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ABSTRACT: Surface functionalization of multiwalled carbon
nanotubes (MWCNTs) was performed using mixed acid and
ethylenediamine. The materials were characterized by electron
microscope, X-ray diffraction, Raman spectra, Fourier transform
infrared, N2 adsorption−desorption, and X-ray photoelectron
spectroscopy. The pH-dependent sorption of tetrabromobi-
sphenol A (TBBPA) onto raw and functionalized MWCNTs was
investigated. A decrease in TBBPA uptake was found to be
dependent on the adsorptive pKa in alkaline conditions. Two
types of MWCNTs exhibited rapid binding kinetics for TBBPA
sorption within 20 min. The kinetics of TBBPA sorption onto MWCNTs were analyzed using a pseudo-second-order model, an
intraparticle diffusion model and Boyd model. The results showed that TBBPA sorption on MWCNTs and N-MWCNTs could
be well described by the pseudo-second-order model, and the external diffusion (boundary layer diffusion) was the rate-limiting
step. The extended Derjaguin−Landau−Verwey−Overbeek (XDLVO) theory was applied to calculate interfacial free energies
and to explain the sorption characteristics between the sorbent and solute. This analysis revealed that hydrophobic attractive
interactions (i.e., interfacial AB interactions) were dominant in TBBPA sorption onto MWCNTs.
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1. INTRODUCTION

Tetrabromobisphenol A (TBBPA) has attracted great concern
as an environmental threat because of its global distribution and
bioaccumulation. TBBPA has been found in soil,1 aquatic
sediment,2 wastewater,3 source water,4−6 and even in the
indoor environment.7 It has also been detected in human
plasma serum and in the breast milk of women throughout the
world.7−9 This compound is considered a potential endocrine
disruptor because of its structural resemblance to the thyroid
hormone thyroxin. The effect of TBBPA on humans, notably in
pregnant women and neonates, has attracted much attention.10

The high maternal transferability of TBBPA transfer might lead
to the strong accumulation of TBBPA in the infant.11

Therefore, a feasible means of eliminating TBBPA contami-
nation must be found.
Several methods for TBBPA removal, such as sorption,12,13

oxidation,14,15 photocatalysis,16,17 and biological degradation,18

have been reported in recent decades. Among these methods,
sorption has been considered as a simple and highly efficient
technique for TBBPA removal from water. CNTs have
attracted widespread attention as a new type of adsorbent for
the removal of various inorganic and organic pollutants. CNTs
are advantageous because of their large surface areas and
significant π−π electrostatic interactions.12,13,19−21 To date, few
studies have reported the sorption behavior of TBBPA onto
pure MWCNTs12 and magnetic nanocomposites.13 However,
because TBBPA is a hydrophobic substance, to increase the

solubility of TBBPA, researchers have added a certain amount
of organic solvent, such as methanol, to study the
sorption.13,22,23 This procedure inevitably generates a solvent
effect, seriously affecting the sorption characteristics.22,23 To
avoid cosolvent effects and remove TBBPA in as close to real-
world water environments, the volume fraction of methanol in
the sorption solution was kept at less than 0.1% in our study.
The main adsorption interactions of phenolic organic

compounds onto CNTs include hydrophobic effects, π-electron
donor−acceptor bonds, and hydrogen bonds.24−27 Moreover,
van der Waals forces may be significant for adsorption from the
aqueous phase.27 Pan et al. indicated that the π−π electron
donor−acceptor system is the predominant mechanism
involved in the adsorption of BPA onto CNMs according to
a comparison of KHW normalized adsorption coefficients.28 Li et
al. considered that the adsorption of weak acids onto CNTs was
facilitated by the formation of a negative charge-assisted H-
bond (−) CAHB between the weak acids and the O-rich
CNTs.27 However, the role and the contribution rate of the
hydrophobic effect and van der Waals force mechanism in the
sorption process have rarely been reported. The sorption of
organic matter by CNTs is generally pH-dependent because
solution pH not only influences the properties of the adsorbent
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surface but also affects the speciation of target pollutants in
solution.24,29,30 In the present study, we focus on the sorption
of the weak acid TBBPA onto CNTs. The extended
Derjaguin−Landau−Verwey−Overbeek (XDLVO) theory was
proposed based on a detailed study of three major interfacial
interactions of the Lewis acid−base (AB), Lifshitz−van der
Waals (LW), and electrostatic double layer (EL) interactions,
LW and EL are the basic interactions in DLVO theory.31−33

The LW and AB interactions were predominantly investigated
in this study for TBBPA sorption onto CNTs.
The sorption characteristics of the interactions between

MWCNTs and TBBPA in water were studied kinetically using
a pseudo-second-order model, an intraparticle diffusion model
and Boyd model. A series of experiments were designed to
reveal the mechanisms involved in TBBPA sorption onto
MWCNTs. Additionally, the interactions were monitored by
quantitatively measuring the interfacial free energies of
TBBPA−MWCNTs adhesion and TBBPA−TBBPA cohesion.
Applications of XDLVO in membrane fouling were trans-
planted into sorption in aqueous solution to elucidate the
interaction forces between contaminants and adsorbent. This
process can provide a guide to a range of practical applications
of adsorbents to remove contaminants in water treatment.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. Both 4,4-isopropylidenebis (2,6-

dibromophenol) (TBBPA, >97%) and methanol (HPLC grade) were
obtained from Sigma-Aldrich Company (MO, USA). Ethylenediamine
(EDA) and n,n-dicyclohexylcarbodiimide (DCC, 99%) were purchased
from the Aladdin Company (Shanghai, China). All other chemicals
used in this study were guaranteed reagent grade and purchased from
Sinopharm Chemical Reagents (Shanghai, China). Ultrapure water
with a resistivity of 18.2 MΩ·cm was obtained from a Milli-Q Integral
15 system (Millipore, MA, USA). MWCNTs were obtained from
Seldon Technologies (VT, USA, >97%) with nominal outer diameters
of 10−20 nm and inner diameters of 5−10 nm. The preparation of
functionalized MWCNTs was analogous to that reported in the
literature.34,35 Details of the surface modification of MWCNTs are
provided in the Supporting Information.
2.2. Instrumentation and Analytical Method. The micro-

structure and morphology of the raw and modified MWCNTs were
characterized using scanning electron microscopy (SEM, Philips XL30,
Netherland), transmission electron microscopy (TEM, JEOL 2011,
Japan), X-ray diffractometry (XRD, D8 Advance, Bruker, Germany)
and Raman spectroscopy (LabRam-1B, JY, France). The specific
surface area and pore size distribution of the adsorbents were
calculated from the adsorption−desorption isotherms of N2 at 77 K by
the multipoint BET method and BJH method on an ASAP 2010
micropore physisorption analyzer (Micromeritics, GA, USA). The
surface functional groups of raw and modified MWCNTs were
detected with a Fourier Transform Infrared Ray (FT-IR) Spectrometer
(NICOLET 5700, PerkinElmer, MA, USA) from 4000 to 500 cm−1. X-
ray photoelectron spectroscopic (XPS) analyses are performed with a
Kratos Axis Ultra DLD Spectrometer at a base pressure of 1 × 10−9

Torr (Shimadzu, Japan). The pH values of the supernatants were
measured using an S20 SevenEasy pH meter (Mettler-Toledo,
Shanghai, China). The zeta potential was determined with a zeta
potential analyzer (Zetasizer Nano Z, Malvern Instrument, Worcester-
shire, UK).
The contact angles were measured using a JC2000D contact angle

goniometer (Zhongchen Digital Technology Apparatus, Shanghai,
China). At least ten equilibrium contact angles were measured for each
material. The highest and lowest values were discarded before taking
the average and standard deviation. The probe liquids selected for this
investigation were diiodomethane, formamide, ultrapure water, and
aqueous solutions at different pH.

Concentrations of TBBPA were determined using ultraperformance
liquid chromatography (UPLC; with a TUV detector, ACQUITY
UPLC H-Class, Waters, MA, USA) with a reversed phase BEH C18
Column (2.1 × 50 mm, 1.7 μm). TBBPA was measured in an isocratic
elution program with methanol/water (75:25, v/v) as the mobile
phase. The flow rate was maintained at 0.2 mL/min, and the injection
volume was 5 μL. The detection wavelength was 209 nm, and the
temperature of the column was 303 K.

2.3. Batch Sorption Experiment. Batch experiments were
employed to evaluate characteristics of and mechanism involved in
TBBPA sorption onto MWCNTs. Typically, prior to starting the
sorption experiment, 250 mL of the TBBPA solution (at an initial
concentration of approximately 2.0 mg/L) was transferred to a 250 mL
Erlenmeyer flask. The background solution was 0.01 M NaCl to
maintain a stable ionic strength. A measured amount of MWCNTs was
prewetted and then ultrasonically dispersed for 20 min. Afterward, 200
μL of the MWCNT stock solution (10 mg/mL) was injected into the
solution with a micropipette. The volume fraction of methanol in the
sorption solution was maintained at less than 0.1% to avoid cosolvent
effects. When necessary, 0.1 M HCl and 0.1 M NaOH solutions were
used to adjust the solution pH. The pH effect on the sorption of
TBBPA on MWCNTs was investigated in a pH range from 7.0 to 10.0
(±0.3). The bottles containing a mixture of TBBPA and MWCNTs
were transferred to a thermostatic air shaker under 180 rpm at 303 K.
At designated time intervals (2, 3, 4, 5, 8, 15, 30, 60, 90, 120, and 360
min), 1.0 mL of the mixture solution was withdrawn from the vial and
centrifuged at 12 000 rpm for 5 min and the supernatants were
analyzed by UPLC to determine the residual concentrations of
TBBPA. The average values of all sorption experiments performed in
triplicates were reported and the standard errors for the duplicates
were usually less than 5%. The TBBPA uptake on MWCNTs can be
calculated by eq 1

=
−
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C C V

m
( )

t
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where qt (mg/g) is the sorbed amount of TBBPA, C0 and Ct (mg/L)
are the concentration at initial and at time t (min), respectively, V (L)
is the volume of solution, and m (g) is the mass of MWCNTs.

2.4. Kinetic Models. Determining the sorption kinetic behavior
for TBBPA on MWCNTs is important in understanding the rate
processes occurring in aqueous solution. These processes may help
explain the mechanism of sorption along with the reaction pathways.
In this Research Article, the experimental data were fitted by a pseudo-
second-order model, an intraparticle diffusion and Boyd kinetic model.
For the pseudo-second-order kinetics model, the sorption process can
be described as in eq 2
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where qe is the sorption amount (mg/g) at equilibrium, qt is the
sorption amount (mg/g) at time t (min), and k2 is the pseudo-second-
order rate constant; the initial sorption rate h (mg/g min) can be
determined from h = K2qe

2.
For the intraparticle diffusion model,36 the sorption process can be

described as in eq 3

= +q k t Ct id
1/2

(3)

where kid is the intraparticle diffusion rate constant (mg/g min1/2) and
C (mg/g) is a constant proportional to the thickness of the boundary
layer.

The sorption kinetic data was further analyzed by Boyd kinetic
model,37,38 which can be calculated by eq 4

= − − −
⎛
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where B = π2Di/r
2, Di is the effective diffusion coefficient, and r is the

particle radius calculated by sieve analysis and assuming spherical
particles.
The average sorption rate was introduced between TBBPA-

MWCNTs and between the TBBPAs themselves for the interfacial
thermodynamics during the initial stage (0−2 min) and end stage of
sorption (1−2 h). To exclude the influence of the exposed surface area
of MWCNTs on TBBPA sorption, the sorption rate was normalized
with the surface area. The average sorption rate is calculated by eq 5

=
−

v
q q

tS
t int

A (5)

where v is the average sorption rate (mg/m2 min), qint is the initial
sorption amount (mg/g) at a given time (0 min or 1 h) and SA is the
surface area of MWCNTs.
2.5. Theoretical Basis. The XDLVO theory was applied to

calculate the interfacial free energies of TBBPA-MWCNTs/N-
MWCNTs and to explain their sorption characteristics. In this
study, the interfacial free energy is basically composed of Lifshitz−van
der Waals (LW) and acid−base (AB) interaction energies, as described
in eq 6. Positive values of ΔGTOT represent the degree of
hydrophilicity repulsion, and negative values represent the degree of
hydrophobicity attraction.39

Δ = Δ + ΔG G GTOT LW AB (6)

When solid materials (1) are immersed in water (3), free energy of
self-cohesion of the solid molecules is calculated by eqs 7−9

Δ = Δ + ΔG G G131
TOT

131
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131
AB

(7)
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3
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where ΔG131
TOT is interfacial total free energies of self-cohesion and

ΔG131
LW and ΔG131

AB are interfacial LW and AB free energies of self-
cohesion, respectively.
When two different solid materials (1 and 2), both immersed in

water (3), free energy of adhesion of the solid molecules is calculated
by eq 10−12:
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where ΔG132
TOT is total interfacial free energies of adhesion and ΔG132

LW

and ΔG132
AB are LW and AB interfacial free energies of adhesion,

respectively. The variables γLW, γ+, and γ− are surface tension
parameters that can be determined by contact angles measured
using one apolar liquid (diiodomethane) and two different polar
liquids (formamide and ultrapure water) with known surface tension
parameters based on the Young equation40 written as eq 13

θ γ γ γ γ γ γ γ+ = + ++ − − +( )(1 cos ) 2l
TOT

s
LW

l
LW

s l s l (13)

where θ is the contact angle, γTOT is the total surface tension (the total
surface tension is the sum of the nonpolar component γLW and the
polar component γAB, as shown in eq 14; γ+ and γ− are an electron
acceptor parameter and electron donor parameter of γAB, respectively
(eq 15); and γLW represents a single electrodynamic property. The
subscripts l and s in eq 13 represent liquid (i.e., three probe liquids
with known surface tension parameters) and solid (i.e., the MWCNTs
and TBBPA with the surface tension to be calculated), respectively.

γ γ γ= +TOT LW AB (14)

γ γ γ= + −2AB
(15)

3. RESULTS AND DISCUSSION
3.1. Physicochemical Characterization of MWCNTs.

The raw and modified MWCNTs were evaluated for structural
integrity, surface area, and pore distribution. A comparison of
SEM and TEM images of MWCNTs, O-MWCNTs, and N-
MWCNTs (Supporting Information Figure S1) revealed no
distinguishable changes in morphology. All samples maintained
the original hollow tubular structure. The defects on the wall of
modified MWCNTs likely indicate the location of grafted
functional groups. The XRD powder profiles of the raw and
modified MWCNTs are shown in Figure 1a. These diffracto-
grams illustrate the characteristics of a typical MWCNT
structure, which indicates a typical peak of the (002)-graphite
base plane at 2θ = 25.8° and a peak at approximately 2θ = 42.8°
assigned to the diffraction of the (100)-graphite base plane. The
relatively sharp diffraction peaks demonstrate that the graphitic
structures are still preserved in the carbon nanotubes.
As shown in the Raman spectra (Figure 1b), the raw and

modified MWCNTs samples showed well-defined Raman
bands at 1346 and 1578 cm−1. The band at 1346 cm−1 was
called the D mode, which was caused by the induction of
substantial defects or disorder in the nanostructures. The
position of the strong peak at 1578 cm−1 was due to the
Raman-active vibrational E2g mode (G mode), corresponding
to the structural integrity of the graphite layer.41 Generally, the

Figure 1. (a) XRD patterns and (b) Raman spectra of MWCNTs, O-MWCNTs, and N-MWCNTs.
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relative intensity ID/IG was used to characterize the degree of
defect in MWCNTs. The ID/IG of MWCNTs, O-MWCNTs,
and N-MWCNTs was 0.8, 1.1, and 1.3, respectively. These
values indicated that the original structure of MWCNTs
maintained a certain degree of damage, and a certain amount of
oxygen or nitrogen was introduced onto the carbon nanotube
surface during the modification process. Therefore, structural
defects increased, providing active reaction sites where the
contaminants could be adsorbed. Almost no difference was
observed when comparing the ID/IG ratios between O-
MWCNTs and N-MWCNTs, indicating that the structure of
O-MWCNTs was well preserved in the amino modification
process.
The surface area and pore size distribution of raw and

modified MWCNTs were calculated from the adsorption−
desorption isotherms of N2 at 77 K (Supporting Information
Figures S2 and S3, respectively). The physical properties of the
raw and modified MWCNTs are also tabulated in the
Supporting Information (Table S1). The results show that as
surface oxygen functional groups increased, the surface area of
the MWCNTs decreased from 159.4 to 124.7 m2/g, the total
pore volume reduced from 0.94 to 0.65 cm3/g, which indicated
that the functional groups occupy a portion of the sorption
sites.42−44 Additionally, the O-MWCNTs and N-MWCNTs
exhibited almost identical surface areas and pore volumes.
These results support the conclusion of the obtained Raman
spectrum.
The functional groups on the surfaces of the raw and

modified MWCNTs are characterized by the FT-IR analysis in
Figure 2. The mixed acid treatment introduces carboxyl groups

onto the MWCNTs during oxidation. The intense peaks at
3438 and 1740 cm−1 can be attributed to the stretching
vibration of the O−H groups and CO bonds in carboxylic
acid, respectively.45 All samples were symmetrical and displayed
asymmetric stretching vibration bands at 2852 and 2920
cm−1.21 Because of the −NH2 stretching vibration at 3378
cm−1, the peak was overlapped with the stretching vibration of
ν (−OH) in the N-MWCNTs, which indicates that the EDA
successfully grafted onto MWCNTs.21,46

The surface binding state and elemental speciation of
MWCNTs were analyzed by XPS. In the wide-scan XPS
survey spectra (Figure 3a), the binding energies for the C 1s, N
1s, and O 1s peaks were observed at approximately 284.5,
400.1, and 531.0 eV, respectively.47−50 Additionally, the O 1s

peak decreased and the N 1s peak appeared in the amino
modified MWCNTs. Figure 3b and 3c shows the C 1s
spectrum of the modified MWCNTs, which can be resolved
into five sub-bands that represent the carbon in graphitic (sp2)
structures (BE ≈ 284.7 eV), aliphatic (sp3) structures (defects
on the MWCNTs structure, BE ≈ 285.3 eV), phenolic hydroxyl
or carbonyl groups (BE ≈ 286.9 eV), carboxylic or ester groups
(BE ≈ 288.6 eV), or the characteristic shakeup line of carbon in
aromatic compounds (π−π* transition; BE ≈ 291.5 eV).48,49,51

Figure 3d shows the deconvoluted N 1s spectra for the
modified MWCNTs. The peaks at a B.E. of 399.2 and 400.1 eV
(Figure 3d) are attributed to the amine nitrogen (−NH or
−NH2); the peaks at a BE of 400.1 and 402.8 eV are attributed
to the amide nitrogen in the electron-withdrawing carbonyl
group.52−54 The carboxylic group aliphatic structures were
significantly reduced on the surface of N-MWCNTs.

3.2. Effect of pH on TBBPA Sorption. The sorption
behavior of TBBPA on MWCNTs was investigated at 303 K,
and the pH values of the solution were adjusted to 7.0, 8.0, 9.0,
and 10.0, respectively. The effects of different initial pH values
on TBBPA removal were employed, and the results are given in
Supporting Information Figure S4. It showed that the uptake of
TBBPA sharply decreased with increasing pH values from 7.0
to 10.0, consisting with our previous study.22,23 The amount of
TBBPA adsorbed on pristine and modified MWCNTs at
equilibrium decreases from 154.7 to 20.1 mg/g and from 98.5
to 4.2 mg/g, respectively. The sorption amounts of TBBPA on
MWCNTs was the highest at pH = 7.0, which was mainly due
to the neutral formation of TBBPA molecular. The sorption
amounts of TBBPA decreased with decrease of the neutral
TBBPA molecular at higher pH values. As shown in Figure 4,
the zeta potential of MWCNTs and N-MWCNTs was negative
and decreased with pH increasing from 4.0 to 10.0, and the pH
of point of zero charge (pHpzc) of N-MWCNTs was about 3.6
mV. Compared to the pristine MWCNTs, the modified
MWCNTs was more hydrophilic (as presented in Supporting
Information Table S2). Although these two MWCNTs owned
approximate zeta potential at the same pH which range from
4.0 to 10.0, their TBBPA sorption amount varied greatly. It can
be inferred that hydrophobic interaction contributed to the
TBBPA sorption onto the negative charged MWCNTs in
alkaline conditions. When the solution pH > pKa1, the TBBPA
increases in ionization and hydrophilicity, which decreases
sorption because of reducing hydrophobic interactions. Ren et
al. also found that the anionic form was less hydrophobic than
the molecular form.55 Fasfous et al. suggested that TBBPA was
mainly in the form of a negatively charged phenoxy ion,
whereas the electrostatic repulsion between the net negatively
charged MWCNTs and phenoxy anions decreased the sorption
at pH > pKa1.

12 By contrast, the electrostatic repulsion
compared to hydrophobic interactions was negligible.56 There-
fore, the hydrophobic interaction is considered an important
mechanism for the sorption of TBBPA onto MWCNTs. The
role and associated parameter values for the hydrophobic effect
and van der Waals force mechanism in the sorption process are
discussed and calculated in the next section.

3.3. TBBPA Sorption Kinetics. The sorption data of
TBBPA over time and the pseudo-second-order kinetics model
curve are presented in Supporting Information Figure S4 and
Figure 5, respectively. TBBPA uptake on MWCNTs and N-
MWCNTs was a rapid process. Both CNTs exhibited similar
kinetics for TBBPA sorption; the reaction rate was the fastest in
the 0−10 min sorption stage, contributing to 90% of the

Figure 2. FT-IR spectra of (a) MWCNTs, (b) O-MWCNTs, and (c)
N-MWCNTs.
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ultimate sorption amount. The maximum sorption capacity was
achieved at approximately 20 min. Over time, the sorption
capacity of TBBPA decreased. Finally, the TBBPA on
MWCNTs at 1 h reached an apparent sorption equilibrium,
and the sorption capacity achieved a relatively stable value. The
sorption capacity during the rapid stage was slightly higher than
the equilibrium sorption capacity, likely because of the large
concentration gradient of pollutants between the solid−liquid
phases. This gradient produced a diffusion driving force to
prompt the contaminants to move quickly onto the sorbent
surface.57 In addition, the MWCNTs have a large specific
surface area, and the structural defects can also serve as active
sites. Over time, the solute was redistributed because of the
effect of diffusion; the sorption then achieved a relatively stable
state. As shown in Table 1, the calculated equilibrium sorption
capacities (qe,cal) obtained from the pseudo-second-order model

were close to the experimental results (qe,exp). This similarity
indicates that the chemical interactions are involved in the
sorption processes and that the sorption capacity is propor-
tional to the number of active sites.30

Because the pseudo-second-order model cannot reveal a
definite mechanism during the sorption process, the intra-
particle diffusion model was also adopted to fit the sorption
kinetics. The most important step in sorption kinetics to
control the speed (rate-limiting step) is the diffusion, including
external diffusion (boundary layer diffusion) and intraparticle
diffusion. The intraparticle diffusion mechanism is the most
important limiting factor in controlling the dynamics involved
in this mechanism.58,59 By applying the intraparticle diffusion
model to the TBBPA sorption data at different pH values,
whether at 2−6 min or 10 to 120 min of the sorption step, the
values did not converge well and did not have straight lines that
passed through the origin (Supporting Information Figure S5).
Thus, the intraparticle diffusion may not be the rate-
determining step.
To find the actual rate-determining step involved in the

TBBPA sorption process, the sorption kinetic data was further
analyzed by Boyd model. The significant property of this model
is that, if the intraparticle diffusion is the sole rate-limiting step,
then the linear plot of Bt against t should pass through the
origin;60,61 otherwise, it is mainly governed by external diffusion
or boundary layer diffusion.38 The plots as represented in
Supporting Information Figure S6 do not pass through the
origin and the data were not well correlated by the fit. This
confirms that the sorption process of TBBPA onto the pristine
and modified MWCNTs is controlled by external diffusion
(boundary layer diffusion).

3.4. Interfacial Thermodynamic Analysis. The surface
tensions, including γLW, γ+, γ−, γAB, and γTOT, of TBBPA and

Figure 3. XPS spectra of O-MWCNTs and N-MWCNTs: (a) XPS wide-scan, (b) C 1s high-resolution spectra of O-MWCNTs, (c) C 1s, and (d) N
1s high-resolution spectra of N-MWCNTs.

Figure 4. Zeta potentials of MWCNTs and N-MWCNTs under
various pH conditions.
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MWCNTs or N-MWCNTs at different pH levels are presented
in Tables 2 and 3, respectively. The TBBPA surface tensions

(i.e., γ+ and γ−) were significantly influenced by pH, as shown
in Table 2. In comparison to the TBBPA γ− of 2.88 and 3.26 at
pH = 7.0 and 8.0, the γ− increased to 4.94 and 5.21 at pH = 9.0
and 10.0, respectively. Correspondingly, the γ+ of 0.15 and 0.13
decreased to 0.07 and 0.06 at pH = 9.0 and 10.0, respectively.
These alterations were due to the higher ionization of −OH of
TBBPA at pH > 9.0, producing more negatively charged OH−

groups. By contrast, the surface tensions (i.e., γ+ and γ−) of
MWCNTs and N-MWCNTs (in Table 3) changed slightly,
indicating that the physical-chemical properties of MWCNTs
and N-MWCNTs were stable at the different pH levels.
The interfacial free energies of adhesion for TBBPA-

MWCNTs and TBBPA-N-MWCNTs implied interactions at

the initial adsorption of TBBPA to MWCNTS and N-
MWCNTs (Table 4). In contrast to TBBPA-N-MWCNTs,
the LW interactions (i.e., ΔG132

LW) for TBBPA-MWCNTs
exhibited minimal differences; however, the AB interactions
(i.e., ΔG132

AB ) for TBBPA-MWCNTs increased from −10.15 to
−11.97 to −68.95 to −72.02, leading to higher average sorption
rates (v) for MWCNTs than for N-MWCNTs at pH = 7.0 and
8.0 (Table 5). By contrast, the v values for MWCNTs at pH =
9.0 and 10.0 were similar to the values for N-MWCNTs,
although the interfacial free energies (i.e., ΔG132

TOT) for TBBPA-
MWCNTs were greater than the values for TBBPA-N-
MWCNTs. Moreover, the v values for pH = 7.0 and 8.0
were ∼10 times greater than the values for pH = 9.0 and 10.0
for both MWCNTS and N-MWCNTs. These contrasts in v for
different pH levels resulted from the change in the surface
structure of the modified MWCNT. The oxygen- and nitrogen-
containing hydrophilic functional groups on the surface
modification of MWCNTs, such as hydroxy and amino, are
hydrophilic groups. These groups can be combined with a
number of water molecules by hydrogen bonds. This bonding
may aggregate TBBPA into the interstice of MWCNTs.26

Moreno-Castilla et al. and Lillo-Rodenas et al. found similar
results for sorption onto relevant carbonaceous materials.62,63

In addition, values of ΔG132
LW/ΔG132

AB were 0.11−0.13 and 0.56−
0.88 for TBBPA-MWCNTs and TBBPA-N-MWCNTs, re-
spectively. Accordingly, the LW interactions (i.e., ΔG132

LW) were

Figure 5. Pseudo-second-order model plots for TBBPA sorption on (a) MWCNTs and (b) N-MWCNTs.

Table 1. Pseudo-Second-Order Kinetics Model Parameters for TBBPA Sorption on MWCNTs and N-MWCNTs

MWCNTs N-MWCNTs

pH qe,exp (mg/g) k2 (g/mg min) qe,cal (mg/g) h (mg/g min) R2 qe,exp (mg/g) k2 (g/mg min) qe,cal (mg/g) h (mg/g min) R2

7.0 154.8 0.0036 155.0 86.49 0.998 98.5 0.010 97.5 89.29 0.999
8.0 74.8 0.0063 72.4 33.02 0.986 60.7 0.033 52.1 89.51 0.995
9.0 28.4 0.0034 30.2 3.10 0.969 9.9 ∼0 6.5 0 0.993
10.0 20.1 0.028 19.4 10.53 0.996 4.2 0.12 4.3 2.24 0.991

Table 2. Surface Tensions (mJ/m2) of TBBPA in Different
pH Solutions

probe liquid γLW γ+ γ− γAB γTOT

water 43.46 0.13 3.25 1.29 44.75
pH 7.0 43.46 0.15 2.88 1.30 44.76
pH 8.0 43.46 0.13 3.26 1.29 44.75
pH 9.0 43.46 0.07 4.94 1.15 44.60
pH 10.0 43.46 0.06 5.21 1.11 44.60

Table 3. Surface Tensions (mJ/m2) of MWCNTs and N-MWCNTs in Different pH Solutions

MWCNTs N-MWCNTs

probe liquid γLW γ+ γ− γAB γTOT γLW γ+ γ− γAB γTOT

water 45.76 0.73 0.52 1.23 46.99 48.74 0.35 41.34 7.60 56.34
pH 7.0 45.76 0.20 0.91 0.86 46.60 48.74 0.19 50.21 6.14 54.88
pH 8.0 45.76 0.32 0.21 0.52 46.30 48.74 0.17 51.48 5.91 54.65
pH 9.0 45.76 0.75 0.62 1.37 47.12 48.74 0.41 38.58 7.99 56.73
pH 10.0 45.76 0.76 0.65 1.40 47.16 48.74 0.46 36.67 8.24 56.98
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not negligible, whereas hydrophobic attractive interactions (i.e.,
ΔG132

AB ) were dominant in TBBPA sorption onto MWCNTs.
The interfacial free energies of cohesion for TBBPA−TBBPA

represented the interactions at the final stage in which the
surfaces of MWCNTs/N-MWCNTs were completely covered
by the adsorbed TBBPA, as presented in Table 6. In this stage,

the v of MWCNTs and N-MWCNTs were both approximately
zero, indicating that an sorption equilibrium of TBBPA had
occurred. The interfacial free energies (i.e., ΔG131

TOT) for
TBBPA−TBBPA were from −54.19 to −62.59, similar to
those of the TBBPA-MWCNT interactions. However, the v for
TBBPA-MWCNTs was significantly faster than that for
TBBPA−TBBPA (approximately zero). These values likely
occurred because of the diffusion driving force canceling out
the attractive interactions from the interfacial free energies. The
TBBPA sorption on MWCNTs achieved dynamic equilibrium.
3.5. Comparison of Adsorbent Performance with

Literature Data. Different from previous studies, the
maximum sorption capacities (qmax) of MWCNTs and N-
MWCNTs used in this paper were higher, as shown in Table 6.
The qmax of TBBPA on MWCNTs and N-MWCNTs were
about 162.8 and 115.7 mg/g (obtained from Supporting
Information Figure S7 and Table S3), respectively. On the
contrary, the qmax of the MWCNTs12 and the MWCNTs/
Fe3O4−NH2

13 were 66.4 and 33.7 mg/g, respectively. One of
the reasons may be the solvent effect of methanol for TBBPA
sorption. When methanol (5%, v/v) was added into the water
solutions, the corresponding qmax of our MWCNTs and N-
MWCNTs for TBBPA sorption at pH 7.0 were 61.3 and 42.4
mg/g at 303 K, respectively. It can be concluded that the
MWCNTs was significant for TBBPA removal under water
system.

3.6. Potential Application of XDLVO Theory in Water
Treatment. The XDLVO theory was applied to reveal the
molecular interactions between adsorbents and solutes, as well
as to choose an appropriate adsorbent for a given organic
contaminant. On the basis of this theory, the Lifshitz−van der
Waals (LW) and acid−base (AB) interactions for TBBPA-
MWCNTs were successfully analyzed. It was indicated that this
theory can be applied to sorption of various organic
compounds. However, further work should be needed to
elucidate the effects of dissolved organic matter and hardness
ions, etc., on TBBPA sorption in real waters. In addition, the
separation and recycling of MWCNTs should be considered.

4. CONCLUSIONS
Solution pH is an important factor affecting the sorption
process of TBBPA onto MWCNTs. The uptake of TBBPA
sharply decreased with increasing pH of the solution. The pH-
sorption kinetics of TBBPA on MWCNTs were well described
by a pseudo-second-order model, and its rate-determining steps
were found to be external diffusion. During the initial sorption
of TBBPA onto MWCNTS, the hydrophobic attractive
interactions (i.e., interfacial AB free energies, ΔG132

AB ) for
TBBPA-MWCNTs were greater than the interactions for
TBBPA-N-MWCNTs, demonstrating that hydrophobic attrac-
tive interactions were dominant in TBBPA sorption onto
MWCNTs. At the end of the sorption, the diffusion driving
force canceled out the attractive interactions (i.e., interfacial

Table 4. Interfacial Free Energies (mJ/m2) of Adhesion for TBBPA-MWCNTs and TBBPA-N-MWCNTs in Different pH
Solutions

TBBPA-MWCNTs TBBPA-N-MWCNTs

probe liquid ΔG132
TOT ΔG132

LW ΔG132
AB ΔG132

LW/ΔG132
AB ΔG132

TOT ΔG132
LW ΔG132

AB ΔG132
LW/ΔG132

AB

water −75.77 −8.06 −67.71 0.12 −24.91 −8.90 −16.02 0.56
pH 7.0 −77.01 −8.06 −68.95 0.12 −20.86 −8.90 −11.97 0.74
pH 8.0 −80.08 −8.06 −72.02 0.11 −19.04 −8.90 −10.15 0.88
pH 9.0 −72.42 −8.06 −64.36 0.13 −22.68 −8.90 −13.78 0.65
pH 10.0 −71.86 −8.06 −63.80 0.13 −23.40 −8.90 −14.50 0.61

Table 5. Average Sorption Rates of TBBPA-MWCNTs and TBBPA-TBBPA in Different pH Solutions

MWCNTs N-MWCNTs

νTBBPA‑MWCNTs (0−2 min, mg/m2 min) νTBBPA−TBBPA (1−2 h, mg/m2 min) νTBBPA‑N‑MWCNTs (0−2 min, mg/m2 min) νTBBPA−TBBPA (1−2 h, mg/m2 min)

pH 7.0 0.293 0.00060 0.255 0.00069

pH 8.0 0.149 0.00150 0.114 0.00027

pH 9.0 0.0247 0.00003 0.0309 0.00006

pH 10.0 0.0147 0.00003 0.0141 0.00007

Table 6. Interfacial Free Energies (mJ/m2) of Cohesion for
TBBPA−TBBPA in Different pH Solutions

probe liquid ΔG131
TOT ΔG131

LW ΔG131
AB ΔG131

LW/ΔG131
AB

water −68.34 −7.40 −60.94 0.12
pH 7.0 −69.99 −7.40 −62.59 0.12
pH 8.0 −68.28 −7.40 −60.88 0.12
pH 9.0 −61.59 −7.40 −54.19 0.14
pH 10.0 −70.30 −7.40 −62.90 0.12

Table 7. Adsorption Capacities of TBBPA on Various
Adsorbents

adsorbent pH
temperature

(K)
sorption capacity

(mg/g) references

MWCNTs 7.0 303 162.8 this study
N-MWCNTs 7.0 303 115.7 this study
MWCNTs 7.0 298 64.4 12
MWCNTs/Fe3O4 7.0 303 22.0 13
MWCNTs/Fe3O4−
NH2

7.0 303 33.7 13

graphene oxide 7.0 298 115.8 22
MIEX 6.0 298 49.2 23
MNP-CTS 6.3 303 42.5 64
Fe3O4/GO 7.0 303 17.2 65
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free energies, ΔG131
TOT). XDLVO approaches might be necessary

to reveal the interactions between sorbents and solutes.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was published on the Web on November 24, 2014,
with a minor error in Figure 2. The corrected version was
reposted on December 1, 2014. After the paper was reposted
on December 1, 2014, additional changes were made to eq 2.
The corrected version was reposted on December 10, 2014.
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