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The potential of adsorptive removal of Cu(Il) ions with titanate nanotubes (TNT) was investigated. TNT
was prepared via a hydrothermal treatment of TiO, powders in a 10 M NaOH solution at 150°C for 24 h,
and subsequently washed with HCI aqueous solution of different concentrations. Effects of the alteration
of microstructures of TNT, induced by the acid washing process, on the Cu(ll) ions removal performance
were discussed. Also examined was the effects of Cu(Il) adsorption on the pore structure characteristics
of TNT. It was experimentally concluded that if the amount of Na* in the TNT was not very low, the TNT
might be a good adsorbent for the removal of Cu(Il) ions from aqueous solution with the adsorption
capacity reaching 120 mg/g. The adsorption mechanisms of Cu(Il) ions from aqueous solution onto TNT
were examined with the aid of model analyses of the adsorption equilibrium and kinetic data of Cu(II)

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

As a result of industrial activities, many heavy metals gener-
ate pollution in the environment and result in some serious health
problems due to their accumulation in living tissues throughout
the food chain [1]. In recent years, an intensive effort to identify
methods for their separation and removal from aqueous solu-
tions was taken. There are several methods for removing heavy
metal ions from aqueous solution, such as chemical precipitation,
membrane filtration, ion exchange, and adsorption. For adsorp-
tion process, the application of adsorption technology utilizing
commercial activated carbon and different types of ion exchange
resins has become known and taken a place as the most effec-
tive technologies for the removal of effluents of heavy metal ions
[2,3]. However, both activated carbon and ion exchange resins
often suffer from high-cost production and regeneration and have
encouraged researchers to look for low-cost adsorbing materials
[4-6].

Kasuga et al. [7,8] recently reported the preparation of TiO,-
derived nanotubes by hydrothermal treatment of TiO, powders
in a 10M NaOH aqueous solution with different reaction temper-
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atures and times. This method does not require any templates,
and the prepared nanotubes have a small diameter of ca. 10 nm,
and high crystallinity. Moreover, it was found that the microstruc-
tures of TNT were easily affected by the synthetic conditions,
including such variables as reaction time, acid washing concen-
tration, and calcination temperature [9-17]. Since the TNT derived
from the hydrothermal method possesses ion-exchange properties
[9,11,14,16,17] and is also characterized by a high specific surface
area and pore volume [12], it may offer a special environment for
the removal of heavy metal ions through the cation exchange mech-
anism. Moreover, the above-mentioned hydrothermal method is
also a simple, cost-effective, and environmentally friendly technol-
ogy and can prepare high-yield TNT samples. Therefore, it may be an
important task to examine the potential applications of TNT synthe-
sized by the hydrothermal method for heavy metal ions adsorptive
removing from aqueous solution.

The objectives of this study are to examine the potential
of TNT to remove Cu(ll) ions from aqueous solution. The rela-
tionship between the alteration in the microstructure of TNT
induced by variation of its sodium contents and the change in
the Cu(Il) removal capacity of TNT is discussed. Effects of Cu(II)
adsorption on the pore structure characteristics of TNT are also
examined. The thermodynamic and kinetic parameters of the
Cu(II) adsorption process are calculated, in order to examine the
mechanisms for removing Cu(Il) ions from aqueous solution onto
TNT.
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Table 1

Specific surface area, specific pore volume, and average pore diameter for the examined TNT samples [14]

Solid Na content (wt.%) BET Surface Area (m?/g) Total pore volume (cm?/g) Pore diameter (nm)
S-1 ~0 2433 0.268 10.3
S-2 1.21 357.5 1.575 14.7
S-3 7.23 241.0 1.091 14.7
S-4 7.27 221.8 0.874 13.0
S-5 7.35 248.9 1.090 14.8
Cu?*/S-4 - 216.5 0.754 9.3

2. Materials and methods
2.1. Preparation and characterization of TNT samples

TNT was prepared using a hydrothermal process similar to that
described by Kasuga et al. [7,8] The TiO, source used for the TNT
was commercial-grade TiO, powder P25 (Degussa AG, Germany),
with a crystalline structure of ca. 20% rutile and ca. 80% anatase
and a primary particle size of ca. 30nm. In a typical prepara-
tion, 6g of the TiO, powder were mixed with 120mL of 10 M
NaOH solution, followed by hydrothermal treatment of the mix-
ture at 150°C in a 200 mL Teflon-lined autoclave for 24 h. After
hydrothermal reaction, the precipitate was separated by filtration
and washed with the HCI solution and deionized water. It was
expected that acid treatment would play an important role in con-
trolling the amount of sodium ions remaining in the TNT. In this
study, a series of acid washing concentrations, including 0.1, 0.01,
0.001, 0.0001, and 0.00001N, was used to prepare TNT with dis-
tinct residual sodium contents. Firstly, the TNT precipitate was
washed twice with 300 mL of deionized water. Then the samples
were washed twice with 300 mL of HCl aqueous solution and deion-
ized water. Finally, the samples were immersed in 1000 mL of HCl
aqueous solution for 10 h and then washed with 500 mL of deion-
ized water. The amount of residual sodium ions was measured by
atomic absorption spectrometry (Z-5000, Hitachi) and was listed
in Table 1. For convenience, we denoted the TNT treated with acid
concentrations of 0.1, 0.01, 0.001, 0.0001, and 0.00001N as S-1 to
S-5, respectively (see Table 1). The acid-washed TNT samples were
dried in a vacuum oven at 110°C for 8 h and stored in glass bottles
until used.

Effects of the remnant sodium contents on the microstruc-
tures of TNT samples were characterized with transmission
electron microscopy (TEM), X-ray diffraction (XRD), and nitrogen
adsorption—-desorption isotherms and were reported in our pre-
vious investigations [14,17]. According to the TEM images of TNT
samples, it can be experimentally concluded that when the sodium
content is greater than 1.21wt.% (or the acid washing concen-
tration is smaller than 0.01N), the nanotubular structure can be
well-preserved and the morphological characteristics of TNT sam-
ples are rather similar. On the other hand, according to the XRD
profiles, for S-3 to S-5, a characteristic peak is observed at approx-
imately 20 =10°, which is considered to correspond to H,Ti3O7 or
NaxH,_,Ti3 07 crystals. Moreover, for S-2, the peak at approximately
20 =10 becomes diffuse and for S-1, this characteristic peak does
not exist; instead a peak corresponding to anatase-type crystal is
observed. From both the TEM image and XRD pattern of S-1, it can
be concluded that when the sodium content of TNT is approxi-
mately Owt.% (meaning a nearly complete proton exchange), the
nanotubular structure of titanates may be destroyed. The porous
structure characteristics, including BET surface area, pore volume,
and pore size, obtained from the conventional analysis of the nitro-
gen adsorption-desorption isotherms were listed in Table 1. As can
be seen from Table 1, S-2 (S-1) has the largest (smallest) surface
area and pore volume among the examined TNT samples. The sharp
decrease in the pore volume of S-1 may be due to the destruc-

tion of layered titanate structure, as shown in the disappearance of
characteristic peak at approximately 26 = 10° in the XRD pattern.

2.2. Cu?* removal capacity of TNT samples

Cu(Il) ions obtained from the nitrate salt was selected as the
adsorbate in order to examine the heavy metal ions removal char-
acteristics of TNT samples with different sodium contents. The
degree of removal of Cu(Il) ions from aqueous solution onto TNT
samples was obtained by the immersion method. For the immer-
sion experiments, 0.1-g-TNT was added into 100 mL of Cu(II) ions
aqueous solutions with the desired concentrations (95-200 mg/L).
The initial pH value of the solution was adjusted with a NaOH or
HCI solution to reach a desirable value. The preliminary experi-
ment revealed that about 1 h was required for the removal process
to reach equilibrium, with a reciprocating shaker equipped with a
constant temperature controller and a cover to maintain isothermal
conditions. The liquid and solid phases were separated by cen-
trifugation at 8000 rpm for 25 min in a Sorvall RC-5C centrifuge. A
15-ml aliquot of the supernatant was taken and analyzed for Cu(II)
ions by an atomic absorption spectrometry (Z-5000, Hitachi). The
removal capacity of Cu(Il) ions was then calculated using the rela-
tion 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 Cu(Il) ions in aqueous solution, which could
be computed simply from the initial and final atomic absorption
spectrometry readings. For the kinetics experiments, the Cu(II) ions
removal amounts were determined by analyzing the solution at
appropriate time intervals. Effects of temperature on the adsorption
data were carried out by performing the adsorption experiments at
various temperatures (30, 45, and 60 °C).

In this study, the mechanisms for removing Cu(Il) ions from
aqueous solution onto TNT surfaces were examined. The adsorp-
tion equilibrium data were fitted into the model of Langmuir and
Freundlich. The Langmuir equation was applicable to homoge-
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Fig. 1. Effect of pH on the Cu(ll) removal capacity of activated carbon, Na-
montmorillonite, and TNT samples at 30 °C and initial Cu(Il) concentration 200 mg/L.
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Fig. 2. XRD patterns of S-4 before and after adsorbing Cu(lI). Conditions: pH 4,30°C,
and initial Cu(II) concentration 200 mg/L.

neous adsorption system [18], while the Freundlich equation was
an empirical equation employed to describe the heterogeneous sys-
tems and was not restricted to the formation of the monolayer [19].
The well known Langmuir equation was represented as

C_ 1 G
Qe B QmaxKL Qmax,

where Qe is the equilibrium Cu(Il) ions concentration on the adsor-
bent (mol/g), Ce is the equilibrium Cu(Il) ions concentration in
solution (mol/L), Qmax is the monolayer capacity of TNT samples
(mol/g), and K} is the Langmuir adsorption constant (L/mol) related
to the free energy of adsorption. The Langmuir constant K; is a
measure of the affinity between adsorbate and adsorbent and its
reciprocal value gives the concentration at which half the maxi-
mum adsorption capacity of the adsorbent is reached [18]. A plot
of Ce/Qe versus Ce will give a straight line with slope 1/Qmax and
intercept 1/Qmax Ky if Langmuir model was held. On the other hand,
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Fig. 3. Nitrogen adsorption-desorption isotherms of S-4 before and after adsorbing
Cu(Il) and the corresponding pore size distributions (the inserted figure), where V
is the cumulative pore volume (cm?3/g).
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Fig. 4. Langmuir and Freundlich adsorption isotherms of Cu(Il) on S-4 at different
temperatures and pH 4.

the Freundlich equation was represented as
Qe = KeC'", (2)

where K¢ (mol/g(L/mol)!/") and 1/n are the Freundlich constants
corresponding to adsorption capacity and adsorption intensity,
respectively [19]. The plot of In Qe versus InCe was employed to
generate the intercept Kr and the slope 1/n.

Moreover, since the adsorption isotherms have been measured
at three temperatures, the heat of adsorption can be calculated.
The temperature dependency of Langmuir adsorption constant (K )
obeyed the van’t Hoff equation:

dInky  AH

T —RIZ 3

where R was the gas constant and T was the temperature (in Kelvin).
Eq. (3) could be integrated to yield InK; =In Ky +(—AH/RT). A plot
of InK versus 1/T will yield a straight line with a slope of —AH/R
[20].

For the kinetic data, a simple kinetic analysis was performed
with the aid of a pseudo-second-order equation [21]. In this equa-
tion, the value of the rate constant k could be calculated with the
formula
dQ:

_ _ 2
G = KQs - Q) (4)
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Fig. 5. Comparison of pseudo-second-order kinetics of adsorption of Cu(Il) onto S-
4 at different temperatures. Conditions: initial Cu(Il) concentration 200 mg/L and
initial pH value of 4.
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Table 2
Langmuir and Freundlich isotherm constants for the adsorption of Cu(II) ions onto S-4
T(°C) Langmuir Freundlich

Qmax (mol/g) K; (L/mol) i 1/n K (mol/g(L/mol)/m) i
30 1.57 x 103 6.81 x 10° 0.999 0.0095 1.68 x 103 0.880
45 1.62 x 103 9.46 x 10° 0.999 0.0138 1.79 x 103 0.796
60 1.65 x 1073 1.12 x 106 0.999 0.0166 1.87 x 1073 0.800

where Qs and Q; were the removal amount of Cu(Il) ions per unit

mass of the adsorbent at equilibrium and time t, respectively. After

definite integration by applying the initial conditions Q;=0 at t=0

and Q;=Qy at t=t, Eq. (4) became

t 1 1

Q" ka2 + 0 t. (5)
In addition to the pseudo-second-order rate equation, the intra-

particle diffusion model was commonly used for examining the

steps involved during adsorption, described by external mass trans-

fer (boundary layer diffusion) and intraparticle diffusion [22]. The

intraparticle diffusion model was expressed as

Q: = kqt'/? (6)

where kq was the diffusion coefficient. If the double nature of the
intraparticle diffusion plot confirmed the presence of a boundary-
layer effect and pore diffusion, the kinetic data could be further
analyzed using the Boyd kinetic expression (Eq. (7)) to determine
the actual rate-controlling step involved in the Cu(Il) ions removal
process [23]

6
G=1-— exp(—Bt), (7)
T
D .
B = 7:—2 = time constant (8)

where D was the effective diffusion coefficient of adsorbate in
the adsorbent phase, r was the radius of the adsorbent particles
assumed to be spherical, and G was the fraction of solute removed
at different times t and given by

G=—~— 9
0, 9
where Q; and Qs represented the removal amount (mol/g) at time
t and infinite time, respectively. Here we took the Qs from the
pseudo-second-order kinetic model. Substituting Eq. (9) into Eq.
(7), the kinetic expression became
Q:
Bt = -0.4977 — In (1 - —) . 10
0. (10)
In general, if the plot of Bt versus t was a straight line passing
through the origin, the adsorption was governed by a particle-
diffusion mechanism; otherwise it was governed by film diffusion
[24].

3. Results and discussion
3.1. Effects of pH on the removal of Cu(Il) ions with TNT samples

The pH value of the aqueous solution has been identified as the
most important variable governing the heavy metal ions adsorp-
tion on adsorbent. This is partly because hydrogen ions themselves
are strongly competing with heavy metal ions for the adsorption
sites. Fig. 1 demonstrates the effect of pH on the removal of Cu(Il)
ions onto TNT samples from aqueous solutions. It can be seen from
Fig. 1 that the adsorption capacity is low at strong acidic condi-
tion (pH 2). After pH 2, uptakes increase sharply up to pH 5 since

more Cu(Il) ions binding sites could be exposed and carried nega-
tive charges, with subsequent attraction of Cu(Il) ions with positive
charge and adsorption onto the adsorbent surface. This can be well
explained by the isoelectric points of the as-synthesized TNT sam-
ples. Yu and Zhou [25] reported that the isoelectric points for the
as-synthesized TNT samples were at about pH 3. Therefore, TNT
is negatively charged particles at pH above 3 and Cu(ll) ions can
be easily adsorbed on the surface of TNT. Experiments are car-
ried out with the pH values of up to 5 due to the fact that copper
precipitation appears at higher pH values [26,27].

Fig. 1 also indicates that the Cu(ll) ions removal capacity will
increase with the increase in the sodium content of TNT samples.
The Cu(II) removal capacity of S-1,S-2, S-3, S-4, and S-5 at pH 5 may
reach values of 24, 41, 115, 120, and 121 mg/g, respectively. These
results indicate that the optimum sodium content in TNT for Cu(II)
removal is greater than 7.2 wt.% (or the acid washing concentration
is smaller than 0.001N); the Cu(Il) removal capacity may arrive at
a value of 120 mg/g at pH 5.

In general, the removal of Cu(Il)ions with TNT samples is a cation
exchange mechanism and the dominating factors controlling the
removal capacity are the cation exchange capacity and the pore
volume of TNT [14,17]. Since the pore volume of TNT samples may
increase with the decrease in the sodium content, the above results
imply that the decrease in the amount of Na* may also induce a
decrease in the cation exchange capacity of TNT samples. However,
the low Cu(ll) ions removal capacity of S-1 sample is also closely
related to its low pore volume, in addition to the decrease in its
cation exchange capacity.

As mentioned earlier, activated carbon is often selected as an
adsorbent for the adsorptive removal of heavy metal ions from
wastewater. On the other hand, montmorillonite is also an ideal
adsorbent for the removal of heavy metal ions due to the capability
of interlamellar expansion and high cation exchange capacity [28],
from which the high amounts of heavy metal ions can be removed
by the cation exchange process. TNT also possesses a negative sur-
face charge density but with the incapability of expansion of its
nanotubular pore. Therefore, it is an interesting task to compare
the removal capacity of heavy metal ions with the activated car-
bon, montmorillonite, and TNT; in this way the potential of TNT
as an adsorbent for the removal of heavy metal ions can also be
examined. Effect of pH values on the Cu(Il) removal capacity of
activated carbon (purchased from Merck) and Na-montmorillonite
(SWy-2, purchased from the University of Missouri-Columbia,
Source Clay Minerals Repository) at 30°C are also demonstrated
in Fig. 1. As shown in Fig. 1, the Cu(ll) adsorption capacities of
all TNT samples are higher than that of both activated carbon
and Na-montmorillonite, indicating that TNT may be an attractive
adsorbent for the removal of heavy metal ions from wastewater.

3.2. Effects of Cu(ll) ions adsorption on the microstructure of TNT
samples

It is well known that the removal capacity of mesoporous adsor-
bents for large adsorbates may be closely related to the variation
in their pore structure stability during the adsorption process [29].
The XRD patterns accompanied with the Cu(II) adsorption process
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are demonstrated in Fig. 2. If the diffraction patterns are compared,
it is clearly observed that adsorption process may induce a slight
disorder on the layered structure of TNT, as indicated by the weak-
ness of diffraction peak at 260 = 10°. On the other hand, the decrease
of titanate interlayer spacing during the adsorption processes is evi-
denced with the characteristic peak of layered titanate moving to
higher angle.

For providing more information about the structure changes
of TNT during the copper ions adsorption process, the nitrogen
adsorption-desorption isotherms are also measured, as shown in
Fig. 3. Some key features may be found directly from this figure.
It can be seen that the isotherms of the two TNT samples are type
of Il (Brunauer’s classification [30]) with a broad hysteresis loop at
relative pressure (P/Py) between 0.6 and 1, indicating the presence
of mesopores. Furthermore, the isotherm exhibits high adsorption
at high relative pressure (P/Py) range (approaching 1), suggesting
the existence of macropores. The shape of the hysteresis loop is of
type H3, implying the formation of slitlike pores that are gener-
ally associated with aggregates of platelike particles [31]. As for the
effects of Cu(Il) ions adsorption on the pore structures of TNT, it can
be seen that the decrease in the monolayer capacity, thus the BET
surface area of TNT, is very slight when Cu(ll) ions are adsorbed.
Moreover, since the saturation adsorption capacity of nitrogen cor-
responds to the pore volume of TNT samples, the isotherms shown
in Fig. 3 also suggest that the pore volume will decrease as Cu(II)
ions are adsorbed onto TNT. Fig. 3 also shows the corresponding
pore size distributions of the examined TNT samples. Generally,
both TNT samples exhibit bimodal pore size distribution in the
mesoporous and macroporous region. It can be seen that Cu(ll)
ions adsorption process will make a slight change at the smaller
pores (<10nm) and make the pore size distributions at the larger
pores (10-100 nm) moving to left, namely, the mean pore size
of TNT sample will decrease. Considering the morphology of the
titanate samples observed in the TEM images [14,17], the smaller
pores (<10 nm) may correspond to the pores inside the TNT and
the diameters of these pores are equal to the inner diameter of the
nanotubes, while the larger pores (10-100 nm) can be attributed
to the voids in the aggregation of the nanotubes. The changes in
the porous structure characteristics of S-4 sample after adsorbing
Cu(Il) ions are listed in Table 1. As shown in Table 1, owing to the
adsorption effects of Cu(Il) ions, both the mean pore size and pore
volume of S-4 sample will decrease.

In follows, the discussion on the adsorption isotherms and
kinetics for providing more information about the adsorption
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Fig. 6. The diffusion model plots for the adsorption of Cu(Il) onto S-4 at different
temperatures. Conditions: initial Cu(Il) concentration 200 mg/L and initial pH value
of 4.

Table 3
Parameters of pseudo-second-order model for the adsorption of Cu(Il) ions onto S-4
T(°C) Pseudo-second-order model

k (gmol~' min—") Qs (mol/g) IR2
30 6.81 x 102 1.46 x 103 0.999
45 1.90 x 103 1.67 x 103 0.999
60 4.42 x 103 1.73 x 1073 0.999

Conditions: initial Cu(II) concentration 200 mg/L and pH value of 4.

mechanism of copper ions onto TNT is given. The work described
here will focus on the adsorption of S-4 sample as it possesses the
high adsorption capacity of copper ions among the examined TNT
samples.

3.3. Adsorption isotherms of Cu(Il) ions

The equilibrium adsorption isotherm is of importance in the
design of adsorption systems. For TNT, its nanotubular structure
is assumed to be high degree of pore symmetry and the adsorp-
tion environment in TNT may be viewed as a homogeneous system.
However, if the adsorption causes a serious disorder in the pore
structure of TNT, the adsorption environment may become a het-
erogeneous system. Accordingly, the equilibrium adsorption data
are fitted into the model of Langmuir and Freundlich. The fitting
results of both Langmuir and Freundlich models are shown in Fig. 4
and the values of Ki, Qmax, K¢, 1/n, and the linear regression corre-
lations are given in Table 2. As listed in Table 2, Langmuir model
should better describe the copper ions adsorption on TNT than Fre-
undlich model. Moreover, the adsorption of copper ions on TNT
is largely perceptible to temperature changes, as shown in the
variation of both Qmax and Ki with temperatures. From the Qmax,
the adsorption capacities for Cu(Il) ions at 30, 45, and 60°C are
1.57 x 1073, 1.62 x 10~3, and 1.65 x 10~3 mol/g, respectively. On the
other hand, the values of 1/n are all less than 1 at all temperatures,
indicative of high adsorption intensity. If the K¢ values are com-
pared at all temperatures studied, it is found that lower values of K¢
are obtained at smaller temperatures, indicating that S-4 possesses
higher adsorption capacity at higher temperatures.

The increase in Cu(Il) ions adsorption capacity of S-4 sample
with temperature indicates an endothermic process. The adsorp-
tion enthalpy calculated from the van’t Hoff equation with the K.
values shown in Table 2 is 14.1 + 2.1 kJ/mol.

3.4. Adsorption kinetics of Cu(Il) ions

The effect of contact time on the amount of Cu(Il) ions adsorbed
onto S-4 was measured at the optimum initial concentration and
different temperatures. A simple kinetic analysis was performed
with the aid of pseudo-second-order equation (Eq. (4)). Linear plots
of the t/Q; versus t with linear regression coefficients higher than
0.99 indicates the applicability of this kinetic equation and the
pseudo-second nature of the adsorption process of Cu(Il) ions onto
S-4. Fig. 5 presents the plots for the adsorption of Cu(Il) ions on
S-4 using the pseudo-second order kinetic model. Table 3 lists the
kinetic parameters obtained from the pseudo-second-order model
and it is seen that the equilibrium adsorption capacity (Qs) shows
a slight increase with the increasing temperature. From the k val-
ues it is observed that for Cu(Il) ions, temperature effect on the
adsorption kinetics is significant.

In addition to the pseudo-second-order rate equation, the intra-
particle diffusion model (Eq. (6)) is also examined. Fig. 6 presents
the typical plots for the adsorption of Cu(Il) ions on S-4 using the
diffusion model. As shown in Fig. 6, the two-phase plot suggests
that the adsorption process proceeds by surface adsorption and
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Fig. 7. Correlation between Bt and t for the adsorption of Cu(Il) onto S-4 at different
temperatures. Conditions: initial Cu(II) concentration 200 mg/L and initial pH value
of 4.

intraparticle diffusion, namely, the initial curved portion of the plot
indicates a boundary-layer effect while the second linear portion
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. (7)) to deter-
mine the actual rate-controlling step involved in the Cu(ll) ions
adsorption process. Fig. 7 shows the calculated Bt values against
t for copper ions adsorption at different temperatures. From Fig. 7,
it is evident that the plots are not straight lines to pass the origin,
implying external mass transport mainly governs the rate-limiting
process.

4. Conclusions

It was experimentally concluded that if the sodium content was
controlled within an appropriate range (i.e., >7.23 wt.%) and the
nanotubular structure of TNT could be well-preserved during the
acid washing process, TNT might be an effective adsorbent for the
removal of heavy metal ions from aqueous solutions, with the Cu(II)
ions removal capacity reaching a value of 120 mg/g at pH 5. The
adsorption of Cu(Il) may induce a slight disorder on the layered
structure of TNT and a decrease in both pore volume and pore size
of TNT. The adsorption equilibrium data can be well described with
the Langmuir model. Thermodynamic calculations indicated that
the adsorption of Cu(Il) ions on S-4 might be an endothermic pro-
cess and the AH was 14.1 kJ/mol. The adsorption kinetics followed
the pseudo-second-order model and the external diffusion was the
controlling process.
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