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Adsorption of 17a-ethinyl estradiol (EE2) and bisphenol A
(BPA) on carbon nanomaterials (CNMs) was investigated. Single
point adsorption coefficients (K) showed significant relationship
with specific surface areas of CNMs for both chemicals,
indicating surface area is a major factor for EDC adsorption
on CNMs. BPA adsorption capacity is higher than EE2 on fullerene
and single-walled carbon nanotubes (SWCNT). Our molecular
conformation simulation indicated that BPA has a unique
ability to adsorb on the curvature surface of CNMs because
of its “butterfly” structure of two benzene rings. The higher
adsorption capacity of BPA over EE2 is well explained by
considering helical (diagonal) coverage of BPA on the CNMs
surface and wedging of BPA into the groove and interstitial region
of CNM bundles or aggregates. The comparison of Kuw
(hexadecane-water partition coefficient) normalized adsorption
coefficients between EDCs and several polyaromatic
hydrocarbons indicates that 7—s electron donor—acceptor
system is an important mechanism for the adsorption of benzene-
containing chemicals on CNMs. The high adsorption capacity
and strong desorption hysteresis of both chemicals on
SWCNT indicate that SWCNT is a potential adsorbent for
water treatment.

Introduction

Endocrine disrupting chemicals (EDCs) can mimic the
biological activity of natural hormones, occupy (but not
active) the hormone receptors, or interfere the transport and
metabolic processes of natural hormones. Thus, this type of
chemicals interferes the reproductive systems of wildlife and
humans (1). A great number of EDCs are synthetic phar-
maceuticals for humans and livestock. Absorption efficiency
of these pharmaceuticals is generally low, and the original
or conjugated chemicals were excreted and discharged into
water (2). Therefore, the main source of EDCs is municipal
sewage (3), and it is of essential importance to optimize the
removal processes for water treatment.

Efficiency of EDC removal has been examined using active
sludge (4), colloids derived from active sludge (5), minerals
(6), active carbon of various origins (7-11), and hybrid
particles (12). Because of different EDC properties, poor
removal was observed for several compounds (13). EDCs
were detected in the effluents of sewage treatment plants,
indicating failure for these plants to remove EDCs (14). Thus,
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further research is needed to enhance the efficiency of EDC
removal in water treatment using an adsorbent with higher
removal performance, optimized disposal process, or the
combination of both.

Among new materials which have potential as an adsor-
bent for water treatment, carbon nanomaterials (CNMs) have
shown high adsorption capacity for polyaromatic hydro-
carbons (15), pesticides (16), natural organic matter (17),
heavy metals (18), and floride (19). Cai et al. indicated that
multiwalled carbon nanotubes could extract EDCs from
aqueous phase more efficiently than C;g, and thus could be
used as a packing material in solid phase extraction for a
simple, rapid, and reliable extraction method (20). However,
adsorption characteristics of EDCs on CNMs have not been
investigated extensively. Among EDCs, 170.-ethinyl estradiol
(EE2) and bisphenol A (BPA) are the two compounds most
frequently studied in environmental research. EE2 is widely
used as an oral contraceptive, and its toxicity has a potency
10—50 folds higher than estrone (El) and 173-estradiol (E2)
(21), but, low EE2 removal was observed (22). BPA is used
as a monomer for production of polycarbonate and epoxy
resin (23), which are widely used in human daily life. However,
significant disordering of wildlife endocrine system has been
reported at environmental relevant BPA concentrations (24).
The solubility of BPA in water is 50 times higher than EE2
(Table SI, Supporting Information), and thus these two
chemicals could represent EDCs with properties of a wide
range. Therefore, we used EE2 and BPA as two model EDCs,
and studied their adsorption characteristics on CNMs. The
goal of this work was to determine the adsorption capacity
and mechanisms of EE2 and BPA by CNMs.

Experimental Section
Carbon Nanomaterials. CNMs used in this study were single-
walled (SWCNT) and three multiwalled carbon nanotubes
(MWCNTSs) and fullerene. Fullerene (purity > 99.5%) was
obtained from Aldrich Chemical Co., and SWCNT (purity >
90%) and MWCNTs (purity > 95%) were purchased from
Chengdu Organic Chemistry Co., Chinese Academy of
Sciences. MWCNTs were MWCNT15, MWCNT30, and
MWCNT50 with outer diameters of 8—15, 20—30, and 30—50
nm, respectively. The detailed structural properties were
published previously (15). Carbon nanotubes (CNTs) used
in this study were synthesized in the CH,/H, mixture at 700
°Cby the chemical vapor deposition method. The synthesized
CNTs were purified by mixed HNO; and H,SO, solutions to
reduce the contents of metal catalyst and amorphous carbon.
Activated carbon from wood charcoal was purchased from
Fisher Scientific.

Adsorption Experiment. EE2 (3.38 g L™!) and BPA (100
g L) were dissolved in methanol separately as stock
solutions. The adsorption experimental sequence was as Pan
etal. (25). Briefly, the stock solutions were diluted sequentially
to a series of concentrations distributed evenly on alog scale
using 0.01 M CaCl, and 200 mg/L NaNj solution. The initial
concentrations for the adsorption experiments were 100—3000
ug/L for EE2 and 100—40 000 ug/L for BPA. The solid/water
(w/v) ratios were 1:100—1:200 for fullerene, and 1:20 000—1:
120 000 for CNTs and activated carbon. The volume ratio of
methanol to water was below 0.001 to avoid cosolvent effect.
The vials containing the EDC solution and CNM or activated
carbon were sealed with Teflon-lined stoppers immediately.
The same concentration sequence of EDC solution without
CNMs was run in the identical condition as reference.
Headspace was kept minimal to reduce solute vapor loss.
The vials were kept in dark and rotated vertically on a rotator
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FIGURE 1. Adsorption isotherms of EE2 (A) and BPA (B) on CNMs. Solid lines are the fitting curves using PMM. The fitting results
are listed in Supporting Information Table SII. Closed circles (®) are for SWCNT, and open circles (O) for fullerene. Closed squares
(m), open triangles (2), and closed triangles (a) are for MWCNT15, MWCNT30, and MWCNTS50, respectively. Adsorption on fullerene

is expressed on the right-side y-axis as indicated by the arrows.

(30 rpm, Glas-Col laboratory rotator) for 7 days, and
centrifuged at 1000gfor 15 min. According to our preliminary
study, both adsorption and desorption reached equilibrium
within 7 days. The supernatant was sampled for HPLC
analysis. Sorbed chemicals were calculated by mass difference
between original (G) and equilibrated concentrations (C).
All experiments including the blanks were run in duplicate.

Detection of EE2 and BPA. Supernatant of each sample
was transferred to a 2 mL HPLC vial and analyzed using
HPLC. The mobile phase was 50:50 (v:v) of acetonenitrile
and deionized water with 1% acetic acid. EE2 was analyzed
with a fluorescence detector at 206 nm (excitation wave-
length) and 310 nm (emission wavelength). The detection
limit was 5 ug L™!. BPA was quantified on a fluorescence
detector at 220 nm (excitation wavelength) and 350 nm
(emission wavelength) for the concentration range of 5—4000
ug L™, and on a UV detector at 280 nm for the samples with
concentrations higher than 4000 ug L.

Data Analysis. Different models were employed to fit the
adsorption isotherms:

Freundlich model (FM): S, =K. x (C,)"

Polanyi—Mane mode(PMM): S, =
S xexp(Zx (RTIn(C/C)%Y (2)

1

Langmuir model (LM): S, =S,°xbx C,/(14+ bxC,) (3)

where S. is the solid-phase concentration of EE2 and BPA
(ugkg™), and S° and S, are the adsorption capacities from
PMM and LM, respectively. C. represents the aqueous-phase
concentration of solute (ug L7!), whereas C; stands for
solubility at 20 °C (7600 ug L™! for EE2 and 380 000 ug L}
for BPA according to our measurements). Kr and n are the
Freundlich adsorption parameters, Z and d are PMM
adsorption constants and b (L ug™') is LM adsorption affinity
constant. R is universal gas constant (8.314 x 1072 kJ mol™!
K™, and T is absolute temperature (K).

Because the standard coefficient of determination (7?) is
affected by the number of fitting parameters and data points,
adjusted coefficient of determination (r.4?) was calculated
in order to compare the performance of the different models

(26):
T, =1 12(m* = b)/(m—1)

where m is the number of data points used for fitting, and
b the number of coefficients in the fitting equation.
Molecular Conformation Simulation. Molecular con-
formation changes were simulated using ChemBioOffice
2008. The 3-dimensional molecular structures were optimized
using molecular mechanics theory (MM2) (27). Steric energies
(including stretch, bend, stretch—bend, torsion, non-1,4 van
der Waals, 1,4 van der Waals, and dipole/dipole energies) of

other possible structures were also calculated in order to
discuss the possibility of conformational changes.

Results and Discussion

Adsorption Sites of EDCs on CNMs. Freundlich model
generally failed to describe the adsorption isotherms because
ofabell-shaped error distribution (Figures S1—S3, Supporting
Information), indicating that the adsorption data cannot be
described properly by this model. The fitting results of the
adsorption isotherms using Polanyi—Mane (PMM, Figure 1)
and Langmuir models (LM, Supporting Information Figures
S4-S5) are listed in Supporting Information Table SII. Better
fitting was observed for PMM as identified by the higher r,q;?
(0.975—0.994 for EE2 and 0.954—0.994 for BPA) and random
error distribution. Therefore, the following discussion is based
on the adsorption parameters calculated from PMM fitting.

Single point adsorption coefficient, K, was calculated at
C. = 0.01 G based on the fitting results using PMM, and is
also listed in Supporting Informaton Table SII. A significantly
positive correlation was observed between surface area and
K (C. =0.01Cy), for both EE2 and BPA (r=0.999 at P < 0.01
for both chemicals, Supporting Information Figure S6),
indicating surface area is a major factor for EDC adsorption
on CNMs. The K values for EE2 were more than 1 order of
magnitude higher than those for BPA on corresponding
CNMs, consistent with their hydrophobicity difference
(Supporting Information Table SI). However, BPA sorption
capacities (Sp’) were comparable or higher than EE2 with the
biggest difference observed for fullerene (11 times higher for
BPA over EE2). The difference generally decreased as CNM
diameter increased (Figure 2). This phenomenon indicates
that although the availability of surface sorption sites controls
EE2 and BPA adsorption on CNMs, how these two types of
molecules occupy the sorption sites is different. The types
of adsorption sites on CNMs and molecular conformation of
EDCs should be considered.

According to our previous study, inner pores of these CNTs
are not available for adsorption because of the amorphous
carbon and metals on both ends (15). Thus, three types of
adsorption sites are available for adsorption on CNM bundles
or aggregates, including surface, groove area, and interstitial
pores (Figure 3). Zhao et al. reported that adsorption energy
and charge transfer of several small molecules in groove and
interstitial sites of the bundles are much higher than those
on the surface area, because of the increased number of
CNMs interacting points with sorbate molecules (28). In our
study, CNMs were not sonicated and most of them would
be present as bundles or aggregates. Therefore, groove and
interstitial areas are of the major importance for EE2 and
BPA adsorption.

The 3-dimensional structures for both chemicals were
optimized based on steric energy and are presented in
Supporting Information Figure S7. The two benzene rings in
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FIGURE 2. Comparison of adsorption capacity (S¢°) for EE2 and
BPA. The lower panel shows the direct comparison between
EE2 and BPA for different CNMs. The upper panel shows the
times of differences in S’ (O) and in the outer diameters of
CNMs (bars). The largest difference between EE2 and BPA
adsorption were observed for fullerene and SWCNT, which
have the smallest diameters.

BPA molecule attach to a carbon atom through a single bond,
thus they could be easily rotated and form various angles.
BPA molecule could wedge into the groove region because
of its “butterfly” structure (BPA 3 and 5 in Figure 3), but EE2
molecule does not have this benefit. Contribution of groove
region to the overall sorption sites would be lower for the
CNMs with higher diameter, thus adsorption difference
between EE2 and BPA for CNMs with higher diameters was
lower as shown in Figure 2. In addition, a high contribution
of groove area is expected for fullerene because of its small
diameter and spherical surface (Figure 3). Therefore, the
biggest difference between adsorption capacities of EE2 and
BPA is observed for fullerene.

The interstitial area is in the middle of bundles or
aggregates. In the comparison of molecular size, the size of
the interstitial areas of fullerene and SWCNT is too small for
both of the chemicals to fit into (Figure 3). Similarly, Pearce
et al. did not observed any occupation of He atoms in
interstitial area of SWCNT (29). As the diameter of CNMs
increases, the interstitial area would be enlarged and available
for adsorption. The shape of this area is similar to the groove
area, and BPA molecules could wedge into these adsorption
sites. Therefore, the difference between EE2 and BPA on
MWCNT50, the one with the biggest diameter, increased
(Figure 2).

The third adsorption site is on the surface of CNTs. The
two benzene rings in BPA molecule could be adsorbed on
CNT surface area parallel with the tube axis, around the
circumference, or in diagonal direction (Figure 3). If both
benzene rings of BPA attach on CNTs in the direction of tube
axis, they have to stay in a same flat plane (BPA 1 in Figure
3). The steric energy for the conformation was calculated to
be 488 kcal/mol. Compared to the steric energy of the
optimized conformation (—1.42 kcal/mol, Supporting In-
formation Figure S7), an input energy of at least 488 kcal/
mol is needed. According to the calculation by Efremenko
and Sheintuch, the adsorption energy for phenol on graphite
plane is —3.1 kcal/mol (30). BPA has two phenol groups and
would have adsorption energy of ~ —6.2 kcal/mol, which is
much lower than the energy required to compensate the
energy for conformational change. Hence, the flat config-
uration is unlikely the main mode of adsorption. However,
the benzene rings around the circumference of CNTs have
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a certain angle depending on the tube diameter. BPA could
be adsorbed with two benzene rings on the benzene rings
in fullerene (BPA 4 in Figure 3) and CNTs (BPA 2 in Figure
3) along circumferential or diagonal direction. However, as
presented in Supporting Information Figure S8, for the CNTs
with larger diameter, a wider angle between two benzene
rings of BPA is required, and a higher steric energy has to be
spent for the change of BPA molecular conformation. This
conformational change is less favorable, then, BPA would
have only one benzene ring adsorbed on CNMs, which makes
it more like EE2, which further explains that the adsorption
difference between EE2 and BPA decreased as the diameter
of CNMs increased.

Adsorption Mechanism. The much higher K values of
EE2 could be attributed to higher hydrophobicity of EE2 than
BPA. Normalization of K values by hexadecane-water parti-
tion coefficient (Kyw) could screen out hydrophobic effect,
and thus other potential adsorption mechanism could be
discussed (31). The resulted parameter, K/ Kuw, is listed in
Supporting Information Table SII. The normalized adsorption
coefficient (K/ Kuw) of EE2 showed only about 1.5 times higher
than BPA on CNTs, but BPA had a higher K/ Kiw on fullerene
than EE2. The adsorption of EE2 was observed to decrease
with increased pH, but no pH dependence was observed for
BPA (Supporting Information Figure S9). These data show
that hydrogen bonding could not be excluded in EE2
adsorption, and should not be a predominant mechanism
for BPA adsorption on CNMs (32). This is possible because
CNM surface may contain some oxygen-containing func-
tional groups during purification using HNO3/H,SO,. How-
ever, contribution of hydrogen bonding to the overall
adsorption of EE2 is unknown.

The n—n bond has been shown to be a dominating
interaction force for the adsorption of chemicals containing
benzene rings on CNMs (32, 33). Compared to our previous
study on polyaromatic hydrocarbon (PAHs) adsorption on
MWCNT15 (15), the K/ Kuw values of EE2 and BPA are 6 orders
of magnitude higher than PAHs (Supporting Information
Figure S10). K/ Kuw for PAHs follow the order of naphthalene
< phenanthrene < pyrene, which is consistent with the order
of benzene ring numbers. This observation implies that 7—x
bond is an important force for PAH adsorption on CNMs.
However, difference in benzene ring numbers could not
explain the higher adsorption of EE2 and BPA. The n—x
complex has been shown to be very strong for electron
donor-acceptor systems, but weak for pairs of donors or
acceptors (32, 34). The phenol group is a charge donor, and
CNMs could be either donor or acceptor (28). Therefore, the
n—n bond formed between EE2 or BPA and CNMs is a
donor-acceptor system, and much stronger than that be-
tween PAHs and CNMs.

Adsorption/Desorption Hysteresis. Adsorption/desorp-
tion hysteresis was generally observed for both chemicals on
CNMs (Figures 4, S12, and S13). The sorption coefficients
increased 2 to 20 times for the third desorption cycle
compared to those for adsorption. Nonequilibrated adsorp-
tion is a typical artifact for desorption hysteresis, and the
increased adsorption could be simply attributed to prolonged
contact time. In our both adsorption and desorption systems,
equilibrium reached within 5 days according to our pre-
liminary work. Therefore, nonequilibrium is not the cause
for the hysteresis in this study. Loss of sorbate, such as
degradation, evaporation, and particle loss during desorption,
isanotherreason for artifact hysteresis. A direct quantification
of adsorbate on solid phase was conducted in order to rule
out this artifact. The solid particles were extracted three times
by methanol, and the calculated recovery for our adsorption/
desorption system was from 88 to 110%. This reasonably
high recovery confirmed the validity of mass balance
calculation. In addition, no degradation of either of the
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Supporting Information Figures $12 and S13 for the other CNMs.

chemicals was observed as indicated by clean HPLC chro-
matograms during adsorption/desorption processes. There-
fore, the adsorption/desorption hysteresis observed in this
study is the true hysteresis. Hysteresis has been observed in
adsorption/desorption systems, such asnaphthalene—fullerene
(35), cyclopentane vapor—fullerene (36), and PAHs—fullerene
(37), and in pressure induced infiltration/defiltration system
for paraxylene sorption on MWCNT (38). However, the
hysteresis was not significant for PAHs on CNTs (37).
Desorption hysteresis was widely reported for organic
contaminants from soils/sediments, and was attributed to
irreversible pore deformation of the adsorbent by the
adsorbate and the formation of meta-stable states of
adsorbate in fixed mesopores (39, 40). The porous structure
is swelled during adsorption and collapsed during desorption.
Therefore, desorption takes place in a different pathway from
adsorption. A similar explanation was employed to explain

the adsorption/desorption hysteresis on CNMs. As suggested
by Yang and Xing, rearrangement of fullerene aggregates
resulted in the formation of new closed interstitial spaces
(37). Rathousky and Zukal speculated that the sorbate
penetrated into the bulk of fullerene crystals and localized
in the octahedral interstices between fullerene molecules
(36). Thus, both rearrangement of aggregates and penetration
of sorbate into closed interstitial spaces are responsible for
desorption hysteresis. Zhao et al. reported that the molecules
with small charge transfer and weak binding did not cause
any change of SWCNT electronic properties after adsorption,
but for molecules with considerable charge transfer and
strong adsorption, both electronic band structures and
density of state significantly changed after adsorption (28).
They also showed the redistribution of electron density of a
single SWCNT after the interaction with NO; molecules, and
they concluded that the interaction between individual

VOL. 42, NO. 15, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 5483
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SWCNTs could also be changed after NO, adsorption.
Similarly, the bundles or aggregates of CNMs could be
rearranged after adsorption of EE2 and BPA in this study,
resulting in a different path way between adsorption and
desorption. However, this type of change is expected to be
much less for molecules with weaker adsorption (such as
PAHs < BPA). Therefore, desorption hysteresis is observed
for EE2 and BPA which have much stronger adsorption
(Supporting Information Figure S10).

Potential Application of CNMs in Water Treatment.
Conventional physical removal, such as coagulation, floc-
culation, and sedimentation, has been reported to be
ineffective in removing pharmaceuticals including EDCs (41).
Therefore, many studies have been conducted to optimize
adsorption-based water treatment procedures. Activated
carbon-based method has been proven to be very effective
to remove many EDCs from water (42, 43). Criteria of
adsorbent applicability for water treatment is generally based
on adsorption capacity and kinetics (44). Adsorption by
SWCNT and activated carbon was compared in Figure 5.
SWCNT showed slightly higher adsorption of both BPA and
EE2 than the activated carbon used this study, but much
higher than activated carbons from literature results.

Superior adsorption characteristics of SWCNT over ac-
tivated carbons for water treatment were also reported in
literature. For example, Lu et al. reported a higher adsorption
and shorter equilibrium time needed for trihalomethanes
on carbon nanotubes than activated carbon (45). Using a
technique based on temperature-programmed desorption,
Long and Yang observed desorption energy of dioxin
adsorbed by carbon nanotubes 3 times higher than that by
activated carbon and 7 times higher than that by y-Al,O3
(46). They speculated high dioxin removal efficiency by
carbon nanotubes. Su and Lu studied the adsorption kinetics
and thermodynamics of natural dissolved organic matter
(NDOM) on CNTs (17). Their results showed a higher
adsorption capacity of NDOM and less weight loss after 10
cycles of water treatment and reactivation for SWCNT than
activated carbon. In addition, because of the strong oxidation
resistance and rigid structure, SWCNT could be used for a
longer time than activated carbons. All these studies along
with our results indicate that SWCNT could be a potential
adsorbent for water treatment. However, extended studies
are needed on the operational side such as SWCNT bed-
packing, separation from aqueous phase, and recycling.

Supporting Information Availahle

EE2 and BPA properties (Table SI); Fitting results of the
isotherms for EE2 and BPA adsorption on CNMs (Table SID);
Distribution of relative errors for solid phase concentration
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as fitted using Freundlich model (Figure S1); Fitting results
of EE2 and BPA adsorption on CNMs using FM (Figures S2
and S3); Fitting results of EE2 and BPA adsorption on CNMs
using LM (Figures S4 and S5); Correlation of adsorption
coefficient (K) with specific surface area (SSA) (Figure S6);
Optimized 3-dimensional structures of EE2 and BPA based
on minimized steric energy (Figure S7); The steric energy for
different conformations of BPA with two benzene rings
forming different angles (Figure S8); Adsorption of EE2 and
BPA on CNMs as affected by pH (Figure S9); Comparison of
K/ Kaw between PAHs and EDCs (Figure S10); Relationships
between Kinw and Kow for both polyaromatic hydrocarbons
(PAHs) and alkylated phenols (APs) (Figure S11); Desorption
hystereis of EE2 adsorbed on CNMs (Figure S12); Desorption
hystereis of BPA adsorbed on CNMs (Figure S13). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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