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The main purpose of this study was to characterize the adsorption and desorption interactions of
naphthalene, a model environmental organic pollutant, with Cg, fullerene. Cgo fullerene was used as a
model adsorbent for carbonaceous nanoparticles. Typical batch reactors were used to perform adsorption
and desorption experiments. Adsorption and desorption of naphthalene to and from Cgo fullerene solids
in different aggregation forms was studied, where Cg was used as purchased, deposited as a thin film,
or dispersed in water by magnetic mixing. Adsorption and desorption of naphthalene to activated carbon,
a common sorbent, was also studied and compared with that of Cgo. It was found in this study that the
enhanced dispersal of Cg could affect the adsorption of naphthalene by several orders of magnitude. A
solid-water distribution coefficient of 1024 mL-g~! was obtained for adsorption of naphthalene to poorly
dispersed Cgo, Whereas (1042 to 1043) ml-g~1 coefficients were obtained for well-dispersed Cgo Samples. In
addition, desorption of naphthalene from dispersed Cq, sSamples into aqueous solutions was found to exhibit
strong hysteresis. For the desorption over a period of 60 days, only about 11% of total naphthalene was

desorbed from Cgo. Possible mechanisms for these observations are discussed.

Introduction

Fullerenes have been of great interest to scientists in
many different areas since their first discovery.! The
unique chemical and physical properties of carbonaceous
nanomaterials have driven researchers to find more and
more potential applications for them including their use
in environmental remediation. Numerous nanomaterials
have been synthesized by companies all over the world. If
these materials are produced and used in large amounts,
their release into the environment, including the atmo-
sphere, hydrosphere, and biosphere, will become inevitable.
Carbonaceous nanomaterials such as fullerenes could
possibly transport with groundwater in aquifer systems,
deposit to soils or sediments, be taken up by microorgan-
isms or plants, or even be inhaled by human beings.
Therefore, understanding of the fate and transport of those
nanomaterials in the environment is critical.

It's well known that carbon in numerous forms is found
in atmospheric aerosols, estuarine, sediments, and soils,
where its influence on transport and bioavailability of
pollutants, especially organic pollutants, is of great concern.
It has been shown that the presence of high surface area
carbonaceous materials in the soils and sediments can
affect the adsorption of organic hydrocarbons to soils and
sediments.2~° Soot, residues of incomplete combustion, has
been found to significantly enhance the sorption of hydro-
phobic organic compounds to soils and sediments*® and
contributes to the sequestration of organic contaminants.®
Other carbonaceous materials such as coal or charcoal
residues in aquifer systems have also been claimed to
enhance the sorption of organic compounds to soils. On the
other hand, it has been reported that the existence of
dissolved or colloidal organic matter could enhance the
partition of neutral organic contaminants into water and
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thus enhance the transport of these compounds.”~® It was
shown that, if the concentration of dissolved or colloidal
organic matter reaches some critical level, all organic
compounds with K,, values above a specific value could
move at the same rate as groundwater. In some situations,
the movements of highly hydrophobic compounds could be
enhanced by a factor of a thousand or more.® It is unknown
whether the release of Cgo fullerene and other nanosized
carbonaceous nanomaterials into the environment will
either enhance the sorption of organic contaminants and
thus reduce their mobility or enhance the transport of those
compounds. Therefore, it is of great importance to study
the adsorptive interactions of carbonaceous nanomaterials
with environmental contaminants.

A few research groups have explored the adsorptive
properties of fullerenes. Most of them have focused on the
adsorption of simple gases or vapors of organic compounds
on Cgo solid.10716 Only few studies'”'® dealt with the
interfacial interactions of environmental organic contami-
nants with Cg in aqueous media. Fullerenes exhibit strong
hydrophobicity in aqueous media. Various methods have
been used to disperse fullerenes in aqueous media, for
example, sonication,!® interaction with polymers,2° redox
reactions,?! or extended mixing (this study). Many of these
processes may occur either during the manufacture of
fullerene-containing nanomaterials or as a natural process
in the environment, for instance, those mediated by micro-
organisms, flow, time, etc. In this paper, the adsorption of
naphthalene, a common organic contaminant, to Ceo dis-
persed to different degrees in aqueous solution is discussed.

Adsorption/desorption hysteresis is one phenomenon that
has been observed in many adsorption studies for organic
hydrocarbons to soils and sediment.?2-36 When desorption
is not the opposite of the adsorption process and there is a
specific amount of the adsorbed organic compounds resis-
tant to desorption, the desorption is referred to as hyster-
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Table 1. Experimental Setups

exp type solution matrix solid/solution ratio mixing procedures
1 naphthalene 0.01 M NacCl, 5 mg Ceo, rotation, “Ceo large aggregates”
adsorption 0.01 M NaN3 23 mL solution end over end suspended in 4 naphthalene/
to “Ceo large electrolyte solutions at different
aggregates” concentrations — rotate for 3 days
— filter — measure Cy
2 naphthalene 0.01 M NaCl, 2 mg activated carbon,  rotation, procedure same as exp 1
adsorption 0.01 M NaN3 40 mL solution end over end with 5 concentrations of
to activated naphthalene/electrolyte
carbon solutions and 3 different
temperatures
3 naphthalene 0.01 M NacCl, 10 mg Ceo, rotation, evaporation of Cgo/CH,CI;
adsorption 0.01 M NaN3 40 mL solution end over end solution — add 5 concentrations
to “Cego thin of naphthalene/electrolyte
film" solutions — rotate for 3 days
— filter — measure Cy
4 naphthalene 0.01 M NaCl, 0.5 mg Ceo, rotation, evaporation of Cgo/naphthalene/
desorption 0.01 M NaN3 40 mL solution end over end CH,Cl; solution — add electrolyte
from “Ceo solutions — rotate for 3 days
thin film” — filter — measure Cy,
5 successive 0.01 M NacCl, 21—24 mg Ceo, magnetic Ceo stirred in 30 mL electrolyte
adsorption/ 0.01 M NaNs 28 mL solution stirring solution for 2 days — successive

desorption of
naphthalene
to/from “Cgo small
aggregates”

esis. Hysteresis was found in the preparation of Cg %7 and
in the adsorption of cyclopentane vapor to Cgo powders.1112
This phenomenon of hysteresis has also been found in this
study and will be discussed.

Polynuclear aromatic hydrocarbons (PAHS) represent a
class of nonionic, hydrophobic, and toxic organic compounds
that occur in environmental matrixes due to numerous
causes. PAHs are an important class of environmental
pollutants because of their notable amounts in the environ-
ment, their toxicological risks, and their strong persistence
in soils and sediments. The transport, partitioning, and
bioavailability of PAHs as contaminants in groundwater
and surface waters are known to be highly dependent on
the interactions of these compounds with soil organic
matter and mobile colloids, which are largely composed of
humic substances. The bioavailability of these contami-
nants to degrading micro-organisms has been closely linked
to soil organic matter.383° The amount of organic carbon
and the hydrophobicity of soil organic matter were esti-
mated to be the most significant parameters in decreasing
the environmental availability of PAHs.24%41 |n this study,
naphthalene, the simplest form of PAHs, was selected as
a model organic contaminant.

Materials and Methods

Materials. Cgo fullerene with purity > 99.5% was
obtained from Aldrich. The fullerene sample was used
without further purification. Activated carbon (D/S React-
C) was obtained from Calgon Carbon Corp. (Pittsburgh,
PA). Activated carbon samples were pulverized with a
pestle and mortar and sieved with a 75-um sieve before
use.

14C-radiolabeled naphthalene with a specific activity of
8.1 uCilumol (Sigma—Aldrich, St. Louis, MO) was prepared
in methanol (HPLC grade). Toluene used in the experi-
ments was from Sigma—Aldrich with a purity of 99.8%.
Methylene chloride was ACS reagent grade (Fisher Scien-
tific.). Ready-Safe or Ready Organic liquid scintillation
cocktails for scintillation counting were supplied by Beck-
man Instruments, Inc. (Fullerton, CA).

Electrolyte solution used to conduct adsorption and
desorption experiments was prepared in deionized water

injection of naphthalene standard
solution at 2 days interval —
centrifugation and sampling every 2 days
— centrifugation and decantation

— multistep desorption

with sodium chloride (Fisher Scientific, biological grade)
and sodium azide (Eastman Kodak, >98%, see Table 1).
Sodium azide was used to inhibit bacterial growth.
Methods. Five different adsorption/desorption experi-
mental protocols were used in this study to determine the
adsorption of naphthalene to Cgo fullerene, which was
dispersed to different degrees (see below). Experimental
parameters for the adsorption/desorption experiments with
Ceo fullerene or activated carbon are listed in Table 1.
Adsorption of Naphthalene from Aqueous Solution
to “Ceo Large Aggregates”. For experiment 1, 1 mg/mL
Cso Suspension was prepared by mixing (100 £+ 0.1) mg of
Ceo fullerene in a beaker containing 100 mL of electrolyte
solution. Five milliliters of Cgo suspension was added into
each of the four 23-mL glass vials. Then “C-radiolabeled
naphthalene/methanol stock solutions were injected into
the four vials with a microsyringe (Hamilton, Hamilton
Company, Reno, Nevada) so that the initial naphthalene
concentrations were (0.94, 1.91, 2.61, 3.72) ug/mL, respec-
tively. The analysis of each sample of unknown concentra-
tion was repeated three times. The uncertainty of the initial
naphthalene concentrations was less than +0.02 ug/mL,
estimated by the standard deviation of the three replicated
measurements. After filling with naphthalene electrolyte
solutions, the headspace in each vial was typically less than
0.1 mL. The volume fraction of methanol in solution phase
in each vial was less than 0.004, which was not expected
to affect the naphthalene adsorption. The vials were sealed
with Teflon-septum caps and rotated end-over-end at about
1 rpm at room temperature for 3 days. Another four control
vials were set up the same way as the four corresponding
samples described above, except that no Cg fullerene was
added. At the end of the time period, samples and controls
were filtered with 0.02-um inorganic membrane filters
(Anotop, Whatman Inc., Clifton, NJ) and the filtrates were
analyzed with a liquid-scintillation counter (Beckman
Instruments Inc., Fullerton, CA). The average sorption of
naphthalene to the membrane filters was determined in a
preliminary study to be 8.0%, with a standard error of
+0.4%. Thus, for those samples in which inorganic filters
were used, the experimentally measured aqueous concen-
trations of naphthalene were corrected (by dividing the
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measured concentrations by 0.92) for the sorption to the
filters. Solid-phase naphthalene concentrations were cal-
culated from the differences between the solution-phase
concentrations in the sample vials and that in the corre-
sponding control vials.

Adsorption of Naphthalene from Aqueous Solution
to Activated Carbon. In experiment 2, 40-mL activated
carbon suspensions containing (2 + 0.1) mg of activated
carbon were used instead of Cg Suspensions. Operation for
this set of experiments was similar to that of experiment
1. Initial naphthalene concentrations were (0.89, 1.84, 2.78,
3.63, 4.78) ug/mL, respectively, in five sample vials. The
uncertainty of the initial naphthalene concentrations was
less than +£0.02 ug/mL. Adsorption to activated carbon was
conducted at (298 + 0.1, 311 + 0.1, and 328 + 0.1) K to
evaluate isosteric heats for naphthalene adsorption and to
validate experimental protocol with literature observations.

Adsorption/Desorption of Naphthalene to/from “Cgg
Thin Film”. In experiment 3 (adsorption), Ceo fullerene
powders were first dissolved in methylene chloride at a
concentration of (0.1 + 0.001) mg/mL. In each of the five
40-mL glass vials, 100 mL of Cgi/methylene chloride
solution was added and a Kuderna—Danish concentrator
was used to remove the solvent. When the methylene
chloride was completely evaporated, a film of Cg, fullerene
(10 + 0.1 mg) was formed on the internal walls of the vials.
14C-radiolabeled naphthalene/electrolyte solutions at five
different concentrations of (0.97, 1.80, 2.95, 3.87, 5.04) ug/
mL were added into the vials leaving less than 0.1 mL
headspace, and the vials were sealed tightly with Teflon-
septum caps and rotated end-over-end at about 1 rpm at
room temperature for 3 days. The uncertainty of the initial
naphthalene concentrations was less than +0.6%. At the
end of the time period, samples were filtered with 0.02-
um inorganic membrane filters (Anotop, Whatman Inc.,
Clifton, NJ) and the filtrates were analyzed in a liquid-
scintillation counter (Beckman Instruments Inc., Fullerton,
CA). At the end of the adsorption experiments, Cg fullerene
was dissolved in toluene and was analyzed for naphthalene
by GC-MS (Hewlett-Packard 6890 GC, Hewlett-Packard
5973 Mass Selective Detector) to check the mass balance.

In experiment 4 (desorption), 10 mL of (0.05 + 0.001)
mg Ceo per milliliter methylene chloride solution was added
to each of the five 40-mL sample vials, rendering the Cgg
amount in each vial to be (0.5 + 0.01) mg. Next, 2 uL, 10
ul, 40 uL, 70 uL, and 90 uL of (1900 + 0.1) ug/mL 4C-
radiolabeled naphthalene standard solution was injected
into Cgo/methylene chloride solutions in the five sample
vials, respectively, with a microsyringe (Hamilton, Hamil-
ton Company, Reno, Nevada). After the addition of naph-
thalene solutions, the solution in each sample vial was
heated in a Kuderna—Danish concentrator at (318 + 1) K
to remove methylene chloride. Kuderna—Danish concen-
trators were used to minimize the loss of naphthalene
during evaporation of methylene chloride. At the end of
the evaporation, there was less than 0.02 mL of methylene
chloride left in each sample vial, determined by final
weight. At the end of the methylene chloride evaporation,
it was assumed that naphthalene was associated with the
“Ceo thin film”, although it could not be proven by direct
measurement. Then naphthalene-free electrolyte solutions
were added into the five sample vials to induce desorption.
The vials were sealed with Teflon-septum caps and rotated
end-over-end at about 1 rpm at room temperature for 3
days for desorption equilibrium. After desorption, solutions
were filtered with 0.02-um inorganic membrane filters
(Anotop, Whatman Inc., Clifton, NJ) and concentrations

Table 2. Experimental Adsorption Isotherm Data for
Naphthalene Adsorption to “Cgy Large Aggregates”

Cu q
ug-mL~? ug-gt
0.88 260
1.78 498
2.46 561
3.49 844

were determined with a scintillation counter (Beckman
Instruments Inc., Fullerton, CA). The solid-phase naph-
thalene concentrations were measured by dissolving the
Ceo fullerene in toluene and by GC/MS (Hewlett-Packard
6890 GC, Hewlett-Packard 5973 Mass Selective Detector)
analysis.

Adsorption/Desorption of Naphthalene to/from “Cgo
Small Aggregates”. For experiment 5, (21 £+ 0.1, and 24
+ 0.1) mg of Cgp fullerene was added into two 28-mL glass
centrifuge vials (sample nos. 5.1 and 5.2). A magnetic
Teflon-coated stirring bar was put in each vial. The two
sample vials were then filled with electrolyte solutions
(with ~0.1 mL headspace) and were sealed with Teflon-
septum caps. Sample vials were stirred on a magnetic
stirrer (Fisher Scientific) at about 1000 rpm at room
temperature for 2 days to disperse Cgo fullerene. Adsorption
was then induced by injecting (10.0 and 17.5) uL of “C-
radiolabeled naphthalene stock solution (4990 + 0.1 ug/
mL) into the two sample vials, respectively. At the end of
each adsorption step, 1 mL of supernatant was sampled
after centrifugation at 6000 rpm (IEC Centra MP4 Cen-
trifuge, International Equipment) and analyzed with a
scintillation counter. Successive adsorption steps were
accomplished by adding identical aliquots of naphthalene
stock solution and additional electrolyte solution (about 1
mL each time) to the vial to fill the headspace. Five or six
adsorption steps were performed with the two samples; the
time interval between adsorption steps was 2 days. At the
end of the last adsorption step, multistep desorption was
induced by centrifugation and successively replacing each
supernatant solution with naphthalene-free solution. The
time intervals between desorption steps varied from 2 to
27 days. At the end of each desorption step, the solution-
phase naphthalene concentration was analyzed by scintil-
lation counting.

UV—vis Spectrophotometer Analysis. Cg in the Cgo/
water mixture was sampled after 2 days mixing and
dissolved in toluene. Cg in toluene solution was analyzed
by UV—vis spectrophotometer (Cary 400) to confirm the
chemical state of Cgg in the mixture.

Scanning Electron Microscopy (SEM) Analysis. Cgo
aggregates used in experiments 1 and 5 were analyzed by
SEM (FEI XL-30 ESEM) to confirm the formation of Cgo
aggregation and estimate the sizes of Cgp aggregates.

Results and Discussion

Adsorption of Naphthalene from Aqueous Solution
to “Ceo Large Aggregates”. The adsorption equilibrium
data of naphthalene to “Cgo large aggregates” via the
protocol of experiment 1 are presented in Table 2. The
accuracy of the concentration measurements by scintilla-
tion counting was set to be less than +0.5%. The analysis
of each sample was repeated at lease three times, and
standard deviation was calculated based on the replicates.
The uncertainty of the final solution-phase naphthalene
concentrations was calculated to be less than +0.05 ug/
mL. Adsorption data were fitted with a linear isotherm and
are presented in Figure 1. The term “Cg large aggregates”
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Figure 1. Plot of experimental data of naphthalene adsorption
to “Ceo large aggregates” (experiment 1). €, Experimental data;
solid line, linear isotherm.

is used to refer to the Cgo black powder purchased from
Sigma—Aldrich and suspended in electrolyte solution. From
SEM examination (micrographs not included), the diam-
eters of these well-formed particulate aggregates were
observed to be from (20 to 50) um. At equilibrium, the
solution-phase concentrations decreased by as little as
4.50% to 6.51%, indicating that very little naphthalene was
adsorbed to Cgp fullerene. A linear isotherm in the form of
q = KpCw was observed, where Ky/mL-g~! denotes the
partition coefficient,*? gq/ug-g~! is the mass of naphthalene
per unit mass of Cgo at equilibrium, and C,/ug-mL~1 is the
naphthalene concentration in the solution phase at equi-
librium. A K, value of (1023 + 10.73) mL-g™! is obtained
from data in Table 2 and Figure 1. Since Cgo presents a
very hydrophobic surface, it was expected that Cgo could
be a preferred sorbent for many common organic com-
pounds and adsorption to Cgp Was expected to be compa-
rable to that on activated carbon, a commonly used adsor-
bent. However, the observed K, value is much smaller than
expected. Ballesteros and co-workers'® reported the chro-
matographic separation of organic compounds from aque-
ous solutions by Cgg particles in a column study. By use of
their data, a partition coefficient 1 order of magnitude
smaller than that found in experiment 1 was calculated.

Adsorption of Naphthalene from Aqueous Solution
to Activated Carbon. To compare the adsorption proper-
ties of carbonaceous materials, activated carbon was tested
as a reference sorbent. The same experimental procedure
was used, except that adsorption experiments for activated
carbon were conducted at three different temperatures
(experiment 2). In each of the five samples, even though
the solid/solution ratio for activated carbon was less than
one-fourth of that for “Cgo large aggregates” (experiment
1), over 95% of naphthalene was adsorbed from electrolyte
solution to activated carbon at equilibrium. Solution-phase
naphthalene concentrations and solid-phase naphthalene
concentrations at adsorption equilibrium are presented in
Table 3. Mean values of coefficients of variation for the final
solution-phase naphthalene concentrations was + 1.0%,
calculated based on three replicates for each sample.
Adsorption data were fitted with Freundlich isotherms and
are presented in Figure 2. Freundlich equations in the form
of q = KFCQ, were used to describe the isotherms. In the
Freundlich equation, Kg is the Freundlich constant, n is
the Freundlich exponent, g/ug-g~? is the mass of naphtha-
lene per unit mass of sorbent at equilibrium, and C,,/ug-
mL~! is the naphthalene concentration in the solution
phase at equilibrium. Values of the Freundlich parameters
are listed in Table 4. Values of the standard deviation, the

Table 3. Experimental Adsorption Isotherm Data for
Naphthalene Adsorption to Activated Carbon at Three
Different Temperature (T/K)

T=298K T=311K T=328K
Cw q Cw q Cw q
ug'mL~t  pgeg™t wgmL™! uggt pgemL7t o pgeg7!
0.002 19571 0.002 19560 0.004 19512
0.009 38795 0.014 38677 0.034 38253
0.034 58560 0.056 58131 0.127 56591

0.113 75379 0.161 74318 0.349 70273
0.229 97524 0.321 95453 0.616 89022

1.2

10°q/pg-g’

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Cy/pg-ml’

Figure 2. Plot of experimental data of naphthalene adsorption
to activated carbon at three different temperatures. ¢, Adsorption
data at 298 K; A, adsorption data at 311 K; W, adsorption data at
328 K; solid line, Freundlich isotherms.

Table 4. Freundlich Parameters for Naphthalene
Adsorption to Activated Carbon at Different
Temperatures (T/K)

TIK Ke 2 nb R2¢

298 10517 4 10391 ¢ 0.29 + 0.02¢ 0.985
(5.5%)d (7.2%)d

311 10512 1 10367 0.30 £ 0.02 0.993
(3.5%) (5.3%)

328 10500 4 10348 0.29 + 0.02 0.993
(3.0%) (6.3%)

a Freundlich constant. ® Freundlich exponent. ¢ Standard devia-
tion. 9 Coefficients of variation. ¢ Square of correlation coefficients.

coefficients of variation, and the square of correlation
coefficients for the Freundlich parameters are also included
in Table 4. The isosteric heat of adsorption, calculated at
a coverage of 80,000 ug of naphthalene/g-activated carbon,
was —26 kJ/mol (298—311 K) and —37 kJ/mol (298—328
K). Results were reasonable compared to Weber and
Digiano’s results*? for adsorption of 1,2-dichlorobenzene (a
compound with a similar K,, value as naphthalene) to
activated carbon. Compared to experiment 1, the solid-
water distribution coefficient (Kg = g/Cy)*? of naphthalene
adsorption to activated carbon is 1000-fold higher than that
for “Cgo large aggregates”. For example, at C,, = 1 ug/mL,
Ka.ce = 1023°mL/g, whereas Kg act.carbon = 10%1’mL/g at 298
K. By use of the estimated particle size of the “Cgo large
aggregates”, (20 to 50) um, and a density of 1.72 g/cm?
(reported by SES Research Inc., 6008 West 34th, Houston,
TX), the specific surface area is calculated to be from (0.07
to 0.17) m3/g, which is similar to literature reported values
of (0.08 to 0.16) m2/g!216 and similar to what we obtained
from particle settling velocities. The specific surface area
of the commercial activated carbon in this study was about
1000 m?/g, as reported by Calgon Carbon Corp. (Pitts-
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Table 5. Experimental Isotherm Data for Naphthalene
Adsorption from Electrolyte Solution to “Cgp Thin Films”
and Naphthalene Desorption from “Cgy Thin Films” into
Electrolyte Solution

adsorption desorption
Cw q Cw q
ug-mL~? uggt ug-mL~? #g-gt
0.71 1015 0.043 352
1.44 1416 0.168 712
2.29 2632 0.819 1553
3.03 3323 3.195 3602
3.79 4985 3.814 4329
6000
5000 - *
4000 A
‘T?’ 4
2 3000 -
=
2000 A
x .
1000 - D
X
X
0 T T T T
0 1 2 3 4 5

Cy/ng-mr™
Figure 3. Plot of experimental data of naphthalene adsorption
to and desorption from “Cgp thin films”. ¢, Adsorption of naph-
thalene to “Cgo thin film”; x, naphthalene desorption from “Ceo
thin film” into electrolyte solution; solid line, linear isotherms.

burgh, PA). The large difference between the surface areas
of “Cegp large aggregates” and activated carbon is probably
a major reason for the difference in the naphthalene
adsorption distribution coefficients, on a mass basis.

Adsorption/Desorption of Naphthalene to/from “Cgg
Thin Film”. Experiments 3 and 4 were designed to explore
the adsorptive properties of Cg in a different aggregation
form, a thin film. Evaporation of the Cgo/organic solvent
solutions deposited a fairly uniform layer of Cgo 0n the walls
of the vials. Therefore, these are referred to as “Cgg thin
film” experiments. The equilibrium concentrations of naph-
thalene adsorption (experiment 3) and desorption (experi-
ment 4) to and from these Cg thin films are presented in
Table 5. Mean values of coefficients of variation for the final
solution-phase naphthalene concentrations was +0.2%,
calculated based on three replicates for each sample. Data
are fitted with linear isotherms and are presented in Figure
3. Both adsorption and desorption data were fitted with
linear isotherms, K, (g/C,) = (10%% + 58.40) and (1039 +
85.33) mL-g~! for experiments 3 and 4, respectively. Since
both the adsorption and desorption isotherms are linear
and of similar magnitude, it is suggested that the deposited
Ceo thin films present fairly uniform adsorption sites and
stable solid surfaces to the solution. Furthermore, pub-
lished K, (organic-carbon-based distribution coefficient)
values for naphthalene sorption to various soils and sedi-
ments range from (1026 to 10%1") mL/g-OC.2%44~47 The K
values for adsorption and desorption of naphthalene ob-
tained in this set of experiments are consistent with Kq
values for naphthalene, if Cgo fullerene carbon is assumed
to be similar to soil organic carbon. Whether this agreement
is simply a numerical coincidence or suggestive of a
common predominant mechanism, e.g., the hydrophobic
effect, is not yet known. The stronger adsorption of
naphthalene to “Cgo thin film” than that to the as-received

3.0
!
r \ —— C60 sample 1 (Absorbance)
2.5
o 20
g
£ L0
§ L5
) L
<
1.0 \
0.5 \/
0.0 1 s \
400 500 600 700
A/nm

Figure 4. UV—vis absorption spectrum of Cg toluene solution.
Ceo Was stirred for 2 days before it was dissolved in toluene.

“Ceo large aggregates” is probably due to increased surface
area of the deposited films, although this is not yet proven.

Adsorption/Desorption of Naphthalene to/from “Cgo
Small Aggregates”. In experiment 5, Cgo was dispersed
in an aqueous electrolyte solution and stirred for 2 days
with a magnetic stirrer. The resulting suspension was
turbid with a brownish color. SEM micrographs were taken
(not included in this paper) for the resultant Cgo/electrolyte
suspension after 2 days stirring. Cgp aggregation was
clearly observed in the SEM images. The sizes of the Cgo
aggregates were estimated to be (1 to 3) um in diameter
and are referred to as “Cgo small aggregates”.

Many research groups have developed various ap-
proaches to prepare Cgo colloidal particles: sonication of
Ceo toluene solution in water,!® dispersion of fullerene into
water by changing solvents from nonpolar organic solvents
to water-mixable polar organic solvents and eventually to
water,*849 formation of host—guest inclusion complexes
with y-cyclodextrin,?® formation of micelles using surfac-
tants,®5! and generation of Cg hydrosol based on the
oxidation of Cgo~ in water-mixable organic solvents.?! The
“Ceso small aggregates” prepared in this study showed a
similar color as observed by Andrievsky et al.1®

When “Cgo small aggregates” were dissolved in toluene,
the characteristic magenta color of Cg appeared. The
absorption spectrum (Figure 4) showed a sharp absorption
peak at 408 nm, which is characteristic of Cg.50:52754
Furthermore, there was no evidence of the existence of Cg
oxide, whose characteristic peak is at 424 nm.50.525355
Therefore, it is concluded that these “Cgo small aggregates”
are unaltered Cgg fullerene.

Successive adsorption/desorption experiments were con-
ducted with two separately stirred “Cg small aggregates”
samples (samples 5.1 and 5.2). Solution-phase naphthalene
concentrations and solid-phase naphthalene concentrations
at adsorption and desorption equilibrium are presented in
Table 6. Mean values of coefficients of variation for the
solution-phase naphthalene concentrations was +0.4%,
calculated based on three replicates for each sample.
Adsorption data are fitted with Freundlich isotherms (parts
a and b of Figure 5). The Freundlich parameters are listed
in Table 7, along with the standard deviation, the coef-
ficients of variation, and the square of correlation coef-
ficients. Freundlich equations of q = 10426C2*° and q =
10420C0*® are obtained for the two samples, where solid-
phase concentrations (g) are in the unit of ug-g~* and
solution-phase concentrations (C,) are in the unit of
ug-mL~1, Since the adsorption isotherms for the “Cgo small
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Table 6. Equilibrium Naphthalene Concentrations in Solution and Solid Phases for Naphthalene Adsorption and
Desorption to and from “Cgo Small Aggregates” and the Corresponding Desorption Time (t/days)

sample 5.1 sample 5.2
adsorption desorption adsorption desorption
Cw q t Cw q Cw q t Cw q
ug-mL~? ug-g? days ug-mL~t #g-gt ug-mL1 ng-gt days ug-mL~t #g-gt
0.021 2348 3 0.168 10929 0.049 3529 2 0.148 8247
0.026 4708 6 0.149 10724 0.082 5601 4 0.117 8106
0.051 5862 8 0.112 10568 0.104 6200 6 0.096 7988
0.181 8500 10 0.088 10448 0.169 7328 8 0.061 7915
0.270 10400 12 0.070 10350 0.300 8428 14 0.053 7716
0.326 11156 14 0.070 10253 16 0.051 7656
18 0.051 10182 20 0.052 7590
20 0.045 10119 26 0.026 7560
24 0.040 10064 29 0.025 7528
30 0.034 10017 35 0.023 7499
33 0.028 9979 62 0.013 7483
39 0.023 9947
66 0.011 9932
12000 Table 7. Freundlich Parameters for Naphthalene
Adsorption to “Cg Small Aggregates”
10000 - sample K2 nb R2e
51 10428 4 10323 ¢ 0.45 £ 0.05¢ 0.95
. 8000 - (9.0%)° (11.1%)¢
o> 52 10420 4 10328 0.45 + 0.07 0.90
2 6000 (12.0%) (15.5%)
S 4000 | a Freundlich constant. P Freundlich exponent. ¢ Standard devia-
tion. 9 Coefficients of variation. ¢ Square of correlation coefficients.
2000 | ¢
At C, = 1 ug/mL, the distribution coefficients for
0 : : : naphthalene adsorption to “Cgo small aggregates” (Kyq =
0 01 0.2 03 0.4 10%28 and 1042° mL-g~1) are about 1.8 log units higher than
Cw/ug-m|'1 the correspopdmg vglue f_or the “_C:60 large aggregatg;’
(10239 mL-g™1), obtained in experiment 1. The specific
12000 b surface area of “Cgo small aggregates” is over 1 order of
magnitude higher than that of “Ceg large aggregates”, and
10000 - this may be the reason adsorption of naphthalene to “Cgo
small aggregates” was much stronger.
. 80004 o @ ©° ° ¢ There is structural similarity of Ceo fullerene and black
‘™ carbon, an important component of soil organic carbon.
2 6000 - o2 Black carbon consists of single and stacked apolar and
> polyaromatic sheets.57:58 By use of the empirical correlation
4000 | e equation of Schwarzenbach et al.,*4259-61 the black-carbon-
normalized adsorption coefficient (Ky.) for naphthalene is
2000 calculated to be 1039 mL-g~%, which is similar to that
observed herein with experiment 5.
0 ‘ ‘ ' The desorption isotherms for samples 5.1 and 5.2 are also
0 01 0.2 0.3 0.4 presented in parts a and b of Figure 5. The desorption
Cwlug-ml'1 isotherms differ considerably from the corresponding ad-

Figure 5. Plot of experimental data of naphthalene adsorption
to and desorption from “Cgg small aggregates”. a, Data for 6-step
adsorption experiments and 13-step desorption experiments for
sample 5.1; b, data for 5-step adsorption experiments and 11-step
desorption experiments for sample 5.2; €, adsorption data; <,
desorption data; solid line, Freundlich isotherms.

aggregates” are Freundlich in shape, this suggests that
there must be a distribution of adsorption energies on the
solid particles in solution,*?43 which is different from the
linear isotherms observed for the “Cg large aggregates”.
Farrell et al.5¢ suggested that surface heterogeneities are
the most common origin of varying adsorption energies, and
this would imply that the effect of the two-day vigorous
stirring was to break up the aggregates of the commercial
material and, in the process, create disrupted surfaces of
varying energies.

sorption isotherms, suggesting the presence of hysteresis.
In these desorption experiments, K4y = 105% mL-g~! and
1057 mL-g~! for the last desorption datum point for
samples 5.1 or 5.2, respectively. Both final K4 values are
more than 1 order of magnitude higher than the last
adsorption Ky values.

Many researchers have studied the Kinetics of sorption/
desorption of hydrophobic organic compounds to/from
particles from soils and sediments. For example, the
reaction half-life of naphthalene desorption from sediments
has been estimated to be (0.74—1.41) h.6263 Thus, a period
of 60 days was used in the current desorption experiments.
The time for various desorption points varied from 2 to 27
days (see Table 6 and Figure 6a) with no apparent effect
on the solution concentration, suggesting probable equi-
librium. As shown in Figure 6b, after over 60 days
desorption period, only about 11% of total naphthalene was
desorbed from the “Cgo small aggregates” (corresponding
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Figure 6. Experimental data for naphthalene desorption from
“Ceo small aggregates”. a, Plot of the solution-phase naphthalene
concentrations (Cy/ug-ml~—1) vs desorption time (t/days); b, plot of
percentage of naphthalene desorbed from Cgo vs desorption time
(t/days); @, experimental data points for sample 5.1; a, experi-
mental data points for sample 5.2.

Table 8. Change of the Percentage of Naphthalene
Amount Desorbed from Cgo Solid with Desorption Time
in Experiment 5 (Desorption of Naphthalene from “Cgo
Small Aggregates”)

sample 5.1 sample 5.2
t (days) % desorbed t (days) % desorbed
3 2.08 2 2.16
6 3.92 4 3.84
8 5.32 6 5.23
10 6.40 8 6.11
12 7.28 14 8.47
14 8.15 16 9.18
18 8.78 20 9.96
20 9.34 26 10.33
24 9.84 29 10.71
30 10.26 35 11.04
33 10.61 62 11.23
39 10.89
66 11.03

data are presented in Table 8); i.e., a large fraction of the
sorbed naphthalene was resistant to desorption.

By extrapolation of the desorption isotherms to the y axis
in Figure 5, intercepts of 10%° and 103 ug/g are obtained.
Converting these intercepts to mole ratio values corre-
sponds to about 1 naphthalene molecule/20 Cg, molecules.
This indicates that, for every 20 Cg, molecules, there might
be 1 naphthalene molecule that cannot be desorbed in any
practical time frame.

Sorption/desorption hysteresis of hydrophobic organic
compounds in soils or sediments has been studied exten-
sively by numerous researchers, e.g., Karickhoff, Weber,
Pignattelo, Kan, and Di Toro et al.>22-35 Consistent with
many of those studies, a two-compartment irreversible
adsorption model has been proposed by Kan et al. to

explain the phenomenon of sorption/desorption hysteresis.3?
A reversible compartment and an irreversible compartment
have been proposed to be responsible for the complete
desorption process. In the reversible compartment, chemi-
cals could be readily and reversibly desorbed, while in the
irreversible compartment, desorption of organic compounds
could be hindered by soil organic matter.3* The desorption
distribution coefficient in the irreversible compartment was
reported to be related directly to soil organic carbon content
and has a value of K{¢ ~ 10592 mL/g-OC for a wide range
of hydrophobic organic compounds.® This value is in the
same order of magnitude as observed desorption Ky values
(1059 mL/g or 1057 mL/g) in this study, indicating the
possibility of similar mechanisms for desorption from Cg
and soil organic carbon materials.

It has been found that many soils or sediments contain
various carbonaceous materials such as soot, hard coals,
and black carbon, which might contribute significantly to
the sorption/desorption hysteresis, or resistant release of
organic compounds.34283665 As more and more carbon
nanomaterials are manufactured, they will begin to appear
in impacted soils and sediments, and therefore it is
important to understand the basic mechanisms of adsorp-
tion and desorption of hydrocarbons. If true hysteresis
occurs in carbon nanomaterial—hydrocarbon interactions,
the impact on environmental fate and transport could be
enormous.

Bailey et al.6 concluded that hysteresis occurs in solids
with mesopores (diameters between (20 and 500) A56), and
this is usually attributed to “capillary condensation”, while
hysteresis, which occurs in solids with micropores (diam-
eters < 20 A%6), is usually associated with a distortion of
the solid with some irreversible change of the pore struc-
ture.

The mechanism of pore deformation in carbonaceous
materials has been discussed by many researchers. For
example, pore dilation in carbonaceous sorbents caused by
packing effects of adsorbate molecules,’” the possible
swelling of soot by methanol,* and the swelling and
irreversible pore deformation of charcoal by benzene aque-
ous solution have been discussed in the past few years.3¢
In many cases, the deformed pore structure did not recover
to its original state even when the adsorbate was removed
from the adsorbent. Therefore, desorption is often different
from adsorption. A minimum requirement for true adsorp-
tion/desorption hysteresis to occur is that the adsorbent
surface structure can undergo physical—chemical rear-
rangement upon adsorption; i.e., after adsorbent rear-
rangement, desorption would take place in a different
molecular environment from adsorption.58

Among the few studies addressing the adsorptive prop-
erties of Cg fullerene, Rathousky et al. observed hysteresis
in the adsorption/desorption of cyclopentane vapor to
Ce0.1112 They explained the observed hysteresis by the
penetration of cyclopentane molecules into the bulk of Cg
crystals and possible entrapment of the adsorbate mol-
ecules, as discussed above.

Given the above findings, it is reasonable to believe that
the hysteresis observed in this study might be due to
deformation of micropores in Cgo crystals. It is proposed
that during the adsorption process, naphthalene molecules
probably penetrate into the micropores in Cgo crystals,
which is either due to the crystal defects or the breaking
of weak van der Waals bonding between Cg, molecules. The
pressure exerted by adsorbate molecules could cause
expansion of some of the pores. If the pore deformation is
not completely reversible, some pore entrances, available
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for the adsorption, might be blocked in the desorption
process leaving some naphthalene molecules entrapped.
This may represent the “two-compartment” adsorption
processes observed by numerous researchers: the “revers-
ible” adsorption/desorption compartment, where naphtha-
lene adsorbs to the external surfaces of Cgo crystals and
desorbs reversibly, and the “irreversible” adsorption/de-
sorption compartment, where naphthalene penetrates into
micropores in Cg crystals and may be “entrapped” and thus
resistant to desorption. The fact that extensive stirring
apparently does not slowly release “entrapped” naphtha-
lene might suggest that the “entrapped” naphthalene could
be a new entity, which might no longer be susceptible to
desorption in the normal aqueous desorption.

Interestingly, similar “entrapment” was also found in the
preparation of Cgo, Where toluene and some other aromatics
were commonly used as extraction solvents. Traces of
toluene or other solvents were often found entrapped in
the Cgo lattice after removal of bulk toluene.3”

The existence of Cgo aggregation in Cgo aqueous suspen-
sion observed in this study may also suggest another
possible mechanism for hysteresis observed herein, that
is, “capillary condensation”. Hysteresis in this system
might be associated with “capillary condensation” in me-
sopores consisting of the interstices between microporous
substructures, similar to that discussed by Burgess et
al.%970 Data presented in this paper demonstrate the
presence of sorption/desorption hysteresis; however, ad-
ditional experiments are necessary to confirm whether a
single mechanism or various combined mechanisms are
responsible.
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