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ABSTRACT

By reacting acyl chloride-MWCNTs with gallic amino derivative containing three long alkyl
chains, novel gallic-MWCNTs 4 was prepared in good yield. Its structure was characterized
by Fourier translation infrared spectroscopy, Raman spectroscopy, X-ray diffraction, scan-
ning electron microscopy, and thermogravimetric analysis. The gallic derivative content of
gallic-MWCNTs was 14.5 wt%. Its adsorption experiments for four cationic and anionic
dyes [Orange G sodium salt (OG), Brilliant ponceau 5R (BP), Neutral red (NR), and Methy-
lene blue (MB)] were investigated. The adsorption process attained to adsorption equilib-
rium in 25h under the condition of 50mg of sorbent in dye solutions (10 mL,
2.0 x 10> M) in the thermostatic shaker bath with a shaking of 200 rpm at 25°C. The satu-
rated adsorption capabilities were 0.642 mmol/g (289 mg/g), 0.537 mmol/g (324 mg/g),
0.891 mmol/g (256 mg/g), and 0.823 mmol/g (310 mg/g), respectively. The adsorption pro-
cesses were exothermic and spontaneous, and obeyed pseudo-second-order model and the
Langmuir isotherm equation. The adsorption capacities for anionic dyes (OG and BP)
decreased with the increase in the pH values of solution and the adsorption capacities for
cationic dyes (NR and MB) showed reverse changes.
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1. Introduction brane filtration, photodegradation etc., have been
studied in removing the dyes from wastewaters [2-5].
Adsorption has been found to be superior to other
techniques for treating wastewater because it is sim-
ple, convenient, and low cost with high adsorption
efficiency and wide adaptability [6-8].

Since the discovery of carbon nanotubes (CNTs) in
1991, they have exhibited potential application in
adsorption removal of various pollutants such as metal-
lic ions and synthetic dyes based on their large specific
surface area, nanometer size, and hollow-layered

Synthetic dyes exist widely in wastewater of vari-
ous industries including textiles, leather, dyestuffs,
papers, etc. They can seriously do harm to biodiver-
sity and the natural activities of aquatic systems [1].
Hence, the removal of dye from wastewater is an
important environment issue. Up to now, various
types of conventional treatment processes including
chemical coagulation, precipitation, adsorption, mem-
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structures [9-12]. Fagan and his co-workers studied the
adsorption of Reactive Blue 4 dye from water solutions
by CNTs [13]. Wu investigated the equilibrium,
kinetics, and thermodynamics of adsorption of reactive
dye onto CNTs [14]. Wang et al. reported the synergis-
tic and competitive adsorption of organic dyes on
multi-walled carbon nanotubes (MWCNTs) [15]. Yao
etc. described the dyes adsorption properties of CNTs
and MWCNTs [16,17]. However, some obvious obsta-
cles of raw CNTs, such as self-aggregating resulting in
poor dispersion in solvents and lack of surface func-
tional groups for selectively adsorption with guests,
greatly restricted their actual application in the removal
of pollutants [18]. Thus, the modifications of CNTs with
other molecules were extensively investigated recently
to enhance the dispersion and obtain outstanding
adsorption properties. For example, the chitosan-
modified MWCNTs showed highly effective removal of
a carcinogenic dye [19]. The starch-functionalized CNTs
were reported as excellent sorbent for dyes [10]. A
cyclodextrin-CNT composite was prepared and its
adsorption properties for dyes were also investigated
lately [20]. These investigations suggested that the
adsorption properties of CNTs with functional groups
were greatly influenced by the structures and amounts
of functional groups on CNTs. Gallic amides with three
alkyl chains on the 3,4,5-positions are planar aromatic
structures, which has good affinity for organic dyes
with planar aromatic structures. It is expected that the
introduction of gallic amide with three alkyl chains
onto CNTs would improve the dyes adsorption proper-
ties apparently. Based on these considerations, in this
paper, we designed and synthesized the first example
of gallic amide-modified multi-walled CNTs (gallic-
MWCNTs). Its structure was characterized by Raman
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spectroscopy, FI-IR, X-ray diffraction (XRD), scanning
electron microscopy (SEM), and thermogravimetric
analysis (TG). The adsorption abilities for dyes were
studied. The results indicated that this novel carbon
nanomaterial showed excellent dyes adsorption capa-
bilities comparing with raw CNTs as expected.

2. Experimental
2.1. Materials and measurements

Carboxyl MWCNTs (Purity > 95 wt%, COOH con-
tent: 1.23 wt%, OD: 20-30 nm, Length 10-30 um, SSA:
>110 m?/g) were provided by Chengdu Organic
Chemicals Co. Ltd, Chinese Academy of Sciences,
China. "H NMR spectra were recorded in CDCl; on a
Bruker-ARX 600 instrument at room temperature,
using TMS as an internal standard. ESI-MS spectra
were obtained from DECAX-30000 LCQ Deca XP mass
spectrometer. IR spectra were recorded on Perkin-
Elmer 1605 FTIR spectrometer as KBr pellets. UV—vis
measurements were performed on a Varian UV-vis
instrument. Surface morphology of carboxyl MWCNTs
and galliccMWCNTs were studied using SEM
(JEOLJSM-6490LA). XRD experiments were performed
on SEIFERT-FPM (XRD?), using Cu Ko 1.5406 A as
the radiation source with 40 kV, 30 mA power. Ther-
mal properties were measured using a ZTY-ZP type
thermal analyzer. Samples were heated from room
temperature to 800°C at a heating rate of 15°C/min in
nitrogen atmosphere. Raman spectra were recorded
on a Renishaw InVia Reflex Raman microscope
(Renishaw Instruments) using a 532 nm argon ion
laser. All dyes were purchased from Acros Organics,
China. Their structures and Amax of absorbing
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Fig. 1. The structures of cationic and anionic dyes for absorption experiments.
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wavelength were shown in Fig. 1. Compound 2 was
prepared by literature method [21]. All solvents were
purified by standard procedures before use. The other
chemicals, except those with special instruction, were
analytically pure and used without further purifica-
tion. All reactions were carried out under nitrogen
atmosphere.

2.2. Preparation of compound 3

Compound 2 (0.69 g, 1 mmol) was refluxed with
1 mL of ethylenediamine in 15 mL of methanol for
8h. TLC detection suggested the disappearance of
compound 2. Then the solvent was evaporated under
reduced pressure and the residue was recrystallized in
MeOH/CHCI;. Compound 3 was obtained as white
soft solid in yield of 86%. Compound 3: '"H NMR
(400 MHz, CDCl3) oppm: 0.89 (bs, 9H, CHj), 1.26-1.79
(m, 60H, CHy), 2.15 (s, 2H, NH,), 3.12 (bs, 2H, CH,),
3.44 (bs, 2H, CHy), 3.95 (bs, 6H, CH,), 7.04 (s, 2H,
ArH), 7.21 (bs, 1H, NH); MS m/z (%): 717.2 (M", 100).
Anal. caled for CysHgsN,O4: C 75.36, H 11.81, N 3.91;
found C 75.41, H 11.86, N 3.87%.

2.3. Preparation of gallic-MWCNTs 4

A sample of compound 3 (0.3 g, 0.42 mmol) and
triethylamine (0.2 mL) was dissolved in 20 mL of dry
DMF for next step. Under nitrogen atmosphere, car-
boxyl MWCNTs (0.3 g, 0.082 mmol of COOH groups),
SOCI, (0.5mL) was dispersed in 20 mL of dry DMF
using ultrasonication for 10 min to obtain a homoge-
neous dispersion and then 0.5 mL of SOCI, was added
in it. The obtained DMF solution was stirred at 100°C
overnight. After reaction, the solvent and excess of
SOCI, were removed under reduced pressure. Then
the previous prepared DMF solution of compound 3
with triethylamine was added in dropwise and subse-
quently stirred at 90°C for 24 h. After reaction, the
mixture was cooled to room temperature and 30 mL
of distilled water was added. Then the mixture was
centrifuged, washed with acetone for three times to
remove the small molecules. Finally, the black gallic-
MWCNTs 4 (0.33 g) was obtained after dryness in an
oven at 100°C for 3 h.

2.4. Adsorption of dyes

Referring to published methods [22], the adsorp-
tion properties of gallic-MWCNTs 4 were studied for
cationic and anionic dyes shown in Fig. 1. Except the
investigation for the effect of times on adsorption, all
adsorption experiments were done in the thermostatic
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shaker bath with a shaking of 200 rpm at 25°C for
24 h. For kinetic studies, dye solutions (10 mL,
2.0 x 107 M) were agitated with 5.0 mg of sorbent for
predetermined intervals of time, respectively. For
equilibrium adsorption studies, 5.0mg of gallic-
MWCNTs 5 was added into a known concentration
(1.0-10 x 10> M) of 10 mL dye solutions. Because the
pH studies of sorption experiment (in Fig. 9) showed
no optimized pH between pH 3-10, all these kinetics,
equilibrium, and thermodynamic studies of adsorption
experiments were done at their original pH values (5.5
for OG, 5.3 for BP, 7.0 for NR, 7.5 for MB), avoiding
the changes in structures of dyes at high or low pH
values because of the protonation or ionization of
dyes. The changes in pH values before and after the
adsorption were only 0.1-0.2, indicating the structures
of dyes kept stable before and after the adsorption.
After filtration, the concentration of each dye solution
was determined by vis—UV measurement. The amount
of adsorbed dyes was calculated as follows Eq. (1):

q=(Co—-C)V/m (1)

where g is the amount of absorbed dyes (mmol/g); Co
is the known concentration of dyes before adsorption
(mmol/L); and C is the concentration of dyes after
adsorption (mol/L). Average of two independent
experiments was carried out. V is the volume of dyes
aqueous solution (L) and m is the dose of sorbent (g).

3. Results and discussion
3.1. Synthesis and characteristic of gallic-MWCNTs 4

The synthetic route of galliccMWCNTs 4 was
shown in Fig. 2. Compound 2 was prepared according
to published method [21]. Ammonolysis of compound
2 with ethylenediamine gave gallic amino derivative 3
in yield of 86%. On the other hand, by treating with
excess SOCl,, the carboxyl group of carboxyl
MWCNTs was transformed to acyl chloride. Then by
reacting the acyl chloride-MWCNTs with gallic amino
derivative 3, the target galliccMWCNTs 4 was pre-
pared by the ammonolysis of acyl chloride. In order to
convert carboxyl groups to amido groups as much as
possible, the excess of compound 3 (0.42 mmol for
NH, groups) was reacted with carboxyl MWCNTs
(0.082 mmol for COOH groups). After reaction, the
excess of compound 3 was removed easily by washing
with acetone. Totally, the galliccMWCNTs 4 was
obtained with the simple separating procedure in
good yield. The structure and morphology of gallic-
MWCNTs 4 was characterized by FTIR, XRD, SEM,
TG, and Raman microscope, etc.
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Fig. 2. The preparation of MWCNTs modified with gallic amide containing three long alkyl chains.

The TG for carboxyl MWCNTs and gallic-
MWCNTs 4 were investigated and the results were
shown in Fig. 3. The carboxyl MWCNTs almost had
no loss of mass between room temperature and 700°C.
The thermal decomposition temperature of gallic-
MWCNTs 4 was 300°C approximately, which was
similar to that of gallic derivative 3. Moreover, gallic-
MWCNTs 4 exhibited a weight loss of 12 wt% at 200-
400°C. According to the reported method to calculate
the content of grafting units by TGA [10,20], it was
assumed that the mass loss of gallic derivative 3 at the
decomposed temperature was still constant when it
was introduced onto carboxyl MWCNTs. Thus, the
quantity of gallic derivative 3 was calculated by
matching the percent weight loss of gallic-MWCNTs 4
to the percent weight loss of gallic derivative 3 at the
decomposition temperature (83 wt%). The calculating

formula was as follows: the content=12/83%
100 carboxyl MWCNTSs
12% .
80 L gallic-MWCNTs 4
9
2 60
[e]
)
8
< 401
20
777777777777777 gallic derivative 3
0 1 1 1

400 600

Temperature (°C)

Fig. 3. TG curves of carboxyl MWCNTs, gallic derivative
3, and galliccMWCNTs 4.

=145 wt%. The gallic derivative content of
galliccMWCNTs was estimated to be about 14.5 wt%
after calculation. This content was similar to the con-
tent of the other analogical functional MWCNT, such
as starch-functionalized CNTs [10] and cyclodextrin-
composited CNTs [20].

The structure of gallic-MWCNTs 5 was also con-
firmed by IR spectrum as shown in Fig. 4. Comparing
with the IR spectra of carboxyl MWCNTs, the IR
spectrum of galliccMWCNTs 5 showed new peak at
1,649 cm ™ for C=O of amide groups instead of the
peak at 1,709 cm! for C=0 of carboxyl MWCNTs.
The absorption peaks at 2,800-3,000 cm! for C-H
groups were observed clearly in the IR spectrum of
gallicMWCNTs 4. These data of IR spectra certainly
suggested that the gallic units were grafted onto
MWCNTs and the carboxyl of MWCNTs were
converted to amide groups mostly.

200
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120 . carboxyl MWCNTsf

1709 nm, C=0 of carboxyl
100
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80 compound 3
60

40 |-

1500 1000 500

20
4000 3500 3000 2500 2000

Fig. 4. IR spectra of carboxyl MWCNTs, compound 3, and
gallic-MWCNTs 4.
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The Raman spectra of the carboxyl MWCNTs and
galliccMWCNTs 4 were studied and the results were
shown in Fig. 5. The peaks at 1,310 and 1,595 cm™'
were assigned for the disordered structure of
MWCNTs (D mode) and for the graphite structure of
MWCNTs (G mode), respectively. Usually, the G band
arises from the E,, phonon of sp® atoms, and the D
band is a breathing mode of k-point phonons of A
symmetry. The intensity ratio (Ip/Ig) of the D band to
the G band was used to confirm the size of sp?
domains in graphitic materials [23]. In Fig. 5, the Ip/Ig
ratios were 1.9824 for carboxyl MWCNTSs and 2.6037
for gallic-cMWCNTs 4. Comparing with carboxyl
MWCNTs, the slightly increased Ip/Ig ratio for gallic-
MWCNTs 4 suggested a decrease in the size of the sp?
domains. This result implied that the degree of disor-
der on the surfaces galliccMWCNTs 4 increased and
the gallic units were grafted onto MWCNTs
successfully.

The XRD analysis was employed to study the
structures of carboxyl MWCNTs and galliccMWCNTs
4. The results were shown in Fig. 6. It can be seen that
carboxyl MWCNTs and gallic-MWCNTs 4 exhibited
similar diffraction peaks at 26 = 25 and 43°, indicating
that the attachment of gallic units on MWCNTs did
not destroy the framework of the CNT structure [20].
Comparing with carboxyl MWCNTs, the intensity of
peaks of galliccMWCNTs 4 became weaker, which
could be attributed to the steric hindrance of gallic
units for the stacking of MWCNTs. This result sug-
gested the reduction in the self-aggregation of
MWCNTs, which was favorable for increasing the dis-
persion in solvents and enhancing dye adsorption.

The surface morphologies of carboxyl MWCNTs
and gallic-cMWCNTs 4 were also investigated by SEM
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ID/IG=2.6037
s
[}
s I
B
T |
k=
2]
r carboxyl MWCNTs
ID/Ig=1.9824
DG G
800 000 100 100 1600 1800

raman shift /cm-1

Fig. 5. Raman spectra of MWCNTs and

galliccMWCNTs 4.
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Fig. 6. XRD patterns of
gallic-MWCNTs 4.

carboxyl. MWCNTs and

images. They showed similar entangled tube morphol-
ogy, indicating the graft of gallic units on MWCNTs
did not destroy the framework of the CNT structure,
which was in accordance with the XRD results.

3.2. Adsorption kinetics

Four normal cationic and anionic dyes [Orange G
sodium salt (OG), Brilliant ponceau 5R (BP), Neutral
red (NR), and Methylene blue (MB)] were chosen to
investigate the adsorption abilities of novel gallic-
MWCNTs 4. The g; values vs. the contact time on car-
boxyl MWCNTs and gallic-MWCNTs 4 were shown in
Figs. 7 and 8. One can see that adsorption process
happened quickly in the initial stage and attained to
adsorption equilibrium in 2 and 2.5h for carboxyl
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Fig. 7. Effect of adsorption time on dye adsorption by
carboxyl MWCNTs.
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Fig. 8. Effect of adsorption time on dye adsorption by
gallic-MWCNTs 4.

MWCNTs and gallic-MWCNTs 4, respectively. More-
over, the g, values of gallic-MWCNTs 4 were higher
obviously than that of carboxyl MWCNTs for all
tested dyes. These results suggested that the introduc-
tion of gallic units on MWCNTs enhanced the adsorp-
tion abilities markedly. In order to further study the
kinetic mechanism of adsorption process, the pseudo-
first-order and second-order models were used to ana-
lyze the experimental data of gallic-MWCNTs 4 as
Egs. (2) and (3) [24].

Pseudofirst-order : l = k—l + l 2)
EIf EIet "]e
t 1 1
Pseudo second-order : — 3)

= —+—
q kg qe

where k; (min™!) and k, (min~!) are the adsorption
rate constants, g; and g. are the amount adsorbed at
time t (min) and at equilibrium, respectively, both in
mmol/g.

Table 1
Kinetic parameters for dyes adsorption by gallic-cMWCNTs 4
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The results of rate constants of first-order and
second-order kinetics for four dyes were listed Table 1.
The linear relationships with high correlation coeffi-
cients (R~ 1.000) between t/q; and ¢ implied the
adsorption processes were well in accordance with
pseudo-second-order model. From the data of Figs. 7
and 8 and Table 1, it could be concluded that the
introduction of gallic units onto MWCNTs was favor-
able for adsorption and the adsorption process fol-
lowed the pseudo-second-order model. The possible
reason was that the introduction of gallic units
reduced the self-aggregating of MWCNT in water and
formed more cavities, which enhanced the adsorption
speed and abilities remarkably.

3.3. Adsorption isotherms

The adsorption isotherms of gallic-MWCNTs 4 for
four dyes were studied and the results were shown in
Fig. 9(a). The equilibrium adsorption capacities (g)
increased rapidly with the increase in concentration of
dyes at low C. values. The g, values kept stable when
Ce > 6 mmol/L, indicating the saturation adsorption
nearly. In order to discuss the adsorption behaviors
further, Langmuir isotherm and Freundlich isotherm
used extensively for analyzing the adsorption behav-
iors, were employed to fit the experimental data. The
Langmuir isotherm equation has been successfully
applied in many real monolayer adsorption processes
with a finite number of identical sites. It is represented
by Eq. (4) [25]:

C. Ce 1
C_C @
e Jm JmKL

where g, and C. are the amounts of adsorption
(mmol/g) and the adsorbate concentration (mmol/L)
at equilibrium, respectively. K; is Langmuir constant
and g, is the maximum adsorption capacity.

Pseudo-first-order model

Pseudo-second-order model

Dyes ki (min™") (SD) g1 (mmol/g) (SD) R? ky (g mmol ™' min™") (SD) g> (mmol/g) (SD) R?

oG 7.12 (0.73) 0.357 (0.02) 0.902 0.373 (0.14) 0.359 (0.01) 0.998
BP 9.64 (1.22) 0.316 (0.04) 0.861 0.289 (0.16) 0.320 (0.01) 0.998
NR 4.56 (0.45) 0.471 (0.01) 0.908 0.456 (0.17) 0.472 (0.01) 0.998
MB 5.09 (0.38) 0.446 (0.01) 0.945 0.438 (0.12) 0.446 (0.01) 0.998
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Fig. 9. Effect of initial concentration on dyes adsorption by
gallic-MWCNTs 4. (a) The plots of g. against C. and (b)
the plots of C./qe against Ce.

Freundlich isotherm equation for heterogeneous
surfaces of multilayer adsorption is represented by
Eq. 6) [26]:
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As shown in Fig. 9(b), the plots of C./g. against C,
gave a straight line, suggesting that the adsorption
processes of gallic-MWCNTs 4 for four dyes obeyed
the Langmuir isotherm. Table 2 illustrated the adsorp-
tion isotherm constants for four dyes according to Egs.
(4) and (5). It can be seen the determination coefficient
R? are relatively lower for Freundlich isotherms but
near 1 for Langmuir isotherm. According to Langmuir
isotherm, the adsorption capacities for four dyes (OG,
BP, NR, MB) were 0.642mmol/g (289 mg/g),
0.537 mmol/g (324 mg/g), 0.891 mmol/g (256 mg/g),
and 0.823 mmol/g (310 mg/g), respectively. Compar-
ing with the adsorption properties of unmodified
MWCNT and other molecule-modified CNTs (as
shown in Table 3), gallic-MWCNTs 4 presented out-
standing adsorption capabilities for both cationic and
anionic dyes [15,19,20,27-29]. Especially, the highest
adsorption capabilities were as high as 324 mg/g for
BP. The possible explanation for the excellent sorption
was that the introduction of gallic units were favor-
able for preventing the self-aggregation of MWCNT in
solvents and constructed more cavities for dyes
sorption.

3.4. Adsorption thermodynamics

Adsorption thermodynamics can be used to esti-
mate the inherent energy change of sorbent after
adsorption. The adsorption behaviors at different tem-
peratures (298, 308, and 318 K) were investigated by
studying the dependence of Langmuir adsorption
equilibrium constant with temperature. The standard
Gibbs free energy change (AG), standard enthalpy
change (AH), and standard entropy change (AS) were
calculated by van’t Hoff equation (6) and (7) [30]:

AH AS

Inge = bg In C, + In K G hK=-oo+7 ©)

Freundlich constants, Kp and bg, can be calculated AG — AH — TAS @)

from a linear plot of In g vs. In Ce.

Table 2

Adsorption isotherm constants of gallic-MWCNTs 4 for dyes (K;./L mmol ™, g,/mmol g~!, Kg/mmol g (L mol™), by)
Langmuir adsorption isotherms constants Freundlich adsorption isotherms constants

Dyes Ky (SD) Gm (SD) R? Kg (SD) be (SD) R?

oG 0.873 (0.138) 0.642 (0.041) 0.997 0.303 (0.057) 0.316 (0.015) 0.953

BP 0.877 (0.137) 0.537 (0.049) 0.997 0.260 (0.066) 0.401 (0.026) 0.929

NR 0.737 (0.128) 0.891 (0.033) 0.996 0.374 (0.069) 0.367 (0.023) 0.949

MB 0.745 (0.134) 0.823 (0.036) 0.996 0.348 (0.070) 0.365 (0.043) 0.947
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Table 3
Comparison of maximum adsorption capacity (§max) of various CNTs sorbent for dyes
Dye Sorbent gmax(mmol/g, mg/g) Reference
Orange G sodium salt gallic-MWCNTs 0.642, 289 This work
Brilliant ponceau 5R gallic-MWCNTs 0.537, 423 This work
Neutral red galliccMWCNTs 0.891, 256 This work
Methylene blue gallic-MWCNTs 0.823, 310 This work
Methylene blue cyclodextrin-CNTs 0.525, 196 [20]
Methyl orange starch-CNTs 0.415, 136 [10]
Congo red chitosan-CNTs 0.375, 261 [19]
Direct red 23 Fe;C-CNTs 0.224, 172 [27]
Reactive Red M-2BE bared MWCNTs 0.191, 188 [28]
Neutral red guar gum-CNTs 0.313, 90 [29]
Methylene blue bared MWCNTs 0.160, 59.7 [15]
AR183 bared MWCNTs 0.085, 45.2 [15]
Table 4

Thermodynamic parameters for dyes adsorption by gallic-MWCNTs 4

AH (kJ/mol) AS (J/mol K) AG (kJ/mol) 298 K AG (kJ/mol) 308 K AG (kJ/mol) 318 K

oG —4.127 -11.22 —0.783 —0.671 —0.559
BP —5.383 -12.32 -1.711 —1.588 —1.465
NR —4.473 -9.35 —1.687 —1.587 —1.499
MB —4.869 —9.981 —1.894 —1.794 —1.695
By plotting a graph of In Ky, vs. 1/T, the values of AH,
AS, and AG were calculated and listed in Table 4. It 0.45 | //MA
can be seen that all AH, AS, and AG were negative, G v/v/'/V/r/v/H

C 1 . . 2 —=-0G
which indicated that these adsorption behaviors were g 0.40 | —e—BP
exothermic and spontaneous. These small values of e :I’:‘AE
AG on dye adsorption of MWCNTs were also reported Z oasf
in literature [31]. This phenomenon indicated that g
the adsorption were controlled by physisorption ° o030k
(=20 to 0 kJ/mol) and attained adsorption equilibrium =
nearly at the tested temperatures. g 025 |

<

3.5. pH influences on adsorption capacities O s T s s 7 s s 10 m

In general, the pH values make great influences on
adsorption. Thus, the adsorption capacities of gallic-
MWCNTs 4 for four dyes were studied in the range of
pH 3-10 (10 mL of dye solution, concentration at
20%x10°M, 5.0 mg of sorbent, 24 h of adsorption
time. The pH was adjusted by solution of HCI or solu-
tion of NaOH). The results were shown in Fig. 10. It
can be seen that the adsorption capacities for anionic
dyes (OG and BP) with sulfonic acid groups and
hydroxyl groups decreased with the increase in the
pH values of solution. However, the adsorption
capacities for cationic dyes with ammonium groups
(NR and MB) showed reverse change. These change

Fig. 10. The effect of pH on adsorption capacities.

trends were similar to the reports in literatures [13,31].
These results were also in accordance with the struc-
tures of dyes. The amine groups in cationic dyes of
NR and MB are easily protonated at low pH values
and the sulfonic groups and phenolic hydroxyl groups
in anionic dyes of OG and BP are easily ionization at
high pH values. The protonation and ionization
enhanced the water solubility, resulting in the
unfavorable influences on adsorption obviously.
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3.6. The recycle adsorption property after desorption

The reused adsorption property of gallic-cMWCNTs
4 was studied for MB as the representative one. After
adsorption for MB (in the thermostatic shaker bath
with a shaking of 200 rpm at 25°C for 6 h, 10 mL of
dye solutions with concentration of 2.0 x 107°M,
5.0 mg of sorbent), the galliccMWCNT 4 was desorbed
by 10% HCl and subsequently 10% NaOH. Then it
was washed adequately by distilled water and dried
by vacuum. The obtained product was reused for dye
adsorption again. The five times’ adsorption percent-
ages were measured and average of two independent
experiments was carried out. The results were 0.337,
0.311, 0.291, 0.268, and 0.232 mmol/g, respectively.
These high values of adsorption in five times’ recycles
suggested that galliccMWCNTs 4 possessed good
reused property.

4. Conclusions

In this paper, novel galliccMWCNTs 4 was pre-
pared by reacting acyl chloride-MWCNTs with gallic
amino derivative containing three long alkyl chains.
Its structure was confirmed by FTIR, Raman spec-
troscopy, XRD, SEM, and TG. The dyes adsorption
experiments indicated the novel carbon nanomaterial
showed excellent dyes adsorption capabilities than
that of raw CNTs. The adsorption capacities of gallic-
MWCNTs 4 for OG, BP, NR, and MB were
0.642 mmol/g (289 mg/g), 0.537 mmol/g (324 mg/g),
0.891 mmol/g (256 mg/g), and  0.823 mmol/g
(310 mg/g), respectively. The adsorption kinetics was
well in accordance with pseudo-second-order model.
The adsorption processes were exothermic and sponta-
neous and obeyed the Langmuir isotherm equation.
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