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Abstract Single-walled carbon nanotubes, both be-
fore (SWNTs) and after treatment (t-SWNTs) with
acidified ammonium persulfate, were successfully
used to adsorb bisphenol A (BPA) and 17β-estradiol
(E2) from aqueous systems. The surface characteris-
tics of the SWNTs and t-SWNTs were analyzed by
measuring their surface charge and by imaging their
morphological properties through transmission elec-
tron microscopy. The extent of defects on the SWNT
scaffold generated through acid etching was analyzed
by Raman spectroscopy. A total of 19.4, 15.4, and
14.3 mg/g of BPA was adsorbed on SWNTs, while a
total of 8.0, 6.4, and 5.1 mg/g was adsorbed on t-
SWNTs with a 72-h contact time at 280, 295, and
315 K, respectively. A significantly high fraction of
E2 (27.2 mg/g) was absorbed by both SWNTs and t-

SWNTs, as compared to BPA. The adsorption kinetics
was analyzed using a pseudo-second-order model.
Sorption experiments showed that t-SWNTs adsorbed
less than half as much BPA as SWNTs, but their E2
adsorption was similar. The sorption mechanism was
investigated by performing molecular-level calcula-
tions. Adsorption energies calculated using density
functional theory show preferential sorption of E2 to
SWNTs and graphene (−26.2 kcal/mol on SWNT and
−34.1 kcal/mol on graphene) compared to BPA
(−17.1 kcal/mol on SWNT and −22.5 kcal/mol on
graphene), which were consistent with the experimen-
tal findings. Thus, ab initio calculations can mecha-
nistically explain the adsorption differences of BPA
and E2 on SWNTs.
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walled carbon nanotubes . Adsorption kinetics .
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1 Introduction

Endocrine-disrupting compounds (EDCs) have been
found at parts-per-trillion (ng/L) levels in drinking
water, surface water, groundwater, and/or wastewater
environments (Kolpin et al. 2002; Yoon et al. 2010).
EDCs can mimic natural hormones in the endocrine
systems of animals, and thus adversely impact ecosys-
tems and human health by disrupting growth, devel-
opment, and reproduction (Huang and Weber 2005).
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As they remain biologically effective at very low con-
centrations, it is economically unfeasible to remove
them by conventional physicochemical and biological
treatment processes (Snyder et al. 2003). Also, poor
removal of these compounds was observed when they
were sorbed onto minerals, activated carbons, colloids
derived from active sludge, and hybrid particles (Pan
et al. 2008). Among the EDCs, bisphenol A (BPA)
and 17β-estradiol (E2) are the most widely occur-
ring and well-studied (Bautista-Toledo et al. 2005;
Fan et al. 2007; Huang and Weber 2005; Kuo 2009;
Pan et al. 2008). BPA is a phenolic EDC used as a
monomer in the production of polycarbonate plas-
tics, epoxy resins, and flame retardants (Liu et al.
2009), and is able to leach out under normal use
conditions (Goodson et al. 2004). E2 is a natural
female hormone excreted by humans, livestock, and
wildlife (Fan et al. 2007). Thus, BPA and E2 are
frequently found in sewage and surface waters
(Laganà et al. 2004), which raises concerns about
their interaction with suspended colloids, including
nanomaterials.

Carbonaceous nanomaterials are the most-studied
emerging nanomaterials in recent years (Baughman et
al. 2002; Furtado et al. 2004; Mauter and Elimelech
2008; Pan et al. 2010; Pan and Xing 2010). They can
be classified as nanodiamonds, fullerenes, carbon
onions, graphene, multiwalled carbon nanotubes
(MWNTs), and single-walled carbon nanotubes
(SWNTs; Mauter and Elimelech 2008). Among these,
SWNTs, MWNTs, and fullerenes have shown high
adsorption capacities for polyaromatic hydrocarbons
(Yang et al. 2006), natural organic matter (Su and Lu
2007), herbicides (Pyrzynska et al. 2007), fluoride (Li
et al. 2003), and heavy metals (Li et al. 2002). SWNTs
are of particular importance due to their unique prop-
erties, which have inspired a vast range of applications
including catalytic supports, hydrogen storage ele-
ments, nanomechanical devices, mechanical reinforce-
ments, sensors, infrared emitters, field emission
sources, scanning probes, conductive films, transis-
tors, interconnects, and logic gates (Baughman et al.
2002; Hersam 2008). This enhanced usage has in-
creased their production, and thereby the likelihood
of their release into water bodies, and water and
wastewater treatment facilities (Plata et al. 2008). Sev-
eral studies have reported the use of SWNTs as an
adsorbent for EDCs (Pan et al. 2010; Wang et al.
2010), describing their adsorption and hysteresis

(Pan et al. 2008), the effect of the concentration on
their kinetics (Pan et al. 2010), and their competitive
and complementary adsorption (Pan and Xing 2010).

SWNTs are reported to interact with organic chem-
icals (Ferguson et al. 2008) including EDCs (Pan et al.
2008; Pan et al. 2010; Pan and Xing 2010). Such
interaction changes the bioavailability, mobility, and
environmental risk of these chemicals (Ferguson et al.
2008; Yang and Xing 2007). The uniform surface and
well-defined structure of SWNTs qualify them for
mechanistic studies. However, adsorption studies of
EDCs to-date (Bautista-Toledo et al. 2005; Huang
and Weber 2005; Kuo 2009; Liu et al. 2009; Pan and
Xing 2010) cannot provide with in-depth mechanistic
understanding of the sorption mechanisms. The ad-
sorption mechanism can be better understood by ana-
lyzing the kinetic behavior (Gonzo and Gonzo 2005;
Ho et al. 2000; Liu et al. 2009; Pan et al. 2010) and
studying the interaction energies (Day et al. 2000;
Gordon et al. 2007) involved in the sorption processes
at a molecular level. The kinetics can reveal the ad-
sorption behavior over time, and the tendency of
adsorbates to desorb from the adsorbent surface (Pan
et al. 2010). Adsorption energy calculations at the
optimum configuration of the adsorbent and adsorbate
molecules suggest preferences for one molecule over
the other for the same adsorbent. Extensive investiga-
tion of the adsorption characteristics (Bautista-Toledo
et al. 2005; Feng et al. 2010; Liu et al. 2009) of EDCs
on SWNTs is important not only to develop SWNTs as
an EDC removal technology, but also to studying
possible facilitated transport of EDCs (by SWNTs)
co-existing with SWNTs in aqueous systems.

The objective of this paper is to perform a mecha-
nistic study of the sorption behavior of BPA and E2 on
both SWNTs and acid-treated SWNTs (t-SWNTs) us-
ing physicochemical characterization and molecular
modeling. In this study, as-received SWNTs and t-
SWNTs are used to compare the adsorption of two
representative EDCs (i.e., BPA and E2). The adsorption
energies of the SWNTs with BPA and E2 are calculated
at the molecular level using Density Functional Theory
(DFT). Sorption experiments are performed at different
temperatures, and the results are analyzed using a
pseudo-second-order kinetic model. The SWNTs are
characterized in detail by transmission and high-
resolution transmission electron microscopy (TEM
and HRTEM), electrophoresis, static light scattering
(SLS), and Raman spectroscopy.
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2 Materials and Methods

2.1 Materials

BPA (purity>99%), E2 (purity>99%), sodium chlo-
ride, dibasic potassium phosphate, ammonium per-
sulfate, sodium hydroxide (50% solution in water),
and hydrochloric acid (37%) were obtained from
Sigma Aldrich (St. Louis, MO, USA). Phosphoric
acid (85% purity) was purchased from Fisher Sci-
entific (Pittsburgh, PA, USA), and methanol (high-
performance liquid chromatography (HPLC) grade)
and sulfuric acid (96% purity) were obtained from
Acros Organics (Morris Plains, NJ, USA). Deion-
ized (DI) ultrapure water, having a resistivity great-
er than 18 mΩ, was used in all experiments.
Dialysis membranes (molecular weight cutoffs,
12,000–14,000 g/mole) were supplied by Spectrum
Laboratories (Rancho Dominguez, CA, USA).
SWNTs were acquired from Cheap Tubes Inc.
(Brattleboro, VT, USA).

2.2 Preparation of Acidified SWNTs

SWNTs were oxidized using ammonium persulfate
and sulfuric acid by employing a previously de-
veloped experimental protocol (Moreno-Castilla et
al. 1997). The nanomaterial to oxidant ratio used
for the treatment was 1 g of SWNTs for every
100 mL of oxidizing solution. A saturated solution
of ammonium persulfate was prepared by adding
an excess amount of ammonium persulfate
(∼150 g) to 200 mL of 1 M H2SO4. After stirring
for 48 h, the saturated ammonium persulfate solu-
tion was filtered using a 0.7-μm glass microfiber
filter (Whatman GF/F) with a vacuum pump. The
filtrate (saturated ammonium persulfate solution)
was used to oxidize (treat) the SWNTs by reflux-
ing for 24 h. An equal volume of water was added
to the (treated) t-SWNTs to increase the pH of the
suspension, thus decreasing the SWNT concentra-
tion by half (from 10 to 5 mg/mL). This suspension
was then transferred to dialysis bags. Dialysis was
carried out in DI ultrapure water in a continuous
flow reactor until the pH of the DI ultrapure water
leaving the reactor reached approximately 6.5
(Fig. S1). A suspension of t-SWNTs at a concen-
tration of 5 mg/mL was achieved with an ambient
pH of 6.5±0.5.

2.3 Characterization of SWNTs

The morphology and microstructure of the SWNTs
and t-SWNTs were studied using a TEM (Hitachi H-
8000, accelerating voltage 200 kV) fitted with an
AMT side-mount charge-coupled device (CCD) cam-
era, and a HRTEM (JEOL JEM 2100F, accelerating
voltage 200 kV) fitted with a Schottky field emission
gun, a Gatan UltraScan 2×2 k camera, and a Fischione
HA-ADF detector. Samples were dispersed in DI ul-
trapure water using mild ultrasonication (1 kJ/10 mL)
and deposited on a 200-mesh nickel or copper grid
coated with formvar. (Gonzo and Gonzo 2005)

The zeta potential of the SWNTs was measured at a
concentration of 1 mg/L with a ZetaPALS analyzer
(Brookhaven, NY). The pH of the SWNT solutions
was adjusted from 3.5 to 11.0 by adding 1 M HCl or
1 M NaOH solution. The zeta potential was calculated
from the electrophoretic mobility (μ) values by using
the Smoluchowski equation:

μ ¼ z 2 V

4pηd
ð1Þ

where ζ is the zeta potential, є is the dielectric constant of
the medium (water in this case), V is the applied voltage,
η is the viscosity of the suspension, and d is the electrode
separation (Saleh et al. 2008; Saleh et al. 2010).

Raman spectra were collected using a LabRam JY
Horiba Raman spectrometer fitted with a thermoelec-
trically cooled CCD, a confocal microscope, and a
632 nm He–Ne laser for excitation. Samples were
prepared by dispersing SWNTs in DI ultrapure water
and then drying them overnight on glass slides in a
desiccator. The integration time was 15 s per scan;
each spectrum represents an average of five scans
(Saleh et al. 2008; Saleh et al. 2010).

SLS was examined using a precision dynamic/static
light scattering (DLS/SLS) instrument. Scattering in-
tensity data were obtained through an angular range of
30–90°. The fractal dimension (Df) of the SWNT
clusters was measured by plotting the scattering pa-
rameter (q) versus the intensity (I). The scattering
parameter can be represented by

q ¼ 4pr
l0

sin
θ
2

� �
ð2Þ

where r is the refractive index of the solvent (i.e.,
water) and λ0 is the wavelength of light.
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2.4 Batch Adsorption Experiments

BPA and E2 were dissolved separately in methanol to
produce stock solutions of 1 mM each. The stock
solutions were diluted in DI ultrapure water to the
desired concentrations (1 μM BPA and 1 μM E2).
They were then mixed with the adsorbents (SWNTs/
t-SWNTs) at room temperature (∼23°C). Batch ad-
sorption experiments were performed using 1 L glass
beakers covered with aluminum foil to avoid contam-
ination and maintain the system temperature. SWNTs/
t-SWNTs (10 mg/L) and 1 μM each of BPA and E2
were added to the glass beakers, which were then
placed on a hotplate stirrer (Isotemp) purchased from
Fisher Scientific (Pittsburgh, PA). A constant angular
speed of 200 rpm was maintained during the experi-
ments, and temperatures of 280, 295, and 315 K were
used depending on the experimental requirements.
The temperature of the solution was measured contin-
uously using a mercury thermometer. A pH of 7.5 was
maintained by adding 1 M HCl or 1 M NaOH in the
presence of a 1 mM phosphate buffer, and a conduc-
tivity of 300 μS/cm was obtained by using a 2 M NaCl
solution.

2.5 Analytical Method

A HPLC system (HP1200 HPLC) was used to deter-
mine the concentrations of BPA and E2; the system
included a quaternary pump (G1312A) and a fluores-
cence detector set at an excitation wavelength of
280 nm and an emission wavelength of 310 nm. An
automated liquid sampler (G1329A; Agilent, Santa
Clara, CA, USA) was also used. Data were collected
and integrated using an Agilent Chemstation. The
analytical column was a LiChrospher RP 18 with
dimensions of 150 mm×4.6 mm and an internal di-
ameter of 5 μm, manufactured by EMD Chemicals
(Milford, MA, USA).The mobile-phase solvent profile
was 45% DI ultrapure water acidified with 10 mM
H3PO4 and 55% methanol, with a constant flow rate of
1 mL/min for 23 min per sample. The chromatograph-
ic analysis was performed at 30°C with a flow rate of
1.0 mL/min and an injection volume of 50 μL. BPA
and E2 were eluted from the column at 9.6 and
21.2 min, respectively. The HPLC was calibrated
whenever the samples containing BPA and E2 were
analyzed. The method detection limit (MDL) for BPA
and E2 was 0.01 μM. MDLs were determined for

these compounds by reverse-phase HPLC with
fluorescence detection by injecting 50 μL of a
0.05 μM of each of these compounds 8 times
and reported with 99% confidence based upon
the calculation of variance and standard deviation
of the replicate measurements following United
State Environmental Protection Agency MDL
method (Revision 1.11).

2.6 Adsorption Energy Calculations

The general approach to calculating adsorption
energies of the EDCs onto SWNTs and graphene
was similar to that of Stepanian et al. (2009), who
calculated the interaction energies of an adsorbate
onto a SWNT cutout with fixed coordinates. Gra-
phene was also simulated in this study to evaluate
the possible interaction of EDCs with fragments of
the SWNTs.

The initial geometry of a SWNT molecule with a
chirality of (18,0) was obtained from VMD (Humphrey
et al. 1996). The ends of the SWNT were terminated
with H atoms, and the resulting molecular formula was
C288H36. Graphene was initially obtained from a SWNT
molecule with a chirality of (10,0) that was cut along the
longitudinal axis. The carbon molecules along the edge
were terminated with H atoms to obtain a molecular
formula of C252H44, and the molecule was allowed to
relax to a flat configuration during geometry optimiza-
tion. The coordinates of the SWNT and graphene mol-
ecule were optimized (Kastner et al. 2009) by the DFT
using the B3LYP5 functional and the 3–21G basis
set, as implemented in TeraChem (Ufimtsev and
Martinez 2009).

To evaluate the adsorption energy of the EDCs with
the SWNTs and graphene, an estimate of the initial
geometry was obtained by optimizing fragments of the
molecules using their effective fragment potentials
(EFP2), as generated using GAMESS (Gordon et al.
2005; Gordon et al. 2007; Schmidt et al. 1993; Smith
et al. 2008). The optimized SWNT and graphene mol-
ecules were re-oriented to their principal axis config-
uration using MacMolPlt (Bode and Gordon 1998). A
C54 fragment was cut from the center of the large
molecules, and the external carbons were terminated
with H atoms. The H positions were then optimized at
the DFT/B3LYP5/3–21G level while keeping the C
atoms fixed (Ufimtsev and Martinez 2009). The EFP2
were generated at the 6–31G level (Gordon et al.
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2005; Schmidt et al. 1993). The EDCs were optimized
at the MP2/6–31G(d) level, and their EFP was gener-
ated at the 6–31++G(d,p) level (Gordon et al. 2005;
Schmidt et al. 1993). Geometry optimization of the
fragments was performed by randomly rotating the
EDCs and locating their center 1.5–10 angstroms (Å)
perpendicular to the surface of the SWNTor graphene,
with the initial nearest distance between the atoms
limited to 1.5–5 Å. A total of 10,000 optimized con-
figurations were collected, and the lowest energy con-
figuration was selected for further geometry
optimization.

The lowest energy configurations were mapped
onto a larger C96H24 SWNT or graphene cutout, and
geometry optimization was performed at the DFT/
B3LYP5/6–31G level with dispersion corrections
(Grimme et al. 2010; Grimme et al. 2011). The coor-
dinates of the SWNT and graphene were kept fixed.
The final energy was calculated at the DFT-D/
B3LYP5/6–31++G(d,p) level, and the adsorption en-
ergy between the SWNT molecules and EDCs was
calculated as:

Adsorption energy ¼ E SWNTþ EDCð Þ
� E SWNTð Þ � E EDCð Þ ð3Þ

E(EDC) was calculated with its geometry optimized at
the DFT-D/B3LYP5/6–31G level. Similar calculations
were made for graphene.

3 Results and Discussion

3.1 Characterization of SWNTs and t-SWNTs

Figure 1 shows the purified SWNTs before and after
acid treatment; these images are consistent with earlier
observations (Chiang et al. 2001; Hu et al. 2003;
Niyogi et al. 2002; Zhang et al. 2003). HRTEM
images provide further evidence of the predominance
of SWNTs (Fig. 1c). The average bundle width was
determined to be approximately 20 nm from Fig. 1c.

Figure 2 shows the variation in zeta potential as a
function of pH for SWNTs and t-SWNTs. Acid treat-
ment enhances the negative surface potential on
SWNT surfaces for the entire pH range (pH 3.5–10).
The magnitude of surface potential increases from
−21.4±2.7 mV (for SWNTs at pH 3.5) to −70.3±
4.8 mV (for t-SWNTs at pH 11.0). This increase in
negative surface potential upon functionalization has
been consistently reported in other studies (Chen et al.
2005; Hu et al. 2005; Kuo 2009; Saleh et al. 2010; Yu
et al. 2009). However, the variability in surface charge
enhancement as observed in the literature is thought to
depend on the SWNTmanufacturing processes (Hersam
2008) and/or mode of SWNT treatment. It has been
proposed in the literature that an electrical double layer
on the surface of SWNTs is responsible for their net
charge on the helical carbon structures (Hu et al. 2005).
This provides electrostatic repulsion between two

Fig. 1 TEM images of a
SWNTs, b t-SWNTs, and c
HRTEM image of SWNT
bundle
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SWNTs and is adequate to stabilize SWNT aqueous
suspensions. The increase in pH (3.5 to 11) enhances
the negative surface charge for both SWNTs (−21.4±
2.7 mV to −53.1±0.5 mV) and t-SWNTs (−28.1±
0.5 mV to −70.3±4.8 mV). Such enhancement in sur-
face potential indicates pH-dependent deprotonation of
dissociable functional groups (e.g., −COOH) that have
most likely been incorporated on the surfaces of t-
SWNTs through acid etching process (Hu et al. 2005).
The higher surface potential on t-SWNTs compared to
untreated SWNTs indicates enhanced colloidal stability
for the t-SWNTs as confirmed by light scattering
measurements.

Raman spectroscopy is widely used to characterize
carbon nanotubes (Dresselhaus et al. 2002; Gruneis et
al. 2002; Jorio et al. 2001; Ma et al. 2009; Saleh et al.
2008; Saleh et al. 2010). Low-frequency micro-Raman
spectra of SWNTs and t-SWNTs are shown in Fig. 3a;
these spectra exhibit the characteristic radial breathing
mode (RBM) and peaks in the D and G band regions.
The peak frequencies for the SWNTs and t-SWNTs are

214 and 212 cm−1, respectively, in the RBM region.
Such peak behavior can be used to estimate the SWNT
diameters using the following correlation (Ma et al.
2009):

d ¼ 223:14

w � 14
ð4Þ

where ω is the Raman shift and d is the SWNT
diameter. On the basis of the observed peaks, the
diameters of SWNTs and t-SWNTs are estimated to be
1.10 (ω0214 cm−1) and 1.13 nm (ω0212 cm−1), respec-
tively (Costa and Borowiak-Palen 2009; Kukovecz et al.
2003). This slight increase in the diameter of the
SWNTs following acid treatment can be explained by
exohedral functionalization (Costa and Borowiak-Palen
2009). Defects on the SWNTs become active sites for
carboxylic and hydroxyl group formation, which inter-
act with the carbon in SWNTs, contracting the C–C
bonds in their structure. Consequently, a shift occurs in
the RBM corresponding to wider SWNTs. Figure 3b
shows a second group of Raman peaks appearing at
1,345 (D band) and 1,585 cm−1 (G band). The D band
response is induced by defect features on the SWNT
surfaces and edges, including the presence of minor
amorphous carbon and hollow graphite particles in the
sample. The strong intensity of the G band is related to
the E2g graphite mode, and represents proper graphiti-
zation of carbon nanotubes (Dresselhaus et al. 2002;
Gruneis et al. 2002; Souza Filho et al. 2003). The
intensity ratio of the D to G peaks (ID/IG) is an indicator
of the presence of carbon nanotube defects. ID/IG
increases from 0.094 (SWNTs) to 0.120 (t-SWNTs)
after acid etching. Such increase in defect sites were
likely to have been induced by tube breakage and
shortening upon acidification (Chen et al. 2005; Costa
and Borowiak-Palen 2009; Dresselhaus et al. 2002;
Saleh et al. 2010).
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SLS can help clarify the morphology of SWNT
aggregates. Figure 4 illustrates the decrease in scatter-
ing intensity (I) with wave factor (q) used to estimate
the fractal dimension (Df) of SWNTs and t-SWNTs,
which is useful for evaluating the compactness of
aggregates. Forrest and Witten (1979) were the first
to explain the fractal nature of particle aggregates.
They were limited to studying three-dimensional me-
tallic oxide smoke particles by depositing them onto a
two-dimensional TEM substrate. This limitation
caused them to record incorrect measurements. A
number of researchers later addressed the problem
(Burns et al. 1997). In our studies, Df increases from
2.66 to 2.81 upon treatment of the SWNTs. This
shows that t-SWNT aggregates are considerably more
compact than SWNT aggregates, which may be due to
the increase in the diameter of SWNTs with the addi-
tion of functional groups during acid treatment (Costa
and Borowiak-Palen 2009). Another explanation for
the greater compactness is the proper stacking of t-
SWNTs due to the absence of impurities, including
metal catalyst particles (Fig. 1) and/or debris (Chiang
et al. 2001). It might also be possible that the electro-
static repulsion provided by the higher density func-
tional groups on the t-SWNTs allowed for sustained
stability and therefore better packing of the treated
SWNTs. Such compactness must have reduced the in-
terstitial spaces and groove areas in the SWNT aggre-
gates. Agnihoteri et al. (Agnihotri et al. 2005) described
four adsorption sites on SWNTs: (a) inside the tubes, (b)
interstitial channels, (c) external groove areas, and (d)
external surfaces of aggregates. A previous study has
suggested that the groove areas and interstitial spaces
were the most suitable places to accommodate butterfly-

shaped BPA molecules (Pan et al. 2008). As stated
above, the compactness of the SWNT bundle ultimately
eliminates the groove areas and interstitial spaces, and
therefore BPA adsorption is expected to be significantly
reduced by acid treatment of SWNTs.

3.2 Adsorption and Kinetics

Figure 5 illustrates the adsorption of BPA and E2 to
SWNTs and t-SWNTs at varied temperatures over an

Fig. 4 Angle-dependent (30°–85°) static light scattering profile
of q vs I for SWNTs and t-SWNTs in fractal regime. The
measurements were performed at 22±1°C
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equilibration period of 72 h. A total of 19.4, 15.4, and
14.3 mg/g of BPA were adsorbed on SWNTs, while a
total of 8.0, 6.4, and 5.1 mg/g were adsorbed on t-
SWNTs at 280, 295, and 315 K, respectively. Equilib-
rium concentrations of BPA and E2 appear to be
achieved after approximately 4 h, which is consistent
with the rapid equilibrium times observed in previous
studies (Joseph et al. 2011; Lu et al. 2005). This
decrease in BPA sorption with increasing temperature
can be attributed to the associated exothermic reaction
mechanism elaborated elsewhere (Feng et al. 2010).
At least 75% of the BPA was adsorbed on SWNTs in
the first 4 h of contact.

The equilibrium adsorption capacity of SWNTs for
BPA decreases with increasing temperature (Fig. 5),
but is consistently higher than that of t-SWNTs. This
behavior is similar to the sorption of aromatics on
carbonaceous materials, which is dominated by the
π–π interaction between the aromatic ring electrons
in the adsorbate and those in the carbon nanotubes’
basal planes (Coughlin and Ezra 1968). The acidifica-
tion of SWNTs decreases their adsorption capacity for
BPA by introducing carboxyl groups on the surfaces
of the tubes. This occurs because the carboxyl
groups evoke electron deficiencies by withdrawing
electrons from the graphitic nanotube layers, resulting
in high electronegativity at the functional group ends.
Such electronegative functional groups enhance hydro-
gen bond formation and thereby increase affinity of
water to t-SWNTs (Liu et al. 2009). Therefore, the
possible clustering of water molecule on the surface
of t-SWNTs inhibits BPA adsorption. The amount of
BPA adsorption depends largely on the presence of
acidic oxygen-containing groups and the surface charge
density of SWNTs. Furthermore, the decrease in sorp-
tion of BPA to t-SWNTs can further be supported by
reduced interstitial spaces as demonstrated by increased
Df upon functionalization (Fig. 4 and SWNT/t-SWNT
characterization section discussion).

Adsorption of E2 is thought to be irreversible,
because all the E2 in the aqueous solution remained
sorbed during the studied time period of 72 h (Yoon et
al. 2003). Also, no significant difference between the
adsorption capacity of SWNTs and t-SWNTs for E2
was observed. Overall, a significantly larger fraction
of E2 was removed by both SWNTs and t-SWNTs, as
compared to BPA. The larger removal of E2 over BPA
can presumably be explained by the differences in
logarithmic octanol-water partition coefficients of

these molecules (log Kow; 3.9 for E2 and 3.3 for
BPA) (Yoon et al. 2003). This suggests that non-
specific interactions between the sorbate molecules
and the sorbent SWNT/t-SWNT surfaces, e.g., hydro-
phobic interactions (i.e., adsorption), are one of the
dominant mechanisms. Several previous studies using

Fig. 6 Adsorption onto SWNTs (filled circle) and t-SWNTs
(circle) for BPA and onto SWNTs (filled inverted triangle) and
t-SWNTs (inverted triangle) for E2 fitted by pseudo second-
order kinetic equation at a 280 K, b 295 K, and c 315 K (Co0
1 μM; pH07.5; conductivity 3000μS/cm NaCl)
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SWNTs as sorbents, describe hydrophobic interaction
as a key mechanism where CNT surfaces are men-
tioned “evenly distributed hydrophobic sites” for or-
ganic compound adsorption (Gotovac et al. 2007; Pan
et al. 2008). In addition, as described earlier, the π–π
electron donor–acceptor interactions may be an addi-
tional mechanism for the adsorption of BPA and E2.
Such large differences between E2 and BPA sorption
can be mechanistically studied at molecular interaction
level as described in the next section.

A pseudo-second-order kinetic model was adopted
in order to elucidate the kinetics of the adsorption
process. The pseudo-second-order model is expressed
as (Blanchard et al. 1984):

t

q
¼ 1

k2q2e
þ t

qe
ð5Þ

where qe and q are defined as in the pseudo-first-order
kinetic model, and k2 (g/mg-h) is the rate constant of the
pseudo-second-order model for adsorption. k2 can be
estimated from the intercept of a linear plot of t/q versus
time t. Figure 6 shows the calculated adsorption kinetics
of BPA and E2 on SWNTs and t-SWNTs, using data
from a 4-h contact time. The data were fitted by the
pseudo-second-order kinetic model. Currently, first- and
second-order models are frequently applied to describe
the adsorption of organic chemicals onto SWNTs (Feng
et al. 2010; Hu et al. 2009; Upadhyayula et al. 2009).
The suitability of the kinetic model was determined by

calculating the correlation coefficient (R2). The adsorp-
tion kinetic constants are listed in Table 1. Overall, the
pseudo-second-order model fits both the SWNT and t-
SWNT sorption data well, as verified by the R2 values
(≅0.99). This is consistent with a previous study, which
stated that the pseudo-second-order kinetic model was
better suited for describing the adsorption behaviors of
BPA for untreated adsorbents (Liu et al. 2009).

3.3 Adsorption Energy

While the hydrophobic interactions and π–π electron
donor–acceptor interactions are the widely two known
mechanisms for organic compound adsorption on
SWNTs, determining the adsorption energy of the
EDCs with the SWNTs and graphene is important to
understand EDC removal by the adsorbents. Figure 7
shows SWNT and graphene configurations used in the
final geometry optimization, as well as the lowest
energy configurations and interaction energies of the
EDCs adsorbed onto the SWNT and graphene. The
lowest energy configuration of the E2 occurs when the
methyl group is oriented away from the surface of the
SWNT and graphene, which allows for the maximum
overlap of orbitals between E2 and the adsorbent. The
phenol rings of the BPA are equally oriented at an
angle to the graphene to maximize π–π interactions. On
the SWNT, one phenol ring of the BPA is oriented
nearly parallel to the curved surface, while the other ring

Table 1 Summary of BPA and E2 adsorption data evaluated by second order kinetic model

Compound Temperature SWNTs/t-SWNTs qe, exp
a (mg/g) qe, cal

b (mg/g) k2 (g/mg-h) R2

BPA 280 K SWNTs 18.2 14.6 0.13 0.99

295 K 14.6 14.3 0.25 0.99

315 K 13.7 14.6 0.28 0.99

280 K t-SWNTs 9.53 12.1 0.18 0.96

295 K 7.42 9.05 0.30 0.99

315 K 6.53 8.12 0.64 0.99

E2 280 K SWNTs 25.5 26.5 0.07 0.99

295 K 26.6 27.5 0.11 0.99

315 K 26.7 27. 8 0.12 0.99

280 K t-SWNTs 26.9 35.2 0.03 0.99

295 K 26.2 29.3 0.04 0.99

315 K 26.2 28.1 0.06 0.99

a Experimental data
b Calculated data from model
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is almost perpendicular. In all cases, E2 (−26.2 kcal/mol
on SWNT and −34.1 kcal/mol on graphene) has a more
negative and favorable adsorption energy than BPA

(−17.1 kcal/mol on SWNT and −22.5 kcal/mol on gra-
phene), because E2 is a larger molecule, which allows
for more overlap of the adsorbate orbitals with the

Adsorption energy = -26.2 kcal/mol 

Adsorption energy = -34.1 kcal/mol

Adsorption energy = -17.1 kcal/mol

Adsorption energy = -22.5 kcal/mol 

(a) (b)

(c) (d)

(e) (f)

Fig. 7 a SWNT and b graphene molecular models used in this study. Energy minimized configuration and adsorption energies of c E2
on SWNT, d E2 on graphene, e BPA on SWNT, and f BPA on graphene
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adsorbent. These results are consistent with experimen-
tal observations of significantly lower sorption of BPA
compared to E2. Adsorption on graphene is more favor-
able than on SWNTs, because the absence of curvature
on the graphene molecule allows for a larger overlap
with the EDC orbitals. This is consistent with a previous
study that shows an increase in interaction energy with
nanotube diameter (Tournus and Charlier 2005).

4 Conclusions

The adsorption of BPA and E2 onto SWNTs and t-
SWNTs was investigated at various temperatures. Sev-
eral analytical techniques, including TEM, zeta poten-
tial measurements, and Raman spectra, confirmed the
acidification of SWNTs. SWNTs and t-SWNTs were
successfully employed to adsorb BPA and E2. The
equilibrium adsorption capacity of SWNT for BPA
decreased with increasing temperature, while it was
consistently higher than that of t-SWNTs. However,
E2 adsorption remained high with the varying temper-
ature. The experimental data for sorption, fitted well
with the pseudo-second-order kinetic model. A signif-
icantly larger fraction of E2 was removed by both
SWNTs and t-SWNTs, as compared to BPA. The
higher adsorption of E2 can be explained by its high
hydrophobicity, suggesting that hydrophobic adsorp-
tion of the EDCs by the SWNTs and t-SWNTs was the
dominant removal mechanism. Furthermore, the DFT
calculations provided with unique insight onto the
molecular structure of the two chemicals and their
interaction with graphitic sorbent structures. Such ad-
sorption energy calculations confirmed the preferential
sorption of E2 compared to BPA by both SWNTs and
t-SWNTs, and demonstrated that optimized geometric
orientation of the molecules dominated their π–π
interactions and thereby their sorption behavior. The
preference for E2 over BPA for adsorption on a layer
of carbon atoms was explained well by the adsorption
energy calculations. Such molecular-level analysis is
rarely performed for typical environmental sorption
studies. This study has demonstrated the importance
of such mechanistic analysis, which can successfully
decipher sorption mechanisms and provide valuable
insight into EDC removal processes.
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