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Abstract

The adsorption of two basic dyes (Basic Green 5 (BGS5) and Basic Violet 10 (BV10)) onto titanate nanotubes (TNT) that were prepared via a
hydrothermal method with different synthesis temperatures was studied to examine the potential of TNT for the removal of basic dyes from aqueous
solution. Effects of synthesis temperature on the microstructures of TNT were characterized with transmission electron microscopy (TEM), X-ray
diffraction (XRD), and nitrogen adsorption—desorption isotherms. For synthesis temperature greater than 160 °C, the microstructure of titanate
might transform from nanotube into nanorod accompanying with the sharp decrease in the titanate interlayer spacing, BET surface area, and pore
volume. Effects of the pore structure variation on the basic dyes adsorption of TNT were discussed. Moreover, the adsorption mechanisms of basic
dyes from aqueous solution onto TNT were examined with the aid of model analyses of the adsorption equilibrium and kinetic data of BG5 and

BV10. The regeneration of TNT was also briefly discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The synthesis of nanotubes has become one of the most
important research subjects in nanotechnology and various nan-
otubular materials have been produced during the last decades
[1,2]. The success of preparing titania nanotubes is one of the
examples of such intense research efforts. During 1998-1999,
Kasuga et al. [3,4] reported the preparation of TiO;-derived
nanotubes by a hydrothermal treatment of TiO, powder in a
10M NaOH aqueous solution with different reaction tempera-
ture and time. This method does not require any templates and
the obtained nanotubes have small diameter of ca. 10nm and
high crystallinity. Many groups have tried to analyze the char-
acteristics of TNT, from which the synthetic mechanism was
examined and the sheet folding mechanism was often assumed
[5,6]. The effects of synthetic conditions on the microstructures
of the TiO,-derived nanotubes were also investigated, with the
emphasis placed on the reaction time, calcination temperature,
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and acid washing concentration [7-10]. However, it is hardly
found in the literature to investigate systematically the effects of
synthesis temperature on the microstructures of TNT although
it also plays a key factor in the hydrothermal method [11].

Dye wastewaters are recognized as difficult-to-treat pollu-
tants and discharged by a wide variety of sources, such as textiles,
printing, dyeing, dyestuff manufacturing, and food plants [12].
The color produced by minute amounts of organic dyes in water
is of great concern because the color in water is aesthetically
unpleasant. Moreover, they are also the important sources of
water pollution, because some dyes and their degradation prod-
ucts may be carcinogens and toxic to human beings or mammals.
Some investigations have been conducted on the physical, chem-
ical, and biological methods for removal of the color from dye
wastewater [13—17] and it was found that physical adsorption
might be an efficient and economic process to remove dyes
from the wastes streams and also to control the biochemical
oxygen demand [18]. The application of adsorption technol-
ogy utilizing commercial activated carbon has become known
and taken a place as one of the most effective technologies for
the removal of effluents of dyes [19]. However, activated car-
bon often suffers from high-cost production and regeneration
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and other materials, such as some natural adsorbents, certain
waste materials, and some agricultural by-products, are alter-
natives [20-22]. In recent years, mesoporous molecular sieves,
such as FSM-16 [23], MCM-22 [24], and MCM-41 [25,26],
have been accepted as the appropriate adsorbents for the removal
of dyes from wastewater due to their unique mesoporous pore
structure characterized by high specific surface area and pore
volume. Because TNT derived from hydrothermal method pos-
sess ion-exchange property [7,9] and are also characterized by
high surface area and pore volume [10], they may also offer a spe-
cial environment for the adsorption of large cations, such as basic
dyes. Moreover, the hydrothermal method above mentioned is
also a simple, cost-effective, and environmentally friendly tech-
nology and can prepare high-yield TNT. Therefore, it may be
an important task to examine the potential applications of TNT
that is synthesized from such a method in the environmental pro-
tection. In this study, the objectives are to examine the effects
of synthesis temperature of hydrothermal method on the mor-
phology, phase structure, and pore structure of TNT as well as
the potential of TNT for the adsorptive removal of basic dyes
from wastewater. The relationship between the alteration in the
microstructure induced by the variation of synthesis temperature
and the change in the basic dyes adsorption capacity of TNT is
discussed. The thermodynamic and kinetic parameters of BG5
and BV10 adsorption are calculated to examine the adsorption
mechanisms of basic dyes from water solution onto the TNT.
The regeneration of TNT is also briefly discussed.

2. Materials and methods
2.1. Preparation of TNT

TNT was prepared using a hydrothermal process simi-
lar to that described by Kasuga et al. [3,4]. TiO, source
used for the TNT was commercial-grade TiO, powder (from
Sigma—Aldrich, 99.999% purity) with crystalline structure of
ca. 25% rutile and ca. 75% anatase and primary particle size
of ca. <50 nm. In a typical preparation, 1-3 g of the TiO, pow-
der was mixed with 60-90 mL of 10 M NaOH solution followed
by hydrothermal treatment of the mixture at 110-270°C in a
250 mL teflon-lined autoclave for 24 h. After hydrothermal reac-
tion, the precipitate was separated by filtration and washed with
a 1 M HCI solution and distilled water until the pH value of the
rinsing solution reached ca. 7.0, approaching the pH value of the
distilled water. The acid washed samples were dried in a vacuum
oven at 110 °C for 8 h and stored in the glass bottles until used.

2.2. Characterization of TNT

TEM analyses were conducted to investigate the morpholo-
gies and microstructures of the TNT samples with a H-7500
electron microscope (Hitachi, Japan), using 120kV accelerating
voltage. Energy dispersive X-ray (EDX) spectra were obtained
with a S-4000 scanning electron microscopy (Hitachi, Japan),
using 25kV accelerating voltage. XRD patterns scanned from
5° to 70° with a scan rate of 4°/min were obtained on a ther-
mal ARL X-ray diffractometer (Thermo, France) equipped with

a Cu Ka radiation source and a graphite monochromator and
were used to determine the identity of any crystalline phase or
structures in the TNT samples. The porous structure character-
istics, including the BET surface area, the pore volume, and the
pore size distribution, were obtained from the conventional anal-
ysis of nitrogen isotherms measured at 77 K with Micromeritics
TriStar 3000 apparatus. All the samples were degassed at 100 °C
prior to the measurement.

2.3. Adsorption study

Two basic dyes (BG5 and BV10) were selected as adsorbates
to discuss the adsorption selectivity of TNT in terms of pore
structure of adsorbent and molecular shape of adsorbates. The
chemical structures of the examined dyes were shown in Fig. 1.
The two compounds were of analytical grade from Sigma Chem-
ical Co. (USA) and were used without further purification. The
basic dyes adsorption data from aqueous solution were obtained
by the immersion method. BG5 and BV10 were first dried at
105 °C for 24 h to remove the moisture before use. All of the
dye solutions were prepared with distilled water. For adsorption
experiments, 0.1-g-TNT was added into 100 mL of dye aqueous
solutions at the desired concentrations. The initial pH value of
the solution was adjusted with NaOH or HCl solution to reach a
desirable value. The preliminary experiment revealed that about
3 h was required for the adsorption process to reach equilibrium
with a reciprocating shaker equipped with a constant temper-
ature controller and a cover to keep isothermal condition. The
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 BG5S and
BV10 by UV-vis spectrophotometer (UV-160A, Shimadzu) at
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Fig. 1. Chemical structures of the examined dyes.
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the wave length of 655 and 555 nm, respectively. The adsorp-
tion capacity of dyes was then calculated using the relation
Q=VAC/m, where V was the volume of the liquid phase, m
was the mass of TNT, and AC was the difference between the
initial and final concentration of dye at solutions, which could
be computed simply from the initial and final UV readings. For
the adsorption kinetics experiments, the dye adsorption amounts
were determined by analyzing the solution at appropriate time
intervals. The effects of temperature on the adsorption data were
carried out by performing the adsorption experiments at various
temperatures (25, 35, and 45 °C).

In this study, the adsorption mechanism of BG5S and BV10
from water solution onto TNT surfaces was first examined with
the aid of the Dubinin—Kaganer—Radushkevick (DKR) equation.
The DKR equation had the following form:

In Q=1In QO — pe* (1

where Q was the adsorption amount of BG5 and BVI10
in molg™!, O (molg™!) the DKR monolayer capacity,
(mol® J=2) a constant related to sorption energy, and & was the
Polanyi potential which was related to the equilibrium concen-
tration as

1

where T was the temperature and C was the equilibrium con-
centration of BG5S and BV 10 [22,27]. The slope and intercept
of the plots of In Q versus 2 give 8 and Qy,, respectively. The
value of B was related to the sorption energy, E, via the following
relationship:

-1
—28
Moreover, since the adsorption isotherms have been mea-
sured at three temperatures, the heat of adsorption can be
calculated. The temperature dependency of adsorption equilib-
rium constant K (i.e., amount of removed basic dyes per gram

of TNT divided by basic dyes concentration in the liquid phase)
obeyed the van’t Hoff equation:

din K AH
dT ~ RT?

E =

3

“)

where R was the gas constant and T was the temperature (in K).
Eq. (4) could be integrated to yield In K=1n Ko + (—AH/RT). A
plot of In K versus 1/T will yield a straight line with a slope of
—AHI/R [28].

For the kinetic data, a simple kinetic analysis was performed
with the aid of pseudo-second-order equation [29]. In this equa-
tion, the value of the rate constant k could be calculated in the
form
% = k(Qe — 01)° (5)
where Q¢ and Q; were the amount of dye adsorbed per unit mass
of the adsorbent at equilibrium and time ¢, respectively. After
definite integration by applying the initial conditions Q;=0 at

t=0and Q;=Q; att=t, Eq. (5) became

r_ | + : t (6)
0 kQZ Q.

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

0 = kat'? 7

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

6
G=1- —5exp (—Br) (8)
T
D .
B = —5~ = time constant )
r

where D was the effective diffusion coefficient of adsorbates in
adsorbent phase, r the radius of adsorbent particle assumed to be
spherical, and G was the fraction of solute adsorbed at different
times ¢ and given by

_ o

Qe
where Q; and Q. represented the amount adsorbed (mol g~!) at
time ¢ and at infinite time. In this work, we took the Q. from the
pseudo-second-order kinetic model. Substituting Eq. (10) into
Eq. (8), the kinetic expression became

Bt = —0.4977 — In (1 - g’) (11)

G (10)

e

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

3. Results and discussion
3.1. Morphology of TNT

Fig. 2 shows the TEM images of titanate compounds obtained
by a hydrothermal reaction using commercial-grade TiO> pow-
der and 10 M NaOH aqueous solution as precursors at 120, 150,
240, and 270 °C for 24 h. A large amount of TNT with a diame-
ter of 10-30 nm and a length of several hundreds nanometers are
obtained. Further observation indicates that the prepared titanate
compounds possess uniform inner and outer diameters along
their length as well as multi-layered and open-ended, in good
agreement with the previous reports [7,9,10].
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Fig. 2. TEM micrographs of the titanate products obtained by hydrothermal process at (a) 120 °C, (b) 150 °C, (c) 240°C, and (d) 270 °C for 24 h.

3.2. XRD patterns

Fig. 3 shows the XRD patterns of the samples synthesized
at 110-180, 210, and 270 °C for 24 h. It is evident from Fig. 3
that the XRD patterns corresponding to synthesis temperatures
below and above 160 °C are distinct, indicating that synthesis
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Fig. 3. XRD patterns of the titanate products obtained by hydrothermal process
at 110-270°C for 24 h.

temperature may induce a significant change in the phase struc-
ture of titanate compounds. The characteristic peak at around
26=10° for all XRD patterns indicates that the samples are
composed of a layered titanate. Moreover, because the reflec-
tion peak at 26 = 10° corresponds to the interlayer spacing of the
samples, the peak shifting gradually to higher angles for temper-
atures greater than 160 °C means the decrease of the interlayer
spacing [7].

For temperatures <160 °C, the XRD patterns are not changed
so drastically with the variation of temperature. There is a broad
peak from 26 =23° to 25°, which can be assigned to hydrogen
titanate compounds according to the standard XRD data. More-
over, there exists a diffraction peak around 20 =48.4° besides
the weak peak from 26 =23° to 25°, which may be ascribed to
sodium titanate compounds [7,9]. As reported in the literature,
the sodium titanates are probably first formed from original tita-
nia powder through hydrothermal treatment, and then the sodium
titanate products change to hydrogen titanate after washing in
acidic solution through an ion-exchange mechanism [9]. More-
over, the crystal structure of the TiO,-derived titanates is similar
to that of H Ti3O7 (NaTizO7), Na,Hy—, TizO7, Hy Tip— /4 404
(x=0.75), NayTi;O4(OH);, or NayH _Ti;O2,41-xH20, proba-
bly due to their same layered titanate family [32]. In this study,
EDX analysis demonstrates the existence of sodium ions in the
synthesized nanotubes (not shown here). Therefore, it can be
concluded that the sodium ions are not substituted completely
by protons after the nanotubes are washed with the HCI aque-
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ous solution and the distilled water. Moreover, TGA curve (not
shown here) shows that a mass loss of ca. 11% is observed after
the nanotubes are heated from room temperature to 1200 °C.
Considering the existence of Na™ in the nanotubes, a large mass
loss during heat-treatment, and the XRD patterns, the synthe-
sized titanate compounds at temperatures lower than 160 °C may
be described as trititanate (H,Na),TizO7-xH,O [7,8].

For higher temperatures than 160 °C, the XRD patterns are
very different from that of samples synthesized at tempera-
tures <160 °C, showing that there are significant changes on the
microstructure of titanate samples. It has been reported that the
titania nanotubes might be formed from hydrogen titanate nan-
otubes by heat treating at 400 °C [9,10]. Moreover, it was also
demonstrated that for TNT with the post-heat-treatment above
350 °C, some of the nanotubes began to break into particles of
anatase phase, and the others remained as nanotubes where a lot
of Na* existed, indicating that the remnant Na atoms stabilized
the nanotube structures [7]. As shown in Fig. 3, there is a broad
peak at 20 =25° for synthesis temperatures greater than 160 °C,
indicating the existence of anatase-type TNT. The other obvious
peaks shown in Fig. 3 may be assigned to the sodium hexati-
tanate, NayTigO13 [7]. Moreover, because the interlayer spacing
of samples synthesized at temperatures >160 °C is smaller than
that of samples synthesized at temperatures <160 °C, the TNT
may change into thick sodium titanate nanorods when the syn-
thesis temperatures are greater than 160 °C, as can be further
verified with the analysis of BET surface area and pore volume.

3.3. BET surface area and pore volume

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

700

600

500

400

300

Volume Adsorbed (cm 3!g STP)

200

100

Relative Pressure

Fig. 4. Nitrogen adsorption—desorption isotherms of the titanate products
obtained by hydrothermal process at 110, 130, 160, 170, 180, and 210°C for
24h.

300 12
—e— BET Surface Area
@ 250 § —o— Pore Volume L 10
o~
3 o
200 A F08 o
8 £
< K=
o 150 r06 o
2 £
b= =
@ 100 1 t04 9
- L
L
@ 50 Lo2 &
0 0.0

110 130 150 170 190 210 230 250 270

Synthesis Temperature ( DC)

Fig. 5. BET surface area and pore volume of the titanate products obtained by
hydrothermal process at 110-210°C for 24 h.

may be found directly from this figure. It can be seen that the
monolayer capacity, thus the BET surface area of titanate sam-
ples, becomes smaller when the synthesis temperature increases,
especially as temperatures are greater than 160 °C. A more clear
dependence of BET surface area on the synthesis temperature
is shown in Fig. 5. As discussed in the XRD patterns, when
the temperatures are greater than 160 °C, the interlayer spacing
of titanates decrease and the nanotubes may change into thick
nanorods, introducing a sharp decrease in the BET surface area.

Moreover, all adsorption isotherms presented in Fig. 4 are
typically BDDT type II in shape [33] and a large uptake is
observed when close to saturation pressure, where capillary con-
densation in the large voids among the aggregates of TNT starts.
Because the saturation adsorption capacity of nitrogen corre-
sponds to the pore volume of titanate samples, the isotherms
shown in Fig. 4 also suggest that the pore volume will decrease
as the synthesis temperature increases. This result is similar to
the effects of synthesis temperature on the BET surface area
(see Fig. 5), namely, the increase of synthesis temperature will
decrease the BET surface area and the pore volume of TNT
simultaneously.

The nitrogen isotherms of all titanate samples in Fig. 4 also
show a clear hysteresis loop, indicating the presence of meso-
pores (2-50 nm). On the other hand, for the increase of synthesis
temperature, the hysteresis loops shift to the region of higher
relative pressure and the areas of the hysteresis loops gradually
become small. When the temperatures are greater than 180 °C,
the hysteresis loop of the samples is difficult to be observed.
Fig. 6 shows the corresponding pore size distributions of the
titanate samples synthesized with different temperatures. It can
be seen that the pore size distributions of the titanate sam-
ples strongly depend on the synthesis temperature. Considering
the morphology of the titanate samples observed in Fig. 2, the
smaller pores (<10 nm) may correspond to the pores inside the
TNT and the diameters of these pores are equal to the inner diam-
eter of the nanotubes, while the larger pores (10-100 nm) can be
attributed to the voids in the aggregation of the nanotubes [10].
As can be seen from Fig. 6, for synthesis temperatures greater
than 160 °C, the smaller pores (<10 nm) disappear due to the
formation of thick titanate nanorods.
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Fig. 6. Pore size distribution curves of the titanate products obtained by
hydrothermal 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
the synthesis temperature is greater than 160 °C, the microstruc-
ture of titanate samples may be transformed from nanotube into
nanorod accompanying with the decrease of titanate interlayer
spacing, BET surface area, and pore volume. Because the TNT
possesses ion-exchange property and mesoporous structure, it
may be a good adsorbent for the removal of basic dyes with the
ion-exchange mechanism, especially for the samples prepared
at low synthesis temperatures (such as 110-160 °C), which are
characterized with high BET surface area and pore volume.

3.4. Effects of synthesis temperature on the basic dyes
adsorption capacity of TNT

Fig. 7 shows the effects of synthesis temperature on the
adsorption capacity of titanate samples for BG5 and BV10. The
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Fig. 7. Adsorption capacity of BG5 and BV10 measured at initial dyes con-
centration of 2000 mg/L, pH 4, and 25 °C on the titanate products obtained by
hydrothermal process at 110-270 °C for 24 h.

adsorption data are measured at 25 °C with an initial dye concen-
tration of 2000 mg/L. It is found that for synthesis temperatures
<160°C, the adsorption capacity increases with the increas-
ing temperature and reaches the maximum at 160 °C for both
BGS5 (211 mg/g) and BV10 (118 mg/g). This tendency is not
completely consistent with the relationship between the BET
surface area and synthesis temperature. In general, the adsorp-
tion of basic dyes onto titanate samples is a cation exchange
mechanism and the dominating factors controlling the adsorp-
tion capacity are the cation exchange capacity and the pore
volume of titanate samples. Because the pore volume of titanate
samples decreases with the increasing synthesis temperature,
the above results imply that the increasing synthesis tempera-
ture may induce an increase in the cation exchange capacity of
titanate samples. For synthesis temperatures greater than 160 °C,
the adsorption capacity decreases sharply and becomes very
low as temperatures are greater than 170 °C. This result may
be ascribed to the microstructure change from nanotube into
nanorod and the accompanying fast decrease in the pore vol-
ume of titanate samples. On the other hand, if we compare the
adsorption capacity of BG5 and BV 10, it can be seen that the
adsorption capacity of BGS5 is greater than that of BV10 in all
examined samples. This may be ascribed to the smaller size of
BGS and then the more efficient packing array of BG5S in TNT
[15]. Finally, it should be noteworthy that the adsorption capac-
ity of BG5 on the TNT synthesized at 160 °C is comparable to
that of BGS5 on the activated carbon (216 mg/g) [15]. However,
the adsorption capacity of BV10 on the TNT is smaller than
that of BV 10 on the activated carbon (198 mg/g) [15]. The high
adsorption capacity of BG5 on the TNT synthesized at 160 °C
indicates that TNT may be a good adsorbent for the removal
of basic dyes from wastewater if the synthesis temperature is
appropriately selected.

The XRD patterns accompanied with the dyes adsorption
process are demonstrated in Fig. 8. If the diffraction patterns
are compared, it is clearly observed that the adsorption of BG5
may induce some disorders on the layered structure of TNT,
as indicated by the almost disappearance of diffraction peak at
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Fig. 8. XRD patterns of the titanate products (synthesized at 160 °C) before and
after adsorbing BG5 and BV10.
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Fig. 9. Effect of pH on the basic dyes adsorption onto TNT at 25 °C and dye
initial concentration 900 mg/L.

26 =10°. This result may be ascribed to the dense packing of
BGS5 in the TNT. For BV10 adsorption, the decrease of titanate
interlayer spacing during the adsorption processes is evidenced
with the characteristic peak of layered titanate moving to higher
angle.

The pH value of the aqueous solution is an important con-
trolling parameter in the adsorption process, as characterized
in Fig. 9. For BGS5, the adsorption capacity is measured under
pH <8, because it may decompose when pH>8. As demon-
strated in Fig. 9, pH value will affect the adsorption behavior of
TNT and the adsorption capacity of BG5 and BV 10 decreases
significantly at the pH values of 2-3 and 5-11, respectively.
Since the adsorption capacities of both BG5 and BV10 are high
at pH 4, pH 4 is adopted in the measurements of adsorption
isotherms and adsorption kinetic data of BG5 and BV10.

In the following, the discussion of the adsorption isotherms
and kinetics of both BG5 and BV10 on TNT synthesized at
160°C for providing more information about the adsorption
mechanisms of basic dyes from water solution onto TNT is
given.

3.5. Adsorption isotherms of BG5 and BV10

Fig. 10 shows the BG5 and BV 10 adsorption isotherms at
different temperatures. As can be seen from this figure, the
adsorption capacity of basic dyes on TNT is susceptible to tem-
perature changes and the isotherm types can be divided into two
cases: type I (BGS) and type V (BV10) [33]. As mentioned ear-
lier, the adsorption of both BG5S and BV 10 may introduce some
disorders in the pore structure of TNT. Therefore, the change
in the adsorption isotherm type may be closely related to the
effect of basic dyes adsorption on the pore structure stability of
TNT. In the following, the adsorption mechanism of BG5 and
BV10 from aqueous solution onto TNT surfaces is first exam-
ined with the aid of the DKR equation. The DKR parameters
and E values for the adsorption of BG5 and BV10 onto TNT
are presented in Table 1. The correlation coefficients () for the
linear regression analysis are close to unity. As shown in Table 1,
the E values are found to be —15.95 (—8.59), —13.85 (—8.47),
and —13.03 (—8.28) kI mol~! for BG5 (BV10) adsorption at
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Fig. 10. Adsorption isotherms of BG5S and BV10 on TNT at different tempera-
tures and pH 4. (@) 25°C, (W) 35°C, and (A) 45°C.

25, 35, and 45 °C, respectively. As expected, these values are
of the order of an ion-exchange mechanism, in which the sorp-
tion energy lies within 8-16kJ mol~! [27,34]. Moreover, the
dependence of adsorption capacity O, on the temperature and
adsorbate is inconsistent with the adsorption isotherms shown
in Fig. 10, which may be due to the fact that the DKR equation
is apparently obeyed in a lower concentration range [27].

As shown in Fig. 10, the concentration of the adsorbed BG5
and BV10 decreases with the increased temperature at a given
equilibrium concentration and the adsorption is an exothermic
process. The heats of adsorption, calculated from the van’t Hoff
equation, are —33.940.5 and —28.4 +7.4kJmol~! for BG5
and BV 10, respectively.

Table 1

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

T(°C) Dye Om (molg™1) B (mol?J=2) E (kJmol™1)
25 BG5 8.91x 1074 —1.97 x 107° —15.95

35 1.18 x 1073 —2.61 x107° —13.85

45 1.32x 1073 —2.94 x 107° —13.03

25 BV10 1.83x 1073 —6.78 x 107° —8.59

35 2.07 x 1073 —6.96 x 10~° —8.47

45 3.43x 1073 —7.30x 10~° —8.28
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Table 2

Parameters of kinetic model of BG5 and BV 10 adsorption onto TNT

501

T(°C) Dye Pseudo-second-order model
k (g/mol min) Qe (mol/g) 7>

25 BG5S 1285.4 3.61 x 10~ 0.999
35 1339.8 336 x 107* 0.999
45 1475.3 3.11x 1074 0.999
25 BV10 1820.4 1.90 x 104 0.999
35 1514.5 1.80 x 10~ 0.999
45 1542.3 1.61 x 1074 0.999
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Fig. 11. Comparison of pseudo-second-order kinetics of BG5 and BV10 adsorp-
tion onto TNT. Conditions: initial dyes concentration 900 mg/L and pH 4. (O)
25°C, () 35°C, and (A) 45°C.

3.6. Adsorption kinetics of BG5 and BV10

The effect of contact time on the amount of BG5 and BV10
adsorbed onto TNT is measured at the optimum initial concen-
tration and different temperatures. A simple kinetic analysis is
performed with the aid of pseudo-second-order equation (Eq.
(6)). Linear plots of the #/Q; versus ¢ with linear regression coeffi-
cients higher than 0.999 indicates the applicability of this kinetic
equation and the pseudo-second nature of the adsorption process
of two basic dyes onto TNT (see Fig. 11). Table 2 lists the kinetic
parameters obtained from the pseudo-second-order model and
it is seen that the equilibrium adsorption capacity (Q.) shows
a slight decrease with the increasing temperature. From the k
values it is observed that for BG5 and BV 10, temperature effect
on the adsorption kinetics is insignificant.

Fig. 12 presents the typical plots for the adsorption of BG5
and BV10 on TNT using the diffusion model (Eq. (7)). As
shown in Fig. 12, the two-phase plot suggests that the adsorp-
tion process proceeds by surface adsorption and intraparticle
diffusion, namely, the initial curved portion of the plot indi-
cates a boundary-layer effect while the second linear portion

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

is due to intraparticle or pore diffusion. Because the double
nature of intraparticle diffusion plot confirms the presence of a
boundary-layer effect and pore diffusion, the adsorption kinetic
data can be further analyzed using Boyd kinetic expression (Eq.
(8)) to determine the actual rate-controlling step involved in the
dye adsorption process. Fig. 13 shows the calculated Bt values
against ¢ 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
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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.
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Fig. 13. Correlation between Bt and f for BG5S and BV 10 adsorption onto TNT.
Conditions: initial dyes concentration 900 mg/L, 25 °C, and pH 4.
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external mass transport mainly governs the rate-limiting process.
It is noteworthy that such type of pattern is also found for dyes
adsorption 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
effective adsorbent for basic dyes wastewater treatment. How-
ever, the regeneration of TNT is also an important issue in
the TNT utilization. Currently, two major regeneration tech-
niques have been used, namely, high temperature calcination
for removal of organic and carbon deposits on adsorbents and
ion-exchange regeneration for restoring the exchange capac-
ity [37]. Recently, Fenton-driven oxidation has been proposed
for regenerating spent organic-loaded carbons [38] and simple
washing process with alkaline or acid solution has been pro-
posed to recover the MCM-41 adsorbent and the adsorbed dyes
[25]. For the regeneration of TNT, the high temperature calci-
nation is inappropriate, because the heat-treating process has a
significant effect on both the pore structure and surface chem-
ical characteristics of TNT [10], which in turn results in an
obvious decrease in their adsorption capacity for basic dyes.
On the other hand, the simple washing process with alkaline or
acid solution may be taken into consideration due to the fact
that the adsorption of basic dyes onto TNT is closely related
to the solution pH (especially, for BV10). Finally, it is well
known that the as-prepared TNT may be used as an effec-
tive photocatalyst [39] and the photocatalytic degradation of
the adsorbed basic dyes may also be used to the regeneration
of TNT.

4. Conclusions

It was experimentally concluded that if the synthesis temper-
ature was controlled at appropriate range (i.e., 150-160 °C) and
the nanotubular structure of TNT could be well reserved during
the hydrothermal process, TNT may be an effective adsorbent
for basic dye removal from aqueous solutions. The adsorption
capacity of BG5S on the TNT synthesized at 160 °C was com-
parable to that of BG5S on the activated carbon (216 mg/g).
Solution pH will affect the adsorption behavior of TNT and
the adsorption capacity of BG5 and BV10 decreases signifi-
cantly at pH values of 2-3 and 5-11, respectively. Since the
adsorption amount decreased as the temperature of the adsorp-
tion system was raised, the adsorption of basic dyes on TNT
was an exothermic process. The adsorption isotherm types could
be divided into two cases: type I (BGS) and type V (BV10),
which might be closely related to the effect of basic dyes adsorp-
tion on the pore structure stability of TNT. Adsorption energy
evaluated from DKR equation for the adsorption of BG5 and
BV10 on TNT showed that an ion-exchange mechanism was
operative. The heats of adsorption for BG5 and BV 10 were esti-
mated as —33.9 and —28.4 kJ/mol, respectively. The adsorption
kinetics followed the pseudo-second-order model and the exter-
nal diffusion was the controlling process. For the regeneration
of TNT, both the simple washing with alkaline or acid solu-
tion and the photocatalytic degradation of the adsorbed basic
dyes by using the TNT as photocatalysts may be taken into
consideration.
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