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Abstract

The single-component adsorption isotherms of the C60 (from 0 to 15 g/L) and C70 (from 0 to 8 g/L) buckminsterfullerenes on a
tetraphenylporphyrin-bonded silica were acquired by frontal analysis, using a solution of toluene–1-methylnaphthalene (40:60, v/v) as the
mobile phase. The best isotherm model derived from the fitting of these adsorption data was the bi-Langmuir model, a choice supported by
the bimodal affinity energy distribution (AED) obtained for C60. The isotherm parameters derived from the inverse method (IM) of isotherm
determination (by fitting calculated profiles to experimental overloaded band profiles of C60 and C70) are in very good agreement with those de-
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ived from the FA data. According to the isotherm parameters found by these three methods (FA, AED, IM), the tetraphenylporphyr
ilica can adsorb 54 and 42 mmol/L of C60 and C70 fullerenes, respectively, a result that is consistent with the relative molecular size o
wo compounds. The 20% lower surface accessibility for C70 is compensated by a three times higher equilibrium constant on the low-e
ites, giving a selectivityαC70/C60 = 3.6. Large volumes (0.2, 0.8 and 1.7 mL) of mixtures of C60 (3.2 g/L) and C70 (1.3 g/L) were injecte
nd their elution profiles compared to those calculated from the competitive bi-Langmuir model derived from the single-componen
ata. A good agreement is obtained between calculated and experimental profiles, which supports the two-site adsorption mecha

rom the single-component adsorption data. The measurements of the influence of the pressure on the retention of C60 and C70 demonstrat
hat the partial molar volumes of the two buckminsterfullerenes are 12 mL/mol larger in the stationary than in the mobile phase.
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. Introduction

Materials based upon buckminsterfullerenes have proven
o be interesting in many application fields, with regards to
heir new structure, stability and important physical proper-
ies. The preparation of new carbon materials with original
tructures is part of a vast research area (fullerenes, carbon
anotubes, functionalized fullerenes,. . .) and the develop-
ent of methods for the separation and purification of the
riginal compounds becomes necessary in order to allow the
hysical characterization of these objects. High-performance

iquid chromatography (HPLC) seems to be the most valuable
ethod of purification[1,2].

∗ Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667.
E-mail address:guiochon@utk.edu (G. Guiochon).

Many attempts were made to develop a separation
cess and extract the most abundant fullerenes, C60 and C70,
from the soot generated by electrical discharges. Exce
resolutions were obtained with several conventional ch
cally bonded silicas for reversed-phase chromatograph
bonded with hydrocarbon ligands), using mixtures of p
solvents of these fullerenes (toluene, n-heptane, meth
dichloromethane,. . . ) as themobile phase. However, the pr
duction rate of the purification process was always very s
because the solubility of fullerenes in these solvents is
(<3.2 g/L). The need of systems using better solvents o
fullerenes was compelling, despite the possible loss of re
tion. Kele et al.[3] proposed 1-methylnaphthalene which
a 10 times higher solubility for C60(33 g/L) than pure toluen
This solvent fulfills other important requirements for a m
bile phase to be used in preparative liquid chromatogra
it has a low toxicity (in spite of a strong, unpleasant od

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.06.068
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a moderate viscosity and density, and a low melting point.
The optimization of the operational conditions regarding the
nature of the stationary phase, the mobile phase composition,
the mobile phase velocity, and the temperature was discussed
by Kele et al. in great detail[3]. A strong solvent can be used
only with a stationary phase that interacts strongly with the
feed. The best adsorbent used so far consists in a bonded
amino-silica onto which is grafted a tetraphenylporphyrin lig-
and. A 4.75 mg mixture of C60/C70 was completely resolved
on this system, using a toluene–1-methylnaphthalene mixture
(50:50, v/v), at an optimum flow rate of 0.3 mL/min (for high
column efficiency), at all temperatures between 25 and 70◦C.

However, little information was available on the adsorp-
tion behavior of either C60 or C70 on this tetraphenylpor-
phyrin stationary phase. The overloaded band profiles of C60
and C70 published by Kele et al.[3] exhibit front shock lay-
ers and diffuse rear boundaries that clearly suggest that the
isotherms of both fullerenes are convex upward. However, no
systematic study in the literature were ever devoted to the de-
termination of these isotherms. The goal of this paper was to
measure and model adsorption data of these two fullerenes.
The data were to be acquired by frontal analysis. The best
model of adsorption isotherm derived from these data was to
be validated by comparing calculated and experimental over-
loaded band profiles, by calculating the adsorption energy
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whereεa,i is the adsorption energy,R is the universal ideal
gas constant,T is the absolute temperature andb0 is a pre-
exponential factor that could be derived from the molecular
partition functions in the bulk and the adsorbed phases.b0 is
often considered to be independent of the adsorption energy
[5].

2.1.2. Two-component isotherm model
For binary mixtures, the competition for access to the ad-

sorbent was accounted for by using a simple extension of the
single-component bi-Langmuir model, e.g. the competitive
bi-langmuir model. For componenti (i = 1 or 2), the amount
adsorbed per volume unit of adsorbent is:

q∗
i = qs,i,1bi,1Ci

1 + b1,1C1 + b2,1C2
+ qs,i,2bi,2Ci

1 + b1,2C1 + b2,2C2
(3)

whereqs,i,j is the single-component saturation capacity of
componenti on sitej andbi,j the single-component equilib-
rium constant of componenti on sitej. Three other similar
models were applied depending whether or not the compe-
tition for adsorption happens on the two types of sites (see
Section 4).

2.2. The inverse method of isotherm determination
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istribution, and by estimating the best isotherm param
rom the experimental band profiles, using the inverse me
f isotherm determination. Finally, the competitive isoth
odel was to be determined by comparing calculated

xperimental band profiles for binary mixtures of C60 and
70.

. Theory

.1. Models of isotherm used

.1.1. Single-component isotherm model
The isotherm model used to describe the adsorptio

60 and C70 on tetraphenylporphyrin-bonded silica is
i-Langmuir model, the simplest model for adsorption
onhomogeneous surface[4]. The surface is assumed to
aved by two different types of adsorption sites, acting i
endently. The isotherm equation is written as follows:

∗ = qs,1 · b1C

1 + b1C
+ qs,2 · b2C

1 + b2C
(1)

hereq∗ and C are the equilibrium concentrations of t
ompound considered in the adsorbed and in the l
hases, respectively, andqs,1, qs,2, b1 andb2 are the mono

ayer saturation capacities and the equilibrium const
espectively. The equilibrium constantsb1 andb2 are assoc
ted with the adsorption energiesεa,1 andεa,2, respectively

hrough the following classical equation[5]:

i = b0 eεa,i/RT (2)
The inverse method of isotherm determination has
reat advantages of requiring less time and smaller am
f chemicals than the conventional methods of FA or pe
ation. It consists in fitting calculated to experimental o

oaded band profiles, using an appropriate model of
rofile calculation (see next section). However, in the ca

ations, the equation of the isotherm model must be sele
rst. Thus, the inverse method can be used to confirm
umerical isotherm parameters found by direct method

o determine these parameters in wide range of experi
al conditions. A more detailed description of this metho
iven elsewhere[6].

.3. Modeling of band profiles in HPLC

The overloaded band profiles of the buckminsterfuller
pure or in mixtures) were calculated using the equilibri
ispersive model (ED) of chromatography[7–9]. The ED
odel assumes instantaneous equilibrium between the
ile and the stationary phases and a finite column effici
riginating from an apparent axial dispersion coefficient
ccounts for the dispersive phenomena (molecular and
iffusion) and for the non-equilibrium effects (mass tran
inetics) that take place in the chromatographic column.
xial dispersion coefficient is related to the column efficie
nder linear conditions.

At t = 0, the stationary phase is in equilibrium with
ure mobile phase and the solute concentrations in
hases in the column are uniformly equal to zero. The bo
ry conditions used are the classical Danckwerts-type bo
ry conditions[10] at the inlet and outlet of the column.
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The ED model was solved using the Rouchon program,
based on a finite difference method[7,11–13].

3. Experimental

3.1. Chemicals

The mobile phase used in this work was a mixture
of toluene–1-methylnaphthalene (60:40, v/v). Both toluene
(HPLC grade) and 1-methylnaphthalene (95%) were pur-
chased from Fisher Scientific (Fair Lawn, NJ, USA). The
solutes studied were the purified buckminsterfullerenes C60
(99.9%) and C70(99.0%), both purchased from SES Research
(Houston, TX, USA).

3.2. Columns

We used a 250 mm× 4.6 mm column packed with
tetraphenylporphyrin(TPP)- bonded silica given by Selective
Technologies (Ann Arbor, MI, USA). Its main characteristics
are summarized inTable 1. This column was already used
by Kele et al.[3] for the optimization of the experimental
chromatographic parameters. The performance and charac-
teristics of the column were found unchanged. The column
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from the auto-sampler and from the pump system, respec-
tively, to the column inlet. All the retention data were cor-
rected for these two contributions. The flow-rate accuracy
was controlled by pumping the pure mobile phase at 23◦C
and 1 mL/min during 50 min, from each pump head, succes-
sively, into a volumetric glass of 50 mL. The relative error
was less than 0.4%, so that we can estimate the long-term
accuracy of the flow-rate at 4�L/min at flow rates around
1 mL/min. All measurements were carried out at a constant
temperature of 23◦C, fixed by the laboratory air-conditioner.
The daily variation of the ambient temperature never
exceeded±1◦C.

3.4. Measurements of the adsorption isotherm of the
buckminsterfullerenes by FA

The adsorption isotherms of the fullerenes C60 and
C70 were all measured in solutions of toluene–1-
methylnaphthalene (60:40, v/v). The retention factors of
these compounds are 0.55 and 1.91 (seeFig. 1). These val-
ues are relatively low and the breakthrough curves were
recorded at the low flow rate of 0.5 mL/min (instead of
the usual 1 mL/min) in order to maximize the column effi-
ciency and acquire more accurate adsorption data. The max-
imum concentrations of C60 and C70 applied in FA were
fi ita-
t ed at
t ump
o of
t 0:40,
v tion.
T nal
t tion

F se
w obile
p
s rger
p

oid volume was derived from the average of the reten
imes of two consecutive toluene injections (3.21 mL). T
olume remained unchanged when different average co
ressures were applied (18, 132 and 252 bar).

.3. Apparatus

All the breakthrough curves and the overloaded band
les were acquired using a Hewlett-Packard (now Agi
echnologies, Palo Alto, CA, USA) HP 1090 liquid ch
atograph. This instrument includes a multi-solvent de
ry system (volume of each tank, 1 L), an auto-sampler
250�L sample loop, a diode-array UV detector, a colu

hermostat and a data station. Compressed nitrogen an
ium bottles (National Welders, Charlotte, NC, USA) are c
ected to the instrument to allow the continuous opera
f the pump, the auto-sampler, and the solvent sparging
xtra-column volumes are 0.057 and 0.35 mL as meas

able 1
hysico-chemical properties of the tetraphenylporphyrin bonded silic
mn (250 mm× 4.6 mm)

article size 10�m
article shape Irregular
ore size Unknown
urface area 200 m2/g
urface coverage 0.2–0.4�mol/m2

otal column porositya 0.770

ata from[3].
a Data from toluene injections in a toluene–1-methylnaphthalene m

hase (60:40, v/v).
-

xed at 15 and 8 g/L, respectively, to avoid any precip
ion in the instrument. One master solution was prepar
his maximum concentration for each compound. One p
f the HPLC instrument was used to deliver a stream

he pure mobile phase (toluene–1-methylnaphthalene, 6
/v) and the second pump a stream of the master solu
he feed concentration in the FA stream is proportio

o the concentration of the sample in the master solu

ig. 1. Analytical chromatogram of C60 and C70 on the TPP stationary pha
ith a mixture of toluene–1-methylnaphthalene (60:40, v/v) as the m
hase, at a flow rate of 1 mL/min. Room temperature, injection of 10�L of a
olution of 1 g/L of C60 and C70 each. Note the slower mass transfer (la
eak) between the mobile and stationary phase for C70.
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and to the flow rate fractions delivered by the two pumps.
Twenty-two data points were acquired between 0.15 and
15 g/L for C60 and twenty data points between 0.04 and 8 g/L
for C70.

The breakthrough curves were recorded with a sufficiently
long time delay between them (35 min) to allow for the com-
plete re-equilibration of the column with the pure mobile
phase after the elution of each breakthrough curve. The in-
jection time of the sample was fixed at 7 min for all FA steps
in order to reach a stable plateau at the column outlet, what-
ever the feed concentration used. The signal was detected
at 598 nm (highest wavelength available). For concentrations
larger than 4.0 and 1.5 g/L the response of the detector for
C60 and C70, respectively, exceeds 2500 mAU and the signal
becomes useless. Below these concentrations, the detector
response was calibrated by measuring the UV absorbance at
the plateaus observed on the breakthrough curves. At higher
fullerene concentrations, although calibration is impossible,
the position of the front shock of the breakthrough curve can
still be measured clearly from the rapid increase of the UV
signal corresponding to the elution of the shock layer and the
adsorption isotherm could be measured accurately within the
whole concentration range.

3.5. Measurements of overloaded band profiles
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Fig. 2. Adsorption data (star plot) of C60 measured by frontal analysis and
best isotherm model (solid lines) derived by linear regression. Same exper-
imental condition as inFig. 1. (A) Isotherm plot. Note the poor agreement
with the simple Langmuir model. (B) Scatchard plot. The solid line repre-
sents the best bi-Langmuir model. Note the obviously non-linear behavior
of the plot, confirming the rejection of the Langmuir model.

The incomplete results suggest, however, that the energy dis-
tribution is not unimodal but at least bimodal. The surface
of the stationary phase used appears to be heterogeneous, at
least regarding the adsorption of fullerenes. The low bonding
density of this phase (between 0.2 and 0.4�mol/m2) might
generate sufficiently large inter-ligand space accessible to the
fullerenes. Note that the average diameter of C60 is about
7Å, which makes this molecule small enough either to ad-
sorb on a single TPP ligand or to be adsorbed between two
neighboring TPP groups, interacting with both. Accordingly,
the isotherm model chosen to account for the adsorption of
the buckminsterfullerenes C60 and C70 was the bi-langmuir
model. Neither the heterogeneous Toth nor the heterogeneous
Langmuir–Freundlich isotherm models could describe prop-
erly the adsorption of the fullerenes because their AEDs are
both unimodal.
High-concentrations bands were injected with the pu
or single-component bands, the injections of a solutio
60 (1.50 g/L during 1 min) and of C70 (1.44 g/L during
.5 min) were performed using the pump delivery system
inary mixtures, the injection of three different volumes (
.8 and 1.7 mL) of a feed made with C60 (3.2 g/L) and C70
1.3 g/l) were performed. All the band profiles were recor
t 598 nm.

. Results and discussion

.1. Single-component isotherms

Fig. 2 shows the adsorption data of C60 (top) and its
catchard representation (bottom), the data being mea
y frontal analysis.Fig. 3 shows the same results for C70.
s expected from the overloaded band profiles reporte
ele et al.[3], both isotherms are strictly convex upwa
owever, the simple and popular Langmuir isotherm m
annot account for the experimental data, as shown by a
arison between the data (symbols) and the best Lang
nd bilangmuir isotherms (solid lines). The adsorption
rgy distributions (AEDs) calculated from the isotherm d
onfirmed this conclusion since a bimodal energy distribu
as obtained C60 (Fig. 4). However, because the solubil
f C70 is low (8 g/L instead of 15 g/L for C60), the adsorptio
ata could not be measured in a sufficiently wide range of
entrations, the low-energy range of the AED was not p
rly samples, and the calculation did not converge (Fig. 5).
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Fig. 3. AsFig. 2except for C70.

The best values of the bi-Langmuir isotherm parame-
ters were first derived from the least-square fitting of the
FA adsorption data, minimizing the relative error

∑
(1 −

qi,calc/qi,exp)2. The values of the parameters are listed in
Table 2. We observe, first and most importantly, that the
total saturation capacity of C60 is larger than that of C70
(54 mmol/L versus 42 mmol/L of adsorbent), a result that is
qualitatively consistent with the larger molecular volume of
C70. Assuming a density of 2 g/L for the adsorbent, 1 L of

Table 2
Best bi-Langmuir isotherm parameters obtained by FA, AED and the IM,
regarding the adsorption of C60 and C70 on the TPP stationary phase using
a toluene–1-naphthalene mixture (60:40, v/v)

C60 C70

FA IM AED FA IM AED a

qs,1 (mmol/L) 53.8 57.4 63.6 41.0 37.8 n.a
b1 (L/mol) 26.8 25.3 19.7 89.3 95.0 n.a
qs,2 (mmol/L) 0.5 0.5 1.5 0.9 0.9 n.a
b2 (L/mol) 2101 1982 331 4226 4183 n.a

a Non available data because of no convergence of the AED calculation.

Fig. 4. Adsorption energy distribution of C60 on the TPP stationary phase
calculated by the expectation-maximization method, directly from the ad-
sorption data shown inFig. 2. Note the bimodal energy distribution sug-
gesting the existence of two distinct adsorption sites on the TPP stationary
phase.

adsorbent develop approximately 400 m2 of surface area and
contains between 80 and 160�mol of TPP ligands. Accord-
ingly, at saturation, there is one adsorbed fullerene molecule
for between two and three TPP ligands. This suggests that a
significant fraction of the TPP ligands are ineffective, either
for steric reasons, because they interfere with neighbors, or
for some other reasons.

The good separation obtained between C70 and C60 (α =
3.5) is now easily explained by the adsorption strength or
adsorption constant of the former which are much stronger
than those of the latter on the low-energy sites (three times
larger), compensating the somewhat lower surface accessi-
bility (one fifth lower). Also, the high-energy equilibrium
constant b2 as well as the saturation capacityqs,2 of C70 are
double those of C60, which contribute to the stronger tail-
ing of its band, as shown inFig. 6. Note in this figure the
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Fig. 5. AsFig. 4except for C70. Note that the calculation did not converge
to a bimodal distribution as for C60. However, the distribution is clearly not
unimodal.

very good agreement between the experimental band pro-
files (symbols) and those calculated using the FA isotherm
parameters. Not surprisingly, the IM method of isotherm de-
termination gives nearly the same values of the isotherm pa-
rameters than the FA method. Those derived from the AED
of C60 are slightly different but remain of the same order. All
these results comfort the two-sites model of adsorption for
the buckminsterfullerenes on the TPP bonded phase.

4.2. Binary competitive isotherms

From the precedent results, derived from the single-
component adsorption data of both C60 and C70, we can build
up four different two-component adsorption isotherm models
under different specific assumptions. All the numerical co-
efficients given below are consistent with the concentrations
being expressed in g/L.

(I) There is no competition for adsorption between the two
compounds on either the low- or the high-energy sites.

Fig. 6. Experimental (dotted lines) and calculated (from the parameters of
the isotherm model fitting best the FA data, solid lines) band profiles of C60

and C70 on the tetraphenylporphyrin column. Flow rate 0.5 mL/min. Same
experimental conditions as inFig. 1. Note the very good agreement between
experimental and calculated profiles as well as the strong tailing of the band
of C70, suggesting a stronger adsorption constants.

Accordingly, the “competitive” isotherm are the same
as the single-component ones:

q∗
C60

= 1.442[C60]

1 + 0.037[C60]
+ 1.059[C60]

1 + 2.92[C60]

and

q∗
C70

= 3.661[C70]

1 + 0.106[C70]
+ 3.623[C70]

1 + 5.03[C70]

(II) There is competition for adsorption between the two
compounds only on the low-energy adsorption sites,
1. Accordingly, the competitive isotherm is written as
follows:

q∗
C60

= 1.442[C60]

1 + 0.037[C60] + 0.106[C70]
+ 1.059[C60]

1 + 2.92[C60]

and

q∗
C70

= 3.661[C70]

1 + 0.037[C60] + 0.106[C70]
+ 3.623[C70]

1 + 5.03[C70]
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(III) There is competition for adsorption between the two
compounds only on the high-energy adsorption sites,
2. Accordingly, the competitive isotherm is written as
follows:

q∗
C60

= 1.442[C60]

1 + 0.037[C60]
+ 1.059[C60]

1 + 2.92[C60] + 5.03[C70]

and

q∗
C70

= 3.661[C70]

1 + 0.106[C70]
+ 3.623[C70]

1 + 2.92[C60] + 5.03[C70]

(IV) There is competition for adsorption between the two
compounds on both types of adsorption sites. Accord-
ingly, the competitive isotherm is written as follows:

q∗
C60

= 1.442[C60]

1 + 0.037[C60] + 0.106[C70]

+ 1.059[C60]

1 + 2.92[C60] + 5.03[C70]
(4)

Fig. 7. Comparison between experimental (dotted line, injection 0.2 mL of a m
band profiles (solid line). Same experimental conditions as inFig. 6. Different hyp
in the text). (A) No competition on either sites 1 or 2. The single-componen
Only competition was considered on sites 1. (C) Only competition was consi

and

q∗
C70

= 3.661[C70]

1 + 0.037[C60] + 0.106[C70]

+ 3.623[C70]

1 + 2.92[C60] + 5.03[C70]
(5)

Three large samples of a mixture of C60/C70containing 3.2
and 1.3 g/L, respectively, were injected and the band profiles
recorded. Unfortunately, it was impossible to inject more con-
centrated solutions (and then maximize the competition ef-
fect), because of the maximum detection limit (<2500 mAU).
The duration of the injection varied between 0.4 and 3.7 min,
in order to obtain two chromatograms with a complete sepa-
ration and one chromatogram exhibiting band overlap. Since
the resolution is complete in the first two chromatograms,
it is easy to derive the experimental band profiles of the two
components from the experimental record and the calibration
curves. Then, they can easily be compared to the calculated
band profiles. The last chromatogram is the sum of the ab-
sorbance signals due to C60 and C70 at 598 nm. To compare
ixture of 3.2 and 1.3 g/L of C60 and C70, respectively) and calculated overloaded
othesis were made regarding the theoretical adsorption model (see equation
t isotherm equations were used simply in the equilibrium-dispersive model. (B)
dered on sites 2. (D) Competition was considered on types of both sites.
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experimental and calculated chromatograms, it was assumed
that the absorbance contributions were additive so the two
single-component profiles were transformed into absorbance
profiles, using the calibration curves, and the sum of these two
calculated absorbance profiles was compared to the experi-
mental band profile. All these calculations were performed
with the four competitive adsorption models listed earlier. For
the two lowest column loadings (0.2 and 0.8 mL injected),
different column efficiencies had to be considered for the
calculations of the profiles of C60 and C70 because the mass
transfer kinetics of these two compounds seem to be quite
different. For the highest column load (injection of 1.7 min),
the same column efficiency (N = 2000) was chosen because
the influence of kinetics on the band profiles becomes small
compared to that of thermodynamics.

Figs. 7–9compare the calculated and the experimental
band profiles. Because the column overloading is too small
in Fig. 7, it is difficult to find any significant differences be-
tween the profiles calculated with the four different models.
The non-competitive model and the three competitive models
give all the same single-component band profiles for the two
compounds. InFig. 8, the profiles calculated with any of the

Fig. 8. AsFig. 7, except vol

three competitive models seem slightly better than the profile
obtained with the non-competitive model but the difference
is still small and none of the three competitive models ap-
pears better than any other. The improvement concerns only
the band of the C70 fullerene. Finally, inFig. 9, where the
column loading is maximum, it is possible to recognize sig-
nificant differences between the profiles calculated with the
four models. First, the experimental band of C60 reaches a
concentration plateau (at 3.5 g/L) that is higher than the in-
jection concentration (3.2 g/L). This higher concentration is
typical of a competition for adsorption between compounds
having convex upward isotherms[7]. This plateau is com-
monly called the intermediate plateau when the breakthrough
curves of mixtures are recorded in FA. The reversed situation
of a higher concentration plateau for the more retained com-
pound was observed with convex downward isotherms[14].
This competition explains why, in the calculation of the chro-
matograms inFigs. 7 and 8, a higher column efficiency has
to be considered to compensate the incomplete competitive
nature of the isotherm model and to match the height of the
experimental band profile when the isotherm model becomes
less competitive (compare the results of model IV to those
ume injected: 0.4 mL.
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Fig. 9. AsFig. 7, except volume injected: 1.7 mL.

of model I). In Fig. 9, whatever the efficiency considered,
the calculated value of the concentration of the intermediate
plateau remains unchanged and this informs on the perti-
nence of the model used to describe the experiments. With
the non-competitive model I, the height of the plateau for
C60 is obviously at 3.2 g/L, the injected concentration. When
no competitive adsorption is assumed on sites 2 or 1, the
heights of the intermediate plateau are 3.25 and 3.40 g/L, re-
spectively, values closer and closer to the experimental one
(3.5 g/L). Finally, if adsorption competition is assumed on
both sites 1 and 2, the agreement is excellent regarding the
height of the intermediate plateau of the band of C60.

The differences regarding the shape of the band of C70 are
more pronounced. The agreement is only approximate with
the profiles derived from models I, II and III which all predict
too high a retention of this band, and, accordingly, too deep
a valley between the two bands. This shows that the compe-
tition for adsorption must take place on the two sites. In so
doing (model IV), the agreement becomes excellent, except
for the position of a hump on the intermediate plateau of C70.
In summary, the experimental band profiles of mixtures of
the two most abundant fullerenes are now well understood.
They are accounted for by a competitive adsorption isotherm

based on the competitive bi-Langmuir model of isotherms.
This result supports the two-sites adsorption model for the ad-
sorption mechanism of the fullerenes on TPP bonded silica.
This model could easily be used to calculate overloaded band
profiles and to optimize the production rate of fullerenes.

4.2.1. Effect of the average column pressure on the
retention of C60 and C70

A significant influence of the pressure,P , on the retention
of peptides[15] or proteins[16] has already been observed
experimentally. The change in the retention factor of these
analytes is fundamentally related to the change in the partial
molar volume of the analyte when it is transferred from the
liquid to the adsorbed phase. Basic thermodynamic consid-
erations, explained in more details elsewhere[17,18], allow
the derivation of a relationship accounting for the variation
of the retention factork with the local pressure in the system:

(
∂ ln k

∂P

)
T

= −�V

RT
+

(
∂ ln φ

∂P

)
T

(6)

where�V is the variation of the partial molar volume,φ the
column phase ratio andT the temperature.
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Fig. 10. Effect of the average column pressure on the retention time of C60

and C70. Same mobile phase condition as inFig. 6. Note the decrease of the
retention times with increasing pressure.

The second term in the right hand side ofEq. (6) is re-
lated to the variation of the hold-up column volume with the
pressure. Experiments were carried out under three differ-
ent values of the average column pressure. The pressure was
adjusted by connecting capillary tubes of different lengths
to the outlet of the detector. The values were 18 bar (no
capillary added), 132 bar (capillary 1) and 252 bar (capil-
lary 1 + capillary 2 in series). Since the bonding density
of TPP to the silica support is relatively small (between
0.2 and 0.4�mol/L), no significant variation of the hold-up
column volume was expected and none was observed (see
the first baseline perturbation inFig. 10). However, the po-
sitions of the peaks of C60 and C70 shift significantly to-
ward the low retention times when the pressure increases.
By contrast to what was observed with peptides[15,16]and
with simpler organic compounds[17], the partial molar vol-
ume of the two fullerenes is larger in the adsorbed phase
(TPP bonded silica) than in the mobile phase (toluene–1-
methylnaphthalene, 60:40, v/v). From the slope of the plot
of the logarithm of the retention factork versus the average
column pressureP , it is easy to derive values of�V of 12.32
and 12.75 mL/mol for C60 and C70, respectively. This repre-
sents a relatively small volume change by comparison to the
value measured with some peptides (bradykinin and kallidin
�V = 35 mL/min [15]) or proteins (insulin variants,�V =
9 ol-

u
i eter
o en
a 0.5%
t s of
t lig-
a om-
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(

5. Conclusion

The phase system of TPP-bonded silica as the stationary
phase and solutions of toluene and 1-methylnaphthalene
as the mobile phase affords the extraction/purification of
significant amounts of the fullerenes (C60 and C70) in
preparative chromatography. The classical tools previously
developed, the measurement of isotherm data by FA, the
calculation of the adsorption energy distributions show that
the adsorption mechanism of these compounds is explained
by a heterogeneous two-sites surface, modeled by the
classical bi-Langmuir isotherm. At column saturation, one
molecule of fullerene seems to be in contact with two TPP
ligands (60 mmol of C60 for 120 mmol of TPP ligands per
liter of adsorbent). Because of the low bonding density of
TPP (0.3�mol/L), the fullerenes encounter a heterogeneous
surface environment. Their molecules may adsorb between
two or three TPP ligands on the most numerous low-energy
sites (99% of the total surface area) or even on the high-
energy sites (1%). The separation of C70 and C60 is based on
the much stronger adsorption constant of C70 on the low- and
the high-energy sites, despite a more limited access to the
surface.

The band profiles recorded upon the injection of fullerenes
mixture carried out at different loadings demonstrate that
c ites.
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0 mL/min [16]). Reported to the molecular scale, the v

me of one molecule of fullerene increases by 20.5Å
3

during
ts transfer from the liquid to the solid phase. If the diam
f C60 is 7.00Å in the mobile phase, its final diameter wh
dsorbed on the TPP-bonded silica increases by about

o 7.03Å. This effect might be ascribed to the interaction
he fullerene molecule with the phenyl groups of the TPP
nds. However, since the effects are similar for the two c
ounds, no improvements in the selectivity were meas
α = 3.50).
ompetition for adsorption takes place on both types of s
competitive bi-Langmuir isotherm model was successf

sed to account for the overloaded band profiles of bi
ixtures of C60 and C70. This model combined with th

imple equilibrium-dispersive model of chromatogra
rovides an accurate tool for the optimization of purifica
rocesses of fullerenes. Since the soot obtained by elec
ischarge contains numerous fullerene molecules,
eneralization of the adsorption model derived to o

ullerenes, e.g., C84 should be useful to a degree[19].
his could allow the accurate prediction of band pro
f mixtures containing numerous fullerenes based on
ompetitive multi-component bi-Langmuir adsorpt
sotherm. However, the higher fullerenes may be too d
or much competition to take place.
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