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a b s t r a c t

Calcined titanate nanotubes were synthesized with hydrothermal treatment of the commercial TiO2

(Degussa P25) followed by calcination. The morphology and structures of as-prepared samples were
investigated by transmission electron microscopy, X-ray diffraction and N2 adsorption/desorption. The
samples exhibited a tubular structure and a high surface area of 157.9 m2/g. The adsorption of methylene
blue onto calcined titanate nanotubes was studied. The adsorption kinetics was evaluated by the pseudo-
first-order, pseudo-second-order and Weber’s intraparticle diffusion model. The pseudo-second-order
ethylene blue
dsorption kinetics

sotherm
echanism

model was the best to describe the adsorption kinetics, and intraparticle diffusion was not the rate-
limiting step. The equilibrium adsorption data were analyzed with three isotherm models (Langmuir
model, Freundlich model and Temkin model). The best agreement was achieved by the Langmuir isotherm
with correlation coefficient of 0.993, corresponding to maximum adsorption capacity of 133.33 mg/g.
The adsorption mechanism was primarily attributed to chemical sorption involving the formation of
methylene blue-calcined titanate nanotubes nanocomposite, associated with electrostatic attraction in

the initial bulk diffusion.

. Introduction

Titanium dioxide (TiO2) has been widely used in heteroge-
eous photocatalysis due to its stable physico-chemical property
nd high photocatalytic activity. Nanotubular TiO2-derived mate-
ials are particularly interesting since the discovery of carbon
anotubes in 1991 [1] and first fabrication of titania nan-
tubes in 1998 [2]. Among these, one-dimensional titanate
anotubes have attracted extensive attention for their partic-
lar morphology and unique physical and chemical properties.
uch nanotubes can be synthesized via hydrothermal reac-
ion between TiO2 and NaOH [3–5]. The obtained nanotubes
xhibit multi-walled scroll-type open-ended structures and have
arge internal and external surfaces and interlayer spaces. These
eculiar microstructures make titanate nanotubes have great
otential for applications as adsorbents and photocatalysts. Sev-

ral works [6,7] have reported that titanate nanotubes with
alcination post-treatment exhibit favorable photocatalytic activ-
ty.
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It has been demonstrated that photocatalytic degradation rate
depends on photocatalyst–pollutant molecule interaction and good
adsorption of pollutant molecule can improve the efficiency of
photocatalytic degradation [8–10]. The adsorption of pollutants
is also of interest as it concerns other experimental studies,
including photocatalyst surface modification [11], dye-sensitized
photodegradation of organics [12], and so on. Obviously, it is of
great importance to investigate the adsorption process of organic
pollutants on the surface of titanate nanotubes to clarify the mech-
anism of photocatalytic reactions and facilitate the applications
in contaminant destruction. Unfortunately, previous studies of
titanate nanotubes focused on preparation, structure analysis and
photocatalytic efficiency evaluation, and little attention were paid
to identifying characteristic of organics adsorption onto titanate
nanotubes. Furthermore, very few studies have been done with the
focus on adsorption mechanism of organic pollutants on the surface
of titanate nanotubes.

In the present work, titanate nanotubes (labeled as TNTs) were
prepared by a hydrothermal reaction, whereafter the as-prepared
nanotubes were calcined at a constant temperature. One of the

familiar basic dyes, methylene blue (MB, Fig. 1), was employed
as the model pollutant, and the adsorption of MB onto cal-
cined titanate nanotubes (labeled as CTNTs) was systematically
investigated. Specifically, the zeta potential at different pH for
CTNTs suspension and attenuated total reflection-Fourier trans-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:nijinren@iee.pku.edu.cn
dx.doi.org/10.1016/j.cej.2009.10.023
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Fig. 1. Chemical structure of MB.

orm infrared (ATR-FTIR) spectra of MB adsorption onto CTNTs were
easured, and adsorption mechanism of MB onto CTNTs was dis-

ussed.

. Materials and methods

.1. Chemicals

MB (purity ≥98.5%, Beijing Chemical Reagents Company, Bei-
ing, China) and TiO2 (P25, Degussa, Frankfurt, Germany) were used
s received. According to the manufacturer, Degussa P25 contains
pproximately 90% anatase and 10% rutile. A 3000 mg/L stock MB
olution was first prepared in deionized water. Other chemicals
uch as sodium hydroxide and ethanol were purchased as analyti-
al reagent. All the solutions used in the experiment were prepared
ith deionized water.
.2. CTNTs preparation

Titanate nanotubes were synthesized by a hydrothermal process
imilar to that reported in Ref. [13]. In a typical synthesis, 0.3 g of

Fig. 2. TEM images of the samples. (a) TNTs, (b) HRTEM o
Journal 156 (2010) 313–320

Degussa P25 was added into a 10 M NaOH aqueous solution. After
stirring for 24 h, the specimen was transferred into a sealed Teflon
container statically heated at 130 ◦C for 72 h. Then the product was
centrifugally separated at 4000 rpm and washed with ethanol at
room temperature until the pH value of the supernatant dropped
to about 7. The resulting powder was further dried at 80 ◦C for about
4 h in air. Finally, the samples were calcined at 400 ◦C in air for 2 h
and CTNTs were obtained.

2.3. CTNTs characterization

Transmission electron microscopy (TEM) analysis was con-
ducted with a FEI Tecnai G20 microscope operating at 200 kV.
X-ray diffraction (XRD) patterns were obtained on a Rigaku
Dmax/2400 X-ray diffractometer using Cu K� radiation at a scan
rate (2�) of 8◦/min (� = 1.5418 Å). Specific surface area was mea-
sured through nitrogen adsorption and desorption at −196 ◦C using
an ASAP 2010 adsorption apparatus (Micromeritics, USA). The
Brunauer–Emmett–Teller (BET) surface area was determined in the
relative pressure (P/P0) range of 0.06–0.20. Nitrogen adsorption
volume at the relative pressure of 0.99 was used to determine the
pore volume and the average pore diameter. Prior to adsorption,
the samples were degassed at 50 ◦C under a reduced pressure of
0.02 Torr.

2.4. Adsorption experiments
2.4.1. Kinetic experiments
All adsorption experiments were conducted at pH 7.0. For the

adsorption kinetics, 0.0200 g of CTNTs was added to 40 mL of
MB solution at the initial concentrations of 50 and 100 mg/L. The

f the TNTs, (c) CTNTs, and (d) HRTEM of the CTNTs.
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uspensions were left in conical flasks and agitated in an isother-
al reciprocating shaker at 200 rpm and 25 ◦C. At appropriate

ime intervals, the aliquots were withdrawn from the solutions
nd centrifuged for 5 min at 4000 rpm to separate solid particles.
he residual MB concentrations in the supernatant solutions were
etermined by absorbance measurement using UV–visible spec-
rophotometer (Specord 200, Analytik Jena AG, Germany) at its

aximum absorption wavelength of 660 nm. It was then computed
o MB concentration using standard calibration curve. The amount
f MB adsorbed onto CTNTs at any time was computed by the differ-
nce between the initial MB concentration and the concentration
t any time.

.4.2. Equilibrium experiments
All batch equilibrium experiments were also carried out in

onical flasks and rotated in the reciprocating shaker under the
ame conditions. To obtain the adsorption isotherm, CTNTs at a
onstant dose of 0.5 g/L were placed in MB solution of different
oncentrations (25–230 mg/L). Aliquots were taken from the flask
t equilibrium, centrifuged, diluted and analyzed by UV–visible
pectrophotometer to determine the initial and equilibrium MB
oncentrations in the solutions. The amount of MB adsorbed onto
TNTs at equilibrium was calculated by the difference between the

nitial and equilibrium MB concentrations.

. Results and discussion

.1. Morphology and structures of titanate nanotubes

Fig. 2 showed the TEM images of the as-prepared products. One
an see that a large amount of randomly tangled nanotubes was
btained. The hollow and open-ended characteristics of the TNTs
an be observed from the TEM micrograph as shown in Fig. 2(a). The
RTEM image (see Fig. 2(b)) indicated that the prepared nanotubes
ad uniform inner (ca. 4.5 nm) and outer diameters (ca. 9 nm) along
he length. Moreover, the as-prepared nanotubes possessed multi-
alled tubular structures and generally consisted of 3–4 layers, also

s presented in Fig. 2(b). The interlayer distance, directly measured
rom HRTEM image, was ca. 0.75 nm. These results were in good
onsistency with the previous studies [3,14]. The morphology of
TNTs was illustrated in Fig. 2(c) and (d). It can be seen that cal-
ination at 400 ◦C did not significantly change the morphology of
he nanotubes, in which there were no differences between TNTs
nd CTNTs, except a slight decrease in inner and outer diameters.
ince they had homogeneous multi-walled tubular structures and
pen ends, the CTNTs were expected to possess great potential in
aseous or liquid adsorption.

Fig. 3 presented the XRD patterns of the nanotubes before and
fter calcination. All the observed XRD peaks (2� ≈ 10◦, 24◦, 28◦

nd 48◦) were assigned to TNTs, and the intense peak at about
0◦ was ascribed to interlayer space of TNTs, in accordance with
he previous reports [3]. For comparison, the XRD pattern of TiO2
as also presented. The XRD results indicated that the TiO2 precur-

ors were completely transformed to TNTs and no anatase or rutile

hase appeared in the obtained nanotubes. Moreover, the XRD pat-
ern of CTNTs was similar to that of TNTs, and all the characteristic
eaks appeared, suggesting that calcination under experimental
onditions did not damage the structure of the samples and the
ulti-walled tubular structures of CTNTs were maintained.

able 1
ET surface area and porosity of Degussa P25 and CTNTs.

Samples BET surface area (m2/g) Single p

Degussa P25 46.9 0.18
CTNTs 157.9 1.32
Fig. 3. XRD patterns of the samples. (a) TiO2 (P25), (b) TNTs, and (c) CTNTs.

3.2. BET surface area and pore volume

According to nitrogen adsorption and desorption experiment,
the textural parameters of samples were collected in Table 1. It can
be seen that the synthesis of titanate nanotubes derived from TiO2
(P25) result in an obvious increase in surface area and porosity.
The measured BET surface area of CTNTs was 157.9 m2/g. This was
increased by a factor of 3.4 compared with Degussa P25 (46.9 m2/g).
However, the value of the surface area was found to be smaller than
some previous reports [15,16]. This was presumably due to dif-
ferent synthesis conditions, including hydrothermal temperature,
reaction time, post-treatment washing, etc. In addition, calcina-
tion post-treatment could also lead to the decrease in surface area
[6,7]. In comparison, the surface area of the resulting CTNTs in this
study was comparable to those similar reports. For instance, Yu
and Zhou [7] fabricated titanate nanotubes with the surface area
of 130.0 m2/g after calcination at 400 ◦C. Lee et al. [17] showed
that the nanotubes with higher surface area (ca. 190 m2/g) can
be obtained at the same calcination temperature. With respect to
commercial TiO2 (P25), the high specific surface area and poros-
ity of as-synthesized CTNTs made it possible to adsorb pollutant
molecules into the surface of the pores, thus favored photocatalytic
degradation mediated with CTNTs.

3.3. Adsorption kinetics

To determine the time necessary to get access to equilibrium
adsorption, the effect of contact time on adsorption of MB onto
CTNTs was first studied at two different initial concentrations, viz.
50 and 100 mg/L. Fig. 4 showed the variations of the amount of
the adsorbed MB over contact time. It can be seen that a rapid
adsorption of MB by CTNTs occurred, with equilibrium reached in
approximately 60 min for both concentrations. It was particularly
noteworthy that the process showed an extraordinarily fast ini-

tial rate of adsorption, which can be verified by the fact that the
amount of adsorbed MB onto CTNTs within 5 min almost achieved
90% of that at equilibrium. The fast uptake indicated MB could be
easily adsorbed by CTNTs. Additionally, the contact time necessary
to reach equilibrium was determined to 4 h in the following equi-

oint total pore volume (cm3/g) Average pore diameter (nm)

15.5
33.4
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ig. 4. Effect of contact time on the adsorption of MB onto CTNTs at different ini-
ial concentrations. Error bars indicate the standard deviations of three individual
xperiments.

ibrium experiment in order to ensure that absolute equilibrium
as established.

The adsorption kinetics of MB onto CTNTs was investigated with
he aid of two kinetic models, namely the Lagergren pseudo-first-
rder and pseudo-second-order model. The pseudo-first-order
odel can be expressed by the following linear form [18]:

n(Qe − Qt) = ln Qe − k1t (1)

here Qe and Qt (mg/g) are the amounts of adsorbed MB at equi-
ibrium and at time t, respectively, k1 (1/min) is pseudo-first-order
ate constant, and t (min) is contact time. k1 can be determined
rom the slope of the plot of ln(Qe − Qt) versus t.

Another kinetic model is the pseudo-second-order model,
hich is expressed by [19]

t

Qt
= 1

k2Qe
2

+ t

Qe
(2)

here k2 (g/(mg min)) is pseudo-second-order rate constant. k2 is
alculated from the intercept of the plot of t/Qt versus t.

Fig. 5(a) and (b) showed the linear plots of the pseudo-first-order
nd pseudo-second-order kinetic models at two initial concentra-
ions of 50 and 100 mg/L. The corresponding kinetic parameters
btained from two models (k1, k2, Qe1, cal, Qe2, cal, R2) were listed
n Table 2. It can be seen that the fitting of experimental data to
he pseudo-first-order model was not so good, with rather low
orrelation coefficients (R2), viz. 0.9265 and 0.8400. Accordingly,
he experimental data did not obey the pseudo-first-order kinetic

odel.
Conversely, linear plots of t/Qt versus t with correlation coeffi-

ients higher than 0.999 indicated that the data exhibited a good
ompliance with pseudo-second-order kinetic equation. It was

bvious that the adsorption kinetics of MB onto CTNTs followed
he pseudo-second-order kinetic model. It was also found that
he pseudo-second-order kinetic model was much more reason-
ble for MB adsorption process when comparing the calculated
nd experimental Qe values. As presented in Table 2, there were

able 2
he determined constants of pseudo-first-order and pseudo-second-order kinetic model

Initial concentration (mg/L) Qe, exp (mg/g) Pseudo-first-order kinetics

k1 (1/min) Qe1,cal (m

50 94.15 0.0314 10.65
100 129.17 0.0333 16.14
Fig. 5. The linear plot of two kinetic models at different initial concentrations of MB.
(a) pseudo-first-order kinetic model and (b) pseudo-second-order kinetic model.

minor deviations between the calculated and experimental Qe val-
ues (Qe2,cal versus Qe,exp), while the calculated Qe values for the
pseudo-first-order model (Qe1,cal) deviated experimental Qe val-
ues remarkably. The best correlation for the system provided by
the pseudo-second-order model suggested that chemical sorption
involving valency forces through sharing or exchange of electrons
between adsorbent and adsorbate might be significant [20]. A
similar adsorption kinetics of MB that well represented by the
pseudo-second-order model has been observed onto other adsor-
bents as well, such as sepiolite [21], natural zeolite [22] and
Jordanian diatomite [23].

In order to determine whether intraparticle diffusion was the
rate-limiting step in the adsorption process, the Weber’s intra-

particle diffusion model was introduced to analyze the adsorption
kinetic data. This model can be expressed as [24]

Qt = kidt0.5 + C (3)

with correlation coefficients (R2) at different initial concentrations.

model Pseudo-second-order kinetics model

g/g) R2 k2 (g/(mg min)) Qe2,cal (mg/g) R2

0.9265 0.0132 93.46 0.9999
0.8400 0.0091 128.21 0.9998
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ig. 6. The linear plot of intraparticle diffusion model at different initial concentra-
ions of MB.

here kid (mg/(g min0.5)) is the intraparticle diffusion rate constant
nd C indicates the boundary layer effect of the adsorption. The
lot of Qt versus t0.5 generally consists of the initial portion and
he second portion, indicating boundary layer effect and intraparti-
le diffusion, respectively [25]. A linear plot of the second portion
llows to obtain the value of kid and C. The smaller the value of C,
he greater the contribution of intraparticle diffusion. If C is equal to
ero, the adsorption was solely governed by intraparticle diffusion.
owever, as illustrated in Fig. 6, the linear plot of the second portion
f Qt versus t0.5 did not pass through the origin but the intercept was
5.51 and 123.03 mg/g, respectively. This implied that intraparti-
le diffusion was not the rate-limiting step, and bulk mass transfer
nto the adsorbent described by film diffusion was remarkable in
he adsorption process. Similar trend for MB adsorption were also
bserved onto Neem leaf powder [26] and clay [27], where the over-
ll rate of the dye adsorption process was controlled by both surface
dsorption and intraparticle diffusion.
.4. Adsorption isotherms

The equilibrium adsorption isotherm is indispensable in
escribing the interaction between pollutant and adsorbent. Fig. 7

ig. 7. Adsorption isotherm of MB onto CTNTs at 25 ◦C. Solid squares correspond to
xperimental values and solid line corresponds to the fitting curve obtained using a
angmuir equation. Error bars indicate the standard deviations of three individual
xperiments.
Journal 156 (2010) 313–320 317

depicted the equilibrium adsorption characteristics of MB onto
CTNTs at 25 ◦C. It was observed that the equilibrium adsorption
capacity, Qe, increased with an initial steep rise followed by slight
elevation to a more or less plateau promptly along with the increase
of equilibrium concentration. The explicit isotherm of L-shape,
according to Giles et al. [28], indicated that there is no strong com-
petition between the solvent and the dye to occupy the CTNTs
active sites. Moreover, this type of isotherm implies Langmuir-type
adsorption between MB and CTNTs molecules. With the increase of
initial MB concentration from 25 to 230 mg/L, the amount of the
adsorbed MB at equilibrium increased from 47.76 to 135.14 mg/g.
The experimental results also showed a decrease of MB removal
at equilibrium condition. The removal percentage dropped from
97.96% to 28.36% when the initial concentration rose from 25 to
230 mg/L. This was due to fast saturation on the surface of CTNTs as
MB concentration was increased, leading to the decrease of adsorp-
tion efficiency. The fact that the removal percentage was higher at
lower concentration showed that the available adsorbent surface
area was the key factor to achieve high adsorption efficiency.

To further describe the equilibrium adsorption isotherm, three
isotherm models, i.e. the Langmuir isotherm, the Freundlich
isotherm and the Temkin isotherm, were used for test study.

The Langmuir isotherm is based on the assumption that each
active site can only hold one adsorbate molecule. The linear equa-
tion given by the Langmuir isotherm is expressed as [29]

Ce

Qe
= 1

Q0b
+ 1

Q0
Ce (4)

where Qe (mg/g) and Ce (mg/L) are the amount of adsorbed MB
onto CTNTs and MB concentration at equilibrium, respectively, Q0
(mg/g) is the maximum amount of MB adsorbed per unit mass of
CTNTs, and b (L/mg) is a constant related to the adsorption energy.
Plotting Ce/Qe against Ce yields a straight line with the slope 1/Q0
and intercept 1/Q0b, then Q0 and b are determined.

The Freundlich isotherm gives a linear equation as follows [30]:

ln Qe = ln KF + 1
n

ln Ce (5)

where KF and n are Freundlich constants. KF (mg/g (L/mg)1/n) indi-
cates relative adsorption capacity of CTNTs, and dimensionless n
suggests the favorability of adsorption. A linear plot of ln Qe against
ln Ce allows to obtain the values of KF and n.

The Temkin isotherm can be expressed by [31]

Qe = B ln A + B ln Ce (6)

where B = RT/b, b (J/mol) is the Temkin constant related to adsorp-
tion heat, T (K) is the absolute temperature, R (8.314 J/(mol K)) is
the gas constant, and A (L/g) is the Temkin isotherm constant. B
and A can be calculated from the slope and intercept of the plot of
Qe against ln Ce.

The experimental data on MB equilibrium adsorption onto
CTNTs were fitted by above-mentioned three isotherm models. The
resulted adsorption parameters from fitting were listed in Table 3.
It was apparent that the experimental data were fitted much better
with the Langmuir isotherm than the other two isotherms, as cor-
relation coefficient R2 for the Langmuir isotherm was 0.993. The
calculated coefficient indicated the monolayer adsorption of MB
on CTNTs, with the corresponding monolayer saturated adsorp-
tion capacity of 133.33 mg/g at 25 ◦C according to the fitting result.
Table 4 presented saturated adsorption capacities of MB for CTNTs
along with some other adsorbents. Clearly, CTNTs exhibited max-

imum saturated adsorption capacity, which could be ascribed to
their large surface area and pore size. The results demonstrated
that CTNTs could be employed as promising adsorbents or pho-
tocatalysts. The fitting curve was also presented in Fig. 7 by the
Langmuir isotherm, which was very close to the experimental data.
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Table 3
Isotherm parameters for adsorption of MB onto CTNTs.

Isotherm models Parameters

Langmuir Q0 (mg/g) 133.33
b (L/mg) 1.06
R2 0.9930

Freundlich KF (mg/g (L/mg)1/n) 71.23
n 6.66
R2 0.7708
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ing vibrations. The vibrations of the CH3 group were found at 1356
and 1339 cm−1. Several weak peaks between 1253 and 669 cm−1

were ascribed to the C–H in plane and out of plane bending vibra-
tions [42]. The spectrum of MB adsorbed onto CTNTs displayed
Temkin A (L/g) 277.27
B 13.42
R2 0.8583

he fact that the Langmuir isotherm fitted the experimental data
atisfactorily might be due to uniform nanotubular structure of
TNTs and homogeneous distribution of active sites on the walls.
everal authors have also reported this Langmuir-type adsorption
ehavior of MB dye on other adsorbents. Some of these adsor-
ents included activated and raw date pits [35], palm kernel fibre
36] and montmorillonite clay [37]. However, Kochkar et al. [38]
oted a different behavior for Pd(II) adsorption over titanate nan-
tubes. They reported that the adsorption curve of Pd(II) on the
ydrogenotitanates comprised two different branches, following
either Langmuir nor Freundlich model. This difference could be
ttributed to different adsorption mechanism for different adsor-
ates.

The essential characteristic of the Langmuir isotherm can also be
valuated by dimensionless adsorption intensity RL given by [39]

L = 1
1 + bC0

(7)

here C0 (mg/L) is the initial concentration of MB and b (L/mg) is
he Langmuir constant. The parameter RL indicates the shape of the
sotherm to be either unfavorable (RL > 1), linear (RL = 1), favorable
0 < RL < 1) or irreversible (RL = 0). In our experiments the values of
L at different initial concentration of MB were between 0 and 1,
uggesting that the adsorption of MB on the surface of CTNTs was
avorable. In addition, the low RL values (<0.04) implied that the
nteraction of MB molecules with CTNTs might be relatively strong.

.5. Adsorption mechanism

As for MB–CTNTs interaction, zeta potential and ATR-FTIR were
ntroduced to gain insight into the adsorption mechanism. Zeta
otential of CTNTs was measured in the pH 2.5–11 range with
Nano-ZS90 Zetasizer (Malvern Instruments, England). The sus-

ension concentration of CTNTs was 0.5 g/L, and the temperature
as maintained at 25 ◦C. As presented in Fig. 8, the zeta potential

f CTNTs increased with decreasing pH of the suspension, which

as in agreement with the study of [40]. It was proposed that
ydronium ions derived from lower pH could be adsorbed onto the
urface of CTNTs and partially neutralized the negative charge of
TNTs. The negative zeta potentials in the whole pH range indicated
hat the surface of CTNTs possessed a dominant negative charge.

able 4
aturated adsorption capacities of MB for some adsorbents.

Adsorbents Saturated adsorption
capacity (mg/g)

References

Zeolite 16.37 [22]
Neem leaf powder 3.67–19.61 [26]
Activated sewage char 120.00 [32]
NaOH-treated pure kaolin 20.49 [33]
Titania 5.98 [34]
Raw date pits 80.29 [35]
CTNTs 133.33 Present work
Fig. 8. Variation of zeta potential with pH for CTNTs suspension. Error bars indicate
the standard deviations of three individual experiments.

On the other hand, MB was a cation at the solution pH under which
the experiments were performed. The cationic MB molecules were
readily adsorbed onto negatively charged sites of CTNTs by charge
attraction. Therefore, it was concluded that electrostatic attraction
might play a major role in the initial bulk diffusion. This was in
agreement with previous studies on the adsorption of acid blue 40
onto P25 titania [34] and hexokinase onto silicon wafers [41]. They
also indicated that the adsorption was mainly driven by electro-
static forces.

ATR-FTIR spectra of the samples were recorded with a NICO-
LET iN10 MX spectrometer (Thermo Scientific, USA) equipped
with a MCT/A detector and a diamond window, as presented in
Fig. 9(a)–(c). All spectra were taken at 64 scans at 4.0 cm−1 resolu-
tion in the range of 4000–650 cm−1. Fig. 9(a) showed the spectrum
of CTNTs. The broad peak at 3347 cm−1 corresponded to the stretch-
ing vibration of highly OH− group on the nanotubes. The other
two peaks at 1650 and 1363 cm−1 might be associated to the Ti–O
vibrations. For MB shown in Fig. 9(b), the peak related to the vibra-
tion of the aromatic ring at 1600 cm−1 was very prominent. Two
peaks at 1492 and 1397 cm−1 were recognized as the C–N stretch-
Fig. 9. ATR-FTIR spectra of the samples. (a) CTNTs, (b) MB, and (c) MB adsorbed onto
CTNTs.
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n Fig. 9(c) preserved the peaks corresponding to MB with the
romatic ring vibration at 1604 cm−1, the C–N stretching vibra-
ions at 1490 and 1394 cm−1 and the CH3 group vibrations at 1354
nd 1342 cm−1, reflecting the evidence for the strong interaction
etween MB and CTNTs, in accordance with the low values of
L obtained above. Moreover, considering the adsorption process
ollowed the pseudo-second-order kinetics, the sorption process

ight be mainly controlled by chemical sorption. This was also
ested by the necessity to use the Langmuir isotherm model, rather
han the Freundlich, to fit the experimental data. Hence, it seemed
ossible that the formation of MB–CTNTs composite occurred, sim-

lar to the reports in Ref. [43], where the MB–TNTs nanocomposite
as formed when MB was adsorbed onto TNTs.

. Conclusions

CTNTs were prepared through an alkaline hydrothermal treat-
ent of TiO2 (Degussa P25) with 10 M NaOH aqueous solution

ollowed by calcination in the air at 400 ◦C for 2 h. The morphology
nd structures of the nanotubes were well-preserved after calci-
ation, keeping a scrolled multi-walled tubular configuration. The
resent study showed that the CTNTs, with the high surface area
f 157.9 m2/g, had great adsorption capacities of MB. The equilib-
ium adsorption was attained in nearly 60 min. It was proved that
he pseudo-second-order model was most appropriate to describe

B adsorption. Further analysis indicated that the adsorption pro-
ess was not controlled by intraparticle diffusion. Three adsorption
sotherms were introduced to fit the equilibrium data, and the best-
t adsorption isotherm was achieved with the Langmuir but not
he Freundlich or Temkin isotherm, indicating monolayer adsorp-
ion took place. The highest adsorption capacity was 133.33 mg/g.
ased on zeta potential measurement and ATR-FTIR spectra decom-
osition, the adsorption mechanism can be ascribed to chemical
orption involving the formation of MB–CTNTs nanocomposite, and
lectrostatic attraction might be predominant in the initial bulk
iffusion. Consequently, the CTNTs can be a potential adsorbent
ue to the high adsorption capacity and a promising catalyst for
eterogeneous photocatalysis.
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