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Abstract: Carbon nanoparticles (CNPs) are novel manufactured materials with unique properties and have potential for a variety
of applications. Adsorption of organic contaminants by discharged CNPs may affect the fate and transport of organic contaminants
in the environment. This review summarizes the present research progress regarding organic contaminant adsorption on CNPs, and
provides important information for the evaluation of the environmental behavior of organic contaminants and the risks associated
with the use of CNPs. The main adsorption mechanisms involve hydrophobic interactions, n-n interactions, hydrogen bonds, and
electrostatic interactions. These interactions may exist simultaneously, while the controlling adsorption mechanism differs de-
pending on the properties of both the organic contaminants and the CNPs along with environmental conditions. The status of CNPs
in the environment greatly affects or even controls their characteristics for adsorption of organic contaminants. The mobility and
transport of dispersed CNPs and CNP-adsorbed organic contaminants could be promoted in natural aqueous environments, po-
tentially increasing the spread of various organic contaminants and their associated environmental risks. Investigating the ad-
sorption mechanisms and impact parameters is vital in predicting the environmental behaviors of both organic contaminants and

CNPs and their associated risks.
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1 Introduction

Carbon nanoparticles (CNPs), including fuller-
ene (Cgp), graphene and carbon nanotubes (CNTs),
have attracted special attention due to their unique
structures. The excellent and tunable properties of
CNPs such as high mechanical strength, good elec-
trochemical stability, and useful electronic and pho-
tophysical properties (Baughman ez al., 2002; Popov,
2004) have enabled increasing and widespread ap-
plications in medicine, environmental remediation,
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energy, and communications (Arnaldi, 2013).
Therefore, CNPs will inevitably enter the environ-
ment from their manufacturing, transport, use and
disposal processes and may become a very important
component of the environment. Recently, some re-
searchers have reported the detection of CNPs or
metal nanoparticles in various environmental media,
including atmospheric water, surface water, ground-
water, ocean, soil, sediment, and even drinking water
(Tong et al., 2007; Wigginton et al., 2007; Handy et
al., 2008; Klaine et al., 2008; Frimmel et al., 2010;
Reinsch et al., 2010). The ubiquity of CNPs has raised
concern among environmentalists because CNPs have
been demonstrated to be toxic to various organisms
(Lam et al., 2006; Handy et al., 2008; Gwinn et al.,
2011; Petersen et al., 2011; Delgado and Carlo, 2013).
More importantly, strong interactions between CNPs
and various organic contaminants are expected due to



Peng et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(8):606-617 607

their hydrophobic surfaces, which significantly alter
the mobility, bioavailability, and toxicity of both
CNPs and contaminants, consequently leading to
unforeseen health and environmental risks (Masci-
angioli and Zhang, 2003; Tasis et al., 2006; Ren et al.,
2011). Obviously, understanding the mechanisms of
interaction between CNPs and organic contaminants
is critical for environmental fate modeling and the
assessment of both CNPs and organic contaminants.
However, research in this area is still fragmentary and
thus an overview of the mechanisms of interaction
between CNPs and organic contaminants is urgently
needed. In this review, we summarize and discuss
three aspects of the interactions between CNPs and
organic contaminants: (1) the effects of properties of
CNPs, such as their surface properties and morphol-
ogy; (2) the effects of properties of contaminants,
such as their molecular size, structure, and functional
group; and (3) the effects of environmental conditions,
such as pH, ionic strength, co-solvents, and natural
organic matter.

2 Effects of carbon nanoparticle surface
properties and structures

2.1 Surface properties

Generally, for all surface properties of CNPs, the
surface area always plays an important role in their
interactions with organic contaminants. For example,
the decreased diameter of CNTs results in increased
surface area and leads to enhanced adsorption of py-
rene, ofloxacin (OFL) and norfloxacin (NOR) (Yang
et al., 2006; Peng et al., 2012b). The ranking of dif-
ferent CNPs according to the adsorption of phenan-
threne determined by their surface area was: single-
walled CNTs (SWCNTs)>multi-walled CNTs
(MWCNTs)>Cg (Yang et al., 2006). Moreover, the
major difference between SWCNTs and MWCNTs is
their surface area. The surface areas of SWCNTs
(500-600 mz/g) are often larger than those of
MWCNTs (100-300 m*/g). Peng et al. (2012b) found
that the adsorption of OFL and NOR on SWCNTs
was significantly higher than that of MWCNTSs. Other
research also found that SWCNTs showed higher
adsorption than MWCNTs for 17a-ethinyl estradiol
and bisphenol A (Pan et al., 2008). These results
suggest that surface area is an important factor for the

adsorption of organic contaminants on CNTs.

Generally, the surface areas of CNPs are lower
than that of activated carbon (AC) (Cho et al., 2008).
However, some CNPs, such as SWCNTs, showed
comparable or even higher adsorption of organic
contaminants than AC (Pan et al., 2008; Peng et al.,
2012b). The high surface area of AC results from its
porous structure (Wang Z.Y. et al., 2010), while
outer-exposed surfaces contribute most to the surface
area of SWCNTs (Yang et al., 2006). Thus, the
availability of surfaces for adsorption of organic
contaminants on SWCNTs would be higher than that
of AC, due to pore blocking effects. However, for
planar structural molecules such as benzene, a flat
surface results in better contact with CNTs, and thus
adsorption increases with increasing diameter (de-
creased surface area) (Tournus and Charlier, 2005).
Obviously, surface area alone is not enough to inter-
pret the adsorption characteristics of organic con-
taminants on CNPs. Adsorption is affected by other
factors, such as molecular structure, functional groups,
and the morphology of CNPs.

Functional groups like -OH, —COOH, and -C=0
of CNPs can be intentionally added by oxidation
methods (Gotovac et al., 2007b). In addition, CNTs
discharged into the environment may be oxidized in
natural processes. The altered adsorption of organic
contaminants on CNPs as affected by oxidation re-
sults from two characteristics. First, oxidized CNPs
are more hydrophilic than pristine CNPs because the
surface wettability of CNPs is enhanced by oxygen-
containing functional groups, leading to increased
adsorption of hydrophilic contaminants and decreased
adsorption of hydrophobic contaminants (Chen W. et
al.,2008; Cho et al., 2008; Shen et al., 2009). Second,
the functional groups of CNPs can interact with water
through hydrogen bonding, leading to the formation
of water clusters, which decrease the accessibility of
CNP surfaces to organic contaminants (Yang et al.,
2004). Adsorption of water clusters around the
O-containing groups on the surface of CNPs sup-
presses the adsorption of organic contaminants, due
mainly to competitive adsorption for carbon surface
area. Also, electrostatic repulsion might increase
while the n-n interactions might weak due to the in-
crease in carboxylic groups (Sheng et al., 2010).
These mechanisms result in decreased interactions
between CNPs and organic contaminants, especially
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the relatively high molecular weight and low polar
contaminants (Peng et al., 2003; Cho et al., 2008;
Piao er al., 2008). However, hydrogen bonds could
also be formed between functional groups of CNPs
and contaminants, leading to enhanced interactions.
For example, MWCNT-OH and MWCNT-COOH
could form hydrogen bonds with 2-phenyphenol and
enhance its adsorption (Zhang S.J. et al., 2010). Ob-
viously, the adsorption of organic contaminants on
oxidized CNPs is highly dependent on the properties
of the organic contaminants, such as molecular size,
functional groups, polarity and solubility, which will
be discussed in Section 3.

Functional groups grafted on the CNT surface
may affect the adsorption of organic contaminants.
For example, the adsorption capacity of CNTs can be
enhanced when B-cyclodextrin (B-CD) is grafted on
the CNT surface. These CNTs have very high re-
moval ability for Pb(Il) and 1-naphthol because the
multiple hydroxyl groups and inner cores of the hy-
drophobic cavity in B-CD can form complexes with

metal ions and organic contaminants (Hu ez al., 2010).

Shao et al. (2010b) used a plasma technique to graft
B-CD on the surfaces of MWCNTSs and suggested that
MWCNT-g-CD had a much higher adsorption ca-
pacity for the removal of polychlorinated biphenyl
than that of the original MWCNTs. Results of other
research with grafted polyaniline (PANI) on
MWCNTs indicated that the adsorption capacity of
PANI/MWCNTs was enhanced because of a strong
conjugate effect between PANI and organic contam-
inants. Thus, PANI/MWCNTs were used to remove
aniline and phenol from aqueous solutions (Shao et
al., 2010a). Obviously, changes in the surface prop-
erties of CNPs greatly affect the adsorption of organic
contaminants.

2.2 Morphology

In this section, CNTs are chosen as the major
probe to elaborate the effects of morphology because
of their definite structures and uniform surfaces.
CNTs are known as allotropes of carbon nanomateri-
als and feature a seamless tubular structure formed by
curling-up graphene sheets. They are classified into
SWCNTs and MWCNTs according to the number of

layers of graphene sheets (Iijima and Ichihashi, 1993).

These CNTs contain 2 to 30 concentric cylinders and

have outer diameters commonly between 2 and 50 nm.

CNT lengths vary substantially and often range from
100 nm to 10 mm or more (Reilly, 2007). The external
surfaces of CNTs are the main areas for the adsorption
of organic contaminants, while the inner cavity
(spaces in the innermost graphite tube) and the inter-
wall spaces (spaces between the coaxial tubes) in the
cylindrical MWCNT, generally are blocked by metal
catalysts or amorphous carbons, and thus are not ac-
cessible to organic molecules (Yang and Xing, 2007).
Therefore, for a single CNT, the generally available
site for the adsorption of organic contaminants is its
external surface (Fig. 1) (Yang and Xing, 2007).

Inner (internal) cavity
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Fig. 1 Schematic structure of single-walled carbon nano-
tubes (left), and multi-walled carbon nanotubes (right),
showing the inner cavity, external surface, and interwall
spaces (Yang and Xing, 2007)

CNTs are generally found in an aggregated state
in solutions because of van der Waals interactions
(Zhao et al., 2002). Thus, the outer surface, inner
pores of tubes, interstitial pores and groove areas
between CNTs are the possible adsorption areas of
CNTs (Fig. 2) (Pan et al., 2008). For organic con-
taminants, the inner pores of tubes are not available
sorption sites because organic molecules are too large
to fit into that area. Obviously, the availability of sites
on CNTs for adsorption of organic contaminants is
dependent on their molecular and geometrical prop-
erties and CNT morphology.

According to nitrogen adsorption analysis and
theoretical calculation, the surface area of CNPs may
be significantly decreased due to the aggregation of
CNPs in water (Zhang et al., 2009). If CNP aggre-
gates could be dispersed effectively, the surface area
and adsorption of organic contaminants would be
expected to increase. Cheng et al. (2005) found the
adsorption of naphthalene and 1,2-dichlorobenzene
on dispersed Cgp in toluene was orders of magnitude
higher than that of aggregated Cg. These authors also
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investigated the adsorption of naphthalene on differ-
ent aggregates of fullerene, and found that the Cg
dispersion status could influence the adsorption of
naphthalene significantly. Adsorption coefficients (Kg)
of naphthalene on “Cg, small aggregates” (Kg=10"**
ml/g) were higher than those on “Cg large aggre-
gates” (Kd=102'39 ml/g). The reason for the strong
adsorption of naphthalene on “Cgy small aggregates”
may be that their surface area was one order of mag-
nitude larger than that of “Cgy large aggregates”
(Cheng et al., 2004).
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Fig. 2 Schematic diagrams of the adsorption of bisphenol
A (BPA) on SWCNTs.

The numerals 1, II, III, and IV indicate the possible available
adsorption areas of surface, groove, interstitial spaces, and
inner pores, respectively (Pan et al., 2008)

3 Influences of contaminant structures and
properties

3.1 Molecular size and structure

The molecular size of organic contaminants is an
important factor that affects their capacity for ad-
sorption on CNPs. The available adsorption sites on
CNPs are determined mainly by the molecular size
and shape of the organic contaminant. Research re-
sults indicate that steric hindrance effects, which
decrease in order of decreasing molecular size, pre-
vent access of organic contaminants to some sorption
sites on CNT surfaces. Obviously, smaller-sized
molecules have a greater number of available sites on
CNTs and, therefore, higher adsorption in comparison
with larger-sized molecules (Wang Y.F. et al., 2010).

The effects of molecular structure and shape can
be illustrated well by comparing the adsorption of
phenanthrene and tetracene on SWCNTSs. The higher
adsorption of tetracene results from the better suita-
bility of the tetracene molecule (a long four-ring

molecule with a large & electron system) to the sur-
face of SWCNTs than the phenanthrene molecule
(Gotovac et al., 2007c; Liu et al., 2008). A model of
the contact of phenanthrene and tetracene with the
SWCNT surface is illustrated in Fig. 3 (Gotovac et al.,
2007a). At least one of the benzene rings of the phe-
nanthrene molecule cannot make complete contact
with the curved SWCNT surface because of its rec-
tangular structure, while the tetracene molecule fits
the curved SWCNT surface better, due to its linear
structure. This means that tetracene with 4 aromatic
rings makes better contact with the SWCNT surface
than phenanthrene with 2.5 aromatic rings. Therefore,
a remarkable difference between the adsorption of
phenanthrene and tetracene is observed. Similar re-
sults were found for the adsorption of 1-naphthol and
2-phenylphenol on CNTs. 1-naphthol has two fused
benzene rings, but the two benzene rings of
2-phenylphenol are separated. The fused benzene
rings can match the carbon ring array of the tubes
better than the separated rings, leading to a higher
adsorption of 1-naphthol on CNTs (Lin and Xing,
2008a).

Fig. 3 Adsorption models of phenanthrene (a) and te-
tracene (b) on SWCNTs.

Molecules are assumed to be adsorbed such that the molecular
axis is parallel to the nanotube axis (Gotovac ef al., 2007a)

3.2 Molecular functional groups

Organic contaminants with different functional
groups have different interactions with heterogeneous
CNPs. For example, adsorption affinity increases in
the order of nonpolar aliphatic<nonpolar aromatics<
nitroaromatics for a given CNT (Chen et al., 2007).
Cyclohexane cannot form m-m interactions and
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hydrogen bonds with CNPs because it has no func-
tional groups. It is widely recognized that the effect of
molecular functional groups on adsorption of organic
contaminants by CNTs is by =n-m electron-
donor-acceptor (EDA) interaction (Gotovac et al.,
2006; Chen et al., 2007). The strength of EDA inter-
action is greatly dependent on the functional groups
attached to the benzene rings of organic contaminants.
Previous research noted that adsorption of 2-naphthol
was higher than that of 2,4-dichlorophenol on CNTs
because the EDA interaction was more prominent for
2-naphthol. The stronger EDA interaction of
2-naphthol was probably due to two reasons. First, the
electron density in the benzene rings of 2-naphthol
was greater than that of 2,4-dichlorophenol, because
2,4-dichlorophenol contains two chlorine groups with
strong electron-withdrawing ability. In addition,
2-naphthol with two benzene rings has much
stronger m-electron-conjugating potential than 2,4-
dichlorophenol with one benzene ring (Chen W. et al.,
2008).

The adsorption of organic contaminants with
—OH and —COOH functional groups on CNPs may be
enhanced via hydrogen bonds (Vermisoglou et al.,
2007; van Wieren et al., 2012). Yang et al. (2008)
indicated that the adsorption affinity of phenol or
aniline on CNPs was enhanced with their substituted
groups at a given position in the following order: nitro
group>chloride group>methyl group, due to differ-
ences in the ability to form hydrogen bonds (Yang et
al., 2008). The ability to form hydrogen bonds is also
affected by the position of functional groups. For
example, the substitution of hydroxyl in the meta-
position for phenol gave higher adsorption than sub-
stitution in the ortho- or para-position (Liao et al.,
2008).

The polarity of organic contaminants is also
greatly affected by molecular functional groups, and
the dominant interactions between CNPs and polar or
nonpolar contaminants are significantly different. For
example, the adsorption of polar organic contami-
nants increases with increased CNP oxygen content
because of the enhanced hydrogen bonding or ©-nt
EDA interactions. However, the adsorption of non-
polar organic contaminants decreases with increased
CNP oxygen content due to decreased hydrophobic
interactions (Pan and Xing, 2008).

3.3 Mechanisms of interaction between contami-
nants and carbon nanoparticles

The above studies suggest that various mecha-
nisms such as hydrophobic, electrostatic, hydrogen
bonding, and the n-1 EDA mechanism play roles in
the adsorption of organic contaminants on CNPs
(Table 1) (Gotovac et al., 2007¢; Pan et al., 2008; Pan
and Xing, 2008; Ji et al., 2009). Among these inter-
actions, hydrophobic interaction has been used to
interpret the sorption of hydrophobic organic con-
taminants (HOCs) by CNPs, because the surfaces of
CNPs are hydrophobic (Gotovac et al., 2006; 2007c;
Yang et al., 2006). Electrostatic interaction may be
the dominant interaction for the adsorption of charged
organic contaminants on CNPs (MacKay and
Vasudevan, 2012), such as the adsorption of fluoro-
quinolone antibiotics (OFL and NOR) on CNTs, as
affected by pH (Wang et al., 2009; Peng et al., 2012b).
Hydrogen bonds can form between CNPs and organic
contaminants if both chemicals and CNPs have cer-
tain functional groups, such as —OH, —COOH, —F, and
—NH, (Vermisoglou et al., 2007; van Wieren et al.,
2012). n-m interaction has also been used to interpret
the adsorption of organic contaminants with a ben-
zene ring or C=C double bond on the CNP surface
(Chorover et al., 1999; Kulshrestha et al., 2004;
Woods et al., 2007). These mechanisms may act
simultaneously, and different mechanisms may re-
spond differently to changes in CNP properties. For
example, if hydrogen bonding is the controlling ad-
sorption mechanism, sorption of organic contami-
nants may increase as the oxygen content of CNPs
increases. However, if hydrophobic interaction is the
predominant mechanism, sorption of organic con-
taminants may decrease as the oxygen content of
CNPs increases. Thus, the relative contribution of
individual mechanisms to overall adsorption is vital
to predict interactions between contaminants and
CNPs. However, present studies generally emphasize
that various adsorption mechanisms simultaneously
affect the sorption of organic contaminants on CNPs,
but do not distinguish the controlling sorption
mechanism or propose methods to quantify the rela-
tive contribution of a given mechanism. Therefore,
we considered some methods to estimate the relative
contribution of an individual mechanism, as follows:
(1) Kyw-normalized adsorption coefficients K4
(Ko/Kuw, K4 1s the the total interactions apparent ad-
sorption coefficient and Kyw is the n-hexadecane
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Table 1 Effects of various interactions on the adsorption of organic contaminants by CNPs

Adsorbent Adsorption mechanisms and their functions Reference
MWCNTs Electrostatic interaction and hydrogen bond increase adsorption (Yang et al., 2012)
MWCNTs Solution pH, ionic strength, and solvent affect sorption (Liu et al., 2012)
MWCNTs Hydrophobic interactions induce adsorption; n-n electron donor-acceptor (Jietal., 2009)

interaction increases adsorption

Titanium oxide
nanoparticles

adsorption

SWCNTs Large surface area induces adsorption

Electrostatic interactions: electrostatic repulsion decreases adsorption while
electrostatic attraction increases adsorption, surface complexation increases

(van Wieren et al.,
2012)

(Zhang X. et al., 2010)

water partition coefficient) could be used to screen out
the hydrophobic effect (Chen et al., 2007), enabling the
effect of other mechanisms to be easily determined. (2)
Comparison of adsorption coefficients of different
organic contaminants on a given CNP or of a given
contaminant on CNPs with different functional groups
will provide important information about the relative
contribution of a given mechanism. (3) Conducting
adsorption experiments using organic solvents with
different polarities may provide more insight to un-
derstand the relative contribution of hydrophobic in-
teractions or other adsorption mechanisms.

On the other hand, a variety of computational
studies have been devised to predict the sorption
mechanisms for organic contaminants on CNPs.
Tournus et al. (2005) used ab initio methods to in-
vestigate the m-stacking interaction of the planar
polycyclic aromatic hydrocarbons benzene, pyrene
and azulene with SWCNTs. Umbuzeiro et al. (2011)
applied computational modeling to 1-nitropyrene and
MWCNTs and found that physisorption at defect free
MWCNT regions appeared to be the main interaction
mechanism. Fagan et al. (2004) used calculations
from first-principles to study the structural and elec-
tronic behavior of the interaction between 1,2-
dichlorobenzene (DCB) and SWCNTSs. The results
indicated that the DCB interacted weakly with a per-
fect SWCNT surface but slightly more strongly with a
structurally vacant SWCNT surface. Zou et al. (2012)
found that -7 interactions contributed about 24% to
between organic contaminants and CNTs when they
computed the adsorption of cyclohexane, benzene
derivatives, and polycyclic aromatic hydrocarbons on
(8,0) SWCNTs by density functional theory. Thus,
theoretical calculation incorporated in experimental
study can provide a better understanding of the in-
teraction between organic contaminants and CNPs.

4 Sorption of organic contaminants on car-
bon nanoparticles as affected by environ-
mental conditions

The effects of water chemistry on the adsorption
of organic contaminants on CNPs have been well
documented. For example, Chen G.C. et al. (2008)
systematically studied the effects of pH, ionic
strength, and the presence of humic acids (HAs) or
heavy metal ions on organic contaminant-CNT in-
teractions. They found that Cu®” or ionic strength
slightly affected the adsorption affinities of organic
contaminants, and HA reduced adsorption by
29%-57% for CNTs. They also indicated that the
adsorption of naphthalene was not affected by
changing the pH from 2 to 11, but the adsorption of
1,3-dinitrobenzene and 1,3,5-trinitrobenzene in-
creased 2—3 times from pH 2 to 11. Other studies also
demonstrated that pH was an important factor af-
fecting the adsorption of organic contaminants on
CNTs. The formation of water clusters around oxy-
gen-containing groups on the CNT surface results in
decreased adsorption of 1,2-dichlorobenzene on
CNTs when the pH exceeds 10 (Peng et al., 2003). Lu
et al. (2005) also indicated that oxygen groups were
ionized at higher pH and thus, could adsorb more
water molecules. Water clusters forming on these
groups occupy adsorption sites on the CNT surface
and thus result in less adsorption of trihalomethanes
when the pH exceeds 7. Previous discussion con-
cluded that multiple mechanisms may exist simulta-
neously for the adsorption of organic contaminants on
CNPs. Obviously, these environmental conditions or
factors will “wedge into” these mechanisms and
thereby alter the behavior of organic contaminants in
real environments. Thus, the effects of water chem-
istry, such as pH, HA, ionic strength, and the presence
of heavy metal ions, on the adsorption of organic
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contaminants on CNPs should be considered in this
review.

4.1 pH

The species of ionizable organic contaminants
are changed by changing pH, which results in varia-
tion in the apparent characteristics and mechanisms of
adsorption on CNPs. For example, the solubility and
ionization of some organic contaminants like herbi-
cides and resorcinol increases with increasing pH,
leading to decreased adsorption on CNPs due to de-
creased hydrophobicity (Biesaga and Pyrzynska,
2006; Liao et al., 2008). In addition, electrostatic
attractive or repulsive interactions are important for
the adsorption of organic contaminants as affected by
pH. When pH,,. (zero point of charge for CNPs)>
pH>pK, (ionizable organic contaminants), organic
contaminants will show high adsorption because of
the electrostatic attraction between negatively
charged contaminants and positively charged CNPs.
On the other hand, when pH>pK, and pH,,. or pH<
pK. and pH,,, the adsorption of contaminants on
CNPs is low because of the electrostatic repulsion
between adsorbates and adsorbents. For example,
when 1.8<pH<11.0, perfluorooctanoic acid (PFOA)
is negatively charged due to its pK; of —0.5. The pH,
0f 0.08% oxygen content MWCNTs is 2.13. Thus, its
surface is generally negatively charged and the nega-
tive charge will increase with increasing pH. The
stronger electrostatic repulsion force between nega-
tively charged PFOA molecules and CNPs results in
weak adsorption (Li et al., 2011). At pH 5.0 or 6.0,
OFL or NOR shows the highest adsorption, probably
because of electrostatic attraction between negatively
charged CNPs and positively charged OFL or NOR
molecules (Peng et al., 2012a). Zhang D. et al. (2010)
investigated the pH-dependent adsorption of sulfa-
methoxazole (SMX) on CNTs and different dominant
mechanisms were identified at different pH values
(Fig. 4). The same discussion could be applied to
other organic pollutants.

4.2 Water-organic cosolvents

The species of organic contaminants and their
solubility and mobility differ in different organic
solvents or cosolvents (Park et al., 2002). Cosolvents
have been noted to increase organic contaminant
solubility. Increased solubility results in decreased

Positive charge
repulsion

Negative charge
repulsion

Adsorption coefficient, Ky

pK;  PHzpe Of CNTs PKz pH —™

Fig. 4 Possible adsorption mechanisms for SMX on CNTs
at different pH values.

K4 decreases with increasing pH when pH>pH,,. and de-
creases with decreasing pH when pH<pH,,, because of elec-
trostatic repulsions. At a pH of around pH,,, various adsorp-
tion mechanisms (such as hydrophobic interaction, m-7
bonding and hydrogen bonding) contribute to overall SMX
adsorption (Zhang D. et al., 2010)

sorption of contaminants (Clark II et al., 2003). Thus,
investigating the adsorption of organic contaminants
on CNPs in organic solvents or cosolvents could
provide a new research perspective to understand
their sorption mechanisms.

Methanol is a water-like, polar organic solvent.
It is used as a common cosolvent in most studies
because it is completely miscible with water
(Bouchard, 1998). Previous studies investigated both
the solubility and sorption of OFL and NOR on CNTs
in a water-methanol cosolvent (Peng ef al., 2014). The
solubility of OFL decreased as the methanol volume
fraction (f;) increased. The sorption of OFL or NOR
decreased as f; increased. It is widely accepted that
the effect of a cosolvent on the sorption of HOCs can
be described by a log-linear cosolvency model (Rao et
al., 1985), which is also suitable for describing the
effect of cosolvents on OFL sorption. For NOR,
however, the model and solubility change could not
be used to describe its sorption. Thus, a log-linear
cosolvency model cannot be applied as a general
model to describe the effects of cosolvents on the
adsorption of all organic contaminants.

4.3 Metal ions

The presence of metal ions makes the environ-
mental behavior of organic contaminants more com-
plicated because they can interact with contaminants
and functional groups of CNPs. Metal ions (Cu®",
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Pb*" and Cd2+) might form surface complexes with
oxygen-containing functional groups of CNTs and
thus the adsorption of organic contaminants, such as
atrazine, 2,4,6-trichlorophenol on CNTs, may be
suppressed (Chen G.C. et al., 2008; Chen et al., 2009).
In other studies, the adsorption of diuron and dichlo-
benil on CNTs was inhibited by Pb>" because a large
hydration shell of Pb>" formed on the CNT surface
(Chen et al., 2011). However, Cu”" increased tetracy-
cline adsorption on CNTs because of cation bridging
between Cu>" and CNTs (Ji ef al., 2010). Obviously,
both increased and decreased adsorption of organic
pollutants can be observed with the addition of metal
ions, depending on environmental conditions. The net
effect is the balance between the increased and de-
creased effects. Additionally, the aggregation of CNPs
may be enhanced with increasing ionic strength. As a
consequence, adsorption of organic contaminants is
decreased on CNPs with highly compacted, aggre-
gated structures (Zhang D. et al., 2010).

4.4 Dissolved
surfactants

organic matter (DOM) or

The coexistence of CNPs and DOM in the en-
vironment is widespread because of the increasing
discharge of CNPs and the ubiquity of DOM. The
presence of DOM might change the aggregation of
CNTs and further change the number of available
sites for adsorption of organic contaminants (Lin and
Xing, 2008b). Two types of contrasting results have
been reported. One is decreased adsorption of organic
pollutants on CNPs. For example, adsorption of
1,3-dinitrobenzene, pyrene and 1,3,5-trinitrobenzene
on CNTs decreased in the presence of DOM (Chen
J.Y. et al., 2008; Zhang et al., 2012). Also, DOM and
surfactants inhibited the adsorption of phenanthrene
and naphthalene on CNTs (Hu et al., 2008; Wang et
al., 2008). The explanations for decreased adsorption
generally were the occupation of adsorption sites of
CNPs due to coating by DOM or surfactants, leading
to decreased availability of CNP surfaces for adsorp-
tion of organic pollutants (Pan et al., 2013). Another
result was increased adsorption of organic pollutants
on CNPs. DOM and surfactants can effectively dis-
perse CNPs by enhancing the hydrophilicity and ste-
ric repulsion of CNPs, consequently exposing more
available adsorption sites (Hyung et al., 2007; Schierz
and Zanker, 2009). CNPs generally are considered as

a whole without separation of suspended and aggre-
gated types. The contribution of suspended CNPs to
the adsorption of organic chemicals has been ignored
due to the lower amounts of suspended CNPs. Thus,
in our recent study (Pan et al, 2013), we tried to
separate the CNTs into suspended and aggregated
types. The results indicated that the apparent overall
adsorption of SMX was inhibited by DOM, but the
sorption coefficients of SMX on DOM-suspended
CNTs were up to two orders of magnitude higher than
those on aggregated CNTs. Although the percentage
mass of suspended CNTs was low (generally less than
1%), their contribution to SMX adsorption was up to
20%. The contrasting results of published studies may
have resulted from ignorance of the contribution of
suspended CNPs to adsorption. In other words, if the
increased adsorption of organic pollutants due to a
higher number of exposed sorption sites on suspended
CNPs exceeds the decreased adsorption due to DOM
coating, an apparent increase in overall adsorption
will be observed, and vice versa. Obviously, sus-
pended CNPs may have greater environmental im-
pacts, such as enhancing the mobility, transport, and
possibly exposure of organic contaminants. Thus,
more attention should be paid to suspended CNPs.

4.5 Perspectives

The main interactions between organic contam-
inants and CNPs are hydrophobic, electrostatic, hy-
drogen bond, and n-x interactions. These interactions
and their strength are influenced by the surface
properties and morphology of CNPs and the molec-
ular size, structures, and functional groups of organic
contaminants. For a given CNP, various mechanisms
may simultaneously control the sorption progress of
organic contaminants on CNPs, while the sorption
controlling mechanisms may differ under different
environmental conditions. Therefore, it is essential to
investigate the primary sorption mechanisms or the
relative contribution of different mechanisms to
overall sorption. Normalization of adsorption coeffi-
cients by Kuw could be used to screen out the hy-
drophobic effects and comparison of the adsorption of
various organic contaminants on a given CNP could
provide important information on the contribution of
different mechanisms. However, the relative contri-
butions of other mechanisms, such as hydrogen
bonding and nt-7 interactions, to overall adsorption are
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still unclear. More experimental studies and theoret-
ical simulations are required to quantify the relative
contributions of these mechanisms to the sorption of
organic contaminants on CNPs.

External surfaces, interstitial spaces, and
grooves are the possible areas of CNPs available for
organic chemical adsorption. The availability of these
possible areas for adsorption can be altered by surface
modifying chemicals, surface functional groups, and
suspensions of CNPs. It is widely accepted that dis-
persion of CNP aggregates could expose more sorp-
tion sites, and thus enhance the adsorption of organic
chemicals on CNPs. The common method to promote
CNP dispersion is the surface modification by DOM
or surfactants. However, this method may not be a
viable way to enhance the sorption sites on CNP
surfaces because the adsorbed DOM or surfactants
could compete with organic contaminants on sorption
sites, thereby resulting in decreased adsorption.
Therefore, new methods need to be developed to
expose available CNP sorption sites, such as selecting
dispersion reagents that do not compete with organic
chemicals on the CNP surface. Moreover, dispersed
CNPs may result in higher environmental and health
risks than undispersed CNPs when they are released
into the environment. Extensive work is needed to
evaluate the effects of the suspendability of CNPs in
different environmental conditions on the sorption
characteristics of organic contaminants.
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