons where polar func

3
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tional groups have been completely eliminated, the the column packings shown in Table III (page 190),
authors conclude that high temperatures (greater than which include 15-20 um particles of pyrocarbon coated
800° C) treatments under inert atmosphere are neces on silica, and 25-31.5um particles of pyrocarbon coated
sary.
on graphite. H. Colin, J. Chromatography, 167, 41-65
The use of pyrocarbon-reinforced carbon-based sup (1978) reports the effects of temperature in reversed
ports for HPLC is also known. For example, K. Unger phase HPLC on pyrocarbon-containing adsorbents, in
et al. (U.S. Pat. No. 4,225,463) disclose porous carbon terms of heat transfer, solvent eluotropic strength, col
support materials based on activated carbons and/or umn linear capacities, pressure drops and efficiencies.
cokes, which may be useful for HPLC. The materials
U.K. Patent Application No. 2,035,282, discussed
are prepared by treating hard activated carbon or coke 10 above, also discloses that silica gels whose internal sur
particles with solvents, and then heating them at faces have been covered by a layer of pyrolytic carbon
2400-3000 C. under an inert gas atmosphere. The exhibit good chromatographic performance, but are
resulting support materials are disclosed as having a disadvantageous in that the presence of a silica core
carbon content of at least 99 percent, a specific surface means that eluents aggressive to silica cannot be used
area of about 1-5 m2 per gram, and a particle size of 15 with these gels. Furthermore, it is difficult to attain
about 5-50 p.m (column 2, lines 3-5).
coverage of the silica surface by carbon be
While carbon or carbon-based materials may be use complete
cause
the
carbon tends to deposit on surface nuclei
ful as HPLC supports, they are less than ideal. For
present, rather than on the bare silica (page 1,
example, K. Unger, Analytical Chemistry, 55, 361-375 already
21-26).
(1983) concludes that the carbon materials developed 20 lines
K. Unger et al. (U.S. Pat. No. 4,225,463), discussed
for HPLC to date exhibit poor efficiency for strongly above,
also disclose that attempts to mask the surfaces
retaining compounds.
of silica gels with non-polar groups via pyrocarbon
coating have not alleviated the problematic low stabil
C. Non-Carbon Based Materials having Carbon
Coatings
25 ity of SiO2 to aqueous solvent systems, particularly
higher pH values (column 1, lines 5-48).
In addition to materials which comprise a carbon those with supports
have also been prepared by deposi
matrix or core, chromatographic support materials are tionCatalyst
of
carbon
on
alumina.
For example, S. Butterworth
known which have a carbon coating on a substrate of
al., Applied Catalysis, 16, 375-388 (1985) disclose a
silica. For example, N. K. Bebris et al., Chromato et
catalyst support having a coating of carbon
graphia, 11, 206-211 (1978 disclose the one-hour pyrol 30 ty-Al2O3
deposited by vapor-phase pyrolysis of propylene. The
ysis of benzene at 850 C. onto a substrate of Silochrom pure
phase y-Al2O3 substrate was ground to 12X37
C-120, a macroporous silica (SiO2) which contains par
ticles of irregular form with an average size of 80 pum. mesh, had a bimodal pore size distribution based around
Benzene pyrolysis was also carried out at 750° C. onto mean diameters of 110 nm, and a surface area of 130
a substrate of Spherisorb S20W, a silica gel which con 35 m2/g. When the vapor phase pyrolysis was performed
from a flowing gas mixture of argon and propylene at
tains spherical particles of diameter 20 um.
R. Leboda, Chromatographia, 14, 524-528 (1981) 673K. Butterworth et al. disclose that the pure phase
disclose the two-hour pyrolysis of dichloromethane y-Al2O3 was completely covered at a carbon loading of
(CH2Cl2) on partially dehydroxylated silica gel (parti 7 wt.%.
cle size range 0.15-0.30 mm) at 500 C. and atmospheric 40 Certain metal oxides have been coated with carbon
pressure. R. Leboda et al., Chromatographia, 12, No. 4, for use as nuclear reactor fuels. For example, P. Haas,
207-211 (1979) disclose the catalytic decomposition of Chemical Engineering Progress, 44-52 (April 1989)
alcohol onto the surface of SiO2 in an autoclave, at a discloses that small spheres of oxides of U, Th and Pu
pressure of 25 atmospheres and a temperature of 350 C. were required for high-temperature, gas-cooled nuclear
for 6 hours. The resulting material possesses a surface 45 reactor fuels. These fuels were coated with pyrolytic
having from "a few to several dozen percent carbon on carbon or other ceramics to serve as "pressure vessels'
the surface.” R. Leboda, Chromatographia, 13, No. 9, which would contain fission products (page 44, column
549-554 (1980) discloses contacting SiO2 with alcohols 2). FIG. 2, at page 49, shows dense Tho? spheres with
(benzyl alcohol and heptanol) in an autoclave at a tem pyrolytic carbon coatings.
perature of 500 C. R. Leboda, Chromatographia. 13, 50 D. Silica-Based Stationary Phases for Reversed-Phase
No. 11, 703-708 (1980) discloses the heat treatment in
HPLC
hydrogen at 700° C. of SiO2 adsorbents previously
The majority of separations employing high perfor
treated with alcohols in an autoclave at 500 C.
mance liquid chromatography are performed in the
P. Carrott et al., Colloids and Surfaces, 12, 9-15
(1986) cracked furfuraldehyde vapor on precipitated 55 reversed-phase mode, wherein the column packing ma
silica at a temperature of 500 C. for various times, to terial serves as the stationary phase. The most common
achieve carbon loadings of 0.5, 8.6 and 16 percent. Car presently used stationary phases employ a non-polar
rott et al. conclude that the external surface of the re
ligand (e.g., octane or octadecane) covalently bound to
sulting carbon-coated silica was hydrophobic, while the a porous silica particle through a siloxane bond (Si
internal surface was hydrophilic, indicating that the -O-Si) to render the silica surface hydrophobic. Al
internal surfaces were not well coated.
though these silica-based supports are very useful for a
H. Colin et al., J. Chromatography, 149, 169-197 wide range of applications in reversed-phase HPLC,
(1978) compares non-polar chemically-bonded phases their use is strictly limited to a pH range of between 2
(CBP), pyrocarbon-modified silica gel (PMS) and pyro and 8, due to the hydrolytic instability of both the silica
carbon-modified carbon black (PMCB) as packings for 65 support particle and the siloxane bond used to "anchor'
reversed phase HPLC. H. Colin et al., J. Chromatogra the non-polar active group. Thus, a pH-stable, reversed
phy, 158, 183-205 (1978) compares the efficiency, reten phase support material must involve both a stable, con
tion and solvent strength in reversed-phase HPLC of trolled-porosity, high-surface area support material and
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a method for rendering the surface durably hydropho

6
used, for example, to carbon coat nuclear materials or to

bic.

infiltrate porous bodies so as to produce lightweight
structural materials. This topic is discussed in more
detail in 9 The Chemistry and Physics of Carbon,
173–263 (P. Walker et al., eds. 1973), the disclosure of
which is incorporated by reference herein.

Art workers have previously coated silica with ZrO2
in attempts to improve the silica's pH stability. Another
approach to developing a highly stable reversed-phase
support involves replacing the silica with an alternative
inorganic material, such as alumina. Although it has
been demonstrated that some improvement in pH stabil
ity is realized by replacing silica with alumina, the disso

lution of alumina in aqueous solutions at extreme pHs

SUMMARY OF THE INVENTION
10

(pH-2 and pH> 12), at temperatures as low as room
temperature, is well known.

In addition to requiring a pH-stable support material,
a stable reversed phase also requires modifying the
support material in order to provide a stable, hydropho
bic surface. Sillylation is the most widely used method to
derivatize silica particles to produce hydrophobic rev
ersed-phase supports. The silylation of inorganic bodies
other than silica (e.g., alumina, titania, zirconia, etc.)has

been disclosed in U.S. Pat. No. 3,956,179. The hydro
lytic instability of the siloxane bond is well known, and
it is very likely that a Si-O-metal bond will be even
more susceptible to aqueous hydrolysis because of the
increased polarity of the bond.

15

20

Another problem related to the use of silica-based 25
reversed phase supports is the difficulty encountered in
the chromatography of amines and other basic solutes.
This problem results from the presence of acidic silanol
groups (SiOH) on the silica surface. Basic solutes un
dergo very strong interactions with these silanol groups 30
which may involve cation exchange or hydrogen bond
ing, depending on the pH of the mobile phase. This
problem is exaggerated by the requirement of working
in the range 2 <pHC8 on silica-based columns, since
most amines will be protonated in this pH range and 35
protonated amines can readily adsorb to the silica sur
face. One approach to improving the chromatography
of amines is to work at bydrogen ion concentrations
significantly above the ionization constant of the amines
so that they are unprotonated. For aliphatic amines, this
normally involves working at a pH greater than 11.

However, these pH ranges cannot be employed using

silica-based columns.

The presence of acidic silanol groups can also lead to
irreversible adsorption of many classes of organic mole
cules onto silica-based reversed-phase supports, a prob

45

lem which is well known in the art. This irreversible

adsorption is particularly troublesome in the reversed
phase HPLC of proteins. Ultimately, this adsorption
will result in a change in the properties of the support

50

Mobile phase modifiers may be added to improve the
chromatographic efficiency of basic compounds, but
this can be expensive and hard on equipment. The re
sulting harsh conditions may cause irreversible confor

55

and can lead to its destruction.

mational and chemical changes in the compound of
interest, as well as contamination of compound to be
purified.
E. Chemical Vapor Deposition
60
Chemical vapor deposition (CVD) is a vapor phase
process wherein a solid material is formed on a substrate
by the thermal dissociation or the chemical reaction of
one or more gas species. The deposited solid material

can be a metal, semiconductor, alloy, or refractory
compound.
The use of CVD processes to produce carbon coat
ings has been extensively studied. Such processes are

65

The present invention provides a composite support
material which is useful as a stationary phase in liquid
chromatography, particularly in high-performance liq
uid chromatography. The composite support material
comprises carbon-clad particles of zirconium oxide
(also referred to herein as ZrO2, or as "zirconia”). In
order to facilitate packing of liquid chromatography
columns, it is preferred that each individual unit of the
present support material be a substantially spherical
particle; thus, the preferred spherical particles will be
referred to herein as "spherules.” However, the present
invention is also intended to provide support materials
useful in low performance chromatography, fluidized
beds, and general batch absorbers. There is no require
ment that the present particles be substantially spherical
in these applications, where irregularly shaped particles
are typically utilized.
Advantageously, the present carbon-clad ZrO2 parti
cles display very high physical and chemical stability in
aqueous media of high pH, e.g., pH 14. At these condi
tions, the particles are substantially resistant to dissolu
tion of both the carbon cladding and the underlying
ZrO2, and provide substantially constant solute reten
tion during exposure to increasing amounts of alkaline
mobile phase.
Preferred carbon-clad ZrO2 spherules useful for liq
uid chromatography applications will comprise a po
rous core ZrO2 spherule. The core spherules will pref

erably have a diameter of about 1-500 u, more prefera
bly about 2-50 u; a surface area of about 5-300 m2/g,
more preferably about 15-100 m2/g; and a pore diame

ter of about 20-5000 A, more preferably about 60-1000

A.

In addition to the core ZrO2 spherule, the support
material of the present invention further comprises a
cladding of carbon. As used herein, the phrase 'carbon
clad' means that an outer layer, sheath, coating, or
cladding of pyrolytic carbon is bonded or otherwise
integrally attached to the underlying ZrO2 matrix. As
used herein, "pyrolytic carbon' is intended to refer to
carbon formed by the carbonization of a suitable carbon
source, e.g., a hydrocarbon. “Carbonization' means
that the hydrocarbon or other carbon source is sub
jected to conditions causing it to decompose into atomic
carbon and other substances.
As mentioned above, the ZrO2 cores of the present
carbon-clad particles are porous. When discussing po
rosity, the term "open pores” refers to interior channels
in the particles which exit at the surface of the particle.
The term "closed pores' refers to pores which have no
exit at the outside surface of the particle. The surface of
closed pores are inaccessible to either gas or liquid
phases with which the particles are contacted. Thus, the
closed pores are not affected by the cladding process,
nor do they participate in subsequent use of the particles
in surface active applications. As used herein, the term
"pores” (or "porosity”) refers to "open pores' only. By
"surface of the particle', it is meant the exterior surface
as well as the surface of the open pores. It is intended
that the carbon cladding cover substantially all of the

Re. 34,910
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surface of the spherule, thus defined. As used herein,
“substantially covering' or "substantially all” means
that at least about 75%, preferably at least about 90%,
and more preferably at least about 95% of the total
surface area of the core ZrO2 spherule will be covered
by the carbon cladding.
Preferably, the thickness of the carbon cladding over
the surface of the ZrO2 core ranges from the diameter of

8

cles having a surface within a reaction chamber; (b)
establishing an elevated temperature within the reaction
chamber, e.g., of about 500-1500' C.; (c) establishing a
reduced pressure within the reaction chamber, e.g., of
less than about 760 mm mercury; and (d) introducing a
vapor comprising carbon into the chamber so as to

decompose the vapor and deposit a cladding of the
carbon onto the particles, substantially covering the
a single carbon atom (a monatomic layer), to about 20 surface of the particles. The present method may also
A. This carbon cladding will thus not appreciably in 10 optionally include an additional step (e) of exposing the
crease the diameter of the spherules. Thus, preferred carbon-clad particles of step (d) to a gaseous reducing
carbon-clad ZrO2 spherules of the present invention mixture comprising hydrogen so as to cause the reduc
will have a diameter of about 1-500 microns and more
tion of polar functional groups on the surface of the
preferably about 2-50 u. The carbon-clad ZrO2 spher particles. In this manner, a more homogeneous surface
ules will preferably have an average pore diameter pf 15 chemistry can be achieved.
about 20-5000 A, more preferably about 60-1000 A.
The present method is applicable to any inorganic
The carbon-clad ZrO2 spherules will also preferably oxide substrate to which carbon will deposit under the
have a surface area of about 5-300 m2/g, more prefera operating conditions of the method. Useful inorganic
bly about 15-100 m2/g.
oxides include, but are not limited to the Group II, III,
The scope of the present invention is also intended to 20 and IV metals, i.e., Hfo2, ZrO2, SiO2, Al2O3, TiO2, and
encompass carbon-clad ZrO2 particles which are essen MgO. Preferably, a ZrO2 or Hfo2 substrate is utilized in
tially non-porous. Prior to carbon cladding, preferred the present method, because the core ZrO2 or Hfo2
non-porous ZrO2 substrate particles will have a diame particles maintain a useful surface area at the high pro
ter of about 0.4-7 microns, a surface area of about 0.1-3 cess temperatures (e.g., about 500-1500 C) which are
m/g, and negligible internal porosity, although the 25 preferred for forming uniform CVD coatings. In con
particles may have surface roughness. Useful non-por trast, the porous network of alternative substrates, such
ous ZrO2 having the preferred diameter and surface as silica and alumina particles, may substantially de
area values can be prepared by methods well known to grade at these temperatures, with a resulting surface
those of ordinary skill in the art of ceramic powder area loss which may compromise the chromatographic
preparation. The carbon-clad non-porous particles are 30 character of these substrates. Furthermore, ZrO2 or
believed to be particularly useful as a stationary phase Hfo2 are especially preferred substrates because their
support material in liquid chromatography separations high chemical stability means that exposure of incom
of large molecules such as proteins and polymers. The pletely carbon-clad ZrO2 or Hfo2 particles to aggres
size of such molecules can hinder or prohibit their rapid sive mobile phases (e.g., pH 14), will not result in attack
diffusion in and out of pores of a porous support mate 35 of the support with eventual dissolution. ZrO2 is partic
rial.
ularly preferred because it is much less expensive than
The present carbon-clad ZrO2 particles may be used HfO2.
as an adsorbent; e.g., for gas or liquid purification. Fur
The present method for forming a chromatographic
ther, the present carbon-clad ZrO2 particles can be support material utilizing chemical vapor deposition is
formed into a bed, and employed as the stationary phase intended to include a method for forming an essentially
in separations performed via chromatography, e.g., by non-porous support material, such as the non-porous
gas, liquid, or super-critical fluid chromatography. carbon-clad ZrO2 described above. When desired, step
Therefore, the particles can be used as the stationary (a) of the method will comprise the step of placing a
phase in conventional chromatography columns which plurality of essentially non-porous inorganic oxide par
have an axial flow path, with or without rigid walls. For 45 ticles having a surface within a reaction chamber. The
example, the particles, preferably spherules, can be remaining steps (b) through (d) (and optionally step (e)
packed into an HPLC column, where the packing func of the method are not changed by the utilization of a
tions as the stationary phase during HPLC separations. non-porous substrate.
The carbon-clad particles of the present invention
can also be combined with a suitable binder and used to 50 BRIEF DESCRIPTION OF THE DRAWINGS
coat a glass or plastic substrate to form plates for thin
FIG. 1 shows apparatus including a reaction chamber
layer chromatography.
within a small tube chamber.
In addition to their utility in chromatographic appli
FIG. 2A shows a chromatogram of a mixture of al
cations, the present carbon-clad ZrO2 particles may be kylbenzenes.
useful as an adsorptive medium in non-chromatographic 55 FIG. 2B shows a chromatogram of a mixture of alkyl
applications. For example, the particles may be utilized phenones.
as an adsorptive medium in batch adsorbers, fluidized
FIG. 3 depicts a plot of logarithm of capacity factor
bed adsorbers, membrane adsorbers and the like. The versus carbon number.
particles may also be useful as an adsorptive medium in
FIG. 4 shows a stability study on CVD toluene.
pressure-swing adsorption apparatuses. In addition, the
FIGS. 5 and 6 depict plots of logarithm of capacity
present particles may be useful as support materials for factor versus carbon number.
fixed bed reactors, batch reactors, fluidized bed reactors
DETALED DESCRIPTION OF THE
and the like.
INVENTION
In addition to the carbon-clad ZrO2 particles, the
present invention also provides a method for forming a 65 The present invention provides both a composite
chromatographic support material utilizing chemical material useful as a chromatographic support, and a
vapor deposition. The method comprises the steps of: method for forming a chromatographic support mate
(a) placing a plurality of porous inorganic oxide parti rial.
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The present material comprises a particle, preferably
a spherical particle or "spherule', comprising a core,
base or substrate of a porous zirconium oxide, and a
cladding of carbon over the porous core. Because an

10
the carbon cladding in a manner which results in sub

stantial carbon coverage of the porous ZrO2 surface.
Our method, detailed below, employs a low pressure
chemical vapor deposition technique to substantially
clad a porous inorganic oxide particle. For example, by
utilizing the present method, a carbon cladding can be
applied which covers greater than 98% of the total
exposed surface of a porous zirconia particle, within a
time period of about 30 minutes and at a deposition
temperature of about 700 C., when toluene is used as

intended use of the present support material is in liquid
chromatography applications, it is preferred that the
individual units of the material be spherical in shape, in
order to permit optimal packing into a column. There
fore, as used herein with respect to the present support
material, a "spherule' refers to a substantially spherical 10
particle. Accordingly, as used herein, a "diameter' of a the carbon source.
unit of the present support material refers to the average
The present carbon-clad ZrO2 support material is
lateral dimension or "particle size' across the particle, useful
in at least two fields:
but is not intended to imply that the particle is a perfect
First,
the present carbon-clad ZrO2 material is useful
sphere. The words "spherule' and "particle' are in 15 as a stable
reversed-phase chromatographic support
tended to be used interchangeably hereinafter, as are the material. Advantageously,
the selectivity for polariz
words "diameter,” “size” and "particle size.” The pres able solutes and hydroxyl solutes
be exploited to
ent invention is also intended to encompass irregularly separate these species. The loading can
capacity of the sup
shaped particles, which may be useful, e.g., in low per port
these species can be adjusted, if required, by
formance chromatography, fluidized beds, and general properforselection
of the support material (i.e., pore size
batch absorbers.
and
specific
surface
area) and column size (overall ca
The diameter of the core ZrO2 particles may vary
within ranges appropriate for the desired use of the pacity).
Second, the carbon cladding is useful as a covering or
particles. Generally in sorbent applications, ZrO2 parti
cles of up to about 1 cm in size are preferred. For liquid 25 masking agent for the ZrO2 surface. ZrO2 surfaces are
chromatography applications, preferred core ZrO2 known to interact strongly with carboxylic acids, sulfo
phosphates, and the like. These interactions can
spherules range in size from about 1-500 u, and more nates,
lead to undesirable behaviors in chromatography appli
preferably, about 2-50 u.
The criteria for utility of a particular material as the cations. Although some residual ZrO2 sites may still
core or substrate of the present carbon-clad particles are 30 remain exposed after the carbon cladding, substantially
that the base material, preferably in the form of a spher all of the surface is covered with a carbon cladding
ule, possesses a high total surface area and thus good whose retentivity can be controlled more easily than the
sorption capacity, and that this surface area is not exces retentivity of bare ZrO2. Improvement of the coating
sively reduced during the carbon cladding and any and/or optimization of the pore geometry together with
other subsequent coating or cladding procedure in 35 this technology may be used to produce a uniform hy
cluded within the scope of the present invention. There drophobic coating to "seal' the ZrO2 surface.
There is significant solvent selectivity involved in the
fore, useful surface areas for the core ZrO2 particles
range from about 5-300 m2/g, more preferably about use of the present carbon-clad ZrO2 for chromatogra
15-100 m2/g.
phy. The choice of solvent may also affect the level of
The present carbon-clad ZrO2 particles are prefera solute loading which can be practically employed.
bly prepared by a low pressure chemical vapor deposi
I. Sources of Zirconium Oxide
tion (CVD) method, discussed below, which method is
In a preferred embodiment of the present carbon-clad
also included within the scope of the present invention,
Therefore, the pore diameter of the base material must ZrO2 particles, the core ZrO2 particles will be spherules
be sufficiently large to permit ready diffusion of hydro 45 formed from a ZrO2 sol. In this embodiment, a portion,
carbon vapor into the pores of the core ZrO2 particle or more preferably a majority, of the initial ZrO2 used
during the CVD. Thus, preferred pore sizes for the core to form the core spherules will be in the Sol state; i.e., a
ZrO2 particles range from about 20-5000 A, more pref. colloidal dispersion of ZrO2 particles in water. Once the
erably about 60-1000 A.
water is removed, the sol particles interact strongly
The present zirconium oxide cores are clad or coated 50 with one another to provide aggregated sol particles.
with a layer of pyrolytic carbon. Terms related to car
Colloidal dispersions of zirconium oxide suitable for
bon and its formation are discussed and defined in 9 The
use as the ZrO2 source in preparation of the present
Chemistry and Physics of Carbon 173-263 (P. Walker et spherules include the Nyacol TM Zr series, Nyacol,
al., eds. 1973), the disclosure of which is incorporated Inc., Ashland, Mass. These dispersions contain about 20
by reference herein. For example, at pages 174-175, the 55 wt-% ZrO2, wherein the ZrO2 Particles vary in average
authors disclose that "pyrolytic carbon” and "CVD diameter, e.g., from about 10-200 nm. For example,
carbon' are generic terms relating to the carbon mate Nyacol TM Zr 100/20 is an aqueous dispersion contain
rial that is deposited on the substrate by the thermal ing 20 wt.% ZrO2 of colloidal ZrO2 particles, the ma
pyrolysis of a carbon-bearing vapor. The term "CVD jority of which are about 100 nm in diameter.
carbon' describes the processing used, whereas the
Non-colloidal ZrO2 sources may be included along
term "pyrolytic carbon” refers more to the type of with the colloidal ZrO2 dispersions as useful starting
carbon material that is deposited. The authors further materials for these spherules. Thus, chloride, nitrate,
disclose that the process of depositing pyrolytic carbon sulphate, acetate, formate or other inorganic or organic
in porous substrates is generally referred to as "infiltra salts of zirconium such as the oxysalts and alkoxides
tion.'
65 may be included with the ZrO2 sol and the mixture used
While any method of applying pyrolytic carbon to a to make spherules. Preferably, colloidal ZrO2 particles
porous substrate can be used in the preparation of the make up the major portion of the total ZrO2 Present in
present carbon-clad zirconia, it is preferable to apply the mixture.
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Organic compounds may also be included with the
ZrO2 sources used to prepare the spherules. These or
ganic materials are removed during the firing of the
spherules. In particular, water-soluble polymers such as
polyvinylpyrrolidone, polyethylene glycol, polyethyl- 5
ene oxide, and the like, or latex particles may be in
cluded in the liquid mixture used to prepare the spher
ules. These materials may act to alter the rheology of
the precursor solution, or the pore structure of the re
10
sulting fired spherule.
The core ZrO2 spherules can comprise a minor
amount of other metal oxides in addition to ZrO2. For
example, precursors for other metal oxides may be in
cluded with the ZrO2 precursors, so as to stabilize a
particular crystalline phase of ZrO2 or to retard grain 15
growth in the fired spherules. Thus, salts or sols of
metals such as yttrium, magnesium, calcium, cerium,
aluminum, and the like may be included in levels of
from approximately 0-20 mole-%. ZrO2 spherules
which do not contain other oxide additives and are fired 20
in air or in oxidizing atmospheres display either mono
clinic, tetragonal or pseudocubic crystal structures
when cooled to room temperature. Higher firing tem
peratures and longer firing times favor the formation of
the monoclinic phase. The inclusion of other metal 25
oxides allows the preparation of spherules which pos
sess either monoclinic, tetragonal, or cubic crystalline
Structures.

These features of ZrO2 are well known in the art and
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III. Low Pressure CVD Method

The present invention also encompasses a method for
forming a chromatographic support material utilizing
chemical vapor deposition at low pressure. Either po
rous or essentially non-porous inorganic oxide spherules
can be employed as the substrate material. Advanta
geously, both the interior and the exterior surfaces and
the surfaces of any open pores of the inorganic oxide
substrates treated in accordance with the present
method can be substantially covered with a cladding of
carbon. By “low pressure,” it is meant that the pressure
of the vaporized carbon source in the deposition cham
ber will be preferably less than about 50 Torr, and more
preferably less than about 20 Torr. Since the system
pressure in the deposition chamber prior to introduction
of the vaporized carbon source will preferably be less
than about 10 Torr, the total pressure during the deposi
tion will preferably be less than about 60 Torr, and
more preferably, less than about 30 Torr.
The preferred temperature to be maintained during
deposition of carbon according to the present method
ranges from about 500-1500 C., and more preferably
is about 600-1000 C. The preferred deposition time is
from about 1 minute-4 hours (240 minutes), but more
preferably is between 15 minutes-1 hour. It is believed
that the present method advantageously provides inor
ganic oxide spherules with a much more complete and
uniform surface coverage in a shorter period of time
than conventional CVD techniques.
The inorganic oxide spherules which are preferably
utilized in the present method will have a diameter of

are discussed in, for example, An Introduction to Zirco 30
nia, Magnesium Elektron Ltd., Twickenham, England
(2d ed., Magnesium Elektron Publication No. 113, July
1986).
about 1-500 microns, a surface area of about 5-300
m2/g,
and, if porous, a pore diameter of about 20-5000
II. Preparation of Core ZrO2 Spherules
35 A. Although any inorganic oxide meeting these criteria
In preferred embodiments wherein the core zirco may be employed as a core or substrate material in
nium oxide spherules are to be formed from a ZrO2 sol, practice of the present method, preferred inorganic
an aqueous sol containing a colloidal dispersion of oxides include those commonly employed in sorbent
ZrO2 particles can be dispersed in a medium which will applications, e.g., SiO2, TiO2, Al2O3, MgO, and ZrO2.
extract water from the dispersed solin the form of drop- 40 Suitable SiO2 spherules are commercially available
lets. Removal of all or a portion of the water results in under the trade name HPLC Silica Nucleosil, from
gelled solid spherules which consist of aggregated sol Macherey-Nagel (Germany). For liquid chromatogra
particles. One extracting medium which may be used is phy applications, a metal oxide which displays a rela
2-ethyl-1-hexanol, as disclosed in U.S. Pat. No. tively high resistance to dissolution in aqueous media is
4,138,336. A preferred extracting medium for safety 45 preferably employed. Suitable metal oxides in this
reasons and ease of processing is peanut oil, which is group include, but are not limited to, Al2O3, TiO2,
preferably used at a temperature of about 80-100° C. HfO2 or ZrO2, with ZrO2 and Hfo2 being most pre
The most preferred extracting medium is a mixture of ferred metal oxides because of their high resistance to
peanut oil and oleyl alcohol, which are combined in a dissolution. Suitable Al2O3 spherules are commercially
ratio of about 1:1 and used at a temperature of about 50 available under the trade name Spherisorb Alumina
80-100° C. Oleyl alcohol possesses a higher extraction from Phase Sep, Inc., Hauppauge, N.Y. Suitable TiO2
capacity than peanut oil, and mixtures of the two allow spherules can be prepared as disclosed in U.S. Pat. No.
the extraction capacity of the medium to be controlled. 4,138,336. Compounds or mixtures of more than one
Depending upon the ratio of sol to forming medium, inorganic oxide may also be employed in the present
extraction times of from about 1-60 minutes can be used 55 method as the core or substrate material.
to fully gel the ZrO2 particles. The gelled spherules may
Any carbon source which can be vaporized and
be conveniently separated from the extracting medium which will carbonize on the surface of the inorganic
by any suitable method, e.g., by filtration.
oxide substrate under the temperature and pressure of
The spherules may also be prepared by the process of the present method may be employed to deposit a car
spray drying, as disclosed, for example, in U.S. Pat. No. 60 bon cladding via CVD. Useful carbon sources include
4,138,336.
hydrocarbons such as aromatic hydrocarbons, e.g.,
Once the ZrO2 particles are condensed into spherules benzene, toluene, xylene, and the like; aliphatic hydro
in the above manner, thermal treatment at firing tem carbons, e.g., heptane, cyclohexane, substituted cyclo
peratures of from about 100-1500 C., preferably about hexane butane, propane, methane, and the like; unsatu
400-800° C., is performed. The resulting fired spher- 65 rated hydrocarbons; branched hydrocarbons (both satu
ules are preferably from about 1-500 u in diameter, and rated and unsaturated), e.g., isooctane; ethers; ketones;
preferably possess a surface area of 5-300 m/g and aldehydes; alcohols such as heptanol, butanol, propa
pore diameters of about 20-5000 A.
nol, and the like; chlorinated hydrocarbons, e.g., methy
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lene chloride, chloroform, trichloroethylene, and the
like; and mixtures thereof. Another useful carbon
source may be a gaseous mixture comprising hydrogen
and carbon monoxide, as described by P. Winslow and
A. T. Bell, J. Catalysis, 86, 158-172 (1984), the disclo
sure of which is incorporated by reference herein.
The carbon source may be either a liquid or a vapor

at room temperature and atmospheric pressure although
it is employed in the CVD process in vapor form. If the
carbon source is a liquid with low volatility at room
temperature, it may be heated to produce sufficient
vapor for the deposition.
In general, the choice of the optimum deposition
temperature, pressure and time conditions are depen
dent on the carbon source employed and the nature of
the metal oxide. For example, higher hydrocarbon
vapor pressures, higher deposition temperatures and
longer deposition times will generally lead to increased
amounts of carbon being deposited. Higher deposition

10

15

14

tion is completed, sample 12 in sample boat 14 may be
removed from reaction chamber 16 without breaking a
vacuum seal by means of an arrangement consisting of a
temperature-resistant thread 32 connected to winch 26.
The pressure within tubular reaction chamber 16 can
be reduced to below atmospheric pressure by means of
vacuum system, shown generally as reference numeral
30. The pressure may be measured by vacuum sensor 40
and indicated by vacuum gauge 42, or by any other
suitable means. In more sophisticated apparatuses, it is
envisioned that a feedback control system could receive
an input signal from vacuum sensor 40 and would con
trol pressure by adjusting the vacuum pump operation
accordingly. Additionally, means of monitoring the
flow of vapor into the reaction chamber would be pro
vided. Preferably, means for agitating the sample of

spherules during the deposition process would be pro
vided to ensure more thorough coating uniformity.

quartz tube 28 is connected to vacuum tubing
temperatures and higher total pressures will, however, 20 34Inner
which is in turn connected to a flask 36 containing a

also result in a greater tendency for deposition to be

source 38. The temperature of carbon source 38
localized on or near to the peripheral surface of the iscarbon
maintained
a water bath in which flask 36 is im
substrate particles. If such increased deposition on the mersed or by by
other
means known in the art. It
exterior surface restricts access of the hydrocarbon is preferred that thesuitable
carbon
source
38 and the water of
25
vapor to the surfaces of the pores of the particle, these the water bath are both stirred to maintain
a constant
internal surfaces may be poorly coated and therefore temperature. Carbon source vapor is carried through
their chromatographic performance impaired. Further vacuum tubing 34 and inner quartz tube 28 into reaction
more, the restricted access to the pores may also reduce
16, where it decomposes upon contact with
the chromatographic utility of the particle. Thus, it is chamber
sample
12
at an elevated temperature, e.g.,
preferable to optimize deposition conditions so that the 30 500-1500 maintained
C., within the reaction chamber. Thus, a
carbon cladding substantially and evenly covers both thin
cladding of carbon is deposited on the surface of
the external surface and the surfaces of the pores, and
porous inorganic oxide spherules of sample 12.
does not restrict the subsequent access of hydrocarbon theAfter
their preparation according to the present
to the surface of the pores. This condition is favored by method, the
carbon-clad spherules may be packed into
lower deposition temperatures, e.g., 500-1000°C. and 35 a chromatography
column and used to perform liquid
lower total pressures. e.g., 1-50 Torr. Since lower depo chromatographic separations.
Conventional slurry
sition temperature and pressure results in a slower rate packing
techniques
can
be
employed
pack LC col
of carbon deposition, longer deposition times will be umns with the spherules. For a general to
discussion of LC
employed in order to deposit a layer of carbon adequate techniques
and apparatuses, see Remington's Pharma
to cover the surface of the particle. Therefore, the opti ceutical Sciences
A. Osol, ed., Mack Publishing Col,
mum conditions may require a compromise between Easton, Pa. (16th ed.
1980), at pages 575-576, the disclo
degree of surface coating and length of deposition time.
of which is incorporated by reference herein.
Advantageously, the present method results in substan sure
invention will be further described by reference
tially complete surface coverage of the inorganic oxide to The
the following detailed Examples. The Examples are
spherules, i.e., at least about 75%, preferably at least 45 directed
to the following subject matter:
about 90%, and more preferably at least about 95% of
the surface will be covered.
A suitable apparatus for carrying out the present
Examples 1-8
Preparation of Core ZrO2
Spherules
method utilizing chemical vapor deposition is shown
Carbon Cladding by Low Pressure
schematically in FIG. 1 by reference numeral 10. In an 50 Examples 9-17
CVD Method
application of the present method, a sample 12 of inor
Examples 18-19
Chromatographic Studies
ganic oxide spherules is placed in sample boat 14, and
Utilizing Carbon-Clad ZrO2 as
Stationary Phase
centrally positioned within a tubular reaction chamber
Examples 20-23
Chromatographic Studies
16 (cross-section not shown). Tubular reaction chamber
Comparing Silica and Carbon-Clad
16 is situated substantially cocentrically within tubular
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furnace 18, which has a first end 20 and a second end 22.

Example 24

the sufficiently high temperature, e.g., 500-1500 C.,
within the tubular furnace, for chemical vapor deposi

Example 25

Tubular furnace 18 also includes means for maintaining
tion.

60

Connected to both first end 20 and second end 22 of

tubular reaction chamber 16 are end fittings 24. The end
fitting 24 connected to second end 22 is an "O'-ring
joint which provides means for connecting second end
22 to a winch 26, while end fitting 24 connected to first
end 20 of tubular reaction chamber 16 is an 'O'-ring
joint which provides means for connecting first end 20
to an inner quartz tube 28. After chemical vapor deposi

ZrO2 Stationary Phases
Comparison of Aromatic and
Aliphatic Hydrocarbon Carbon

Sources for CVD

Comparison of Alcohol and
Aliphatic Hydrocarbon Carbon
Sources for CVD

EXAMPLE 1.
65

Preparation of Core ZrO2 Spherules
Peanut oil (3 liters) was placed in a 4 liter beaker and
heated to 90° C. A mechanical agitator was inserted and
the peanut oil was vigorously stirred. One hundred
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grams of Nyacol TM Zr 95/20, a colloidal ZrO2. Manu
factured by Nyacol, Inc., Ashland, Mass., and contain
ing 20 wt-% of ZrO2, primarily as about 95 nm parti
cles, was sprayed into the peanut oil through an aerosol
atomizer. After approximately 30 minutes, the batch
was filtered through a No. 54 Whatman filter. Approxi
mately 17 g of solids were recovered, which were pre
dominately spherules having a diameter of <30 u.

5

EXAMPLE 2

10

Preparation of Core ZrO2 Spherules
Peanut oil (600 g) and 600 g of oleyl alcohol were
mixed and heated to about 90° C. Under vigorous agita
tion, 100g of Nyacol TM Zr 95/20 was sprayed into the
peanut oil/oleyl alcohol mixture as described in Exam
ple 1. After 30 minutes, the batch was filtered and the
particles collected. The particles were predominately

(ca: 70%) spherules having a diameter of <50 p.
Spherules prepared as described in Examples 1 and 2
were thermally treated at a series of temperatures and
the surface area, average pore diameter and pore vol
ume as a percentage of total volume were measured by
nitrogen adsorption isotherm on a Quantasorb surface
area analyzer. These results are summarized in Table

16
TABLE 4-1

Physical Characteristics of ZrO2 Spherules
ZrO2

Source

ZrO2
Coloid

Surface
Area

Average Pore

Diameter (A)

Volume (%)

50
95
150

33
34
40

92
110
147

31
36
45

Size (nm) (m/g)

Zr 50/20
Zr 95/20
Zr 150/20

Pore

"Nyacol M series.

The data summarized in Table 4-1 show that it is
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possible to control the average pore diameter of the
fired spherules by appropriate selection of the colloid
size of the ZrO2 source. Larger colloids produce fired
spherules with larger pore diameters and pore volumes.
EXAMPLE 5

20

Preparation of Core ZrO2 Spherules with Single
Centrifugation
Nyacol TM Zr 95/20 colloidal ZrO2 was placed in a
laboratory centrifuge and sedimented. The supernatant

25

redispersed in an equal volume of distilled water. Spher
ules were prepared from this centrifuged sol following
the procedures of Example 2.

was decanted and discarded. The sedimented ZrO2 was

EXAMPLE 6

2-1, below.
TABLE 2-1
30

Physical Characteristics of ZrO2 Spherules
Firing

Surface

Average Pore

Pore

Temp (°C)*

Area (m/g)

Diameter (A)

Volume (%)

400
500
600

142
92
34

42
71
110

47
50
36

800
900

17
14

205
220

34
31

35

Preparation of Core ZrO2 Spherules with Double
Centrifugation
The centrifugation procedure of Example 5 was per
formed and the redispersed sol was subsequently recen
trifuged to sediment, the supernatant decanted off and
the ZrO2 redispersed. Spherules were prepared from
this doubly centrifuged sol following the procedure of
Example 2.
EXAMPLE 7

6hrs

The data summarized in Table 2-1 show that it is 40

possible to increase the average pore diameter by in
creasing the firing temperature from 400 to 900 C.
The surface area and pore volume decrease with in
creasing firing temperature. Since chromatographic 45
capacity of the ZrO2 spherules is determined by the
surface area, average pore diameter and pore volume,
the appropriate firing temperature can be selected to
control these parameters.
EXAMPLE 3

50

ZrO2 supplied by Nyacol, Inc. (50 nm ZrO2 colloidal
size) as the ZrO2 source.

Physical Characteristics of ZrO2 Spherules
ZrO2
55

EXAMPLE 4

Preparation of Core ZrO2 Spherules
The procedure of Example 2 was used to prepare
spherules using Nyaco TMZr 150/20, a colloidal ZrO2
supplied by Nyacol, Inc. (150 nm ZrO2 colloid size) as
the ZrO2 source.

Table 4-1 summarizes the surface area, average pore
diameter and pore volume of spherules prepared as per
Examples 2-4 and fired at 600 C. for 6 hrs.

2, 5, 6 and 7 and heated to 600 C. for 6 hrs.
TABLE 7-1

Preparation of Core ZrO2. Spherules
The procedure of Example 2 was employed to pre

pare spherules using Nyacol TM Zr 50/20, a colloidal

Preparation of Core ZrO2 Spherules with Triple
Centrifugation
The double centrifugation procedure used in Exam
ple 6 was performed and the redispersed sol was subse
quently recentrifuged to sediment, the supernatant de
canted and the ZrO2 redispersed. Spherules were pre
pared from this triply centrifuged sol following the
procedures of Example 2.
Table 7-1 summarizes the surface area, pore diameter
and pore volume of spherules prepared as per Examples
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Surface

Average Pore

Pore Vol

Zr 95/20

34

110

36

Zr 95/20 cent. (ix)
Zr 95/20 cent. (2x)
Zr 95/20 cent. (3x)
"Nyacol TM Zr series.

50
52
46

162
235
250

55
62
62

Source

Area (m/g)

Diameter (A)

ume (%)

Centrifugation, removal of the supernatant, and redis
persion of the colloidal ZrO2 Starting material results in
increases in the average pore diameter, pore volume
and surface area of fired spherules. This increase is
believed to result from the removal of small (ca. 5-10
nm) colloidal ZrO2 particles which are known to be
present in the Nyacol TM Zr series sols as a minor com
ponent. Many of these smaller ZrO2 particles remain
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suspended during centrifugation and are removed when
the supernatant is discarded prior to redispersion of the
larger sedimented ZrO2 particles. If present, these small
ZrO2 particles are believed to increase the packing den
sity of the spherules by filling the interstices between
larger ZrO2 particles and therefore decreasing the aver
age pore diameter, pore volume and surface area of the
fired spherules.
It is also possible that sedimentation by centrifugation
may result in agglomeration of the colloidal ZrO2 parti
cles into aggregates which pack together in a more open
structure (effectively behaving as larger particles) than
unaggregated particles.
Regardless of mechanism, the centrifugation treat
ments described in Examples 5-7 provide a method of
preparing spherules with increased average pore diame
ter, pore volume and surface area relative to spherules

prepared from untreated colloidal ZrO2 sols.
EXAMPLE 8

Preparation of Core ZrO2 Spherules With Spray
Drying
Preparation A
A 4500 g sample of Nyacol TM Zr 100/20, which
contained 20 wt-% ZrO2 primarily as about 100 nm
particles, was concentrated on a rotary evaporator until
its concentration was 35% ZrO2 by weight. This sol
was then spray dried on a spray drier manufactured by
Nyro Incorporated. About 900 g of dried solids were
obtained. When examined under an optical microscope,
the solids were observed to be spherules from about 0.5
to 30 in diameter. The dried spherules were fired by
heating them in a furnace to a temperature of 600 C.
over 6 hours, with additional heating applied at a con
stant temperature of 600 C. for 6 more hours. Nitrogen
adsorption measurements on the fired ZrO2 spherules
indicated that their average surface area was 48.1 m/g
and their average pore diameter was 116A. The spher
ules were air classified, and the fraction ranging in size
from approximately 5-10 u was subsequently used for
chromatography experiments.

18
appearance from the dried spherules. They were nearly
all intact, but many (>50%) were cracked.
A portion of the fired spherules was classified by size
fraction as described in Preparation A. Examination of
the classified fractions indicated that a portion of the
spherules had fractured during the classification proce
dure. Many intact spherules remained, but a portion of
each fraction contained irregularly shaped particles
which
appeared to have been produced by the fractur
10
ing of the spherules during the classification process.
Preparation C
To prevent the cracking observed in the spherules
prepared according to Preparation B, spherules were
S
also prepared as follows: 1250 g of Nyacol TM Zr
100/20 colloidal ZrO2 were placed in a laboratory cen
trifuge and spun at 5000 rpm for 55 minutes. The super
natant was discarded and the sediment was re-dispersed
in
distilled water. This centrifuged sol was placed on a
20
rotary evaporator and concentrated until the concentra
tion of ZrO2 in the sol was 32 wt %. To 513 g of this sol
were added 34.6 g of a solution of zirconyl acetate
containing 25% by weight ZrO2 equivalent (Harshaw,
25 Inc., Cleveland, Ohio), and 61 g of a solution containing
50 wt % PVP K30, a polyvinylpyrrolidone polymer
(GAF Corporation, Texas City, Tex.) were added to
the concentrated sol. The resulting mixture was then
agitated rapidly into a 50/50 mixture of peanut oil and
30 oleyl alcohol which had been heated to a temperature of
90 C. The resulting mixture contained gelled spherules
of about 1 to 30 u in diameter, which were observed
under an optical microscope to be intact and crack-free.
The spherules were then fired to a temperature of
35 900 C. over 7 hours and 20 minutes, with heating at a
constant temperature of 900 C. for an additional 6
hours. After firing, the resulting spherules were from
about 1 to 25u in diameter, and were observed under an
optical microscope to be intact and crack-free. The
surface area and average pore diameter of these micro

Preparation B
To prepare spherules with larger diameter pores than
those of Preparation A, the procedure described below 45
was followed. 1200g of Nyacol TM Zr 100/20 colloidal
ZrO2 were centrifuged on a laboratory centrifuge at
5000 rpm for 55 minutes. The supernatant was dis
carded and the sediment was re-dispersed in distilled
water. The centrifuged sol was placed on a rotary evap 50
orator and concentrated until it contained 35% by
weight of ZrO2. Following spray drying of the sol
under conditions similar to those described in Prepara
tion A, about 300g of dried solids were obtained. When
examined under an optical microscope, the solids were 55
observed to be spherules ranging in size from about 1 to
30 p. in diameter. Many of the spherules (>50%) were
observed to possess cracks, especially those spherules of
larger size.
A portion of the fired spherules was then placed in a 60
furnace and heated to a temperature of 1100 C. over 9
hours, with additional heating at a constant temperature
of 1100 C. for 6 more hours. The surface area of the

fired spherules was determined to be 16.1 m/g, and the 65

average pore diameter was 408A, as measured by mer
for measuring thesize of pores greater than about 250A
in diameter. The fired spherules were unchanged in

cury porosimetry. This technique is a preferred method

spheres were measured by mercury porosimetry to be

28 m2/g and 415A, respectively. A portion of these
spherules was classified into 5-10 u and 10-20 u, frac
tions by sieving. Following classification, the classified
spherules remained uncracked and intact.
EXAMPLE 9

Chemical Vapor Deposition of Carbon on Core ZrO2
Spherules (Toluene as Carbon Source)
In order to deposit a thin film or cladding of carbon
over the zirconia substrate, "bare' or unclad ZrO2

spherules were treated as follows.
15g of porous ZrO2 spherules, prepared according to
the procedure of Example 8A above, which had a diam
eter of about 8 u and a surface area of 56.5 m2/g and an
average pore diameter of 90 A, were placed in a ce
ramic sample boat. The boat was placed in a reaction
chamber within a small tube furnace similar to that
shown in FIG.1. The vacuum pump of the system was
engaged, and the total system pressure was lowered to
about 1 Torr (1 mm mercury). The furnace was then
heated to a temperature of 700 C. After equilibrating at
700 C. for about 1 hour, the valve to the flask contain
ing toluene at 22 C. was opened slightly, allowing
toluene vapor to enter the reaction chamber. With this
valve open, the total pressure in the system rose to
about 8 Torr, as measured by the vacuum gauge. This
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gauge is calibrated to measure N2 partial pressures. The
effect of measuring the pressure of vapors such as tolu
ene on the accuracy of the gauge is not known, but the

20
EXAMPLE 11

Effect of Varying Deposition Time at 775 C.
gauge was used as a means of measuring the relative
This example describes the effect of varying the de
pressures used in the preparation of samples, instead of 5 position time at 775 C., at a toluene vapor pressure of
absolute pressures. The limits on the pressure of toluene about 23 Torr as measured by a vacuum gauge, on the
are 0 Torr with the valve closed, to 23 Torr, which is surface area of ZrO2 spherules. 5 g of ZrO2 spherules
the vapor pressure of toluene at 22°C. The pressure was prepared according to Example 2 and fired to 600 C.,

maintained at a gauge reading of about 8 Torr for 10 to and having a surface area of 61 m/g and an average
minutes. During this time, the originally white ZrO2
spherules turned black in color due to the deposition of

pore diameter of 96A, were placed in a sample boat
which was placed in the reaction chamber as described
carbon on their surfaces.
in Example 10, with the exception that the temperature
After 10 minutes of deposition, the boat was removed was maintained at 775 C. The pressure of the system
from the furnace but kept in the reaction chamber under 15 was reduced to about 4 Torr with the vacuum pump,
vacuum by using a winch as shown in FIG. 1 to pull the and the system allowed to equilibrate for about 10 min
sample from the furnace. After a cooling time of about utes. When the valve leading to the flask which con
toluene was opened, the total system pressure as
15 minutes, the spherules were removed from the reac tained
measured
by the vacuum gauge rose to about 27 Torr
tion chamber and inspected. By visual observation, the
spherules were free-flowing and undamaged by the low 20 due to the presence of the toluene vapor. On contact
with the heated sample, the toluene vapors decom
pressure CVD treatment. The specific surface area and posed,
in the deposition of a carbonaceous
average pore diameter of the spherules were measured layer onresulting
the ZrO2. Following decomposition for the
and found to be 38.7 m2/g and 113 A, respectively.
times shown in Table 11-1 below, the samples were
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EXAMPLE 10

removed from the furnace but left in the reaction cham

ber under vacuum by winching from the furnace. After
Effect of Varying Deposition Time at 700° C.
cooling in the quartz tube under vacuum for about 15
This example describes an experiment designed to minutes, the surface area and average pore diameter of
determine the effect of deposition time on amount of each sample was measured. Table 11-1 shows the results
carbon deposited and spherule surface area under con-30 of these experiments.
TABLE 11-1
stant deposition conditions. Four tests were completed
in which samples of ZrO2 spherules underwent CVD of
Surf.
Deposition Time (min.) Area (m/g) Avg. Pore Dia. (A)
carbon for 5, 10, 20 and 25 minutes, respectively. Each
2
38
12
of the four samples consisted of 4 g of porous ZrO2 35
5
38
102
spherules, prepared according to the procedure of Ex
10
31
101
ample 8A above, having a particle size of about 1-10.
and a surface area of 48 m2/g. Each sample was placed
The data in Table 11-1 show that surface area and the
in a sample boat similar to that shown in FIG. 1, which
average pore diameter of the pores decreases with in
was then placed in the reaction chamber that had been creasing
deposition time.
heated to 700 C. in the tubular furnace according to
Example 9. The system pressure was lowered to about
EXAMPLE 12
2 Torr by operation of the vacuum pump. After equili
Effect of Varying Deposition Temperature and
brating for 10 minutes, the valve to the flask containing
Pressure
toluene was opened slightly, thus allowing toluene 45
This example describes the deposition of the carbon
vapor to enter the reaction chamber, until the total
system pressure rose to a vacuum gauge reading of layer at different conditions of temperature and toluene
about 5 Torr. This valve setting and temperature were partial pressure. Two samples, each comprising 8 g of
maintained for the varying lengths of time shown in 50 porous ZrO2 spherules prepared according to Example
Table 10-1 below. Each sample was then removed from 8A above, were placed in a sample boat that was placed
the reaction chamber maintained at the deposition
the furnace, but kept within the reaction chamber under in
temperatures
in Table 12-1 below. The system
vacuum until the sample had cooled, about 15 minutes. pressure was shown
then
lowered
with the vacuum pump to
After cooling, the surface area and the weight percent about 2 Torr. After equilibrating
the system for 10 min
carbon and hydrogen of each sample were measured, 55 utes, the valve to the toluene flask
was opened, thus
and are listed below in Table 10-1.
allowing toluene vapor to enter the reaction chamber.
TABLE 10-1
Deposition continued for the times shown in Table 12-1.
After cooling under vacuum for about 15 minutes, the
Deposition Time (min.) Surf. Area (m/g) Wt % C Wt % H
surface area, weight percent carbon, and weight per
5
50
1.4
0.1
60
cent hydrogen of each sample were measured, and are
10
45
, 3.7
0.1
20
25

34
36

5.4
6.9

0.2
0.2

listed in Table 12-1 below.
TABLE 12-1

These results show that at a constant deposition temper- 65 Temp. ("C.) Time (min.) Surf. Area (m/g)
1000
8
6.5
ature and pressure, the weight percent of the carbon
500
17
46.0
coating increases, and the surface area, in general, de
creases with increasing deposition time.

Wt 2

Wt 2%

8.1
0.5

0.1
0.1

C

H
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By visual observation, the 1000' C. sample was black in rangement depicted in FIG. 1. The sample of ZrO2
color, while the 500 C. sample was tan in color. During spherules was exposed to a gaseous reducing mixture of
deposition at 1000 C., a black deposit was also noted on 95% Ar?/5% H2 by flowing this mixture through the
the exit end of the reaction chamber. This experiment reaction chamber. After allowing the system to equili
showed that the rate of carbon deposition increases 5 brate for about 30 minutes, the sample was heated to a
with increasing deposition temperature.
temperature of 700 C. over 2 hours, and thereafter
EXAMPLE 13

maintained at 700 C. for an additional hour. At the end

Preparation of Carbon-Clad SiO2 and Al2O3 Spherules
(Toluene as Carbon Source)

of the third hour, the furnace was shut off and the sam
10

This example describes treatment of porous SiO2 and
Al2O3 spherules by the low pressure CVD method to
prepare carbon-clad SiO2 and Al2O3. The base silica
spherules employed were HPLC Silica Nucleosil, from 15
Macherey-Nagel (Germany) which had a 15-25u parti
cle size. The base alumina spherules employed were
SPHERISORBALUMINA, obtained from Phase Sep
Inc., Hauppauge, N.Y., which had about a 10 u particle
size. For each of three tests, a 0.9 g sample of spherules 20
was placed in a sample boat and the boat was positioned
in the quartz tubular reaction chamber at the selected
temperature shown in Table 13-1 below. The pressure
in the reaction chamber was reduced to 5 Torr with a

vacuum pump, and the system was allowed to equili 25
brate for 10 minutes. The valve to the flask containing
the toluene carbon source was then opened and the total
pressure raised to a vacuum gauge reading of about 9
Torr due to the introduction of the toluene vapor. After
deposition for the time periods indicated in Table 13-1 30
below, each sample was allowed to cool under vacuum
for about 15 minutes and its surface area, weight percent
carbon and weight percent hydrogen were measured.
The results are listed in Table 13-1, below.

35

TABLE 13-1

Sample
SiO2
SiO2
Al2O3

Temp.

(C)
700
800
700

Time

Surf.

Wit 2

. Wit 92.

103
80
13

0.4
2.0
4.2

(0.1
<0.1
0.6

(min.) Color A (m/g)
10
10
10

white
black
black

C

H

EXAMPLE 1.5

Use of n-Heptane as Carbon Source
This example describes the use of n-heptane, rather
than toluene, as the carbon source for the present low
pressure CVD process. A 9 g sample of ZrO2 spherules
prepared according to Example 8A, which had a diame

ter of about 5u, a surface area of 40 m2/g, and an aver
age pore diameter of about 164A, were placed in a
sample boat similar to that shown in FIG. 1. The boat
was positioned in the quartz tubular reaction chamber
as in the previous Examples. The system was equili
brated at a temperature of 700 C. and a pressure of
about 1 Torr for 10 minutes. The valve to the flask

containing n-heptane was then opened slightly, bringing

the total system pressure to about 5 Torr as measured by
the vacuum gauge, due to the presence of n-heptane
vapor. These conditions were maintained for 20 minutes
before the sample was winched from the furnace and
allowed to cool under vacuum for about 15 minutes. By
visual observation, the clad spherules ranged from dark
grey to black in color. It was also observed that the
portion of the sample located nearer to the top of the
sample boat was darker in color than the portion of the
sample below.
EXAMPLE 16

40

The results indicate that the present low pressure
CVD method is useful for carbon cladding other inor
ganic oxides besides ZrO2. However, the data of Table 45
13-1 indicate that a higher temperature (i.e., greater
than 700° C) may be required to effect equivalent levels
of carbon deposition from toluene onto SiO2, than the
temperature required to effect carbon deposition onto
SO
Al2O3 or ZrO2 (less than or up to about 700° C).
EXAMPLE 14

ples allowed to cool in the tube, still under the flow of

95% Ary5% H2.

Effect of Repeated Carbon-cladding
This example describes experiments in which a thin

cladding of carbon was deposited on a sample of ZrO2

spherules as described in the previous examples, the
carbon-clad sample was mixed or stirred up, and addi
tional carbon was then deposited by repeating the CVD
in order to improve coating homogeneity.
A sample of ZrO2 spherules prepared according to
Example 8A, which had a diameter of about 5 u, a
surface area of 40 m2/g, and an average pore diameter

of 164A, were heated to a temperature of 700° C., and

held at this temperature for 6 hours prior to the clad
Reductive Treatment of ZrO2 Carbon-clad Spherules
ding procedure. Two tests were performed, one em
ploying
toluene as the carbon source, the other using
This example describes heat treatment of carbon-clad 55
ZrO2 spherules prepared according to Example 9 while n-heptane. The amount of carbon source vaporized
exposing them to a reducing atmosphere. The purpose during each test was determined by weighing each flask
of the heat treatment was to cause the reduction of polar at the beginning and the end of each test. The tempera
functional groups on the carbon-clad surface of the ture maintained in the furnace during each test was 700
spherules, thereby modifying chromatographic perfor- 60 C., and in both tests the original system pressure was
mance by increasing the homogeneity of the surface of about 6 Torr. Each sample underwent carbon vapor
the spherules.
deposition for 15 minutes, cooling for 15 minutes, thor
A 20 g sample of carbon-clad ZrO2 spherules pre ough mixing of the sample, and a second carbon vapor
pared according to Example 9 (toluene hydrocarbon deposition for another 15 minutes. After cooling for
source) was placed in an Al2O3 sample boat inside of a 65 about 15 minutes following the second carbon deposi
mullite tubular reaction chamber with gas tight seals on tion, the surface area, weight percent carbon, and
both ends. The reaction chamber was then placed weight percent hydrogen of each sample were ana
within a tubular furnace, in accordance with the ar

lyzed, and are listed in Table 16-1 below.
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TABLE 16-1
WEEGHT

CARBON SOURCE
n-Heptane
Toluene

SURFACE

VOLATILIZED AREA (m/g)

WEIGHT 2.

WEIGHT 2%

C

H

6.5g

24

1.

<0.1

12.5g

25

3.1

<0.1

EXAMPLE 1.7
Determination of Exposed Zirconia

10

rate (5 ml/min) at these pressures advantageously
avoided any significant amount of solvent consumption.
B. Chromatographic Nature

In order to test the chromatographic nature of the
A technique was developed to determine the amount
of bare ZrO2 remaining exposed, i.e., not clad with carbon-clad support material of the present invention, a
carbon, after carrying out the CVD process of the pres chromatographic study was performed using a 5X0.46
ent invention on ZrO2 spherules. The technique is based 15 cm HPLC column packed with the carbon-clad ZrO2
on the known strong adsorption of phosphate ions on spherules of Example 9 (toluene carbon source) as the
ZrO2 surfaces. More specifically, the amount of remain stationary phase. A 70/30 (% v/% v) tetrahydrofuran/ing exposed zirconia was determined by monitoring water solution at 35 C. was used as the mobile phase.
phosphate removal from a solution in contact with the 20 A 5 ul sample of a mixture of alkylbenzenes was
injected onto the packed HPLC column. The resulting
carbon-clad zirconia spherules as follows:
In a static adsorption study, a 0.1 g sample of carbon chromatogram is shown in FIG. 2a. After completion
clad spherules which had been prepared according to of the separation of the alkylbenzenes, a 5ul sample of
Example 9 above was placed in a clean 30 ml polyethyl a mixture of alkylphenones was also separated on the
ene bottle. A 2 mM to 10 mM standard solution of column, under identical conditions. The resulting chro
phosphate was prepared from phosphoric acid and 25 matogram is shown in FIG. 2b. Capacity factors (i.e.,
water having a resistivity of greater than 16 megaohms. the ratio of solute concentration in the stationary phase
Twenty ml of the phosphate solution were added to the to solute concentration in the mobile phase) were calcu
polyethylene bottle, and a vacuum was applied with lated for each solute by evaluating the ratio (t-to)/to,
sonication to completely wet the Pores of the spherules. where t is retention time measured at peak maximum,
The mixture of spherules in phosphate solution was 30 and to is column dead time measured by solvent mis
then agitated every 30 min for the next 6 to 8 hours. match.
FIG, 3 depicts a plot of logarithm of the capacity
Following agitation, the mixture was allowed to stand
for 20-24 hours. At the end of the standing period, the factor k' vs. carbon number of the components of the
phosphate solution was removed from the polyethylene alkylbenzene mixture (ethylbenzene through hexylben
bottle with a 10 ml glass syringe and passed through a 35 zene) and for the components of the alkylphenone mix
0.2um filter to remove any remaining zirconia particles. ture (acetophenone through hexanophenone). As de
The filtered solutions and blanks (standard phosphate picted in FIG. 3, the points for the homologous series
solutions) were analyzed for phosphorous using Induc fall on a straight line; the alkylphenones are more re
tively Coupled Plasma Spectroscopy (ICPS). The tained that the alkylbenzenes; and the slope of the log k"
amount of phosphorous that had adsorbed to the spher 40 vs. carbon number line for the alkylphenones is slightly
ules was determined by the difference between phos greater than that for the alkylbenzenes. These results
phate concentration in the standard solutions (blanks) indicate that the carbon-clad spherules employed as the
and the filtered solutions. The ICPS analysis indicated stationary phase act as a reversed phase material. More
that 90-95% of the surface area of the ZrO2 substrate specifically, the reversed phase character of the spher
had been blocked from interaction with the phosphate 45 ules is demonstrated by (i) the linear relationship be
tween logarithm of the capacity factor, k", and the nun
solute by the carbon coating.
An additional technique used to determine the carbon ber of methylene groups for a homologous series of
coverage of the ZrO2 spherules involved observation of solutes; and (ii) the decreasing retention of those solutes
the breakthrough of a UV-active organophosphate as the mobile phase organic modifier concentration was
compound such as phenylphosphate through a chro 50 increased.
The greater retention of the alkylphenones than the
matographic column.
alkylbenzenes
indicates the strong interaction of the
EXAMPLE 1.8
present carbon-clad ZrO2 with polarizable compounds,
especially aromatic polarizable compounds. The
Analysis of Carbon-clad ZrO2 Spherules
55 greater retention of the alkylphenones than the alkyl
A. Column Packing
benzenes is the converse of what is observed with
A 5X0.46 cm HPLC column was packed with the bonded phase reversed phase liquid chromatography
carbon-clad ZrO2 spherules of Example 9 (toluene car (RPLC) supports. However, greater retention of alkyl
bon source) using an upward slurry technique. This phenones than alkylbenzenes is observed on carbon
technique involved the use of (i) a first stuffy solvent 60 based supports such as graphitized and pyrolytic car
such as hexane or tetrahydrofuran (THF) to suspend bon.
the packing material; and (ii) a relatively viscous, misci
C. Alkaline Stability
ble solvent such as isopropanol or methanol to displace
the slurry into the column. In this manner, the column
The alkaline stability of carbon-clad ZrO2 spherules
could be tightly packed at a relatively low flow rate, 65 prepared according to Example 9 was tested by repeat
e.g., up to about 5 ml/min, once the column bed had edly injecting varying amounts of a test solute, benzene,
been established. The column was packed at a pressure into a 12.5X0.46 cm HPLC column packed with the
of about 6000-9000 psi. Utilization of the lower flow spherules. A continuous flow of hot alkaline mobile
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phase of 50% methanol/50% pH 12 water was main
tained through the column at a temperature of 80 C.
and a flow rate of 0.5 ml/min. During the 60 hour study,
a total of 2 liters of the alkaline mobile phase passed
through the column. As shown in FIG. 4, the retention
of benzene was quite constant under these conditions.
After completion of the chromatographic stability
tests, the packing was removed from the column and
analyzed for carbon, hydrogen, and nitrogen content.
The results of the CHN analysis, depicted in Table 18-1
below, indicate that essentially none of the carbon was
lost from the surface of the packing during the alkaline
stability study. Thus, the CHN results confirm the re
sults of the chromatographic stability tests.

10

material.
15

TABLE 1.8-

CHN Analysis Results
Source
Column. Front
Column End
Column Middle
Fresh

%C
3.3
3.4
3.3
3.4

% H.
0.2
0.2
0.2
0.2

%N
<0.1
<0.1
<0.1
<0.1

20

EXAMPLE 20
25

Exposure of CVD Carbon-Clad ZrO2 Particles to
Reducing Conditions
A. Reduction of Polar Surface Groups
30
An experiment was performed to examine the effect
on chromatographic performance of the carbon-clad
(toluene carbon source) ZrO2 spherules when the spher
ules were exposed to reducing conditions. A 30 g sam
ple of carbon-clad ZrO2 spherules was prepared, and 35
immediately thereafter exposed to a 95% argon/5%
hydrogen atmosphere at a temperature of 700° C. for 60
minutes, as described in Example 14. These conditions
were expected to reduce the number of polar oxygen
ated sites which may be present on the carbon surface.
B. Chromatographic Nature of Reduced Material
The reduced material was then packed into a 15
cm)x0.46 cm HPLC column with which several chro
matographic studies were carried out. Packing was 45
performed by means of the upward slurry technique
described in Example 18. Separations were performed
of a mixture of alkylphenones and a mixture of alkylben
zenes, using the reduced, carbon-clad zirconia as the
stationary phase and a mobile phase of 70% THF/30% 50
water. FIG. 5 depicts a plot of log(capacity factor) vs.
carbon number for each alkylphenone component and
alkylbenzene component of the mixture.
FIG. 5 indicates that the reduced, carbon-clad sta
tionary phase was operating in reversed-phase mode, 55
since the points for both homologous series fall on a
straight line, and the capacity factors increase upon
lowering the concentration of organic modifier in the
mobile phase. Comparison of FIG. 5 with FIG. 3 indi
cates that reductive treatment of the carbon-clad ZrO2

had little effect on capacity of the material to retain
alkylbenzenes, but had a significant effect on the capac
ity of the material to retain alkylphenones. The slope of
the log(capacity factor) vs. carbon number line for al
klyphenones is less in FIG. 5 than in FIG. 3, and more 65
closely approximates the slope of the log(capacity fac

tor) vs. carbon number line for alkylbenzenes. These
trends indicate that some of the exceptionally strong

In conclusion, these studies showed that the carbon

clad ZrO2 spherules are a useful reversed phase support
and show strong retention of nonpolar solutes and supe
rior alkaline stability and solute selectivity. Further
more, exposure of the carbon-clad coated ZrO2 spher
ules to reducing conditions prior to their utilization in

separations improves the efficiency of those separations.

Fresh = not exposed to alkaline conditions.
Precision of this analysis was it 0.1%.
EXAMPLE 19

26

adsorption sites on the carbon surface were quenched
by the reductive treatment.
In an additional experiment, the efficiency of the
HPLC column, packed with the reduced carbon-clad
ZrO2 prepared as described in part A, was compared to
the efficiency of a column packed with unreduced car
bon-clad ZrO2, prepared as described in Example 9.
Butyrophenone was injected at a reduced velocity of
20, and a 60% THF/40% water mobile phase was main
tained at 35 C. in both columns. The results indicated
that chromatographic efficiency increased by 200%
when the reduced support material was used as the
stationary phase instead of the non-reduced support

Preparation of Carbon-Clad ZrO2- and Silica-Packed
HPLC Columns

Carbon-clad ZrO2 spherules prepared according to
Example 9 above, but with a 15 minute deposition time,
were evaluated as a chromatographic support material.
The spherules had a ca 5 um particle diameter, 100 A
mean pore diameter, and a specific surface are of ca 50
m2/g.
The carbon-clad ZrO2 support was packed into a
10x0.21 cm equipped with Kel-F encased 2 mm old. SS
frits by the upward slurry packing technique described
in Example 18. Two grams of the support material were
slurried and outgassed under vacuum in 17.5 ml of a 5:1
(v/v) hexane/1-octanol solution. The resulting slurry
was used to pack the column at 6000 psi using practical
grade hexane as solvent. The packed column was subse
quently washed with 2-propanol (IPA) and acetonitrile
(ACN), and was equilibrated with water/acetonitrile
(HOH/ACN) mobile phase for characterization in rev
ersed-phase chromatography.
A 10x0.2 cm commercial Hypersit (silica) ODS
(C18) column was obtained from the Hewlett-Packard
Company, Avondale, Pa.
EXAMPLE 21

Comparison of Solute Retention with Varying Organic
Mobile Phase Modifier Concentration on Carbon-Clad

ZrO2- and and Silica-Packed Columns
In order to evaluate the nature of solute retention on

the carbon-clad ZrO2 Stationary phase of Example 20,
the isocratic elution of a mixture of alkylbenzene sol
utes was analyzed while employing HOH/ACN mobile
phases of varying ACN concentration. The sample
mixture of alkyl benzenes included benzene, toluene,
ethyl benzene, n-propyl benzene, and n-butyl benzene
(0.8 mg/m/1 each in 3/2 methanol/water). One microli
ter injections of the sample were performed into mobile
phase compositions of 65/35, 60/40, 55/45, 50/50,
45/55, 40/60, 35/65, and 30/70 v/v HOH/ACN at a

flow rate of 0.500 ml/min while the column was ther

mostated at 40 C. Chromatographic characterization
was performed on a Hewlett-Packard model 1090M
HPLC system equipped with a 0.6 cm pathlength diode
array absorbance detector. The elution of the solutes

Re. 34,910
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was detected by absorbance at 215 nm. The peak maxi

28
ersed-phase chromatography on the carbon-clad ZrO2
packed column and the commercial Hypersit ODS
column of Example 20. 0.2 pull injections of the alkyl
benzene solute solution into a 2/1 water/ACN (1/1
water-ACN for iodobenzene) mobile phase were made
for each of the columns, and equilibrated with 65/35
v/v water/ACN at 0.500 ml/min and 40 C. The con
centration of solute in the samples was 1-4 ppt (mg/ml
or ul/ml). Absorbance was detected at both 215 nm and
260 nm. The dead volume characteristics of both of the
columns were probed by injectioning solutions of deu

mum in the absorbance trace was taken as the retention

time for each solute in each mobile phase.
For comparison, the same set of injections were made
under identical conditions using the commercial Hyper
sil ODS (C18) column described in Example 20.

5

A comparison of the actual retention time data for the

alkyl benzenes on the carbon-clad ZrO2 -packed col

umn with that of the solutes on the traditional silica

based commercial Hypersit ODS (C18) column is

10

shown in Table 21-1 below:

TABLE 2-1
RETENTION OF ALKYL BENZENES ASA FUNCTION OF 2% ORGANIC:
65/35W/A
60/40 W/A 55/45 W/A
50/50 W/A

solute
BENZENE
TOLUENE
ETHYL BENZENE
PROPYL BENZENE
BUTYL BENZENE

solute
BENZENE
TOLUENE
ETHYL BENZENE
PROPYL BENZENE
BUTYL BENZENE

ZrO2.

SiO2 ZrO2 SiO2 ZrO2. SiO2 ZrO2

1.84 2.65
3.69 4.69
5.75
13.90
>20
45/55 W/A

ZrO2.
0.87
1.21
1.47
2.41
4.3

1.45
2.56
3.69
7.82
17.50
40/60 W/A

1.17 1.60
1.91 2.42
2.57 3.71
4.96 6.14
0.26 10.28
35/65 W/A

SiO2

0.990
1.32
1.493
1.85
893
2.66
3.370
4.12
6.443
6.48
30/70 WA

SiO2 ZrO2. SiO2 ZrO2. SiO2 ZrO2

SiO2

1.11
148
2.00
2.9
4.34

O.758
0.897
1.07
1.356
1.742

0.78
1.03
1.9
1.83
3.06

0.95
1.21
1.56
2.16
3.06

0.7
0.89
1.01
1.44
2.27

0.84
103
128
1.69
2.28

0.657
0.799
0.871
1.192
.762

'W = water
'A' - acetonitrile

The results shown in Table 21-1 indicate that the

terium oxide (D2O)/ACN and dilute solutions of uracil

retention of n-butyl benzene is virtually identical on

and of sodium nitrate.

both columns. For the remaining alkyl benzene solutes
(ethyl through butyl), the retentions on the two phases
are roughly comparable.

The capacity factors (k") for the various solutes were
calculated from the retention times (tR) after correction
for the experimentally determined extracolumn dead
volume of 35ul, based on approximate dead volumes of
200 ul and 150 ul for the carbon-clad ZrO2 column and
the Hypersitcolumn, respectively. The capacity factors

EXAMPLE 22

Comparison of Capacity Factor for Separations with
Carbon-Clad ZrO2 -Packed HPLC Column and

are listed in Table 22-1 below:
TABLE 22-1

COMPARISON OF CARBON CLAD ZIRCONAWITH COMMERCIAL C18 SILICA
5 mm CARBON-

mg/ml
Solute
D2O
ACETONITRILE (CH3CN)
URACIL (C4H4N2O2)
PHENOL (C6H5OH)
ANILINE (C6H5NH2)
BENZENE (C6H6)
m-CRESOL (C6H4CH3OH)
p-CRESOL (C6H4CH3OH)
FLUORO BENZENE (C6H5F)
o-CRESOL (C6H4CH3OH)
BENZONITRILE (C6H5CN)
BENZALDEHYDE (C6H5CHO)
TOLUENE (C6H5CH3)
CHLORO BENZENE (C6H5C1)
m-XYLENE (C8H10)
p-XYLENE (C8H10)
BROMO BENZENE (C6H5Br)
NITRO BENZENE (C6H5NO2)
o-XYLENE (C8H10)
IODO BENZENE (C6H51)

mg/ml

HYPERSIL 5 mM

- CLADZrO2- - CSO
Solvent

tR
0.40
0.55

0.54
0.98
1.33
1.45
1.83
2.19
2.23
2.25
2.51
3.07.
3.60
3.61
5.42
7.02
7.99
7.19
7.78
9.73
14.57

k
0.19
0.17
1.29
2.15
2.45
3.39
4.30
4.39
4.45
5.1
6.51
7.82
7.85
12.37
16.38
18.80
16.81
8.29
23.16
35.24

1.2
4.4
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3

H2O
2/1 W/A
2/1 WAA
2/1 W/A
2/1 W/A
2/1 W/A
2/1 W/A
2/1 W/A
2/1 W/A
2/1 W/A

3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3

2/1 WA
2/1 WA
2/1 W/A
2/1 W/A
2/1 W/A
2/1 W/A
2/1 W/A
1/1 W/A

BENZOIC ACID (C6H5COOH)

3.4

2/1 WA >>20

>>65

Na BENZENE SULFONATE

3.4

2/1 W/A >>20

>>65

tR
0.30
0.37

0.46
0.39
0,92
1.32
2.65
1.22
1.18
2.88
1.32
1.57
1.31
4.79
4.88
8.51
8.60

2.08
7.89
7.65
0.54
0.33

k'
-0.01
0.30
0.08
1.82
3.17

7.61
2.82
2.70
8.35
3.18
4.00
3.13

14.72
15.03
27.4
27.44

5.71
25.06
24.27

0.57
-0.12

(C6H5NaO3S)
Silica-Packed Column
The retention characteristics of several substituted

benzene solutes were compared during isocratic rev

The results shown in Table 22-1 indicate several

unique features of the carbon-clad ZrO2 material. Oxy

Re. 34,910
30
(0.10M sodium hydroxide, NaOH) aqueous solvent

29
gen-containing solutes (e.g., uracil, phenol, cresols,
benzaldehyde, and acids) were significantly more re

tained on the carbon-clad ZrO2 material than on the

Hypersil (silica) support material. In addition, solutes

having strongly dipolar and polarizable groups (e.g.,
uracil, benzonitrile, benzaidehyde, nitrobenzene, and
iodobenzene) were significantly more retained on the
carbon-clad ZrO2 support than on the Hypersit (silica)
support. The pure hydrocarbon solutes (e.g., benzene,
toluene, xylene) were more strongly retained on the 10

conditions. 0.2 pil samples were injected onto the car
bon-clad ZrO2 column, equilibrated with 65/35
aqueous/ACN solvent, were eluted isocratically, and
were detected as described above. The results are

shown in Table 23-1 below, which lists the retention
times of various test solutes for 0.5 ml/min, 40 C.

mobile phases of 65/35 1% formic acid (HCOOH)/ACN, for 65/35 water/ACN, and for 0.1M (pH 13)
sodium hydroxide (NaOH)/ACN:

TABLE 23-1
COMPARISON OF RETENTION ON CARBON CLAD ZIRCONLA; pH EFFECTS
Sin CARBON COATED ZIRCONIA COLUMN:

35A65 ACN/
Solute
SODIUMINTRATE

ng/ml

Solvent
H2O

1.2
4.4
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3
4.
3.3
3.3
3.3
3.3

o-XYLENE
. I-PROPYL BENZENE
OOO BENZENE
BENZOCACD

Na BENZENE SULFONATE

4.0
3.3
3.4

3.4

35/65

0.1M (pH 13)

12 HCOOH
R

ACN/H2O
tR

NaOH
tR

0.72

0.37

D
o

0.58
O.58

0.54
0.53

0.44
0.42

H2O
2A1 W/A
2/1 W/A
2/3 W/A
2/1 W/A
2/1 W/A
2A1 W/A
2/ WA
2/1 W/A
2A1 W/A
2A. W/A
2/W/A
2/1 W/A
2/1/2 WA/M
2/1 W/A
2/1 WA
2A1 W/A
2/1 WAA
2/v2 WMAMM
2/1 WA
2/ WAA
2/1 W/A

0.65
122
0.53
155
186
1.93
1.90
2.6
2.76
3.04
3.17
4.81
4.43
5.69
6.33
6.35
6.70

0.98
1.32
144
1.82
2.19
2.22
2.25
2.51
3.07
3.59
3.60
5.4
5.75
7.02
7.99
7.19
7.78

0.38
0.41
0.92
128
0.46
0.49
1.57
0.52
2.29
2.87
2.48
3.75
3.72
4.62
S.24
5.19
5.84
6.49
8.30
9.75
0.37
0.37

O20
ACETONTRLE

URAC
PHENOL
ANILNE
BENZENE
n-CRESOL
p-CRESOL
FLUORO BENZENE
o-CRESOL
BENZONTRLE
BENZALDEHYDE
TOLUENE
CHELORO BENZENE
ETHYL BENZENE
-XYLENE
p-XYLENE
BROMO BENZENE
NTRO BENZENE

35/65 ACNA

Hypersil (silica) support material than on the carbon- 40
clad ZrO2 material. The retention of polysubstituted
species such as the Xylenes and the cresols indicates a
geometric dependency on the carbon-clad ZrO2 mate
rial with a retention order of meta<para Cortho. In
contrast, the Hypersil (silica) material exhibited differ 45
ing retention orders of para-meta<ortho- and or
tho <meta<para for the cresols and the xylenes, re
spectively.
EXAMPLE 23

Comparison of Capacity Factor for Carbon-Clad ZrO2

SO

-Packed HPLC Column and Silica-Packed
Column under Acidic and Basic Conditions
The retention on the 10 cm×2.1 mm carbon-clad

ZrO2-packed column of Example 20 was also evaluated
under acidic (1% formic acid, HCOOH) and basic

55

7.61

9.73

10.10
12.35
8.15

13.80
14.56
>>20

>>20

>>20

The usefulness of the carbon-clad ZrO2 stationary
phase for separations in which either strongly acidic or
basic mobile phases are utilized is demonstrated by the
retention data in Table 23-1. The results indicate that
the retention of solutes with ionizable acidic and basic

groups change dramatically with changes in pH of the
mobile phase, while the shifts in retention for other
solutes are significantly less for the extreme pH mobile
phases. Most significantly, solutes such as benzoic acid
and benzene sulfonate, which are strongly retained in

acidic and neutral solutions, elute in the dead volume of
the hydroxide solution. Conversely, aniline retention
drops dramatically in acidic solution relative to neutral

or basic mobile phases.
These trends are even more apparent when repre
sented as selectivity values (a) relative to benzene, as

shown in Table 23-2 below:
TABLE 23-2

ALPHA VALUES (RELATIVE TO BENZENE) FOR CARBON CLAD ZIRCONLA
k(x)/k (benzene)
Solute
URACL
PHENOL
ANLINE
BENZENE
m-CRESOL

mg/ml
1.2
4.4
3.3
3.3
3.3

Solvent
H2O
2/1 W/A
2/1 W/A
2/1 W/A
2/1 WA

5 mm CARBON COATED ZRCON A COLUMN:
35/65 ACN/
35/65
35/65 ACNA
19% HCOOH
ACN/H2O
0.1M NaOH
tR
R
tR
0.39
0.52
0.26
0.77
0.7
0.28
0.31
0.78
0.70
1.00
1.00
100
1.21
120
0.32

Re. 34,910
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TABLE 23-2-continued
ALPHA VALUES (RELATIVE TO BENZENE) FOR CARBON CLAD ZIRCONIA
k(x)/k' (benzene)

Solute
p-CRESOL

5 mm CARBON COATED ZIRCONACOLUMN:
35/65 ACN/
35/65
35/65 ACN/
19% HCOOH
ACN/H2O
0.1M NaOH
tR
tR
tR
1.25
1.22
0.35

mg/ml
Solvent
3.3
2/1 WA
3.3
2/1 W/A
3.3
2/1 W/A
3.3
2/1 W/A
3.3
2/1 W/A
3.3
2/1 W/A
3.3
2/1 W/A
4.
2/1/2 WAMM
3.3
2/1 W/A
3.3
2/ WA
3.3
2/1 WA
3.3
2/1 W/A
2/1 W/A
40 2/1/2 WAA/M
3.3
2/W/A
3.4
2/1 W/A
3.4
2/1 W/A

FLUORO BENZENE
o-CRESOL
BENZONTRLE
BENZALDEHYDE
TOLUENE
CHLORO BENZENE
ETHYL BENZENE
m-XYLENE
p-XYLENE
BROMO BENZENE
NITRO BENZENE
o-XYLENE
In-PROPYL BENZENE
IODO BENZENE
BENZOCACD
N BENZENE SULFONATE

"assuming VO = 200 ml

1.23
1.4
1.81
2.00
209
3.20
2.94
3.79
4.22
4.23
4.47
S.09
6.76
8.28
5.45
O

1.24
1.39
1.71
2.00
2.01
3.04
3.23
3.96
4.51
4.05
4.39
5.50
7.82
8.2S
-

.24
0.37
1.83
2.31
1.99
3.03
3.01
3.75
4.26
4.22
4.76
5.29
6.79
7.98
0.25
0.25

3.70

4.38

3.03
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EXAMPLE 24

Comparison of Toluene and Heptane as Carbon Sources
The following experiments were performed in order
to study the effect of varying the carbon source used in 30
the present low pressure CVD method on chromato
graphic performance of the resulting spherules.
Two approximately 5 g batches of carbon-clad ZrO2
spherules were prepared, one according to the proce 35
dure of Example 9 (toluene carbon source), and the
other according to the procedure of Example 15 (n-hep
tane carbon source). Samples from each batch were
used as the packing of two 5X0.46 cm HPLC columns
operated with a 40° C. mobile phase of 40% THF and
60% water. The upward slurry packing technique de
scribed in Example 18 was used to pack both columns.
An identical mixture of ethylbenzene (EtBen) and nitro
benzene (NitroBen) was separated on each column. The
results of the separations are shown in Table 24-1 be 45
low:

CVD Heptane
Solute

Ethylbenzene
Butylphenyl Ether
Propiophenone
Nitrobenzene

CVD Toluene

k'

h

k

h

3.3
10.0
3.8
3.6

4.5
7.4
7.6
5.3

2.4
5.1
2.5
5.5

1.
28
120
194

Loading studies of both columns were also per
formed by calculating the capacity factor, k, for vari
ous amounts of sample which were injected onto the
columns. A mobile phase of 40% THF/60% water was
maintained throughout the study at a temperature of 40
C. and a flow rate of 1 ml/min. The sample was an
aqueous solution of nitrobenzene, at a concentration of
approximately 10 mg nitrobenze/ml solution. The re
sults of the loading studies are shown in Table 24-3
TABLE 24-3

CVD Toluene Chromatographic Efficiency
CVD Heptane

TABLE 24-2
Chromatographic Separation of Different Solutes
on CVD Heptane and CVD Toluene

below:

TABLE 24-1
Comparison of CVD Heptane and

Flow Rate

and reduced plate heights (h) were calculated for each

solute, and are shown in Table 24-2 below:

CVD Toluene

(ml/min)

h-EtBen

h-NitroBen

h-EtBen

h-NitroBen

1.5
1.0

4.5
4.3

5.8
5.3

14.8
13.5

342
236

0.5

3.6

4.7

15.0

-

0.35
0.2

3.6
5.6

4.8
5.0

14.2
19.3

283
239

50

Comparison of Chromatographic
Loading on CVD n-Heptane and CVD Toluene
Ant Injected
(ng)
0.01

CVD n-Heptane
k'
% change
3.75

k

CVD Toluene
% change

13.3
1.3

0.02

3.70

0.05

3.65

0.10

3.60

55

flow rate of mobile phase
h = reduced plate height

The high values of reduced plate height, indicating
poor chromatographic efficiency, and the weak depen- 60
dence on flow rate observed in Table 24-1 for the col
umn prepared using toluene as the carbon source, indi
cate that the reduced chromatographic efficiency is due
to chemical processes, instead of sluggish diffusion in
micropores or similar physical processes.
65
Additional separations of a mixture of ethylbenzene,
butylphenyl ether, propiophenone, and nitrobenzene
were performed on both columns. Capacity factors (k')

27

9.7
1.3

36

6.2
1.4

31

4.3

The results shown in Tables 24-1, 24-2, and 24-3 indi

cate that the support material prepared by deposition of
carbon from thermal decomposition of n-heptane exhib
its significantly improved chromatographic efficiency
and loading characteristics as compared to the support
material prepared from thermal decomposition of tolu
ene. These results also indicate that variation in the

carbon source can strongly affect the various chromato
graphic properties (e.g., retention, capacity, selectivity

Re. 34,910
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and efficiency) of the resultant materials. Thus, control
and variation of the carbon source material, together
with optional reductive treatment as described in Exam
ple 14, can provide differing reversed phase materials

TABLE 25-1
Comparison of CVD n-Butanol and

CVD n-Heptane Chromatographic Efficiency

suitable for differing separation needs.

Solute
Butylbenzene
Butylphenyl Ether
Valrophenone

EXAMPLE 2.5
Use of n-Butanol as Carbon Source

A. Preparation of Carbon-Clad ZrO2
A 6.04 g sample of ZrO2 spherules prepared accord
ing to Example 8A was placed in a ceramic sample boat
which was then centerally located in a deposition cham

bermaintained at 700° C. With initial system pressure

Nitrobenzene

15

4.1
7.4
5.0

5.8
10.3
5.9

5.2

4.7

various specific and preferred embodiments and tech
niques. However, it should be understood that many
variations and modifications may be made while re
maining within the spirit and scope of the invention.
What is claimed is:

20

chamber and allowed to cool under vacuum for 25

under vacuum for 25 minutes.

CVD n-Heptane
h

The invention has been described with reference to

minutes. By visual observation, the particles located at
the top of the sample boat were very dark in color, but 25

those at the bottom of the sample boat were much ligh
ter, indicating a less complete carbon cladding of these
particles. The deposition process was repeated a second
time after thorough mixing of the particle bed. During
the second deposition process, the system pressure was
maintained at a vacuum gauge reading of between
6.5-12 Torr by warming the carbon source flask con
taining the n-butanol. After 20 minutes of carbon depo
sition, the sample was removed and allowed to cool

CVD n-Butanol
h

O h = reduced plate height

established at 0.95 Torr, n-butanol was released into the

chamber until the system pressure as measured by the
vacuum gauge had increased to 6 Torr. Pressure was
maintained at between 5.5-6.4 Torr throughout the
deposition process. After 45 minutes of carbon deposi
tion, the sample was removed from the deposition

34

30

35

B. Chromatographic Analysis
The carbon-clad spherules prepared as described in
part A above were packed into a 5X0.46 cm HPLC
column using the upward slurry technique described in
Example 18 above. A 50% THF/50% water mobile
phase maintained at a temperature of 40 C. and a flow
rate of 0.35 ml/min was utilized for the separation of a
mixture of alkylphenones and alkylbenzenes. The re 45
sults of the separation are shown in FIG. 6, which de
picts a plot of log k, vs. carbon number for each of the
alkylphenone and alkylbenzene solutes present in the
mixture. Reduced plate heights were calculated for
each solute, and compared with the reduced plate 50
heights calculated for the same solutes separated on a
column packed with carbon-clad zirconia prepared by
deposition of carbon from n-heptane (see Example 16).
This comparison indicated that the chromatographic 55
efficiency of the material prepared with n-butanol is
generally greater than that of the material prepared
with n-heptane. Table 25-1 lists the reduced plate height
values:
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1. A porous zirconium oxide spherule which has a
diameter of about 1-500 microns and having a surface
which is substantially covered by a carbon cladding.
2. The carbon-clad zirconium oxide spherule of
claim 1 which is porous.
3. The carbon-clad zirconium oxide spherule of claim
21 which has a surface area of about 5-300 m2/g.
4. The carbon-clad zirconium oxide spherule of claim
21 which has a pore diameter of about 20-5000 A.
5. A packing material useful as a stationary phase in a
liquid chromatography column, comprising a plurality
of the carbon-clad zirconium oxide particles of claim 1.
6. A packing material useful as a stationary phase in a
gas chromatography column, comprising a plurality of
the carbon-clad zirconium oxide particles of claim 1.
7. A packing material useful as a stationary phase in a

supercritical fluid chromatography column, comprising
a plurality of the carbon-clad zirconium oxide particles
of claim 1.
8. Carbon-clad inorganic oxide spherules which are
prepared by a process comprising the steps of:
(a) placing a plurality of porous inorganic oxide
spherules having a surface, a diameter of about
1-500 microns, a surface area of about 5300 m2/g
and a pore diameter of about 20-5000 A within a
reaction chamber;
(b) elevating the temperature of the reaction chamber
and reducing the pressure of the reaction chamber;
and
(c) introducing a vapor comprising carbon into the
reaction chamber so as to thermally decompose the
vapor and deposit a cladding of the carbon onto the
porous spherules, substantially covering the sur
face of the spherules.
9. A porous zirconium oxide particle which has a
core ZrO2 particle having a pore diameter from about
20-5000 Angstroms having a surface which is substan
tially covered by a carbon cladding.
10. The porous zirconium oxide particle of claim 9
comprising a core ZrO2 particle having a surface area of
about 5-300 m2/g. it k sk k sk

