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ABSTRACT

Two kinds of functional groups, carboxyl, and amidogen were attached to on multi-walled
carbon nanotubes (MWCNTs) with mixed acid and ethylenediamine (EDA). Scanning electron
microscopy and transmission electron microscopy characterization showed no distinguishable
changes in morphology, but found defects on the walls of the modified MWCNTs, and X-ray
diffraction characterization indicated that the MWCNTs still retain the graphite structure. The
sorption kinetics, sorption isotherms, and thermodynamics of pristine and modified
MWCNTs were also investigated. The results showed that the equilibrium sorption could be
well modeled by a pseudo-second-order kinetic fit. The uptake of tetrabromobisphenol A
(TBBPA) sharply decreased with increasing pH values under alkaline conditions and at higher
temperatures. The sorption isotherms of TBBPA onMWCNTs were well described by Langmuir
and Freundlich models. Carboxyl- and hydroxyl-functionalized MWCNTs (MWCNTs-O)
have higher values of the change in the standard Gibbs free energy (ΔG˚) than do the
amino-functionalized MWCNTs (MWCNTs-N); this is in agreement with the phenomenon
that MWCNTs-O have a slightly higher sorption capacity than MWCNTs-N. The calculated
thermodynamic parameters suggest that the sorption of TBBPA onto the modified MWCNTs
is a feasible, spontaneous, and exothermic process. It was also proposed that hydrophobic
interactions and π–π interactions were dominant in TBBPA sorption onto MWCNTs. The three
sorbents retain a high sorption capacity after five sorption and desorption cycles.

Keywords: Sorption; Kinetics; Thermodynamics; Tetrabromobisphenol A; Functionalized
MWCNTs

1. Introduction

Brominated flame retardants (BFRs) have been
widely used in industry and commerce for fire pre-

vention. Tetrabromobisphenol-A (TBBPA) is a cheap
and common BFR, and accounts for around 60% of
the total BFR market. In 2007, the production capacity
of TBBPA in China was estimated to be 18,000 tons
[1]. TBBPA and its derivatives can release into
environment from various materials during the*Corresponding author.
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manufacturing, recycling, and disposing processes [2].
They have been found in soil [3–6], dust [7], aquatic
sediment [8], sewage sludge [9], wastewater [10], and
source water [11–13]. Moreover, TBBPA has been
detected in tissues of aquatic organisms, wildlife, and
humans [14,15]. These findings are significant because
it is reported that TBBPA could cause various possible
toxic effects, such as immunotoxicity and neurotoxicity
effects in mammals [16,17]; thus we are driven to find
a feasible means of removal of this contamination.

Sorption technology is widely used in pollution
control due to its effective reduction of organic or
inorganic pollutants in the water without producing
new harmful substances [18]; for these same reasons it
is considered to be an effective method for TBBPA
removal from aquatic environments [19,20]. In recent
years, sorption materials containing carbon, such as
active carbon, graphene [21,22], and carbon nanotubes
(CNTs) [20] have become popular sorbents. CNTs are
excellent sorbent materials due to their small size,
large surface area, hollow-layered structures, and
good chemical stability [18,20,23]. They have been pro-
ven have great potential as adsorbents for the removal
of organic, inorganic, and biological pollutants [24–27].
Although CNTs provide for high sorption capacities,
applying them to aqueous applications present some
challenges since they are prone to dissolution and sep-
aration from aqueous solutions [28,29]. In order to
improve the hydrophilicity of CNTs, organic or inor-
ganic functional groups were grafted to the surface of
the CNTs, which not only prevent agglomeration of
CNTs but also increase the active sites for sorption
[24,30–32]. Summarizing previous research, the modi-
fication and blending of CNTs with polymer and func-
tional groups can be an effective method to overcome
the dissolution problem.

In our current study, multiwall carbon nanotubes
(MWCNTs) were treated by mixed acid in order to
introduce carboxyl and hydroxyl functional groups onto
the surfaces of MWCNTs (MWCNTs-O) and then
amino-functionalized MWCNTs (MWCNTs-N) were
prepared by reacting MWCNTs-O with EDA. The
TBBPA removal efficiencies of pristine and modified
MWCNTs were determined as a function of contact
time, pH, initial TBBPA concentration, and temperature.
The kinetics and thermodynamics of TBBPA sorption
on MWCNTs-O and MWCNTs-N were also studied.

2. Materials and methods

2.1. Materials

Tetrabromobisphenol-A (4,4-isopropylidenebis(2,6-
dibromophenol)) (purity > 97%) and methanol (HPLC

grade) were purchased from the Sigma–Aldrich
Company (MO, USA). MWCNTs were from Seldon
Technology (VT, USA) and had nominal outer diame-
ters of 10–20 nm, inner diameters of 5–10 nm, and a
purity of >97%. Ultra pure water was obtained
directly from a Milli–Q Integral system (Millipore,
MA, USA) with a resistivity as high as 18.2 MΩ cm.
EDA and n,n-dicyclohexylcarbodiimide (DCC, 99%)
were purchased from the Aladdin Company
(Shanghai, China). The other chemicals and reagents
used in this study were of analytical grade and
purchased from Sinopharm Chemical Reagents
(Shanghai, China).

2.2. Preparation of MWCNTs-O and MWCNTs-N

First, the raw MWCNTs were put into a mixture of
concentrated sulfuric acid and nitric acid (v/v, 3/1)
and the mixture was sonicated for 12 h at 313 K in an
ultrasonic bath. The mixture was then refluxed and
stirred in a concentrated H2SO4 and 30% hydrogen
peroxide (v/v, 4/1) solution at 343 K for 24 h. Then
the mixture was refluxed in concentrated HNO3 at
393 K for 24 h. Finally, after natural cooling to room
temperature, the material was washed with water and
dried in a vacuum-freeze dryer. This process resulted
in carboxyl- and hydroxyl-functionalized MWCNT
samples referred to as MWCNTs-O.

MWCNTs-O were then weighed and added to an
EDA solution. Then the mixture was stirred at 298 K,
and excess DCC was added and refluxed for 48 h at
353 K. After treatment, the mixture was washed with
ethanol and vacuum filtered by a PTFE membrane fil-
ter with a 0.45 μm pore size and dried in a vacuum-
freeze dryer. This additional processing resulted in
amino-functionalized MWCNT samples referred to as
MWCNTs-N.

2.3. Characterization

The microstructure and morphology of the pristine
and modified MWCNTs were investigated with the
following characterization methods: scanning electron
microscopy (SEM; Philips XL30, Netherlands), trans-
mission electron microscopy (TEM; JEOL 2011, Japan),
and X-ray diffraction (XRD; D8 Advance, Bruker,
Germany). The pH values of the supernatants were
measured with an S20 SevenEasy pH meter (Mettler-
Toledo, Shanghai, China).

2.4. Analytical methods

Concentrations of TBBPA were measured through
ultra-performance liquid chromatography (UPLC;
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ACQUITY UPLC H-Class, Waters, MA, USA)
equipped with a TUV detector and a reversed phase
BEH C18 Column (2.1 × 50 mm, 1.7 μm). The column
was maintained at 303 K when the samples were
analyzed and the detection wavelength was set to
209 nm. TBBPA was performed in an isocratic elution
program with methanol/water used as the mobile
phase (v/v, 75/25). The injection volume of TBBPA
was 10 μL and flow rate was maintained at
0.2 mL/min during the analysis.

The TBBPA and TBBPA-loaded MWCNTs were
characterized by a Fourier transform infrared (FTIR)
spectra (Nicolet5700, America Spectrum One, Perkin
Elmer, MA, USA) between 4,000 and 500 cm−1.

2.5. Batch sorption experiment

In order to evaluate the characteristics of TBBPA
sorption onto the MWCNTs, batch experiments were
employed. The initial concentration of TBBPA solution
was approximately 2.0 mg/L. In order to maintain a
stable ionic strength, a 0.01 M NaCl background solu-
tion was used. Then 200 μL of the MWCNT stock
solution (10 mg/mL) was injected into the solution.
The pH values were adjusted by adding 0.1 M HCl
and 0.1 M NaOH solutions. Afterward, the flasks con-
taining the solution were transferred to a thermostatic
air shaker operating at 180 rpm. After the designated
amount of time (3, 6, 10, 15, 20, 30, 40, 60, 120, 360,
and 720 min), 1.0 mL of the mixture solution was
extracted and centrifuged at 12,000 rpm for 5 min. The
supernatants were then analyzed by UPLC to measure
the residual concentrations of TBBPA. The reported
sorption values are averages taken from the sorption
experiments which were performed in triplicate. The
TBBPA sorption on MWCNTs can be calculated by
the following Eq. (1):

qt ¼ ðC0 � CtÞV
m

(1)

where qe (mg/g) is the sorbed amount of TBBPA, C0

and Ct (mg/L) are the concentration at initial time and
time t (min), respectively, V (L) is the volume of solu-
tion, and m (g) is the mass of the MWCNTs in solution.

2.6. Desorption experiments

Desorption of TBBPA in the composites was car-
ried out by washing the adsorbent with distilled water
several times, followed by shaking the sorbents in
ethanol at 180 rpm for 6 h in order to achieve
complete desorption. The solid and liquid phases were

separated by vacuum filtration. The reusability of the
composites was tested by evaluating their sorption
performance for removal of TBBPA through five
sorption/desorption cycles.

2.7. Sample preparation for FTIR analysis

A solution containing 10-mg MWCNTs and 250-
mL TBBPA with a set concentration of 2 mg/L and
pH 7.5 was transferred to conical flasks. Then, the
mixed solution was shaken in a shaking table for 12 h
under room temperature (25˚C). Sorbents were sepa-
rated by vacuum filtration equipment with a 0.45 μm
ultrafiltration membrane. After vacuum filtration the
sorbents were washed three times with deionized dis-
tilled water to remove any residual soluble TBBPA.
Finally, the collected sorbents were vacuum dried for
FTIR analysis.

3. Results and discussion

3.1. Physicochemical characterization of MWCNTs

A comparison of the SEM and TEM of the three
types of MWCNTs are shown in Fig. 1. All samples
maintained their original hollow tubular structure [33]
and showed no distinguishable changes in morphol-
ogy. However, defects were found on the walls of the
modified MWCNTs, which is different than the pris-
tine MWCNTs; these defects may indicate the location
of the grafted functional groups. The XRD powder
profiles of the pristine and modified MWCNTs are
shown in Fig. 2. In these diffractograms, it is easy to
find the characteristics of a typical MWCNT structure:
with the typical peak of the (0 0 2)-graphite base plane
at 2θ = 25.8˚ and the peak at approximately 2θ = 42.8˚
assigned to the (1 0 0)-graphite base plane [34]. These
two characteristic peaks demonstrate that the CNTs
still retain their graphite structure.

3.2. Effect of contact time on TBBPA sorption

The dynamics of TBBPA sorption onto the
MWCNTs is shown in Fig. 3. The sorption process of
TBBPA uptake for all three MWCNTs materials was
quite rapid. The fastest sorption rate was found dur-
ing the first 20 min with nearly 90% sorption capacity
being consumed in that time. The maximum sorption
capacity was achieved at approximately 30 min, and
then the sorption capacity decreased slightly. The
small drop in capacity from 60 to 120 min was mainly
due to the large concentration gradient of pollutants
between the solid-liquid phases, which produced a
diffusion driving force to promote hydrophobic
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organic compounds (HOC) moving quickly onto the
sorbent surface [35]. As the sorption time increases,
sorption was able to rebalance and the vast majority
of TBBPA uptake was onto the active groups. Finally,
the sorption reached dynamic equilibrium. After stabi-
lization, it was found that the sorption capacity of the
pristine MWCNTs had the largest sorption capacity
(29.64 mg/g), while the MWCNTs-N had the smallest
capacity (21.01 mg/g), and the sorption of MWCNTs-
O was 22.92 mg/g.

3.3. Effect of pH value on TBBPA sorption

The sorption behavior was investigated at 303 K,
while varying the pH values of the solution between
3.0, 4.0, 6.0, 7.0 9.0, and 10.0 (±0.3), respectively. The

Fig. 1. SEM images of (a) pristine MWCNTs, (b) MWCNTs-O, and (c) MWCNTs-N; (d–f) are TEM images corresponding
to the samples of (a–c), respectively.
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Fig. 2. XRD patterns of pristine MWCNTs (a), O-MWCNTs
(b), and N-MWCNTs (c).
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Fig. 3. The effect of contact time on (a) the TBBPA sorption capacity onto MWCNTs, MWCNTs and MWCNTs-N, and (b)
the removal rate of TBBPA from solution.

17346 J. Zhang et al. / Desalination and Water Treatment 57 (2016) 17343–17354



effects of different pH values on TBBPA removal can
be seen in Fig. 4. The uptake of TBBPA onto the pris-
tine MWCNTs was maximized when pH 7.0. The
sorption behavior of MWCNTs-O was similar to that
of the pristine MWCNTs, but its maximum sorption
capacity occurred when pH 6.0. The sorption of
TBBPA onto MWCNTs-N decreased with increasing
pH from 3.0 to 10.0. The amount of neutral molecular
TBBPA decreased with increasing pH, and the sorp-
tion capacity decreased when the solution pH
increased from 7.0 to 10.0, which is consistent with
our previous studies [19,34]. When the pH < pKa1,
most of the TBBPA was in molecular form and more
hydrophobic, which made it attach more easily to the
MWCNTs. On the contrary, when the pH > pKa1, the
TBBPA increases in ionization and hydrophilicity; as a
result, the sorption decreased, which may be due to
the reduction of hydrophobic interactions [36,37]. As
shown in Fig. 5 and our previous studies [34], the zeta

potential of the three MWCNTs was negative and
decreased as pH increased from 4.0 to 10.0. The
MWCNTs-O had a lower zeta potential than the
MWCNTs-N, while it owns a greater TBBPA sorption
capacity. It can be inferred that the electrostatic repul-
sion between the negatively charged MWCNTs surface
and the TBBPA anions may not act as the major
driving force for sorption.

3.4. TBBPA sorption kinetics

The dynamics of TBBPA sorption onto MWCNTs
is shown in Fig. 6. In order to find the rate of TBBPA
sorption onto MWCNTs, pseudo-first-order and
pseudo-second-order kinetic models were applied to
investigate the sorption kinetics [38–42], which are
expressed as Eqs. (2) and (3), respectively:

log ðqe � qtÞ ¼ log qe � k1t

2:303
(2)

t

qt
¼ 1

k2q2e
þ t

qe
(3)

where k1 (min−1) and k2 (g/mg min) are the
pseudo-first and pseudo-second-order rate constants,
respectively, and qe (mg/g) and qt (mg/g) are the equi-
librium sorption capacity and sorption capacity at
time t (min), respectively. The initial sorption rate h
(mg/g h) can be determined from h ¼ k2q

2
e .

The pseudo-first-order model did not fit the
TBBPA sorption onto MWCNTs perfectly; this model
worked for the first 60 min, but was unsuitable for the
remainder of the sorption process. Additionally, the
calculated equilibrium sorption capacities (qe;cal) calcu-
lated by the pseudo-first-order model did not match
the experimentally derived (qe;exp) (as presented in
Fig. 6(a) and Table 1). Zhang et al. also found that
with the initial TBBPA concentration increasing to
1.0 mg/L, the reaction tended to be complex, and that
it was difficult to use a specific model to simulate the
TBBPA sorption onto graphene oxide (GO). However,
it was approximated by the pseudo-second-order
model to simulate the sorption process under experi-
mental conditions [19]. As shown in Table 1, the qe;cal
obtained from the pseudo-second-order model were
very close to the qe;exp. The pseudo-second-order
model assumed that the sorption rate was controlled
by chemical interaction and that the sorption capacity
was proportional to the number of active sites on the
sorbents [43]. It can be concluded that the rate of
TBBPA uptake onto the MWCNTs is highly correlated
with the number of active sites on the MWCNTs.
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3.5. Effect of solution temperature on TBBPA removal

Generally, the solution temperature is an important
factor affecting sorption. The effect of temperature on
the behavior of TBBPA sorption onto MWCNTs was
analyzed by conducting sorption experiments under
various temperatures from 283 to 313 K. Investigation
of pristine MWCNTs has been done in previous
reports [29,31], therefore, only the two modified
MWCNTs were studied in this work.

In our study, two classical equilibrium isotherm
models were applied to describe the experimental
data, namely the Langmuir and Freundlich isotherm
models. The Langmuir sorption model assumes that
maximum sorption corresponds to a saturated mono-
layer of the molecules on the adsorbent surface, with
no lateral interaction between the sorbed molecules.
The linear equation for Langmuir isotherm is:

Ce

qe
¼ Ce

qmax
þ 1

qmaxb
(4)

where qmax (mg/g) is the theoretical maximum sorp-
tion amounts, and b is the Langmuir model constant.

The Freundlich isotherm model is an empirical
equation and used to describe heterogeneous surfaces
[44]. The linear equation for Freundlich isotherm is:

log qe ¼ log Ce

n
þ logKF (5)

where n and KF are the Freundlich model constants.
The results of fitting the two models are shown in

Fig. 7, and their fitting parameters are listed in Table 2.
The regression correlation coefficients (R2) exceed 0.95
for all fitting curves, suggesting that experimental data
of both materials were well fit by both models. As
shown in Table 2, the values of b and KF decrease with
increasing temperature, indicating that the TBBPA
sorption capacity on MWCNTs-O and MWCNTs-N
decreased with the increase in temperature. When n
values lie between 1 and 10, the sorption process is
energetically favorable. In our research, the values of
n were 2.18, 2.56, 2.12 for MWCNTs-O and 1.77, 1.87,
1.91 for MWCNTs-N at 283, 298, and 313 K, respec-
tively, illustrating that the batch sorption is favorable
for all of the experimental conditions that were tried.
Since the data for the sorption of TBBPA on
MWCNTs-O and MWCNTs-N are well fit by the
Langmuir model, it is an indication that the sorption
process is monolayer sorption. Meanwhile, the calcu-
lated sorption capacity of MWCNTs-O was larger than
that of MWCNTs-N at each temperature, which might
indicate that the hydrophobicity of MWCNTs-O was
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Fig. 6. The (a) pseudo-first-order kinetic and (b) pseudo-second-order kinetic plots for TBBPA sorption on pristine
MWCNTs, MWCNTs-O, and MWCNTs-N.

Table 1
Kinetic parameters for TBBPA sorption on pristine MWCNTs, MWCNTs-O, and MWCNTs-N

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

Sorbents qe,exp (mg/g) qe,cal (mg/g) k1 (min−1) R2 qe,cal (mg/g) k2 (min−1) h (mg/g min) R2

MWCNTs 30.13 26.69 0.0949 0.9709 29.86 0.0114 10.1 0.9997
MWCNTs-O 22.92 20.28 0.0679 0.9388 24.52 0.0066 3.96 0.9978
MWCNTs-N 21.01 25.63 0.0762 0.9871 22.17 0.0053 2.60 0.9972
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greater than MWCNTs-N under current experimental
conditions.

Table 2 shows that the maximum sorption capaci-
ties are determined to be 53.02 mg/g for MWCNTs-O
and 47.87 mg/g for MWCNTs-N at 288 K. The uptake
of TBBPA onto both materials was found to decrease
as the solution temperature increased from 288 to
313 K. The sorption capacity of MWCNTs-O was
greater than that of the MWCNTs-N at each tempera-
ture. Fasfous et al. [36] found that the sorption of
TBBPA on pristine MWCNTs is exothermic and
spontaneous at the temperatures they studied. Our

test results indicated that TBBPA uptakes on the
modified MWCNTs were also an exothermic process.

3.6. Sorption thermodynamic analysis

The thermodynamic parameters can help us to
understand the inherent energetic changes involved
during the sorption process. In order to discuss the
thermodynamic parameters, the sorption isotherms of
TBBPA on modified MWCNTs were studied at 283,
298, and 313 K. Changes of the thermodynamic
parameters for the standard free energy change of
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Fig. 7. The isotherms at different temperatures of TBBPA sorption by MWCNTs-O as compared to the (a) Langmuir and
(b) Freundlich models and by MWCNTs-N as also compared to the (c) Langmuir and (d) Freundlich models.

Table 2
Isotherm parameters for TBBPA sorption on MWCNTs-O and MWCNTs-N

Sorbents T (K)

Langmuir Freundlich

qm (mg/g) b (L/mg) R2 KF n R2

MWCNTs-O 283 53.02 1.95 0.978 33.45 2.18 0.987
298 35.79 1.23 0.968 19.18 2.56 0.991
313 26.88 1.51 0.995 14.87 2.12 0.985

MWCNTs-N 283 47.87 1.31 0.983 25.57 1.77 0.987
298 32.89 1.25 0.986 16.92 1.87 0.952
313 24.27 1.35 0.993 12.83 1.91 0.958
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sorption (ΔG˚, kJ/mol), standard enthalpy change
(ΔH˚, kJ/mol), and standard entropy change (ΔS˚,
J/mol K) were calculated while varying the thermody-
namic equilibrium constant, Kd, at the above
temperatures.

For the sorption reaction, Kd can be calculated as
follows:

Kd ¼ qe
Ce

(6)

It is possible to calculate Kd by plotting ln ðqe=CeÞ vs.
qe. The data may then be fit by a straight line (as pre-
sented in Fig. 8) by linear curve fitting and the inter-
cept of the vertical axis is the value of ln Kd.

The changes in free energy for any interaction can
be calculated by the following two equations:

DG� ¼ �RT ln Kd (7)

DG� ¼ DH� � TDS� (8)

By rearranging Eqs. (7) and (8), it is possible to get a
linear equation that may be used to calculated the
values of DH�, DS� and DG�:

ln Kd ¼ �DH�

RT
þ DS�

R
(9)

where R is the universal gas constant (8.3145 J/mol K)
and T is the sorption experiment temperature (K). By
plotting ln Kd vs. (1,000/T), the linear plot shown in
Fig. 9 is obtained. Thermodynamic parameters DH�

and DS� were separately found from the slope
(�DH�=R) and the y-intercept (�DS�=R) and then the
DG0 was calculated with Eq. (9). The calculated
thermodynamic parameters are shown in Table 3.

The values of DG� were negative at all tempera-
tures, indicating that the sorption of TBBPA onto both
MWCNTs-O and MWCNTs-N was a spontaneous and
thermodynamically favorable process, and the ran-
domness of the sorption system decreased with
TBBPA uptake onto the two types of modified
MWCNTs. Meanwhile, both the slight increase in DG�

values from 288 to 313 K and the negative DH� values
suggest that TBBPA uptake onto MWCNTs-O and
MWCNTs-N is an exothermic process. This was fur-
ther proven by the observation that the sorption of
TBBPA onto modified MWCNTs decreased with
increasing sorption temperature. It is generally under-
stood that physical and chemical sorption involve an
enthalpy change between 2–21 kJ/mol and 80–
200 kJ/mol, respectively [45]. In our research, the DH�

values were −23.01 kJ/mol for MWCNTs-O and
−17.28 kJ/mol for MWCNTs-N, which suggests that
the sorption of TBBPA on the two types of modified
MWCNTs was mainly a physical sorption process.

3.7. Reusability of MWCNTs

The reusability of the MWCNTs, MWCNTs-O, and
MWCNTs-N for TBBPA sorption was also evaluated
(as shown in Fig. 10). The result indicated that the sor-
bents consistently exhibited good sorption capacity on
TBBPA with the sorption capacity were observed 97,
92, and 95% of their initial values respectively even
after five repeated sorption and desorption cycles,
suggesting the three sorbents remained with good
efficiency.

3.8. Sorption mechanism

Previous research has already reported that the π–π
interaction was considered as one of the predominant
driving forces for sorption of organic pollutants with a
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carbon–carbon double bond (C=C) or benzene rings on
MWCNTs [25,46–48]. In order to investigate the
possible mechanisms of the sorption of TBBPA on the
three sorbents, the FTIR spectra of TBBPA, MWCNTs,
MWCNTs-O, MWCNTs-N, and TBBPA loaded the
three sorbents and were compared. As shown in
Fig. 11, the intense peak around 3,400 cm−1 can be
attributed to the stretching vibration of the O–H
groups. The peak around 1,729 cm−1 was associated
with the appearance of C=O bonds in carboxylic acid

and carbonyl moieties. The peak at 1,560 cm−1 referred
to the skeletal vibration of aromatic C=C bonds. The
peak at around 1,392 cm−1 was assigned to the carboxyl
(O=C–O) bonds. The peak around 1,220 cm−1 belonged
to the epoxy (C–O–C) bonds [49,50]. Compared to the
original sorbents, there were some new peaks at 900–
1,250 cm−1, which appeared or were strengthened in
the FTIR spectrum of TBBPA loaded on the three
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Table 3
Thermodynamic parameters of TBBPA sorption on MWCNTs-O and MWCNTs-N

MWCNT-O MWCNT-N

283 K 298 K 313 K 283 K 298 K 313 K

ΔG˚ (kJ/mol) −11.85 −11.26 −10.59 −20.62 −9.94 −9.57
ΔS˚ (J/mol K) −39.44 −24.62
ΔH˚ (kJ/mol) −23.01 −17.28
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sorbents. These peaks were in accordance with the
peaks from the FTIR spectrum of TBBPA, which
demonstrated that a number of TBBPA molecules had
been sorbed on the three sorbents. As shown in Fig. 11,
the peaks of C=C stretching became smaller after the
sorption process, while the peaks of O–H stretching
almost unchanged, meaning that the π–π interaction
strength was a main force for TBBPA loading on the
three sorbents. What is more, the peaks of C=C stretch-
ing was decreased by the sequences in MWCNTs,
MWCNTs-O, MWCNTs-N, which gave a possible
explain to the phenomenon that the sorption capacity
of TBBPA on the three sorbents obeys the following
order: MWCNTs > MWCNTS-O > MWCNTs-N.

4. Conclusions

The sorption parameters of pristine and modified
MWCNTs are evaluated for the removal of TBBPA.
The sorption capacity increased with the increase in
contact time, and decreased with increasing tempera-
ture for all three forms of the MWCNTs. The fastest
removal rate was observed during the first 20 min with
90% of total sorption and the maximum sorption
occurring at approximately 30 min. The behavior of
pristine and modified MWCNTs at different pH values
was mainly determined by the changes of hydropho-
bicity and solubility of TBBPA. Sorption of TBBPA on
the three materials fit well with the pseudo-second-
order kinetic model. The DG� value of the MWCNTs-O
was higher than that of the MWCNTs-N, indicating
that TPPBA was more easily sorbed onto the
MWCNTs-O. The sorption of TBBPA on the modified
MWCNTs was shown to be a thermodynamically feasi-
ble and spontaneous process. The DH� value suggested
that the sorption is an exothermic and a physical sorp-
tion process. It was considered that the TBBPA could
be sorbed on MWCNTs by hydrophobic interactions
and π–π interactions. Additionally, all the three sor-
bents showed excellent stability of sorption capacity.
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