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The development of high efficient adsorbents for removal of organic dyes from wastewater has attracted

much attention recently. Surface modification of adsorbents with polymers is a general strategy for

enhancement of their adsorption capability. In this work, a novel strategy that combination of mussel

inspired chemistry and SET-LRP has been developed for fabrication of high efficient adsorbents,

poly(sodium p-styrene sulfonate) modified the muti-walled carbon nanotubes (CNTs) for the first time.

The adsorption applications of these CNTs based polymer nanocomposites for removal of cationic dyes

(methylene blue, MB) from water solution were also examined. The successful preparation of these CNTs

based polymer nanocomposites was confirmed by a series of characterization techniques. Furthermore,

the influence of adsorption parameters including contact time, concentration of MB, adsorption

temperature and time has been investigated. According to the experimental data, the adsorption capacity

of MB was in direct proportion to the contact time, while in inverse proportional to the temperature. The

maximum absorption capacity of MB for CNTs-PDA-PSPSH was even arrived 160 mg g,

demonstrating excellent adsorptive property of functional CNTs for MB. The method described in this

work for the preparation of CNTs based polymer nanocomposites is simple, effective and general, that

should be a universal strategy for preparation of high efficient adsorbents for environmental applications.

1. Introduction

Dye industries, including plastics, cosmetics, pulp manufacture,
textiles, pharmaceuticals and food processing, have been rapid
development in recent years. Dyestuffs are water-soluble organic
matters that can be converted into solution and enable to make
fiber materials or other substances obtain bright and solid color.'
Among the production process of colorful dyes, the fact that a
part of poisonous organic materials have transferred to the
wastewater, resulting in a large amount of aromatic, polycyclic
aromatic or heterocyclic compounds exist in the water and be
harmful to human health.>* On the one hand, as organic
compounds with stable structure, dyestuffs could stay in the
environment for a long retention period.’ On the other hand,
various aromatic compounds with complicate structure are
existed in dye wastewater, resulting in difficult points of
wastewater treatment due to their high colority, concentration,
stable nature and not easy to degrade. Therefore, more and more
attentions have been paid to treat the dye industrial wastewater
before discharge in recent years.*'

In theory, a variety of physical, chemical and biological
methods can be used for the removal of dye contained
wastewater. For instance, coagulation sedimentation, ion
exchange, ultrafitration, dialysis, chemical oxidation and
electrochemical have ever been applied in dye wastewater
treatment."”> However these methods could make effective and
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economic benefit only in high concentrations, and there are
disadvantages reflected in energy consuming, high cost and may
generate large amounts of toxic or carcinogenic byproducts.'*%°
To the best of our knowledge, adsorption has proven to be a hot
and attractive method for removal of dye contained wastewater
due to the economic effectiveness and low operation cost.”'*® In
the past decades, there are many studies have been reported about
removal of heavy metal ions and organic dyes using active
carbon, natural fibers, minerals efc as adsorption materials.”’
Unfortunately, most of these adsorbents have relative low
adsorption capacity. It is therefore surface modification of the
adsorbents to improve the adsorption capability of these
adsorbents have been intensively pursued recently.*

As a star member of carbon family, carbon nanotubes (CNTs)
with nano-size diameter and tubular microstructure, have been
the worldwide hotspot of research in various fields such as
electronic devices, composites hydrogen storage, catalysis and
drug delivery since their first discovery in 1991.%'% Furthermore,
because of excellent structural features and high surface areas,
many attentions have been paid to the removal of heavy metal
jons (Cu®', Zn**, Cd*, Pd*", Cr*" and fluoride) and different
organic matters existed in environmental wastewater using CNTs
as adsorbents.*** More importantly, as compared with the usual
adsorbents like activated carbon, research found that CNTs
showed higher efficiency for the removal of both heavy mental
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ions and dye wastewater because of their unique performance.**
1 Although the excellent performance, poor dispersibility in
aqueous solution and absence of functional groups of CNTs have
been pivotal limitation and followly resulted in low adsorption
performance. Therefore, the development of facile methods for
modifying CNTs to improve their water dispersibility and
adsorption performance is extremely desirable.***’

As a facile and versatile surface modification method, mussel
inspired chemistry has received increasing attentions because of
its simpilicity and availability for the surface modification of
materials regardless of their size, shape and compositions. Mussel
inspired surface modification was inspired from the marine
mussels, whose excretions are mussel adhesive proteins (MAPs).
These unique proteins make mussels possess strong adhesion
force toward various materials.***> To be clear, the major
component of MAPs is 3,4-Dihydroxyphenyl-L-alanine (DOPA)
which participates in the intermolecular cross-linking reaction.™
3% Therefore, mussel inspired surface modification strategy was
reported by Lee et al in 2007, they demonstrated that dopamine
possess similar function of MAPs, which could be self-
polymerized under alkaline condition and formed polydopamine
(PDA) coating on the material surface.*” *"*! More importantly,
the special functional groups such as amino and hydroxyl could
be introduced onto the surface of materials, providing foundation
for the introduction of functional components to the materials.®*
For example, our group has reported that a novel strategy for the
surface modification of CNTs via combination of mussel inspired
chemistry and Single-Electron Transfer Living Radical
Polymerization (SET-LRP) to improve the dispersibility of CNTs
in aqueous solution.®

In this study, PDA and sodium p-styrenesulfonate hydrate
(SPSH) were selected to modify pristine CNTs via an original
strategy combine with the mussel-inspired chemistry and SET-
LRP. The concrete process was clearly shown in Scheme 1. First,
the CNTs-PDA could be prepared by the self-polymerized of
dopamine to form the PDA coating on the surface of CNTs under
alkaline solution based on mussel-inspired chemistry. Secondly,
the SET-LRP initiator (CNTs-PD-Br) was synthesized via
amidation and esterification using CNTs-PDA and 2-bromo-2-
methylpropionyl bromide as reactants. Finally, polymeric chains
were grew on the CNTs-PDA surface to prepare CNTs-PDA-
PSPSH using Sodium p-styrenesulfonate hydrate as monomer.
Thus obtained functional CNTs show great water dispersibility.
On the other hand, the functionalized CNTs-PDA-PSPSH was
used as the adsorbents to remove methylene blue (MB). Various
adsorption parameters such as contact time, temperature, pH and
initial MB concentration.

50

w
o

=
=]

=
S

CNTs—PDA-PSP&\

CNTs-PDA

CNTs-PDA-Br

é
05 Na*

SETLRP

* synthesis o initator
H 8
Stirring at RT " CuBr-Me,TREN

40°C

: S0y : Na®

\__CNTs-PDA-PSPSH

Scheme 1 Schematic representation for the preparation of CNTs-PDA-
PSPSH via the combination of mussel-inspired chemistry and facile SET-
LRP polymerization method.

2. Experiment
2.1 Materials

Multi-walled carbon nanotubes (CNTs), manufactured by the
nanopowder Co. The dopamine hydrochloride was purchased
from Sangon Co. Tris-(chydroxymethyl)-aminethane (Tris)
(>99%) was obtained from Tianjin Heowns. SPSH (MW:206.19
Da, 90%) was obtained from Aladdin (Shanghai, China) without
further purification. Deionized water was prepared for the usage
of solution. MB was also purchased from Aladdin.

2.2 Characterization

The synthetic materials were characterized by Fourier transform
infrared spectroscopy (FT-IR) using KBr pellets, The FT-IR
spectra were supplied from Nicolet5700 (Thermo Nicolet
corporation). Transmission electron microscopy (TEM) images
were obtained from a Hitachi 7650B microscope operated at 80
kV, the TEM specimens were got by putting a drop of the
nanoparticle ethanol suspension on a carbon-coated copper grid.
Thermal gravimetric analysis (TGA) was conducted on a TA
instrument Q50 with a heating rate of 10 °C min' under N,
atmosphere using Aluminum crucibles. Samples weighing
between 10 and 20 mg were heated from 25 to 600 °C in N, flow
(60 mL min™). N, as the balance gas (40 mL min™"). Each sample
was ultrasonicated for 30 min prior to analysis. The X-ray
photoelectron spectra (XPS) were performed on a VGESCALAB
220-IXL spectrometer using an Al Ka X-ray source (1486.6 eV).
The energy scale was internally calibrated by referencing to the
binding energy (Eb) of the Cls peak of a carbon contaminant at
284.6 eV.

2.3 Synthesis of CNTs-PDA

CNTs-PDA was prepared according to our previous method.’
The pure CNTs (1) was added to the Tris buffer solution (30 mL,
10 mM, pH = 8.5) and ultrasonic treatment for 10 min. In the next
moment, the dopamine (1.5) was dissolve in 10 mL of Tris buffer
solution and put into above-mentioned CNTs Tris solution and
stirring at room temperature for 4 h. The CNTs coated with PDA
and Tris buffer solution were separated by centrifugation at 8000
rpm for 10 min (Shuke Centrifuge TG-16, Sichuan shuke
instrument Co., Itd., China). Precipitation was washed with
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distilled water and ethanol three times and dried at 40 °C for 12 h.
2.4 CNTs-PDA-Br

The Br-contained initiators were introduced to the surface of
CNTs-PDA through amidation and esterification between CNTs-
PDA materials and 2-bromo-2-methylpropionyl bromide. Dry
CNTs-PDA (300 mg), TEA (60 mg) and toluene (40 mL) were
added to the reaction bottle under N,, and followly put into ice-
water bath. When the temperature achieve to 0-5 °C in flask, the
solution of 2-bromo-2-methylpropionyl bromide (30 mg) was
added into flask. The reactive system was stirred for 4 h at 0 °C.
Resulting materials was separated from toluene solution by
centrifugation at 8000 rpm for 10 min. The obtained Br-
containing initiating groups of materials was vigorously washed
with acetone three times to remove residual reactants and dried at
50 °C for further experiment.

2.5 Preparation of CNTs-PDA-PSPSH

The synthesis of high-efficiency adsorbents based on functional
CNTs-PDA with hydrophilic polymers via combination of mussel
inspired chemistry and SET-LRP using SPSH as the monomer
was clearly described in follows: 1 g CNTs-PDA-Br, 2 g SPSH
monomer, 80 mg CuBr were added into the polymerization bottle
mixed with 10 mL DMF and 10 mL acetonitrile. The mixture was
under ultrasonic treatment for 10 min and then stirred in oil both
for 10 min at 40 °C. The catalytic Me6TREN in DMF (2 mL) was
injected into the polymerization bottle using gas syringe. After 8
h stirring, the reactive products were centrifuged to wipe off the
organic solution and washed with water for three times, and then
dried at 50 °C for 48 h. The solution of EDTA (5 mol/L) was
used for the removal of the residual Cu?" in the CNTs-PDA-
PSPSH. Ultimately, the absolute CNTs-PDA-PSPSH was
obtained for further characterization and a series of adsorption
experiments.

2.6 Adsorption experiment

Batch adsorption experiments were carried out using 50 mL
sample tubes with the addition of 10 mg modified adsorbent
CNTs-PDA-PSPSH and MB solution (50 mg/L). Kinetic
experiments were completed by the constant initial concentration
(50 mg/L) of MB solution at room temperature and pH (7.0). The
study of adsorption isotherms carried out by adding the same
amount of adsorbent into 40 mL MB solution with different
initial concentration from 5 to 500 mg/L at 25 °C and pH (7.0).
The concentrations of MB remained in supernatant solutions after
different time determined using UV-vis
spectrophotometer (Fig. S1 and Fig. S2). It can be seen that the
adsorption values of MB solutions is in direct proportion to the
concentrations of MB solutions. And the concentrations of
unknow MB solutions can be calculated using the following
formula Ce = 76.21 x Abs. Ce is the concentration of MB
solution, and Abs is the adsorption of MB solution. The
adsorption capacity (Q., mg/g) and the MB removal efficiency (R
%) were analyzed by the following equation, respectively:
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Where C, (mg/L) is the initial concentration of MB solution and
C, is the equilibrium MB concentration. V (mL) is the dye MB
solution volume, m (mg) is the adsorbent dose, Q. (mg/g) is the
adsorption capacity at the equilibrium time. And R (%) is the
removal efficiency of the MB solution. The effect of temperature
studied by 5 °C gradient of temperature from room temperature
25 °C to 55 °C, keeping the other reactive condition remain
unchanged. The effect of pH was performed by adding 10 mg
adsorbent into 40 mL MB solution in the condition of different
pH in the range from 2 to 10. The initial pH values of MB
solution were adjusted by using 0.1 mol/L NaOH or 0.1 mol/L
HCI solutions.

3. Results and discussion

3.1 Characterization of CNTs-PDA-PSPSH

The new CNT-polymer hybrid materials were prepared for
removal of MB via combination of mussel inspired chemistry and
SET-LRP method in this work. These CNT-PDA-PSPSH
adsorbents show excellent adsorption capability for MB organic
dyes which is widely used in the coloring paper, dyeing cottons,
wools and coating for paper stock. The surface modification of
CNTs by the PDA coating was carried out in alkaline solution
due to self-polymerization of dopamine. Afterwards, the
hydrophilic polymer (PSPSH) was directly grew on the surface of
CNTs-PDA by SET-LRP. The successful modification of CNTs
could be confirmed by a series of characterization measurements
such as TEM, FT-IR, TGA and XPS. The morphology of pristine
CNTs and functional CNTs with PDA and polymer could be
clearly noticed from TEM images. The diameter of pristine CNTs
was approximately 30-40 nm, which was characterized by our
previous report.’’ After surface modification of CNTs with
dopamine in alkaline solution, the PDA films attached on the
CNTs with thickness about 10 nm can be observed,
demonstrating that successful surface modification of CNTs via
mussel inspired chemistry (Fig. S3). After further
functionalization with hydrophilic polymers by SET-LRP
method, the thickness of polymer films on the CNTs was further
increased, that was calculated to be approximately 30 nm. These
results implied that PSPSH was successfully grew on the surface
of CNTs.
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Fig.1 Representative TEM images of CNTs-PDA-PSPSH. Scale bar =

200 nm. The successful modification of CNTs surface with PDA and

polymer coating could be clearly observed, demonstrating that successful

s preparation of adsorbents (CNTs-PDA-PSPSH) via combination of
mussel inspired chemistry and SET-LRP method.

As mentioned above, FT-IR, TGA, XPS characterization
techniques were as well employed to further verify the successful
preparation of CNTs-PDA-PSPSH. With the purpose of
10 determining the chemical groups of the adsorbent CNTs-PDA-
PSPSH, the measurement of FT-IR spectra was carried out. As
shown in Fig. 2, the FT-IR spectra of pristine CNTs shows that
there is few specific functional groups. After the first synthesis
step that coating PDA films on the surface of CNTs on the basis
15 of mussel-inspired chemistry, the fact that successful
modification of CNTs-PDA can be proved by the legible peak at
3445 c¢cm’!, which was ascribed to the stretching vibration of -
NH,. And the stretching vibration of -CH, existed in PDA films
located at 2859 cm’', which could be observed in Fig. 2 (red
20 line), further indicated that successful synthesis of the CNTs-
PDA. Ultimately, as for the FT-IR spectra as regard to the CNTs-
PDA-PSPSH, the most representative evidence for the
resoundingly modification of CNTs-PDA surface with polymer
was that the appearance of new peak at 1184 cm™ (S=0) and the
»s disappearance of —NH, at 3445 cm’’. Furthermore, a series of
obvious peaks ranged from 500 to 1000 cm™ were primarily
appeared, which represented the introduction of abundant
benzene rings, providing powerful evidence that successful
growth of PSPSH polymer by SET-LRP method. Therefore, we
30 concluded that successful preparation of CNTs-PDA-PSPSH via
combination of mussel inspired chemistry and SET-LRP strategy.
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Fig. 2 FT-IR spectra of CNTs, CNTs-PDA, CNTs-PDA-Br and CNTs-
PDA-PSPSH

TGA was used to analyze the content of each polymer on CNTs-
PDA-PSPSH. From the Fig. 3, the weight loss of unmodified
CNTs was about 2.75% when temperature was heated from 100
to 600 °C, which indicated the splendid thermal stability of
pristine CNTs. Comparing with the pristine CNTs, the obvious
weight loss of CNTs-PDA and CNTs-PDA-Br samples can be
observed. When the temperature was raised from 100 up to 600
°C, the mass loss of CNTs-PDA was calculated about 13.52%,
suggesting that successful cover of PDA on the CNTs via mussel
inspired chemistry. And comparing with weight loss of pure
CNTs, the weight percentage of PDA film attached onto the
CNTs surface could calculate about 10.82%. Especially, the
weight loss of CNTs-PDA became much rapidly when
temperature was increase from 151 to 446 °C, which can be
ascribed to the decomposition of C-O. On the other hand, a small
weight loss could be noticed from 450 to 590 °C, which could be
attributed to the decomposition of stable benzene rings. As
compared with CNTs-PDA, the weight loss percentage was
further increased in the smaple of CNTs-PDA-PSPSH. The
weight loss of CNTs-PDA-PSPSH was arrived 20.25% when the
temperature was up to 600 °C. Therefore, we can further
conclude that PSPSH can be facilely introduced on the surface of
CNTs through combination of mussel inspired chemistry and
SET-LRP.
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Fig. 3 TGA curves of CNTs, CNTs-PDA, CNTs-PDA-Br and CNTs-
PDA-PSPSH under N, atmosphere

The XPS curves of CNTs sample is used for the further
determination of successful surface modification of CNTs with
PDA and PSPSH. The different elements existed in a series of
CNT samples could be detected by the survey scanning of XPS
spectra between 0 to 1200 eV. Elements existed in CNT samples
contained Carbon (C), Nitrogen (N), Oxygen (O) and Sulfur (S).
As shown in the Fig. 4, the main peaks at 196.8, 284.0, 533.5 and
400.0 eV, which represent the signal of S2p, Cls, Ols, Nls,
respectively. New signals (N1s and Ols) were initially appeared
in the samples of CNTs-PDA, while there were no nitrogen and
oxygen signals in pristine CNTs, suggesting that successful
modification of CNTs with PDA films via mussel-inspired
chemistry. After conjugating the PSPSH onto the surface of
CNTs-PDA by typical SET-LRP method, the new signal
appeared at 196.87 eV was attributed to the S2p, demonstrating
that PSPSH polymers were directly grew onto the surface of
CNTs-PDA. Furthermore, the singals represented Cls and Ols
for the CNTs-PDA-PSPSH were enhanced, which could be
explained that the introduction of polymers contained numerous
carbon and oxygen elements. These results suggested that SET-
LRP is a reliable method for the import of PSPSH polymers to
the CNT surface. These results provide direct evidence that
successful surface modification of CNTs with PDA films and
PSPSH polymers via combination of mussel inspired chemistry
and SET-LRP polymerization method.
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Fig. 4 The XPS curves of CNTs, CNTs-PDA and CNTs-PDA-PSPSH.
Survey scans ranged from 0 to 1200 eV.

1200 1000 0

The XPS curves of high resolution S2p, Cls, N1s and Ols were
shown in Fig. 5. As shown in Fig. 5A, the new element appeared
at 196.87 eV, which represented the S existed in the PSPSH,
demonstrating that successful conjugation of PSPSH on the
modified CNTs surface with PDA. As shown in Fig. 5B, three
peaks with similar morphology but different intensity were
located at 284.83 eV, which could be contributed to the sp3-
hybridised of carbon atom. Furthermore, the Cls signal of CNTs-
PDA-PSPSH was obviously enhanced comparing with CNTs and
CNTs-PDA. The possible reason is introduction of polymers
contained numerous carbon atoms. According to the Fig. 5C, the
peak located at 400.35 eV could serve as the N1s signal. A strong
peak was appeared in the sample of CNTs-PDA, which was never
appeared in the pristine CNTs, suggesting that PDA coating
successfully coated on the CNTs surface via mussel inspired
chemistry. Furthermore, We can noticed that signal intensity of
CNTs-PDA-PSPSH is weaker than CNTs-PDA, this phenomenon
could be explained that the formation of polymer films on the
CNTs-PDA surface, which leads to be difficult penetrated by X-
ray. Fig. SD shows the Ols XPS curves of CNT samples. It can
be seen that intensity of Ols XPS signal was significantly
enhanced in the samples of CNTs-PDA and CNTs-PDA-PSPSH,
further confirming that successful surface modification of CNTs
with PDA and PSPSH based on the combination of mussel
inspired chemistry and SET-LRP.
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Fig. 5 The representative XPS curves of CNTs, CNTs-PDA and CNTs-
PDA-PSPSH. (A) S2p region, (B) Cls region, (C) Nls region and (D)
Ols region
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3.2 Adsorption experiment studies

3.2.1 Effect of contact time and adsorption kinetics
Fig. 6 shows the experimental result of contact time on the
adsorption capacity of MB onto the pristine CNTs and the
prepared CNTs-PDA-PSPSH at room temperature and the same
initial dye concentration of 50 mg/L.%* As compared with the two
curves in Fig. 6, it can be easily observed that the equilibrium
adsorption quantity of MB on pristine CNTs is approximately
120 mg/g. However, the adsorption process on CNTs-PDA-
PSPSH reached up to the equilibrium with less time and more
adsorption quantity, which is promote to 174 mg/g under the
same adsorption conditions. As MB is an ideally planar molecule
with plenty of aromatic rings and CNTs-PDA-PSPSH contain
abundant aromatic nucleus as well, the n-x stacking interactions
could occur between MB molecules and CNTs-PDA-PSPSH.
20 Furthermore, the electrostatic attraction between MB molecules
and CNTs-PDA-PSPSH also plays a key role due to the cationic
dyes and the sulfonate ions. Adsorption kinetic studies are
completely explored at the same conditions of room temperature
and neutral pH value. Fig. 7 show three kinetic models for the
25 adsorption process, including Pseudo-first-order, Pseudo-second-
order and Intro-particle diffusion model. These non-liner form of
the kinetic models can be expressed as follows:

S

@

Q:=Q.(1- E_kit)

k,Qit

Q=T K Qu

h= ngg

30

Where Qt (mg/g) is the quantity of MB adsorbed by CNTs-PDA-

PSPSH at different contact time t (min), Qe (mg/g) is the
equilibrium adsorption capacity, K; (min™) and K, (gemg'*min™")

35 are the equation rate constant for Pseudo-first-order and Pseudo-
second-order, respectively. h (mg/g min) is the initial adsorption
rate of the MB adsorption process on Pseudo-second-order
model. And the value of these parameters and the correlation
coefficient (R?) are listed in Table 1.

s  In this study, the Intro-particle diffusion model also involved
in the adsorption process. The equation is expressed as the
equation below:

Qt =k ptcb ”
Where Qt (mg/g) is the quantity of MB, and Kp (mgeg™ *min™?
45 is the equation rate constant. And the calculation result listed in
Table 1 as well. It can be observed from Table 1 that the
correlated coefficient (R?) from Pseudo-first-order is 0.995,
which is comparatively higher than the other two kinetic models,
while the Pseudo-second-order R* = 0.975 is also relatively high.
so On the other hand, the results indicated that the adsorption
consequence better fitted the Pseudo-first-order than the Pseudo-
second-order, which illustrates that Pseudo-first-order rate
equation can be properly ascribed to the kinetic adsorption model.
The adsorption involved in different reaction rate steps. Initially
ss rapid and then slow may attribute to the decrease of the adsorbent
monolayer sites and the reduction of the MB concentrations.

180 -
160 ./"""‘"
140 .
O/
1204 /
&en /
: 100 p
Z s0{/
< 60
40-
- —=— CNTs-PDA-PSPSH
—o— (CNTs
0| ) ] T 1 ]
0 20 40 60 8 100 120
Time ( min )

Fig. 6 The effect of contact time on the adsorption of the MB using CNTs
and CNTs-PDA-PSPSH as adsorbents. It can be seen that the adsorption

60 capability of CNTs-PDA-PSPSH is obviously higher than that of pristine
CNTs.
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Fig. 7 The adsorption kinetics of CNTs-PDA-PSPSH.
Table 1 Data of Pseudo-first-order, Pseudo-second-order and Intra-
particle diffusion
Models Parameters Initial
concentration(mg/L)
10
e (cai m / 174
Pseudo-first-order Qe e (/)
K, (min™) 0.0933
R 0.995
e (cal) (IME/ 194
Pseudo-second-order Qe e (M)
K, (g'mg"-ming™) 0.000677
h (mg-g " ming™) 252
R 0.975
Intra-particle Kp (mg g 'min’ 27%107
diffusion )
R 0.825

s 3.2.2 Effect of temperature and thermodynamic study

Fig. 8A shows the dye adsorbed onto CNTs-PDA-PSPSH at
different temperatures. The initial contact time was selected as
120 min and the MB concentration was 50 mg/L. The MB
adsorption capacity assume a remarkable increasing tendency
10 with the decrease in the experiment temperature at the range of
298 to 330 K. And at the equilibrium time, the adsorption
capacity of MB solution can reach up to 151 mg/g at 298 K. As
shown in Fig. 8B, the linear relation between the 1/T and In
(Qe/Ce), which also help to verify the experimental results. It can
15 be concluded that the MB adsorption on the modified adsorbent
CNTs-PDA-PSPSH is favored at lower temperatures within the
temperature range and the CNTs-PDA-PSPSH can perform a
better efficiency of the MB solution removal.
Thermodynamics parameters including enthalpy change (AH
20 ©), Gibbs free energy (AG®) and entropy change (AS®) were

chosen to estimate the effect of temperature on MB adsorption
and offer the adsorption mechanism and behavior between the
MB solution and modified adsorbent. They can be determined by
the following equations:

g 050 AR
=R "RT

Ka

AG® = —RTInKa

Where Ko and R (8.314 J/mol*K) are the constant of the
equations; T is the MB solution temperature (K). The plot of

30 InKa as the function of 1/T, AH® and ASQ® were calculated
from the slope and intercept from the Van’t Hoff plots of InKa
with 1/T, respectively. The calculated thermodynamic parameters
were listed in Table 2. The negative value of AH® confirms the
adsorption process is an exothermic reaction, which is correspond

35 to the effect of temperature. In addition, the value of AGQ®
indicates the spontaneous process and the feasibility of the
adsorption on MB solution by the original modified CNTs-PDA-
PSPSH. More importantly, the increase of negative value of
AGQ® with the increasing temperature illustrate the adsorption is

40 more favorable at lower temperature, which is consistent with the
above described conclusion.
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Fig. 8 (A) The effect of temperature on the adsorption of MB organic
dyes by CNTs-PDA-PSPSH. Experimental condition: CMB = 50 mg/L,
pH = 7.0, t = 120 min. (B) Van’t Hoff plot for the adsorption of the MB
by CNTs-PDA-PSPSH

0.0031 0.0034

Table 2 Data of the thermodynamic parameters for the adsorption of MB
by CNTs-PDA-PSPSH

T(K) AG’(KJ/mol-'K) AH"(KJ/mol'K) AS° (KJ/mol-K)
298 -6.26 -17.6 -0.0383
308 -5.71 -17.5
313 -5.74 -17.7
318 -5.45 -17.6
323 -5.13 -175
328 -5.17 -17.7

S

@

3.2.3 Effect of pH

The effect of initial solution pH on MB removal by CNTs-PDA-
PSPSH was studied within a certain range between 2 to 11, which
is because dopamine would alter the properties under higher pH
conditions. As shown in Fig. 9, the adsorption capacity of MB
solution just have a few small fluctuations, the lowest capacity is
153 mg/g and the highest was up to 179 mg/g. As far as that was
concerned, the adsorption tendency presented a relatively stable
superior scope, which indicated that the influence factor of pH on
the reaction did not exert a tremendous influence. Compared with
the other similar adsorption literature consequences, the

20 following results of this study can be in touch with the two

35

4

S

4

o

w
a

reasons, the one is new choice of an original high polymer
containing the sulfonate ions modified on the pristine CNTs and
the other is adsorption mechanism of the MB solution on CNTs-
PDA-PSPSH. In another aspect, the results that the adsorption
capacity remain at the same level maybe a better phenomenon
because the capacity of the adsorbents keep at almost the highest
within the topmost removal efficiency corresponding to the same
consequence above of the impact factor of contact time. It
signified that the pH parameter could not influence or debase the
adsorption performance of the CNTs-PDA-PSPSH, which
indicated that the modified adsorbent CNTs-PDA-PSPSH could
be appropriate for the MB solution of a wide pH range.

200
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160 1 \/._l—"".‘l/ \./
~
=1}
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1.5 3.0 4.5 6.0 7.5 9.0 10.5
pH

Fig. 9 The influence of solution pH values for the adsorption capacity of
CNTs-PDA-PSPSH for MB.

3.2.4 Adsorption isotherms

On the basis of a series of adsorption experimental data, the
adsorption capacity on modified CNTs-PDA-PSPSH was
considerable. Herein adsorption isotherm were bring into explore
the adsorption process and mechanisms. Langmuir isotherm and
Freundlich isotherm models, which are two common models
utilized in adsorption field, were both introduced in this study to
investigate the surface properties and affinity of the dye MB
removal on CNTs-PDA-PSPSH. The Langmuir isotherm model
based on the description that the adsorption process between MB
and adsorbent CNTs-PDA-PSPSH occurred on the adsorbent
surface active site without any interaction as regard to the
adsorbate molecules. The following equation can be best describe
Langmuir isotherm model:

_ bQ,C.
 1+bC,

Where Q. (mg/g) and Q,, (mg/g) is represented the adsorption
capacity at the maximum amount and the equilibrium quantity of
the reaction time, respectively. C. (mg/L) is the equilibrium MB
concentration, b (L/mg) is the constant of the adsorption process.
The Freundlich isotherm model, which is an empirical isothermal
equation in the light of batch experimental data, correspond to the
assumption that the mechanism of dye adsorption is
heterogeneous systems. And the concrete equation is described as

Q.
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follows:

1
Qe = Kg(2
Where Qe (mg/g) is likewise the equilibrium adsorption quantity,
Ce (mg/L) is the MB concentration at the equilibrium time of the
adsorption, KF [(mg/g) (L/mg) 1/n] is the correlation index of the
adsorption process of cationic dye MB on CNTs-PDA-PSPSH, n
is the model reactive constant as well.

As the data listed in Table 3, the correlation coefficient (R?) of
Langmuir isotherm model is 0.995, which is higher than
10 Freundlich isotherm model (R* = 0.984). While both the two
correlation coefficient (R?) are relatively high, but R* from
Langmuir isotherm model that surpass 0.99 indicated the MB
adsorption process was better fitted the Langmuir isotherm
model. In this case, the Langmuir model implication and the
calculated adsorption capacity from Langmuir model is
approaches to the experimental data both can verify the
adsorption of MB solution on CNTs-PDA-PSPSH is a monolayer
adsorption process. According to Langmuir isotherm, the maxium
amount of the removal of MB q, is 174 mg * g' for CNTs-PDA-
PSPSH. Table 4 listed a comparasion with other reported
adsorbents of the q, value. The result showed the modified
material CNTs-PDA-PSPSH is a good adsorbent for the cationic
dye removal.

o

[

2

S

Table 3 Data of adsorption isotherms of Langmuir and Freundlich model
for the adsorption on CNTs-PDA-PSPSH at 298 K

Isotherms  Parameters Temperatures (K)
298
Langmuir  Qy(mg/g) 7256
b (L/mg) 0.017
R 0.995
Freundlich  Kr[(mg/g)(L/mg)"™  9.00
n 1.54
R’ 0.984

30 Table 4 Comparison of adsorption capacity qn (mgeg") of MB on various
materials.

Materials Maximum adsorption ~ References
capacity qm (mg * g-
D

Calcium  alginate  immobilized 181.81 30
graphene oxide
Chitosan/bentonite 95.24 40
Mt 64.43 65
Fe;04/Mt 106.38 65
PDA microspheres 90.7 41
MWCNTs 48.1 44
CNTs-PDA-PSPSH 174 This work

180

150+
~ 120
o0
g 90-
< 60-

—=— Experimental data
30 Langmuir model
—- Freundlich model
0 1 1 1 L] L]
0 20 40 60 80 100 120

C,(mg/L)
25 Fig. 10 Adsorption isotherms of MB by CNTs-PDA-PSPSH at initial MB

concentration from 20 to 100 mg/L, adsorbent dose 10 mg, pH = 7.0
under room temperature for 120 min.

4. Conclusion

In summary, the novel adsorbents with excellent adsorption
capacity for MB organic dyes was first prepared via combination
35 of mussel inspired chemistry and SET-LRP. A series of
characterization techniques were used to prove the successful
preparation of adsorbents (CNTs-PDA-PSPSH). TEM images of
CNTs-PDA and CNTs-PDA-PSPSH suggested that the formation
of PDA and polymer films on the surface of CNTs. Furthermore,
40 the XPS results of CNT smaples demonstrated that successful
modification of CNTs surface with PDA and PSPSH due to the
content change of various elements such as S, C, N and O. These
analytic results demonstrated this novel strategy described in this
work is facile and high-efficient. On the other hand, these
45 synthetic CNTs-PDA-PSPSH was used to adsorb MB organic
dyes. A series of influence impacts such as concentrations of MB,
temperature, contact time and pH of solution. From the results of
adsorption experiments, the adsorption capacity of CNTs-PDA-
PSPSH for MB arrived to 174 mg/g within 25 min, suggesting
so excellent adsorption capacity of CNTs-PDA-PSPSH.
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