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Theuniqueandtunablepropertiesofcarbon-basednanomaterials
enable new technologies for identifying and addressing
environmental challenges. This review critically assesses the
contributions of carbon-based nanomaterials to a broad range
of environmental applications: sorbents, high-flux membranes,
depth filters, antimicrobial agents, environmental sensors,
renewable energy technologies, and pollution prevention
strategies. In linking technological advance back to the physical,
chemical, and electronic properties of carbonaceous
nanomaterials, this article also outlines future opportunities for
nanomaterial application in environmental systems.

Introduction
Environmental researchers are actively exploring nanoma-
terials as contaminants of emerging concern. Articulating
the environmental consequences of engineered nanoma-
terials will inform risk analysis and enable benign nanoma-
terial design. An exclusive emphasis on implications, how-
ever,mayovershadowthebroadapplicationsofnanotechnology
toward improved environmental outcomes. The tunable
physical, chemical, and electrical properties of carbon-based
nanomaterials inspire innovative solutions to persistent
environmental challenges.

Applied nanotechnology research in the biomedical field
has charted a path for parallel innovations in environmental
science and engineering. Carbonaceous nanomaterials and
their functional derivatives are exploited to optimize the fate
and transport of drugs through dense tissues (1), specifically
target cancerous cells (2), and employ functionalized nano-
tubes as synthetic transmembrane pores (3). Analogous
environmental applications include targeted delivery of
remediation agents, engineered removal of hazardous con-
taminants, and novel membrane structures for water filtration.

The environmental applications of carbonaceous nano-
materials outlined in the review are both proactive (prevent-
ing environmental degradation, improving public health,
optimizing energy efficiency) and retroactive (remediation,
wastewater reuse, pollutant transformation). We begin with
a brief outline of carbonaceous nanomaterials and their
corresponding properties. We then review leading applica-
tions of carbon-based nanotechnologies in the fields of
sorption, high-flux membrane separation, depth filtration,
pathogen control, environmental sensing, renewable energy
production, and pollution prevention.

A suite of new technologies is made possible by recent
progress in the rational design and manipulation of nano-

materials. When developed and applied within a sustainable
framework, the unique properties of carbonaceous nano-
materials enable environmental applications with limited
implications.

Carbon-Based Nanomaterials

Molecular manipulation draws from a broad subset of
elements to exploit specific properties on the nanoscale.
Structured fullerenes and nanotubes of carbon, boron, MoS2,
WS2, NbS2, TiS2, chrysotile (asbestos), kaolinite, and other
precursors demonstrate exceptional physical, mechanical,
and electronic properties compared to their bulk forms (4).
Carbon’s unique hybridization properties, and the sensitivity
of carbon’s structure to perturbations in synthesis conditions,
allow for tailored manipulation to a degree not yet matched
by inorganic nanostructures. While inorganic nanomaterials
are a promising area of future research, the science and
application of carbonaceous nanostructures is more fully
developed. The remainder of this paper critically reviews a
range of carbonaceous nanomaterials for their application
in environmental systems.

The physical, chemical, and electronic properties of car-
bonaceous nanomaterials are strongly coupled to carbon’s
structural conformation and, thus, its hybridization state (5).
The ground-state orbital configuration of carbon’s six
electrons is 1s2, 2s2, 2p2. The narrow energy gap between the
2s and 2p electron shells facilitates the promotion of one s
orbital electron to the higher energy p orbital that is empty
in the ground state. Depending on bonding relationships
with the neighboring atoms, this promotion allows carbon
to hybridize into a sp, sp2, or sp3 configuration. The energy
gained from covalent bonding with adjacent atoms com-
pensates for the higher energy state of the electronic
configuration. This compensation is nearly equal for the sp2

and sp3 hybridization states after the out-of-plane bonding
due to π bonds among unhybridized p orbitals is considered
(6).

These mutable hybridization states account for the
diversity of organic compounds as well as the considerable
differences among carbon’s bulk configurations (Figure 1).
At high temperatures or pressures, carbon assumes the
thermodynamically favorable trigonometric sp3 configuration
of diamond. At lower heats of formation, however, carbon
adopts the planar sp2 conformation and forms monolayer
sheets bound by three sigma covalent bonds and a single π
bond. Weak out-of-plane interactions are a sum of van der
Waals forces and the interaction between overlapping π
orbitals of parallel sheets. Mild shear forces, physical separa-* Corresponding author e-mail: menachem.elimelech@yale.edu.
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tion, and chemical modification disrupt these weak inter-
planar forces and cause graphite’s planes to slip past each
other.

On the nanoscale, graphite sheets are more thermody-
namically stable as three-dimensional structures. The strain
energy generated by curvature of the planar graphite is com-
pensated by the reduction of unfavorable dangling bonds
(7). The result are fullerenes and nanotubes that share many
of graphite’s attributes, but also exhibit a distinct and tunable
set of properties due to quantum effects at the nanoscale,
enhanced sp3 character of the bonds, quantum confinement
of wave functions in one or more dimensions (8), and closed
topology. Thus, carbonaceous nanomaterials share the same
bonding configurations as macroscopic carbon structures,
but their properties and morphology are dominated by the
stability of select resonance structures rather than the bulk
averages of their crystalline forms.

Fullerenes. The electronic structure of fullerenes deter-
mines their unique chemical, optical, and structural proper-
ties. In defect-free form, fullerenes are enclosed cage-like
structures comprised of twelve 5-member rings and an
unspecified number of 6-member rings. Structures with fewer
hexagons exhibit greater sp3 bonding character, higher strain
energies, and more reactive carbon sites. Isomers with
adjacent pentagons also display lower stability and relative
abundance than isomers with isolated pentagons in which
resonance structures delocalize π bonds over the fullerene
structure (9, 10). While the extent of charge delocalization
is debated, the chemical behavior of C-60 lies between an
aromatic molecule and a straight chained alkene (11).

This balance between stability and reactivity distinguishes
Buckminsterfullerene, C-60, from the degenerate C-20 ful-
lerenes and inert, planar graphite. C-60 is an icosahedrally
symmetric fullerene (12) stabilized by resonance structures
supporting an equivalent electronic state and bonding geo-
metry for each carbon atom (13). The relative stability
imparted by this symmetry has redefined C-60 as a starting
material for chemical reactions in its own right. Covalent,
supramolecular, and endohedral transformations enable
molecular manipulation and polymeric material develop-
ment for specific environmental applications.

Though C-60 is highly resistant to oxidation, up to six
electrons can be accommodated in the lowest unoccupied
molecular orbital (LUMO). This opens the route to covalent
chemistry and the exploitation of fullerenes as structural
scaffolding for reactive adducts. Diederich and Thilgen (14)
provide an excellent review of the extensive covalent fullerene
chemistry that has developed in the past two decades.

Development of supramolecular pathways for fullerene
modification has also been critical for exploiting properties
relevant to environmental applications. Supramolecular tec-
hniques, including molecular self-assembly, are formulated
upon noncovalent van der Waals, electrostatic, and hydro-
phobic interactions intrinsic to fullerenes or their comple-
mentary reactants. Of particular relevance to biomedical and

environmental applications are supramolecular techniques
to enhance the solubility and reduce the aggregation of
hydrophobic fullerene molecules (15). Such techniques have
refined control over secondary architectures ranging from
monolayered films to complex three-dimensional macro-
structures (16). Combinations of covalent and supramolecular
techniques have further expanded the range of tailored
structures available (17).

The electric and conductive properties of fullerenes and
other carbonaceous nanomaterials form the basis for many
of their unique characteristics on the nanoscale. Thus,
modification of these electric properties via single substitu-
tion or endohedral doping has generated significant research
attention. Single atom substitutions in a fullerene structure
have ramifications for the photosensitivity and binding
energies of the fullerene molecule (18). With an internal di-
ameter of 0.7 nm (19), the C-60 fullerene cage may also be
endohedrally doped for electronic modification, transport
of interstitial atoms, or dissolution and vaporization processes
of otherwise refractory metals (20). Select endohedral dopants
induce rehybridization of the fullerene molecule via ionic
interactions and charge transfer (21), whereas others exhibit
little effect on the basic properties of the fullerene molecule.

Carbonaceous nanomaterial research has also character-
ized other fullerene conformations including a group of very
large spherical fullerenes (22, 23) and a class of concentric
fullerenes titled carbon onions (24). The exceptional reactivity
of these molecules is a function of symmetry and bonding
conformation. Theory predicts that large fullerenes and
carbon onions adopt a faceted structure. Direct imaging,
however, indicates that these molecules maintain the
spherical geometry of C-60. This discrepancy between theory
and observation has prompted the suggestion that Stone-
Wales defects are an integral part of the standard bonding
structure (25). Stone-Wales defects describe the rearrange-
ment of four six-member rings into a 5-7-7-5 conformation
(26). The diminished resonance and higher strain energy of
this conformation increases the probability of nucleophilic
attack, providing one possible explanation for enhanced
reactivity.

An important physicochemical attribute of fullerenes is
their tendency to form stable crystalline nanoparticles
(25-500 nm in diameter) in a variety of solutions, including
water at environmentally relevant pH and electrolyte con-
centrations (27–30). In the absence of humic acid, aggregation
behavior of the fullerenes is consistent with the classic
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of
colloidal stability (28). Average aggregate diameter exhibits
dependence on pH, ionic strength, mixing behavior, initial
fullerene concentration, and time in solution (31–33). In the
presence of humic acid, however, adsorption of macromol-
ecules to the fullerene nanoparticles induces steric stabiliza-
tion and sharply reduces aggregation rates (34).

Nanotubes. Carbon nanotubes (CNTs) (35) are the one-
dimensional analogues of zero-dimensional fullerene

FIGURE 1. Hybridization states of carbon-based nanomaterials. Many chemical and electronic properties of carbonaceous
nanomaterials are determined by the dominant hybridization state of the carbon-carbon bonds.
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molecules. Conceptually, a nanotube is a micrometer-scale
graphene sheet rolled into a cylinder of nanoscale diameter
and capped with a spherical fullerene. Paring a nanoscale
diameter with a micro- to centimeter length produces CNT
structures of exceptional aspect ratio. Extensive reviews
have been published on the synthesis and structural
conformation of CNTs (6, 36–38). This brief introduction
to CNTs highlights their position on the spectrum of carbon
hybridization and the effect that this conformation has on
properties relevant to environmental applications.

As with spherical fullerenes, the sidewalls of CNTs share
graphene’s hexagonal sp2 conformation. Unlike their zero
dimensional counterparts, however, the degree of curvature
in nanotubes is confined to a single dimension. The stronger
sp3 character of this bonding conformation reduces the strain
energy on the sidewall carbons and renders CNT less
susceptible to chemical modification and rearrangement than
spherical fullerene molecules.

Nanotubes, however, are distinct from graphene planes
on two important accounts. First, the one-dimensional
geometry of the tubule induces quantum confinement in
the radial and circumferential directions (8). Second, the
potential for structural indeterminacy is introduced when
graphene’s two-dimensional hexagonal carbon conformation
is confined to a single dimension. Indeed, the orientation of
the rolled graphene sheet has a profound impact on the
electronic properties of the CNT. While bulk graphite is a
semiconductor, isolated single-walled nanotubes (SWNTs)
of small diameter exhibit metallic, semimetallic, or semi-
conducting behavior depending on this orientation of the
hexagonal lattice (39). In high yield synthesis techniques,
the majority of the nanotubes adopt a metallic armchair
conformation (5), though difficulties in purifying for mono-
chiral nanotubes constrain commercial and environmental
applications of SWNTs.

Double-walled and multiwalled nanotubes (MWNTs) are
the one-dimensional analogues of carbon onions. As with
concentric fullerenes, MWNTs share many of the same
characteristics of bulk SWNTs since coupling across the 0.34
nm interlayer distance (40) of MWNTs is weak. MWNTs do
not exhibit the metallic properties of SWNTs, instead
displaying the semiconducting characteristics of bulk graphite.

Strong attractive forces between nanotubes complicate
CNT purification and manipulation. These forces account
for CNTs’ tightly bundled conformation (41) and low disper-

sion in both polar and apolar solvents. Often a physical
dispersion process, such as sonication, is necessary to
debundle nanotube sheaths. Other techniques include ex-
foliation with natural polyelectrolytes (42), aromatic polymers
(43), or DNA (44). In these supramolecular debundling routes,
the aromatic constituents of the exfoliating agent interact
with the π orbitals of the nanotube sidewall to sterically
interfere with bundling (42). While supramolecular tech-
niques are effective in dispersing the CNT bundles, their
applicability is limited in systems utilizing the properties of
pristine nanotubes.

This difficulty in dispersion complicates the covalent and
supramolecular modification techniques that have been
developed for more highly soluble fullerenes. While extensive
functionalization and supramolecular modifications have
been developed (45–49), the range and control of molecular
manipulation is more difficult for nanotubes. The reduced
strain energy of the sidewall hexagons further diminishes
the reactivity of the carbons and necessitates stronger
reagents. The functionalization chemistry of SWNTs is similar
to that described for fullerenes, with details provided in
several reviews (50, 51).

Finally, commercially available SWNTs and MWNTs are
replete with defects, metal catalyst contamination, and
physical heterogeneities. While a number of purification
schemes have been developed (52–54), variation between
samples is a challenge for research on the implications and
commercial applications of CNTs (55). Due to these incon-
sistencies in synthesis, the majority of proposed environ-
mental applications of CNTs draw upon bulk properties, such
as high surface area, rather than single nanotube properties
such as high conductivity or efficient field emission.

Unique Properties of Carbon-Based Nanomaterials

Carbonaceous nanomaterials unite the distinctive properties
of sp2 hybridized carbon bonds with the unusual charac-
teristics of physics and chemistry at the nanoscale. From the
electrical conductivity of a single nanotube to the adsorptive
capacity of bulk nanomaterials, both single molecule and
bulk properties offer potential advances in environmental
systems (Figure 2). The unique properties of carbonaceous
nanomaterials most commonly cited in environmental
applications are size, shape, and surface area; molecular

FIGURE 2. Application of carbonaceous nanomaterials’ unique properties in environmental systems. Both individual and bulk
configurations of carbonaceous nanomaterials display unique properties. Further characterization of carbon-based nanomaterial
attributes, synthesis techniques, and purification procedures will expand their range of environmental applications.
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interactions and sorption properties; and electronic, optical,
and thermal properties.

Size, Shape, and Surface Area. Molecular manipulation
implies control over the structure and conformation of a
material. For carbonaceous nanomaterials this includes size,
length, chirality, and the number of layers in the fullerene
cage. Although current fabrication techniques for nanoscale
carbon structures lack complete precision and uniformity,
links between growth conditions and product properties
inform the synthesis of tuned nanomaterials. Variations in
synthesis technique, temperature, pressure, catalyst, electron
field, and process gases optimize nanomaterial structure,
purity, and physical orientation for specific applications
(38, 56–58). For instance, SWNT diameter is strongly cor-
related to synthesis technique, with HiPCO synthesis capable
of yielding nanotubes between 0.7 and 1 nm. Laser ablation
and other graphitic based techniques produce slightly larger
nanotubes in the range of 1-2 nm (47).

Diameter is a critical dimension in determining the
properties and applications of fullerene and tubular nano-
structures. In fullerenes, diameter is referenced by the
number of carbons in the spherical molecule. For C-60, the
smallest fullerene obeying the stabilizing pentagon isolation
rule, the inner diameter approaches 0.7 nm. This is also the
lower range for SWNT diameters, though average diameters
of 1.4 nm are reported across a number of commercial
synthesis techniques (59). Small SWNT diameters induce
higher strain energies, mixing of the σ and π bonds, and
electron orbital rehybridization. These bond structure modi-
fications induce fundamental alterations to the electronic,
optical, mechanical, elastic, and thermal properties of SWNTs.

The characteristic properties dependent on nanotube
diameter are complemented by physical size exclusion and
capillary behavior relevant to environmental systems. The
narrow inner diameter of nanotubes has found application
in novel molding, separation, and size exclusion processes
including nanowire synthesis (60) and membrane filtration
(61). These constrained inner diameters, however, have also
hindered CNT applications by complicating purification
methods for eliminating growth catalysts from bulk nano-
tubes (54, 62). The combined characteristics of narrow
diameters and long tubules also imply exceptional aspect
ratios in nanotubular structures. Further details on the
properties and applications of high aspect ratio nanomaterials
are collected in the referenced reviews (37, 63–65).

Across the spectrum of carbonaceous nanomaterials, the
high surface area to volume ratio distinguishes nanomaterials
from their micro- or macro-scale counterparts. As clusters
of atoms approach the nanoscale, the ratio of ∆Gsurface/
∆Gvolume increases, where ∆G represents the difference in
free energy between the bulk material and the nanoscale
structure (66). The higher percentages of surface atoms confer
adsorptive capacity and broad application as a scaffolding
material for species localized to the nanotube surface (67–70).

Finally, while most literature addresses the physical
properties of individual nanomaterials, the size, shape, and
surface area of carbonaceous nanomaterials are highly de-
pendent upon aggregation (bundling) state and solvent
chemistry. Impuritiessincluding vapor, biomolecules, and
metalssthat adsorb to the surface of nanomaterials may
fundamentally alter the aggregation behavior, thermal and
electric characteristics, mechanical strength, and physico-
chemical properties of the nanomaterials. The physico-
chemical properties attributed to secondary structures of
nanomaterial aggregates are highly variable and poorly
characterized. Resolving these characteristics is imperative
for widespread application of carbonaceous nanomaterials
from both technical and environmental health and safety
perspectives.

Molecular Interactions and Sorption Properties. Elu-
cidating the molecular interactions, sorption, and partitioning
properties governing fullerenes and nanotubes is a joint effort
between theorists and experimentalists. Carbonaceous
nanomaterials are generally consistent with traditional
physical-chemical models and theories including elec-
trostatics (71), adsorption (72), hydrophobicity (73), and
Hansen solubility parameters (74). Molecular modeling has
provided a rendition of physical-chemical processes at the
nanoscale that are otherwise inaccessible through experi-
mental techniques (75), though computational demands limit
the range of length-scale, chirality, and layers feasible in the
molecular modeling of heterogonous nanotube samples.

The potential energies of interaction between carbon-
aceous nanomaterials are described by the classic Lennard-
Jones (LJ) continuum model (76, 77). The LJ model accounts
for both van der Waals attractive forces (Kessom, Debye, and
London forces) and Pauli repulsion originating from over-
lapping electron orbitals at very short separation distances
(66). Geometry-specific empirical constants provide strong
correlation to the theory of a universal graphitic potential
when geometries are considered (76).

Electrostatic interactions between fullerene nanopar-
ticles are also consistent with the classic DLVO theory of
colloidal stability, although the origin of fullerene nano-
particle surface charge in aqueous solutions is not fully
understood (28). Functionalization via covalent or su-
pramolecular techniques reduces aggregation through
steric hindrance and the introduction of polar functional
groups that confer hydrophilicity to the otherwise hydro-
phobic nanoparticles (11, 14, 17, 34, 78). Aggregation
kinetics measurements of fullerene nanoparticles in aque-
ous solutions of 1:1 electrolytes yield an effective Hamaker
constant of 6.7 × 10-21 J, consistent with organic and
biological particles in aqueous media (28).

Hydrophobicity relates the strength of water-water
interactions to water-particle and particle-particle interac-
tions. A hydrophobic molecule will interact less favorably
with water than two solute molecules interact with each other,
causing the liquid to withdraw from the surface and form a
vapor layer (79). The hydrophobic characteristics of C-60
and CNTs induce drying and the expulsion of interstitial water
over short length scales and strongly influence their ag-
gregation state (73). Molecular simulations of CNT in water
suggest that the primary barrier to dissolution is the energy
required to disrupt water-water bonds when forming a cavity
for the CNT (80).

Early work suggested capillary forces in nanotubes would
be incredibly strong, drawing molecules from vapor or liquid
phases into the molecular “straws” by way of van der Waals
attractive forces and dipole-induced dipole interactions with
polar molecules (81). This work was incomplete, however,
in that it omitted wetting as a factor in the nanotube
capillarity. Dujardin et al. (82) revised this model, incorpo-
rating the Laplace equation into predictions of nanotube
capillarity for a variety of metals.

The entropic costs of water confinement and the enthalpic
loss from reduced hydrogen bonding partners are compen-
sated by enhanced electrostatic interactions due to the
diminished polarizability of the medium (75). Liquids with
high surface tension do not wet nanotubes, whereas water
and most organic solvents either have low enough cohesive
forces or strong enough intermolecular interactions with
the nanotube surface to induce capillary action (83). Surface
tension limits for wettability are estimated to be in the range
of 72 mN/m (82, 83). The Laplace equation predicts an inverse
relationship between the pressure differential driving capil-
lary action and the radius of curvature of the nanotube. Thus,
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the internal diameter of the nanotube may significantly alter
the properties of fluid flow and capillarity.

Hydrophobicity and capillarity also contribute to the
adsorption behavior and orientation of sorbates in mi-
croporous carbons. Physisorption is the dominant mecha-
nism of sorption for unfunctionalized nanomaterials (84).
Adsorption studies report rapid equilibrium rates, high
adsorption capacity, low sensitivity to pH range, minimal
hysteresis in dispersed nanoparticle samples (85), and
consistency with traditional Langmuir, BET, or Freundlich
isotherms (72, 84, 86).

Nevertheless, these studies are complicated by unique
properties of adsorption in micropores. In particular, the
increase in dispersion energy and the overlapping force fields
from adjacent carbon walls magnify sorbent-sorbate and
sorbent-sorbent interactions causing condensation inside
of the nanotube (84). This so-called filling of nanotubes may
explain why some models describe adsorption capacity above
the physical surface area of a CNT (72, 87–89). In environ-
mental applications, adsorptive capacity has broad implica-
tions for contaminant removal and hydrogen storage.

Electronic, Optical, and Thermal Properties. The bond-
ing configuration of fullerenes and nanotubes confers unique
conductive, optical, and thermal properties offering broad
promise for application in the electronic industry. While the
relevance of unique field emission properties, optical non-
linearity, high thermal conductivity, and low temperature
quantum phenomena may seem distantly related to tradi-
tional environmental applications, substantial indirect en-
vironmental benefits accrue from redesign of energy and
material intensive consumer electronics (90). Novel electronic
properties of carbon-based nanomaterials will also contribute
to environmental sensing devices and efficient power ge-
neration in innovative solar cell architectures (91). Finally,
fullerene mediated photooxidation of persistent organics has
been explored as an environmental remediation technique
(92–95).

Fullerenes are notable for optical activity over both the
UV and visible ranges. The strong absorption bands are
attributed to electron transitions from bonding to antibond-
ing orbitals in the UV range and between the HOMO and
LUMO bands in the visible range. Strong UV absorption also
induces photoexcitation of the fullerene molecule from a
ground level state to a singlet excited state. Although this
excited-state decays within approximately 1.2 ns (96), the
emission wavelength is capable of generating a range of
reactive oxygen species (ROS), including singlet oxygen
molecules, superoxide radical anions, and hydroxide radicals
in aqueous media containing common environmental solutes
(97). Hotze et al. (98) provide a mechanistic framework for
photosensitization that accounts for differences in the
aqueous phase aggregate structure between fullerol and nC-
60. Water-soluble fullerol displays high quantum yields and
efficiently generates ROS (99). In crystalline nC-60 nano-
particles, however, the dense packing of the fullerene
molecules induces triplet-triplet annihilation and self-
quenching to sharply reduce the photochemical reactivity of
(97, 98). ROS generation has raised concerns about the
biocompatibility of fullerenes in aqueous media and the
importance of understanding the aggregation state of na-
nomaterials in the environment (27, 100).

Tunable band gaps, remarkably stable and high current-
carrying capacity, low ionization potential, and efficient field
emission properties (101) are the most highly cited electronic
properties of SWNTs. Many of these properties stem from
electron flow confinement in one-dimensional nanotubes
(5). The electronic properties of nanotubes are closely linked
to chirality, diameter, length, and the number of concentric
tubules (102). In general, the heterogeneities of MWNTs

induce defect scattering and diffusive electron motion
(103–105), which reduce their applicability in environmental
and consumer products.

Theoretical and experimental work demonstrates that
band gaps are dependent upon the chirality and diameter
of nanotubes. A reference coordinate system indexes the
chirality of the SWNT by a pair of (n, m) integers corre-
sponding to specific atoms on a planar graphene sheet (38).
Armchair conformations, denoted by (n, n) tubes, are metallic
(i.e., zero band gap) and independent of tube diameter and
curvature. The (n, m) nanotubes, with carbon atoms arranged
in a zigzag or helical conformation, are small gap or large
gap semiconductors. As the radius of these semiconducting
nanotubes increases, the gaps decay as 1/R or 1/R2, with R
being the nanotube radius, until the tubes display metallic
properties similar to the armchair configuration (38). Con-
duction in MWNTs is dominated by the electronic structure
of the outermost tubules and resembles the electronic
behavior of graphite (5).

Metallic SWNTs behave as quantum wires, with electron
confinement in the radial direction quantizing the conduction
bands into discrete energy levels (104, 106). Electrons are
transported via resonant tunneling through these discrete
electron states in the nanotube, and are delocalized over
some extended length of the nanotube. This spatial extension
of charge not only enhances conductivity and current
capacity, but it also reduces the influence of defects in the
nanotube sidewalls. Select dopants also increase conductivity,
either by serving as intercalates to facilitate charge transfer
between the planar structure of the sp2 hybridized sidewalls
(107, 108), or by altering the local electronic density of states
to create metallic features (109). Conductivity in quantum
wires is very sensitive to adsorption by surrounding liquid
or gaseous molecules, and, in this role, SWNTs have found
broad applications as environmental sensors (110–113).

The ionization potential of SWNTs is below that of many
common field emitters currently used in the electronics
industry. Ionization potential refers to the energy necessary
to excite an electron from the ground-state to an excited
state. In field emitters, a low ionization potential reduces the
voltage necessary for exciting an electron and forcing its
emission from the molecule. Other SWNT properties useful
in field emission include charge delocalization to prevent a
build up of electron holes on the nanotube and narrow
diameters to spatially direct electron emission (101). Further
reduction in ionization potential is observed in the presence
of certain adsorbates, including water (114). Reducing the
voltage potential and enhancing the efficiency of field
emission is one example of nanotube application in the green
design of next generation devices.

Finally, both individual tubules and bulk assemblies of CNTs
exhibit high thermal conductivity (115–117). The primary barrier
to thermal conductivity on the bulk scale occurs at tube-tube
junctions. Recent progress in joining nanotubes (65) may
facilitate the development of long fibers with high thermal
conductivity.

Carbonaceous Nanomaterials as Sorbents

Sorption of environmental contaminants to sorbents such
as NOM, clay, and activated carbon accounts for a major
sink in natural and engineered environmental systems.
Conventional drinking water treatment, for example, relies
on physicochemical sorption processes for the removal of
organic and inorganic contaminants. Decades of research
have enhanced our understanding of sorption mechanisms
and facilitated optimization of sorbent properties (118–123).

The sorptive capacity of conventional carbonaceous
sorbents is limited by the density of surface active sites, the

VOL. 42, NO. 16, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 5847



activation energy of sorptive bonds, the slow kinetics and
nonequilibrium of sorption in heterogeneous systems, and
the mass transfer rate to the sorbent surface. The large
dimensions of traditional sorbents also limit their transport
through low porosity environments and complicate efforts
in subsurface remediation. Carbonaceous nanosorbents, with
their high surface area to volume ratio, controlled pore size
distribution, and manipulatable surface chemistry, overcome
many of these intrinsic limitations. Sorption studies using
carbon-based nanomaterials report rapid equilibrium rates,
high adsorption capacity, effectiveness over a broad pH range,
and consistency with BET, Langmuir, or Freundlich isotherms
(124–129).

Direct sorption of organic contaminants to the nano-
material surface is driven by the same fundamental hydro-
phobic, dispersion, and weak dipolar forces that determine
sorption energies in conventional systems (118, 119). The
higher equilibrium rates of carbonaceous nanosorbents over
activated carbon are attributed to π electron polarizability
or π-π electron–donor-acceptor (EDA) interactions with
aromatic sorbates (86, 130, 131), reduced heterogeneity of
adsorption energies (132), and the absence of pore diffusion
as an intermediate mechanism in adsorption (133). This
conclusion is reinforced by the work of Yang et al. (134)
comparing a variety of carbonaceous nanosorbents including
C-60, nC-60 nanoparticles, SWNTs, and varying dimensions
of MWNTs. Another advantage to carbonaceous nanosor-
bents is the virtual absence of hysteresis between adsorption
and desorption isotherms for liquids and gases under
atmospheric pressure (85, 135). Enhanced atmospheric
pressure, relevant to gas adsorption in hydrogen storage
applications, may restore hysteresis in the system by reducing
the energy barrier to fill nonwetting CNT pores and the
intraparticle region of nC-60 aggregates (135–137).

The nonspecific van der Walls interactions driving ad-
sorption to SWNTs are amplified by enhanced interaction
potentials in systems with curved geometries. Monte Carlo
simulations have been used to predict an optimal pore
diameter for gaseous adsorption to SWNTs. For the adsorp-
tion of tetrafluoromethane, a potent greenhouse gas, 1.05
nm is the optimal nanotube diameter for balancing the strong
binding energies (enthalpy of adsorption) against the total
volume available for gas storage (138). Similar models may
be used to predict optimal carbon nanostructures for the
removal of target contaminants.

Traditional applications of activated carbon in water and
wastewater treatment include reduction in organic con-
taminants, residual taste, or odor. While carbonaceous nano-
sorbents are effective in these areas, their cost and possible
toxicity have prevented extensive research in direct and
widespread use for water treatment. Savage and Diallo (139)
have proposed integration of nanosorbents into traditional
packed-bed reactors, though details on the effectiveness of
various nanomaterial immobilization strategies have not been
presented. To date, most research on the environmental
applications of nanosorbents has targeted the removal of
specific hazardous contaminants such as trihalomethanes
(124), polycyclic aromatic hydrocarbons (134), or naphtha-
lene (128).

While rapid equilibrium rates and high sorbent capacity
are powerful attributes of carbonaceous nanosorbents, they
are essentially incremental advances upon an existing par-
adigm. The true revolutionary potential of nanosorbents lies
in the diverse pathways for tailored manipulation of fullerene
and nanotube surface chemistry. Tailoring the dominant
physical and chemical adsorption forces via bottom-up
synthesis and selective functionalization yields carbonaceous
nanomaterials that complement the existing suite of relatively
unspecific conventional sorbents. Functionalized nanosor-

bents may provide an optimized approach for targeting
specific micropollutants, removing low concentration con-
taminants (140), or improving subsurface mobility (141). For
instance, when compared to activated carbon, CNTs func-
tionalized with hydrophilic sOH and sCOOH groups
exhibited superior sorption of low molecular weight and polar
compounds (124).

In contrast to the relatively nonspecific, hydrophobic
sorption mechanisms describing organic sorption, inorganic
sorption to carbonaceous nanostructures is characterized
by specific complexation reactions. Surface functional group
density, rather than total surface area, becomes the primary
determinant of inorganic sorption capacity. Metal speciation
or competing complexation reactions also render sorption
capacity sensitive to changes in pH (142–144). Finally,
sorption of oxyanion metal contaminants, such as arsenic,
varies with the concentration of divalent cations in solution,
possibly due to cationic bridging of the metal to deprotonated
oxygen groups on the sorbent surface through a ternary
surface complex reaction (145).

In addition to serving as direct sorbents, carbonaceous
nanomaterials have also been employed as a high surface
area scaffold for oxides or macromolecules with intrinsic
sorbent capacity. Covalent chemistry opens synthesis routes
for nanoscaffolds tailored to adsorb or complex ions, metals,
and radionuclides in solution. Recent examples of nano-
materials as scaffolding agents for contaminant removal
include CNT decoration with ceria (CeO2) nanoparticles for
arsenate and chromium removal (145, 146), amorphous
alumina for fluoride adsorption (147), and polypyrrole for
perchlorate separation (67). Current applications have
focused on metal preconcentration, removal, or oxidation.

Despite high synthesis costs, the cost effectiveness of
single-walled and multiwalled nanosorbents over traditional
activated carbon was recently demonstrated (148). Of course,
cost-effective environmental applications of nanomaterials’
sorptive capacity are not limited to the removal or reme-
diation of common contaminants. Fullerene and MWNT-
assisted preconcentration of metals (149, 150), adsorption
of hydrogen to SWNTs in fuel cells (151), viral adsorption to
SWNT-based drinking water filters, and the use of CNTs as
single molecule environmental sensors (152) are addressed
in subsequent sections of this review.

Aligned CNTs as High-Flux Membranes with Tailored
Selectivity

Traditional reverse osmosis (RO) desalination membranes
separate components based upon their solution-diffusion
rates through a dense polymeric film barrier. This separation
mechanism forces a fundamental tradeoff between high
selectivity and water flux in current membrane design. While
polymeric RO membranes are likely to remain the dominant
desalination technology, further improvements to diffusion
based membrane performance are expected to be incre-
mental. Novel membranes drawing on the unique properties
of CNTs may reduce significantly the energy and cost of
desalination (153).

Nanotube-based filtration membranes (Figure 3), in which
aligned nanotubes serve as pores in an impermeable support
matrix, were first introduced by Jirage et al. (154). In sep-
aration experiments with a mixture of two organic solutes,
the tailored shape and uniform inner diameter of the gold
nanotubes selected for low molecular weight solutes while
maintaining high permeate flux. Further development of
sterically selective membranes has drawn upon the tunable
properties and broad functionalization pathways of CNTs to
augment steric selection with chemical- and/or charge-based
selectivity. Membrane optimization includes adjustments to
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pore diameter (61), surface hydrophobicity (155), and nano-
tube tip functionalization for channel gating (156, 157). The
inherent symmetry of these aligned nanotube membranes
also eliminates the internal concentration polarization effect
that has hindered the implementation of traditional asym-
metric membranes in emerging desalination and other
osmotically driven membrane-based technologies such as
forward osmosis and pressure retarded osmosis (158–160).

Recent experimental investigations show promise for
advanced water treatment applications of high-flux aligned
CNT membranes. Hinds et al. (161) aligned MWNTs within
a polymer film to form a nanoporous membrane structure.
The broad inner diameter (>4 nm) and distribution of pore
sizes reported for this early membrane, however, are better
suited to ultrafiltration than desalination. Holt et al. (61)
improved upon size selectivity while maintaining high mass

transport rates in a membrane of aligned double-walled CNTs
with an inner diameter less than 2 nm.

Aligned CNT membranes display flow rates 4-5 orders
of magnitude higher than predicted by conventional fluid-
flow theories (162). Theoretical studies to understand the
origin of these high flow rates suggest that together the
nanoscale channels, hydrophobicity (82), and smooth in-
ternal walls (163) of CNTs act to reduce the frictional forces
upon passing water molecules (164). Confinement of water
molecules within narrow diameter CNTs induces molecular
alignment (165) and phase transitions (166) uncharacteristic
of bulk water. This alignment enhances hydrogen bonding
among water molecules and introduces a vapor phase barrier
separating the chain of water molecules from the nonpolar
surface of the carbon sidewall (79).

Past research has demonstrated that nonwetting solid-
fluid interfaces may violate the no-slip boundary condition
imposed by the Hagen-Poiseuille equation (167, 168). Long
slip lengths diminish wall effects, permitting rapid flow
through confined pores. Limited boundary effects also reduce
flow dependence on physical properties such as fluid viscosity
(162) and the length of the nanotube pore (169). The
exceptionally long slip lengths calculated for CNTs are directly
related to their hydrophobicity and atomic smoothness
(162, 170, 171). Molecular dynamics simulations provide
detailed information on flow properties through individual
CNTs(79,165,172)andalignedCNTmembranes(169,173,174).

Flow rates are governed by end processes and physical
barriers at the nanotube channel’s inlet and outlet (161).
Oxidation or chemical modification of the CNT tips with
hydrophilic functional groups increases the binding energy
between water and the nanotube to enhance membrane flux
(175). While tip functionalization inevitably proceeds from
opening the nanotube ends during membrane synthesis, the
resulting carboxylic acid groups can be further derivitized
under a range of chemical reactions (156).

Functional group channel gating of large nanotube pores
has refined the selective capacity of CNT membranes.
Madjumder et al. (156) separated two differently sized, but
identically charged, particles by modifying the length and
structure of the functional groups at the nanotube tips. This
separation mechanism reduces membrane selectivity’s de-
pendence on small variations in the nanotube diameters,
but steric separation techniques may also reduce membrane
permeability and flux. For example, functionalization with
bulky streptavidin molecules was shown to completely and
reversibly eliminate transport through the membrane (157).
High-flux nanotube membrane design must balance these
competing forces of selectivity and permeability.

While the aforementioned membranes are highly relevant
to nanofiltration, no studies on aligned nanotube membranes
have demonstrated salt rejection at concentrations relevant
for desalination (176). Although negatively charged functional
groups at the CNT tips result in salt rejection by charge
(Donnan) exclusion (176, 177), the efficiency of this mech-
anism declines significantly as the ionic strength or divalent
cation concentration increases. The high ionic strength of
seawater thus eliminates charge exclusion as a practical
separation mechanism for channel gated CNT membranes.

The hydrated radius of sodium ions ranges from between
0.178 and 0.358 nm, depending upon environmental condi-
tions including ionic strength, pH, and temperature (178, 179).
To achieve desalination, the pore size distribution must be
narrowed via fabrication of a SWNT membrane with sub-
nanometer pores or steric channel gating. Subsequent
iterations in CNT membrane design must also consider
membrane fouling behavior, scaling to membrane modules,
and membrane fabrication costs.

FIGURE 3. Evolution of aligned nanotube membranes for
chemical separation and water treatment applications. Carbon
nanotube membranes have evolved from size exclusion sieving
devices to tunable membranes for nanofiltration. Future
research is focused around the development of a high-flux,
antifouling SWNT membrane for desalination applications.
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Aligned CNT membranes may find additional application
in nano- and microfluidic systems, where the precise
handling of small samples is critical for analytical separation
or laboratory-on-chip devices. When a voltage is applied
across the aligned CNT membrane, the nanotube tips
transition from uncharged and superhydrophobic to charged
and hydrophilic (180). This modification of physicochemical
interactions between the fluid and the nanotube enables the
controlled wicking of fluids and tight regulation of both flow
rate and direction (155, 175, 181). Alternatively, Li et al. (182)
draw upon the correlation between pore compression and
solvent flux in compression-modulated tunable-pore carbon-
nanotube membrane filters for molecular separation. In this
scheme, the selectivity and permeability of the CNT mem-
brane are dynamically tuned under different degrees of
uniaxial compression.

Carbonaceous Nanomaterials for Composite Filters

While aligned CNT composite membranes produce highly
specific, tunable, and rapid filtration on the bench scale,
they are difficult to manufacture and are still in the early
stages of research and development. Alternative CNT ap-
plications in nanocomposite membranes utilize the physical
properties of CNTs to improve upon the mechanical stability
of the membrane or as a tool to disrupt polymer packing of
the active layer in traditional reverse osmosis membranes
(183–185).

Wang et al. (186) report on high-flux filtration membranes
with a hydrophilic nanocomposite surface coating. These
membranes consist of a dense hydrophilic nanocomposite
coating top layer, an electrospun polyvinyl alcohol (PVA)
substrate midlayer, and a conventional nonwoven microfi-
brous support layer. The incorporation of MWNTs into the
hydrophilic top layer improved mechanical strength and
durability while simultaneously enhancing water perme-
ability. Increasing concentration and oxidization of the
MWNTs also enhanced water permeability, suggesting that
the MWNTs improve flow by disrupting polymer chain
packing and creating nanoscale cavities in the coating layer.
Wang et al. (186) also hypothesize that direct flow through
the center of the frictionless MWNTs contributed to the high
water flux through the membrane, although the same
problems of pore blockage and low vertical alignment that
plague aligned CNT membranes make it unlikely that
intratubular transport contributes significantly to enhanced
flow.

Choi et al. (185) optimized the performance of an
asymmetric MWNT/polymer blend ultrafiltration membrane
by altering the concentration of oxidized MWNTs. A 1.5 wt
% of MWNTs maximized the porosity of the composite
membrane by increasing viscosity and reducing thermody-
namic stability of the casting solution. Higher loadings of
oxidized MWNTs, up to 4 wt %, in the casting solution
simultaneously improved flux and solute rejection. While
this research highlights opportunities for careful tuning of
membrane properties based upon the physicochemical
characteristics and concentration of MWNTs, the absence of
mechanistic explanations for changes to flux and solute
rejection hinder rational membrane design.

Subsequent composite membrane designs combine en-
hanced flow rates with other unique properties of carbon-
aceous nanomaterials, including sorptive capacity, antimi-
crobial activity, and thermal stability. Poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO)-fullerene composite membranes for
the treatment of dissolved estrogenic compounds enhance
permeate flux through controlled heterogeneity in the
polymer chain packing while simultaneously improving
the adsorption rate and capacity of the membrane for

hydrophobic organics (187). Assuming immobilization of the
nanomaterials can be demonstrated over the membrane
lifespan, this may be a low risk and efficient way to apply
the unique properties of nanomaterials toward water and
wastewater treatment.

The narrow diameter, high surface area, thermal resis-
tance, and porous aggregate structure of SWNTs are also
applicable in regenerative hybrid ceramic filters. Building
upon earlier demonstrations of MWNT filter efficacy in
bacterial removal (188), recent work describes a highly
permeable SWNT filter effective in removing bacterial and
viral pathogens from water (189). Bacterial retention and
inactivation is hypothesized to occur on the surface of the
filter, whereas log viral removal is proportional to the filter
thickness indicating a depth-filtration mechanism. This work
provides the basis for future development of a hybrid SWNT-
ceramic filter resistant to high temperatures and sufficiently
durable for repeated reuse in point-of-use water treatment
applications (Figure 4). Again, additional strategies for
immobilization of nanomaterials must be developed before
widespread application of this technology in drinking water
treatment.

The difficulty of nanotube immobilization has been
partially solved via direct synthesis of MWNTs on the surface
of a conventional metal filter for air filtration applications
(190). Reduction of the metal filter with high temperature
hydrogen gas forms catalytic sites for nanotube growth.
Straightforward manipulation of nanotube morphology and
filter collection efficiency is achieved by controlling the flow
rate of the reducing agent during nanotube synthesis. While
filtration removal efficiencies were quantified for inert NaCl
particles, further refinement of the filter through nanotube
functionalization routes may enable the removal of specific
micropollutants from air streams. For instance, the efficacy
of oxidized MWNTs for the adsorption of nicotine and tar
has been explored for applications in cigarette filters (191).

Carbonaceous Nanomaterials as Antimicrobial Agents

In addition to spawning a suite of novel environmental
applications, the unique properties and nanoscale dimen-
sions of fullerenes and nanotubes have raised concern among
toxicologists and environmental scientists (192–194). While
explicit mechanisms of antimicrobial activity are still under
investigation, toxicity may depend upon physiochemical and
structural characteristics such as surface chemistry, func-
tional group density, length, residual catalyst contamination,
and diameter (195–202). A number of researchers are hoping
to exploit these observed antimicrobial properties in envi-
ronmental and human health applications (27, 201–203).
Specific classes of nanomaterials may be applicable for water
disinfection (189), medical therapy (204, 205), antimicrobial
surface coatings (206), or laboratory techniques in micro-
biology (207).

FIGURE 4. Schematic of CNT hybrid filter. A cross-linked CNT
filtration layer atop a porous ceramic support provides the
basis for a robust, regenerative water purification device.
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Deliberate perturbation of cell membranes is a potent
method for pathogen control. Membrane disrupting agents
are broad spectrum antibiotics, and physical mechanisms of
toxicity do not stimulate antibiotic resistance. Recent work
linking Escherichia coli K12 toxicity to direct contact with
SWNTs suggests that membrane disruption is a leading
mechanism of inactivation (201, 202). Novel antimicrobial
surface coatings that exploit the inherent vulnerability of
bacteria toward CNTs may provide elegant engineering
solutions to the challenging problem of bacterial colonization
and biofilm development in drinking water systems, medical
implant devices, and other submerged surfaces. Work on
CNT toxicity toward diverse microbial communities is
ongoing (208).

A number of research groups are investigating applications
of antimicrobial and antiviral nanoparticles for water treat-
ment and distribution systems. Removal and inactivation of
bacteria and viruses on SWNT hybrid filters is referenced
above (189). CNTs have also been proposed as scaffolding
agents for antimicrobial Ag nanoparticles (209) or semicon-
ducting photocatalysts such as TiO2 (68).

Pathogen deactivation by fullerol (99) and nC-60 (210)
may also be applicable to water and wastewater treatment
if hurdles to immobilization and separation of the nano-
materials are surmounted (211). The antiviral activity of
fullerols is hypothesized to act through the generation of
singlet oxygen in the presence of UV light or superoxide in
the presence of both UV and an electron donating molecule
(203). Finally, stable nC-60 suspensions exhibited potent
antibacterial activity toward physiologically diverse bacteria
over a range of environmental conditions (210).

Carbonaceous Nanomaterials for Environmental Sensing

Environmental scientists, engineers, and policy makers face
a challenging range of scale in their work. Contaminants
expressed in concentrations of parts-per-trillion are cor-
related to environmental implications expressed in millions
of liters of water or billions of people affected. Skepticism
often shrouds the potential for nanotechnology’s contribu-
tions to these large-scale environmental challenges.

Environmental sensing, however, is one application of
nanotechnology with potential to bridge this range of scale.
Recent endeavors to monitor environmental change through
networked sensing systems will inform predictive models
and shape future environmental policy. The Water and
Environmental Research Systems Network (WATERS Net-
work), for example, plans an integrated sensor network that
will link environmental observatories and provide an ac-
cessible cache of data for modeling and predicting water
quality and quantity (212). Scalability and forecasting at this
magnitude will require a suite of precise and flexible sensors.

CNT based sensors offer a number of advantages to
existing sensor platforms, and readers are referred to recent
critical reviews on this subject (213–218). Chemical, biological,
thermal, optical, stress, strain, pressure, and flow sensors
draw upon the exceptional electrical conductivity, chemical
stability, high surface area, mechanical stiffness, and straight-
forward functionalization pathways of CNTs to enhance
traditional carbon electrode sensor platforms (219). In
another application, arrays of aligned MWNTs grown on an
SiO2 substrate serve as anodes in ionization sensors for gas
detection (220). The sharp tips of nanotubes facilitate the
generation of high electric fields at low voltages, enabling
portable, battery operated, and small scale sensors. Detection
occurs via electric field decomposition of the sample followed
by cathode registration of a unique fingerprint for each
gaseous analyte.

The introduction of CNT nanowire sensors constitutes a
major breakthrough for the sensor field. Adsorption of
charged species to the surface of the CNT modifies the
nanotube conductance, thereby establishing a basis for
correlation between current fluctuation and analyte com-
position or concentration. Kong et al. (221) developed gas
sensors in which the electrical resistance of semiconducting
SWNTs changed by 3 orders of magnitude seconds after
exposure to part per million concentrations of NO2 or NH3

at room temperature. The fast response time, low detection
limits, and high sensitivity are a function of the large and
fully exposed surface area of the SWNTs.

The power of the nanowire sensor platform lies in schemes
for rational modification to target specific chemical and
biological analytes lacking inherent affinity for CNTs (222).
Covalent and supramolecular functionalization enables mod-
ification with a suite of chemical groups, metals, enzymes,
antibodies, DNA molecules, and biological receptors. The
environmental monitoring applications of CNT biosensors
are extensively reviewed by Wang (113, 223), Rogers (224),
and references contained therein. Other environmental
applications include health and safety monitoring, infra-
structure management, chemical and material efficiency in
manufacturing, and cost-effective regulatory platforms.

Monitoring environmental microbial ecology and detect-
ing microbial pathogens are also objectives of biosensor
platform research. Some systems utilize direct adsorptive
accumulation of nucleic acid or protein targets to the surface
of the CNT electrode array for label-free electrical detection
of hybridization (225). Others employ the unique conductive
properties of the CNT to amplify signal pathways in both
recognition and transduction events (226). Many of these
systems have achieved attomolar (10-18 M) or zeptomolar
(10-21 M) detection limits, levels which open opportunities
for direct detection techniques rather than the PCR-mediated
amplification and analysis currently in practice (113). Widely
distributed nanobased sensor networks for rapid and sensitive
detection of microbes would strengthen domestic security,
enhance online response to microbial outbreaks in drinking
water systems, extend subsurface monitoring of biodegrada-
tion, or capture evolution in microbial communities after
environmental perturbation.

Carbonaceous Nanomaterials for Renewable Energy

Worldwide consumption of marketed energy is anticipated
to increase by 57% between 2004 and 2030 (227). Concomitant
with this growth are increases in fossil fuel emissions,
transnational energy transport, and process water consump-
tion. While coal will be the leading market substitute for
shortages in oil and natural gas, meeting the long-term energy
challenge will require interdisciplinary and transnational
collaboration on advances to solar, wind, biological, or low
grade heat source utilization technologies.

Though nanomaterials and nanocomposites will find
applications across renewable energy sectors, the majority
of applications constitute material improvements to second-
ary components. CNT anodes, for instance, may improve
the sensitivity and spatial resolution of radiation counters
used in nuclear power plants (228). Symmetric, aligned
nanotube membranes, may enable the use of low grade heat
through an osmotic heat engine (229). And stronger, lighter
materials may yield structural improvements in wind har-
vesting devices (230).

The greatest potential for carbonaceous nanomaterials
to yield fundamental breakthroughs lies in solar energy
applications. Current limitations to photovoltaic and pho-
toelectrochemical energy sector growth include affordability,
material availability (e.g., indium), and device flexibility (231).
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While inexpensive, micrometer scale carbon materials are
common in solar energy conversion and storage devices (232),
the improved electronic and optical properties of nanotubes
and fullerenes enable novel architectures and extended
durability (233). The diversity of carbonaceous nanomaterial
applications to solar energy collection, storage, and conver-
sion devices has motivated numerous review articles
(231, 233–235). This review critically analyzes a small cross-
section of these technologies with the intent of highlighting
the enabling role of molecular manipulation on the nanoscale.

Photovoltaic devices convert adsorbed photons into
electrical charge to power an external circuit. Novel organic
solar cell architectures promise efficient and flexible sub-
stitutes to conventional designs utilizing inorganic silicon
for photocurrent generation (233). Bound electron-hole pairs
(231) and short exciton diffusion lengths in organic semi-
conductor systems, however, constrain the thickness of the
acceptor-donor layer in organic solar cells (231). To ac-
commodate these limitations, the active layer is designed
with bulk heterojunction architecture (236) to increase the
interfacial area and promote charge transport in organic
photovoltaic devices (237). Ideally, the chemical properties
of the donor and acceptor materials are tuned to achieve
complete phase separation within the active layer and a phase
segregation length consistent with the exciton diffusion length
(238).

Despite thickness limitations, polymeric-fullerene bulk
heterojunction donor-acceptor materials (238–240) are low
cost and demonstrate excellent charge separation capabilities
(231). The organic solar cell accepting material of choice,
fullerenes display strong electron accepting, efficient charge
transporting, and dense crystal packing properties (238).
Optimization strategies have drawn upon the tunable optical,
electronic, and chemical properties of fullerene molecules
to maximize the range of photovoltaic applications. For
instance, select functional groups improve fullerene misci-
bility during the thin-film casting process while preserving
the optical properties of the polymer-fullerene dyad (238).
Molecular manipulations also optimize the HOMO-LUMO
energy relationship with the donating polymer, increase the
lifespan of the charge separated state, enhance adsorption
in the visible light range, and ensure thermodynamically
favorable heterojunction morphologies (241). Organic-in-
organic hybrid photovoltaic cells and dye-sensitized solar
cells (DSSC) have also utilized the optical activity of CNTs
and fullerenes as a chromophore (231, 233, 234,
242–247).

Other photovoltaic architectures incorporate carbon-
based nanomaterials as a transparent conducting anode.
Solar cell efficiency depends on anodes with high optical
transmittance to maximize excitation of the active layers and
low sheet resistance to reduce power loss. Indium-tin oxide,
the conventional material of choice, is environmentally scarce
and suffers some chemical and optical limitations (248). Thin
films of SWNTs have been explored as a low cost, transparent,
highly conductive, and physically flexible anode replacement
(249–253). While reasonably high efficiencies have been
achieved, optimization is limited by the difficulty of separat-
ing semiconducting and metallic SWNTs.

In photoelectrochemical cells, semiconducting materials
generate an electron-hole pair and transfer the charge
through a circuit to a counter electrode in contact with a
redox couple in the electrolyte solution (254). Semiconducting
CNTs undergo charge separation upon exposure to UV light,
initiating charge transfer to a solution phase reactant
(235, 247). While direct use of CNTs’ photoactive properties
in photoelectrochemical cells have achieved modest pho-
toconversion efficiencies, semiconducting materials such as
TiO2 are superior catalytic agents. Unfortunately, these

nanoscale inorganics suffer from high charge recombination
as the free electron migrates to the electrode surface (255).
To reduce rates of charge recombination, CNTs have also
been proposed as conductive scaffolds to convey charge to
the electrode (256, 257). High conductivity and smooth
junctions between the electrode and SWNTs enable this
reduction in charge recombination (247). Again, synthesis of
monochiral nanotubes would dramatically improve the
conduction efficiency of CNT scaffolding.

Proton exchange membrane (PEM) fuel cells harvest the
chemical energy in photochemically produced hydrogen to
generate electricity without combustion byproducts. Basic
PEM architecture consists of an anode for hydrogen molecule
dissociation, an electrolyte spacer, and a cathode for oxygen
reduction (232). While traditional electrode design has
incorporated carbon particles as a porous scaffold (232, 233),
ordered carbon nanostructures offer improvements to fuel
cell voltage output (258–261). Substitution with CNTs at the
anode improves charge transfer (260) and optimizes the triple
phase contact layer between the carbon electrode, the noble
metal catalyst, and the proton conductor (261). At the highly
acidic cathode, CNTs’ low percentage of dangling bonds
enhance corrosion resistance, whereas the porous structure
of the CNT mesh electrodes ensures gas diffusivity and a
path for water removal (233, 262, 263). When SWNTs are
employed as a scaffolding agent, platinum recrystallization
rates were also decreased, thereby lengthening the lifespan
of the fuel cell (69). Finally, the structural and mechanical
properties of CNTs open the possibility for freestanding fuel
cell electrodes with enhanced conductivity and ease of
fabrication in comparison to nanotubes cast on carbon paper
or other support materials (233).

Renewable energy infrastructure also requires efficient
and cost-effective energy storage devices. The promise of
the hydrogen economy, in particular, depends upon hydro-
gen storage devices with high storage capacity and rapid
desorption under moderate temperature increases. While
carbon-based nanomaterials were promoted as the missing
link in the fabrication of a robust and inexpensive hydrogen
storage system (264), current research (265–269) suggests
that existing carbon nanostructures do not satisfy U.S.
Department of Energy (DOE) targets (270) for volumetric or
gravimetric densities of hydrogen storage. A number of
theoretical carbon nanoparticle morphologies have also been
modeled (266), though none of the structures yielded
hypothetical storage capacities capable of meeting DOE
standards. Instead, CNTs are likely to be used as scaffolding
agents for metal oxide nanoparticles with high hydrogen
affinities (70, 134, 271–276).

Pollution Prevention through Molecular Manipulation

The present review has covered environmental applications
insofar as nanomaterials are directly applied toward chal-
lenges faced by environmental scientists, engineers, and
policy makers. Contaminant remediation, water treatment,
sensing, and energy storage each represent product phase
environmental applications of nanotechnology. Those who
embrace the concepts of life-cycle assessment, however,
recognize that the use phase constitutes only a fraction of
a technology’s evolution from design through disposal. Green
chemistry, green engineering, life-cycle design, and industrial
ecology probe other phases of product life-cycles for op-
portunities to minimize environmental impact. Indirect
applications of carbonaceous nanomaterials are poised to
make significant contributions in these alternate phases of
technological development.

Carbon-based nanomaterials enable a suite of composite
materials with improved performance characteristics. When
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enhanced durability, high strength/weight ratios, or reuse
applications of a material are incorporated into product
design, the potential exists for products with a longer lifespan
and greater material efficiency. Replacing current structural
materials with high strength nanotube composites, for
instance, could reduce the volume of concrete (277) or the
mass of high strength steels (278). Minimization of material
flows across life-cycle phases will be a major contribution of
nanotechnology to the field of green design.

The contributions that nanomaterials make toward
reduced material flow must not be “undone” by resource
intensive or environmentally hazardous techniques for
synthesizing CNTs. Greener synthesis pathways, solvent
substitution in purification techniques, and bottom up
manufacturing schemes are being explored to reduce the
environmental burden of the nanomaterials themselves
(279, 280).

Carbonaceous nanomaterials may also affect the efficiency
of manufacturing processes, with nanotubes serving as
catalysts, scaffolds for reagents, or when incorporated in
membranes, as a nanofluidics applicator of process solutions.
Styrene synthesis using CNTs as a replacement for conven-
tional iron-oxide catalysts converted the reaction from
endothermic to exothermic, reduced the temperature of
reaction by 200 °C, and improved the selectivity of the reaction
(281). This process yields a net energy savings of nearly 50%
and reduces heavy metal emissions by 75% (281). Com-
mercially viable and alternative energy sources, such as solar
cells incorporating SWNT hybrid molecules (282), may
eventually power manufacturing facilities and reduce the
share of greenhouse gas emissions generated by industrial
manufacturing.

Despite the significant pollution prevention opportunities
carbonaceous nanotechnologies present in manufacturing
and end-of-life stages, product phase applications are likely
to drive incorporation of nanotubes and fullerenes into
consumer goods. Pending significant toxicological findings,
the inherent bias that designers and consumers, alike, hold
for product phase applications of a technology will accelerate
and focus development of nanotechnology in this direction.
In addition to enhanced performance characteristics, a
number of existing product phase applications of carbon-
aceous nanotechnologies focus on reducing energy demands,
increasing safety, or enabling component reuse. For example,
CNT field emitter displays offer energy and material savings
over conventional cathode-ray tube, liquid crystal, and
plasma display panels across the preproduction, production,
and use phases (281).

Green nanotechnology should also incorporate end-of-
life considerations in product design, manufacturing, and
applications development. Opportunities for nanomaterial
product regeneration or secondary applications should be
explored. Nanomaterial sorbents, for instance, might find
secondary use in structural reinforcement or road construc-
tion. Finally, green product design must consider disposal
and containment strategies to minimize the dispersal of
nanomaterials in the environment. This is an area ripe for
multidisciplinary collaboration between product engineers,
environmental scientists, and toxicologists.

Nevertheless, barriers exist to the realization of pollution
prevention practices in nanobased product development,
implementation, and life-cycle design. Challenges arise when
scaling up technologies from bench to industrial level
processes. The quality, consistency, and pricing of carbon-
aceous nanomaterials are still in flux. Existing waste man-
agement infrastructure systems are not designed to accom-
modate new nanobased products. Studies on the fate,
transport, and toxicity of CNTs and fullerenes report con-
flicting results (194, 197). And, public perceptions of risk are

highly volatile toward unfamiliar technologies (283). Efforts
to earn public trust through responsible risk communication
outlets are one important component of a comprehensive
strategy to reinforce nanotechnology’s status as a conduit
for pollution prevention and green design.
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