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ABSTRACT: A large effort is being made to develop nanosorbents with
tunable surface chemistry for enhanced adsorption affinity and selectivity
toward target organic contaminants. Heteroatom N-doped multiwall
carbon nanotubes (N-MCNT) were synthesized by chemical vapor
deposition of pyridine and were further investigated for the adsorptive
removal of several aromatic chemicals varying in electronic donor and
acceptor ability from aqueous solutions using a batch technique.
Compared with commercial nondoped multiwall carbon nanotubes
(MCNT), N-MCNT had similar specific surface area, morphology, and
pore-size distribution but more hydrophilic surfaces and more surface
defects due to the doping of graphitic and pyridinic N atoms. N-MCNT
exhibited enhanced adsorption (2−10 folds) for the π-donor chemicals
(2-naphthol and 1-naphthalmine) at pH ∼6 but similar adsorption for the weak π-donor chemical (naphthalene) and even lower
adsorption (up to a 2-fold change) for the π-acceptor chemical (1,3-dinitrobenzene). The enhanced adsorption of 2-naphthol
and 1-naphthalmine to N-MCNT was mainly attributed to the favored π−π electron-donor−acceptor (EDA) interaction
between the π-donor adsorbate molecule and the polarized N-heterocyclic aromatic ring (π-acceptor) on N-MCNT. The
proposed adsorption enhancement mechanisms were further tested through the pH effects on adsorption and the density
function theory (DFT) calculation. The results show for the first time that the adsorptive interaction of π-donor aromatic
compounds with carbon nanomaterials can be facilitated by N-doping.

■ INTRODUCTION

Owing to their unique physical and chemical properties, carbon
nanotubes have been considered as promising candidates for
many nanoenabled environmental applications such as chemo-
sensors in environmental monitoring, preconcentrators for
organic analytes, and effective adsorbents for undesirable
chemicals in water and wastewater treatment.1−4 The relatively
large specific surface area, combined with the very high surface
hydrophobicity of carbon nanotubes, makes them superior
adsorbents for hydrophobic organic contaminants in aqueous
solutions.3,4

Numerous studies have been devoted to understanding the
specific adsorptive interaction, particularly the structure−
activity correlation, between organic chemicals and carbon
nanotubes.5−16 One important finding from these studies is that
the sp2-bonded graphitic sheets of carbon nanotubes are highly
polarizable and are capable of inducing strong π−π stacking and

coupling with aromatic compounds.5−11 Specific π−π electron-
donor−acceptor (EDA) interaction has also been proposed to
account for the enhanced adsorption of π-electron-donor
compounds (e.g., aromatics substituted with electron-donating
groups such as amino and hydroxyl) and π-electron-acceptor
compounds (e.g., nitroaromatics and tetracyclines substituted
with electron-withdrawing groups such as nitro and ketone) to
carbon nanomaterials relative to those compounds that are
neither π donors nor π acceptors (e.g., benzene and chlorinated
benzenes).8,10−13,16 Resulting primarily from the polarization of
edge and surface defects (i.e., due to functional substitution),
carbonaceous materials including carbon nanotubes contain
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electron-rich sites and electron-depleted sites,11,17−19 which can
interact, respectively, with π-electron-acceptor compounds and
π-electron-donor compounds via the π−π EDA mechanism.
Additionally, electrostatic force and polar interactions (such as
Lewis-acid−base interaction and H-bonding) can be important
factors contributing to adsorption of charged or highly polar
organic solutes to functionalized carbon nanotubes.11,14

Consequently, a large effort is being made to optimize the
specific adsorptive interaction of priority pollutants for
enhanced affinity and selectivity through tuning the surface
chemistry of carbon nanomaterials.13,20,21

Heteroatom doping is a useful approach to tailor the
structural, electronic, and optical properties of carbon nano-
materials for developing new and improved nanotechnologies
(such as supercapacitors and electrocatalyst).22−24 However,
few studies have been performed to systematically investigate
the adsorption properties of environmentally relevant organic
chemicals to heteroatom-doped carbon nanomaterials in
aqueous solutions. Doping heteroatoms (e.g., N or B) into
the graphitic lattice may significantly modify the surface
chemistry of carbon nanotubes and in turn, affect their
adsorption affinity for organic contaminants. For instance,
protonated pyridinic N can not only introduce positive charge
sites on the surface of carbon nanotubes but may also increase
the π-electron acceptance ability of the associated aromatic
rings due to its strong electron-withdrawing ability. It is
reasonable to infer that the unique surface chemistry of
heteroatom-doped carbon nanotubes can lead to different
adsorption properties compared with those of nondoped
carbon nanotubes.
The primary objective of this study was to use N-doped

multiwall carbon nanotubes (N-MCNT) as a model nano-
sorbent with tunable surface chemistry for enhanced adsorption
affinity and selectivity toward target organic contaminants.
Batch adsorption isotherms of six adsorbates varying
pronouncedly in electronic donating and accepting ability to
N-MCNT were compared with those to commercial nondoped
multiwall carbon nanotubes (MCNT). The effect of pH on
adsorption to both carbon nanotubes was assessed to better
illustrate the underlying mechanisms that govern adsorptive
interaction; the pH can significantly affect the electronic
properties and charge distribution of both adsorbate molecules
and carbon nanotubes as their functional groups undergo the
protonation−deprotonation transition. The proposed factors
affecting adsorption to N-MCNT specifically were examined by
the density function theory (DFT) calculation. Implication of
the findings was further discussed.

■ EXPERIMENTAL SECTION
Adsorbates. The six test adsorbates are 2-naphthol (99%,

Aldrich), 1-naphthylamine (98%, Sigma), naphthalene (99%,
Sigma-Aldrich), 1,3-dinitrobenzene (97%, Sigma-Aldrich), n-
octanol (99%, J&K Chemical), and triethanolamine (99.5%,
Aladdin). Selected physicochemical properties of the adsorbates
are listed in Table S1, and their molecular structures are shown
in Figure S1.
Adsorbents. N-MCNT were synthesized by chemical vapor

deposition of pyridine using Fe−Co as catalysts according to
the literature method.25 MCNT were purchased from Nano-
tech Port Co. (Shenzhen, Guangdong Province, China). On the
basis of the information provided by the manufacturer, MCNT
were also synthesized by a chemical vapor deposition method
using cobalt, magnesium, or nickel as catalysts. MWNT

contained carbon nanotubes with outer diameters ranging
from 10 to 30 nm, and the length ranged from 5 to 15 μm, with
<5% impurities (heavy metal catalysts and amorphous carbon).
The N-MCNT and MCNT samples were treated by heating
(350 °C for 30 min) followed by mixing with 70% (w/v)
sodium hypochlorite aqueous solution to remove amorphous
carbon and trace heavy metals using a previously developed
method.26

Characterization of Adsorbents. Surface elemental
compositions of the two carbon nanotubes were measured by
X-ray photoelectron spectroscopy (XPS) (PerkinElmer PHI
550 ESCA/SAM, USA). N2 adsorption and desorption
isotherms were obtained on a Micrometrics ASAP 2020
(Micromeritics Instrument Co., Norcross, GA) apparatus at
−196 °C (77 K) to measure specific surface area and pore-size
distribution. To test the surface hydrophilicity of the two
carbon nanotubes, we obtained sorption and desorption
isotherms of water vapor on a DVS Intrinsic apparatus (Surface
Measurement Systems Co., London, U.K.) at 25 °C (298 K).
The two carbon nanotubes were also characterized by
transmission electron microscopy (TEM), X-ray diffraction
(XRD) analysis, and Raman spectra. The ζ potential of the two
carbon nanotubes suspended in 0.001 mol/L NaCl solution
equilibrated at different pH was measured using a ζ-potential
analyzer (ZetaPALS; Brookhaven Instruments Corp., Holts-
ville, NY). The pKa of nitrogen species in N-MCNT was
determined by potentiometric titration using a microcomputer
automatic potentiometric titrator (WDDY-2008, Datang,
China).

Batch Adsorption. Adsorption experiments were con-
ducted using a batch approach developed in our previous
studies.8,16 All adsorption isotherm experiments were run in
duplicate. To initiate the experiments, we transferred about 20
mg carbon nanotubes to a 8 mL (for triethanolamine) or 40
mL (for other adsorbates) amber U.S. Environmental
Protection Agency vial equipped with polytetrafluoroethylene-
lined screw cap, followed by an electrolyte solution containing
0.02 mol/L NaCl. Afterward, the stock solution of the
adsorbate (prepared in pure water for triethanolamine and in
methanol for other solutes) was added to the vial, and the
volume percentage of methanol, if used, was kept below 0.1%
to minimize cosolvent effects. The initial concentrations were
0.0089−0.57 mmol/L for 2-naphthol, 0.044−0.52 mmol/L for
1-naphthylamine, 0.00085−0.19 mmol/L for naphthalene,
0.0016−0.12 mmol/L for 1,3-dinitrobenzene, 0.0078−0.093
mmol/L for n-octanol, and 0.033−0.34 mmol/L for triethanol-
amine. The vial was then filled with the electrolyte solution to
leave minimal headspace, covered with aluminum foil, and
tumbled at room temperature for 3 days to reach apparent
adsorption equilibrium (no further uptake of solute), a
conclusion based on the predetermined adsorption kinetics
(see the Supporting Information).
After centrifugation at 2000 rpm for 15 min, the samples

were left undisturbed for at least 30 min to allow the complete
settling of the adsorbent. Concentration of n-octanol in the
aliquot was analyzed by a Trace GC Ultra coupled to an ISQ
mass spectrometer (Thermo Fisher Scientific), and triethanol-
amine was analyzed by ion chromatography (Dionex ICS-1000)
consisting of an IonPac CS17 column (4 mm × 250 mm)
under acidic conditions (pH 2.3) to ensure that the solute was
in the protonated form. All other solutes were analyzed by high-
performance liquid chromatography (HPLC) (Agilent 1200)
with an ultraviolet detector using a 4.6 × 150 mm SB-C18
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column (Agilent). Isocratic elution was performed under the
following conditions: acetonitrile−water (60/40, v:v) with a
wavelength of 230 nm for 2-naphthol; acetonitrile−water (50/
50, v:v) with a wavelength of 254 nm for 1-naphthylamine;
methanol−water (75/25, v:v) with a wavelength of 254 nm for
naphthalene; methanol−water (60/40, v:v) with a wavelength
of 238 nm for 1,3-dinitrobenzene. To take account for possible
solute loss from processes other than adsorbent sorption
(sorption to glassware and septum and volatilization), we
obtained calibration curves separately from controls receiving
the same treatment as the adsorption samples but no adsorbent.
Calibration curves included at least 14 standards over the test
concentration range. Based on the obtained calibration curves,
we calculated the adsorbed mass of solute by subtracting mass
in the aqueous phase from mass added. The equilibrium pH as
measured at the end of the adsorption experiments was 6.0 ±
0.2. No peaks were detected in the HPLC spectra for
potentially degraded or transformed products of the test
adsorbates, as compared with freshly prepared control samples.
Another set of single-point batch adsorption experiments was

conducted to test the pH dependency of adsorption to N-
MCNT and MCNT for all adsorbates except n-octanol over pH
3.3−10.5 using the above-mentioned method. The initial
concentration was 0.26 mmol/L for 2-naphthol, 0.50 mmol/L
for 1-naphthylamine, 0.007 mmol/L for naphthalene, 0.03
mmol/L for 1,3-dinitrobenzene, and 0.23 mmol/L for
triethanolamine. The experiments were run in triplicate.
DFT Theoretical Calculation. The interaction energies of

2-naphthol (π-donor) and 1,3-dinitrobenzne (π-acceptor) with
a model graphene nanoribbon (C36H16) and its N-doped
counterpart were calculated using the Gaussian 09(5)27

program at the M062x/6-31g(d,p)(4) level.28 The number of
doping N atoms was set to two (corresponding to 6.19%
nitrogen on a weight basis), and the combinations were two
graphitic nitrogens, two pyridinic nitrogens, and one graphitic
nitrogen and one pyridinic nitrogen. The pyridinic nitrogen(s)
was either protonated or deprotonated.

■ RESULTS AND DISCUSSION
Characterization of Adsorbents. The information on

surface elemental compositions and surface areas of the two
carbon nanotubes is summarized in Table 1. Both carbon

nanotubes were predominated by graphitized C (>86%) on the
surfaces and contained relatively low surface oxygen contents
(7.30% for N-MCNT and 8.34% for MCNT); N-MCNT
contained 6.02% surface nitrogen content. On the basis of the
method in the literature,29 the deconvolution of the nitrogen
peak in the XPS spectrum revealed the following nitrogen
species distribution on N-MCNT: 44.42% graphitic N, 44.98%

pyridinic N, and 10.60% nitrogen oxides. The two carbon
nanotubes had very close specific surface areas (118.0 m2/g for
N-MCNT and 130.8 m2/g for MCNT), similar nanotubular
morphologies (as reflected by the TEM images; see Figure S2),
and similar pore-size distribution profiles (Figure S3). When
compared with MCNT, N-MCNT contained less ordered,
lower-sized graphitic sheets, which is indicative of more edge
sites and surface defects. This was supported by comparing the
XRD patterns and Raman spectra between the two carbon
nanotubes (see more details in Figures S4−S5).
As shown from the ζ potential−pH relationship (Figure S6),

the surface of N-MCNT was consistently less negatively
charged than the surface of MCNT within the pH range of 2.0
to 11.8. Moreover, the surface of N-MCNT became positively
charged at very low pH (around 2). The pKa of the pyridinic
nitrogen groups on N-MCNT as measured from the acid−base
titration was approximately 5.6, consistent with the values
(between 5 and 6) reported in the literature.30 These pyridinic
nitrogen groups can thus act as weak bases and become
protonated and positively charged at low pH, neutralizing the
negative charges from the deprotonated surface oxygen groups
(mainly carboxyls). Figure 1 presents the adsorption−

desorption isotherms of water vapor to MCNT and N-
MCNT. Given the same vapor pressure, N-MCNT adsorbed
more than twice the amount of water compared with that
absorbed by MCNT. It was shown in previous studies that the
adsorption affinity of water vapor positively correlated with the
surface hydrophilicity of adsorbents.31,32 The observations
made herein indicate that the surface of N-MCNT was more
hydrophilic than the surface of MCNT, attributing to the
highly-polar- or highly-ionizable-surface nitrogen groups. The
higher surface hydrophilicity of N-MCNT would provide an
extra benefit to enhance mass transfer and hydrodynamics in a
nanotube-packed column or a nanotube-incorporated mem-
brane that has shown a great potential in water and wastewater
treatment.3,33−35

Adsorption Isotherms. Figure 2 compares adsorption
isotherms, plotted as adsorbed concentration (q, mmol/kg)
versus aqueous-phase concentration (Ce, mmol/L) at adsorp-
tion equilibrium, to N-MCNT and MCNT for different
adsorbates. The Freundlich sorption model fits the isotherm
data reasonably (R2 > 0.83); the model fitting results, along
with the ranges of adsorption-distribution coefficients (Kd, L/
kg) are shown in Table S2.
Depending on the test adsorbate molecules, N-MCNT and

MCNT exhibited different trends of relative adsorption
affinities. For 2-naphthol and 1-naphthalmine, adsorption to
N-MCNT was much higher (2−10 folds) than adsorption to
MCNT. However, for the rest of the test adsorbates, adsorption

Table 1. Surface Elemental Compositions (Dry-Weight-
Based) and Surface Areas of Nitrogen-Doped Multiwall
Carbon Nanotubes (N-MCNT) and Nondoped Multiwall
Carbon Nanotubes (MCNT)

surface elemental compositiona

adsorbent C% O% N% surface area(m2/g)b

N-MCNT 86.66 7.30 6.03 118.0
MCNT 90.49 8.34 BDLc 130.8

aDetermined by X-ray photoelectron spectroscopy. bDetermined by
N2 adsorption using the Brunauer−Emmett−Teller method. cBelow
detectable level.

Figure 1. Water-vapor adsorption and desorption isotherms on N-
doped multiwall carbon nanotubes (N-MCNT) and nondoped
multiwall carbon nanotubes (MCNT).
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to N-MCNT was close to or even lower than adsorption to
MCNT. As strong electron-donating groups,36 the −OH of 2-
naphthol and the −NH2 of 1-naphthylamine make the
substituted naphthalene rings rich in π-electron, and thus,
allowing these two chemicals to interact strongly with the
polarized electron-depleted region on the graphitic surfaces of
carbon nanotubes via the π−π EDA mechanism.12 Compared
with the nondoped aromatic rings on MCNT, the π-electron
accepting ability of the N-heterocyclic aromatic ring on N-
MCNT is increased due to the high electron negativity of N
atom, resulting in enhanced π−π EDA interaction with the π-
electron-donor chemicals (2-naphthol and 1-naphthylamine).
This helps to explain the significant upward displacement of the
adsorption isotherms of these two chemicals to N-MCNT
relative to MCNT. It is understandable that for naphthalene, a
very weak π-electron donor, the adsorption isotherms to
MCNT and N-MCNT nearly overlapped. In contrast to 2-
naphthol and 1-naphthalmine, adsorption of 1,3-dinitronbzene
was obviously lower to N-MCNT than to MCNT. Due to the
very strong electron-withdrawing ability of the −NO2 group,
the benzene ring of 1,3-dinitrobenzene is electron-depleted and
hence can be considered as an effective π-electron acceptor.
Stemming from the electron-withdrawing effect of the N atoms,
the overall π-electron-donor ability of the graphitic surface on
N-MCNT should be lower than the graphitic surface on
MCNT; as a result, the π−π EDA interaction between 1,3-
dinitrobenzene and N-MCNT was impeded to some extent.
Both the graphitic N and the pyridinic N are able to

withdraw electrons from the neighboring carbon atoms on the

graphitic surface. Owing to the higher degree of electronic
conjugation of carbon−nitrogen bonds, the graphitic N-
heterocyclic aromatic ring has stronger π-electron accepting
ability than the pyridinic N-heterocyclic aromatic ring.
However, the electron-accepting ability of pyridinic N-
heterocyclic aromatic ring is expected to be pH-dependent.
Once the N atom is protonated, the positively charged N-
heterocyclic aromatic ring acts as a stronger π-acceptor than the
neutral nonprotonated counterpart. At the test pH of 6.0,
approximately 28.5% of the pyridinic N atoms (equivalent to
1.2 mol-N/kg-adsorbent) were protonated, further facilitating
the π−π EDA interaction with 2-naphthol and 1-naphthyl-
amine.
One may argue that H-bonding between the adsorbate −OH

or −NH2 group and the nitrogen groups on N-MCNT could
be the primary adsorption-enhancement mechanism. However,
this hypothesis can be ruled out by the experimental
observation and the literature studies. The adsorption
isotherms of n-octanol (a model hydrogen bonder) were very
close between MCNT and N-MCNT (see Figure 2),
suggesting that H-bonding played a minimal role or equal
role in adsorption to the two carbon nanotubes. Previous
studies based on DFT and molecular mechanics calculations
also proposed that the H-bonding between phenol and the O-
containing groups on activated carbon was negligible due to the
competitive and much stronger interactions of water mole-
cules.37 Another plausible mechanism for the enhanced
adsorption of 2-naphthol and 1-naphthylamine to N-MCNT
could be Lewis-acid−base interaction, where 2-naphthol or the
protonated nitrogen group on N-MCNT serves as the Lewis
acid and 1-naphthylamine or the nonprotonated nitrogen group
serves as the Lewis base. This mechanism has been explored
previously to explain the extraordinarily strong adsorption of
amino-substituted aromatic chemicals to carbon nanomaterials
containing fairly high amounts of surface oxygen groups.12,38

However, Lewis-acid−base interaction was not likely the
primary cause for the enhanced adsorption of 1-naphthylamine
to N-MCNT, as evidenced by the fact that N-MCNT and
MCNT exhibited nearly overlapping triethanolamine adsorp-
tion (Figure 2). Because the two lone-pair electrons on the N
atom are not involved in the π-electron system, triethanolamine
is a much stronger Lewis base than 1-naphthylamine (also
reflected by the higher pKa of triethanolamine; see Table S1).

Effects of pH on Adsorption. Figure 3 displays the
relationship of Kd (L/kg) versus pH for single-point adsorption
of different adsorbates to N-MCNT and MCNT. For 2-
naphthol, the adsorption to N-MCNT increased with pH,
reaching the maximum level at pH close to its pKa value but
then decreased when the pH was further increased; however,
the adsorption to MCNT increased slightly but consistently
with pH, even when the pH was above the pKa value. At pH
higher than the pKa value (9.51), 2-naphthol is dominated by
the negatively charged form, leading to combined effects on
adsorption. First, the adsorption of 2-naphthol would be
hindered due to a combination of decreased solute hydro-
phobicity and the repulsive electrostatic interaction with the
negatively charged surface O-containing groups. Second, when
−OH is deprotonated to −O− at high pH, the electron-
donating ability would be further improved, leading to
enhanced π−π EDA interaction. The relative importance of
these two factors depends on the distribution and abundance of
the active sites (surface O-containing and heterocyclic N
atoms) involved in adsorption. Nonetheless, within the whole

Figure 2. Adsorption isotherms plotted as adsorbed concentration (q,
mmol/kg) vs aqueous-phase concentration (Ce, mmol/L) at
adsorption equilibrium for different compounds on N-doped multiwall
carbon nanotubes (N-MCNT) and nondoped multiwall carbon
nanotubes (MCNT).
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pH range examined, adsorption of 2-naphthol to N-MCNT was
significantly higher than that to MCNT, indicating that π−π
EDA interaction with the N-heterocyclic aromatic ring was the
predominant adsorption-enhancement mechanism.
For both MCNT and N-MCNT, 1-naphthylamine and

triethanolamine showed bell-shaped pH-dependency curves,
with the peak at pH near the adsorbate pKa. At pH lower than
the respective pKa values, 1-naphthylamine and triethanolamine
are dominated by the protonated forms, and the Lewis-acid−
base interaction with the acidic surface groups on the carbon
nanotubes would be impeded. However, the Lewis-acid−base
interaction would also become weaker with increasing pH
because the acidic surface groups on the carbon nanotubes are
mostly deprotonated. The fact that the maximum triethanol-
amine adsorption occurred at pH close to the pKa value (7.8)
also implies an insignificant role of electrostatic attraction
played in adsorption. Otherwise, the maximum triethanolamine
adsorption would have occurred at lower pH around 6, wherein
the two carbon nanotubes had the lowest negative surface
charge (see Figure S6); meanwhile, triethanolamine was
predominated by the positively charged form. Within the test
pH range, adsorption of 1-naphthylamine to N-MCNT was
consistently higher than that to MCNT, whereas the pH-
dependency curves of triethanolamine were nearly overlapping
between the two adsorbents. The results confirm that the
enhanced adsorption of 1-naphthylamine to N-MCNT was
mainly caused by π−π EDA interaction rather than Lewis-acid−
base interaction with the N-heterocyclic aromatic ring.

The pH effect on adsorption of naphthalene to MCNT and
N-MCNT was minimal. It appeared that the protonation−
deprotonation transition of the surface functional groups on the
carbon nanotubes had negligible effect on the adsorptive
affinity. Naphthalene is nonpolar and possesses very weak
electron-donor ability, and therefore, its adsorption would be
mainly controlled by the nonspecific π−π coupling (mainly
dispersion interaction) with the graphitic surfaces on the
carbon nanotubes.10 It is interesting to note that for 1,3-
dinitrobenzene, the adsorption to MCNT and N-MCNT
slightly increased with increasing pH, with more significant
effects observed for N-MCNT. Increasing pH facilitated
deprotonation of the acidic functional groups (−COOH,
−OH, and protonated pyridinic N) of the carbon nanotubes
and promoted the π-electron-donor ability of the associated
graphitic surfaces, therefore facilitating the π−π EDA
interaction of 1,3-dinitrobenzene (π-acceptor). The stronger
pH dependency in adsorption to N-MCNT compared with
MCNT can be attributed to the effect of extra pyridinic
nitrogen groups on N-MCNT.

DFT Theoretical Calculation. Figure 4 displays the
electron distributions of the model single-layered graphene

nanoribbon (GN) and N-doped graphene nanoribbon (N-GN)
containing two nitrogen atoms. Because of the higher
electronegativity of the carbon atom as compared with the
hydrogen atom, the electrons are highly polarized along GN,
with the higher electron density in the center (colored red) and
the lower electron density at the edge (colored blue), which
serve as π-electron-donor and π-electron-acceptor sites,
respectively. After the replacement of two carbon atoms by
two nitrogen atoms, the electron density in the region (colored
light blue) surrounding the nitrogen atom is substantially
lowered due to the very high electronegativity of the nitrogen
atom, resulting in higher degree of electron polarization. The
gas-phase interaction energies (ΔE, kJ/mol) between 2-
naphthol (model π-donor) and 1,3-dinitrobenzene (model π-
acceptor) and GN and N-GN were further calculated based on
the DFT theory (results presented in Table 2). For 2-naphthol,
the ΔE value is increased by 7.1−19.2 kJ/mol after N-doping,
and the highest increment is shown for the nanoribbon
containing two graphitic nitrogen atoms (NG−NG). This is
because compared with the pyridinic nitrogen, the graphitic
nitrogen is more involved in electronic conjugation with
neighboring carbon atoms; in addition, the electron-acceptor

Figure 3. Single-point adsorption on N-doped multiwall carbon
nanotubes (N-MCNT) and non-doped multiwall carbon nanotubes
(MCNT) plotted as solid-to-solution distribution coefficient (Kd, L/
kg) vs pH for different compounds. Error bars, in most cases smaller
than the symbols, represent standard deviations calculated from
triplicate samples. The vertical lines represent values of acid
dissociation constants (pKa) of compounds (if applicable). The solid
trend lines are for clarity only.

Figure 4. Electron-density distributions of single-layered graphene
nanoribbon (N-GN) and N-doped graphene nanoribbon (GN)
containing two nitrogen atoms. (a) GN; (b) N-GN and (NP−NG).
NP represents nonprotonated pyridinic nitrogen, and NG represents
graphitic nitrogen.
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sites induced by the graphitic nitrogen are located close to the
center rather than at the edge of the nanoribbon, thus
facilitating the face-to-face π−π EDA complexation of the 2-
naphthol molecule. In the case of pyridinic N-doping, the ΔE
value is increased by 3−5 kJ/mol when the nitrogen atom(s) is
protonated. For 1,3-dinitrobenzene, the ΔE value keeps nearly
constant between GN and N-GN with the exception of N-GN
containing two protonated pyridinic nitrogen atoms (NP

+−
NP

+), for which the ΔE value is decreased by 6.2 kJ/mol. Thus,
the DFT calculation results are generally in good agreement
with the experimental adsorption data.
Implication. The advantage of tunable surface chemistry on

the nanoscale endows carbon nanomaterials with a wide variety
of emerging environmental applications, such as effective and
selective adsorbents for organic contaminants. The most
striking finding of this study is that heteroatom N-doped
carbon nanotubes exhibit much higher adsorption affinity and
selectivity for π-donor (including but not limited to hydroxyl-
and amino-substituted) aromatic compounds than nondoped
carbon nanotubes. Compared with nondoped carbon nano-
tubes, N-doped carbon nanotubes have much more hydrophilic
surfaces, which would substantially mitigate the hydrodynamic
sheer force and lower the energy cost when the nanomaterials
are used as adsorbents for column cleanup and separation of
target organic chemicals. Likewise, due to the more ionic and
polar nature, N-doped carbon nanotubes are expected to be
more compatible with hydrophilic polymeric materials (such as
poly(ether sulfone)) for designing multifunctional composite
membranes in water and wastewater treatment. More research
on the environmental application of N-doped carbon nano-
tubes as unique adsorbents is warranted.
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