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Abstract

The objective of this review with 122 references is to provide structure and retention mechanisms of porous graphitic
carbon by chromatographic analysis and computational chemical analysis of retention mechanisms. Synthesis methods of
porous graphitic carbon are described. Applications for use as matrix for dynamic coating on porous graphitic carbon and
direct separation of polar compounds on porous graphitic carbon demonstrated that the physical and chemical stability of
graphitic carbons performed in both chromatography and extraction, especially for polar compounds, those are difficult on
both silica-based and organic polymer-based packing materials. The disadvantage is difficult desorption of non-polar
compounds adsorbed on the surface. The development @ir3.particles improves the separation power of graphitic carbon
columns with the high theoretical plate number.
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1. Introduction exchange liquid chromatography using ion-ex-

changers or reversed-phase ion-pair liquid chroma
Polar compounds are usually separated by ion- tography using octadecyl-bonded silica gel or or-

ganic polymer gels. Reversed-phase ion-pair liquid

chromatography is a very powerful separation meth-
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Improvement of the chemical stability of silica-
based columns expands the application of polar
compounds in reversed-phase ion-pair liquid chroma-
tography. However, ion-exchange liquid chromatog-
raphy is predominant for separation of very polar
compounds, such as saccharides, various ionized
compounds and ions even though the handling of
ion-exchange resins is not easy compared to silica-
based packing materials. A new ion-exchange resin
was developed [1-3] in which the guanidino-phase
was made from the amino-phase of vinylalcohol
copolymer gel, and used for chromatography of

materials for liquid chromatography: development

and production of carbon-based packing materials for
HPLC, structure and performance of PGC, retention
mechanisms, and collected data of separation of
geometric isomers, enantiomers, sugars, carbohy-
drates and glucuronides, ionized and highly polar
compounds [7,8].
This review focuses on the retention mechanisms
and recent applications of porous graphitic carbon.

saccharides [1] and acidic drugs [2]. Saccharides 2. Structure and retention mechanisms of
were quantitatively recovered from the guanidino- graphitic carbon

phase but not from the original amino-phase. The
guanidino-phase was used to study drug—albumin

interactions [3]. Other new organic polymer based- 2.1. Chromatographic analysis of retention
phases have not been developed for chromatographymechanisms

of polar compounds in the last few years. On the

other hand, carbon columns have unique properties
compared to silica-based packing materials and ion-
exchangers, the matrixes of which are organic poly-
mers. Carbon columns are physically and chemically
stable. They can resist strong acidic and alkaline
conditions, and no swelling is observed in various

organic solvents. Furthermore, they are very hydro-
phobic compared to chemically modified silica gels

and porous organic polymer gels.

According to Hosoya [4], a graphitic carbon
molecule should consist of over 10 carbons, and the
localized electrons can be observed at the edge of
graphitic carbons after analysis by Huckel's calcula-
tion. This may mean that the center of graphic
carbon has no localized electrons and is neutral
except for induced effects. Several polycyclic aro-
matic hydrocarbon phases were constructed using the
molecular editor of the CACHE program, and their
electron densities were calculated to study the re-
tention mechanism on graphitic carbon using Exten-
ded-Huckel and MOPAC calculation after optimi-
zation of their structure using the CACHeprogram
[5].

Previously, Lim reviewed biomedical applications
of porous graphitic carbon (PGC). He described the
structure and chromatographic properties of PGC,
development of separation on PGC, biomedical
applications and maintenance of the PGC column
[6]. Knox and Ross reviewed carbon-based packing

Since a novel synthesis method of porous graphitic
carbon (PGC) of small particle-size was developed
by Knox et al. [9-11], PGC has been applied for
chromatography of various kinds of compounds. The
structure of PGC is homogenous compared to silica-
based packing materials and ion-exchange resins of
organic polymers, but the retention mechanisms are
complex. The retention mechanisms have been dis-

cussed based on chromatographic results of a variety

of compounds. The retention mechanism and the
selectivity of solutes on porous glassy carbon in
HPLC and SFC have been studied [12—-22]. Glassy
carbon, like graphite, is a hydrophobic, highly-

polarizable solid. On reversed-phase HPLC, it can be
classified as an adsorbent where the glassy carbon

surface acts as a Lewis base toward polar solutes and
is involvedr-ir interactions and dispersive

interactions with aromatic solutes. Porous glassy

carbon has the advantage of extreme pH stability.
The homogeneous surface has fewer chromatograph-
ic active sites and is good for chromatography of

basic compounds. According to Gu and Lim, the
retention mechanism is a mixture of hydrophobic and

electrostatic interactions [23] becauslectron
recognition increases with a higher degree of
graphitization, although there is no change in the
selection for a methylene group.

On porous graphitic carbon, the retention factor
was found to increase with increases in the number
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of polar substituents, and was shown to depend on
both the field and mutual resonance effects of the
different substituents on the aromatic ring. Hennion
et al. concluded that electronic interactions are more
important than hydrophobic interactions in the re-
tention of polar compounds. The various parameters
of the polarity of solutes, taking into account the
field and resonance effects, were analyzed using
local dipole moments and the overall electron-excess
charge density [24]. The retention of polar benzene
derivatives was correlated directly with their degree
of ionization [25]. Forgacs and Cserhati described
the effects of physicochemical parameters on the
retention of some monoamine oxidase inhibitory
drugs on a porous graphitized carbon column. They
concluded that both steric and electronic parameters
influenced the retention of 16 monoamine oxidase
inhibitory drugs [26]. Barrett et al. investigated the
chromatographic behaviour of morphine-based
opiates using a porous graphitic carbon column at
acid and alkaline pH. The retention order was not
related to the lod® values of the opiates, and strong
retention of the fully ionized compounds was ob-
served, particularly those with acidic functional
groups, suggesting that hydrophobic interactions
were present in addition to the polar retentive effects
[27]. Chaimbault, Elfakir and Lafosse studied the
retention behavior of polyethoxylated alcohols on
porous graphitic carbon and polar as well as apolar
bonded-silica phases. They found that PGC support
offers stronger interactions with these compounds
than ODS packing. The retention increased with
increasing hydrocarbon chain length and increasing
ethylene oxide number [28]. Wan et al. also per-
formed a comparison study of PGC and octadecyl
bonded silica for the retention of 36 positional
isomers of ionizable substituted benzenes. They
found the greater steric discriminating ability from
the flat surface of PGC [29]. Leira et al. used a PGC
and an octadecyl bonded silica column for an
effective separation of non-flavonoid polyphenols
[30]. Knox and Ross summarized the retention by

addition to the normal dispersive interactions. The
second effect is particularly strong when the stereo-
chemistry of the analyte molecules forces the polar
group to be close to the graphite surface. They called
this the polar retention effect by graphite, and it
appears to be an effect which is additional to the
normal hydrophobic and dispersive effects found
with conventional reversed-phase materials [7]. PGC
has the disadvantage of being very retentive, and
higher molecular mass solutes may not be eluted
from columns of this material. Large mobile phase
additives suclp-tesphenyl have been used to
reduce retention and improve peak shapes [31,32].
Eluotropic strength in non-aqueous liquid chroma-
tography was studied using 10 organic solvents from
the fatty acid methyl ester homologous series. A
modeling of the eluotropic strength for binary mobile
phases was envisaged in order to provide a predic-
tion tool [33].

A low temperature glassy carbon (LTGC) station-
ary phase coated on porous glassy carbon and
zirconium oxide was chromatographically evaluated.
Glassy carbon is microscopically amorphous but
contains the regional microstructures of graphite.
Glassy carbon is less dense than graphite, which
implies structural voids. Glassy carbon is particularly
well suited as an adsorbent or stationary phase
material for HPLC because of its excellent me-
chanical and chemical stability and high surface area
(150-200 m /g) [34]. LTGC-coated PGC had less
reversed-phase retentivity than the uncoated PGC
through decreased solute-stationary phase dispersive
interactions. Both LTGC-coated phases had faster
mass transfer kinetics than PGC. LTGC-coated zir-
conia had the lowest reversed-phase retentivity and
produced the highest efficiency columns with good
mass transfer characteristic of its pellicular-like
structure. The selectivity of the LTGC-coated zir-
conia was most like that of conventional reversed-
phase HPLC [31,35].

graphite from aqueous/organic eluents is apparently 2.2. Computational chemical analysis of the
determined by a balance of two factors: (1) hydro- retention mechanisms

phobicity, which is primarily a solution effect tend-
ing to drive analytes out of solution and (2) the
interaction of polarizable or polarized functional
groups in the analyte with graphite, which is in

The possibility of computational chemical analysis
of molecular interactions can be understood from
analysis of simple model compounds. The ion—ion



186 T. Hanai / J. Chromatogr. A 989 (2003) 183—-196

interaction was first studied for combination of a
tetrabutyl ammonium (cation) and a methylphosphate
(anion) by molecular mechanics calculation using the
CAChe™ program. The ion-pair formation and their
energy values calculated using molecular mechanics
were as follows.

(CH,),N* + CH,HPO, - (CH, CHHPO,
Stretch 0.458 0.968 1.420
Stretch bend 0.149 —-2.018 -1.873
Improper torsion 0 0 0
Electrostatic 0 2.193 -0.327
Angle 0.634 6.596 7.215
Dihedral angle 0 0.055 0.017
Van der Waals 3.114 0.962 2.038
Hydrogen-bond 0 -0.622 —-0.609
Final 4.3562 8.1337 7.8803

unit: kcal/mol

The structure of tetramethylammonium and
methylphosphate ions and the ion-pair are shown in
Fig. 1, and their electron density is shown in Fig. 2.

The above results indicated that Van der Waals
energy contributes to their ion—ion interaction, and
electrostatic energy contributes to interactions, too.
Then, the retention mechanisms of these cations and
anions were studied using a model carbon-phase.
Graphitic carbon should be constructed using more
than 10 carbon atoms [4]. However, the calculation
capacity of a computer is limited. First a polycyclic
aromatic hydrocarbon (PAH7) consisting of 7 rings
(coronene) was constructed, the structure was opti-

Methyl-
phosphate”

d
Tetramethy_l; A
ammonium” '
}
|

lon-pair

Fig. 1. lon-pair formation between tetramethylammonium and
methylphosphate ions.

lon-pair formation

2. Electron
methylphosphate ion and tetramethylammonium-methylphosphate
ion-pair optimized by MOPAC.

density of tetramethylammonium ion,

mized using molecular mechanics, and the net
atomic charge was calculated using the Extended-

" Huckel calculation. Furthermore atomic charge and

atom electron density were calculated using MOPAC
of CAChe program. The electron density is shown in
Fig. 3.
Net atomic charge of the center carbons of PAH7
was positive (0.1610 au), and that of the outer

carbons was negativ@.2@375 au) by Extended-
" Huckel calculation. Atomic charge of the center

0.1610 au

« -0.2375 au

Fig. 3. Electron density of PAH7 optimized by MOPAC.
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carbons was—0.0250 and those of outer carbons
was —0.0661 according to MOPAC. These values
were slightly changed after molecular interactions
were calculated. Net atomic charge and atomic
charge of center carbons were 0.1612 an@.0272

au by Extended-Huckel and MOPAC calculations,
respectively. Those of outer carbon atoms were
—0.2391 and-0.2361 au,—0.0644 and—0.0646

au, respectively, for the pairs of molecules. No
significant differences were observed between the
two molecules. However, the formation of a pair
reduced electronic energy and ionization potential,

and increased core—core repulsion energy as summa-

rized in Table 1.

Doubling the size of the molecule (PAH14) re-
duced the mean net atomic charge of center atoms
from 0.1610 to 0.0978 au and of outer atoms from
—0.2375 to —0.3125 au according to Extended-
Huckel calculation. The net atomic charge of center
atoms was further reduced by increasing the number
of rings. The value was affected by the shape of the
final molecule, (symmetry or asymmetry). The value
was 0.0189 au for PAH22, and 0.0281 au for PAH31,
and was dependent on the length and width ratio.
The electrostatic potentials are shown in Fig. 4. This
structure indicated the existence of two types of
molecular interactions; hydrophobic interaction at the
center of large molecules and electrostatic interaction
at the edge of graphitic carbon. This also indicated
that electron density is low at the center, and high at
the edge of the molecule. The electron charge of
center atoms of larger molecules was lower than that
of small molecules. These observations suggested
that the electron charge of the center of graphitic
carbon is close to zero and neutral. Similar phenom-
ena were also observed in a saturated carbon-layer of
22 rings the structure of which is similar to that of
PAH22 with a more homogenous net atomic charge

0.0189 au

Fig. 4. Electrostatic potential of PAH22 optimized by MOPAC.

distribution. The net atomic charge of the center
carbon was 0.0168 and that of the outer carbon was

—0.1987 au. Therefore, a saturated carbon layer with

a smaller size can be used as a model of graphitic
carbon phase which requires more’than 10 carbon
atoms due to the calculation capacity of the computer
used and rigidness of porous graphitic carbon.
The molecular interactions between tetrabutyl or
methylphosphate ions and three model layers of
graphitic carbon were calculated using the CAChe
program. The size of model layers was decided by
the calculation capacity of the computer. Polycyclic
aromatic hydrocarbon layers were constructed with
31 (PAH31) and 83 (PAH83) aromatic rings. A
double layer of polycyclic aromatic hydrocarbon
layer was constructed with two layers of 22 aromatic
rings (PA42)2 The localized electron of the
PAtR2fayer did not affect the adsorption of a
cation as observed on tetrabutyl-methylphosphate
ion-pair formation and had little effect on
methylphosphate ion. Van der Waals energy showed
the greatest contribution to their adsorption as sum-
marized in Table 2.

Table 1

Change of molecular properties due to PAH7 pair formation

Properties Single PAH7 Pair of PAH7s Balance

Final heat of formation/kcal 808.939 1618.322 0.444
Total energy/eV —3042.349 —6084.679 -0.019
Electronic energy/eV —20786.277 —61868.544 —20295.990
Core—core repulsion/eV 17743.928 55783.865 20296.009
lonization potential/eV 9.420 9.491 —9.349

Balance=pair of PAH7s-2(single PAH7)
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Table 2
Adsorption of (CH ) N and CH HPQ on PAH222 layer
PAH22X2 (CH,),N" /PAH22x 2 CH,HPO, /PAH2X% 2

Stretch 187.711 188.150 188.710
Stretch bend 0 0.146 —2.051
Improper torsion 13.258 13.258 13.258
Electrostatic 0 0 2.244
Angle 0 0.636 6.598
Dihedral angle 0 0.001 0.078
Van der Waals 104.622 102.340 102.065
Hydrogen-bond 0 0 —1.365
Final 305.5911 304.5301 309.5363

unit: kcal/mol

Furthermore, the adsorption site effect of ion—
dipole type interaction was studied by adsorption of
methylphosphate ion on the larger polycyclic aro-
matic hydrocarbons PAH31 and PAH83. The electron
density of PAH83 could not be calculated because of
the calculation capacity of the computer used. As
demonstrated before using the smaller polycyclic
aromatic hydrocarbons PAH14 and PAH22, the elec-
tronic charge of the center carbons of PAH83 is less
than that of PAH31. The contribution of electrostatic
energy must be eliminated for adsorption of such
small ions at the center of PAH83, but electrostatic
energy may contribute a little at the edge of PAH.
The changes in energy values by adsorption at both
the center and edge of PAH31 and PAHS83 are
summarized in Table 3.

The above results indicated that the adsorption site
did not affect the electrostatic energy or Van der
Waals energy even in cases in which the molecular
sizes of adsorbents (PAH) are quite different. lon—

dipole interaction was negligible unlike ion-pair
formation of tetrabutyl and methylphosphate ions,
with van der Waals energy showing the main contri-
bution for adsorption [36].

Guanidino compounds are polar and retained on a
graphitic carbon layer without ion-pair reagent, and
several guanidino compounds were separated in
potassium citrate buffer at pH 4.5. Arginine retained
strongly on a graphic carbon has two ionic groups,
anionic carboxyl groups and a cationic guanidyl
group. The molecular interactions between arginine
and three model layers of graphitic carbon were
analyzed using the CAChe program. The size of
model layers was determined by the calculation
capacity of the computer. A polycyclic aromatic

hydrocarbon layer was constructed with 31 aromatic
rings (PAH31). A double polycyclic aromatic hydro-
carbon layer was constructed with two layers of 22
aromatic rings (PRRR2A carbon layer was
constructed by combining two layers of 32 cyclic

Table 3
Adsorption of methylphosphate ion on PAH31 and PAH83

PAH31 C/PAH31 E/PAH31 PAHB83 C/PAH83 E/PAH83
Stretch 123.067 123.080 316.552 317.233 317.136
Stretch bend 0.000 —2.041 —2.048 0.000 —2.046 —2.034
Improper torsion 0.000 0.023 0.025 0.000 0.027 0.020
Electrostatic 0.000 2.195 2.191 0.000 2.189 2.197
Angle 0.000 6.599 6.605 0.000 6.607 6.603
Dihedral angle 0.000 0.050 0.056 0.000 0.057 0.047
Van der Waals 948.223 948.052 2426.760 2420.650 2420.623
Hydrogen-bond 0.000 —0.849 —-0.870 0.000 —-0.870 —0.849
Final 1077.267 1077.091 2426.760 2743.847 2743.743

unit: kcal/mol, C/PAH31 and C/PAH83: adsorption of methylphosphate ion at center of PAH31 and PAH83, E/PAH31 and E/PAHS83:

adsorption of methylphosphate ion at edge of PAH31 and PAH83.
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rings (C32<2). The maximum retention of arginine
was observed on a graphitic carbon column with
potassium citric buffer, pH 4.5, and sodium phos-
phate buffer, pH 12.90, as the eluent [37]. Therefore,
the molecular interactions were calculated using both
cationic and anionic forms of arginine. Fig. 5A
shows that PAH2X?2 interacts with the guanidyl
group of arginine at the side, and Fig. 5B shows that
PAH22X?2 interacts with the carboxyl group of
arginine at the side. Arginine adsorbs on G32
phase. Fig. 6A is the top view and Fig. 6B is the side
view.

Molecular interaction analysis indicated no clear
ion—dipole interaction for the retention of arginine
on polycyclic aromatic hydrocarbons even if the
localization of electrons occurs at the edge of the
molecule. A cationic guanidino group seemed to be
involved in adsorption. Very weak hydrogen bonding
or ion—dipole interaction may contribute through
affecting molecular structure or anionic carboxyl

189

groups on a graphitic carbon, but the main forces
were hydrophobic interactions (van der Waals inter-
actions) as demonstrated by analysis of adsorption of
tetrabutylammonium and methylphosphate on poly-

cylic aromatic hydrocarbons.

In conclusion, saccharides and ions show similar

retention on graphitic carbon as an ion-exchange
liquid chromatography on a graphitic carbon. How-

ever, computational chemical analysis using model

polycyclic aromatic hydrocarbons as models of
graphitic carbons indicated that the contribution of
electrostatic effect is negligible but that of hydro-

phobic effect related to van der Waals energy change

is predominant for the retention. These observations
indicated that an oxygenated surface group, —COOH

[38], will contribute to the retention of cations by
ion—ion interaction, but chromatographic behavior of
guanidino compounds indicated that cation-exchange

is negligible as demonstrated by computational

chemical calculation. The retention of guanidino

Fig. 5. Molecular interaction between arginine and PAXZ2phase in high pH. A: complex between guanidyl group and PAK22t side
position, B: complex between ionized group and PAMZ2at side position.
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Fig. 6. Molecular interaction between arginine and @2phase in low pH. A: top view, B: side view.

compounds in the molecular form was stronger than
that of their ionic form. Therefore, hydrophobic
interactions seemed to be predominant.

3. Synthesis of porous graphitic carbon
There are three types of porous graphitic carbons.

Carbonization of the organic precursors below
1000°C results in an amorphous pyrolytic carbon

was poor. On heating te-2800°C, the micro-
pores closed and the material became graphitized
[11]. This material was called porous glassy carbon,
and marketed under the trade name Hypertarb
Obayashi, Ozawa and Kawase of Tonen Corporation
[39] made porous graphites by an entirely different
procedure. In their method, a roughly 50/50 mixture
of low molecular mass pitch (MW300) and a
polymerizable monomer, such as styrene and/or
divinylbenzene, along with a suitable initiator, is

containing micropores and mesopores. It possessessuspended in water and the monomer polymerized.

an oxygenated surface bearing various functional
groups such as —-OH, —COOH, -C-0O-C-, etc.
When pyrolytic carbon is heated to about 1500

amorphous glassy carbon is produced. Carbon heated

above 2000C has the atomic structure of two-
dimensional graphite. These materials show different
adsorption properties [38].

In 1978, Knox and Gilbert patented a method of
making porous carbon [9]. In this method, a high-
porosity HPLC silica gel is impregnated with a
phenol-formaldehyde resin. The resin is carbonized
at 1000°C in nitrogen or argon, and the silica
particles dissolved out with alkali. They called this
material “porous glassy carbon” (PGC). The materi-
al proved to be microporous, and its LC performance

The beads are then separated and heated in stages to
1100°C, and finally to around 280. The typical
material so produced has pores with diameters from

trade name BTR Carbon column by BioTech Re-

200 to 500 A. The material is marketed under the

search Co. (Kawagoe, Japan). Another method was

developed by Ichikawa, Yokoyama, Kawai, Moriya,

Komiya and Kato of Nippon Carbon Company and
Tosoh Corporation [40]. In this procedure, equal

amounts of carbon black colloid particle with a

diameter of about 300 A and a phenolic resin are

dissolved in methanol, made into a slurry, and then

spray-dried to give roughly spherical particles in the
range of 3-10@. The polymerization of the
phenolic resin is completed at ab6Q, 2@ the
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particles heated at a controlled rate in nitrogen to
1000°C and then to 28008C. The final materials
have specific surface areas ranging from 20 to 120
m®/g, and specific pore volumes from 0.3 to 1.0
ml/g. The material is marketed under the trade name
TSKgel Carbon-500 by Tosoh.

Rittenhouse and Olesik developed a low tempera-
ture graphitized porous carbon [34]. Poly-(phenylene
diethyl) compounds are first synthesized at low
temperature (200—80C), and then slowly heated to
produce glassy carbon. If the LTGC is treated at low
processing temperatures (i.e., 2@), then its sur-
face specificity is similar to those of bonded phenyl
polysiloxane stationary phases [41]. As the process-
ing temperature is increased, conjugation within the
LTGC increases and the dipolarity/polarizability of
the solute becomes more important. At processing
temperatures close to 580, the LTGC shows
chemical specificity and retention very similar to
those of PGC.

Hirayama et al. prepared spherical carbon packing
materials from spherical cellulose particles. They
described the retention mechanism from thelec-
tron and the steric selectivity [42].

4. Applications

4.1. Use as matrix for dynamic coating on porous
graphitic carbon

Since the surface of graphite consists essentially of

gigantic aromatic molecules, it contains no surface
functional groups. Porous graphites are therefore
expected to be highly reproducible materials, the

adsorptive properties of which should be independent

of their mode of manufacture. In addition, graphite is

extremely unreactive and unaffected by aggressive
eluents such as strong acids and bases. Bare graphite
behaves as a strong reversed-phase packing material

[31]. Since the derivatization is very difficult, the
only way to alter its chromatographic properties is by
adsorption of suitable modifiers.

Porous graphitic carbon is very hydrophobic, and
therefore it is suitable to prepare different phases
after dynamic coating of the surface. Wan et al. used
N-substituted L-phenylalanine chiral selectors for
separation of amino acid enantiomers [43]. After

191

coating the surface of porous graphitic carbon with a
series of N-substituteghhenylalanine chiral selec-

tors, enantioselectivity of 36 amino acid enantiomers

was studied. The coated PGC phases all showed

appreciable enantioselectivity for both non-polar and
acidic amino acids but basic amino acids were

predominantly unretained. The order of retention of a

pair of amino acid enantiomerswan the

alleglhenylalanine phases but a reversed retention
orden>L) was observed on the aryl-substituted
L-phenylalanine phases. N-Blocked dipeptides [44]

and losalorid [45] were also used as chiral selectors.

The coated PGC demonstrated excellent chiral selec-

tivity and column stability for chiral ligand-exchange

liquid chromatography. The use of PGC as a support
matrix for chiral ligand-exchange liquid chromatog-
raphy has enabled more effective investigation of the
retention mechanism of enantioselectivity without
undesirable interference from secondary interactions
observed with silica-based supports. Knox and Wan
also used an enantiomeric modifier for separation of

enantiomers of amino acids and hydroxy acids [46].
Okamoto, Isozaki and Nagashima studied elution
conditions for the determination of anions by sup-

pressed ion-interaction chromatography using a
graphitized carbon column. A combination of tetra-
butylammonium hydroxide and acetonitrile have
been investigated to optimize the separation of
common anions, F , Cl , ND , Br , ND , $o .,
HPQ;” and I [47]. Cetyltrimethyl ammonium ion
[48] and alkylammoniune-phosphate [49] were
used for the separation of anions.

Knox and Wan [50] prepared three types of weak
anion-exchangers by adsorption of poly-
ethyleneimine (PEI) onto porous graphite (PGC):
PGC coated dynamically with PEI, and PGC coated
with a cross-linked polymeric PEI. Using the model
solutes iodate, bromide, nitrate and nitrite, dissolved

in aqueous buffers, the modified PGC showed typica

ion-exchange behavior, and exhibited chromato-
graphic performance similar to that of bonded ion-
exchange silica gel. The properties of an anion-
exchanger may be conferred on porous graphitic
carbon by adsorption of polyethyleneimine from
agueous solution. This may be achieved dynamically
using a solution of 0.1% PEI, by forming an
insoluble monolayer (deposited dynamically but
fixed by passage of phosphate buffer in which PEI is
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insoluble). The insoluble monolayer coating gives
the best performance and shows excellent stability
with no change in retention after passage of 8000
column volumes of eluent [50]. Monser and Green-
way used heptane sulfonic acid for separation of
amines [51]. Nitrobenzoyl- and hexylbenzoyl-modi-
fied graphitic carbon were used for the separation of
substituted phenols and pharmaceutical agents, hex-
obarbital, oxazepam, nitrazepam [52].

Direct liquid chromatographic analysis of drugs in
serum was performed after filling pores of carbon
with cross-linked dextran [38]. This method can be
applied for analysis of relatively polar drugs, re-
tention of which on ordinary inter-hydrophobic
phases for quantitative analysis is usually poor.

4.2. Direct separation of polar compounds on
porous graphitic carbon

The strong hydrophobicity of graphite permits
reversed-phase type chromatography of polar com-
pounds. Porous graphitic carbon is stable in strong
acid and alkaline solutions and is extremely hydro-
phobic, and the retention time of ordinary com-
pounds were quite long compared to those of com-
monly used octadecyl-bonded silica gels. Therefore,
porous graphitic carbon is suitable for the chroma-
tography of very polar compounds such as sac-
charides, ions and guanidino compounds.

Guanidino compounds are very polar and usually
exist in ionic form due to the highky, value of the
guanidino group. Separation is carried out by ion-
exchange liquid chromatography [53-56] or re-
versed-phase ion-pair liquid chromatography [57,58],
but to date the separation efficiency has not been
satisfactory. Pre-derivatization was applied using
benzoin [59,60] and ninhydrin [61]. However, their
separation and reproducibility was not satisfactory
due to the instability of packing materials and the
complicated separation systems required.

The retention capability of a graphitic carbon
column for guanidino compounds is shown in Fig. 7,
where their retention times were measured in 3@ m
sodium citrate buffer at ambient on an octadecyl-
bonded silica gel column (Luna,g , 156.6 mm
I.D.) and a graphitic carbon column (TSKgel Carbon
500, 100<4.6 mm 1.D.). Guanidino compounds were
not retained on the octadecyl-bonded column even
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Fig. 7. Retention factors of guanidino compounds on an
octadecyl-bonded silica gel column and a graphitic carbon col-
umn. Column G, : Phenomenex Luna, C (268.6 mm I.D.),
Carbon: TSKgel Carbon 500 (1601.6 mm 1.D.), Eluent: 50 il
sodium citrate; GSA: guanidino succinate, G: guanidine, GAA:
guanidino acetate, GPA: guanidino propionate, TAU:
taurocyamine, MG: methylguanidine, GBA: guanidino butyrate,
ARG: arginine, CTN: creatinine, CT: creatine.

under low and high pH solutions. Several guanidino
compounds were separated on the graphitic carbon
column. Total separation was performed by addition
of ion-pair reagent in pH 4.5 sodium citrate buffer,
and the chromatogram is shown in Fig. 8 [37]. This
separation system was successfully applied to ana-
lyze sera from diabetic patients. The addition of
ion-pair reagent in sodium citrate buffer increased
retention on an octadecyl-bonded silica gel column.
The difference in hydrophobic retention capacity of
octadecyl-bonded silica gel and graphitic carbon
columns was effectively applied to separate ten
guanidino compounds using isocratic elution with a
column switching system. The chromatogram is
shown in Fig. 9 [62]. This parallel separation of
guanidino compounds with different polarity using
isocratic elution shortened the analysis time. The
number of samples was doubled from the gradient
elution. This type of column selection will be useful
to shorten the time required for separation of com-
plex mixtures.
Saccharides are separated by ion-exchange liquid
chromatography and normal-phase liquid chromatog-
raphy using very polar phases such as anion-ex-
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Fig. 8. The separation of ten guanidino compounds on a porous
graphitic carbon column in ion-pair liquid chromatography. Col-
umn: BTR carbon, 584.6 mm |.D. packed 3.5um graphitic
carbon, Eluent: four step-wise gradient from 10Mmsodium
citrate buffer (pH 4.50) containing 20 v% acetonitrile, Flow-rate:
0.8 ml/min at 40°C. Fluorescence detection: ex. 392 and em. 500
nm using 0.6% ninhydrin and M NaOH solutions at flow rate of
0.2 ml/min. Peak 1: guanidino succinate, 2: taurocyamine, 3: Nazir et al. used a porous graphitic carbon column
creatine, 4; guanidino acetate, 5: guanidine, 6: guanidino propion- for high temperature separation of cyclosporin A and
2te, 7: methylguanidine, 8: creatinine, 9: arginine, 10: guanidino U usingtert -butylmethylether and methanol mixture
utyrate. :

Y as the eluent [77]. Wilson used superheated water as

the mobile phase for the separation of drugs [78].
Isosorbide-5-mononitrate in Imdur tablets was ana-

Fig. 9. Column-switching and isocratic separation of ten
guanidino compounds in ion-pair liquid chromatography. Column
A: TSK super ODS, 5&4.6 mm |.D. packed 2om ODS silica.
Peaks 1-10 and detection conditions: see Fig. 8.

changers, amino and amido-phases and guanidino-

phases in highly concentrated aqueous acetonitrile.

Saccharides are also separated on graphitic carbon

columns in basic solution in which saccharides are
ionized as in ion-exchange liquid chromatography
[63—74].

Gu and Lim separated [23] anionic and cationic
compounds of biomedical interest, TcO4- and
ReO4-, using trifluoroacetic acid as a component of
eluent. Takeuchi et al. also used graphitic carbon
column for the separation of anions [22,75]. Forgacs
and Cserhati studied the chromatographic behavior
of sixteen monoamine oxidase inhibitory drugs
(proparlgylamine derivatives) using ethanol-water
mixtures as eluents [26]. Forgacs isolated an anti-
cancer drug, taxol, fromTaxus baccata using a
porous graphitized carbon column with aqueous
dioxane as the eluent [76].

lyzed by super critical fluid chromatography using
methanol—carbon dioxide [79]. Yamaki et al. also

used PGC for high temperature separation of pep-

tides [80]. Li et al. reported chromatography of

diphosphine-bridged complexes with heteronuclear

Au—M€MIn, Re) bonds, 1,tbis(diphenylphos-
phine)ruthenocene, bis(diphenylphosphine)methane
and triphenylphosphine-substituted heterometallic
Au—Mn or Au—Re carbonyl complexes. The eluents
were aqueous acetonitrile, dichloromethane or tetra-
hydrofuran and hexane mixtures. Molecular size and
electronegativity influenced the elution order [81].
Elfakir and Lafosse separated alkylglycosides which
are biological non-ionic surfactants widely used in

membrane biochemistry using aqueous acetonitrile or

methanol as the eluent [82]. Chaimbault, Elfakir and
Lafosse concluded that porous graphitic carbon was
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better than octadecyl bonded phases for chromatog-
raphy of polyethoxylated alcohols [83]. Petro et al.
prepared graphitic carbon and separatés-trans
isomers of a-irone in agqueous acetonitrile after
deactivation by hydrogenation [38]. Karlsson, Ber-
glin and Charron obtained better separation of al-
prenolol and related substances on a porous graphitic
carbon column than an octyl bonded silica gel
column in alkaline methanol without ion-pair re-
agent. Metoprolol and related substances were also
separated on a porous graphitic carbon column [84].
Yamaki et al. [85] studied the chromatographic
behavior of 133 peptides, with from 1 to 148 amino
acid residues on a carbon column eluted with a linear
gradient of acetonitrile [10—70%(v/v), 30 min] in
0.1% TFA solution. Peptides with aromatic residues
retained stronger adsorption on the carbon than on
the ODS column by an interaction based on the
aromatic or graphitic nature of the surface of the
microspherical carbon. Perfluorocarboxylic acids
were used for the separation of free amino acids and
small peptides [86—90].

Ting and Porter [91] used a porous graphitic
carbon column for separation of corticosteroids using
electrochemically modulated liquid chromatography.
Changes in the voltage applied to the column
markedly affected the efficiency as well as the
elution order of the separation, with the mixture fully
resolved at large negative values of applied potential.
Mechanistic aspects in terms of the influence of
changes in the applied voltage on the extent of the

interactions between these analytes and the stationary
phase were dependent on the strength of the donor—
acceptor interactions between the analytes and PGC.

In general, trifluoroacetic acid and acetonitrile
mixtures are used as eluents for chromatography of a
variety of compounds such as creatinine and creatin
in urine [23], remoxipride [23], alditols and glyco-
peptides [92], glucosinolates and desulfoglucosino-
lates [93], peptides including angiotensin [8%);
tetraacetylB-o-glucopyranosyl isothiocyanate de-

urine were sufficiently separated on a PGC column

[97]. Aqueous acetonitrile containing ammonium

hydroxide or sodium hydroxide has been used as the
eluent for chromatography of oligosaccharides [98]
and carbohydrates [63].

A variety of polar pharmaceutical compounds
were analyzed by liquid chromatography using
graphitic carbons. These are 5-atlg®@/uridine

derivatives [99], barbituric acid derivatives [100],

tetracycline antibiotics and 6-Epi-doxycycline [101],
ceramide [102], paracetamol and related compounds
[LO3DOPA and the metabolites [104] and phos-

phopeptides [105].

Arsenite and arsenare were directly separated on a

graphitic phase [106]. Selenium-containing glutath-

ion S-conjugates in a yeast extract [107] and Se-
methyl-selenocysteine, selenomethionine, selenocys-
teine, selenothione and selenocysteine were also
separated on a graphitic phase [108]. Graphitic
carbon phase was used to study the role of the Na
ion on phenol derivatives-hydroxypomib-

dextrin complex formation in water and methanol

mixtures [109].

The very hydrophobic phase, graphitic carbon, has
been used for the separation of a variety of com-
pounds such as polyglycerols, precursor of poly-
glyceryl fatty acids [110,111], fatty acid methylesters

[112], PCB [113], terpene derivatives [114], polar

phenolic compounds in olive oil mill waste water

[115], ethoxylated laurylalcohols [116], cyanuric
acid in swimming pool water [117a,117b], nonyl-
phenol and selected nonylphenol polyethoxylates
[118], 3,N4-ethelem@/cytidine in crude DNA
hydrolyzates [119] and acrylamide in cooked foods

[120].

Graphitized carbon black was used for extraction
of polar pesticides in water [121]. A variety of

graphitized carbon phases have been used for solid-

phase extraction [122].

rivatized amino acids [94] and phosphonic acids in a 5. Conclusions

spiked tap water [95]. Trifluoroacetic acid and

methanol mixture was used for the analysis of
degradation products of 5-fluorouracil [96]. Tri-

fluoroacetic acid and tetrahydrofuran mixture was
used for the separation of polar drug metabolites.
The polar drug conjugates from their parent com-
pounds and from endogenous material present in

The physical and chemical stability of graphitic

carbons performed a variety of applications in both

chromatography and extraction, especially for polar
compounds, those are difficult on both silica-based
and organic polymer-based packing materials. The
disadvantage is difficult desorption of non-polar
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compounds adsorbed on the surface. The deve|0p-[33] K. Gaudin, P. Chaminade, A. Baillet, J. Chromatogr. A 973

ment of 3.5um particles improves the separation
power of graphitic carbon columns with the high
theoretical plate number.
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