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bstract

The adsorption of two basic dyes (Basic Green 5 (BG5) and Basic Violet 10 (BV10)) onto titanate nanotubes (TNT) that were prepared via a
ydrothermal method with different synthesis temperatures was studied to examine the potential of TNT for the removal of basic dyes from aqueous
olution. Effects of synthesis temperature on the microstructures of TNT were characterized with transmission electron microscopy (TEM), X-ray
iffraction (XRD), and nitrogen adsorption–desorption isotherms. For synthesis temperature greater than 160 ◦C, the microstructure of titanate
ight transform from nanotube into nanorod accompanying with the sharp decrease in the titanate interlayer spacing, BET surface area, and pore
olume. Effects of the pore structure variation on the basic dyes adsorption of TNT were discussed. Moreover, the adsorption mechanisms of basic
yes from aqueous solution onto TNT were examined with the aid of model analyses of the adsorption equilibrium and kinetic data of BG5 and
V10. The regeneration of TNT was also briefly discussed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The synthesis of nanotubes has become one of the most
mportant research subjects in nanotechnology and various nan-
tubular materials have been produced during the last decades
1,2]. The success of preparing titania nanotubes is one of the
xamples of such intense research efforts. During 1998–1999,
asuga et al. [3,4] reported the preparation of TiO2-derived
anotubes by a hydrothermal treatment of TiO2 powder in a
0 M NaOH aqueous solution with different reaction tempera-
ure and time. This method does not require any templates and
he obtained nanotubes have small diameter of ca. 10 nm and
igh crystallinity. Many groups have tried to analyze the char-
cteristics of TNT, from which the synthetic mechanism was
xamined and the sheet folding mechanism was often assumed

5,6]. The effects of synthetic conditions on the microstructures
f the TiO2-derived nanotubes were also investigated, with the
mphasis placed on the reaction time, calcination temperature,
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nd acid washing concentration [7–10]. However, it is hardly
ound in the literature to investigate systematically the effects of
ynthesis temperature on the microstructures of TNT although
t also plays a key factor in the hydrothermal method [11].

Dye wastewaters are recognized as difficult-to-treat pollu-
ants and discharged by a wide variety of sources, such as textiles,
rinting, dyeing, dyestuff manufacturing, and food plants [12].
he color produced by minute amounts of organic dyes in water

s of great concern because the color in water is aesthetically
npleasant. Moreover, they are also the important sources of
ater pollution, because some dyes and their degradation prod-
cts may be carcinogens and toxic to human beings or mammals.
ome investigations have been conducted on the physical, chem-

cal, and biological methods for removal of the color from dye
astewater [13–17] and it was found that physical adsorption
ight be an efficient and economic process to remove dyes

rom the wastes streams and also to control the biochemical
xygen demand [18]. The application of adsorption technol-

gy utilizing commercial activated carbon has become known
nd taken a place as one of the most effective technologies for
he removal of effluents of dyes [19]. However, activated car-
on often suffers from high-cost production and regeneration

mailto:kslin@saturn.yzu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.04.129
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solution and solid phase were separated by the centrifugation at
8000 rpm for 25 min in a Sorvall RC-5C centrifuge. A 15-mL
aliquot of the supernatant was taken and analyzed for BG5 and
BV10 by UV–vis spectrophotometer (UV-160A, Shimadzu) at
C.-K. Lee et al. / Journal of Haza

nd other materials, such as some natural adsorbents, certain
aste materials, and some agricultural by-products, are alter-
atives [20–22]. In recent years, mesoporous molecular sieves,
uch as FSM-16 [23], MCM-22 [24], and MCM-41 [25,26],
ave been accepted as the appropriate adsorbents for the removal
f dyes from wastewater due to their unique mesoporous pore
tructure characterized by high specific surface area and pore
olume. Because TNT derived from hydrothermal method pos-
ess ion-exchange property [7,9] and are also characterized by
igh surface area and pore volume [10], they may also offer a spe-
ial environment for the adsorption of large cations, such as basic
yes. Moreover, the hydrothermal method above mentioned is
lso a simple, cost-effective, and environmentally friendly tech-
ology and can prepare high-yield TNT. Therefore, it may be
n important task to examine the potential applications of TNT
hat is synthesized from such a method in the environmental pro-
ection. In this study, the objectives are to examine the effects
f synthesis temperature of hydrothermal method on the mor-
hology, phase structure, and pore structure of TNT as well as
he potential of TNT for the adsorptive removal of basic dyes
rom wastewater. The relationship between the alteration in the
icrostructure induced by the variation of synthesis temperature

nd the change in the basic dyes adsorption capacity of TNT is
iscussed. The thermodynamic and kinetic parameters of BG5
nd BV10 adsorption are calculated to examine the adsorption
echanisms of basic dyes from water solution onto the TNT.
he regeneration of TNT is also briefly discussed.

. Materials and methods

.1. Preparation of TNT

TNT was prepared using a hydrothermal process simi-
ar to that described by Kasuga et al. [3,4]. TiO2 source
sed for the TNT was commercial-grade TiO2 powder (from
igma–Aldrich, 99.999% purity) with crystalline structure of
a. 25% rutile and ca. 75% anatase and primary particle size
f ca. <50 nm. In a typical preparation, 1–3 g of the TiO2 pow-
er was mixed with 60–90 mL of 10 M NaOH solution followed
y hydrothermal treatment of the mixture at 110–270 ◦C in a
50 mL teflon-lined autoclave for 24 h. After hydrothermal reac-
ion, the precipitate was separated by filtration and washed with
1 M HCl solution and distilled water until the pH value of the

insing solution reached ca. 7.0, approaching the pH value of the
istilled water. The acid washed samples were dried in a vacuum
ven at 110 ◦C for 8 h and stored in the glass bottles until used.

.2. Characterization of TNT

TEM analyses were conducted to investigate the morpholo-
ies and microstructures of the TNT samples with a H-7500
lectron microscope (Hitachi, Japan), using 120 kV accelerating
oltage. Energy dispersive X-ray (EDX) spectra were obtained

ith a S-4000 scanning electron microscopy (Hitachi, Japan),
sing 25 kV accelerating voltage. XRD patterns scanned from
◦ to 70◦ with a scan rate of 4◦/min were obtained on a ther-
al ARL X-ray diffractometer (Thermo, France) equipped with
Materials 150 (2008) 494–503 495

Cu K� radiation source and a graphite monochromator and
ere used to determine the identity of any crystalline phase or

tructures in the TNT samples. The porous structure character-
stics, including the BET surface area, the pore volume, and the
ore size distribution, were obtained from the conventional anal-
sis of nitrogen isotherms measured at 77 K with Micromeritics
riStar 3000 apparatus. All the samples were degassed at 100 ◦C
rior to the measurement.

.3. Adsorption study

Two basic dyes (BG5 and BV10) were selected as adsorbates
o discuss the adsorption selectivity of TNT in terms of pore
tructure of adsorbent and molecular shape of adsorbates. The
hemical structures of the examined dyes were shown in Fig. 1.
he two compounds were of analytical grade from Sigma Chem-

cal Co. (USA) and were used without further purification. The
asic dyes adsorption data from aqueous solution were obtained
y the immersion method. BG5 and BV10 were first dried at
05 ◦C for 24 h to remove the moisture before use. All of the
ye solutions were prepared with distilled water. For adsorption
xperiments, 0.1-g-TNT was added into 100 mL of dye aqueous
olutions at the desired concentrations. The initial pH value of
he solution was adjusted with NaOH or HCl solution to reach a
esirable value. The preliminary experiment revealed that about
h was required for the adsorption process to reach equilibrium
ith a reciprocating shaker equipped with a constant temper-

ture controller and a cover to keep isothermal condition. The
Fig. 1. Chemical structures of the examined dyes.
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he wave length of 655 and 555 nm, respectively. The adsorp-
ion capacity of dyes was then calculated using the relation

= V�C/m, where V was the volume of the liquid phase, m
as the mass of TNT, and �C was the difference between the

nitial and final concentration of dye at solutions, which could
e computed simply from the initial and final UV readings. For
he adsorption kinetics experiments, the dye adsorption amounts
ere determined by analyzing the solution at appropriate time

ntervals. The effects of temperature on the adsorption data were
arried out by performing the adsorption experiments at various
emperatures (25, 35, and 45 ◦C).

In this study, the adsorption mechanism of BG5 and BV10
rom water solution onto TNT surfaces was first examined with
he aid of the Dubinin–Kaganer–Radushkevick (DKR) equation.
he DKR equation had the following form:

n Q = ln Qm − βε2 (1)

here Q was the adsorption amount of BG5 and BV10
n mol g−1, Qm (mol g−1) the DKR monolayer capacity, β

mol2 J−2) a constant related to sorption energy, and ε was the
olanyi potential which was related to the equilibrium concen-

ration as

= RT ln

(
1

C

)
(2)

here T was the temperature and C was the equilibrium con-
entration of BG5 and BV10 [22,27]. The slope and intercept
f the plots of ln Q versus ε2 give β and Qm, respectively. The
alue of β was related to the sorption energy, E, via the following
elationship:

= −1√−2β
(3)

Moreover, since the adsorption isotherms have been mea-
ured at three temperatures, the heat of adsorption can be
alculated. The temperature dependency of adsorption equilib-
ium constant K (i.e., amount of removed basic dyes per gram
f TNT divided by basic dyes concentration in the liquid phase)
beyed the van’t Hoff equation:

d ln K

dT
= �H

RT 2 (4)

here R was the gas constant and T was the temperature (in K).
q. (4) could be integrated to yield ln K = ln K0 + (−�H/RT). A
lot of ln K versus 1/T will yield a straight line with a slope of
�H/R [28].
For the kinetic data, a simple kinetic analysis was performed

ith the aid of pseudo-second-order equation [29]. In this equa-
ion, the value of the rate constant k could be calculated in the
orm

dQt = k(Qe − Qt)
2 (5)
dt

here Qe and Qt were the amount of dye adsorbed per unit mass
f the adsorbent at equilibrium and time t, respectively. After
efinite integration by applying the initial conditions Qt = 0 at

o
c
t
a

Materials 150 (2008) 494–503

= 0 and Qt = Qt at t = t, Eq. (5) became

t

Qt

= 1

kQ2
e

+ 1

Qe
t (6)

In addition to the pseudo-second-order rate equation, the
ntraparticle diffusion model was commonly used for examining
he steps involved during adsorption, described by external mass
ransfer (boundary layer diffusion) and intraparticle diffusion
24]. The intraparticle diffusion model was expressed as

t = kdt
1/2 (7)

here kd was the diffusion coefficient. If the double nature
f intraparticle diffusion plot confirmed the presence of a
oundary-layer effect and pore diffusion, the adsorption kinetic
ata could be further analyzed using the Boyd kinetic expression
Eq. (8)) to determine the actual rate-controlling step involved
n the dye adsorption process [30]

= 1 − 6

π2 exp (−Bt) (8)

= πD

r2 = time constant (9)

here D was the effective diffusion coefficient of adsorbates in
dsorbent phase, r the radius of adsorbent particle assumed to be
pherical, and G was the fraction of solute adsorbed at different
imes t and given by

= Qt

Qe
(10)

here Qt and Qe represented the amount adsorbed (mol g−1) at
ime t and at infinite time. In this work, we took the Qe from the
seudo-second-order kinetic model. Substituting Eq. (10) into
q. (8), the kinetic expression became

t = −0.4977 − ln

(
1 − Qt

Qe

)
(11)

In general, if the plot of Bt versus t was a straight line
assing through the origin, the adsorption was governed by a
article-diffusion mechanism, otherwise it was governed by film
iffusion [31].

. Results and discussion

.1. Morphology of TNT

Fig. 2 shows the TEM images of titanate compounds obtained
y a hydrothermal reaction using commercial-grade TiO2 pow-
er and 10 M NaOH aqueous solution as precursors at 120, 150,
40, and 270 ◦C for 24 h. A large amount of TNT with a diame-
er of 10–30 nm and a length of several hundreds nanometers are

btained. Further observation indicates that the prepared titanate
ompounds possess uniform inner and outer diameters along
heir length as well as multi-layered and open-ended, in good
greement with the previous reports [7,9,10].
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Fig. 2. TEM micrographs of the titanate products obtained by hydroth

.2. XRD patterns
Fig. 3 shows the XRD patterns of the samples synthesized
t 110–180, 210, and 270 ◦C for 24 h. It is evident from Fig. 3
hat the XRD patterns corresponding to synthesis temperatures
elow and above 160 ◦C are distinct, indicating that synthesis

ig. 3. XRD patterns of the titanate products obtained by hydrothermal process
t 110–270 ◦C for 24 h.
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process at (a) 120 ◦C, (b) 150 ◦C, (c) 240 ◦C, and (d) 270 ◦C for 24 h.

emperature may induce a significant change in the phase struc-
ure of titanate compounds. The characteristic peak at around
θ = 10◦ for all XRD patterns indicates that the samples are
omposed of a layered titanate. Moreover, because the reflec-
ion peak at 2θ = 10◦ corresponds to the interlayer spacing of the
amples, the peak shifting gradually to higher angles for temper-
tures greater than 160 ◦C means the decrease of the interlayer
pacing [7].

For temperatures ≤160 ◦C, the XRD patterns are not changed
o drastically with the variation of temperature. There is a broad
eak from 2θ = 23◦ to 25◦, which can be assigned to hydrogen
itanate compounds according to the standard XRD data. More-
ver, there exists a diffraction peak around 2θ = 48.4◦ besides
he weak peak from 2θ = 23◦ to 25◦, which may be ascribed to
odium titanate compounds [7,9]. As reported in the literature,
he sodium titanates are probably first formed from original tita-
ia powder through hydrothermal treatment, and then the sodium
itanate products change to hydrogen titanate after washing in
cidic solution through an ion-exchange mechanism [9]. More-
ver, the crystal structure of the TiO2-derived titanates is similar
o that of H2Ti3O7 (Na2Ti3O7), NaxH2−xTi3O7, HxTi2−x/4 x/4O4
x = 0.75), Na2Ti2O4(OH)2, or NayH2−yTinO2n+1·xH2O, proba-
ly due to their same layered titanate family [32]. In this study,

DX analysis demonstrates the existence of sodium ions in the
ynthesized nanotubes (not shown here). Therefore, it can be
oncluded that the sodium ions are not substituted completely
y protons after the nanotubes are washed with the HCl aque-
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us solution and the distilled water. Moreover, TGA curve (not
hown here) shows that a mass loss of ca. 11% is observed after
he nanotubes are heated from room temperature to 1200 ◦C.
onsidering the existence of Na+ in the nanotubes, a large mass

oss during heat-treatment, and the XRD patterns, the synthe-
ized titanate compounds at temperatures lower than 160 ◦C may
e described as trititanate (H,Na)2Ti3O7·xH2O [7,8].

For higher temperatures than 160 ◦C, the XRD patterns are
ery different from that of samples synthesized at tempera-
ures ≤160 ◦C, showing that there are significant changes on the
icrostructure of titanate samples. It has been reported that the

itania nanotubes might be formed from hydrogen titanate nan-
tubes by heat treating at 400 ◦C [9,10]. Moreover, it was also
emonstrated that for TNT with the post-heat-treatment above
50 ◦C, some of the nanotubes began to break into particles of
natase phase, and the others remained as nanotubes where a lot
f Na+ existed, indicating that the remnant Na atoms stabilized
he nanotube structures [7]. As shown in Fig. 3, there is a broad
eak at 2θ = 25◦ for synthesis temperatures greater than 160 ◦C,
ndicating the existence of anatase-type TNT. The other obvious
eaks shown in Fig. 3 may be assigned to the sodium hexati-
anate, Na2Ti6O13 [7]. Moreover, because the interlayer spacing
f samples synthesized at temperatures >160 ◦C is smaller than
hat of samples synthesized at temperatures ≤160 ◦C, the TNT

ay change into thick sodium titanate nanorods when the syn-
hesis temperatures are greater than 160 ◦C, as can be further
erified with the analysis of BET surface area and pore volume.
.3. BET surface area and pore volume

Fig. 4 shows some nitrogen adsorption–desorption isotherms
easured on the prepared titanate samples. Some key features

ig. 4. Nitrogen adsorption–desorption isotherms of the titanate products
btained by hydrothermal process at 110, 130, 160, 170, 180, and 210 ◦C for
4 h.
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ig. 5. BET surface area and pore volume of the titanate products obtained by
ydrothermal process at 110–210 ◦C for 24 h.

ay be found directly from this figure. It can be seen that the
onolayer capacity, thus the BET surface area of titanate sam-

les, becomes smaller when the synthesis temperature increases,
specially as temperatures are greater than 160 ◦C. A more clear
ependence of BET surface area on the synthesis temperature
s shown in Fig. 5. As discussed in the XRD patterns, when
he temperatures are greater than 160 ◦C, the interlayer spacing
f titanates decrease and the nanotubes may change into thick
anorods, introducing a sharp decrease in the BET surface area.

Moreover, all adsorption isotherms presented in Fig. 4 are
ypically BDDT type II in shape [33] and a large uptake is
bserved when close to saturation pressure, where capillary con-
ensation in the large voids among the aggregates of TNT starts.
ecause the saturation adsorption capacity of nitrogen corre-

ponds to the pore volume of titanate samples, the isotherms
hown in Fig. 4 also suggest that the pore volume will decrease
s the synthesis temperature increases. This result is similar to
he effects of synthesis temperature on the BET surface area
see Fig. 5), namely, the increase of synthesis temperature will
ecrease the BET surface area and the pore volume of TNT
imultaneously.

The nitrogen isotherms of all titanate samples in Fig. 4 also
how a clear hysteresis loop, indicating the presence of meso-
ores (2–50 nm). On the other hand, for the increase of synthesis
emperature, the hysteresis loops shift to the region of higher
elative pressure and the areas of the hysteresis loops gradually
ecome small. When the temperatures are greater than 180 ◦C,
he hysteresis loop of the samples is difficult to be observed.
ig. 6 shows the corresponding pore size distributions of the

itanate samples synthesized with different temperatures. It can
e seen that the pore size distributions of the titanate sam-
les strongly depend on the synthesis temperature. Considering
he morphology of the titanate samples observed in Fig. 2, the
maller pores (<10 nm) may correspond to the pores inside the
NT and the diameters of these pores are equal to the inner diam-
ter of the nanotubes, while the larger pores (10–100 nm) can be

ttributed to the voids in the aggregation of the nanotubes [10].
s can be seen from Fig. 6, for synthesis temperatures greater

han 160 ◦C, the smaller pores (<10 nm) disappear due to the
ormation of thick titanate nanorods.
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ig. 6. Pore size distribution curves of the titanate products obtained by
ydrothermal process at 110, 130, 160, 170, 180, 210, and 270 ◦C for 24 h.

According to the above results, it can be concluded that when
he synthesis temperature is greater than 160 ◦C, the microstruc-
ure of titanate samples may be transformed from nanotube into
anorod accompanying with the decrease of titanate interlayer
pacing, BET surface area, and pore volume. Because the TNT
ossesses ion-exchange property and mesoporous structure, it
ay be a good adsorbent for the removal of basic dyes with the

on-exchange mechanism, especially for the samples prepared
t low synthesis temperatures (such as 110–160 ◦C), which are
haracterized with high BET surface area and pore volume.

.4. Effects of synthesis temperature on the basic dyes

dsorption capacity of TNT

Fig. 7 shows the effects of synthesis temperature on the
dsorption capacity of titanate samples for BG5 and BV10. The

ig. 7. Adsorption capacity of BG5 and BV10 measured at initial dyes con-
entration of 2000 mg/L, pH 4, and 25 ◦C on the titanate products obtained by
ydrothermal process at 110–270 ◦C for 24 h.
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m
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dsorption data are measured at 25 ◦C with an initial dye concen-
ration of 2000 mg/L. It is found that for synthesis temperatures
160 ◦C, the adsorption capacity increases with the increas-

ng temperature and reaches the maximum at 160 ◦C for both
G5 (211 mg/g) and BV10 (118 mg/g). This tendency is not
ompletely consistent with the relationship between the BET
urface area and synthesis temperature. In general, the adsorp-
ion of basic dyes onto titanate samples is a cation exchange

echanism and the dominating factors controlling the adsorp-
ion capacity are the cation exchange capacity and the pore
olume of titanate samples. Because the pore volume of titanate
amples decreases with the increasing synthesis temperature,
he above results imply that the increasing synthesis tempera-
ure may induce an increase in the cation exchange capacity of
itanate samples. For synthesis temperatures greater than 160 ◦C,
he adsorption capacity decreases sharply and becomes very
ow as temperatures are greater than 170 ◦C. This result may
e ascribed to the microstructure change from nanotube into
anorod and the accompanying fast decrease in the pore vol-
me of titanate samples. On the other hand, if we compare the
dsorption capacity of BG5 and BV10, it can be seen that the
dsorption capacity of BG5 is greater than that of BV10 in all
xamined samples. This may be ascribed to the smaller size of
G5 and then the more efficient packing array of BG5 in TNT

15]. Finally, it should be noteworthy that the adsorption capac-
ty of BG5 on the TNT synthesized at 160 ◦C is comparable to
hat of BG5 on the activated carbon (216 mg/g) [15]. However,
he adsorption capacity of BV10 on the TNT is smaller than
hat of BV10 on the activated carbon (198 mg/g) [15]. The high
dsorption capacity of BG5 on the TNT synthesized at 160 ◦C
ndicates that TNT may be a good adsorbent for the removal
f basic dyes from wastewater if the synthesis temperature is
ppropriately selected.

The XRD patterns accompanied with the dyes adsorption
rocess are demonstrated in Fig. 8. If the diffraction patterns

re compared, it is clearly observed that the adsorption of BG5
ay induce some disorders on the layered structure of TNT,

s indicated by the almost disappearance of diffraction peak at

ig. 8. XRD patterns of the titanate products (synthesized at 160 ◦C) before and
fter adsorbing BG5 and BV10.
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process. The heats of adsorption, calculated from the van’t Hoff
equation, are −33.9 ± 0.5 and −28.4 ± 7.4 kJ mol−1 for BG5
and BV10, respectively.

Table 1
DKR parameters and E values of BG5 and BV10 adsorption onto TNT

T (◦C) Dye Qm (mol g−1) β (mol2 J−2) E (kJ mol−1)

25 BG5 8.91 × 10−4 −1.97 × 10−9 −15.95
35 1.18 × 10−3 −2.61 × 10−9 −13.85

−3 −9
ig. 9. Effect of pH on the basic dyes adsorption onto TNT at 25 ◦C and dye
nitial concentration 900 mg/L.

θ = 10◦. This result may be ascribed to the dense packing of
G5 in the TNT. For BV10 adsorption, the decrease of titanate

nterlayer spacing during the adsorption processes is evidenced
ith the characteristic peak of layered titanate moving to higher

ngle.
The pH value of the aqueous solution is an important con-

rolling parameter in the adsorption process, as characterized
n Fig. 9. For BG5, the adsorption capacity is measured under
H < 8, because it may decompose when pH > 8. As demon-
trated in Fig. 9, pH value will affect the adsorption behavior of
NT and the adsorption capacity of BG5 and BV10 decreases
ignificantly at the pH values of 2–3 and 5–11, respectively.
ince the adsorption capacities of both BG5 and BV10 are high
t pH 4, pH 4 is adopted in the measurements of adsorption
sotherms and adsorption kinetic data of BG5 and BV10.

In the following, the discussion of the adsorption isotherms
nd kinetics of both BG5 and BV10 on TNT synthesized at
60 ◦C for providing more information about the adsorption
echanisms of basic dyes from water solution onto TNT is

iven.

.5. Adsorption isotherms of BG5 and BV10

Fig. 10 shows the BG5 and BV10 adsorption isotherms at
ifferent temperatures. As can be seen from this figure, the
dsorption capacity of basic dyes on TNT is susceptible to tem-
erature changes and the isotherm types can be divided into two
ases: type I (BG5) and type V (BV10) [33]. As mentioned ear-
ier, the adsorption of both BG5 and BV10 may introduce some
isorders in the pore structure of TNT. Therefore, the change
n the adsorption isotherm type may be closely related to the
ffect of basic dyes adsorption on the pore structure stability of
NT. In the following, the adsorption mechanism of BG5 and
V10 from aqueous solution onto TNT surfaces is first exam-

ned with the aid of the DKR equation. The DKR parameters
nd E values for the adsorption of BG5 and BV10 onto TNT

re presented in Table 1. The correlation coefficients (r2) for the
inear regression analysis are close to unity. As shown in Table 1,
he E values are found to be −15.95 (−8.59), −13.85 (−8.47),
nd −13.03 (−8.28) kJ mol−1 for BG5 (BV10) adsorption at

4

2
3
4

ig. 10. Adsorption isotherms of BG5 and BV10 on TNT at different tempera-
ures and pH 4. (�) 25 ◦C, (�) 35 ◦C, and (�) 45 ◦C.

5, 35, and 45 ◦C, respectively. As expected, these values are
f the order of an ion-exchange mechanism, in which the sorp-
ion energy lies within 8–16 kJ mol−1 [27,34]. Moreover, the
ependence of adsorption capacity Qm on the temperature and
dsorbate is inconsistent with the adsorption isotherms shown
n Fig. 10, which may be due to the fact that the DKR equation
s apparently obeyed in a lower concentration range [27].

As shown in Fig. 10, the concentration of the adsorbed BG5
nd BV10 decreases with the increased temperature at a given
quilibrium concentration and the adsorption is an exothermic
5 1.32 × 10 −2.94 × 10 −13.03

5 BV10 1.83 × 10−3 −6.78 × 10−9 −8.59
5 2.07 × 10−3 −6.96 × 10−9 −8.47
5 3.43 × 10−3 −7.30 × 10−9 −8.28
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Fig. 11. Comparison of pseudo-second-order kinetics of BG5 and BV10 adsorp-
t
2

3

a
t
p
(
c
e
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p
i
a
v
o

a
s
t
d
c

Table 2
Parameters of kinetic model of BG5 and BV10 adsorption onto TNT

T (◦C) Dye Pseudo-second-order model

k (g/mol min) Qe (mol/g) r2

25 BG5 1285.4 3.61 × 10−4 0.999
35 1339.8 3.36 × 10−4 0.999
45 1475.3 3.11 × 10−4 0.999

25 BV10 1820.4 1.90 × 10−4 0.999
35 1514.5 1.80 × 10−4 0.999
4

C

i
n
b
d
(
dye adsorption process. Fig. 13 shows the calculated Bt values
against t for BG5 and BV10 at 25 ◦C. From Fig. 13, it is evident
that the plots are not straight lines to pass the origin, implying

Fig. 12. The diffusion model plots for the adsorption of BG5 and BV10 on TNT.
Conditions: initial dyes concentration 900 mg/L, 25 ◦C, and pH 4.
ion onto TNT. Conditions: initial dyes concentration 900 mg/L and pH 4. (©)
5 ◦C, (�) 35 ◦C, and (�) 45 ◦C.

.6. Adsorption kinetics of BG5 and BV10

The effect of contact time on the amount of BG5 and BV10
dsorbed onto TNT is measured at the optimum initial concen-
ration and different temperatures. A simple kinetic analysis is
erformed with the aid of pseudo-second-order equation (Eq.
6)). Linear plots of the t/Qt versus t with linear regression coeffi-
ients higher than 0.999 indicates the applicability of this kinetic
quation and the pseudo-second nature of the adsorption process
f two basic dyes onto TNT (see Fig. 11). Table 2 lists the kinetic
arameters obtained from the pseudo-second-order model and
t is seen that the equilibrium adsorption capacity (Qe) shows

slight decrease with the increasing temperature. From the k
alues it is observed that for BG5 and BV10, temperature effect
n the adsorption kinetics is insignificant.

Fig. 12 presents the typical plots for the adsorption of BG5
nd BV10 on TNT using the diffusion model (Eq. (7)). As

hown in Fig. 12, the two-phase plot suggests that the adsorp-
ion process proceeds by surface adsorption and intraparticle
iffusion, namely, the initial curved portion of the plot indi-
ates a boundary-layer effect while the second linear portion

F
C

5 1542.3 1.61 × 10−4 0.999

onditions: initial dye concentration 900 mg/L and pH 4.

s due to intraparticle or pore diffusion. Because the double
ature of intraparticle diffusion plot confirms the presence of a
oundary-layer effect and pore diffusion, the adsorption kinetic
ata can be further analyzed using Boyd kinetic expression (Eq.
8)) to determine the actual rate-controlling step involved in the
ig. 13. Correlation between Bt and t for BG5 and BV10 adsorption onto TNT.
onditions: initial dyes concentration 900 mg/L, 25 ◦C, and pH 4.



5 rdous

e
I
a
[

e
e
t
n
f
i
i
f
w
p
[
n
s
i
o
O
a
t
t
k
t
t
o

4

a
t
t
f
c
p
S
t
c
a
t
w
b
w
t
e
B
o
m
k
n
o
t
d
c

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

02 C.-K. Lee et al. / Journal of Haza

xternal mass transport mainly governs the rate-limiting process.
t is noteworthy that such type of pattern is also found for dyes
dsorption on MCM-22 [24], rice husk [31], activated carbon
35], and fly ash [36].

As discussed in the above sections, TNT could be used as an
ffective adsorbent for basic dyes wastewater treatment. How-
ver, the regeneration of TNT is also an important issue in
he TNT utilization. Currently, two major regeneration tech-
iques have been used, namely, high temperature calcination
or removal of organic and carbon deposits on adsorbents and
on-exchange regeneration for restoring the exchange capac-
ty [37]. Recently, Fenton-driven oxidation has been proposed
or regenerating spent organic-loaded carbons [38] and simple
ashing process with alkaline or acid solution has been pro-
osed to recover the MCM-41 adsorbent and the adsorbed dyes
25]. For the regeneration of TNT, the high temperature calci-
ation is inappropriate, because the heat-treating process has a
ignificant effect on both the pore structure and surface chem-
cal characteristics of TNT [10], which in turn results in an
bvious decrease in their adsorption capacity for basic dyes.
n the other hand, the simple washing process with alkaline or

cid solution may be taken into consideration due to the fact
hat the adsorption of basic dyes onto TNT is closely related
o the solution pH (especially, for BV10). Finally, it is well
nown that the as-prepared TNT may be used as an effec-
ive photocatalyst [39] and the photocatalytic degradation of
he adsorbed basic dyes may also be used to the regeneration
f TNT.

. Conclusions

It was experimentally concluded that if the synthesis temper-
ture was controlled at appropriate range (i.e., 150–160 ◦C) and
he nanotubular structure of TNT could be well reserved during
he hydrothermal process, TNT may be an effective adsorbent
or basic dye removal from aqueous solutions. The adsorption
apacity of BG5 on the TNT synthesized at 160 ◦C was com-
arable to that of BG5 on the activated carbon (216 mg/g).
olution pH will affect the adsorption behavior of TNT and

he adsorption capacity of BG5 and BV10 decreases signifi-
antly at pH values of 2–3 and 5–11, respectively. Since the
dsorption amount decreased as the temperature of the adsorp-
ion system was raised, the adsorption of basic dyes on TNT
as an exothermic process. The adsorption isotherm types could
e divided into two cases: type I (BG5) and type V (BV10),
hich might be closely related to the effect of basic dyes adsorp-

ion on the pore structure stability of TNT. Adsorption energy
valuated from DKR equation for the adsorption of BG5 and
V10 on TNT showed that an ion-exchange mechanism was
perative. The heats of adsorption for BG5 and BV10 were esti-
ated as −33.9 and −28.4 kJ/mol, respectively. The adsorption

inetics followed the pseudo-second-order model and the exter-
al diffusion was the controlling process. For the regeneration

f TNT, both the simple washing with alkaline or acid solu-
ion and the photocatalytic degradation of the adsorbed basic
yes by using the TNT as photocatalysts may be taken into
onsideration.
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