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Novel low-cost adsorbents of titanate nanofibers with formula NayH;_,Ti3O7-nH,0 have been prepared
by alkali treatment for Cu(II) removal from aqueous solutions. The nanofibers have structures in which
three edge-shared TiOg octahedras join at the corners to form stepped, zigzag Ti3 0,2~ layers. The sodium
cations located between the layers are exchangeable. The results of batch adsorption experiments sug-
gest that the nanofibers with high sodium content can be effective adsorbents for Cu(Il) removal. Effects
of several important factors such as Na amount in adsorbents, pH, temperature, contact time and initial
concentration are systematically studied. Results show that the adsorption is highly pH-dependent and
the removal is almost complete (99.8%) for initial concentration under 100 mg/1 at pH 4. Equilibrium
adsorption follows Langmuir isotherms well and the maximum Cu(II) uptake calculated is 167.224 mg/g.
The adsorption kinetics can be explained by pseudo-second-order model well and the time needed for
equilibriumis 180 min. Thermodynamic study indicates that the adsorption is spontaneous and endother-
mic. Desorption of Cu(Il) from adsorbents using EDTA-2Na solutions exhibits a high efficiency and the
adsorbents can be used repeatedly. These results demonstrate that the titanate nanofibers are readily
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prepared, enabling promising applications for the removal of Cu(II) from aqueous solutions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The ever-increasing contamination of water by heavy metal
ions has become a serious environment problem. Heavy met-
als discarded from industrial waste are highly toxic at relatively
low concentrations and can cause several disorders and diseases
in human beings when tolerance levels are exceeded [1-3]. The
removal of these heavy metal ions from dilute or concentrated solu-
tions has been of great concern because they are not biodegradable
and their accumulation in living tissues throughout the food chain
[4].

Copper, which has many applications in industries, is one of the
most important toxic heavy metals. It can cause serious problems to
human beings such as stomach intestinal distress, kidney damage,
anemia and even coma and eventual death [5]. In China, accord-
ing to the newly issued National Drinking Water Standard [6], the
limit of copper concentration in drinking water is 1.0 mg/l. It is
important to develop technologies that can be large-scale used for
copper removal. Several methods including chemical precipitation,
membrane filtration, ion exchange, liquid extraction, electro depo-
sition and adsorption [7-9] have been reported. Among all these
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methods, the adsorption technique is by far the most versatile and
widely used due to its relatively low cost and high feasibility for
industrial application. The most common adsorbent materials are
activated carbon [10], alumina silica [11], metal hydroxides [12]
and biosorption materials [13]. But most of these materials suffer
from severe constraints, such as incomplete metal removal, com-
plex procedure, high cost and low efficiency. Therefore some new
high effective adsorbent materials that could be large-scale used in
industries should be explored.

Recently, nanomaterials are special attractive in the search-
ing of high effective adsorbents for heavy metal removal due to
their unique chemical and physical properties [14]. Mesoporous
titanate nanostructures obtained by alkali treatment have attracted
a great deal of attention since the innovative work of Kasuga et al.
[15,16]. These materials can be easily synthesized by hydrother-
mal treatment of crystalline TiO, in highly concentrated alkaline
solutions at moderate temperatures (60-210°C). The preparation
conditions such as alkali concentrations, reaction time and tem-
peratures can be easily adjusted to obtain different nanoshaped
mesoporous titanates (such as nanotubes, nanofibers, nanoribbons
and nanowires) [17-23]. They have structures in which TiOg octa-
hedra join each other to form layers with negative charges and
Na* ions existing within the layers are ion exchangeable [22].
The nanostructured titanates have been successfully used in many
applications, such as photocatalysts [24,25], hydrogen storage [26]
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and lithium batteries [27,28]. Due to the cation exchange abil-
ity [17] and large surface area [29], they also have the potential
to be used as effective adsorbents for heavy metal removal from
wastewater. Up to the present, most of the studies of nanostruc-
tured titanates are focused on the fabrication and characterization,
only a few on the use of heavy metal recovery. Chen et al. [30]
found that titanate nanotubes were effective in adsorbing Pb(II).
Liu et al. [31] demonstrated that Cu(Il) adsorption on titanate nan-
otubes was highly dependent on Na content. Niu et al. [32] found
that the maximum uptake of As(V) and As(IIl) by titanate nanotubes
was 208 mg/g and 60 mg/g, respectively. The equipments required
to synthesize nanostructured titanates are simple and alkali solu-
tions are reusable, hence the adsorbents have the potential to be
large-scale used. However, all the titanates they used for heavy
metal removal had tubular structures and Degussa P25 (a mixture
powder of ~80% anatase and ~20% rutile) was used as Ti precur-
sor. Considering the fact that synthesis conditions for nanotubes
are relatively strict and Degussa P25 is not an ideal precursor for
low cost adsorbents due to its high price, we assume that the heavy
metal removal ability of titanates is not dependent on the tubular
structure and titanates with other morphologies such as nanofibers
can still have the same adsorption capacity as nanotubes or even
better. The conditions to synthesize titanate nanofibers are much
looser and many kinds of Ti precursors even the industrial grade
minerals [33] can be used.

In this study, industrial grade metatitanic acid is used as Ti
precursor, and titanate nanofibers (TNFs) are synthesized as the
novel adsorbents. It is worth noting that the cost of industrial grade
metatitanic acid used here is about US1.5$/kg, which is 1/20-1/100
of a commercial TiO, powder (anatase, rutile or Degussa P25). The
objective of this study is to investigate the possible use of the TNFs
as alternate adsorbents for the removal of Cu(II) from wastewater.
The TNFs are characterized by XRD, SEM, BET and EDX. Batch exper-
iments are carried out for the study on Cu(Il) removal from aqueous
solutions. The influence of several important parameters such as Na
amount in TNFs, initial pH of Cu(II) solutions, temperature, contact
time and initial Cu(Il) concentration is investigated. The Langmuir
and Freundlich isotherm models are used to fit the experimental
data. Pseudo-first-order and pseudo-second-order kinetic models
are used to evaluate the kinetics of adsorption. Desorption study is
performed and adsorption mechanism is then discussed.

2. Experimental
2.1. Materials

Simulated aqueous solutions containing Cu(ll) were prepared
by dissolution of copper nitrate in deionized water. Metatitanic
acid (TiO(OH),, TiO, content 80%) was purchased from Shanghai
Mintchem Development Co., Ltd. and used without any further
purification. Cu(NOs);, NaOH, HCl and EDTA-2Na of AR grade were
used. All water used in this study had been treated by the deionized
water equipment.

2.2. Synthesis of titanate nanofibers

The titanate nanofibers (TNFs) were prepared through the
hydrothermal method. In a typical synthetic procedure, 2 g metati-
tanic acid was mixed with 40ml 10 M NaOH solution in a 50 ml
Teflon-lined autoclave container. The mixture was stirred to form
a milk-like suspension, sealed and hydrothermal treated at 160°C
for 24 h. After hydrothermal reaction, the precipitate was separated
by filtration and washed with water or with an HCl solution at dif-
ferent concentrations (0.001 M, 0.01 M and 0.1 M) for several times
and then dried overnight at 80°C in air. The purpose of the acid

washing process was to control Na amount in samples through ion
exchange between Na* and H*. For convenience, we denoted the
TNFs treated with water, 0.001 M HCl, 0.01 M HCl and 0.1 M HCl as
TNFs-1, TNFs-2, TNFs-3 and TNFs-4, respectively.

2.3. Characterization tools

X-ray diffraction (XRD) analyses were performed on a powder
diffractometer (X’Pert Pro MPD) with Cu Ka (A=1.5406A) radi-
ation. The morphology of the samples was determined by field
emission scanning electron microscopy (FESEM, FEI Sirion-200).
Energy dispersive X-ray (EDX, Inca Oxford) analysis was performed
to determine the elemental composition of TNFs before and after
adsorption. The zeta potential of TNFs was measured using the Zeta-
Meter (zetasizer 3000HSA, Malvern). Cu(Il) concentrations were
measured by Inductively Coupled Plasma Spectrometer (Thermo
Scientific iCAP 6000).

2.4. Adsorption experiments

The adsorption of Cu(Il) on TNFs was studied by the batch tech-
nique. A thermostatic incubator shaker (TS-100B, Tensuc Shanghai)
was used for adsorption experiments. The general method used
for this study is described as follows: 50 mg TNFs were equili-
brated with 40 ml Cu(Il) solution in a stoppered glass flask at a
fixed temperature and stirring speed. After adsorption, the phases
were separated by filtration and the filtrate was collected for Cu(II)
concentration measurements by ICP Spectrometer. To maximize
the efficiency of Cu(IlI) removal by TNFs, each important factor (Na
amount in TNFs, pH, temperature, contact time and initial Cu(Il)
concentration) was studied separately while other factors were
kept constant.

For Na amount effect, TNFs-1, TNFs-2, TNFs-3 or TNFs-4 each
with a dose of 50 mg were mixed with a 40 ml 100 mg/I Cu(II) solu-
tion. The solutions were agitated at a speed of 300 rpm and at a
temperature of 30°C for 6 h. Only the TNFs with the best Cu(Il)
removal (TNFs-1) would be used in the subsequent study.

For initial pH effect, a serious of 40 ml 100 mg/1 Cu(II) solutions
with different pH values from 1.0 to 7.0 were prepared. Solutions
of 0.1 M NaOH and HCl were used for pH adjustment. A PHS-3C pH
meter was used to determine pH of solutions. Each solution was
mixed with 50 mg TNFs-1, and then agitated at a speed of 300 rpm
and at a temperature of 30°C for 6 h. Only the optimum pH would
be used in the further study.

The effects of temperature, initial concentration and contact
time were investigated using the same method as above. All the
experiments were duplicated and only the mean values were
reported. The maximum deviation observed was less than +5%.

The amount of Cu(Il) adsorbed g; (mg/g) at time t (min), adsorp-
tion capacity g (mg/g) at equilibrium and the Cu(Il) removal
percentage were calculated as follows:

_ (G-GV
qe = m )
Co—C)V
e = % o
%Removal of Cu(Il) = 100 x Co—Ce 3)

Co

where Cy (mg/1), C; (mg/1) and Ce (mg/1) are concentrations at initial,
time t and equilibrium, respectively, V (ml) is the volume of Cu(II)
solution and W (mg) is the total amount of TNFs.

2.5. Desorption experiments

Desorption of Cu(Il) from TNFs-1 was examined using EDTA-2Na
solutions of different concentrations. 50 mg TNFs-1 were first equi-
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Fig. 1. XRD patterns of TNFs-1 before (a) and after (b) adsorption. Insert: schematic
diagram of the structures of the TNFs-1.

librated with a 40 ml Cu(lII) solution with an initial concentration of
100 mg/1 at pH 4 for an adequate time. After the adsorption, TNFs-1
with Cu(II) loaded were filtrated out and dried at 80 °C overnight.
Then, the Cu(Il) loaded TNFs-1 were added into 50 ml of the des-
orption solution with controlled concentration (10-1-10-4 M). The
mixture was stirred at 300rpm, 30°C for 2 h. The samples were
taken from the solution and the supernate was sent to monitor the
amount of Cu(Il) ions desorbed into the solution. After the desorp-
tion test, the TNFs-1 were washed with deionized water and dried
at 80°C overnight, and then reused in the next cycle of adsorption
experiment.

3. Results and discussion
3.1. Characterization of samples

Fig. 1 shows the XRD patterns of TNFs-1 before and after adsorp-
tion. The main diffraction peaks of TNFs-1 are typical of layered
titanates, especially the one around 26 = 10°, attributed to the inter-
layer distance in NayH,_,Ti307-nH,0 [34-37]. The position of this
peak slightly shifts after adsorption, which may due to the change
of interlayer distance after Na* ions are replaced by Cu?* ions.
Schematic diagram of the structures of NayH;_,Ti3O7-nH,0 is also
shown in Fig. 1. As can be seen, three edge-shared TiOg octahedras
join at the corners to form a stepped, zigzag layered structure. Na*,
H* and H,0 are located between the negatively charged Ti3072~
layers. The amount of Na* in samples which is represented by the
value of x in the formula can be controlled by an acid washing pro-
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Fig. 3. Pore size distribution of TNF-1.

Table 1
Na amount of TNFs and the effect on Cu(Il) removal.

Adsorbent Na amount (wt.%) Cu(Il) removal (%)
TNFs-1 10.86 97.5
TNFs-2 6.45 81.3
TNFs-3 1.52 23.6
TNFs-4 0.37 10.3

cess after the hydrothermal reaction. Fig. 2 shows the typical SEM
images of TNFs-1, we can see the titanate nanofibers with diameters
range of 100-300 nm and lengths several micrometers.

The N,-BET surface area of TNFs-1 is measured as 203.83 m2/g
and the pore volume is 0.38 cm3/g. The pore size distribution of
TNFs-1 is obtained by BJH method, and it is shown in Fig. 3. As can
be seen, the distribution of average pore diameter curve presents
a maximum with an average pore diameter of about 3.6 nm. The
amount of average pore diameters ranging from 2 nm to 10 nm is
predominant. Therefore, TNFs-1 can be considered as mesoporous
adsorbents [38].

3.2. Effect of Na amount

The Na amount of TNFs-1, TNFs-2, TNFs-3 and TNFs-4 was mea-
sured by EDX, and the Cu(II) removal efficiency of each is shown in
Table 1. As can be seen, the removal efficiency decreases while the
Na amount of TNFs decreases, TNFs-1 with the most of Na amount
(10.86%) has the highest Cu(Il) removal efficiency, while TNFs-4
with little Na existence has the weakest ability to adsorb Cu(lI).

Fig. 2. SEM photographs of TNFs-1.
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The Cu(Il) removal ability of TNFs is consistent with the Na amount
which intensively indicates that Na* ions existing in the interlayer
of TNFs is a decisive factor of the adsorption. This will be discussed
in detail later and TNFs-1 were chosen for further research.

3.3. Effect of pH

The pH of solution is an important variable affecting metal
ion adsorption [39]. The pH value affects the surface charge of
absorbents, the metal ionization degree and the metal speciation,
all of which can affect the adsorption mechanism and the uptake
capacity [40]. Table 2 shows the effect of pH on the removal effi-
ciency of Cu(Il) ions by TNFs-1. As can be seen, the best pH value
for Cu(Il) removal is at around 4 (99.8% removal). The adsorption
increases abruptly with the increasing pH values from 1 to 4, then
decreases gradually at pH > 4.

The effect of pH on the surface charge of adsorbents can be
characterized by the values of zeta potential and the measurement
results are also shown in Table 2. As we can see, the zeta potential
decreases while the pH value increases from 1 to 4 and changes
very little at pH > 4. The point of zero charge (PZC) is determined to
be about 3.0 and the surface is positively charged at pH <3.0. Thus,
electrostatic repulsion occurs between Cu?* ions and the adsor-
bent surface at pH<3.0. Meanwhile, there is a more competitive
adsorption between protons and Cu(Il) ions at low pH [8]. It is the
combination of these factors that results in the lowest removal effi-
ciency observed at pH 1. The increase of adsorption at pH between
1 and 4 can be attributed to the more negatively charged adsorbent
surface and to the decrease competitive adsorption by protons.

At pH >4, the adsorption decreases gradually although the sur-
face charge of TNFs-1 changes very little. This decrease may be
caused by the change of copper speciation. Cu(ll) species are
present in the forms of Cu%*, Cu(OH)*, Cuy(OH),%* and Cu(OH),
at different pH values [41]. The equilibrium equations are listed
below:

Cu?* +H,0 = Cu(OH)* +H* 4)
Cu?* +2H,0 = Cu(OH), +2H* (5)
2Cut +2H,0 = Cuy(OH),2* +2H* (6)

As pH increases, more Cu(OH)*, Cuy(OH),2* and insoluble
Cu(OH), are generated. This may not be favorable change for
adsorption, and adsorbents are deteriorated with copper precipita-
tion. Therefore, pH 4 was selected to be the optimum pH for further
studies.

3.4. Effect of temperature and thermodynamic study

The study of temperature effect on adsorption was carried out
at three different temperatures 30, 45 and 60 °C. The initial Cu(II)
concentration was set as 200 mg/l. 50 mg TNFs-1 were mixed with
40 ml Cu(II) solution at pH 4, agitation speed 300 rpm for 6 h. The
adsorption capacity is presented in Table 3. The adsorption capac-
ity increases slightly with increasing temperature. As we know, the
adsorption capacity increases with temperature with the endother-
mic reactions and decreases with temperature while the reaction
must be exothermic. Hence, the Cu(ll) adsorption on TNFs-1 is
an endothermic process. Thermodynamic parameters, such as free
energy change (AG), enthalpy change (AH) and entropy change
(AS) can be calculated by Eqgs. (7)-(9) [42]:

_ CAe
Ke = T (7)
AG = —RT In K, (8)
log K, = — 23 AH 9)
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Fig. 4. Effect of contact time on Cu(Il) removal (dosage, 1.25 g/I; temperature, 30°C;
agitation speed, 300 rpm; pH 4).

where K. is the equilibrium constant, C, is the equilibrium concen-
tration in solution (mg/l) and Cg, is the solid phase concentration
at equilibrium (mg/1). The results are calculated and also listed in
Table 3. The negative AG indicates the adsorption process is spon-
taneous in nature and positive AH confirms it to be endothermic.

Although Cu(Il) removal is more efficient at higher temperature,
considering the fact that if the adsorbents can be industrial used,
an increase in temperature will obviously raises the cost, further
studies were still carried out at 30 °C (room temperature).

3.5. Effect of contact time

The contact time needed to reach adsorption equilibrium is
another important parameter for adsorbents. The initial concen-
tration range of 100-300 mg/l was used. Cu(Il) concentrations were
measured at regular intervals and the results are shown in Fig. 4.
As can be seen, high removal rate can be observed at the onset
(5min, 71.68% for 100 mg/l, 44.43% for 200 mg/l and 34.72% for
300mg/l), and then plateau values are gradually reached within
180 min. Finally, 99.8%, 83.75% and 67.05% Cu(Il) was adsorbed for
each initial concentration. The decreasing concentration of Cu(Il)
remaining in the solution indicates that Cu(Il) is adsorbed by TNFs-
1 strongly and quickly. For relatively lower initial concentration
100 mg/1, most of the adsorption happens in the first 5 min and the
equilibrium Cu(Il) concentration (0.2 mg/1) is in the safe range for
drinking which is of interest in terms of both environmental effects
and economic effects.

3.6. Effect of initial concentration

The metal adsorption is particularly dependent on initial heavy
metal ion concentration. At low concentration values, metals are
absorbed by specific sites, while with increasing metal concentra-
tion the specific sites are saturated and exchange sites are filled
[5]. To study the effect of initial concentration on Cu(Il) removal
by TNFs-1, a serious of different Cu(Il) concentration solutions
from 50 mg/l to 600 mg/l were used. The results are presented in
Fig. 5. It is shown that the adsorption capacity increases while
Cu(Il) removal percentage decreases with the increasing initial con-
centration from 50 mg/l to 600 mg/l. At the beginning of initial
concentration (50 mg/l, 100 mg/l and 150 mg/1), the removal per-
centage is very high (99.8%, 99.8% and 97.9%, respectively) and the
adsorption capacity increases linearly. This can be explained by that
the adsorption is not saturated at low initial concentration. When
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Table 2
Effect of pH on zeta potential of TNFs-1 and on the Cu(Il) removal percentage.
pH values
1 2 3 4 5 6 7
Zeta potential (mV) 274 19.8 -0.7 —47.7 —43.5 —44.2 -50.7
Cu(Il) removal (%) 20.6 37.2 83.1 99.8 97.1 90.6 81.7
180 4 - 110 180 —
--"--—“-- A

160 4 - 100 160 - - =
o 140 I- 90 140 4 Experimental data
L ;
E’ —e— Cu(ll) removal 0 = ; Langmuir model

. . - o 1
= 1201 » —4— Adsorption capacity = 120 o7 - = -Freundlich model
6 i E :G) ]
§ 1004 " E £ 1004
N leo @ o Langmuir model: Freundlich model:
S 804 = S g0 A q,=Q,bC /(1+bC ) q=KC "™
=1 = e e
o | =
5 e %3 . T K=79.189821
& 60 b=0.289029 n=7.101768
I 40 4
= R*=09.99% R’=85.53%
J 40 - 4
- 30
20 T T T T T T 20 r T - T T T T T
0 100 200 o 400 L 660 0 100 200 300 400

Initial Concentration (mg/l)

Fig.5. Effectofinitial concentration on Cu(Il) removal (dosage, 1.25 g/I; temperature
30°C; agitation speed, 300 rpm; pH 4).

the initial concentration increases continually, the removal per-
centage decreases gradually. There is only 35% removal for initial
concentration 600 mg/l. At the same time, the adsorption capacity
increases until it tends to be a constant with the increasing initial
concentration. The constant is the maximum of adsorption capac-
ity which can be calculated by the adsorption isotherm models. At
a higher initial concentration, the ratio of initial number of copper
ions to the exchangeable sodium ions and the available adsorption
surface area is higher, as a result, adsorption percentage is less and
adsorption capacity increases until it is saturated. This might be the
major mechanism of the effect of the initial Cu(Il) concentration on
the adsorption process.

3.7. Adsorption isotherm models

The adsorption isotherm is based on the assumption that every
adsorption site is equivalent and independent of whether or
not adjacent sites are occupied. Isotherms show the relationship
between metal concentration in solution and the amount of metal
adsorbed on the specific sorbent at a constant temperature [5]. So,
the study of adsorption isotherms can help describe the adsorption
mechanism. A variety of isotherm models have been used, some
of which are more theoretical and some are just empirical. For a
newly developed adsorbent, it is important to get a correct equi-
librium equation between the solid and liquid phase concentration
of Cu(Il). In the present study, Langmuir and Freundlich isotherm
models are tested with experimental data in Fig. 5. The equations
are given as below [43]:

Table 3

Ce (mg/l)

Fig. 6. Adsorption isotherms of Cu(Il) removal (dosage, 1.25 g/1; temperature 30°C;
agitation speed, 300 rpm; pH 4).

Langmuir equation:

QobCe

e = 1+0C (10)
Freundlich equations:
ge = kC}/" (11)

where g, is the amount of adsorbate adsorbed per unit mass of
adsorbent (mg/g), C. the equilibrium concentration, Qg the solid
phase concentration corresponding to the complete monolayer
coverage of adsorption sites [44], b the constant related to the free
energy of adsorption. The constants of k and n in the Freundlich
model are related to the strength of the adsorptive bond and the
bond distribution [45].

The Langmuir isotherm assumes that the free energy of adsorp-
tion does not depend on the surface coverage. It also predicts the
solid surface saturation with monolayer coverage of adsorbate at
high Ce and a linear adsorption at low C, values [46]. Freundlich
isotherm model assumes that the ratio of the amount of solute
adsorbed onto a given mass of adsorbent to the concentration of
the solute in the solutions is not constant at different solution con-
centrations.

The results of adsorption isotherm study are presented in Fig. 6.
As can be seen, Langmuir model fits the experimental data very well
with the R? value 0.9999 and it is much better than the Freundlich
model which indicates that Cu(ll) ions are adsorbed on TNFs-1
as a monolayer adsorption. The Langmuir constant Qg, which is
a measure of the monolayer adsorption capacity, is obtained as

Adsorption capacity at different temperatures and the calculated thermodynamic parameters.

Temperature (K) Adsorption AG (kjmol-1) AH (k] mol-1) AS(JK-Tmol 1)
capacity (mg/g)

303 132.6 -9.057

318 135.7 -9.823 6.261 50.57

333 138.1 -10.574
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167.224 mg/g. The essential features of Langmuir isotherm can be
expressed in terms of dimensionless constant separation factor (R;)
that can be defined by the following relationship [40]:

_ 1
- 1+bC0

where Cj is the initial concentration (mg/1) and b is the Langmuir
constant (I/mg). For b=0.289029, the value of R; is found in the
range of 0.0057 and 0.0647 (0<R; <1) which means the adsorp-
tion process is always favorable. The values of R; are near zero
which confirms that the adsorption is irreversible [43] and Cu(II)
equilibrium concentration can maintain at a low level.

R; (12)

3.8. Adsorption kinetics

To better understand the adsorption process, Lagergren’s
pseudo-first-order and pseudo-second-order kinetic model are
tested in order to predict the adsorption data of Cu(Il) as function
of time using the data in Fig. 4.

3.8.1. Pseudo-first-order kinetics

Lagergren showed that the rate of adsorption of solute on the
adsorbent is based on the adsorption capacity and followed a
pseudo-first-order equation [43]. The nonlinear form of the equa-
tion is given below:
dq:

4 = ki@e—a0) (13)

where ¢, and g; are the amounts of Cu(Il) adsorbed (mg/g) at equi-
librium and at any instant time, t, respectively, and k; (I/min) is the
rate constant of the pseudo-first-order adsorption process. After
the application of the initial condition of g;=0 at t=0, the linear
form of the equation is given by Eq. (14):

kit

2.303
The plot of log(qe — q¢) versus t gives a straight line for the pseudo-
first-order kinetics from which the adsorption rate constant, k1, is
estimated. The values of k; and g for experimental data in Fig. 4
are calculated and listed in Table 4. The g, values calculated are not
in agreement with experimental data, this is because pseudo-first-
order equation is not a true first-order equation [43]. The pseudo-
first-model is just used to estimate k; which is considered as mass
transfer coefficient in the design calculations.

log(ge — q¢c) = log qe — (14)

3.8.2. Pseudo-second-order kinetics

As a result of the inapplicability of pseudo-first-order model to
estimate g, pseudo-second-order kinetics has to be tested for the
estimation of g.. The equation of pseudo-second-order kinetics is
given below:
dq:

4 = kelde —ar)? (15)

where k, is the second-order rate constant (g/mgmin~'). After
adding the initial conditions of t=0 to t=t and q;=0 to g =q;, the
equation becomes the following linear form:

t 1 1
~ = (=)t 16
qe kzqg (Qe) (16)

where kg2 can be regarded as the initial adsorption rate as t— 0.
The plot of t/q; versus t gives a linear straight as shown in Fig. 7
for the initial Cu(Il) concentration range of 100-300 mg/l. From the
plot, the values of second-order rate constant k,, estimated equilib-
rium adsorption capacity ge, and the coefficient of determination R2
are calculated and listed in Table 4. The calculated g, values show
a good agreement with the experimental data and the obtained
values for coefficient of determination (R?) are about 0.999 which

5 " C~100mg/
* C~200mgl

A C300mgl

o 3
=

. . : . T . .
0 100 200 300 400 500
t (min)

Fig. 7. Pseudo-second-order Kkinetic plot for the adsorption of Cu(ll) (dosage,
1.25 g/1; temperature 30°C; agitation speed, 300 rpm; pH 4).

indicates that the pseudo-second-order kinetic model describes
well the adsorption of Cu(Il) using TNFs-1 as adsorbents.

3.9. Desorption study

Desorption studies are important since they contribute to elu-
cidate the nature of adsorption process and recover metal ions.
Moreover, for potential practical application, it is also important
to examine the reusability of adsorbents. In this study, EDTA-2Na
solutions with different concentrations were examined to desorb
Cu(Il) loaded on TNFs-1 and the results are shown in Table 5. As can
be seen, the best result for Cu(Il) desorption (89.3%) was obtained
with 10~ MEDTA-2Na. The regenerated TNFs-1 can still be used for
Cu(Il) removal and the percentage removal decreased from 99.8% to
92.7% (for initial Cu(Il) concentration 100 mg/l) compared to fresh
TNFs-1. The mechanism of desorption process may be attributed to
the fact that EDTA-2Na can form steady complex with metal ions
[47]. And meanwhile, the ionized Na* from EDTA-2Na may enter
into the interlayer of TNFs-1 while Cu?* was taken out by EDTA-2Na
which led to the regeneration of TNFs-1.

3.10. Adsorption mechanism

EDX analysis was performed to determine the chemical compo-
sition before and after adsorption. Fig. 8 shows EDX spectrums of
TNFs-1 before and after adsorption. The existence of Na, Ti and O
elements is revealed in Fig. 8(a). While after the adsorption, there
is no Na remaining in TNFs-1 and Cu appears instead, as can be
seen in Fig. 8(b). The result indicates that Na* ions existing in the
interlayer of TNFs-1 are replaced by Cu2* ions in solution through
an ion-exchange process during the adsorption. Through the dis-
cussion of XRD patterns, the formula of TNFs can be denoted as
NayH,_Ti307-nH,0. There is little H* existing in TNFs-1, so the
ion-exchange between Na* in TNFs-1 and Cu2* in solutions can be
expressed as:

Na,Tis0; - nH, 0 + Cu2*+ " CM" i, 0, . nH,0 + 2Nat  (17)

The Na content of the TNFs-1 is 10.86% from Table 1, if we
assume that all Na* ions are replaced by Cu?*, the maximum
adsorption capacity of Cu(ll) through ion-exchange process is
151.1 mg/g. From the Langmuir isotherm model study, the maxi-
mum adsorption capacity is 167.224 mg/g which indicates that ion
exchangeable Na* between the interlayer is the major reason for
adsorption. From the study of Na amount effect on Cu(Il) adsorp-
tion before, we can draw the same conclusion that Na* existing in
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Table 4

Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of Cu(Il) onto TNFs-1.

Co (mg/l) ge(exp) (mg/g) Pseudo-first-order kinetics Pseudo-second-order kinetics
kq Qe R? ky x 103 Qe R?
100 79.8 0.289 74.2 0.9402 2.62 80.9 0.9996
200 132.6 0.129 1231 0.9267 1.03 136.2 0.9994
300 160.9 0.086 1451 0.8637 0.57 164.7 0.9982
a b
Ti
0] [
Ti
Na :
Ti 0 Ti
' Cu NTi CuCu
T T T T T v T T T Y T T T T T T T T T
0 2 4 6 8 10 2 4 6 8 10
Energy (kev) Energy (kev)
Fig. 8. EDX spectrums of TNF-1 before (a) and after (b) adsorption.
Table 5 can maintain at a low level which is in safe range for drinking

Desorption of Cu(Il) by EDTA-2Na and Cu(Il) adsorption using regenerated TNFs-1.

EDTA-2Na Desorption Cu removal by
concentration percentage (%) registered
TNFs-1 (%)
10°'M 89.3 92.7
102 M 85.9 86.5
103 M 76.1 79.2
104 M 64.7 65.3

the interlayer is essential for adsorption and H* in the interlayer
cannot be exchanged by Cu2*.

Meanwhile, TNFs-1 possess large negatively charged BET sur-
face area (at pH > 3.0) and mesoporous pore structure which makes
sure that Cu(Il) ions could be physically adsorbed at the surface and
provides a pleasant ambience for the ion-exchange between Na*
and Cu?* ions.

4. Conclusions

In summary, novel low cost adsorbents of titanate nanofibers
are prepared by a simple hydrothermal process using inexpensive
industrial grade metatitanic acid as raw material. The nanofibers
prepared possess large surface area, mesoporous pore structure
and ion-exchange ability. The batch experimental results sug-
gest that the adsorption of Cu(ll) onto nanofibers is particularly
dependent on solution pH and Na amount of adsorbents. Cu(Il)
removal by TNFs-1 is highly effective and the efficiency can reach
99.8% for initial concentration 100 mg/l under optimal conditions.
The concentration of Cu(Il) remaining in solution after adsorption

water usage. The rate for Cu(ll) adsorption is rapid, most of the
adsorption happens in the first 5min and equilibrium can be
gradually reached within 180 min.

Equilibrium adsorption follows Langmuir isotherms well and
the maximum Cu(Il) uptake calculated is 167.224 mg/g which is
much better than many other low-cost and commercially available
adsorbents. Thermodynamics study shows the adsorption is spon-
taneous and endothermic. The kinetics of adsorption for different
Cu(II) initial concentrations is explained by pseudo-second-order
kinetic model. The Cu-loaded adsorbents are regenerated by EDTA-
2Na solutions and the EDX spectrums show that the adsorption is
mainly based on ion-exchange mechanism.

As a consequence, there is no denying that this work has provide
a new candidate of adsorbent for the removal of heavy metal ions
like Cu(Il) ions from wastewater. The TNFs-1 have the potential
to be used both for trace level heavy metal removal in drinking
water purification and for high concentrated industrial wastewater
treatment.
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